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Preface

The 1990s saw the rapid development of both the Internet and business
logistics. Less than two decades later, the globalized economy was a reality.
Nowadays, sustainability and resource efficiency are guiding principles to run
a factory. The digital communication of orders, processes, and resources is
the next foreseeable development step in manufacturing.

Enterprises now frequently distribute their productions over several sites
in a number of countries, and their productions are usually subject to strong
fluctuations. Individual sites thus have to be highly reactive and changeable.
This in turn necessitates a paradigm change; generally speaking, we need to
invert the way we have traditionally considered a factory. Whereas previ-
ously, the primary task of a parent company was seen as developing a
product, producing it and processing orders, while procuring and distributing
finished goods to customers were secondary, today’s priority is reliably
supplying globally distributed markets from the most advantageous sites.
Instead of central factories with a broad manufacturing depth, transformable
or even temporary production sites located near the individual markets are
now essential.

With this in mind, we realized that a critical look at factory planning up
until now had to be undertaken. In gathering information from numerous
research projects and industrial-based projects conducted in various bran-
ches, it became clear that in addition to the customary primary goal of being
as efficient as possible, additional demands have arisen:

• Depending on the impulse for change, a factory needs to be able to adjust
itself within a suitable time period with regard to both production tech-
nology and spatial demands on each of the impacted factory levels.

• Manufacturing and assembly systems need to take into consideration local
perspectives concerning know-how, wage costs, and required value-adding
(i.e., local content).

• Production facilities and buildings need to be designed so that they con-
serve resources and are energy efficient.

• The external appearance of the factory needs to represent the corporate
identity of the enterprise, while the internal appearance needs to meet the
claim of the product.

• The spatial design of production sites needs to provide comfortable
workplaces, thereby expressing the company’s high regard for its
employees.
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In consideration of all this and over a number of years, we have developed
the tri-fold structure of this book. It is based on the second edition of the
German “Handbuch Fabrikplanung” (Handbook Factory Planning),
published in 2014 by Hanser Verlag Munich.

The first part of the book consists offive chapters and begins by developing
a deeper understanding of the drivers behind factory changes and the resulting
planning basis including future demands. Following that, we review existing
production concepts and conclude by deriving various characteristics of what
we refer to as a ‘site’s changeability’.

In the second part of the book, we describe the planning and design
process of a production site from the level of individual workstations to the
level of various sections, up to the levels of the building and location itself.
Depending on the level, we discuss strategic and functional planning aspects
as well as aspects pertaining to the actual organization of work—all with a
special emphasis on changeability. Describing the spatial specifications of
these levels plays a central role in directing the factory planner’s view to the
notion that form not only follows function, but also follows the performance
of the buildings and the building services they are equipped with.

With three chapters in the third part of the book, we focus on the sys-
tematic factory planning process with respect to these new requirements. The
center of our discussion is the synergetic factory planning model. In seven
stages, it describes the creative interplay between production planning and
spatial planning based on a continuous 3-D-modeling starting with the goal-
setting right up to the ramp-up. The second chapter takes a look at project
management, including the aspects of forming a project team, the responsi-
bilities or team tasks, as well as a brief overview of digital tools for planning
a factory. In view of the frequent changes of use, it becomes all the more
important to efficiently use real estate properties; the last chapter of the book
is therefore dedicated to facility management.

Our goal with this handbook is first and foremost to provide a compre-
hensive, methodical, and practical support for the management of production
enterprises as well as for planners and designers of production sites. The
same applies to architects and construction planners who design and realize
industrial buildings. Moreover, this handbook is also intended for those
studying production technology and industrial logistics from the perspectives
of both engineering and management, and for architecture and building
construction students.

Before delving into our subject matter, we would like to thank first of all
Mrs. Rett Rossi, our most valued translator, who went deep into the complex
subject and delivered a perfect performance. Next to thank is Jens Lübke-
mann from the IFA Institute of Production Systems and Logistics Leibniz
University, Hannover, for coordinating the work between the authors, our
reviewers, and Mrs. Rossi as well as the preparation of the correct format of
text and figures. Mr. Gerhard Hoffmann, CEO of IFES GmbH in Cologne,
has contributed Sect. 11.3 and Detlef Gerst Chap. 7; to both, we have to
express our sincere thanks. In addition, we are much indebted to Indranil
Bhattacharya, from the architectural firm Reichardt–Maas and Associates
(Essen/Bangalore), for energetically supporting Chaps. 11–14 on spatial
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planning especially with regard to adapting it to international aspects as well
as adding British building norms and quoting of English standard literature
sources. Many thanks go further to our colleagues Prof. Hoda and Waguih
ElMaraghy, University of Windsor Canada, and Prof. Neil Duffie, Madison
Wisconsin University, for carefully reviewing several chapters. Last but not
least we would like to thank the members of the Scientific Publishing Ser-
vices in Chennai, India for the excellent preparation of the final book lay out.
This concerns mainly Mr. Udhaya Kumar P. and Ms. Shilpa Soundararajan.

Garbsen, March 2015 Hans-Peter Wiendahl
Essen Jürgen Reichardt
Garbsen Peter Nyhuis
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1Factory Change Drivers

1.1 Introduction

Due to the variety and speed at which factors
influencing a factory change, a factory can
quickly lose its competitiveness. The main rea-
son for this is the factory’s inability to adapt its
facilities and organization fast enough. When
strategically planning a factory for long term use
it is therefore essential to bear in mind the change
drivers that have impacted factories in the past
and present and will impact them in the future. In
this first chapter we will consider the symptoms
of a change resistant factory, describe the basic
stages of developing a modern factory and out-
line the first approaches of a competitive manu-
facturing enterprise.

1.1.1 Stagnant Factories

Since the beginning of the 1990s the role and
significance of production has been intensely
discussed in Germany both in research as well as
in the practice. Computer Integrated Manufac-
turing (CIM), developed in the 1980s, had failed
to provide the anticipated success in countering
high labor costs world-wide. Moreover, the illu-
sory outlook following German reunification
belied the increasingly obvious weaknesses of
Germany as a location for productions. A study
conducted by the Massachusetts Institute of
Technology (M.I.T.) about the automobile
industry in Japan, the United States and Europe

was the first to suddenly make it clear that Ger-
man industrial enterprises in particular were on
the verge of losing their competitiveness with
regards to productivity, delivery times and
quality [Wom90]. The main cause of this was
identified as the enterprises’ insufficient ability to
innovate and adjust to the massively increasing
dynamism of markets and technology. We refer
to this weakness, which is primarily due to poor
management, as a stagnant factory, the charac-
teristics of which are outlined according to four
main criteria in Fig. 1.1.

In a stagnant factory, a complex organiza-
tional structure has been developed over the
course of a long business tradition. Numerous
sections are strictly structured in five to seven
hierarchical levels with precisely defined tasks
and competencies. Employee participation is not
desired and remuneration is based on output
rather than on results. The emphasis is on func-
tionally optimizing marketing, design and pro-
duction processes. As a result, decisions cannot
be made quickly and the responsibility to cus-
tomers with respect to the processing of orders is
widely spread.

The lack of proximity to customers is closely
related to the lacking market orientation. Con-
sequently, the functional organization is not
centered on customers and fulfilling their wishes,
but rather focuses on operational goals such as
high utilization of machinery or manufacturing in
‘economical lots’. However, in order to suc-
cessfully act in a market an enterprise has to

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
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follow the principle that everything that does not
serve the customer is waste. Stagnant enterprises
lack this orientation. They frequently fail to dif-
ferentiate internally about their offerings
according to customer groups or markets. Long
throughput times, high inventories and central
warehouses are visible signs of an enterprise that
is wrongly oriented.

Moreover, a firm such as this frequently fails
to have a guiding vision clearly mediating the
business’ fundamental operational goal to every
employee. One of the dangerous results of this is
the disappearance of the corporation’s identity
and culture. No longer able to identify with the
enterprise and its products, employees see
themselves as tiny pinions in a big gear box. To
some extent they ‘internally resign’; struggling
day-to-day through the complicated organization,
no energy remains for new ideas. Customers also
sense this and rightfully complain about their
partners lack of engagement.

Without such an overall goal, the development
of the enterprise can also not be planned. The
entrenched structures are mirrored in the unsys-
tematic construction of the buildings, causing a

disorderly material flow and long transportation
paths. Considerable effort is required in order to
quickly adjust sections (e.g., due to increasing
production demand) because there are no possi-
bilities for expansion nor are any planned.
Unsightly buildings, unorganized spatially-scat-
tered storage areas with raw materials, unfinished
parts and accumulations of junk along with dirty,
poorly lit workshops that impede a positive work
attitude strengthen the cultural decay. No one
wants to give customers a tour of the facilities,
because the discrepancy between the produc-
tion’s claims and the appearance of the factory
are too obvious.

Ultimately, the developments described here
lead to a false sense of safety. Large inventories
of raw materials, purchased parts, semi-finished
products and end products feign a capability to
react which the structure itself can no longer
manage. Should non-routine orders be placed,
long delivery times, rush orders and schedule
delays arise. Furthermore, it is almost inevitable
that ecological aspects such as conserving
resources and protecting the environment com-
pletely fall into the background.

lack of leadership:  

stagnant 
 factory  

missing 
 product 

 differentiation weak 
 identity 

 and culture  

no
 expansion 

 possibilities  

confusing 
 material flow  

rigid 
work schedule 

maladjusted 
wage system  
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Figure 1.2 shows a typical example of stag-
nancy found in the industry. In the depicted pro-
duction area, the strongly non-directional material
flow is immediately obvious. Products manufac-
tured here cover a distance of more than 1 km
while being processed. This is one of the reasons
that there are throughput times longer than four
weeks when the actual processing time is only two
days. The order throughput is also decelerated by
long setup times and a high percentage of
reworking. This structure was first questioned
because of the need to integrate a new product into
the production, for which there was an area deficit
of 1400 m2. A study showed that by rigorously
orienting on three product groups (runners,
repeaters and rarities), standardizing the work
processes and introducing the pull-principle for
controlling orders, it would be possible to reduce
throughput times by 50% and floor space by 40%.

1.1.2 Previous Methods of Corporate
Management

The developments outlined above have made it
clear that previously successful maxims for
managing industrial firms are no longer effective

in view of an increasingly unpredictable envi-
ronment. In particular, according to [Lut96,
AbRe11] the following maxims have been
followed:
• Plan and optimize all operational processes as
much as possible especially in production.
This was typically characterized by a large
amount of work preparation and strong
emphasis on time management.

• Clearly demarcate departments, specialized
competencies and hierarchical responsibilities
based on the division of labor. This was fre-
quently documented by extensive organiza-
tional handbooks with precise descriptions of
positions and processes.

• Equate specialized competencies with hierar-
chical positions. This traditional career path
inevitably led to increasing hierarchy instead
of decreasing.

• In-house solutions above all else. Supposed or
actual company specific know-how was
reluctantly passed on (i.e., in the form of out-
sourcing), resulting in an increasing number of
parts and variants.

• Maximize the use of economies of scale. This
typically, resulted in large lots being gener-
ated, orders being started too early or stock

material flow 

• strongly non-directional material flow
• production distances1300 m to 1500 m
• setup times up to 16 hours 

• rework share 20%
• lead time app. 38 working days
• area deficit 1400 m ² 

analysis results: 

Fig. 1.2 Actual state of a production area. © IFA G3207SW_Wd_B
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orders being released without concrete cus-
tomer orders.

• Sustain a market position with incremental
product innovation in the form of gradual
improvements to an existing product. Sub-
sequent to a dominant base product (frequently
the invention of the company owner) strong
customer loyalty could thus be attained over a
long time.

• Develop new products as so-called ‘break-
through’ innovations only occasionally and in
order to exploit new markets. These innova-
tions were rarely the result of researching
customer needs (market pull), but rather
developed from the potential of the enter-
prise’s technology (technology push). In the
favorable case scenario the product met exist-
ing customer need or triggered it.

• Focus investments and innovations on saving
work force. Since the market was not yet sat-
urated, the aim was to compensate for wages
and ancillary wage costs along with continu-
ally greater overhead costs by disproportion-
ally rationalizing the production process.

• When rationalizing, externalize as many costs
and charges as possible. In particular this
included costs related to the environmental
impact and specific social costs e.g., operation
related terminations or lay-offs.
The success of these principles was linked to

relatively stable environmental conditions which,
since the 1990s, have only been limitedly appli-
cable when at all. Thus for example, changes in
the sales market were usually predictable far in
advance and the mid-range corporate planning
range was typically three to five years. The
number of competitors in these markets was also
limited and both their strengths and weaknesses
were known. Moreover, investment capital and
resources could be raised at minimal cost and
environmental impact played a subordinate role
in the enterprise’s success, just as the stock
market price of the enterprise itself. Finally,
highly motivated and well qualified workers
were available everywhere [Lut96].

Since the start of the 1980s, these conditions
have changed at a speed never seen before. The
most significant challenge was the globalization

of the goods and information streams, driven by
the inventions of logistics and the internet.
A wealth of products surged onto the world
market from young aggressive industrial nations.
Consequently, changes in the market became
more and more difficult to plan.

Starting with Warnecke [War93] and West-
kämper [West99] the term “turbulent environ-
ments” was coined to describe these phenomena.
According to it, all of the parameters relevant to
the production such as the product structure,
competition, sales figures and available technol-
ogy can vary quite quickly and suddenly. The
predictability of changes in the industrial envi-
ronment thus strongly diminishes. Indications of
a turbulent environment include continually
shorter lifecycles of products from their entry
onto the market up to their discontinuation as
well as the replacement of products with an ever
greater number of variants.

An example of this is the growing number of
niche vehicles—a typical lifestyle product.
Figure 1.3 depicts the trend for these during the
last five decades. Whereas there were only three
categories (limousine, coupé and convertible/
roadster) in the 1960s, in 2006 fourteen different
segments were already known. Moreover,
renowned automobile makers have already
announced an increase of more than 40–50
models in the next decade.

Together with the variety of the product,
comes the fast permeation of technological
developments. Whether in the form of materials,
manufacturing methods, information and com-
munication technology, the internet or RFID
(radio frequency identification devices) and vir-
tual reality, they open up new possibilities for
both the design engineer and factory planner.

A further, more structural development
regards the diverging lifecycles of the technical
factory elements i.e., processes, buildings and
sites in comparison to the product. In Fig. 1.4,
cited according to [ScWi04, p. 106], Wirth
clearly illustrates these challenges. The product
lifecycle (A) grows shorter and shorter last but
not least due to the self-generated diversity of
variants. In order to meet this development, the
product is frequently divided into base modules
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and variant dependent components. The base
modules outlast a number of product cycles
while the variant dependent components consti-
tute the product’s claimed innovation e.g., an

additional function or a new design. The process
lifecycle (B) is determined by changes in tech-
nology and their efficiency. Generally, the pro-
cess lifecycle is longer than the product lifecycle
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Fig. 1.4 Correlation between the product, process, building and area usage lifecycles (Wirth). © IFA 9901ASW_B
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and is applied to a number of product genera-
tions, if for no other reason than their deprecia-
tion value. With the building lifecycle (C) the
structure of the building, which can last 30–
50 years, has to be distinguished from the tech-
nical building services, which can be used for
perhaps 10–15 years. Usually both cycles are a
number of times longer than both the process and
product cycles. Finally, the area usage lifecycle
(D) is dependent on the location of the property
and the related building rights. It is generally in
the magnitude of decades and is longer than the
use of the building. From this, Wirth deduces that
sub-systems should be designed to be adaptable
and harmonized temporally into the lifecycle of
the entire factory [ScWi04, p. 107].

Despite the resulting, frequently interlinked,
decision-making and execution processes when
developing a product, introducing it to the mar-
ket and processing orders, the time available for
enterprises to react to changes in the environment
decreases. The first basic reaction in response to
this development seemed to be to reduce com-
plexity. Driven by the concepts of lean produc-
tion [Wom90] and business re-engineering
[Ham93] five approaches arose:
• Products and production programs were bro-
ken down into components, modules and
subsystems, and key competencies were con-
centrated on. In-house manufacturing was then
drastically reduced by shifting required items
to external suppliers. Consequently, the
workforce was considerably reduced.

• The entire procurement logistics were
restructured, differentiated and accelerated:
components were delivered directly to the
assembly line and relationships with suppliers
for modules and systems were developed. The
suppliers assumed responsibility for every-
thing from the design up to integrating the
modules/systems into the end product. A fur-
ther example here is allocating the entire
spectrum of C-parts (i.e., articles that are only
worth 5–10 % of the value of a product, but
make up 50–80 % of the volume) to a logistics
service provider.

• The direct value-adding area of the manufac-
turing and assembly was fundamentally
restructured into segments and decentralized.
Based on the 1960s group technology [Mit60]
and the 1970s/1980s manufacturing cells, the
concept of modular factories [Wild98] and
fractal factories [War93] were created. The
general idea is to form groups of parts or
components requiring similar manufacturing
or assembly technology for a market segment
with specific demands regarding delivery
times and delivery reliability and to produce
them in one segment. A certain part or com-
ponent is then triggered by call-off orders and
manufactured ready-to-install after their qual-
ity is tested and found to be 100 % faultless.
All of the indirect functions such as the
material and tool planning, scheduling, ser-
vicing and maintenance up to and including
planning personnel and capacities are inte-
grated into the segment. They thus appear as
an in-house supplier.

• An alternative to relocating, which is receiving
greater attention, is the integration into a net-
work of enterprises. Here, companies join
together into a virtual enterprise, appearing
from the outside like a large enterprise and
offering all of the services from ‘one place’. In
particular it allows small and mid-size enter-
prises to successfully bid and develop large
projects with low overhead costs.

• In addition to these structural changes in the
value adding chain, there has been an increased
orientation on methodology since the 1990s.
Based on the Toyota production system
[Ohn88], which currently sets the standard for
an efficient production (see Sect. 2.3.6), many
enterprises have recognized that they have to
orient all of their processes on preventing
waste. The concept of lean production, brought
into the forefront by Womack and Jones was
initially understood as an instrument for
downsizing personnel. However, since the start
of the 21st century, it has been reassessed and
has inspired the development of numerous
‘holistic production systems’ (HPS) [Spa03].
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Within this context, value stream mapping,
introduced by Rother and Shook [RoSh03], is a
pragmatic approach to quickly analyzing was-
ted time, inventory, production areas and
movements of material and staff. This approach
has since lead to the concept of value stream
factories [Erl10].
If we summarize the evolutionary stages of a

factory together under the aforementioned
aspects since the 1960s and strongly simplify
them, four principle forms can be identified as
shown in Fig. 1.5.

With a stable and predictable market, the
functional factory was oriented on increasing
efficiency by bundling know-how. The accom-
panying workshop principle with the workforce
divided accordingly ensured that resources were
highly flexible, nevertheless, at the price of high
inventories and long throughput times. The need
to more closely orient themselves on the markets
and corresponding products led to the described
modular, fractal or segmented factories. Order
processing was then noticeably accelerated;
facilities, however, were occasionally under-uti-
lized. Personnel could only be fully utilized
when they were cross-trained and flexible shift
models were implemented. As the products and
markets diversified more and more, the com-
plexity also grew, so that with the aid of the

described measures for reducing the manufac-
turing depth, especially in the automobile
industry, strategic supply networks (also known
as supply chains) were created. The enterprise
responsible for supplying the end customer, now
concentrates on their key competencies, in the
extreme case only on the product design, final
assembly and sales. Cost potentials are increased
by resolutely outsourcing processes for every-
thing from procurement, manufacturing and dis-
tribution up to and including development.
Networks such as this are usually limited to the
lifecycle of a product i.e., typically 3–5 years.

With increasing market turbulence and simul-
taneous demand for a faster and broader scope of
goods and services, regional and national pro-
duction networks visibly develop. They form
production clusters which configure themselves
very quickly with a high degree of innovation
based on orders and dissolve just as quickly once
the good or service has been yielded.

All of the factory forms outlined here have one
thing in common—they all presume immobile
resources (buildings, equipment and infrastruc-
ture) and sites. In Chap. 2, we will discuss the
extent to which they satisfy already existing and
foreseeable future demands. With the described
concepts, production enterprises have quite suc-
cessfully managed to take a first step in increasing
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Fig. 1.5 From a functional factory to the location within a production network. © IFA G8147SW_Wd_B
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their operational efficiency and responsiveness in
order to match the challenges of a globalizing
market. In doing so, the essential unique selling
points have proven to be superior product func-
tionality, punctual supply and high quality.

Since the 1990s, the relatively new field of
product integrated services has also developed.
These services encompass the entire lifecycle of
the supplied product, beginning with supporting
the customer in the planning and design phase
and including everything from the assembly and
ramp-up, to providing internet supported tele-
services and replacement parts as well as return
services. This approach has been further devel-
oped in BOT models (build-operate-transfer
models). Here, the equipment or facility remains
the property of the company that produces it and
the customer only pays for the products actually
generated. BOT models also represent an

important contribution to sustainable develop-
ment. The aim is to minimize the consumption of
resources such as raw materials and energy by
extensively reusing and recycling the product
and thus keeping the impact on air, water and soil
as low as possible.

Nevertheless, many enterprises also consid-
ered relocating part of their production to ‘low
wage countries’ a solution because supposedly
more favorable manufacturing conditions with
regards to labor costs and work hours were to be
found there. The Fraunhofer Institute for Systems
and Innovation Research (ISI) conducts system-
atic investigations in respect to this in the Ger-
man industry, the latest results of which are
depicted in Fig. 1.6 for the two period’s mid-
2004 to mid-2006 and mid-2007 to mid-2009
[Kin12]. Generally labor costs, proximity to key
customers and access to new markets are still the
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Fig. 1.6 Relocation and Backshoring motives in the German metal and electrical industry (per Kinkel). © IFA
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dominating motives for relocating productions.
The new Eastern European Community Coun-
tries, China and Asia are the main target regions.

Nevertheless, approximately one third of the
firms that relocated have returned. The main
motives for backshoring are insufficient quality,
lacking logistic flexibility, rising labor costs and
the problem of losing and/or finding qualified
personnel.

In former studies ISI lists the basic reasons for
the lack of success as follows:
• a lack of coherence between strategies and
evaluation criteria,

• inadequately considering the potential for
internal optimization,

• not evaluating network requirements at the
respective site,

• gauging the site evaluation statically instead of
dynamically,

• not weighing the ratings of individual site
factors for the complete result,

• underestimating the start-up time required to
ensure the process certainty, quality and pro-
ductivity, and

• underestimating the costs of managing the
foreign site.
On the one hand, it is indisputable that direct

investments in other countries had a positive
impact on employment in Germany. On the other
hand, the study provides important impulses for
more extensive approaches to improving the
competitiveness of small enterprises in particular
and to protect them from making rash decisions.

1.1.3 Competitive Factors of Superior
Enterprises

Nevertheless, the efforts made up until now have
been insufficient since the strategy of reducing
complexity is oriented more at cushioning mar-
ket turbulence and does not continually impact
the entire value-adding chain. In particular, there
is a threat of losing the ability to react. Against
the background of high educational standards, a
stable social system, excellent infrastructure and
a robust currency one of the promising future
strategies that the internal strength of German

enterprises has is the considerable potential for
controlling complexity. After all, turbulent mar-
kets also offer the opportunity to capture addi-
tional market shares with an offensive strategy.
This of course requires the enterprise to be able
to react not only to external developments, but
also to be able to enter the market proactively.
This also includes being able to generate turbu-
lence, for example by suddenly cutting delivery
times in half, offering new products for a specific
market segment in an unexpectedly high fre-
quency or taking a quality offense by doubling
the length of a guarantee.

A strategy such as this however requires more
than controlling costs, quality and time in order
to obtain customer satisfaction (see Fig. 1.7).
First of all, a strong innovative drive needs to be
developed and promoted. This means perma-
nently questioning products, services, processes
and behaviors, not only through continual opti-
mization but also through innovative leaps. This
in turn entails the company culture to be oriented
on communication, with employees clearly par-
ticipating and a stronger focus on results instead
of on performance.

The second key property of enterprises able to
benefit from turbulence is their capacity to
quickly utilize something new i.e., organiza-
tionally they are quick learners. The most pre-
dominant characteristic of such enterprises is the
ability to develop common visions and goals for
bundling energy and knowledge. This includes
continual qualification measures with the primary
purpose of conveying methods and social skills,
a high degree of informal communication and
pronounced self-organization in flat hierarchies
with autonomous organizational units [Gau04].

The third, generally ‘new’ property is
changeability [West99, Rein00, Wien99,
Wien07]. This describes the ability of a factory to
realize structural changes on all levels with
minimal expenditures in response to internal or
external triggers. The planning and realization of
this adaptation process has to occur at a specific
speed set by the market. This changeability dif-
fers from related concepts such as responsive-
ness, reconfigurability, adaptability, flexibility
and agility—as is more extensively clarified in
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Chap. 5. We would suggest that changeability is
the key concept that allows an enterprise to be
successful in turbulent surroundings.

Before we move on to develop the new
requirements, strategies and design fields of
changeable factories in the next chapter, Fig. 1.8
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Fig. 1.7 Competitive factors of superior enterprises. © IFA G5990SW_B
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provides a summary of the change drivers. Fur-
ther information can be found in [Jov08,
AbRe11] and under Horizon 2020—The
Framework Program for Research and Innova-
tion of the European Union [http://www.
manufuture.de/COM-2011-Horizon2020.pdf].

Surrounding conditions that directly impact
enterprises include the world economy, envi-
ronment, politics, society and technology. These
lead to change drivers that have an indirect
impact and that can be differentiated according to
whether they are external or internal impulses.
Globalization, technology and society result in a
growing individualization of products with
shorter product lifecycles and an expansion of
the market performance up to and including
services across the entire lifecycle. Delivery
times thus sink further, the demand for delivery
reliability increases and all of this occurs along-
side strongly fluctuating consumption and tur-
bulence. Moreover, enterprises still have to face
continuous pressure regarding costs and quality.
Products and services increasingly are offered out
of global networks, whether from in-house, joint
or external enterprises.

Strong internal impulses come from preven-
tative, strategic considerations such as entering a
new market, expanding available products or a
fundamental restructuring triggered by a change
in management or ownership. In comparison,
reactive internal impulses are created by elimi-
nating noticeable weakness in technological or
logistical performances, developing new work
models for an aging workforce or realigning the
production volume between domestic and inter-
national locations due to currency related risks.
Finally, it is about taking up new challenges
regarding energy and resource efficiency, but
also about using the potential of new
technologies.

1.1.4 Summary

Many manufacturing companies have impercep-
tibly lost their competitiveness in a globalized
environment. Typical symptoms include large
inventories, long throughput time, unclear

material flows and complex organization. Gen-
erally, business goals such as the utilization of
machinery and optimal lot sizes are emphasized
rather than orienting on the customers’ needs.

Since the 1990s, the entry of younger indus-
trial nations into the market, the related dramatic
increase in product variants as well as the
demand for quicker and more punctual deliveries
have forced production companies to rethink
their practices. This is evident in the modular-
ization of products, the decreased manufacturing
depth, the new orientation of procurement
logistics, the production segmentation as well as
the prevention of all types of waste. These
measures are subject to the primacy of the cus-
tomers’ absolute satisfaction.

In addition to traditional objectives (time,
costs and quality), outstanding features of a
competitive factory which prove to be crucial for
survival include: aligning their level of change-
ability with the market, being highly innovative
and being quick learners.
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2Planning Basis

This chapter describes a strategically justified
planning basis which can be regarded as a
guideline for the planning team. First, based on
the factors that impact a plant and that were
outlined in Chap. 1, the production strategy
needs to be determined. This step, which is the
task of corporate planning, includes identifying
products and business processes that are to be
manufactured or executed in the factory. Within
a factory, generally speaking, the order fulfill-
ment with its sub-processes stands in the fore-
ground while the products and business
processes typically determine the location and
factory areas that are to be designed. The other
major components of the planning basis include
decisions about the type of factory from the
customers’ perspective, the position of the fac-
tory in the supply chain and possibly the inte-
gration of the factory into a production network.

2.1 Production Strategies

A factory is not operated for its own sake, rather
it is one of a number of instruments a production
enterprise utilizes to realize their business strat-
egy. Up until the 1970s, the necessity of oper-
ating the factory was never a question; rather the
priority was safeguarding employment. Nowa-
days, discussions primarily focus on which role
in-house production should play in the competi-
tion for markets and how the enterprise’s finan-
cial resources should be allocated. The

possibilities of global procurement and co-oper-
ations as well as developments in technology and
logistics have created new degrees of freedom for
configuring and positioning the own production.
These should be utilized against the background
of a well thought out competitive strategy for the
entire company, thus ensuring its long term
economic viability.

According to M.E. Porter, a competitive
strategy includes in particular:
• concentrating on selected market segments,
• differentiating the products and services in
comparison to the competition as well as

• gaining a comprehensive cost leadership
[Por98].
The competitive strengths and determinants

that should be analyzed and evaluated in this
respect are briefly summarized into five so-called
‘forces’ in Fig. 2.1.

The starting point is the number of competitors
and the intensity of the rivalry among the existing
firms in the branch. The latter is determined for
example by over capacities, brand identity and
exit barriers. Following that new entrants and
their entry barriers in the branch are analyzed.
The third force concerns buyers and their bar-
gaining power and sensitivity to prices, while the
fourth takes into consideration possible substitute
products or services and the danger of one’s own
product being replaced. Finally, the fifth force
focuses on the bargaining power of suppliers.

An important approach within this context
involves evaluating effectiveness (“doing the
right thing”) and efficiency (“doing things right”)

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
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with the aid of the ‘Balanced Scorecard’. The
Balanced Scorecard supports the multi-dimen-
sional strategic planning and control of an
enterprise or division. Based on a suggestion
from Kaplan and Norton [Kap96], starting with a
superordinate vision and strategy four perspec-
tives are developed (see Fig. 2.2). Strategic goals

are to be formulated for each perspective, from
which operative targets and actions are derived;
compliance with these is then monitored based
on specific parameters.

The financial perspective examines whether a
selected or implemented strategy improves the
business results or not from the perspective of the

threat of new
entrants

bargaining power
of buyers

threat of
substitute products

or services 

bargaining power
of suppliers 

industry
competitors

rivalry among
existing firms 

Fig. 2.1 Forces driving industry competition (per M.E. Porter). © IFA D3436_Wd_B
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customers
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learning and  growth

“To achieve our 
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Fig. 2.2 Basic concept of the balanced scorecard (per Kaplan and Norton). © IFA G8889SW_B
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shareholders. Based on the analysis objectives,
variables, targets and measures can be derived. If
we consider the production for example, this
would concern the share of in-house production,
the resources that should be implemented and the
location.

In consideration of the factory itself, the cus-
tomer perspective poses the question of whether
or not the factory fulfills the service characteris-
tics that the market demands e.g., delivery time,
delivery reliability and the quality of the product.
However, general objectives such as customer
satisfaction and customer loyalty are also taken
into consideration here as drivers for the com-
pany’s success. Corresponding measures might
then include focused sub-factories close to the
customer or re-designing the corporate identity
from the bottom-up.

The perspective from the internal business
processes prioritizes the structures and processes
that play a decisive role in satisfying customers’
wishes and whose improvement is perceived by
customers. From the factory view this could for
example include, internal throughput times, the
possibility of making late decisions about vari-
ants or implementing a product quality concept
that saves customers from having to inspect
goods upon receipt.

With the learning and growth perspective, the
importance of the ongoing and progressive
development of products and methods is empha-
sized. From the view of production this concerns
for example, continually improving production
technology, introducing team work or developing
uninterrupted logistic chains from the in-house
production up to and including the customer.

One of the noteworthy aspects about the Bal-
anced Scorecard is that in comparison to tradi-
tional methods, such as the Return on Investment
(ROI) concept and Shareholder Value approach,
it does not draw one-sidedly on financial and to
some degree strongly historical based parameters
for making decisions. Rather, the view is oriented
more equally on the customer, competition and
internal factors that are not only difficult to
measure (e.g., the ability to innovate and learn)
but also increasingly significant for the success of
a business in a turbulent market. The concept thus

offers a flexible framework for developing each of
the enterprise specific strategies, which is in turn
indispensable especially with regards to the future
role of the factory.

2.2 Factory Strategies

When planning a factory, it is essential to have
knowledge about the part of the business strategy
pertaining to the market and the production;
without this information the orientation on cost
related aspects dominates too easily. Figure 2.3
depicts the key strategic elements of the planning
basis for a factory, which are subject to three
premises: First, they have to be sustainable in an
economical, ecological and societal respect and
thus not aimed at short term success. Second, the
call to be innovative arises from the dynamic
environment and applies not only to products,
but also and especially to the production and
administrative processes. Third and lastly,
changeability is imperative—not just for the
factory, but certainly for it in particular.

Business areas developed from visions and
models form the core of the strategic basis. They
designate a distinct external market which has
clearly demarcated competitors and is closely
alignedwith the enterprise’s philosophy, values and
culture. Every business area is defined by a market
offer and a market segment, described by the types
of customers, distribution channels or geographical
regions [Gau99]. Determining the sales region
according to revenue and the regional market share
is particularly important for strategically position-
ing the factory. The sales volume on the one hand
and the local competitive environment on the other
hand, result from there and provide the starting
point for decisions about where to locate the factory
and the scale of production.

2.3 Market Offer

The products and services available in market
segments are defined for every business sector
and are summed up together under the term

2.1 Production Strategies 15



market offer [Gau99]. This market offer requires
processes that the enterprise’s potential should
yield. These are then generally divided into
management, business and support processes.
The business processes—to the extent that they
concern the factory—are value-adding and con-
sist of production engineering processes, material
flow processes as well as information and com-
munication processes. They require resources
which basically consist of people, equipment and
capital.

The market offer yielded by the enterprise can
be considered from the perspective of logistics as
well as according to the type of market service.
With regards to logistics, the classification sys-
tem developed by Siemens for their market offer
is practical for this purpose; it defines four types
of businesses according to the point in time at
which the final product is defined and where the
value is added (see Fig. 2.4) [Faß00].

The business types include consumer oriented
products, systems for industry equipment, large
projects related to plant construction and after-
sale services. Each poses clearly different
demands on the factory and its logistics.

Products are ready-to-use consumer goods
usually meant for the end user such as house-
hold appliances, entertainment electronics,

communication technology etc., which, for the
most part, are self-produced. They are devel-
oped independent of specific orders and factors
for success include, extremely short delivery
times and a high service level due to good
inventory management as well as an efficient,
frequently world-wide distribution system.

Systems consist of custom designed configu-
rations of—as much as possible standardized—
hardware and software elements, whose func-
tion-defining modules are manufactured in-house
and completed with purchased system compo-
nents. The development and logistics cycles are
thus only partially decoupled. Here, factors for
success include the ability to quickly configure
standard and procured components, managing
order-specific supplies with high delivery reli-
ability, directly supplying complete systems that
have already been tested and then immediately
installing and putting them into operation.

Plant related businesses mainly consist of
engineering i.e., the technical design and plan-
ning of custom-made large plants, such as steel
mills, paper mills or power stations. Products
here cannot be made-to-stock due to the unique
character of each; engineering and logistics
cycles are therefore coupled for each order. Since
components produced in-house play a small role,

guidelines visions 

business area
• market offerings
• market segment 

processes resources 

innovative 

sustainable:
• economical
• ecological
• societal 

changeable

Fig. 2.3 Strategic basis for
planning and designing a
factory. © IFA
G8891SW_B
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success factors include professional project
management, controlling and coordinating the
numerous customized deliveries and services that
are predominantly supplied externally as well as
punctually delivering the assembly-ready pack-
ages to the construction site which represents the
location of the greatest value-adding processes.

The fourth type of business, services, refers
only to the after-sales services of a product,
system or plant. They serve to maintain their
functionality (e.g., via regular inspection and
maintenance) or in the case of disruptions, to
restore it. The development of these services in
the form of maintenance plans, repair kits, spare
parts etc. is temporally decoupled from their
provision in the logistics cycle. Factors for suc-
cess here include the ability to react quickly and
provide fast information while maintaining a
minimal store of spare parts as well deploying
and supervising technicians with a high rate of
jobs completed in only one visit.

With regards to how markets are served, there
are two known extremes of market offers, which
apply mainly for products. On the one hand,
there are mass programs, with which a cost
leadership is pursued by increasing quantities of
standardized outputs i.e., so-called ‘economies of

scale’. On the other hand, there is the ‘economies
of scope’ strategy which strives to maximize the
utility by focusing on multiple products for
special groups of customers. In between these
two there are strategies aimed at individualized
mass production based on modular systems and
flexible manufacturing methods. Customers then
receive products that are to a large extent finely
tuned to meet their needs, comprised of different
quantities and variants of standardized parts and
components that are quickly and flexibly
assembled.

In addition, the strategy of supplementing
products with services and selling the product
utility instead of just the product is being pursued
increasingly, especially in highly industrialized
countries. It has been shown that customized
products with value-adding services open up
very promising potential in regards to global
competition.

In Fig. 2.5, the basic dimensions of a com-
petitive market offering are outlined. The key
idea is that the market offer is oriented on the
customer’s value-adding chain. Based on a
product which has a large benefit for a customer,
the enterprise considers how they can attain long
term customer loyalty by integrating services into

place of value creation
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Fig. 2.4 Logistical
business types (Siemens).
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the product above and beyond the entire lifecycle
of the product. This leads to four categories of
market offers, namely products, system/plants,
services and usefulness, which can now be con-
sidered from the view of design and production.

With products it can be seen that ‘mecha-
tronics’, i.e., combining mechanical parts and
electronic components together with integrated
software, is emerging increasingly. The latter
ranges from sensor technology (for recognizing
operating states) to electronics for everything
from product application and control up to and
including corresponding software. In the mean-
time, in many engineering products the portion
of production costs due to mechanics, electronics
and software is equally large.

In order to quickly configure and reconfigure
the products to the changing needs in the lifecycle
of the customer products, efforts are being made to
develop so-called ‘intelligent components’, mod-
ules and sub-systems that are equippedwith sensor
and control technologies and can communicate
with other devices. Not only do they considerably
decrease the scope of the higher level control, but
they also monitor themselves, allow their func-
tionality to be tested during production before they
are integrated and thus greatly reduce the effort
involved in the final assembly. Module and plat-
form concepts such as this allow a wide diversity
of variants especially when variants can be formed
by configuring software.

Finally, it can be determined that for many
products, especially in the capital goods industry,

there is a trend towards businesses for systems
and plants. The customer frequently wants to
receive so-called ‘plug and produce’ systems
(e.g., a manufacturing system) or plants (e.g.,
packing plant) and expects a service packet that
includes everything from engineering, delivery,
commissioning and staff training up until the
ensured yield is attained as well as optimization
during its use. Depending on their value and
complexity, the system or plant requires an
extensive range of additional services to be
operated. More and more often, the users are no
longer able to perform these services themselves
because they no longer have the skills required.
Whereas previously, factories had their own
planning, maintenance and repair departments,
nowadays these tasks have been largely trans-
ferred to specialized service providers. Their
services are then divided into three phases:
before, during and after use of the system.

The service begins in the pre-use phase with
feasibility studies and is supplemented with
offers to illustrate the potential of the proposed
investment. The latter can include for example,
sample parts, delivering so-called ‘pilot series’ or
educating design engineers in using a new tech-
nology. Thus, for example, a known producer of
machines for processing sheet metal offers a
workshop in which the technical and economic
advantages of sheet metal construction in com-
parison to welding and casting are methodically
conveyed to the designers based on sample parts.
Afterwards, the participants have the opportunity

market offering
lifecycle-oriented product and service offering
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to design and produce a prototype of a custom-
ized part and subsequently to economically
evaluate it. Further traditional services in the pre-
use phase concern the product training of later
users, assembly, commissioning and start-up,
especially of systems and plants up to the agreed
upon capacity.

The second type of service refers to the
operating phase and is shaped by the quickly
developing possibilities of information and
communication technology. The previously
mentioned intelligent product components and
systems meanwhile allow products to be remo-
tely monitored and diagnosed by suppliers,
whether in regular maintenance cycles or when
there are malfunctions. In many cases an internet
based maintenance and repair service can be
developed from this, allowing the customer to
remotely access services from the manufacturers.
This could for example be special repair manu-
als, linked with digital disassembly and re-
assembly drawings.

It is also possible for the product supplier to
design their on-site customer service more
quickly and more productively by giving their
service employees access to in-house product
data and repair instructions remotely. Finally, for
the spare parts service, new possibilities arise by
using the internet to optimize their storage,
delivery and production.

With the quicker follow-up of products, the
final phase of the product life for products, sys-
tems and plants gains significance. Previously
their shutting down, dismantling and disposal was
a rather burdensome side-issue. Increased aware-
ness about environmental protection and stricter
legislation requires this phase to be professionally
considered as well in the sense of waste recycling
and management. Thus offers are being developed
to properly dismantle plants down again to a green
field and refurbish them for the purpose of reuse
and resale. When this is not possible or econom-
ical, it then comes down to recycling and/or dis-
posing of them harmlessly (see Sect. 2.7).

Another approach goes even farther than just
offering services during the three use phases to
the extent that it is not even concerned with
producing a defined material or immaterial

output. Rather it focuses on selling the purpose
of the output and thus on making the utilization
of a product, system or plant a product itself.
With that a particularly close, almost symbiotic
customer relationship is achieved. This fourth
dimension of the market offer is generally yiel-
ded by the manufacturers, to limit the financial
risk, frequently in the form of a spin-off firm.

One possibility is to combine single services
into a service package with the aim of ensuring
or increasing the utilization of the product for the
customer’s value-adding process. This can, for
example, affect the availability of a 24-hour
server center, the yield of a production machine
per shift or the operating costs of a pumping
station. This service is created by extending the
remote maintenance offer by optimizing operat-
ing parameters and the spare-parts stock. Yet
another service might be increasing the utiliza-
tion of a system by exchanging outdated com-
ponents, e.g., electronic control panels. Finally, it
is also possible to extend the functionality of a
supplied product in the value-adding chain of the
customer e.g., by installing an automatic loading
system for a production plant as a replacement
for a manual solution.

The most extensive example of this utiliza-
tion-oriented market offer is the so-called ‘BOT
model’ (Build-Operate-Transfer model). In this
case, the manufacturer of the plant or an external
service provider operates the production plant
and only delivers finished products to a con-
sumer, frequently directly to the site of the cus-
tomer’s plant.

The factory for manufacturing the Smart Car
in Hambach, France is a known example of this.
There, 15 suppliers contribute 80 % of the value-
adding to the finished product (see also Fig. 2.14).
One of the suppliers, Eisenmann, supplies and
operates the painting plant there. They are paid
for every car body that is painted [Bar98].

It was anticipated that BOT models would be
very important in the future because they reduce
the complexity of the user’s production as well as
decrease their investment risk and costs. At the
same time, they open up a long-term customer
relationship for the producer who has the know-
how. Nevertheless, the operator is also directly
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impacted by their success or lack of success in
the market and thus correspondingly takes on the
risks. Usually, a special core business firm is
established in order to financially decouple them.
Against expectation the model has not wide
spread to industry mainly because of the financial
risk for the plant deliverer.

If we are to summarize the information about
market offers, it can be seen that the dominating
model for all of the business’ activities is clearly
oriented on the customer. Moreover, it is
dependent on offering customers individual
solutions in their value-adding chain, taking on
calculable customer risks in one’s own value-
adding chain and including the customer in
designing and creating the solution [Bou97].

With that (from the perspective of the market
offer) a number of future emphases for produc-
tion enterprises can be identified (see Fig. 2.6).

In order to escape the dilemma between pric-
ing pressure and increasing customer wishes, paid
product-integrated services should be extended
and traditional product outputs reduced to core
components. This requires standardizing indi-
vidual services and products, developing more
intensive value-adding supplementary services

and focusing on key competencies. In doing so
the pressure on managing costs decreases since
the new market offers are paid for. As a result, the
customer benefit and proximity to the customer
increases on the whole [Bou97].

2.4 Business Processes

As already mentioned, the offerings defined in
the business sectors are to be yielded through
processes. As Gausemeier wrote: “A process is a
number of activities aimed at yielding a result
which is of value to the customer” [Gau99]. With
this, Gausemeier expressed the break from
functional organization (characterized by split-
ting the work down into continually smaller
units). Processes are linked to process chains
which can be identified as either main business
processes or supplementary processes.

Figure 2.7 depicts a breakdown of the busi-
ness processes which are well-established for
production enterprises. The main business pro-
cesses follow the lifecycle of the market offering.
The ‘market opening’ process is responsible for
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Fig. 2.6 Future emphases
for production enterprises
(per Boutellier, Schuh,
Seghezzi). © IFA
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defining the market offer in form of a specifica-
tion based on the business sector strategy. From
that, a functional product, suitable for series,
emerges in the ‘market development’ process.
This product is then offered and sold to cus-
tomers during the ‘order obtainment’ phase,
whereby the technical, logistical and economic
feasibility has to be ensured when signing the
contract. The ‘order fulfillment’ phase summa-
rizes the processes from order confirmation to
shipment including the necessary procurement
procedures. Once the customer has begun using
the product, the ‘service’ phase (as described
above) begins. One of the key attributes of these
main processes is that one person (whether that
be a supervisor, manager or a team leader) is
completely responsible for the results and
resources.

The support processes ‘personnel’, ‘finances
and control’, ‘quality management’ (including
planning, monitoring and testing), ‘information
and communication’ as well as ‘general services’
(which ranges from the building maintenance up
to site security) serve to supplement the main
processes. They have to sell their services to the
owner of the main processes at the agreed upon
price and are thus competing against external
service providers.

2.5 Aspects of Factory Design

The main business process that is essential to the
factory is the order fulfillment. The sub-processes
that need to be yielded here include the order
input, product design (as far as the order speci-
fications require it), job prep, sourcing of raw
materials and purchased parts, part manufactur-
ing, assembly, testing, packaging and shipping as
well as the related quality checks and job control.
These sub-processes are to be generated by fac-
tory resources, which are summarized together
under the headings technology, organization and
employees in Fig. 2.8. They form, so to speak,
the pillars of the factory that are built upon a site
and its buildings. A convincing market offer,
however, is not just created from material and
human resources, but rather is also determined by
aspects of the enterprises culture and sustain-
ability, which result both from the enterprise’s
comprehensive vision and from the local
conditions.

Figure 2.8 identifies the key aspects of factory
design that we will address in this book with
regards to how they can be structured and
dimensioned particularly with respect to
changeability. Cost and feasibility considerations
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Fig. 2.7 Business processes. © IFA G8902SW_B
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are components of the planning process and are
discussed there. The order processing influences
the factory layout to a far greater degree than any
of the other remaining main processes or support
processes mentioned in Fig. 2.7. These other
processes mainly require resources such as office
space, personnel and infrastructure, which are
organized during the general planning.

All of the enterprise’s processes and functions
have to be oriented though on customer
demands, market offers and a guiding vision that
is developed in consideration of changeability.

2.6 Manufacturing Location
and Factory

In view of our discussion about developing a
production concept there is still the question in
which scope and with what strategic orientation

the individual enterprise wants to produce its
products. The decision about the geographic
location of the production is then made accord-
ingly. When doing so, two different perspectives
need to be distinguished; an external and an
internal (see Fig. 2.9).

The term manufacturing location represents
the external perspective. Within the scope of
developing business sectors, market offers and
necessary processes, a suitable manufacturing
location has to be selected from a global per-
spective. These provide a market segment with
specific goods and services related to the selected
business sector in view of its economic and
logistics criteria. In a second step, most often on
a closed site, the factory is designed in the sense
of an internal perspective of the manufacturing
location. The factory is thus a local bundling of
the primary production factors (personnel,
resources, buildings and materials) as well as the
necessary knowledge, qualifications and capital.

co
rp

o
ra

te
 c

u
lt

u
e technology organization employees 

site and buildings 

p r o c e s s e s 

su
st

ai
n

ab
ili

ty
 

market offerings 

Fig. 2.8 Aspects of
factory design. © IFA
G8900SW_B

external view internal view 

manufacturing location factory 

Serves to supply a market segment 
with real assets under logistical

and economic aspects. 

Represents a local concentration of 
production factors to realize the 

whole or a part of the value chain of 
real assets.

Fig. 2.9 Comparison of
manufacturing location and
factory. © IFA
G9630SW_B

22 2 Planning Basis



In the form of processes, these factors realize the
parts of the value chain necessary for delivering
the goods required by the manufacturing loca-
tion. The term ‘value chain’ in comparison to
value-adding chain also includes the activities
such as storage, transportation, testing etc., that
are inevitable due to the selected manufacturing
principle but that do not add value.

Within the factory, a number of products for
different business sectors and different propor-
tions of the value chain can be manufactured. As
already mentioned, due to the clear responsibil-
ities for costs, quality and delivery capability the
aim here is to operate sub-factories (often refer-
red to as ‘mini-factories’, ‘business units’ etc.)
which are demarcated as much as possible both
spatially as well as organizationally. These sub-
factories then only use a common infrastructure
with regards to their energy supply, data pro-
cessing, social facilities etc.

2.7 Morphology of Factory Types

Based on these considerations, we can now
develop a morphology of factory types that
combines four attribute levels. These originate
from specific views of a factory and are primarily
determined by the production strategy (see
Fig. 2.10).

The first perspective is concerned with the
position of the enterprise in the supply chain
between the raw material suppliers and the end
consumer (see Fig. 2.11). An extreme case is an
enterprise that manufactures the raw goods
required for its product itself as well as the end
product with all of its interim stages before
delivering it directly to the end user. This was the
case at the start of the industrial age in North
American automobile manufacturers. As a result
of continually greater differentiation and spe-
cialization this is no longer economically and
logistically feasible. Thus in the meantime, sup-
pliers for raw materials, parts, components,
modules, sub-systems and end products have
developed. Each of these covers a stage of
interim products and delivers them to a customer.
Here, a customer can be a company that further
processes it, a middleman or an end customer.

The second perspective is concerned with how
the customer perceives the factory, that is, what
its most predominant strategic attribute is in the
sense of positioning themselves amongst their
competitors. Six different forms can be identified
here (see Fig. 2.12).

The high tech factory is characterized by
products that are on the leading edge of tech-
nology in the world market e.g., with regards to
their function, level of performance, lifecycle
costs, availability etc. The manufacturing and
assembly processes are operating close to their
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natural limits (see Sect. 3.3) usually with self-
developed technologies and with the highest
process quality. The factory, both inside and
outside, reflects the extraordinary demands set by
the company on high-end technology. Since
these are the innovators, premium prices are
targeted and costs, delivery times and controlling
variants do not play a large role.

The responsive factory focuses on the time
factor. It is characterized by highly efficient
logistics, which is also oriented on limits—in this
case on throughput times. Since the products do
not lay claim to any leading technology, their
competitive edge lies in products being quickly
available to customers. Orders are often inserted

into the production directly by the customer or
distributor.

In the breathing factory the focus is on eco-
nomically manufacturing products with season-
ally dependent sales fluctuations (e.g., household
appliance and sporting goods industries) with
largely varying production quantities. This is
achieved with a comparably low degree of
automation, very flexible work hours, and cross-
trained employees. Consequently, new products
can be quickly integrated and the factory output
can be rapidly increased or decreased.

If the product spectrum is marked by a large
number of variants, in the sense of a customized
market supply, the variant-flexible factory should

suppliers
raw materials 

suppliers
2nd tier

suppliers
1st tier

end product-
supplier 

customers
1st tier

customers
2nd tier

end
consumer 

buy make deliver

Fig. 2.11 Components of a supply chain. © IFA G9638SW_B

high tech factory 

(strategic feature: technology) 

• innovative products
• innovative technologies
• highest process quality 

low-cost factory 

(strategic feature: costs) 

• strict target-costing
• product focusing
• consistent controlling 

variant flexible factory 

(strategic feature: variety) 

• late customer decoupling point
• variant formed in final stage of production
• modular product and production
structure 

responsive factory 

(strategic feature: time) 
• limiting value orientation
• high-performance logistics
• market orientation 

customer individual factory 

(strategic feature: individuality) 

• intensive customer integration
• supplier relation based on partnership
• distinctive variant flexibility
• highly competent logistics

breathing factory 

(strategic feature: high volume range) 

• ability to integrate new products
• economy at volatile production volume
• expendability and reducibility

Fig. 2.12 Types of factories from a customer’s perspective. © IFA G8629SW_B

24 2 Planning Basis

http://dx.doi.org/10.1007/978-3-662-46391-8_3


be pursued. It is characterized by modular
structures as well as manufacturing technologies
that allow variants to be generated as late as
possible in the production process.

The further developed form of variant-flexible
factories is the customer specific factory. It pur-
sues the idea of mass customization, which will
be discussed further in Sect. 4.10. In this situa-
tion, every order is different from the next with
regards to technical specifications, quantity and
due date. In the extreme case, the customer can
configure the product themself via the internet,
order it direct from the factory and follow its
production over the internet as well. One of the
conditions for this is that all business processes
are mastered from the customer’s order specifi-
cation up to supplying the product to the
customer.

If products are in the mature stage and thus
subject to strong price pressure due to numerous
competitors, the low cost factory is aimed at
continually decreasing self-costs by strictly
managing target costs, focusing on few products
with large production quantities and consistently
avoiding any kind of waste. This requires strict
monitoring of the performance figures.

The described types of factories from the
customer perspective will not appear in their pure
form, since in real factories just about all of the
strategic characteristics have to be taken into
consideration with varying emphasis. In
Fig. 2.13 the qualitative value of the competitive
factors developed in Fig. 1.7 are depicted for the
six factory types. It can be seen that the customer
specific factory fulfills the most competitive
factors, followed by the variant flexible factory.

The next dimension to be discussed in
developing a morphology of factory types
according to Fig. 2.10 is that of the dominating
organizational principle. Here, factories can be
differentiated as functional, segmented, net-
worked or virtual.

The functional factory is organized into areas
using the same technology through which a
number of different products are routed e.g.,
mechanical processing, electronic manufacturing
and assembly. This proves to be advantageous
with regards to the utilization and flexibility of
resources and bundling of know-how. Never-
theless, it is also associated with long through
put times and large inventories resulting in
stagnancy.
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If greater flexibility and more responsiveness
are required, the segmented factory arises; com-
prised of powerful, small production units,
clearly oriented on the product and market, it is
also fully responsible for financial results. These
units, depending on the quantity of the produc-
tion and the number of variants, are then orga-
nized according to either the line principle,
segment principle or workshop principle.

If the number of products and their variants is
continually growing, reducing the complexity by
drastically decreasing the in-house part manu-
facturing and suppliers is indispensable for pre-
venting a collapse. Thus a networked factory
emerges with several tiers of suppliers for sub-
systems, modules, components and parts. These
are coordinated by intermediary logistics service
providers.

In order to quickly seize opportunities for a
complex product or system, a number of factories
can temporarily join together for a project and
bundle their processes and resources. Such co-
operations are also plausible among competitors
when it concerns utilizing very expensive
equipment. When the enterprise that has the

direct contact with the customer does not par-
ticipate in the production itself, the term virtual
enterprise is used. In extreme cases, these only
look after marketing and processing orders.

In the fourth dimension of the factory mor-
phology according to Fig. 2.10, the ownership of
property, expresses itself in the production
means. Starting with the objects that have the
greatest risks many enterprises search for a
release from the permanent tie to production
plants through renting or leasing. There has thus
been great interest in the abovementioned BOT
models [Sche04, p. 441ff]. In these cases, either
the plant manufacturer or an external service
provider operates the production plant on the
factory site or in the immediate near to it and
delivers systems and components ready to be
integrated in the final assembly. Figure 2.14
illustrates the BOT model based on the example
of an automobile manufacturer which produces
the compact Smart Car [Bar98].

In this case, 15 suppliers yield 80 % of the
car’s value-adding on the premises of the Micro
Compact Car Company (MCC) located in
Hambach, France. By skillfully bundling orders
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across approximately 80 contractors 1000 posi-
tions in total are allotted as compared to 6000–
8000 positions found in traditional automobile
manufacturers. In this case, Magna operates the
body shop and is paid for every automotive body
it produces. The same applies to the paint shop
operated by Eisenmann.

The plant operators thus act as their cus-
tomer’s problems solver, extending their com-
petency as a plant manufacturer to include
permanently controlling the production pro-
cesses. This is not possible without their partic-
ipation in developing both the end product and
the entire factory; a long-term customer rela-
tionship is thus created. BOT models relieve the
end product manufacturer from intensive capital
investments and allow them to concentrate on the
core processes of marketing and distribution,
product development, final assembly and service.
When there is a slump in the market, both part-
ners are in the same boat and carry the corre-
sponding risk. Nevertheless, the producer
demands that the operator ensures the agreed
upon quality, delivery reliability and price.

A further form of property ownership is co-
operations in which two or more enterprises erect
a production plant and use it for different
products.

Based on the four dimensions described here,
a morphology system for factory types results
(see Fig. 2.15).

A factory—albeit still idealized—can then be
described by combining one of each of the
attribute forms from the four perspectives. A
description such as this is particularly suitable as
a basis for discussions about strategies when
constructing or re-constructing a factory because
it prevents the factory planning from becoming
too focused on the subject of optimizing the
layout and material flow.

2.8 Summary

The planning basis of a factory starts with the
competitive factors found within the concerned
industry. These include new entrants and sub-
stitutable products as well as the bargaining
power of customers and suppliers. As part of the
business planning a vision and strategy has to be
developed, taking into account the perspectives
of the customers as well as owners, the business
processes and the ability to learn and grow.

The developed strategy describes the business
sector, the market offer and the market segment.
In doing so, sustainability in the economical,
environmental and societal sense is vital. It is the
strategy that first determines the design areas of
the factory. These areas are concerned with the
production facilities, organization and employees
who interact within buildings on a site. The
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strategic orientation of the factory is still deter-
mined by the desired perception of the customer
(function, price, high tech), the position of the
products in the supply chain between the sup-
pliers and customers (parts, modules, end prod-
uct), the dominant principle of organization
(functional, networked) and the owners of the
means of production (ownership, rental, leasing,
operating model). The resulting plant types can
be characterized as high tech, responsive, flexi-
ble, breathing, variant, low-cost or customer-
specific. In practice they tend to appear in mixed
forms, since they usually serve several markets
and customers with different products.
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3Production Requirements

3.1 Introduction

The change drivers described in Chap. 1 pose a
variety of requirements for future productions,
the fundamental aspects of which are outlined in
Fig. 3.1.

Our discussion begins with the customer’s
requirements from the turbulent markets. As can
be seen, we have once again reduced these to
three key concepts, summarized as follows: (1)
Functionally superior products and services with
(2) long-term benefit for the customer have to be
(3) quickly available. The market offerings
derived from these consist of products, systems
and plants discussed in Sect. 2.3 supplemented
here by the services yielded before, during and
after the utilization phase.

These generate certain requirements for the
production that can be developed from four
perspectives organized according to two levels:
inner/outer and rational/emotional. The rational
outer view reflects the supplier’s behavior per-
ceived by the customer and is related to the
concepts of responsiveness and quantity/variant
flexibility. From there, inner requirements are
derived according to the orientation of the pro-
cesses on so-called natural limits, followed by
(largely participative-designed) self-organization
and a cooperative network with external value-
adding partners.

The rational view is supplemented by an
emotional view. Externally this is shaped by a
specific brand identity and product image, while
internally it is evident in the transparency of
processes and aesthetically suitable appearance
of the factory. The value view spans across all of
these fields. Here the concepts of sustainable
development and the commitment towards a
corporate culture influence the product design
during the lifecycle of the product and the pro-
cess design during the lifecycle of the facilities.

Based on a wide range of publications and our
own findings, we will now discuss each of these
in enough depth to be able to develop initial
ideas about visions, models and types of robust
future factories.

3.2 Responsiveness

For the competitive factory, market oriented
responsiveness can be considered the crucial
factor. This means the factory has to be able to
deliver the customer’s desired product in the
desired quantity at the desired time and with the
desired quality. It is thus obvious that the cus-
tomer’s wishes have to be clearly defined when
an order is confirmed. If this is not possible with
more complex products—for example, with
production systems—interim dates should be
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agreed upon by which the remaining specifica-
tions have to be set.

Market oriented responsiveness implies the
following: only that which has been sold will be
produced. This concept is referred to as produc-
tion on demand. It means not only that the man-
ufacturing only starts after the order has entered
the system, but also that the required material is
ordered explicitly for each order. For this
approach it is necessary that the sum of the pro-
curement times and the internal delivery times are
shorter than the desired delivery time. Despite
tremendous effort this is not always possible. In
cases such as this a customer decoupling point
can be introduced. This refers to the point in the
operational logistic chain (with its sub-functions
procurement, manufacturing, assembly, and
shipping) after which the orders are allocated to
specific customers [Hoe92]. Orders are processed
without specific customers based on sales fore-
casts up until the customer decoupling point.

Depending on the relationship between the
demanded delivery times and internal throughput
times for the four sections of the logistic chain,
there are four order or supply strategies (see
Fig. 3.2).

With a make-to-stock production the customer
receives the order product directly from the fin-
ished goods warehouse. The products are pro-
cured, manufactured, assembled and stored based

on a production plan. With an increasing number
of variants this is more and more problematic
because the tied-up capital is too great, the pre-
dictability of the individual variants is strongly
reduced and, with that, the service level decreases.

In cases such as this, the aim is to pre-man-
ufacture and temporarily store standardized parts,
components or sub-systems based on a platform
concept. These are then assembled to order
specifically for a customer after an order has been
placed. Numerous mechanical, traffic or electrical
engineered products as well as electronics can be
quickly delivered in this way—increasingly
within 24 to 72 h.

It can however be technically impossible or
uneconomical to pre-manufacture the compo-
nents for all of the plausible customer wishes,
whether it is because they have to be dimen-
sioned according to the customer’s requirements
or because making them to stock is too expen-
sive. In this situation, a make-to-order produc-
tion might be pursued in which only the initial
material and procured components are pre-
stocked for key production components based on
sales forecasts. The remainder consists of stan-
dard components assembled together with cus-
tomized manufactured components into a
customer product.

The fourth case is a custom-specific one-of
production. It requires a complete new product
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construction in which components are only pro-
cured after the product has been designed and the
parts dimensioned.

From a logistics perspective, customer
decoupling points are represented as an interim
store with a defined stock of the customer-neutral
components, from which the subsequent seg-
ments in the direction of the flow are served as
required, usually according to the super market
principle. Once a specific quantity has been
withdrawn, a replenishment order is automati-
cally generated. The remaining storage points in
Fig. 3.2 are usually designed as dynamic interim
buffers, frequently in the form of mobile shelves
with a fixed storage capacity. These help to
balance out the queuing times between the
workstations that arise due to different processing
times and lot sizes. Furthermore, it should be
kept in mind that during their lifecycle products
clearly can be manufactured according to differ-
ent order strategies depending on the desired
relationship between the delivery times and
throughput times, the size of the production
volume per time unit and how large the number
of variants is. Moreover, usually an enterprise
would offer more than one product on a market.

Managing these constant changes poses the key
challenge in planning and controlling a factory.

3.3 Quantity and Variant Flexibility

In addition to a limited reaction time, one of the
predominant characteristics of production in a
turbulent market is strong demand fluctuations
and simultaneous increase in the number of
variants and their components. Whereas up until
now it was possible to at least partially counter
the variant problem with a skillful modular
construction, the increasing quantity fluctuations
pose a dilemma for enterprises. On the one hand,
it is no longer possible to maintain stores of all
the variants, and on the other hand, as outlined in
Fig. 3.3, automated production concepts reach
their limits in two respects.

Generally speaking, it is anticipated that there
is a pronounced fluctuation of customer demands
over the course of time. This range of fluctuations
is also referred to as the quantity variance and
expresses the maximum quantity sold during a
period (e.g., one year) as a multiple of the
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minimum quantity. Consumer goods with long
lives and seasonal dependence such as washing
machines, which are subject to a quantity vari-
ance of 1:6 in the course of a year, are typical of
this.

A rigid production concept, characterized by
extensively automated individual processes,
linked workstations, long setup times and a small
workforce usually operated in 2 or 3 shifts is
defined by two limits in the output quantity (see
Fig. 3.3 upper part). On the one hand, there is an
economic upper limit. Due to economic reasons
this limit is below the technical upper limit,
defined by the maximum number of shifts and the
cycle time. Typically the economic limit is 80 to
90 % of the technical upper limit. In the case of
high demand above the economic or even tech-
nical upper limit, this usually requires overpro-
duction in advance that then enters interim stores
(Situation 1 in Fig. 3.3), or results in a temporary
increase in delivery time (Situation 3 in Fig. 3.3).

On the other hand, the economic lower limit is
set by a system’s fixed costs. By nature, auto-
mated systems have high fixed costs (deprecia-
tion, interest, maintenance, repairs etc.) and
comparably low variable costs (personnel,
energy, operating supplies etc.). If the required
production quantity is below the economic lower
limit, losses arise (Situation 2 in Fig. 3.3).

The aim of a flexible volume production
concept is to cover the volume fluctuations in the
market as well as possible by first extending the
economic upper and lower limits (see Fig. 3.3
lower part). By doing so, an economic produc-
tion is even then possible when the sales volume
is small—most likely due to an adjustable degree
of automation. Moreover, it aims to quickly
adjust the technical upper limit, e.g., through
modular workstations.

This method is met with considerable reser-
vations in the practice due to the dominating
principle of cost effective analyses. It assumes
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there is a largely constant production quantity
and the lifecycle of the production plant is longer
than the product lifecycle, i.e., no significant
adjustments to the plant are thus required. Both
of these conditions, however, are not met in
quantity/variant flexible productions and thus
inevitably lead to the consideration of lifecycle
costs. Here all of the costs that are directly or
indirectly generated or predictable in processes
during the system’s phases of life (planning,
construction, production, procurement, commis-
sioning, start-up, operation and de-commission-
ing) are summarized [Far11]. In doing so,
planned operating costs should be differentiated
from unplanned costs that result from standstills
(e.g., due to technical or organizational disrup-
tions), rejects or the need to rework/reconstruct
items.

Based on the example of a robot welding line
for car bodies it can be seen that of the total
(100 %) costs during the lifecycle of a body
shop, only 25 % occur in the phases leading up to
the start of operations, whereas 44 % arise from
planned costs and 31 % from unplanned costs
(see Fig. 3.4, [Perl98]). With that, the last cost
block is greater than all of the costs related to the
initial investment. The operating company esti-
mates that costs can be reduced in future plants
by approximately 30 % when improving the
plant planning and procurement, orienting the
product development on the production and
changing the organization of the production and,

in particular, by reducing the unplanned sub-
sequent costs by 85 %. These can mainly be
reduced with a plant concept that allows the
product, product quantity and production tech-
nology to be quickly changed and the plant
brought back into operation faster. Recommen-
dations for this are found in [ElM09].

Approaches to making production more flex-
ible with regards to quantities differ significantly
between the manufacturing section and the
assembly. Since the introduction of numerical
control in the 1950s, the development of manu-
facturing technology has been shaped by the
increasing connection of workstations to auto-
mated changes of work-pieces and tools up to
flexible manufacturing systems. Nevertheless,
with the increasing number of part variants with
smaller lots and shorter delivery times, this
proved to be not flexible enough. Rejecting
automated manufacturing technologies in favor
of organizational solutions such as lean produc-
tion, business process orientation, total quality
management or the introduction of group work
also turned out to be equally lacking. It then
became evident that combining new manufac-
turing technology concepts together with flexibly
organized work and extensive operational
instrumentation for measurement and control
brought progress. The goal of such adaptive
manufacturing systems is not to reduce automa-
tion, but rather to continually re-design the
physical concept of the system, the Planning and
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Control system, sensor technology and human/
machine interfaces with the goal of greater vari-
ant and process flexibility.

‘Intelligent’ universal modules (i.e., modules
equipped with their own sensors, actuators and
controls) that can be configured into mobile
manufacturing units are promoted as the solution
to strive for. Due to their extensive independence
from a special processing task they are sustain-
able, changeable and therefore a safe investment.
Together with their intuitive operation based on
standardized human/machine interfaces, their
ability to be easily reconfigured within the frame
of a defined range of flexibility allows fast
learning curves and specific user abilities to be
developed [Abe06]. Another approach involves
combining a number of manufacturing processes
in one machine and with that allowing a part to
be completely manufactured in one setup. In
addition to the greater manufacturing precision
resulting from the elimination of a number of
clampings, there are also considerable gains with
regards to time and flexibility.

In comparison to manufacturing, assembly is
characterized by fitting together of many parts
using various joining processes. Besides the

joining processes, a substantial portion of the
assembly costs are due to supplying, feeding and
positioning parts as well as transporting them
between assembly stations. Whereas, for quality
purposes, the joining processes are predomi-
nantly automated or at least the testing, parts are
still frequently handled manually. Only with a
large number of pieces, as is typical for consumer
goods or in the electronic and automobile bran-
ches, are the automated joining and testing sta-
tions linked with conveyor belts upon which
objects to be joined are identified, positioned,
saved and transported with the aid of workpiece
carriers (see e.g. Fig. 6.38).

The question of the quantity and variant
flexibility is most important for automated
assembly plants that, similar to manufacturing
plants, can become uneconomical when operated
in two shifts and utilization is less than 90 %.
The problem is amplified by short product life-
cycles, which for some electronic products such
as mobile phones span less than a year.

Here too, the perspective of considerations
about economic viability has to be broadened. As
an example, Fig. 3.5 depicts the results of an
analysis of the yearly operating costs of an
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assembly station in the final assembly of com-
mercial vehicles.

The objects of comparison were two assembly
stations with similar tasks, of which one was
operated for the most part manually and the other
was for the most part automated. Step 1 shows
the yearly costs arising from workplace and
employee related costs in accordance with stan-
dard cost accounting. Despite distinctly lower
costs for the workstation, the manual assembly
station is clearly inferior to the automated station
due to the high costs for personnel.

The manual station becomes more favorable
when, in Step 2, the costs for maintenance,
reworking and so called ‘Follow up Losses’ are
also included. Follow up losses refer to down-
times not caused by the station itself, but rather
by disruptions before or after the station.
Regardless of the typical buffers, these disrup-
tions either lead to waiting times, because no
workpiece carriers are entering the station, or to
blockades, because the carriers cannot flow to the
next station.

The comparison between manual and auto-
mated assemblies favors the manual solution all
the more in Step 3 where the costs for planning
and changing the station as well as the produc-
tion downtimes resulting from changes in the car
model are included in the overall consideration
of the lifecycle costs.

In view of the demanded flexibility of the
assembly it is clear on one hand that highly
automated solutions can be unfeasible and inap-
propriate due to hidden costs and losses. On the
other hand, the solution cannot be to uncondi-
tionally replacing automated systems with man-
ual systems. Rather, it is recommended that the
degree of automation be quickly adjustable to
changes in the quantities or products by adding,
removing or replacing automated/manual process
and transportation modules. Such solutions have
already been realized as so-called ‘hybrid
assembly systems’ [Lot12]. This, however,
requires that operators and lower management be
involved in the configuration process and can
only be realized when all employees are qualified
accordingly and motivated.

3.4 Focusing on Limits

By focusing on limits, the factory development
can get valuable impulses especially with regards
to responsiveness. The term ‘limit’ stems from
mathematics and refers to the value of a numer-
ical sequence, towards which it converges. In
environmental and industrial health and safety
standards, limits refer to permissible values of
certain measurands (e.g., sound or the percentage
of contaminants in air, earth or water) that are not
to be exceeded.

For the factory area, the value-adding steps
that reach the theoretical possible limits for
minimizing costs for the organization and con-
ducting production under stable conditions can
be referred to as limit optimized processes. This
idea was investigated within the framework of a
joint research project from the perspectives of
manufacturing technology, machining technol-
ogy and logistics [Doe00]. The value-adding
steps considered are based on the key factory
processes, i.e., procurement, part manufacturing,
assembly, transportation and storage. The input
factors in these processes include materials,
energy, information, space, employees and cap-
ital. Technical processes such as discrete-part
manufacturing and assembly as well as logical
organizational procedures for processing orders
are relevant as basic limit objects.

Another critical differentiation concerns the
limit level. Figure 3.6 depicts three levels with
their prerequisites. The individual processes are
evaluated according to the targets on the right
side of the diagram in order to obtain an objec-
tive yardstick for the limit.

The first target, given the primacy of eco-
nomic efficiency, is the costs. Following that is
time a universal goal and evaluation parameter
because a large number of subsequent parame-
ters, such as the stock tied to the process or the
required area, are derived from it. Quality is also
an important target for all processes; after all, the
reliability of the process’ yield is dependent on it.
In addition to these three traditional targets,
controlling the variety of processes, parts and
products is gaining significance. Finally, the term
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‘sustainability’ is meant to emphasize the pro-
duction processes’ conservation of resources and
environmental protection.

On the first level, the operationally-possible
limit attained by optimizing existing systems and
processes is assumed. Farther-reaching goals can
already be defined in contrast to the actual state
by comparing processes internally or across the
industry in the form of benchmarking and by
implementing continuous improvement or waste
avoidance methods [Suz93]. The second limit
level requires ideal conditions; these values can
be technically realized, however, only attained in
practice under laboratory conditions. Due to this,
implementing this level is not economically
feasible; nevertheless, it can be used to formulate
goals that are attainable within a foreseeable
time. Finally, the third limit level is focused on

theoretical models of the processes. Based on
these, it defines so-called ‘natural physical limi-
tations’. This view requires a long planning
horizon and visionary thinking.

Based on the example “use of coolant fluid for
metal grinding”, the three limit levels lead to the
following conclusions. The current operationally
attainable value is 10 l/min of fluid per millimeter
(mm) of grinding wheel width. With so-called
‘minimum lubrication and cooling’, 0.0001 l/min
per mm of grinding wheel width can be attained
in the lab, and from a purely physical perspective
it would seem that it is theoretically possible to
grind steel without any fluid at all [Doe00].

In a very simplified form Fig. 3.7 depicts how
such natural limits might look when considered
individually for the targets of the process ele-
ments shown.
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For example, with the purchasing costs we
can imagine a scenario in which: (a) the cost
price is the global minimum, (b) all delivered
articles arrive punctually and in the ordered
quantities at the site of consumption, (c) all
articles are set up fault-free, (d) there are enough
variants to cover demand and (e) there is no
packaging that requires disposal. With machining
these might include: (a) completely processing a
workpiece with a number of technologies within
one setup, (b) throughput times consist only of
value-adding processes, (c) all articles are set up
fault-free, (d) variation is controlled by non-
wearing, programmable tools (e.g., laser beams)
and (e) processes are not requiring any coolant or
lubricant. Similar considerations are also indi-
cated for the remaining processes.

The problem with this simplified perspective
is that changes in the process parameters almost
always impact a number of targets. Therefore, it
is recommendable to use an approach based on a
combination of looking back as well as forward
for determining the limit (see Fig. 3.8).

First, the range of the analysis has to be set
and the actual state determined. Targets are then
defined depending on the chosen object of
observation (e.g., the entire factory, a single

process or sub-process). It is important that only
one target is initially focused with respect to a
limit. Doing so not only reduces the complexity
arising from the dependency of the targets but
also ensures that information can be clearly and
simply communicated. Part of defining the goal
is also identifying the deficits and the influences
which cannot be initially changed.

Subsequently, it is critical to determine the
process parameter that influences the chosen
target the most. From a management perspective
it is the cost drivers for example, logistic-wise it
is the system inventory, whereas with machining
it is the cutting speed, etc. Concrete values,
which are not trivial but rather logically com-
prehensible, then need to be set for this signifi-
cant parameter. For example, setting a
throughput time of zero for the manufacturing of
a workpiece would be an illogical limit; com-
paratively, a more practical time limit is the sum
of the process times, which would mean that
work-pieces never have to wait.

Occasionally it is also possible to actually
calculate the limit. Thus, for example, the oper-
ating limit of a traffic lane in number of vehicles
per hour can be calculated as a function of the
vehicle length, the emergency break constant,
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a reaction time and the vehicle speed. Figure 3.9
depicts the results of such a calculation based on
the example of four vehicle classes [Gud05]. It is
clear that for each type an (in this case surpris-
ingly low) optimal limit exists for the vehicle
speed, which when exceeded or fallen below
leads to a decreased capacity limit. It needs to be
emphasized here that this type of specific oper-
ating limit values are implemented to control
traffic capacity, but in no way represent the cost
minimum for the transportation volume itself.

Comparing the value of the determined limit
with the actual value reveals the range that is
available for adjustments and indicates how far
the existing process is already technically or
logistically pushed to its limit.

The next step is concernedwith determining the
potential value and influence of various process
parameters on the selected target value. The
greater the distance between the actual value and
the limit value, and the greater the impact of
changing the parameter on the target value is, the
greater the potential. Nevertheless, due to system
dependent correlations, parameter changes will
work in opposition to one another or parallel to one
another. Understanding these interactions is the
key challenge of orienting on limits and generally
requires an analytical approach together with
expert knowledge. In contrast to FMEA (Failure
Mode and Effects Analysis), the aim is not to find
failures and their effects. Rather in the sense of an

impact analysis, the effects of the changes to the
process parameters on the developed potential are
determined. The parameters, which can then be
differentiated based on their potentials, now have
to be prioritized, whereby small changes can
develop large potential e.g., the potential yield of
an automated assembly plant by increasing the
availability of a bottleneck station.

Once the parameters have been set with their
limits and dependencies, the question of imple-
mentation costs has to be addressed. In a type of
predictive-backwards consideration, obstacles
that need to be overcome have to be identified.
The seven types of waste formulated by Suzaki
can be helpful here: large inventories, over pro-
duction, waiting times, transportation, production
errors, movement and work processes [Suz93].
Subsequently, solutions for eliminating these
obstacles need to be developed and the related
costs determined. Depending on the limit level
and scope of the object, methods typical for the
respective fields can be applied e.g., design
methodology [Pah07] or the logistic analysis of
bottlenecks [Nyh09]. Finally the obstacles should
be evaluated with regards to their cost-benefit
relationships and prioritized accordingly.

In conclusion, Fig. 3.10 compares the under-
lying strategic idea of developing improvement
potential focused on limits with traditional pro-
cedures. Usually, the target state, defined either
by benchmarking or customer requirements, is
strived for reactively with the aid of individual
improvement steps; further potential remains
hidden due to the lack of an objective yardstick.
In comparison, the limit approach selects a
clearly more aggressive starting position which
leads to the economic optimum through the
described steps.

For factory planning it seems more practical
to focus on limits on an aggregated level
including the procurement process, the process-
ing chain for manufacturing a part group or
assembly of a product group and the order
throughput from the entry of the customer’s
order up to its shipping. Within this range, the
focus on limits can be implemented on an oper-
ative level with regards to technical, logistical, or
organizational aspects.
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As an example, wewill consider the question of
generating variants. Frequently, product variants
are determined by the different characteristics of
individual parts. This requires details to be set very
early on in the order throughput. Should the cus-
tomers change their mind during this time, the part
is no longer useable for this order and the product
may have to be disassembled or even discarded.
However, the limit can now be defined so that the
part variants are differentiated in the last stage of
the assembly. This approach to a solution consists
of shifting the sub-processes that determine vari-
ants into final assembly and thus to some degree
dissolving the traditional boundary between

manufacturing and assembly. The problem that
has to be overcome here is the controlling of this
process in an industrial assembly setting without
damaging parts that have already been integrated.
In order to implement this method, the processing
has to be separated into a variant neutral pre-
manufacturing and a variant specific finishing that
is incorporated into assembly as a station. The
specifics are discussed in more detail in Sect. 4.11
with regard to production stage concepts.

If we summarize the focus on limits in a very
simplifiedmanner according to Fig. 3.11 i.e., from
an external market view and an internal process
view, the following features are indicated.
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Based on fulfilling the customer’s desires by
100 % with regards to functionality, price and due
date, the enterprise strives to accompany the cus-
tomer during the use of the supplied product over
its entire lifecycle. It does not produce any orders
to stock. For the processes, it follows that only
activitieswhich increase the value of the product to
be delivered and its components should be con-
ducted. Moreover, there should be no waiting
times in the process—not for the materials, nor for
the resources and employees. From the quality
view, all processes should only deliver fault-free
products to the internal or external customers. The
demand for a maximum diversity of variants
should bemet by the possibility of determining the
final design in the last stage of production, the so
called postponement. Last but not least, sustain-
ability requires the lifecycle to be considered in
view of the re-use and recycling of both the
product delivered to the customer as well as
the resources and processes implemented in the
enterprise itself. The latter are subject to guidelines
for minimizing energy consumption up to the
physical limit and to having zero impact on the
environment. There is unmistakably a strong
similarity between the concept of orienting on
limits and that of lean production; these are
addressed more extensively in Sect. 4.6.

3.5 Self-organization
and Participation

The organization of work in the last decades has
been characterized by tasks being more and more
differentiated according to specializations. The
strict division between manual and mental work
has led to a number of specialized direct activi-
ties with correspondingly special job profiles
(e.g., lathe operator or welder) as well as equally
specialized planning, control and monitoring jobs
such as production engineers, production sched-
ulers, machine setters, quality controllers etc. The
goal has been to plan as far ahead as possible
using standards with as much mechanization and
automation as possible. This has resulted in the

hierarchical, bureaucratic, change-resistant orga-
nization we described at the start of this book.

Three developments have caused this concept
to be called into question: First, the growing level
of automation continually decreased the per-
centage of standardizable and manual manufac-
turing tasks. The remaining, increasingly
demanding activities are precisely the ones
resistant to planning and control. Second, as a
result of a general social shift in values, strong
hierarchies with minimal room to maneuver and
management based on orders/obedience coupled
with strict control over behavior and performance
are no longer acceptable. Third and finally, in
addition to current professional expertise the
turbulent production conditions described above
also require more methodological expertise
preferably for finding and evaluating solutions
for unexpected problems as well as social skills
for resolving conflicts and abilities for working
together as a team.

There is extensive agreement both in research
and in operational practice that a new organiza-
tional concept based less on discipline and sub-
ordination and more on self-control, engagement,
self-initiative as well as a willingness to com-
municate and cooperate, opens up new opportu-
nities for controlling a complex and turbulent
environment. Frequently this approach is referred
to as self-organization and is closely linked to the
concept of participation.

In this context, self-organization means taking
responsibility for defined processes with a clear
relation to results [Brö00]. Greater room for
employees to maneuver with regards to actions
and decisions is required, not only in terms of
dealing with the daily work program (horizontal
participation), but also in designing and changing
the workstations layout and processes (vertical
participation). By involving employees in
demanding tasks, it is anticipated that they will
be more engaged in process innovations and in
improving productivity and quality [Grei89].
How strongly participants can be tied-in, depends
on the degree of decentralization as well as the
lifecycle phase of the production system (see
Fig. 3.12 and [Menz00]).
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If we break the production system down into
the different phases of planning, start-up
(including the ramp-up to the target output) and
steady continuous operation, then, even with a
low degree of decentralization employees during
the operating phase can have the greatest impact
in designing the workstations and processes.
Their potential for having an impact is less during
the other two phases. Very good results have been
obtained with skilled workers as plant operators

when they are involved right from the beginning
in building the facilities, testing them piece-by-
piece and starting them up. In comparison, the
participation in long-term, business relevant
decisions during the planning phase can be
restricted to informing and surveying employees.
Nevertheless, with strongly networked and
decentralized enterprises it is also possible for
employees to participate continually in the plan-
ning, especially when restructuring the system
due to changes in the product and technology.

This type of self-organization and participa-
tion fundamentally changes the relationship of
employees to the enterprise. Instead of extensive
targets and controls, flexible, result oriented
control instruments arise—among which is the
so-called ‘management by objectives’—and new
responsibilities and roles result for employees
(see Fig. 3.13).

The previous dominating focus on functions
resulted in highly regulated work for the indi-
vidual employees structured according to their
profession. The responsibility for processes and
results decreased the closer the employee was to
the actual product. They were paid according to
output and presence. With an increasing focus on
results, new roles arise for employees in an
organization structured according to teams. An
individual becomes a group member and
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possibly a group representative. A process or
segment leader coordinates a number of such
groups. The responsibility is shifted lower, indi-
vidual profiles regarding abilities, experiences
and responsibilities are created. The extent to
which additional forms of self-organization
develop remains to be seen. Plausible roles
include order managers, who act on behalf of a
specific order spectrum such as an enterprise,
supported by innovators who develop new
products and processes as well as configurators
who arrange customized products and modera-
tors who accompany change processes [Brö00].

A further recommendation developed by
Wirth is referred to as competence cell [Wir00].
A competence cell is a factory’s smallest,
changeable, value-adding unit. It consists of a
multi-lateral collaboration of people equipped
with resources and skills who offer their services
as an enterprise within a skill network (cited
according to [Sche10], p. 365ff).

The extent to which such roles are taken on
and successfully implemented is strongly
dependent on the willingness and ability of an
enterprise to change. However, despite the fact
that it will barely be possible to plan and operate
production facilities and highly productive/
changeable plants in the future without intensive
employee participation, with increasing pressure
to succeed, open and hidden opposition is to be
expected. This resistance results from uncertain-
ties, fears and suspicions about losing income,
power and prestige. The promise of more
autonomy and sovereignty stands face to face
with the uncertainty of work relationships and
job security. Moreover, in decentralized, auton-
omous organizational structures traditional career
paths such as skilled laborers or operations
engineers are called into question. Finally, it also
has to be kept in mind that there is the loss of a
‘professional home’, so to speak, for the indi-
viduals. They are often the only specialist for a
specific method or technique on their team, thus
there is the danger that their knowledge may
quickly grow outdated. If the teams are fre-
quently changed, no learning benefit can unfold,
and there is the additional threat of losing an
‘organizational home’; the sense of belonging to

a specific group is lost and social contacts
languish.

In order to develop and obtain the indisput-
able advantages of self-organization within the
field of conflict between dynamic and stable
production environments and to overcome
obstacles and dangers, courage, determination
and a few rules are required: Goals and proce-
dures need to be transparent, agreements need to
be made concerning the employment of the staff
after the restructuring, employees need to par-
ticipate not only in operational considerations but
also in management’s strategic deliberations,
communication needs to be ‘top-down’ as well as
‘bottom-up’ and results need to be transparent
communicated [Brö00]. Above all a strongly
established ‘culture of trust’ is required among
all those involved—this usually develops grad-
ually over time and needs to prove itself.

Establishing a model of participation is an
imperative component of a changeable factory.
The process for developing this is frequently
underestimated with regards to duration and staff
intensity. Moreover, it generally entails many
more conflicts than creating a new manufacturing
concept or new procurement logistics. Integrat-
ing employees early on in the factory planning
process is therefore strongly recommended.

3.6 Communication

Participation, however, should not be limited to
planning processes; rather it must continue with
the factory operation as well. Routine tasks are
increasingly taken on by machines and comput-
ers nowadays. Employees focus now more on
special tasks and continuous improvements.
These tasks are characterized by their open
results and strong contextual dependency. Suc-
cessfully addressing the lack of clarity with
respect to input and output requires a high degree
of coordination and communication. Here,
interpersonal communication is superior to other
forms of communication. Because the partici-
pants share a common perceptual space, the
content is supplemented with additional
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information and linked with individual know-
how, whereby, their physical presence can pre-
vent misunderstandings and allow more specific
decisions to be made.

This creates a series of organizational
requirements for production. The starting point is
a communication concept that defines all of the
basic communication forms within the factory.
There are two approaches to this: First, the
company organization can determine the form or
flow of communication in the factory through the
flow of processes and the structural organization
of partners e.g., favoring flat hierarchies and the
integration of indirect work content in the com-
munication. Second, factory planning can deter-
mine the physical possibilities of the
communication. Thus, shorter distances between
communication partners accelerate and support
the creation of a comfortable work environment,
just as establishing places for communication
and speeds up communication processes. In
doing so the spatial development of a building
influences very much the communicational
behavior of those involved. In particular,
research has shown how spatial proximity is
correlated to the frequency of communication.
Figure 3.14 depicts the probability of communi-
cation between two people as a function of the
spatial distance [All07].

Whereas the layout of the processes can make
a factory conducive to communication, the
architecture can support this foundation by
structural means. Thus for example, spatially
integrating indirect areas in the production
facility (frequently in the form of a gallery con-
cept) is considered state of the art as is arranging
information stands, meeting points and confer-
ence rooms within the factory. These aspects will
be discussed in more detail in Chaps. 9 and 10.

3.7 Networking and Cooperation

It has become clear in the preceding sections that
in addition to technical/logistical considerations
soft aspects such as the organization and future
roles of employees are critical factors for the
success of a changeable factory. This is
strengthened by the fact that, since the early
1990s in reaction to increasing diversity and rate
of change, the organization of production has
gradually become more decentralized (see
Fig. 3.15, [Win01, p. 11]).

Based on the strongly hierarchical form of the
company organization, lean production helped to
develop small, increasingly independent profit
and cost centers, supported by group work and
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team building. Parallel to this workflow man-
agement was simplified. Starting with adapting
the resources primarily in view of reducing
overhead costs, business processes were radically
reorganized along the value adding chain. Lar-
gely autonomous mini-factories were created
within the factory from a number of product/
market combinations. Consequently, products
and processes were also frequently redesigned to
be more modular.

With this gradual development of independent
business divisions, while concentrating at the
same time on key skills and shifting the
remaining tasks to external suppliers and service
providers, it was a natural step to grow co-
operation between enterprises, whether tempo-
rary or long-term. These collaborations are no
longer limited just to production; rather, more
and more alliances for purchasing, supplying and
development can be observed. Beyond the pure
logistic chains in the sense of traditional cus-
tomer/supplier relationships, stable network
arrangements are formed and, in a further step,
changeable production networks as well. With

changeable production networks we are referring
to business alliances that temporarily and
dynamically configure themselves [Wien96].
Suppliers and customers become value-adding
partners who are already tied into the develop-
ment of the products and processes.

It is now obvious that traditional production
planning and control (PPC) has to change in
order to find decentralized solutions. This is
supported by Internet technologies that are con-
structed according to the principle of decentral-
ized processing power, data transport and data
storage. The possibility that all objects in the real
world are a part of the Internet was investigated
as a vision within a project called the “Internet of
things”. This is realized when objects are per-
manently connected to the digital world using
microcomputers and RFID tags (also referred to
as smart tags). The objects are then able to find
their way by means of agent technology
[Bull07]. In Germany this concept has been
defined by the government under the label
Industry 4.0 as part of the so called high tech
strategy.
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One of the fundamental characteristics of
changeable production networks are consciously
maintained redundancies, so that a number of
partners in a network can deliver the same out-
put. In order to eliminate capacity bottlenecks or
to avoid doubling large capital investments, it is
possible to share resources among certain net-
work partners. Moreover, it is also typical of
such partnerships that functions are divided up
among them. This can mean that individual
partners concentrate on key skills or on bundling
functions, for example in managing purchasing.
Finally, it is possible to be tied into a number of
different networks [Win01]. These production
networks form themselves for different reasons
and according to Pfohl can be categorized into
four types (see Fig. 3.16, according to [Pfo04]).

Strategic networks are led by an enterprise
which is usually the center of the network—
usually an end product manufacturer or com-
mercial enterprise with a close proximity to cus-
tomers. These networks have been pioneered by
automobile enterprises which closely connect
their suppliers contractually. There is no ‘real’
partnership however as the one-sided advantages

and dependencies are too great. Regional net-
works bundle specialized small and mid-sized
firms that activate their relationship case-wise, yet
still clearly compete against one another. Due to
relationships with local firms, there are competi-
tive advantages compared to competitors farther
away. From the outside such a local alliance
appears as one large enterprise. In co-operative
networks partners use a network-wide informa-
tion system to access services provided by the
other partners, whereby the focus is on manu-
facturing and logistic capacities. Frequently, a
number of partners are in the position to execute
the same process without them being competitors;
the product spectrum is usually different. Finally,
virtual enterprises collaborate temporarily and in
a project-like manner based on a common
understanding of business in order to benefit from
an opportunity. They remain independent, but
appear to the customer as a single unit. Products
with short lifecycles such as fashion and toys, but
also software and electronic products are exam-
ples of where this might be applied.

For a factory, being integrated into a produc-
tion network, provides a further critical influence
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on its design as it may be necessary to change
more quickly than in the case of just changing a
product or a process. There is also another prob-
lem from the perspective of co-operations: Net-
works are after all not formal organizations with
standardized processes and regulations, but rather
comparably loosely coupled communication
structures. Sociology considers networks to be
independent social structures established between
enterprises and markets, which through their
flexibility and openness allow participants to
form an image of their own way of operating and
to align expectations and intentions with one
another accordingly. Uncertainties, risks and
information deficits are thus more controllable
than in formal organizations.

The character of networks such as these is
determined by the degree to which participants
give up their autonomy. In view of these aspects,
typical stages of co-operations can be found in
industry (see Fig. 3.17 [Win01, p. 1]).

Based on the tradition of suppliers as pur-
chasers of finished and semi-finished products,
system suppliers with close contractual obliga-
tions arose as a consequence of product modu-
larization. With increasing sub-contracting and
decentralization, suppliers were divided into
regular suppliers and alternative ones. A gener-
ally new step is the common planning and use of
resources in a network of equal partners. With
growing transparency and intensive collabora-
tions the enterprise alliances become blurred.

Due to the different organization’s cultures
and established procedures, surprising situations
occasionally arise for the participants in such
networks. They represent a new type of challenge
for enterprises, which, due to the limited possi-
bilities of formalizing the partnership or regulat-
ing it contractually, can only be conquered by
gradually developing trust; trusts binds without
the obligations in a formal sense. It is developed
by investing time and personnel as well
as through personal contact. Stable, long-term
co-operative relationships are vital.

However, the trusted, longstanding partner
also does not have to produce the most inno-
vative and productive solution in a product
network designed around a project-like, short-
term collaboration. The challenge then is to
balance the conflict between the desire for
reliable relationships and innovative solutions
through new partners, who also bring with them
new risks.

Generally, it can be assumed that in the
product networks discussed here: (a) the reci-
procity of interests serves as a means of coordi-
nation, (b) discursive negotiation processes are a
form of coordination, (c) and they are based on
mutual interests. Moreover, conflicts are resolved
in a negotiation process based on the partners’
individual power of influence and the network is
controlled and regulated with a focus on earnings
(which are then divided according to the agreed
upon rules).
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Fig. 3.17 Stages of co-operations (Windt). © IFA G3676ASW_Wd_B
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In the organizational layout of the factory, the
aspects briefly outlined here play a key role in
shaping procurement as well as in dimensioning,
planning and controlling capacities.

3.8 Demographic Development

An important factor in designing production is
also aging populations. In Germany, the structure
of the population is regularly calculated by the
Federal Office of Statistics. The numbers calcu-
lated in 2006 for the next four decades are
depicted in Fig. 3.18. They predict a continual
decrease in the population and above all a clear
change in the age structure. According to it, the
age group of 20–60 that is available for working
in production will decrease from the peak value
of 46.3 million to 35.4 million people. This also
means that the mean employed age will climb in
the long run. Thus, for example, Volkswagen
determined that the employees who built the Golf
IV in 1998 had a mean age of 38.9 years. Ten

years later this had climbed to 42.2 and without
any countermeasures will climb even further to
47.1 in 2018. The Zukunftsreport demographi-
scher Wandel (Future Report on Demographic
Changes) presents important research that sheds
light in particular on the consequences with
regards to capacities for innovation [Pac00].

Sincemany enterprises fear their employeeswill
be less productive due to this development in age,
they are faced with the challenge of developing
strategies for an aging workforce that take into
consideration the deterioration of physical abilities
and skills. There are three known models for this
[Ger07]. The deficit model assumes an unavoidable
physical and mental decline and reacts with early
retirement and age oriented workplaces. The skill
model, developed in the 1990s, recognizes the
decrease in physical abilities, but emphasizes the
rich experiences and abilities for problem solving.
Finally, the difference model separates the calendar
age from the biological age and considers the bio-
logical age as resulting from the individual talents,
education and physical constitution and above all
work histories.

base data 2006
population number   age group (years)

< 20  20-60  > 60
[mill]                  [%]

2000:           82.3         21.1   55.3   23.6
2050:           75.1         16.1   47.2   36.7 
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Fig. 3.18 Age evolution in Germany. © IFA 14.783_B
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Based on the latter model, a workgroup rec-
ommended the measures outlined in Fig. 3.19 for
age-oriented work design. However, in order to
maintain abilities and skills these should be
implemented much earlier than when employees
reach the age of 50 [Ger07].

Ergonomic optimization focuses on preventing
bad physical postures, while developing skills is
aimed at continually upgrading qualifications and
providing an environment conducive to learning
(e.g., through group work). Job rotation and ergo-
nomic workplaces suited for elder workers support
the age-oriented management. By focusing on
careers, a holistic approach is pursued. This facili-
tates an extensive change in stress and demands
over an entire career. The age-oriented approach to
production planning is particularly relevant for
factory planners. It meets the challenges of the
foreseeable change in age structure with adaptable
workplaces and work content. Finally, preventa-
tively promoting health should be taken into con-
sideration, with sport programs, back training
workshops, nutrition seminars etc. providing the
incentive to actively focus on health and aging.
More details will be explored in Sect. 7.8.

3.9 Corporate Culture

3.9.1 Organizational View

The preceding sections have shown that inter-
nally oriented self-organization and participation
as well as externally oriented networking and co-

operations are imperative prerequisites for man-
aging a complex and dynamic environment.
However, whether or not the enterprise is able to
successfully change from a hierarchic, bureau-
cratic structure to a more open, spontaneous and
venturesome behavior depends less on organi-
zational structure and management systems than
on the corporate culture.

Very simply put, corporate culture refers to all
of the values, goals, perceptions, concepts,
symbols, visions, models, myths, ways of
thinking and behaving accepted by people in an
enterprise as a common basis for their actions
[Blei96]. Accordingly, corporate culture evolves
and shapes employee attitudes towards their
responsibilities, the product, their colleagues,
management and the enterprise. According to
Schein, it is realized on three levels (see
Fig. 3.20, [Schei84]).

On the artifacts level, behaviors, presentation
forms (e.g., clothing, architecture, offices etc.),
rituals and symbols are communicated, which
sometimes can only be interpreted in view of the
level below. This level is comprised of all the
underlying values and norms that usually
unconsciously guide the behavior and actions of
those in the organization. On the lowest level are
the unquestioned, fundamental assumptions
about the business environment as well as the
actions and relationships between those con-
nected with the enterprise. The way in which
corporate culture can be reflected in various
forms of expression is depicted on the basis of a
few examples in Fig. 3.21 [Blei96].
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Fig. 3.19 Aims and
Measures for age-oriented
work design. © IFA
14.932SW_B
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The culture is usually convincingly shaped by
the personality of the founders and works to
create a corporate identity both internally and
externally. Its further development is dependent
on history and the example set by management.
Corporate culture however does not stand alone;

rather it is also part of a national and branch
specific culture and thus contains a number of
sub-cultures. What seems to be essential is that
the business policy and strategy are aligned with
the values and norms of the corporate culture
[Blei96].

artefacts
• technology
• art
• behavior

values and standards
• aims and conditions
• action maxims
• behavior regulations 

fundamental assumptions
• environment
• reality, the time and space
• human beings
• human actions
• human relations 

conscious and visible,
but need to interpret

higher step of
the unconscious

taken for granted,
invisible,
subconscious 

Fig. 3.20 Levels of corporate culture. © IFA G8905SW_B
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Corporate culture thus represents a type of
filter for the perception of internal and external
demands and is as far as that goes restrictive,
because changes may, if at all, be recognized too
late or reacted to wrongly: The typical response
of a traditional corporate culture is ‘we’ve been
successful for a century, why do we have to call
everything into question now?’

The expression of corporate culture varies
extraordinarily and is very dependent on how
long those involved have been working together
and how homogenous they initially were; it is
thus always unique. Nevertheless, attempts at
finding a structural typology can be found in the
extensive publications on this topic. Bleicher
formulates these in a number of dimensions
[Blei96]: These concern (a) the openness (exter-
nal/internal, change resistant/change friendly),
(b) diversity (cutting edge/basic, unified/diversi-
fied), (c) influence of management on the culture
(instrumental/development oriented, cost/benefit
oriented) as well as (d) the impact of the workers
on the culture (member/actor, collective/
individual).

From there, Bleicher describes both the
opportunistic and the obligatory corporate cul-
tures. The first is characterized by a minimally
reflective, tradition based, insular management
style, which forces employees into a regimented
fulfillment of tasks by quantifying all operations
and by pursuing a technocratic, cost-oriented
approach. The staff turns to pursuing opportu-
nistic values; objective and social needs take
second place behind urgencies. In comparison,
the objective and socially obligated corporate
culture proves to be open and ready for changes:
it reacts sensibly to environmental changes, tol-
erates diverse subsystems with a basic focus and
puts benefit before costs.

Against the background of changeability,
corporate culture becomes extremely important.
It is long lasting; however it is also subject to
change—especially in critical situations. It seems
pragmatic for a culturally-aware management to
consciously nudge a necessary change in corpo-
rate culture, but to not expect that every step
along the way can be planned [Blei96].

In order to objectivize this strongly emotional
topic, it can be helpful to compare the actual and
target corporate culture, whereby the corporate
focus is considered with regard to the customer/
market, strategy and future, products, innovation,
technology, enterprise, results/output and costs.
From this, Gausemeier derives a portfolio that
compares stable, old and new cultural compo-
nents with respect to their future significance and
current characteristics (see Fig. 3.22 [Gau99]).

Whereas stable components are important for
the future and are already established, new
components still need to be developed. More-
over, old components though still strongly pro-
nounced lose their significance in the future.
Irrelevant components, like pure cost focus, do
not contribute to future success. The process of
both developing new components and eliminat-
ing old ones is primarily the job of management,
frequently with the aid of external consultants.

The closer the strategy for formulating
changeability is aligned with the organization
that would implement it, and the greater the
corporate culture is aligned with the inner
agreement of the participants, the more likely the
enterprise’s changeability can be increased. Only
after an enterprise reflects about whether or not
an organization of their kind is in the position to
want changes, to make those changes and to
maintain them, can the desired values and atti-
tudes truly be attained. Here, it is important to
explore cultural questions in order to find a
common accepted understanding of certain val-
ues. These values have to be lived, supported by
incentive and sanction systems.

3.9.2 Architectural View

An important possibility for expressing corporate
cultures exists in aligning the factory’s appear-
ance with the corporate culture through the
architectural master plan. A visitor’s first
impression already unconsciously shapes their
attitude and deepens when they enter into the
buildings, factory halls and offices. For the fac-
tory planner, these ‘soft’ sides of planning need
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to be taken into consideration with respect to
distinguishing the enterprise from their compet-
itors. We would like to introduce this topic next.
Later, in Sect. 11.5, we will discuss it further
with respect to impressions and aesthetics.

The design of a factory building cannot be
derived from the production requirements alone,
rather it grows from a creative process in the
context of the site, climate, society and people.
Beyond the pure functional suitability, a practical
building structure provides a positive force for
motivation and communication [Rei05].

Unfortunately, the inhospitableness of indus-
trial and commercial areas shapes often the
appearance of our cities and landscapes. Confu-
sion between the economic goals ‘cheap’ and
‘cost-effective’ justifies anonymity, banality and
ugliness. The ‘appearance’ of many enterprises
across the country seemingly has been patched
together from Do-it-Yourself-stores and mistakes
‘simple’ for ‘simple-minded’. The architectural
critic C. Hackelsberger accurately refers to these

areas as “commercial steppe”. No one willingly
stays here longer than the paid work time. The
buildings and the space leftover between them
are accepted without complaint as a social
‘no-man’s-land’.

Industrialists ‘ruin’ their own chances for the
future by making short-sighted, strategically
unwise building decisions, because the next
change in production often requires relocating
the enterprise. What remains are ecologically
damaged, fallow areas which permanently scar
the city and landscape.

Small budgets, tight construction schedules
and sequential rather than cooperative planning
prevent the natural development of a good pro-
ject. At the same time, industrial construction in
particular is a special domain of architecture,
which far from the fashions of traditional build-
ing projects has maintained an inner freedom. It
is open to new technologies, constructions and
materials, and represents an extremely interesting
task in the search for new concepts.
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Fig. 3.22 Corporate culture portfolio (after Gausemeier). © IFA G8916SW_B
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A key question from an architectural per-
spective as well as the assessment of change-
ability is regarding the relationship between the
form and function of a building. Following
[Ben78], architectural theory developed two
seemingly diametrical approaches to finding
form. Based on the American architect and the-
orist Louise Sullivan, at the end of the 19th
century, the slogan “form follows function”
marked functional necessity as the reason and
expression of formal building design. During the
peak of the Bauhaus movement, modern archi-
tects tried to overcome the ties of eclecticism
with this slogan. In reaction to the resulting
aesthetical banality of later box constructions,
many architects promised greater diversity in
architecture and a formal dominance of design
with the motto “function follows form” in the
second half of the 20th century. Consequently
programs and processes were ‘designed to fit’
predefined geometries.

Neither of these strategies is particularly pro-
ductive for the questions we are dealing with
here in regards to constructing changeable fac-
tories. Each of them only considers one dimen-
sion of one criterion of the complex correlation
between the environment, humans, functions,
and form. Often during a project, a question is
raised as to which of the current functions and
forms will last in the long run. A snapshot of a
temporary production program or the fashion of a
short-lived, aesthetic zeitgeist is not well suited
for determining a robust design. Rather, what is
needed are holistic solutions developed equally
from a process (function) point of view as well as
a spatial (form) point of view.

Thus, it is necessary to find a consciously
positive bundle of traits that provide many,
preferably mutually complementary partial
answers to complex questions. Following in the
footsteps of the American engineer, Buckminster
Fuller [Kra99], the result of this approach can be
characterized by the concept of “performance”.
The “form follows performance” strategy
[Rei05] derived from this is aimed at a compre-
hensive answer to finding a form in response to a
holistically composed problem.

The actual formal impression of the building
is not set, but rather results from the spatial
solutions to the specified performance issues.
Then for example, based on each of the under-
lying visions: (a) new construction technologies
which are supportive of project aims should be
used, (b) energy consumption should be opti-
mized and (c) ecological issues should be con-
sidered. Moreover, flexibility, which is a known
necessity, has to be ensured in the form of a
defined changeability across all of the architec-
tural levels. The spatial design and furnishings of
all the factory levels should also promote com-
munication between personnel. Generally
speaking, the goal is to recognizably contribute
to the corporate culture and to building a sense of
identity through the factory construction. These
collaborative efforts can result in highly efficient
production shops, with well-proportioned spaces,
interesting construction and comfortable
workplaces.

3.10 Sustainability

3.10.1 The Term and Concept

In 1972 the book “Limits of Growth” first drew
attention to the foreseeable exhaustion of natural
resources on earth and triggered a debate that
continues to this day [Mea72]. Thirty years later,
its predictions have for the most part been con-
firmed [Mea04]. The authors’ findings have
triggered world-wide efforts not only to reduce
the consumption of energy, but also to protect the
environment as a whole and to establish rules for
the responsible use of its resources. In 1987 this
subject was addressed in a report from the UN
World Commission on Environment and Devel-
opment entitled “Our Common Future” [UN87].
Within this document is what is recognized today
as the fundamental definition of sustainability:
“Humanity has the ability to make development
sustainable to ensure that it meets the needs of
the present without compromising the ability of
future generations to meet their own needs”.
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The report lead to the UN Conference “On
Environment and Development” in Rio de
Janeiro in 1992 and the program for action
referred to as “Agenda 21”. Then in 1997, the
World Climate Summit held in Kyoto was aimed
at setting binding targets for greenhouse gas
emissions in industrialized countries. Finally in
2002, the World Summit on Sustainable Devel-
opment (WSSD) was held in Johannesburg.
However, in the eyes of many observers, it failed
to create significant concrete governmental poli-
cies regarding sustainability targets (http://www.
worldsummit2002.org/).

Non-Government Organizations (NGOs) focus
on increasing awareness about the impending
impact of declining resources of all kinds. This
included organizations such as the World Com-
mission on Environment and Development
(WCED), World Wide Fund for Nature (WWF)
and the Global Footprint Network (GFN). In
Germany, there is the German Environmental
Agency (DBU) (http://www.dbu.de/), the German
Advisory Council on the Environment (SRU)
established in 1971 (www.umweltrat.de) and
since 1992, the German Advisory Council on
Global Change (WBGU) (www.wbgu.de).

On the one hand, these efforts have resulted in
management rules for the sustainable use of
renewable and non-renewable natural goods as
well as for release of substances and energy
[SRU96]. On the other hand, measureable targets
have been developed in relation to the material
intensity of the economy and resource productiv-
ity, e.g., the MIPS factor (material input per unit
service) [Sch10], TMR (Total material require-
ment) (http://scp.eionet.europa.eu/definitions) or
TMC (Total Material Consumption) (OECD
Glossary of Statistical Terms: http://stats.oecd.
org/glossary). A large number of basic environ-
mental protection principles are already legally
binding in many countries.

There can only be a change in global thinking
when governments and corporations take up the
challenge of sustainably managing the earth’s
natural resources. In particular, economic enter-
prises that are more focused on profits have to
incorporate ethics for responsibly dealing with
resources into their managerial principles. The

following ten principles developed by the UNGC
(United Nations Global Compact) describe this
approach in concrete terms and set environmental
protection within the larger context of responsi-
ble management. They start by addressing
human rights and humane working conditions in
principles 1 through 6, followed by environ-
mental protection in principles 7 through 9, and
end with a call to prevent corruption of any kind
[http://www.unglobalcompact.org/] (Fig. 3.23).

An important parameter within this frame-
work is the so-called ‘ecological footprint’. “The
ecological footprint is an indicator of human
pressure on nature. It measures how much land
and water people need to produce the resources
they consume (like food and timber), provide
land for infrastructure, and absorb the CO2 they
generate and then compares this to the bioca-
pacity, i.e., nature’s ability to meet this demand”
[GFN10].

In a global overview of debtors and creditors
(in terms of ecological balance) Fig. 3.24 illus-
trates that the industrial nations as well as a
number of countries in the Near East and Africa
live clearly above their means, because their
footprint is to some extent dramatically larger
than their biocapacity [GFN10]. It should also be
kept in mind that the consumption of natural
resources has doubled in the last 40 years
[Pol10]. For over 20 years now, humans have
consumed 25–33 % more per year that the earth
can regenerate.

Figure 3.25 clarifies this fact by placing the
nations within a coordinate system. The hori-
zontal axis is the United Nations Human
Development Index (HDI) and the vertical axis is
the ecological footprint [GFN10, WWF10]. As
the Human Development Index HDI serves a
weighted mean of sub-indices for life expectancy
at birth, mean years of schooling and expected
years of schooling and the GNI (Gross National
Income) per capita. A high value is considered to
be approximately 0.67, while a very high value is
0.79. The ecological footprint is measured in
hectares per person. Whereas the world mean for
this value was 4.5 hectares/person in 1961, due
to the population growth it had sunk by 60 % to
1.8 ha/person by 2008.
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There are four HDI thresholds: low, medium,
high and very high. The graph clearly shows that
no country with a very high HDI and only few
countries with a high HDI meet the minimum
criteria for sustainability in the sense that it does

not exceed the world average available hectares
per person. The countries are divided into two
groups: One of the groups, primarily Europe, the
USA and a few Asian countries, consumes far
too many resources. The other group, primarily

• Human Rights

Principle 1: Business should support 
and respect the protection of 
internationally proclaimed human 
rights; and 

Principle 2: make sure that they are 
not complicit in human rights abuses.

• Labour

Principle 3: Business should uphold 
the freedom of association and the 
effective recognition of the right to 
collective bargaining;

Principle 4: the elimination of all 
forced and compulsory labour;

Principle 5: the effective abolition of 
child labour; and

Principle 6: the elimination of 
discrimination in respect of 
employment and occupation.

• Environment

Principle 7: Business should support 
a precautionary approach to 
environmental challenges;

Principle 8: undertake initiatives to 
promote greater environmental 
responsibility; and

Principle 9: encourage the 
development and diffusion of 
environmental friendly technologies.

• Anti-Corruption

Principle 10: Business should work 
against corruption in all its forms, 
including extortion and bribery

Fig. 3.23 UN global compact’s ten principles
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Fig. 3.24 The Ecological wealth of nations. http://www.footprintnetwork.org

54 3 Production Requirements

http://www.footprintnetwork.org


African, Asian and Latin American countries,
lives below a desirable standard of living and
consumes comparably little resources.

In 2011 it was estimated that the world pop-
ulation had reached 7 billion and by 2050 it is
expected to be 9.5 billion. If, given current pro-
duction methods and consumer behavior, the
quality of living for these people, especially in
countries with transitional economies (e.g.,
China, Brazil, and India), is to be maintained or
reached, every responsible measure of con-
sumption will be exceeded [WWF10]. The Liv-
ing Planet Report 2014 states that “The
Ecological Footprint shows that 1.5 Earths would
be required to meet the demands humanity makes
on nature each year” [WWF14]. Only by
embracing sustainability from an economic,
ecological and social perspective as a future
principle can the quality of living be improved
and the natural resources and ecosystem be pre-
served for future generations [Jov08].

The worldwide increase in energy consump-
tion is just as dramatic as the decreased bioca-
pacity per person. Based on statistics gathered by
British Petroleum BP, Fig. 3.26 depicts the
consumption of primary energy in 2000 and
2010 for 6 regions of the world and the top ten
countries. Of these, the first four countries are
responsible for almost exactly 50 % of the world
energy consumption [BP11].

During the 10 years, the Asia Pacific region
recorded the greatest increase in consumption
with 42 %, and with 38 % of the total it was the
largest consumer in 2010. China alone was
responsible for 20 % of world’s consumption,
and thus slightly exceeded the USA which was
responsible for 19 % of the world’s consumption.
It is worth noting the rate of increase in con-
sumption for China (57 %), India (45 %), Brazil
(27 %) and South Korea (26 %). These countries
obviously have changed from so-called ‘devel-
oping countries’ to ‘transition countries’.
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3.10.2 Consequences for Factory
Planning

The concept of sustainability has an economical,
ecological and social dimension. Economically it
is sensible not to maximize short-term profits at
the expense of the environment because other-
wise one’s own market will wither. Ecologically
it is advisable not to consume more than can be
renewed or substituted by other material. Finally,
from a social perspective it is completely against
humanitarian principles to exploit workers by
overloading them and providing poor working
conditions. “Sustainable development occurs
when all humans can have fulfilling lives without
degrading the planet” [GFN10].

Production management together with factory
planners therefore have a large responsibility
because they fundamentally determine produc-
tivity as well as working conditions and con-
sumption of energy [Jov08]. Manufacturing
methods, material flow, work organization and
buildings are design fields that considerably
influence the sustainability. Due to the energy
problem discussed here, the subject of energy
efficiency has become highly significant.

If we first consider the share of the gross
production value that energy costs represent in
Germany’s processing industry, the importance
of energy consumption at 2.4 % does not seem
significant from a purely economic perspective.
In the production plants addressed in this book
(i.e., machine building and electrical engineering
as well as the automobile industry) this is even as
low as 0.8–1.0 %. However, when we take the
gross value that has been yielded by the company
itself as a basis—that is without costs for material
and purchased items—the share of energy costs
is on average 5.2 %. For the previously men-
tioned plants the corresponding value is 2.0 %
for machine building, 2.0 % for electrical
equipment and 1.3 % for the automobile industry
[Stat11]. If savings in the range of 15–20 % were
to be targeted, then these would have a clear
impact on the cost structure (Fig. 3.27).

If we then consider the total value-adding
chain or production network that lies before the
manufacturing, the savings possibility is multi-
plied a number of times and it can represent
almost 50 % of the raw material costs.

Because all production energy consumption
also pollutes the air by emitting greenhouse

increase
[%]

  World 2000 2010 2000 2010

North America 2.757,2 2.771,5 0,5 29,4 23,1
South and Central America 464,4 611,9 24,1 4,9 5,1

Europe and Eurasia 2.821,4 2.971,5 5,1 30,1 24,8
Middle East 416,2 701,1 40,6 4,4 5,8

Africa 272,1 372,6 27,0 2,9 3,1
Asia Pcific 2.651,2 4.573,8 42,0 28,3 38,1

Total 9.382,4 12.002,4 21,8 100,0 100,0

  Top Ten
China 1.038,2 2432,2 57,3 11,1 20,3

United States 2.313,7 2285,7 1,2 -        24,7 19,0
Russian Federation 620,4 690,9 10,2 6,6 5,8

India 295,8 542,2 45,4 3,2 4,5
Japan 514,1 500,9 2,6 -        5,5 4,2

Germany 332,3 319,5 4,0 -        3,5 2,7
South Korea 188,9 255,0 25,9 2,0 2,1

Brazil 185,2 253,9 27,1 2,0 2,1
France 254,2 252,4 0,7 -        2,7 2,1

United Kingdom 224,1 209,1 7,2 -        2,4 1,7

Total 5.966,9 7.741,8 22,9 63,6 64,5

consumption
[mill tonnes oil equivalent]

share
[%]

Note: consumption of primary energy comprises commercially traded fuels,
including modern renewables used to generate electricity.
Figures from BP Statistical Review of World Energy June 2011

Fig. 3.26 Consumption of
primary energy (figures by
BP)
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gases, its influence on the climate is also a critical
subject. An indicator of this is the so-called
carbon footprint. In the words of the European
Platform on Life Cycle Assessment: “Carbon
footprint (CF)—also named Carbon profile—is
the overall amount of carbon dioxide (CO2) and
other greenhouse gas (GHG) emissions (e.g.
methane, laughing gas, etc.) associated with a
product, along its supply-chain and sometimes
including from use and end-of-life recovery and
disposal. Causes of these emissions are, for
example, electricity production in power plants,
heating with fossil fuels, transportation opera-
tions and other industrial and agricultural pro-
cesses” [EU09].

A low carbon footprint has therefore become a
strongly considered sign of quality for intelli-
gently planned and resource-efficient construc-
tion projects. It is thus important to increasingly
consider corresponding aspects when planning
new production facilities or re-organizing exist-
ing ones.

In order to do so, the following management
rules apply: Over the long term
• the rate of use of renewable natural goods must
be greater than their regeneration rate.

• the use of non-renewable natural goods must be
greater than the substitution of their functions.

• the release of materials and energy must be
greater than the adaptability of the environment.

In order to apply these rules, a generic model
for the flow of energy in a factory is required.
Figure 3.28 depicts the definition of a factory
system in view of the interactions between the
production facilities and the factory building
from this perspective [Her10]. It supplements the
model of the material, information and value
flow that will be discussed in greater detail in
Sect. 15.4.2.

The starting point is the production equipment
that, on the one hand, requires primary energy as
well as compressed air, vapor and cold water.
A portion of this is fed back into the energy
recovery system but the majority of it consists of
energy that escapes into the environment. On the
other hand, some processes require special room
conditions (e.g., temperature, humidity and
cleanliness) that have to be supplied by building
services. Moreover, in addition to the production
facilities’ requirements, the building itself has to
meet needs in relation to the local climate and
finally, the building must have an atmosphere
that supports the health of the factory workers.

In the sense of energy efficiency a few design
principles can be derived:
• The production processes and machinery rep-
resent the starting point. Here, in addition to
targeting highly efficient processes the aim is
to decrease idle time and prevent load peaks
[Her13].

personal costs
20.5%

material und
raw material costs

42.9%

purchased items
11.1%

other costs, i.a.
marketing, legal fees

10.0%

costs for contract work

2.4%

taxes, depriciation
rent, interest 

10.8%

energy costs

2.2%
Fig. 3.27 Shares of gross
production value in
Germany’s manufacturing
industry 2009 (after
[Stat11])
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• The building and building services should be
energy neutral; i.e., it should be a ‘zero
energy’ or ‘zero net energy’ building. The
quality and conditioning of the space is then
determined by the requirements for the pro-
cesses and workplaces.

• The necessary minimum required energy for
the building and its building services should if
possible be covered 100 % from energy losses
from processes and from regenerative energy
earnings.
Currently, comprehensive certification sys-

tems in the sense of Green Building Standards
for buildings and plants are being developed.
This will be discussed in considerable detail in
Sect. 15.7.

With all of the efforts being made to improve
energy efficiency, in practice it is often obvious
that exploiting the potential to reduce on-going
energy costs both in newly constructed as well as
renovated production facilities is generally rela-
ted to comparably high investments, which in
turn require long amortization times. With com-
pany sights on short amortization periods (e.g.,
2 years) and limited financial means the neces-
sary investments often are not made. Instead,
companies seek measures requiring little

investment; these, however, not only have little
sustainable impact, but also fail to compensate
for increasing costs of energy.

3.10.3 Recycling Economy

Our discussion up until now has focused on
saving energy by designing the energy cycle to
be as closed as possible. This applies both to the
raw materials as well as to the implemented
production means. However, the products them-
selves should also be designed so that they
consume as few as possible resources that are
detrimental to the environment during their use.
Moreover, the components and materials con-
tained in them should be reused as much as
possible or recycled.

The term ‘recycling economy’ was coined for
this approach. The various basic stations in the
recycling economy are depicted in Fig. 3.29
[Sel97].

As can be seen, a number of cycles are
involved in the recycling economy. In the first
cycle, the goods used by the end customer after
they have been developed, produced and distrib-
uted are consumed directly by further users up

production

machines

technical
building
services 

(TBS)

production
machines

waste heat
exhaust air

waste
energy

supply

defined  
production conditions

(e.g. temperature, moisture, purity)

gas, oil
electricity

return

local
climate

intput output

cooling
heating

water

electricity

(e.g.steam, water) 

(e.g. compressed air,
steam, cooling water) 

Fig. 3.28 Energy flow
model of a factory
(Herrmann)
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until the end of their useful life. Even when the
product as a whole no longer functions, not all of
its components have reached the end of their
useful life, thus disassembling them, re-working
them and re-assembling them can create products
or components that are once more functional and
that can again be placed in use. When it can no
longer be reused, the product or component is
then broken down with the aim of recovering pure
types of raw materials that can in turn be reused
for new purposes (e.g., copper or other metals) or
safely eliminated (e.g. chemicals).

It is easy to see that with this approach, new
streams of goods arise, that in turn further impact
the environment. It is thus critical to develop a
so-called ‘material stream management’ strategy
based upon ecologically and economically bal-
anced and optimized logistics.

The Recycling and Waste Management Act
that was passed in Germany in 1994 and went into
effect in 1996 comprehensively addresses this
approach [KrW96]. Its essential points include:
• waste prevention is to be prioritized before
recycling, and recycling before disposal

• resources should be recycled within the plant
• producers and distributors are responsible for
products during their entire lifecycle

• products should be designed so that compo-
nents and pure raw materials can be recovered
for reuse and dangerous materials can be
separated and safely disposed of.

Moreover, strategies for making products
more durable, extending the life of their useful-
ness and intensifying their use are encouraged.

These and other laws, which impact a com-
pany’s obligation to accept the return of consumed
products as well as the workers and environmental
protection, result in further conditions and con-
cerns that need to be considered when designing a
factory. On one hand, all of the factory’s internal
processes need to be re-thought in view of the
internal recycling system. In particular, attention
should be paid to manufacturing waste, e.g., metal
chips as well as the ancillary and operating
materials related to them such as emulsions,
lubricants, grease, acids, alkaline solutions, etc.

On the other hand, the lifecycle of the
equipment implemented in the factory needs to
be considered, because the German Recycling
Act also applies to them. Thus, to ensure that
they are properly maintained and repaired and
that components can be exchanged in order to
extend their life, the equipment has to be selected
accordingly. Moreover, the possibilities for
maintenance and repair, disassembling the
equipment and retrofitting also need to be
ensured. Finally, the factory’s structural frame-
work, building shell, media supply, ventilation or
air conditioning and lighting should be designed
in view of their lifecycles.

For factory planning, these guidelines directly
impact the design of the production processes.

product
develop-

ment
production distribution utilzation return treatment elimi-

nation

reassembly 
cleaning

examining
reworking 

dismantling 

pure materials 

functioning products
consumed
products 

waste 

usable
products 

functioning
products and
components 

functioning
components 

consumed
components 

Fig. 3.29 Stations of the recycling economy. © IFA G8892SW_B

3.10 Sustainability 59



By implementing an internal recycling system in
the plant, resources such as raw materials, energy
and the natural environment should be saved and
protected in alignment with the abovementioned
guidelines. Moreover, products should be
designed so that they consume as few resources as
possible, are not detrimental to the environment,
and so that their components and materials can be
reused or recycled as extensively as possible.

Furthermore, the increasing amount of used
goods flowing back to producers raises the
question of developing disassembly plants that
could yield a service. Whether or not a disas-
sembly and product recycling industry will
develop in the future is not yet foreseeable. Initial
experiences have indicated though that for a
number of reasons integrating new production
with industrial refurbishing in a single factory is
not practical. Accordingly, it is anticipated that
the maintenance, repair and customer specific
refurbishing will develop further in the sense of a
service and should be considered when planning
new factories as well as when renovating existing
ones. As preliminary result of our discussion,
future demands on production can be expressed
by the properties and guiding principles listed in
Fig. 3.30.

3.11 Summary

Future design of factories has first of all to con-
sider abrupt changes in the market, which in turn
need high responsiveness and flexibility with
respect to volume and variants. In order to enable
the enterprise to meet this challenges it needs to
focus on limits, involvement and empowering of
employees, fostering personal communication
and networking inside and across the firm. The
demographic change has to be answered by
designing age-oriented workplaces. All measures
have to be aligned with corporate culture, as well
as focused on resource and energy efficiency.

Our discussion here has shown that in a real
factory, not all of these challenges can be equally
met. In concrete cases, it is thus important to be
able to recognize the reasons that speak for change.
Such reasons are for instance insufficient delivery
abilities and reliability, sinking market share and
unsatisfying returns on capital. Forces for change
that are induced by the enterprise itself are mainly
due to changes in ownership or strategies, as well
as basic changes in products and processes.

Before we develop concrete design aspects
from these principles, we will introduce a few

responsive: surpass customary market delivery times and delivery performance.

volume and variant flexible:   master volume fluctuations and product variants economic.

limiting value focused: overcome known limits and make natural physical and logical limits 

the goal.

self organized: carry out necessary structure and work flow changes at all levels 
initiatively and participatively.

network integrated: link core competences across the enterprise dynamically and 

temporarily.

culture-conscious: develop jointly accepted moral concepts and behaviors and transfer 

them convincing outside and inside the company.

sustainable: design and operate products, production processes and production 
facilities during the complete life cycle obeying the principle of 

operating in an energy, resources and environmentally harmless way .

Fig. 3.30 Guiding principles for a future production. © IFA 15.052_B
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important factory concepts, which have devel-
oped over time and attempt to meet the chal-
lenges presented here in various ways.
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4Known Production Concepts

4.1 Introduction

During the evolution of industrial production, the
factory has continually undergone changes. To
some degree this has been due to the demand for
an increasingly net-worked economy, but it has
also been in response to new technological pos-
sibilities. Breaking work down into small stan-
dardized steps was first suggested by Taylor in
1911 and put into practice by Ford. Together
with the introduction of the assembly line, this
approach allowed consumer goods to be mass
produced by semi-skilled workers. This basic
principle remained in use up until the 1950s in
order to cover high post-war demands. In the
1960s, product variants began to grow and pro-
ductions focused more on the customer. As a
result group work, manufacturing cells and seg-
ments were introduced. At the same time,
numerical control for machines tools and robots
established themselves in industry, leading to
machining centers and flexible manufacturing
systems. Consequently, certain part groups could
then be manufactured automatically in a random
sequence and to some extent at night without
supervision. Cost related pressures and in par-
ticular competition from Japan in the 1980s
required new efforts to avoid waste, thus giving
rise to Lean Production. In Germany, fractal and
modular factories posed further impulses. With
the resounding globalization since the 1990s and
the ever growing uncertainty in the market, the
concept of flexible and changeable factories has
come into the foreground. Current discussions

focus on digitally networked factories, in which
individually customized products should move
self-controlled through factories. Alongside this,
there is the demand for workplaces that are
adapted to an aging workforce and for factory
operations to manage resources more efficiently.
In this chapter, we will provide a brief overview
of the roughly outlined stages marking the evo-
lution of the factory.

4.2 F.W. Taylor

As the ‘father of scientific management’ the
American, Frederic Winslow Taylor (1856–1915),
was the first to fundamentally examine rationally
designing manufacturing processes. His findings
are summarized in his book “The Principles of
Scientific Management” [Tay11]. Taylor outlined
the main responsibility of management as ensur-
ing the maximum prosperity of both the enterprise
and its employees. In doing so he emphasized
four principles:
• developing a truly scientific approach to
management,

• scientifically selecting workers,
• scientifically training and developing employ-
ees, and

• trusting and close collaboration between
managers and employees.
Through his experience in various enterprises,

Taylor became convinced that an enormous
waste was caused by applying rules of thumb and

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_4, © Springer-Verlag Berlin Heidelberg 2015
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implementing conventional work methods with-
out really thinking about them. Based on thor-
ough time and motion studies, he broke work
processes down into their core steps and devel-
oped standardized procedures; whereby prepara-
tory planning was strictly separated from
performing actual tasks.

Taylor identified the following aspects as vital
to this new approach:
• time studies using appropriate methods and
equipment,

• ‘function supervisors’ responsible for educat-
ing employees and planning work,

• standardizing all tools, processes and
movements,

• developing a planning room or department,
• managing by exception,
• using slide-rulers and other time-saving tools,
• having work instructions for employees,
• defining targets linked to a large bonus when
successfully met,

• differential wages,
• using classification systems for products and
operating equipment,

• having production control systems, and
• using modern accounting.

Taylor’s thoughts influenced concepts about
organizing work especially in large batch and
mass production up until after World War II.
‘Taylorism’, however, was criticized early-on. Its
limits became clearer especially with increasing
automation, the explosion of the number of
products and their variants, increasing demands
on the quality of the product and processes as
well as an evolving understanding of role distri-
bution between management and workers. Nev-
ertheless, Taylor’s basic ideas are still worth
considering; Gaugler summarizes these in six
points, which we briefly outline here [Gaug96,
p. 44ff]:
• a market economy with permanent pressure to
decrease piece costs is conditional,

• aligning the business interests of the employ-
ers and capital investors with those of the
employees,

• systematically developing best practices
instead of rules of thumb,

• decisive roles for middle and lower
management,

• intensive collaboration between management
and workforce, and

• emphasizing extrinsic motivations (promoted
externally) without ignoring intrinsic (personal
reasoned) motivations.
Taylor’s methods could be considered the first

comprehensive system for scientifically operat-
ing a business. In addition to Taylor, Frank
Bunker Gilbreth (1868–1924) and his wife Lil-
lian (time and motion studies) as well as Henry
Lawrence Gantt (inventor of the Gantt-Chart)
systematically observed production processes,
improved and implemented them in new factory
processes.

Henry Ford (1863–1947) was known for res-
olutely applying Taylor’s lessons. In his facto-
ries, he developed and integrated standardization,
typing and interchangeability of parts along with
the division of work and precision work into his
mass production. This in turn made the auto-
mobile affordable for a broad sector of the pop-
ulation [Spur00].

In Germany, Taylor’s ideas were taken up and
further developed by scientists such as Adolf
Wallichs in Aachen and Georg Schlesinger in
Berlin [Spur00]. Germany adapted many of the
American production methods under the concept
of rationalization. Dedicated in particular to time
andmovement studies, REFA,Germany’s leading
organization in work design, industrial organiza-
tion and company development, publishes a
comprehensive methodology for designing, plan-
ning and controlling office and production work
that is regularly updated (http://www.REFA.de).

4.3 Group Work

With the rapid development of the world econ-
omy following World War II, a pure seller’s
market arose offering comparably standardized
products. These were produced in large numbers
extensively based on principles set out by Taylor
and Ford.
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As products became further differentiated and
more and more markets were tapped into, lot
sizes decreased while increasingly diverse orders
made factories progressively complex. The
amount of work-in-process (WIP) grew,
throughput times became longer and schedule
reliability decreased. Figure 4.1 depicts the
characteristic behavior of a workshop that has
become uncontrollable in this way.

In the Throughput Diagram (which shows the
cumulated input and output at a workstation over
time) it is obvious that in case of strongly fluc-
tuating input delays in adjusting the capacities
result in strong fluctuations in the output. Con-
sequently, WIP levels are high and fluctuating
strongly (Fig. 4.1a). Since WIP levels directly
influence lead times, broad leftward skewed fre-
quency distributions result with a few quick
orders, while there is a broad midrange with
normal orders and a few but to some extent
extremely slow orders (Fig. 4.1b). If we now
consider the breakdown of lead times (Fig. 4.1c)
in a job shop production, the actual share of

value adding processing time rarely reaches
10–15 %. Theoretical and practical research have
shown that with this type of production and a
target utilization of 96–98 %, generally waiting
times of no less than 70–80 % of the whole
throughput time can be achieved [Nyh09]. Thus
in the end the schedule reliability is utterly
inadequate (Fig. 4.1d); some orders are com-
pleted too early, the majority though too late.
With a tolerance zone of for example ±2 work
days for permissible lateness, frequently only
30 % of the orders are on-time.

Numerous strategic, organizational and engi-
neering based approaches arose for solving the
resulting problems. From a strategic perspective,
the recommendation was to form business units
which then track individual targets for each of
the markets. As a result, autonomous factories,
each of which focused on a different product
family, developed within a plant.

Personnel and organizational methodology
focused on employees. The idea here was that the
progressive diversity of products and their
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Fig. 4.1 Characteristic properties of an uncontrollable production. a Fluctuating trend of work-in-process. b Wide lead
time distribution. c High share of waiting time. d Poor due date performance. © IFA G9125SW_B
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variants could be better controlled by returning
planning and control tasks from the offices back
to the shop floor, reducing hierarchies and rules
and fostering communication between personnel.
At the same time the employees’ growing need
for autonomy and self-realization could also be
addressed.

The forms of work which developed from
there can be summarized under the concept of
group work. A group takes on an overall task
(e.g., manufacturing a group of similar work-
pieces or assembling an unit completely or par-
tially) and autonomously distributes the required
tasks among the group members; only the end
results are controlled.

Based on the example of an assembly task and
beginning with the traditional distribution of
work (i.e., job sharing with strictly separated
tasks) the three different forms of group work are
clarified in Fig. 4.2.

With job rotation, those employees entrusted
with the actual assembly are able to take on
different assembly tasks because they have
appropriate qualifications. All of the remaining
tasks such as machine setup, quality checks,

repairs, packing and transportation are excluded
from this. Nevertheless, the job rotation already
creates a break in the monotony of the usually
short cyclical work.

In comparison, job enlargement is aimed at
combining a number of different tasks on the
same qualification level into a new, expanded
job. The group members’ activities can already
be decoupled from the cycle. Tasks that do not
add value though are still conducted at different
stations. In addition, it is hoped that workers will
develop a stronger identification with ‘their’
product which will in turn improve job
satisfaction.

Job enrichment goes a step further in the
direction of so-called ‘part-autonomous work
groups’. Here, not only the immediately pro-
ductive tasks but also the remaining indirectly
productive tasks such as quality checks and set-
ups as well as other jobs like ordering materials,
maintenance and repair etc. are transferred to a
workgroup. Higher level planning and control
tasks such as planning the personnel, orders and
work hours are conducted by a foreman or
supervisor.
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If these indirectly productive tasks are also
transferred to the team, autonomous workgroup
are created. These groups organize their jobs by
themselves and are responsible for delivering
products in the demanded quality and quantity on
the appointed date. The contact person both
internally and externally is usually the spokes-
man of the group and is an active member of the
team.

Partially autonomous and full autonomous
workgroups accommodate the workers’ needs for
self-realization the most. However, they also
place the highest demands on employees not
only on a professional level, but also on a per-
sonal level. Critical points here include regulat-
ing work hours and the wage system as well as
on-going education and improvement.

4.4 Manufacturing Cells

The strategic and organizational approaches
outlined here are supplemented by engineering
solutions developed from research as an answer
to the continually growing diversity of parts in
enterprises. In addition to the work of Lange and
Roßberg [Lan54], Mitrovanow’s group technol-
ogy approach [Mit60] formed the basis for these
studies in Germany. Further work has shown that
in every apparently still heterogeneous part
spectrum groups of similar parts exist. They
represent only approximately 20–30 % of the
production costs for the corresponding products,
but make-up almost 70 % of all the parts
[Arn75]. In order to find these ‘part families’,
diverse classification systems were implemented
—in Europe, the Opitz coding system for single
mechanical engineering parts was the most
widespread of these [Opi66].

For part families such as shafts, gears, levers
etc., it first seems that using variant designs and
standard work-plans would be practical. Part
families such as these generally have a similar
work flow and thus are routed through a
sequence of the same machines. The different
lots only require small change-overs at the dif-
ferent work places thus setup times can be saved.

However, this approach has failed to establish
itself: Since it continued to be based on the
principle of workshop production, the organiza-
tional costs and efforts for planning and control
of these part families was considerable.

The necessity of shorter throughput times and
lower WIP levels required renouncing the pri-
mate to fully utilize all workstations. In further
developing the idea of part families, ‘manufac-
turing cells’, which combine all of the operating
equipment and employees for producing a group
of similar products spatially and organizationally,
were created in the 1970s. The fact that not all of
the machines would be fully utilized was
accepted. By implementing group work, the
manufacturing cells could be operated to a wide
extent independently, which in particular also
included the material supply, finite scheduling
and sequencing orders.

Figure 4.3 depicts the basic structure of a
manufacturing cell. Raw pieces are withdrawn
from bins before the cell. In comparison to work-
shop productions though, the corresponding oper-
ation is not completed for the entire lot before it is
transported further, rather once the operation of a
part of the lot is completed it is immediately sent to
the next workplace, either by manual handling of
the operator or on a conveyor belt. Nowadays, this
is commonly referred to as “one-piece-flow” or
“single-piece-flow” manufacturing.

Manufacturing cells are characterized by low
WIP levels along with short throughput times.
Waiting times for parts between the individual
operations are avoided because machines are
arranged according to the workflow and lots are
manufactured overlapping. Figure 4.4 depicts a
simple example of the enormous WIP reductions
and time savings for a manufacturing cell in
comparison to a workshop production (according
to [Suz87]). In this case, the total throughput
time could be reduced from 20 to 8 min. In
practice, throughput time reductions ranging
from a number of weeks to a single day have
been proven.

However, due to the most extreme differences
in the processing times of individual operations it
is not possible to fully utilize all of a manufac-
turing cell’s resources. This can lead to
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unjustifiable idle capacity costs. Furthermore,
with an increasing number of part variants being
produced in a manufacturing cell, the setup times

can become problematic. Thus, even in the
future, traditional workshop productions will
continue to exist.
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Fig. 4.3 Principle of a manufacturing cell. © IFA G9121SW_B
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4.5 Flexible Manufacturing
Systems

The development of manufacturing cells outlined
here initially leaves open the question of the
degree of automation and the way in which cells
are linked. With the breakthrough of numerical
control for machine tools in the 1960s and thus
the possibility of automatically executing com-
plete operations for different parts immediately
following one another, new options for manu-
facturing part families developed.

One of the first important steps was estab-
lishing machining centers. These allow a work-
piece to be processed in one setup from different
sides with different technologies such as milling,
drilling, thread-cutting etc. Automated tool
changes are prerequisite for this concept.

If a number of these processing centers are
then linked together along with additionally
required workstations for washing and testing the
workpieces, a flexible manufacturing system is
created. Figure 6.30 in Chap. 6 depicts the layout
of such a concept.

In addition to processing and support stations,
central stores for workpieces and tools are inte-
grated—each equipped with their own transport
system. The individual stations also have local
buffers for workpieces and tools. Components
are controlled in a hierarchical system with a
higher level master computer. The transport
system for the workpieces and tools—usually
clamped onto work piece pallets—frequently
consists of transport wagons guided by rails with
a conveyor device. Automated guided vehicles
(AGV) and programmable handling devices,
such as industrial robots, are however also
employed.

Flexible manufacturing systems thus allow the
automated, unsynchronized and non-directional
manufacturing of a defined group of similar parts
and thus in a way represent an automated man-
ufacturing cell. Initially, these were commonly
implemented in the 1980s but lost their economic
feasibility due to: (a) the no longer controllable
diversity of parts induced by the market, (b)
enormous costs for storage devices and systems

for connecting them, as well as (c) labor-intense
programming and controlling. These costs were
considerably reduced through simpler connec-
tions (e.g., with the aid of robots and standard-
ized buffer devices) so that manufacturing
systems have once again found their place today,
especially for pilot lots and spare parts in the
automobile industry and their suppliers.

4.6 Manufacturing Segments

Due to the history of their origins and use, both
manufacturing cells and flexible manufacturing
systems were initially not tied to the parts of a
specific product. It was first the continually
stronger orientation of the production on the
market needs and the accompanying decentral-
ization that suggested not to limit to just the
value-adding processes in manufacturing. Rather
other value-adding stages such as assembly,
packaging and shipping could be combined as
integrated organization units. Moreover, these
units could each concentrate on one product so
that a specific competitive strategy could be
pursued. Wildemann referred to these units as
manufacturing segments and expanded them into
the concept of modular factories [Wild98].

Figure 4.5 itemizes the features of manufac-
turing segments. With regards to the market and
target orientation, manufacturing segments serve
specific market-product combinations, which
each apply different strategies e.g., the highest
quality or the shortest throughput times. The
product orientation reduces coordination and
control costs while minimizing the interdepen-
dency between segments, thus resulting in
greater production depth.

Integrating a number of steps of a logistic
chain into a manufacturing segment makes it
possible to spatially combine the manufacturing
and assembly, therefore eliminating the tradi-
tional separation of these two areas. The resulting
technical problems related to the close proximity
of incompatible technologies (e.g., emission
intensive manufacturing processes next to precise
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and clean assembly processes) need to be
resolved within the scope of factory planning
with suitable measures for workplaces and areas
(e.g., appropriately housing of machinery).

By transferring indirect functions to
employees in the manufacturing segment the end
results are holistically influenced as is the case
with manufacturing cells. Frequently, an incen-
tive system can also provide impetus for con-
tinually improving the processes with the goal of
avoiding all possible waste.

Finally, the responsibility for costs and results
differs according to the type of customer. If the
segment’s product is passed on within the
enterprise, it is organized as a cost or service
center. If, however, the segment delivers a final
product at market prices, it is designed as a profit
center [Wild98].

Wildemann mentions a number of principles
for designing such segments. These include
• optimizing the flow,
• providing smaller and possibly duplicate
capacities,

• spatial concentration of equipment with a
variable layout,

• self-regulating control loops,
• processing parts and groups completely,

• workers testing parts or components by
themselves,

• temporally decoupling the manual work from
the operating times of the machines and

• team orientation.
Manufacturing cells and manufacturing seg-

ments could be considered the most important
development in production organization during
the 1990s. As is summarized in Fig. 4.6, they
have caused demonstrable, significant improve-
ments in the market relevant objectives ‘quality’
and ‘costs’ [Wild00].

A further development in the segmentation
approach led to ‘indirect segmentation’, in which
business processes for indirect functions are also
handled with responsibility for the results
[Wild00].

By also integrating the distribution, marketing
and product development into the thus defined
direct and indirect segments, so-called ‘product
units’ or ‘business units’ are created. These serve
a market segment during the entire product life-
cycle. The danger of losing know-how in the
individual product units is countered by forming
support or function centers e.g., for CAD tech-
nology, specific manufacturing methods or pro-
curement procedures.

market and target orientation product orientation 

several steps of
the logistical chain 

costs  and result
responsibility 

transfer
of indirect
functions 

manufacturing
segment 

definition of delimited product- 
market-production combination 

strategic success factors 

coordination effort
performance interlinking
vertical integration 

integration of
several in-house
steps of value 
creation

•
•
•

•
•
•

•

•

•

•
•
•

maintenance
transportation
material supply
control
setup
quality control 

Fig. 4.5 Features of
manufacturing segments
(Wildemann). © IFA
G9122SW_B

70 4 Known Production Concepts



4.7 Lean Production
and the Toyota Production
System

The concept of lean production can be traced
back to a five-year, worldwide study by the
Massachusetts Institute of Technology of the
final assembly conducted in approximately 100
automobile factories in Japan, North America
and Europe [Wom90]. In studying four groups of
factory characteristics (performance, layout,
workforce and automation) in three geographical
regions (America, Europe and Asia), severe dif-
ferences were observed. Based on their research
the authors concluded that, on average, Japanese
plants had much better results in all of the cate-
gories than their American and European com-
petitors (see Fig. 4.7). Nevertheless, significant
differences were also visible within the groups.

Moreover, considerable differences could also
be seen in the performance for the product
development. This was true for both the costs and
time required for developing a new model as well
as the suppliers’ contribution to the development,
the time required till normal productivity and the
quality achieved once production began.

The study released in the USA in 1990 and
published in German in 1991 was met with great
interest in Germany and triggered an enduring
debate about the competitiveness of the local

automobile industry and Germany as a produc-
tion location. Soon it became clear that the deficit
could no longer be eliminated through individual
measures such as overhead value cost analyses,
computer integrated manufacturing, shorter setup
times and new PPC systems; instead it was
obvious that a holistic approach with an “eye
towards perfection” was required i.e., continually
lowering prices, zero defects, no inventories and
variable product diversity [Wom90]. This in turn
meant that design and production processes—
including those of the suppliers—had to be
continually reviewed along with the customers’
wishes.

With unprecedented effort the German
industry was able to significantly improve both
the products as well as the processes as an
answer to this threatening challenge. However,
this was also related to a tremendous climb in
unemployment figures and thus to considerable
critique of the so called lean production concept.
For the first time since World War II, the number
of employed in Germany did not grow with
increasing production. Securing the workforce
despite constantly decreasing work volume
requires new products in new markets along with
developing services and merging enterprises.

Lean production is not a closed, theoretically
based business concept; rather it is the quintes-
sence of an analysis of successful enterprises. It
is generally based on Toyota Motor Company’s
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continually developed Toyota Production System
(TPS), which aims at the highest possible product
quality at the lowest possible costs with the
shortest possible delivery time [Ohn88]. The
goals of the production derived from this include:
• productivity by eliminating every type of
waste,

• quality through reliable processes which
facilitate high quality products,

• flexibility through responsive workplaces and
employees, and

• humanity by including the knowledge of
workers as much as possible.
The core of the concept is an organizational

and human centered production model based on
motivation, creativity and abilities of employees.
In addition to intensifying customer relations,
goals for the production include: decreasing
levels of hierarchy, shortening decision making
processes, shifting tasks to the executional level
and increasing the collaboration of suppliers
already during the development phase of one’s
own products.

Based on these, five inter-related elements of
Toyota Production System were developed; a
summary of these is found in Fig. 4.8 according
to Oeltjensbruns’ depiction [Oelt00].

The basic guide line of TPS is avoiding waste.
This is in itself an orientation towards limits,
aimed at the necessity of value-adding for a
product along with the absolute fewest resources,
materials, parts, space and work hours possible
[Suz87].

While resolutely complying with the cus-
tomer-supplier relationship waste and reworking
is prevented by only sending parts and compo-
nents that have been verified as 100 % faultless
from one workstation to the next operation or
station. This also applies to external suppliers.

Overproduction results from processing ‘opti-
mal lot sizes’, saving setup times and processing
fill-orders in order to avoid machine standstills as
well as minimizing the material waste. It leads
to unnecessary inventories in warehouses and
production. The pull-principle combined with
overlapped manufacturing according to the one-
piece-flow principle prevents this.

Unnecessary waiting times for materials,
people and machines are also closely related to
the topic of inventories. They arise due to waiting
times following an operation, queuing times,
waiting times while workplaces are setup and
waiting of parts in lots. Important approaches to
avoiding these types of waste include:
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• manufacturing segments with workstations
arranged in the shape of an ‘U’,

• extremely short setup times for the machinery,
and

• limiting the WIP in a system by defining the
number of permissible parts before or in a
system.
Unnecessary transportation and handling of

parts is caused by multiple interim storages and
commissioning on the way from the supplier to
the assembly place in the factory. An ideal
delivery and supply concept prevents this
through an integrated supply chain with which
parts from the supplier’s last workstation arrive
directly at the site where they are to be used by
the consumer in the requested amounts, without
packaging and on suitable reusable workpiece
carriers. This does not always happen. In this
case it is the responsibility of the cross-plant
logistics to ensure the demand driven delivery
and the job of the internal transport system to
ensure the places of consumption are punctually
supplied. The handling of parts within the seg-
ment is then the worker’s responsibility.

The second fundamental principle of the
Toyota Production System consists of creating a
flexible production that reacts quickly to changes
in the product quantities and variants sold as well
as the methods and processes implemented. This
is accomplished by:
• distributing the work content as equally as
possible based on a balanced sequence of
product variants with large and small work
contents (i.e., leveling),

• fast reactions to faults with the goal of per-
manently eliminating them and

• broadly qualified workers who, depending on
demand, control one or more work operations.
The group work described previously is a

prerequisite for this.
With the third element, total quality control,

TPS strives to prevent faults entirely so that
customers are able to unpack products which are
completely defect-free. This requires all business
processes to be continually monitored from
marketing over to product development and sales
up to the order processing and servicing. Stable,
capable processes designed according to the
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principles of quality management along with the
internal customer-supplier principle (only send-
ing zero defect goods to the next workstation)
and small control loops allow errors to be dis-
covered as early as possible. This in turn allows
eliminating them at the root without having to
implement additional quality checks. Besides the
self-testing conducted by a worker once they
have completed a work step (supplier), the
worker conducting the next step (customer) also
tests the goods received from the previous station
thus ensuring that even more rare faults are dis-
covered. Should a defect be found, the worker
refuses to accept the piece and to process it fur-
ther; instead the faulty piece is returned to the
responsible originator.

Another important instrument is transparently
presenting information about the work process
(e.g., production numbers, defect rates, degree of
utilization, material consumption etc.) for all of
the employees. With this ‘visual management’ it
is possible to quickly identify both the progres-
sion of key performance figures in comparison to
the target values as well as unusual states. It is for
this reason that visual management also includes
the clear identification of materials and tools
along with their storage location in addition to
detailed information about the work processes
and operating states of machines and systems.

Continuous improvement processes (Japanese
kaizen: change for the better) still play a signif-
icant role. The goal here is to achieve a constant
increase in productivity and quality through
continuous small improvements, suggested and
implemented by employees. The Plan-Do-
Check-Act Cycle (see Fig. 4.9) is a proven
method for the systemizing this process.

Also called the Deming Cycle after its founder
Edwards Deming, this sequence of activities
begins with selecting the subject, analyzing the
situation, determining a method to solve it and
developing an improvement plan (plan), fol-
lowed by implementing the plan (do) and veri-
fying the results (check). When the results are
positive, the method is standardized and visual-
ized to ensure its immediate application (act).

Moreover, a clean, safe and organized work-
place is essential and can be achieved with the
so-called ‘5S campaign’. The 5S include [PP96]:
• Seiri (Sort): Everything not used for the job
should be removed from the workplace
(materials, tools, papers etc.).

• Seiton (Set in Order): Everything should have
its own place and be in its place when not
being used.

• Seiso (Shine): The workplace should be
cleaned and kept clean (machinery, resources,
floor).
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• Seiketsu (Standardize): The first three steps
should be standardized and made part of a
daily work routine.

• Shitsuke (Sustain): Continue to adhere to these
steps and improve the pristine nature of the
work place.
Continuous improvement (CI) cannot replace

innovations in the sense of a radical new design;
rather it is aimed at utilizing the potential of a
process as quickly as possible and preventing a
drop in productivity. Continuous improvement
requires organized and detailed business goals
down to the employee level. These goals then
have to be processed continually in quality cir-
cles or temporarily in small groups either tied
into a specific division or inter-divisionary. It is
essential that employees identify with these
goals.

In considering quality from a holistic
approach, Total Productive Maintenance (TPM)
is aimed at plant efficiency and is the product of
availability, performance and quality. The avail-
ability is determined by machinery disruptions
and setup times, while the performance factor
results from missing orders and a loss of speed.
Finally, the quality factor reflects the defective
parts and start-up losses. With the aid of pre-
ventive maintenance and repair services during
the plant’s entire phase of use and workers taking
on simple maintenance work, the threat of pos-
sible breakdowns can be identified early-on.
When combined with the continuous improve-
ment process and its techniques, lifecycle costs
can be minimized and the plants yield
maximized.

4.8 Just-in-Time

The fourth basic element of TPS—commonly
known as just-in-time (JIT) as coined by Taiichi
Ohno—aims to supply all of the factors needed
for production exactly as needed [Ohn88]. This
supports the logistic objectives ‘low inventories,
‘short throughput times’ and ‘high punctuality’.
JIT considers the entire value-adding chain from

the suppliers to the enterprise’s production up to
the delivery to the customer.

The JIT elements named in Fig. 4.8 are
directed at an even flow of orders through the
production. The production leveling is first aimed
at smoothing the work content of the most
irregular incoming orders, while the pull-princi-
ple emphasizes the warehouse principle. The
ideal here is a continuous flow production with a
constant cycle time across all of the value-adding
stages.

For the procurement process JIT means
delivering purchased parts synchronized with the
production—preferably without an incoming
goods store—directly to the place of consump-
tion. In case of supplying variants in the
sequence they are assembled (e.g., in model
variants of automobiles) the phrase just-in-
sequence procurement (JIS) is common. This
type of procurement is suitable for parts with a
high to medium consumption value (A and B
parts) and a high to medium predictability of
consumption (X and Y parts). For this type of
procurement, with which there is sometimes only
2–4 h of stock maintained at the place of con-
sumption, it is necessary to clearly align the
supplier and consumer while ensuring high
delivery reliability and controlled processes.
Moreover, quantity fluctuations should not be too
strong i.e., in the range of 20 to 30%. For the
remaining part groups other supply concepts are
pursued such as ‘C part management’ in which
the entire organization and controlling of C parts
is outsourced to an external service provider or
article groups are delivered by suppliers. Gener-
ally, the aim here is to reduce the number of
supplier positions, whether by bundling articles
or by forming development partnerships with
later suppliers of components and systems.

Two basic conditions are required for JIT
delivery: (a) a supplier with highly reliable pro-
cesses and (b) a reliable delivery. The first is met
by introducing a supplier qualification phase and
regular auditing. In the case where there is suf-
ficient supply volume, the second condition is
met by settling suppliers in ‘supplier parks’
located close to the consumer. We will take a
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look at some of the other delivery concepts that
are constantly being developed later when we
discuss designing procurement logistics (see
Sect. 9.5.1).

JIT is applied in a production via the pull
principle. In comparison to the push principle, in
which individual orders are pushed from the
workstation in the sequence according to the
routing plan, orders are pulled out of the pro-
duction according to the super market principle
beginning with the last workstation. Figure 4.10
depicts an example of a production controlled
according to the pull principle.

Starting with a stored final product the con-
sumer (here, sales) withdraws the product
according to an existing concrete customer order
and delivers the desired quantity immediately. If
the remaining stock falls below a specific level,
information is transferred to the product final
assembly to deliver this product variant in a
defined quantity and in an agreed upon time. This
information is transferred on a card which defines
the identification number of the item, production
area, consumption area and the quantity of the
item to be manufactured. This document is
referred to as a Kanban, which in Japanese means
card or sign. The product assembly serves itself
from the buffer preceding it, in which welded

parts or pre-assembly groups ready to be moun-
ted are stored; these in turn are re-manufactured
with the aid of additional Kanbans. These control
loops continue back to the cutting of sheet metal
parts or to the mechanical shop. In this concrete
case the external suppliers for the sheet metal and
purchased components (hydraulic parts) are also
tied-in via Kanbans communicated by fax or
increasingly, electronically transferred protocols.

The pull principle thus extensively realizes a
continual flow production; however, it is also
dependent on certain conditions:
• each section of the production has to deliver
100 % faultless parts,

• the number of variants has to be limited,
• the capacity flexibility has to be sufficient for
managing fluctuations in quantities, and

• delivery time of each Kanban has to be strictly
adhered to.
When these conditions are met, not only can

the production control be simple and decentral-
ized, but inventories can also be controlled.

Should these conditions not be met, other
methods such as Constant Work-in-Process
(CON-WIP) [Hop11] or Load Oriented Order
Release (LOOR) [Wie95] come into play. CON-
WIP is unique in that it refrains from variant spe-
cific storage buffers; instead, further production
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runs are triggered from the preceding stage directly
at the start of the production chain. It thus works
according to a WIP controlled pull-production
following the flow principle. In situations where
orders are very different and processed according
to the workshop principle (push), a Load Oriented
Order Release can be applied. LOOR works by
combining a WIP control with a throughput time
control. Orders are only released once it is ensured
that in future a previously defined WIP level on
each of the workstations involved will not be
exceeded. This method protects the workshop
from being overloaded and thus from an uncon-
trolled increase or decrease in WIP. In addition to
the already mentioned reliable production pro-
cesses, just-in-time requires dependable transpor-
tation, storage and supply processes from the
arrival of goods up to and including shipping and
distribution.

From the perspective of factory planning it is
necessary to be able to easily position work-
pieces well on the load carrier. Furthermore,
mobile interim stores (where possible with flow
racks), easy possibilities for transferring load
carriers from transportation vehicles to interim
stores or to the place of consumption as well as a
reliable transport system with very frequent
deliveries are recommendable.

The Toyota Production System does not pro-
vide any information with regards to distributing
the goods created in the production. Neverthe-
less, the flow principle is also applicable here
along with keeping stock levels as low as pos-
sible and shipping times as short as possible. The
distribution logistics are responsible for distrib-
uting goods to the market and end user, usually
via interim stores in which articles are bundled
and shipped to the retrieval location near the
customer. The basic technical functions that arise
here include handling, storage, order picking and
transportation. Since distribution only impacts
the factory planning with regards to the output
point on the factory site, we will not go into this
subject in detail.

With the increased interweaving of the global
goods stream, the object of consideration spreads
from a single enterprise to logistic chains and

networks. Not only is the flow of goods upstream
to the supplier of the supplier considered, but
also downstream to the customer of the customer.
This is referred to as a ‘value-adding chain’ or
more commonly as a ‘supply chain’. The Supply
Chain Operations Reference Model (SCOR-
Model 10.0), which is continually being revised
and updated (http://www.supply-chain.org)
identifies the key tasks for each of the links in the
chain as source, make, deliver, and return (e.g.,
for complaints). Supply Chain Management
(SCM) designs, plans and controls the affected
materials, information and value flows in the
networks with the aim of achieving high cus-
tomer satisfaction (price, quality, delivery reli-
ability) as well as reducing costs (inventories,
interfaces) and quickly adjusting to markets.
Thus, it is no longer a matter of individual
enterprises competing with one another, but
rather entire value-adding chains. Supply chains
such as these are found especially in the auto-
mobile industry.

The last main element of the Toyota Produc-
tion System is referred to with the artificially
coined word autonomation paraphrasing the
ability of an automated system to stop (either
independently or through the intervention of an
operator) when problems arise in the form of
machine malfunctions, quality problems, or
assembly faults. Technically, this usually occurs
through internal sensors in the production
machines or via a ‘rip cord’ along the manufac-
turing or assembly line. A malfunction is indi-
cated by a signal lamp on the affected station as
well as on a clearly visible electronic indicator
board, quickly triggering specialists from quality
control and maintenance and repair services
[Oelt00].

In short, it can be said that Lean Production
and the underlying Toyota Production System
comprises principles for successfully designing
procurement and production processes. A large
number of enterprises have taken up lean pro-
duction and since the 1990s established it in the
form of so-called ‘production systems’.

Spath extended this approach to what he
refers to as ‘holistic production system’ (HPS):
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“Holistic production systems are methodical sets
of rules and manuals for producing goods. They
present a type of operating instructions for the
production especially in consideration of orga-
nizational, personnel and economic aspects”
[Spa03].

The principles of Lean Production are appli-
cable not only for the automobile industry, but
also for many other branches of mechanical,
electrical and electronic products. Once again the
automobile industry was the pioneer for this
approach; however mid-sized enterprises are also
increasingly applying it.

Since the focus is more on the actual produc-
tion systems of the manufacturing and assembly,
existing publications on lean production and
holistic production systems tend not to address
the implications of the concept for factory plan-
ning and changeable factories. There is tremen-
dous potential though, in transferring the basic
ideas to the factory as a system. This will be
shown in the next chapters as we develop it step-
by-step into the concept of a changeable factory.

4.9 Fractal Enterprises

Warnecke’s concept of a fractal factory [War92]
represents an attempt at combining recognizable
developments in production organization since
the 1970s into a holistic approach. Later he also
extended this to include the entire enterprise
[War93].

In a relatively new branch of mathematics—
fractal geometry—a fractal refers to a geometric
form which is self-similar and allows complex
structures to be built with a few simple laws. If
we apply this to an enterprise, a fractal enterprise
is an open system consisting of autonomously
acting and similarly oriented units—the fractals
—which can clearly be described with regards to
their objectives and performance. Through
dynamic organizational structures they form a
vital organism that reacts to external triggers by
changing their structure and behavior [War93].

The concept emphasizes four fundamental
organizational principles:

• self-organization through self-responsibility
and functional integration,

• self-optimization through a continually devel-
oping enterprise,

• orientation on objectives through a holistic,
market-oriented system of business objectives,
and

• dynamic restructuring measured against the
enterprise’s individual fractals’ rate of obtain-
ing objectives.
Although fractals are in some ways similar to

segments, fractal enterprises go beyond seg-
mented and modular factories. Firstly, self-orga-
nization is emphasized based on the common
orientation of objectives in the sense of an inter-
nal market economy. As a result it is possible to
make self-initiated changes to a certain extent not
only within the fractal, but also with regards to
changing the job scope and relation to other
fractals from the bottom to the top. Secondly, the
employees within the fractals should become the
drivers for improvements and changes because
they are able to react considerably quicker to
turbulent market movements than a bureaucratic
organization with centralized planning.

An approach such as this requires the tradi-
tional view of processes, material flow, informa-
tion, efficiency and finances to be extended to soft
factors such as informal social relationships,
strategic aspects and corporate culture [War95]. It
is generally emphasized that there is no universal
project plan that leads to a fractal enterprise.
Instead, readiness for transformation and for
changes in the corporate culture is a key element
of a dynamic enterprise’s pragmatic approach.

This concept has significantly contributed to a
holistic view of production, emphasizing the
appreciation of the fractal as permanent value-
adding units that collaborate in a network of
internal and shared potentials.

4.10 Agility Oriented Competition

In the USA, a business concept known as “Agile
Manufacturing” has been developed based on an
extensive industrial study; once again the
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increased responsiveness (agility) to all of the
customers’ wishes is emphasized [Gold91]. In
doing so, the process of developing a new
product or new service is prioritized above the
manufacturing process so that the time between
the first idea and the first sales revenue (concept
to cash flow time) is kept as short as possible.

In order to open up new groups of customers,
enterprises position themselves within a “com-
petitive space” comprised of four dimensions:
• increasing customer value,
• co-operation,
• organization, and
• people.

This thus takes into account the reality of the
constant and unpredictable changes enterprises
are exposed to. Within this competitive space the
authors recommend enterprises implement a
holistic design that is broken down into six levels
in order to equip enterprises for this challenge.
Figure 4.11 summarizes these along with corre-
sponding methods.

Based on the articulated or anticipated cus-
tomer wishes marketing is responsible for
defining combinations of products and services
that provide the maximum benefit for customers.
In addition, it is the responsibility of the pro-
duction to supply these in the desired lot sizes at
the required time. The entire design process is
then holistically oriented on these tasks, whereby
the relationship with the supplier is linked to the
production processes in consideration of the
customer relationship. Once delivered, the prod-
uct use and removal phases should be accom-
panied in the sense of servicing the product
throughout its lifecycle. The organizational
aspect is concerned with new combinations of
technology and highly specialized knowledge
within a network consisting of both internal and
external members including competitors. Man-
agement is then responsible for dispensing of a
centralized command and control system and
instead leading the way in the sense of a living
example of the enterprise’s corporate culture,
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Fig. 4.11 Characteristics of agile enterprises in a four-dimensional competition (per Goldman et al.). © IFA
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based on trust and supporting employees in a
way that motivates them instead of patronizes
them. An innovative, talented and experienced
workforce is considered the ultimate factor for
success and as such needs to be developed and
promoted.

Generally, the authors of agility oriented
competition do not provide any detailed recom-
mendations or prescriptions for designing pro-
cesses or factories, but rather guide their readers
to consider a living customer relationship and
underline the importance of employees and their
knowledge, abilities and creativity. In doing so,
agile enterprises understand transformation as an
opportunity to offensively use new business
possibilities. For factory planners, an approach
such as this means designing a plant that allows
the processes, product orientation and sequences
to be quickly changed.

4.11 Mass Customization

In the course of further differentiating themselves
from their competitors, many enterprises feel
forced to develop continually new variants which
meet their customers’ specific wishes. In the
preceding discussion on agility oriented compe-
tition this necessity was already suggested and
was considered in view of the entire enterprise.
However, this approach leads to continually
greater effort and costs for the design, production
and logistics departments, which can no longer be
covered by adequate prices. Mass customization
is an attempted way out of this dilemma (some-
times referred to as a complexity or variant trap).

The goal of this approach, first formulated by
Davis, is to apply methods from large scale
production to the production of customized
products and services [Dav87]. Almost 10 years
later Pine, a member of IBM’s business consul-
tation division, extended Davis’ concept to a
series of articles and later in 1993 published them
in what can be considered the standard on this
subject—his book “Mass Customization”
[Pin93]. He moves away from the competition
model developed by Porter which, based on a

division of product strategies, either assumes the
leadership of costs or differentiation into superior
product functionality, quality and delivery time.
In comparison to it, the goal of mass custom-
ization is explained as attacking traditional large
scale producers by specifically occupying niche
markets and gradually broadening them. Condi-
tions for doing so include a highly flexible pro-
duction, a networked collaboration of small
producers and using information technology to
closely link customers, suppliers and producers
while developing new products. In the individual
enterprises this requires flat hierarchies with lar-
gely autonomous teams.

In Germany, it was primarily Piller who pro-
moted ‘customized production’ [Pil10]; based on
numerous examples he describes mass custom-
ization as a logical development of the 1980s
‘variant production’ (see Fig. 4.12).

Whereas in the mass production of the 1960s,
the market’s demand for lower prices had to be
weighed against the demand for a highly efficient
production, in the 1970s the market requirements
broadened to include the level of quality. This
was met in turn by production firms introducing
comprehensive quality concepts. With growing
diversity on the product side during the 1980s, it
became clear that greater flexibility in the pro-
duction was required. An important approach
here was computer integrated manufacturing
(CIM) which however, never achieved its antic-
ipated success because organizations failed to
sufficiently adjust to it. The required flexibility is
only ensured when all of the business processes
are reorganized and the production is broken
down into customer or product oriented seg-
ments. As products and services became more
customized, it became necessary to tie-in not
only customers, but also suppliers.

Based on this approach, Piller developed the
following definition: “Mass customization is the
production of goods and services for a (rela-
tively) large sales market, which meets the dif-
ferent needs of each of those requiring the
products. In doing so, the products are offered at
prices corresponding to the amount purchasers
are prepared to pay for comparable standardized
mass products” [Pil06].
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Mass customization is considered an important
instrument for increasing customer loyalty. It can
be implemented according to two concepts which
differ from one another with respect to the point in
time at which the product is individualized (see
Fig. 4.13). With so-called ‘soft customization’ the
product is either adjusted by the customers
themselves, in the store, or within the frame of
servicing. In comparison, with ‘hard customiza-
tion’ the individualization occurs in the factory
either through corresponding manufacturing
operations, assembly of modules or via stan-
dardized processes which can be setup for single
pieces. Figure 4.13 includes examples for each of
the cases, clarifying their individual application
strengths. A survey of 200 manufacturing plants
in 8 countries applying the concept of Mass
customization can be found in [Sal09].

For factory planning, mass customization
according to the principle of hard customization
means further developing the enterprises organi-
zation into product and market specific segments.
Here, personnel from product design, production

and logistics work together in close proximity,
directly oriented on specific orders. Moreover,
there is an extensive exchange of information and
personal communication along the value-adding
chain, production planning and control is more
demanding and suppliers also have to be prepared
to deliver small quantities quickly. Finally,
exceptionally skilled logistics are essential for
rapidly delivering finished products to the cus-
tomer, who usually is an end user.

The next evolution step is towards personal-
ized products and open-innovation; a broad
overview of which is given in [Pil10].

4.12 Production Stages Concept

The concept of customized production fosters the
continual creation of new product variants. Up
until now, the strongly market driven approach
primarily targeted consumer goods (e.g., shoes,
clothing, furniture, etc.). Nevertheless, its spread
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Fig. 4.12 Stages of developing the production for mass customization (Piller). © IFA 10.023SW_B

4.11 Mass Customization 81



to capital goods cannot be prevented. The general
approach is to generate customized variants by
combining customer neutral components (made-
to-stock) and custom made parts (made to order),
whereby the latter are only manufactured after an
order has been placed. The number of variants in
the early stages of the manufacturing stages can
thus be reduced. Figure 4.14 clarifies the effects
that can thus be targeted [Wie04, p. 13].

When variants are built early-on in the pro-
duction, the outer variance perceived by the
customer causes high inventories of semi-finished
goods and long throughput times while at the
same time requiring a great deal of control effort.
If we then question the traditional separation of
manufacturing and assembly, it is possible to
postpone the manufacturing processes which
determine the variants into the assembly and thus
reduce the inner variance and thereby the com-
plexity of the entire production. In doing so, the
customer neutral product basis is then formed by
as few standardized components as possible.

Production is therefore no longer broken
down into manufacturing and assembly, but
rather into a variant neutral pre-production stage

and a variant determining end-production stage.
This is what is then referred to as the ‘production
stages concept’. It was developed and practically
tested within the framework of a project con-
ducted together with industrial partners [Wie04].
Figure 4.15 depicts the principle behind it.

Traditional discrete part manufacturing is thus
replaced by pre-production processes in which
both variant neutral parts and variant neutral
components are made. The customized product is
then completed in the end-production stage,
decoupled by a buffer. This last stage includes
manufacturing the remaining variant neutral parts
and assembling the remaining variant neutral
components before assembling and testing the
final product. In the idealized end-production
stage the finishing processes which determine the
variants are conducted immediately before the
variant part is integrated [Wie04].

Based on experiences on the shop floor, the
following basic conditions for implementing
production stages have been determined:
• The product should have technical variant
features which are as uniquely definable as
possible.
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• It has to be technically possible (manufactur-
ing-wise) to generate these variant features
within the frame of the final assembly and to
integrate these manufacturing processes into
the assembly sequence.

• The product should be a final product or at
least have a modular character in order to
ensure a strong customer orientation.

• In view of the implemented assembly, manu-
facturing and testing resources, the end-pro-
duction stage has to economically cover a
large range of quantities without requiring
different setups for each variant.

• The part supply is controlled by consumption
in the pre-production stage and by demand in
the end production stage.
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• Employees working in the assembly have to
become skilled assembly workers, leaving
behind highly repetitive activities for product
oriented skills.
This concept was tested in a number of case

studies and documented in [Wie04]. It was
shown that the product design has to be sys-
tematically adapted in relation to the clear sepa-
ration of variant neutral and variant specific
features. Among others, Schuh [Schu05] pro-
vides important methods for accomplishing this.
In addition, it is necessary to have modular
resources that allow pre-finished, variant-neutral
parts to be locally processed without a decrease
in quality and that can be integrated in the
assembly processes as far as the cycle time and
environmental conditions are concerned. Finally,
the procurement and supply logistics as well as
the quality control have to meet the challenges
presented by the new requirements. Generally
speaking, the production stage concept is tech-
nologically demanding, however, it can also
mean a new advantage in the global competition.

In a further collaborative project, this concept
was also extended to a globally distributed pro-
duction. With the Global Variant Production
System (GVP) the product is divided into the
production stages: procurement, competence dri-
ven in-house manufacturing and product com-
pletion close to the market [Nyh08]. Since this
division determines the site specific scope of a
factory within a production network, we will
extensively discuss the GVP System in Sect. 14.6.

For the factory planning, the production stage
concept means special requirements regarding
flexible and re-configurable production systems
on the section level.

4.13 Research Approaches

• IMS

The most important research program for devel-
oping future production systems is the interna-
tional framework “Intelligent Manufacturing
System” (IMS) initiated by Japan. Underneath its

umbrella, participants from Australia, Canada,
the European Union, the European Free Trade
Association, Japan and the USA initially exam-
ined the following five areas (www.ims.org):
• lifecycles of future products and production
facilities including general models, communi-
cation networks, sustainability, recycling and
new feasibility studies

• processes in view of sustainability, techno-
logical innovation as well as flexible and
autonomous production modules

• strategic, planning and development tools for
supporting the re-organization and develop-
ment of strategies

• people, organization and social aspects for
improving the reputation of the production,
developing workforces, operating autonomous
relocated factories, improved knowledge
management and suitable performance
indicators

• virtual, interconnected enterprises with regards
to information and logistics in supply chains,
supporting design co-operations and concur-
rent engineering processes as well as allocating
costs, responsibilities and results to the par-
ticipants of the networked production.
After ten years the first IMS project was

completed. It was then re-started, this time with
Japan, the Republic of Korea, Switzerland, the
USA and the European Union. Currently, it pri-
marily serves as a framework for industrial and
research facilities to find world-wide partners for
projects on managing 21st century production
and organization problems. Five key areas have
been defined:
• Sustainable Manufacturing, Products and
Services

• Energy Efficient Manufacturing
• Key Technologies
• Standardization
• Innovation, Competence Development and
Education.
The common vision from 2011 for the pro-

jects is headed “IMS 2020” and can be summa-
rized through three main statements (www.ims.
org, IMS2020 Brochure KAT1-5 Roadmap on
Sustainable Manufacturing, Energy Efficient
Manufacturing and Key Technologies):
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1. Rapid and adaptive user-centered manufac-
turing, which leads to customized and ‘eter-
nal’ life cycle solutions

2. Highly flexible and self-organizing value
chains, which enable different ways of orga-
nizing production systems, including infra-
structures, and which reduce the time between
engaging with end users and delivering a
solution

3. Sustainable manufacturing possible due to
cultural change of individuals and corpora-
tions supported by the enforcement of rules
and a regulatory framework co-designed
between governments, industries and
societies.
One of the results from the first completed

IMS project, the Holonic Manufacturing System
(HMS), contains important stimuli for change-
able factories; we would thus like to briefly
introduce it here.

The key idea behind Holonic Manufacturing
is the ‘holon’—a term coined by Arthur Koestler
in 1967 in his book “The Ghost in the Machine”
[Koe67]. With ‘holon’ Koestler describes an
autonomous structure within a social or biologi-
cal system, which not only consists of smaller
units but is also part of a larger unit. The word
combines the Greek word holos (for whole) and
the suffix ‘on’, which approximately means
‘part’. Accordingly, a holon is both a whole and
a part of a larger whole.

Within the IMS program mentioned above,
this concept was transferred to the production

world: A holon was thus defined as an autono-
mous and collaborative structural unit within a
production system which converts, transports,
stores and/or validates information and physical
objects [Sei94].

Similar to a fractal, a holon consists of sub-
units that are strongly related to one another. The
holon co-operates as a whole and in turn with
other holons in an organized system referred to
as a ‘holarchy’. It is both autonomous and
cooperative. Figure 4.16 schematically depicts
this correlation [Thar96].

If one applies this scheme to a holonic pro-
duction system, it integrates all of the necessary
activities from the entry of an order to the design
and manufacturing up to and including marketing
in order to realize the agile production enterprise
[Sei94]. In doing so, the holarchy defines the
rules of the collaboration and the limits of the
holons’ autonomy. The individual holons can be
a physical object (e.g., machinery or a facility) or
it can represent information (e.g., a blueprint or a
work plan). People are, to the extent it is prac-
tical, parts of holons. However, their roles and
significance for an enterprise’s success is not as
strongly emphasized as it is with the approach to
agility oriented competition.

The HMS consortium was established in order
to implement this still very conceptual idea.
Within the frame of this consortium reconfigu-
rable machines that can independently and
quickly adapt to changes in the product or
quantity and react to disruptions with an
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holarchy 

cooperative 
cooperative 

holarchy 

autonomous 
holon 

autonomous 
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Fig. 4.16 Holonic system
with cooperating
autonomous holons. © IFA
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automated restart or by operating in an emer-
gency mode were developed. However, new
control strategies as well as intelligent clamping
concepts also belong to the project. For those
who may be interested, a concise literature sur-
vey is presented by Babiceanu and Chen [Rad06]
and an overview of the conceptual frame work is
given by van Brussel et al. [Bru99]. Deen’s book
Agent Based Manufacturing [Deen08] describes
a number of sub-factors as well as how holons
differ from fractals and bionic systems. Mean-
while phase II of the HMS project has been
defined and will be followed on [Gru03].

Generally, a holonic manufacturing system
aims at being highly responsive to changes in the
market and surroundings. As such it should adapt
dynamically, continually controlling its plans and
strategies.

• Bionic Manufacturing

Another noteworthy approach is the continually
evolving Bionic or Biological Manufacturing
project, which is supported by Japanese research
funds. The approach promoted by Okino [Oki89]
and Ueda is based on considerations about the
analogy between the lifecycle of living

organisms and industrially created products (see
Fig. 4.17) [Ued95].

Based on genetic information stored in its
DNA (deoxyribonucleic acid) an organism first
builds organs from cells and from there a viable
entity. It controls itself based on the inherited
information and information learned through
experiences with its environment (referred to as
BN i.e., brains and neurons). The manmade
product is similarly created in a production pro-
cess from raw materials and intermediate prod-
ucts which arise as parts, subunits, and
components. The information required to pro-
duce them consists of blueprints, parts lists, work
plans and employee knowledge. In the course of
a product’s use, information about its use such as
operating hours, malfunctions, and repairs is
generated. Currently all of this information is
stored externally i.e., not in the product itself.

Bionic Manufacturing aims to transfer knowl-
edge gained from biology about the creation,
growth and decay of biological life forms to the
production, use, repair and disposal of industrial
products. Accordingly, a Bionic Manufacturing
System (BMS) arises from autonomous units,
which, like organic cells, communicate with their
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Fig. 4.17 Lifecycles of living organisms and man-made products (Ueda). © IFA G9506SW_B
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surroundings. Cells are coordinated with the aid of
enzymes which correspond to the production
planning and control functions in a production
system. Just as an organism is hierarchically
structured in cells, organs and entities, a BMS also
starts its hierarchical structure with the smallest
autonomous units which then form groups and
ultimately a complete production system.

Similar to the holonic approach a core element
is defined with the name ‘modelon’ in a Bionic
Manufacturing System [Oki89]. A modelon con-
sists of a hierarchy of child modelons, operators
(who act as enzymes) and an environment for
saving information that can be exchanged between
the modelons. The entire structure should act as an
integrated and harmonious structure, but at the
same time consist of autonomous units that are
responsible for making their own local decisions.

One of the long term objectives of a Bionic
Manufacturing System is for workpieces and
products to inherently carry the information
required to produce themselves as well as the
knowledge about the tools and machines needed.
If the product is then to be reproduced, it would
transfer this information to the production units
and elements and thus trigger the actual pro-
duction processes.

This approach is being developed in so-called
“gentelligent components” at the Leibniz Uni-
versity of Hannover Germany within the frame of
the Collaborative Research Centre 653: “Gentel-
ligent Components in Their Lifecycle” (http://
www.sfb653.uni-hannover.de). The coined term
‘gentelligent’ expresses the genetic and intelligent
character of the innovative components. A gen-
telligent part inherently carries the information
necessary to uniquely identify and reproduce it as
well as information about how it was created. It is
thus possible to pass information on to subsequent
generations of components in the sense of its
lifelong learning during its use phase. New pos-
sibilities for use then arise in production and
manufacturing planning, manufacturing, mainte-
nance, repair as well as recycling and counterfeit
protection. For those interested in reading a case
study in which the basic idea was applied we
recommend reading [Den10].

This research does not bare any direct con-
sequences for factory planning. However, it is
obvious that the general approach is to react
quickly and flexibly to changes. This is achieved
via dispersed, autonomous and collaborative
structures with decentralized control, high flexi-
bility and the abilities not only to learn but also to
evolve and reproduce. This will impact produc-
tion logistics over the long-term in the sense of
the manufacturing object controlling itself.

• Manufuture

The EU has also taken up the subject of future
manufacturing within a framework program
entitled “Manufuture” which aims at a European
production system comprised of all the compo-
nents required for competitive and sustainable
development (www.manufuture.org) [Jov09].
Figure 4.18 depicts the basic components that
should be developed according to its call for
applications [Wes07].

On the right side of the figure, the objectives
emphasize the conditions of the production such as
the corporate culture, quality, environment and
social standards; those on the left aim at how the
production is shaped with regards to its flexibility
within anetworked environment aswell as its ability
to deliver strong performances (both technically as
well as logistically) adapted to the changing con-
ditions in the production. These fields are extended
to include a sustainable economic, ecological and
social management as well as an approach towards
an organization that is continually learning.

The initiative has led to the Manufuture
Technology Platform which developed a strate-
gic research agenda based on five objectives (see
Fig. 4.19).

The objectives are defined as
• competitiveness in manufacturing industries,
• leadership in manufacturing technologies,
• eco-efficient products and manufacturing, and
• leadership in products and processes, as well
as in cultural, ethical and social values.
A comprehensive overview is given in

[Jov09]. In the US the reshoring initiative laun-
ched in 2010, strives to bring back manufacturing
jobs to the US. (http://www.reshorenow.org/).
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4.14 Summary

All of the discussed production concepts can be
summarized with the following characteristics:
1. Modular units with ‘local intelligence’ with

integrated sensors, actuators and information

processing/storage, for machining, assem-
bling, storing and transportation.

2. Production systems that adjust quickly to
changes in products, their variants and quan-
tities because they are reconfigurable, scal-
able, mobile and have standardized interfaces.
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Fig. 4.18 European production system—Manufuture (Westkämper). © IFA 14.787_B
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3. These units can be easily configured into a
process chain with which high quality parts,
components and products can be produced in
very small quantities.

4. Production units are able to be easily net-
worked into cooperative productions.

5. Planning, control and monitoring the techni-
cal and logistic variables for the product and
processes of the production modules is
decentralized. Moreover, self-monitoring/
controlling is supported.

6. Employee responsibilities are shifted from
‘optimally’ executing pre-planned production
processes to designing and monitoring tasks
with a clear responsibility for results related to
the customer’s defined product in the deman-
ded quantity, quality, and delivery time.

7. Sustainable development is taken into con-
sideration in relation to economics, the envi-
ronment and social standards.
Consequently, it is clear that there is a need

for changeable factories that can adjust to new
challenges on one or more levels depending on
what impulse triggers the change. In order to be
able to asses this concept, we first have to clarify
how it differs from similar concepts such as
change-over ability, flexibility, re-configurabili-
ty, transformability, and agility. The next chapter
is dedicated to this.
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5Systematics of Changeability

5.1 Introduction

Generally, due to the globalization of the goods
and service market since the 1990s, the extent and
speed with which these changes have to be
implemented, has significantly increased. These
concern both the market offerings and the busi-
ness processes, which are introduced in Sects. 2.3
and 2.4 as the strategic basis of a factory. We refer
to the overall ability to undertake these adjust-
ments as changeability. However, a countless
number of related terms are to be found in
publications and in the practice e.g., flexibility,
reconfigurability, adaptability, agility, transform-
ability and dynamic. Therefore, in the following,
we will more closely consider the terms funda-
mental to production and factory planning and
organize them systematically.

5.2 Flexibility

Flexibility of production is the most frequently
discussed concept in this context. Extensive
meta-analyses (e.g., [Ton98] which is based on
120 publications about this topic), have shown
that flexibility is either static or dynamic. Static
flexibility describes the ability to steadily operate
within a defined range of products, processes and
their quantities with regards to quality, costs and
delivery time. In comparison, dynamic flexibility
describes the ability to change the production
system with regards to its capacity, structure and

processes quickly and without any substantial
costs. Flexibility can either refer to the entire
value-adding chain from the supplier to the cus-
tomer (horizontal classification) or to different
layers of the production, from individual work-
stations to sections up to sites and production
networks (vertical classification). Moreover the
time aspect of the flexibility—which can also be
described as the speed of response—should be
considered. Here, flexibility can be categorized
as short, medium or long term (also known as
operative, tactic and strategic flexibility, respec-
tively). Finally, the object which the flexibility of
the production’s performance is concerned is also
pertinent. This then addresses on the one hand,
the volume and mix of the product spectrum and
on the other hand, the items it contains with their
different base materials, manufacturing methods
and work sequence.

What proves to be problematic is measuring
the flexibility and the costs that are associated
with it. Currently, there are still no generally
accepted methods or approaches for determining
this. The most important classes according to
Toni and Tonchia are ‘direct’, ‘indirect’ and
‘synthetic’ aggregated indicators. The first, direct,
analyzes how the flexibility of the observed sys-
tem behaves in different situations based on
possible options or measures, whereas indirect
indicators examine the character of the flexibility
(technological, organizational) or the costs and/or
effort connected to the flexibility. With synthetic
indicators the aim is to set the (internal) system
flexibility in relation to the strived for (external)

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
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objective and from that to calculate a type of
fulfillment rate. In the end, the flexibility cannot
be precisely measured; rather, it is comparable to
the abilities of a person or organization to react to
disruptions in their environment within an
appropriate time and with a suitable amount of
effort without endangering themselves.

Flexibility is also increasingly considered a
strategic approach to turbulent environments and
as such is further differentiated. In an extensive
and thorough meta-analysis of 70 published
sources, Rakesh Narain, R.C. Yadav et al. dem-
onstrate the lack of guidelines for determining
the flexibility an organization requires [Rak00].
The authors suggest that there are three different
types of flexibility (necessary, sufficient and
competitive) to each of which they allocate cer-
tain classes of problems and approaches to
solutions (see Fig. 5.1).

Necessary flexibility is required to be able to
quickly react to operative problems, which spo-
radically and unpredictably arise in the form of
product changes, machine malfunctions, absent

personnel, supplier problems and demand fluc-
tuations. They directly impact the technological,
logistic, and personnel related resources that
participate in processing orders. Solutions in this
area are aimed at ensuring they are sufficiently
elastic and easily converted. Medium term, tac-
tical flexibility—referred to by the authors as
sufficient flexibility—ensures that processes have
the ability and certainty required for today’s
business with regard to product quality, delivery
time and delivery reliability as well as production
costs. Manufacturing processes thus have to
allow different parts to be finished with different
materials and without higher costs. This requires:
(a) machines and measuring tools that are easily
converted, (b) flexible handling and supply of
parts and (c) employees to be trained accord-
ingly. Finally, the strategically based competitive
flexibility, which works over the long term, aims
at controlling product changes as well as the
supplier’s and market behavior. The entire pro-
duction is considered here, whereby the solutions
cited focus on the machinery level and their
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handling devices as well as on the layout and
control system level.

In keeping with the character of the publica-
tions, no concrete suggestions are made for the
three types of flexibility. Moreover, the analysis
does not consider the relation to logistics,
buildings or their equipment and does not include
the production site and the development of it.
Nevertheless, this classification provides a valu-
able basis for systematically addressing how to
design flexibility.

In German publications, Kaluza, among oth-
ers, intensively examined the concept of flexi-
bility based on his own extensive work as well as
an evaluation of numerous publications [Kal05].
He defines a broad notion of flexibility which
should include the fundamental operational
aspects:

“Flexibility is the ability of a system to allow
proactive or reactive as well as targeted changes
in the system’s configuration in order to fulfill
the altering conditions of its surroundings”
[Kal05, p. 9].

With regards to the notion of production
flexibility, which is of particular interest for us
here, Kaluza distinguishes between a ‘real’ and
‘dispositive’ flexibility [Kal95]. Real flexibility

describes the ability of the personnel, technology
and materials to adjust, whereby the first two
factors are primarily of interest. Their flexibility
is further categorized into qualitative, quantita-
tive or structural. Figure 5.2 depicts the resulting
system of flexibility types as well as the selected
instruments or flexibility measures that are allo-
cated to them [Kal89].

Whereas qualitative flexibility characterizes
the basic ability of the personnel and techno-
logical resources to complete various tasks,
quantitative flexibility describes the range of each
of the performance indicators quantity, time and
intensity wise. Structural flexibility pertains to
both personnel and products. On the personnel
side, it depends on how successfully the borders
between planning, execution and control tasks
can be removed with measures for expanding the
work areas. In comparison on the production
side, structural flexibility is determined by the
type of layout and control and is described by the
routing freedom, redundancy of production
facilities and storage capacity.

In addition to this real flexibility, which could
also be interpreted as potential flexibility, Kaluza
posits the previously mentioned dispositive flex-
ibility. Here, he distinguishes between two types:
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flexibility of the production planning and flexi-
bility of the production control. Supportive
measures for the first type of flexibility include
measures for structuring the product and systems
for planning production, whereas the second type
of flexibility can be supported by production
control methods and improved communication.

With these types of flexibility, Kaluza already
addresses fundamental elements which clearly
need to be considered when planning a change-
able factory. These include the work organiza-
tion, production facilities and logistical planning
and controlling of the order processing.

Further important impetuses for considering a
production’s flexibility arise from the work on
part family manufacturing and group technology
that has been taking place since the 1960s and is
aimed at overcoming the disadvantages associ-
ated with job shop productions i.e., high WIP
levels and long throughput times. Manufacturing
cells, segments, flexible production systems and
even lean production are a result of it (see Sects.
4.4–4.7). All of these have to be flexible on the
one hand and on the other hand allow machines
to be utilized economically.

In 1981, the Institute of Production Systems
and Logistics at the University of Hannover
already attempted to describe how production
flexibility is structured by breaking it down into
three sub-concepts [Wie81]. Figure 5.3 outlines
this suggestion according to areas and types of
flexibility, supplemented with examples.

Technological flexibility describes the possi-
bility of implementing different manufacturing
processes in one machine (versatility). This
allows different workpieces of a basic form e.g.,
rotational parts or cubic parts, to be completely
manufactured as far as possible in one setup
within the workspace of one machine. In com-
parison, setup flexibility means being able to
execute different manufacturing tasks with an
economically feasible degree of effort. Structural
flexibility, also referred to as routing freedom,
allows an order with different operation sequen-
ces to be guided through a manufacturing sys-
tem. It is generally determined by the more or
less strict orientation of the layout on the pro-
cessing sequence of the operations. Finally,
capacitive flexibility describes the quantitative
reserve of a production system (expansion
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potential), the possibility for shifts within the
production program (compensation ability), and
the possibility to balance differences in sales and
capacity trends by storing semi-finished or fin-
ished products (storage capability). These defi-
nitions which only refer to part manufacturing
represent a further building block on the way to
the concept of a changeable factory.

Similar considerations as those for part man-
ufacturing were developed by Eversheim in the
early 1980s for assembly systems [Eve83]. In
order to design the necessary modular elements,
the types of assembly flexibility had to be defined
(see Fig. 5.4).

Whereas, date oriented flexibility refers to the
assembly processes running on each of the indi-
vidual stations and either allows switch-overs for
individual workpieces or re-routing, time period
oriented flexibility concerns the setup or conver-
sion of an entire assembly system to another
variant or product. Disruption flexibility, which
plays a particular role in assembly systems due to
the short cycle times, is event oriented and gen-
erally concerns failsafe strategies that are to be
implemented when functions are unpredictably
disrupted due to malfunctions. Solutions for such

assembly systems are increasingly available on
the market. Manual or automated stations can be
swapped out quickly in an assembly system, in
order to adjust to different products or fluctuations
in the number of pieces [Lot06].

While traditional German studies on factory
planning such as those by Kettner and Aggteleky
already explored the notion of flexibility on the
factory level quite early-on (see Fig. 5.5 and
[Her03]), Anglo-American literature has yet to
emphasize this topic (see e.g. [Mut89, Her06,
Tom10]).

Kettner recommends planning as far ahead as
possible during the factory planning phase,
which allows certain flexibility in the schedule as
a reaction to changes during the planning and
maintains a reserve in the sense of over-dimen-
sioning. The factory itself should be easily
expandable and have capacities with a specific
degree of flexibility [Ket84].

Aggteleky already distinguishes more con-
cretely between the flexibility of the structure and
that of the layout [Agg87]. The first ensures
against deviating operating conditions through
universal facilities and the fault elasticity of the
production, whereas the layout flexibility
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addresses the basic factory elements: manufac-
turing and assembly, storage and transport sys-
tems, buildings and technical infrastructure.

Both these approaches clearly show that due
to the comparably stable market conditions, the
scope of changes typical for today could not yet
be considered back then and that the concept of
changeability was not required.

5.3 Reconfigurability

From the perspective of manufacturing technol-
ogy, solutions that make machine tools and
production facilities more flexible technology
wise need to be emphasized. Since the 1990s
they have been discussed under the notion of
reconfigurability. Here, the focus is on dividing
manufacturing equipment into functional com-
ponents and thus making it possible to quickly
reconfigure machines e.g., by inserting a move-
ment axis or a spindle. After being mechanically
coupled, they are recognized by a higher level
control and are productive once a control

program starts. The first implementation of this
technology was introduced in the USA by Koren
[Kor01]. In Germany, within the frame of a
public funded research project referred to as
METEOR (http://www.meteor2010.de), solu-
tions for reconfigurable machine tools and man-
ufacturing systems were developed together with
the machine tool industry [Abe06]. Whereas,
reconfigurable assembly systems could be con-
sidered state of the art, reconfigurable manufac-
turing systems tend to still be in the research and
development phase. A comprehensive overview
of the current state of research on flexible and
reconfigurable production systems is provided by
[Wie07].

5.4 Changeability and Change
Enablers

From the perspective of factory planning, the
question of which flexibility is required for the
entire factory has been discussed since the end of
the 1990s under the concept of changeability.
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Already in 1997, Reinhart referred to change-
ability as a new dimension of flexibility [Rein97].
He defined the concept as a combination of
flexibility and responsiveness [Rein00], whereby
flexibility is understood as the “possibility for
change within the provided dimensions and
scenarios” and “responsiveness [is] a potential
for being able to act beyond expected dimensions
and corridors”. Later, Reinhart explained the
concept of changeability more precisely:

“Changeability is understood as the potential
which makes it possible to quickly adapt also
beyond given corridors in relation to organiza-
tion and technology without having to exten-
sively invest” [Rein08].

Figure 5.6 provides a visual depiction of this
(see also [Nyh08, p. 25]). Accordingly, when
there are change drivers that do not exceed a
certain degree, the “built-in” flexibility of the
system comes into play. The required change
thus takes place within the system without hav-
ing to convert it and reconvert it. If the require-
ment of a change driver exceeds the thus defined
flexibility corridor, the system has to be changed.
A solution space within which the system can be
modified is foreseen for such situations. This
space allows almost any configuration of
resources, however is still limited for example,
with regard to the size and precision of products.

If a change driver arises necessitating a modifi-
cation, (e.g. a considerable increase in the num-
ber of pieces), a structural change, which can
however be built-back, is required.

Westkämper [West99] also contributes
important impulses for the changeability of the
entire production enterprise. As depicted in
Fig. 5.7, he differentiates the changeability of
company structures according to elements (real
estate, mobile property, information processing
and personnel) as well as time horizons (short/
mid/long term).

From there, Westkämper derives the techno-
logical innovation necessary for allowing the
production to be continuously re-planned and
reconfigured. He then also recommends concrete
approaches for accomplishing this [West00].
Here too, flexibility is distinguished from
changeability:

“A system is referred to as flexible when it is
reversibly adaptable to changed circumstances
within the frame of a generally anticipated span
of features and expressions.”

Moreover:
“A system is referred to as changeable when

its processes, structures and behavior inherently
possess a specific, implementable variability.
Changeable systems are capable of not only
adapting in reaction but also able to intervene in
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anticipation. These activities can work towards
changing the system as well as the environment.”

Management, people, technology and organi-
zation are singled out as the basic starting points
for designing the changeability. Stemming from
there, Westkämper provides an extensive
description of the Stuttgart approach to a
changeable company in [West09].

Wirth defines a further developed form of
changeable factories as flexible temporary fac-
tories which only serve a specific market with a
specific product for a limited time [Wir00]. The
knowledge that the length of the lifecycles of the
products, processes, factory buildings, and area-
use continually drift farther and farther away
from another is decisive for this approach (see
Fig. 1.4).

In addition to the previously known discus-
sion about the product and production processes,
the type of building (universal, low cost or
modular mobile buildings) and the role of the
factory grounds are focused on within the frame
of the city/town planning. Along with that, Wirth
sees a change in the roles and function of factory
planning. In addition to the traditional “core
planning” of resources, personnel and areas he
includes also the local lifecycle of a temporary

factory with preparations, ramp-up, dismantling
and relocation as well as its external network and
logistics.

As a further development of this approach,
Schenk and Wirth suggest a factory based on a
network of competences integrated in a heterar-
chical (in comparison to hierarchical) network
organization [Sche04, p. 364 f]. It consists of the
smallest value-adding units capable of surviving
and of changing, i.e., so-called ‘competence
cells’.

The Institute of Production Systems and
Logistics (IFA) also began to research the subject
of changeable factories early on and has made
concrete contributions in the form of talks,
papers and factories which have been built
[Wie00, Wie01, Her03]. The system of change-
ability Hernández developed together with
Wiendahl at IFA stems from system theory and
provides the foundation for this book with
regards to the changeability of a factory [Her03].
In doing so, particular emphasis is placed on
considering the architectural requirements early.
From there, recommendations for incorporating
process and spatial perspectives in the initial
stages of the factory planning were derived, and
further developed by Nyhuis and Reichardt into
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an approach referred to as ‘synergetic factory
planning’ [Nyh04, Rei07].

The IFA approach to changeability starts by
defining a factory as a system which, in this
context, possesses the basic properties mentioned
in Fig. 5.8 [Ulr95].

The notion of wholeness and parts emphasizes
that the quality of a factory is not the sum of the
qualities of its parts, but rather the interaction of
its parts as a whole. The degree of interlinkage
describes the density of relationships. The indi-
vidual elements are not simply linear, but rather
are linked together in intermeshed control loops
and to some extent backwards coupled. The
openness of the factory results from the strong
correlation to the environment. There is no doubt
that a factory has a high degree of complexity—
complexity is in fact necessary for its survival as it
allows the factory to take on different states
quickly [WEM12]. Complexity is based on the
number of elements and the possible relationships
between them and their surroundings. The
dynamic of the ‘factory’ system describes the
behavior while processes are being conducted
and results from the change in the system

elements. The ability to then regulate the system
is described with control. This is accomplished
to some extent automatically, however predomi-
nantly via employees. The ability to develop can
be interpreted as the ability to learn and react
to impulses by adjusting or changing. Finally,
the purpose and task orientation is the driver to
suffice the environment’s expectations and
demands e.g., from the market, politics, local
surroundings etc.

A system always strives towards a state of
equilibrium with its environment, which in the
case of environmental changes necessitates
adjustments. If it does not possess this as a
change enabling quality, it loses its balance
becoming unstable, even to the point of its
destruction. System theory recognizes two types
of changes which are identified as structural
coupling and transformation (see Fig. 5.9).

With structural coupling only the relations
between the system elements change. It can thus
be interpreted as a flexible reaction which pro-
ceeds with the aid of defined control mecha-
nisms, such as redirecting an order to an
alternative machine. Transformation on the other
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hand, changes not only the relation of the ele-
ments, but also their qualities and functions up
until the point that new structures and systems
are created. An example here is the transforma-
tion of a workshop production into a number of
manufacturing cells.

The changeability of the ‘factory’ system thus
allows the transformation of a system and is
supported by three of the eight characteristics of
a system mentioned in Fig. 5.8. They are pre-
sented once more in Fig. 5.10 accompanied by
the relevant system properties [Her03].

In order to be able to realize a transformation,
the system has to possess specific characteristics,
which in the following will be referred to as
change enablers. These are inherent characteris-
tics which can be activated in a specific time
period and create a desired change. The change
enablers identified in Fig. 5.11 can be derived
from the three system properties we described
above as being relevant to change [Her03].

Mobility as well as expandability and reduc-
ibility can be allocated to the system’s dynamics.
They characterize the objects’ ability to change
with regards to the location and extension.
Modularity as well as the function and utilization
neutrality are linked to complexity and describe

the ability to take on different system states.
Finally, the change enablers linking ability and
disintegration/integration ability are derived
from the degree of connectivity.

In practically applying these concepts it
became evident that they could be simplified
further and reduced to the five enablers depicted
in Fig. 5.12 along with their corresponding
definitions.

When it comes to practically implementing
changeability, in addition to these considerations
about the system from a technological perspec-
tive, it is important to consider the actors in the
enterprise who decide about the degree of
changeability and how it will be concretely
realized.
• From the perspective of management the
question of interest is how quickly an entire
enterprise should react to risks and opportu-
nities, whereby aspects such as market and
product strategy, financing, cooperation,
organization and site are in the foreground.

• The business economics is concerned with the
opportunities and risks as well as the cost-
benefit relation of changeability. Is it worth
investing e.g., in increasing the changeability of
a production through a flexible manufacturing
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system which only pays itself off after the sec-
ond or third product change?

• A third perspective concerns the technical
realization of the changeability of the indi-
vidual factory elements, beginning with the
manufacturing and assembly facilities, as well
as the logistic systems and their control up to
and including the buildings and their facilities.

• Finally, from the industrial engineering per-
spective there is the question of which condi-
tions need to be met on the level of the
employees with regards to their motivation,
qualification and remuneration in order to
ensure the production is smoothly adjusted.

5.5 Aspects of Designing
Changeability

For the individual enterprises the question now is
how to define and concretely design the flexi-
bility, reconfigurability and transformability that
is demanded by all sides. In order to do so, it
seems practical to first select a generic term for
the different types of adjustability and to later put

it into concrete terms for the various classes and
orders of a factory’s objects. In the following,
based on numerous discussions on the interna-
tional level, the term ‘changeability’ has been
selected (see [Wie07]).

The next step is to identify the aspects which
need to be designed in addition to those in a
traditional factory planning in order to attain the
desired changeability; an overview of this
approach is provided in Fig. 5.13.

We will start by clarifying the external and
internal change drivers (see Fig. 1.8), which
present themselves in the demand volatility and
the variety of goods and services forced by the
market. One of the frequent change drivers is a
new business strategy, triggered by a change in
ownership or management. The enterprise can
react by re-designing the market offering or the
production performance. In both cases the
changeability has to be adapted via the outlined
change enablers. In regard to the market per-
formance these change enablers include e.g.,
constructing modular products or services,
introducing a platform concept, or using pro-
gramming to build variants at a later time. Gen-
erally speaking, in the case of the production
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performance the manufacturing processes, pro-
duction facilities and possibly the organization
should be designed to be changeable. In addition
to modularity, scalability and mobility are useful
change enablers here.

The degree to which the changeability should
be increased is dependent on the strategy selec-
ted, which—as already mentioned—ranges from
‘immediately required’ to ‘temporarily sufficient’
up to a ‘strategic orientation’. The degree of
changeability that should be pursued can only be
determined from here and is characterized by the
level of change and the acceptable duration of the
change as well as the costs deemed permissible
e.g., extra charges for having technological
building services that are easy to modify.

The improved changeability remains worth-
less if it cannot be quickly activated when there
is an impulse for change. It is thus necessary to
develop a concept for utilizing the changeability
i.e., in the form of a plan of action, trainings for
required personnel as well as ensuring that the

technical means for implementing it are avail-
able. This approach can be created in analogy to
a concept for fast setup processes.

Finally, it is preferable to be able to eco-
nomically evaluate planned or existing change-
ability and to be able to prove it as far as possible
with key performance figures.

5.6 Morphology of Changeability

A morphology matrix for the changeability of a
production enterprise can be developed from the
diversity of influential factors and their charac-
teristics (see Fig. 5.14). Theoretically, in such a
matrix each shaping of a factor can be combined
with each of the others; changeability can
therefore appear in a vast array of forms. In order
to apply these practically, it is useful to break
them down into different types. Before doing so
however, we will first briefly introduce the fac-
tors and how they express themselves.

change extension
• level
• time and frequency
• effort

change focus 
“market offering”

• product
• volume
• mix

change driver
• volatility
• variety
• market strategy

change strategy
• necessary
• sufficient
• competitive

assessment and 
key performance

figures of
changeability

change enabler
of processes

• modularity
• scalability
• mobility etc.

change focus
“production system”

• processes
• equipment
• organization

change utilization
• planning
• training
• implementation

internal external

change enabler
of products

• modularity
• platform concept
• variant formation

Fig. 5.13 Factors that impact the changeability of market and production performance. © IFA 14.790_B

5.5 Aspects of Designing Changeability 103



First, change drivers are not only influenced
by the markets uncertainty and variety of prod-
ucts in the sense of risks, but also contain
opportunities with the availability of new man-
ufacturing methods (in particular: laser technol-
ogy, information and communication technology
as well as micro-, Nano- and RFID technology).
New forms of co-operations already supported
by the internet are also used in development,
supplier, production and logistic networks.

The second influential factor, the change
focus, comprises three objects and is depicted in
Fig. 5.15 along with the abovementioned change
drivers. In addition to the product mix (com-
prising of functionally superior products with
significant customer benefit), the performance
required from the market perspective also con-
sists of an ability to adjust delivery volumes with
demand fluctuations while reducing delivery
times, increasing delivery reliability and at the
same time decreasing production costs. The
production performance (as the generic term for
the function of the production to fulfill orders) is
considered here on the level of six enabling
elements, which can serve as the focus of the
changeability. These basically entail the manu-
facturing technology and the related production
logistics, the hierarchical and process organiza-
tion including employees, as well as the

production buildings and the land they are built
on. The interactions of these elements with the
market offering need to be concretely identified
within the scope of factory planning.

The two expressions of changeability men-
tioned above are initially oriented on improving
the market offering (external view) or the pro-
duction performance (internal view). However,
there are also interactions between these two. A
new product requires new production perfor-
mances. Inversely though, an initially new pro-
duction technology that is product-neutral e.g.,
the introduction of an electron-beam welder can
offer new possibilities for designing products.

The third change focus thus refers to business
processes (see Fig. 2.7). In addition to the main
processes (market opening, product develop-
ment, order obtainment, order fulfillment and
service) the supportive processes (human
resources, information and communication tech-
nology, accounting, general services and quality
management) deserve equal consideration with
regard to a company’s changeability. In view of
the growing significance of services as a field of
operation of its own, particular attention should
be dedicated to its increased changeability.

Usually, the primary change focus is the
market offering. Based on an analysis of
the business processes the demands on the
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production process and their changeability are
determined from it. However, in other cases the
progressive deterioration of the technical, logis-
tical and economic production performance can
also provide the reason for a fundamental
change.

After deciding upon the focus of the change,
the question arises of how much changeability
should be ‘built-into’ the market offering or
production performance along with how great the
change potential needs to be. This is ultimately
dependent on the chosen strategy regarding the
desired change potential. There are three types of
change potential ‘necessary’, ‘sufficient’ and
‘competitive’ which can also be characterized as
operative, tactic and strategic.

The sort of changes allocated to the operative
change potential concern the usual market fluc-
tuations and disruptions that are unavoidable
even in a relatively stable environment. These are
reacted to spontaneously within the frame of
practiced routines and do not, for example,
require products or production systems to be
structurally changed. From the product side,
examples include designing variants or modular
systems that can be tailored to each customer.
From the production side this might mean the
change-over of a machine or assembly station
including changing the control program, tool and

fixture in order to obtain the necessary change
potential.

In comparison, the tactical change potential is
concerned with the consistent ability to deliver a
defined product spectrum in the medium term
with sufficient certainty in regards to the quality,
costs and logistic objectives ‘delivery time’ and
‘delivery reliability’. This includes for example,
measures for introducing manufacturing methods
requiring no setups, but also allows manufac-
turing, assembly and logistic structures to be
quickly changed for instance by introducing
manufacturing segments, reducing the manufac-
turing depth or having components supplied just-
in-time.

Lastly, the strategic change potential is aimed
at being able to introduce new product variants,
products and processes very quickly. In doing so,
the firm should gain competitive advantages in
regard to the price or delivery times, which sur-
prise both the customer and competitors. The
strategy here is to productively generate turbu-
lence instead of only managing it reactively.

As already discussed an enterprise does not
have an unlimited degree of freedom; describing
it as precisely as possible therefore serves to
expose the actual or supposed limitations con-
cerning the changeability. First, we have to dif-
ferentiate between the technical and logistical
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degrees of freedom, which we can also refer to as
the hardware degrees of freedom. Here, we are
concerned with which types of materials, manu-
facturing processes, assembly techniques, han-
dling/transportation and storage processes can be
managed at all including the planning, control-
ling and testing processes. In comparison, the
organizational-cultural degrees of freedom are
more “soft” in nature. They affect the possibility
of changing the structural and procedural orga-
nization without considerable resistance of the
employees and attaining the necessary qualifica-
tions, learning abilities, and readiness for change.
The latter is obviously a question of the corporate
and in particular management culture. Finally,
the economic degrees of freedom are often deci-
sive for a desirable changeability. These can be
demands on the economic efficiency of an
investment, such as a specified group-wide pay-
back period or also a financial limitation in the
form of a given investment sum for converting a
production or for building a new factory.

The last basic influential factor of change-
ability according to Fig. 5.14 is defining the
extent of change. Here the level and span of the
changeability that will be pursued for the product
or production has to be clarified. On the product
side, it can range from single pieces and their
material, form, size and precision up to the
product mix, whereas on the production side it
can extend from individual workstations up to
the location in a production network.

A time related change characteristic is the
frequency of the possible changes, which from
the product side is coupled with the rate of order
change-overs, product modifications, introduc-
tion of new products or changes in the product
portfolio. In comparison, extreme cases in the
production sometime include setup changes a
number of times per day, capacity changes a
number of times per week, structural changes a
number of times per month or site changes every
few years. Closely related to the frequency of the
changes is of course their duration. Generally it
can be determined that operative changes from
one order to the next should lay within the range

of minutes where possible, whereas structural
changes with tactical character are required
within the span of weeks to months. Even stra-
tegic changes in the products themselves or an
entire production must be possible within a span
of a year, in order to be able to cover the con-
version costs still with premium prices for orig-
inator products. A type of changeability that goes
beyond these is related to the enterprise as a
whole, which is searching in a global market for
future areas of operation in which the product
portfolio is established via a sales and product
network.

Finally, the permissible effort for a change
(measured on the internal and external personnel
capacity as well as the related earnings) are
highly significant for efficiently designing
changeable technical, organizational or personnel
elements of the market offer or product output.

5.7 Classes of Changeability
for Production Performance

As already indicated, when applied in industry it
is not very practical to define only one of the
changeability aspects for an entire production
enterprise. Rather, changeability serves as a
generic or umbrella term for different classes of
changeability corresponding to the different lev-
els of a production, which can be allocated to
corresponding levels of the market offer.

These levels of the production performance or
market offer can each be characterized from the
perspective of factory planning with six terms
that follow the traditional hierarchy of a factory
and its products. These in turn can be allocated to
different types of changeability. Figure 5.16
provides an overview (see also [HEM09]).

The lowest level corresponds to the individual
workstation, which usually consists of one
machine and an operator. Here a defined oper-
ation is executed on a workpiece with the aid of
specific manufacturing methods e.g., a turning
operation, a surface treatment, etc. This leads to a
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‘part element’, such as a drill-hole, gearing, or a
surface area. Accordingly, a number of parts are
joined into a sub-component on an assembly
station. In order to alter the process, so-called
change-over ability is required; on automated
stations this is attained by changing the control
program.

The next level comprises a manufacturing
cell, which can execute a sequence of operations
in order to produce a ready-to-use workpiece and
variants of it. Usually such cells are numerically
controlled and automatically change tools. Sim-
ilarly, a more or less automated process forms a
functional component in an assembly cell. Such
cells not only have to possess change-over ability
but also flexibility with regards to new parts or
components.

A system generally consists of a number of
stations or cells and represents a manufacturing or
assembly system depending on the operations it
conducts. It can be equipped with or without an
interim buffer and can arise in different configu-
rations e.g., circle, line, network etc. These sys-
tems serve to produce a group of different parts or
components, which however own a certain simi-
larity. Since not all of the variants of parts or
components are known when the system is being
installed, it has to also be possible to change it
structurally by inserting or removing components
aswell as spatially re-arranging these components.

Thus in addition to beingflexible, they also have to
be reconfigurable. If these systems in addition
own the change enablers defined in Fig. 5.12 they
are transformable.

Combining a number of such manufacturing
or assembly systems together, creates a section,
whose manufacturing and assembly units are
supplemented by logistic systems such as stor-
age, transportation and handling systems. Their
task is to produce different components, which
are in fact complete products that have been
tested and are able to be used. The sections have
to be flexible as well as reconfigurable when
there is a product change. If the sections in
addition own the change enablers, they are
transformable.

The factory level joins a number of such pro-
duction sections together, each of which yield a
defined market offer. In order to do so, in addition
to the manufacturing, assembly and logistics, it
needs certain infrastructural facilities for supply-
ing materials, energy, media and information as
well as for disposal. Here, in addition to the sub-
systems being reconfigurable, the planning and
control as well as the infrastructural systems and
employees have to be able to adapt to new tasks.
Are the change enablers available for all sections,
the factory is said to be transformable, otherwise
flexible. The presentation clarifies that a certain
factory level may well possess different classes of
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changeability, depending on the extent to which
change enablers are available.

Finally, a factory is generally part of a pro-
duction network. Such networks consist of a
number of factories on different locations and are
often closely linked with suppliers of product
components and sub-products. Changes on this
level are usually driven by strategies e.g., enter-
ing into a new market, changing the product
portfolio by introducing or removing products
from those offered, or merging with a newly
acquired firm. This requires agility and is first
and foremost a responsibility of management.

The types of changeability thus described are
defined as follows:

• Change-over ability describes the oper-
ative ability of a single machine or
workstation to be able to quickly execute
defined operations on a known work-
piece or part family at any desired point
in time with minimal cost. The change-
over is reactive and can occur manually
or automatically.

• Flexibility refers to the operative ability
of a manufacturing or assembly system
to be able to reactively adjust itself to a
predefined number of workpiece types
or components by inserting or removing
individual functional elements quickly
and with minimal costs in regards to
hard/software. The adjustment is to
some extent manual but also includes
automated functions.

• Reconfigurability refers to the tactic
ability of an entire production or logistic
section to be able to mostly reactively
adjust itself to a new—but similar—
family of components including the cor-
responding in-house manufacturing and
purchased parts. This adjustment is
accomplished by changing manufactur-
ing methods, material flows, and logistic
functions over the mid-term with an
average amount of effort in regards to
hard/software. The adjustment is mostly
done manual and generally requires pre

planning as well as a ramp-up and opti-
mizing phase.

• Transformability refers to the tactic
ability of an entire factory, section or
system to reactively or proactively adjust
itself to a—usually similar—product
family and/or to change the production’s
capacity. This requires structural inter-
ventions not only in the production and
logistic systems, building structures and
their equipment, but also in the structural
and procedural organization as well as
personnel. The adjustment requires a
longer planning period, but can then
usually be put in place relatively quickly.
It is usually implemented in sub-projects
with strict project management and
includes both a ramp-up and optimizing
phase. On the levels below it, trans-
formability requires flexible, reconfigu-
rable systems that can be changed-over.

• Agility refers to the strategic ability of an
entire enterprise to mostly proactively
open up new markets, develop the nec-
essary market offering and production
performance and possibly to do this
across a number of sites. It requires con-
siderable abilities in the areas of man-
agement, financing and organization.

If we now try to differentiate entire production
enterprises with regards to their changeability, in
addition to the described types of changeability
on the different levels and their objects we also
have to consider their ability to network.

Figure 5.17 depicts a portfolio developed
from this for strategically positioning a produc-
tion enterprise with respect to their abilities to
adjust. The portfolio is described by these two
characteristics (changeability and networking
ability) and the degree to which these are
expressed (low, medium, high and very high).

Changeability is expressed in correspondence
with the concepts mentioned in Fig. 5.16 i.e.,
change-over ability, reconfigurability, flexibility,
transformability and agility. In comparison, the
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stages of networking ability refer to the intensity
of the co-operations with suppliers, development
partners, production partners and customers. The
lower degree of networking ability corresponds to
the networking ability of traditional relationships
between suppliers and production enterprises to
counter peak capacity demands. A middle degree
of networking describes when smaller groups of
articles or components are passed onto suppliers,
who are already participating in the technical
development. With high level networking, basic
components or sub-systems are already devel-
oped and delivered by a collaborating partner.
The production enterprise also has a number of
sites, and the work related to products or their
components is divided among these.

In situations where there is a high degree of
networking, the local production enterprise
becomes the integrator for specific market offers
by coordinating payments and possibly services
for a specific market, which are organized geo-
graphically or according to customer groups. Co-
operations include development partners (for

sub-systems), production partners (for part and
component families) as well as logistic partners
(for supplying parts, distributing goods and
interim storage).

In a field such as this, four segments can be
defined whose descriptions center around the
types of change i.e., agile organization, trans-
formable organization, flexible organization and
autonomous organization. Segments 1, 2 and 3
are self-explanatory. Segment 4 is comprised of
autonomous organizations, which only maintain
a weak external network with suppliers, whereas
internally only the workstations and manufac-
turing/assembly systems can be changed over or
reconfigured.

5.8 Evaluating Changeability

In order to make the concept of changeability in
practice manageable, the factory objects first
have to be systemized. It is thus recommendable

segment 1 

n
et

w
o

rk
in

g
 a

b
ili

ty
 

changeability 

very
high 

high 

middle 

low 

low middle high very high 

segment 2 

segment 3 

segment 4 

flexible
organizations 

agile
organizations 

autonomous
organizations 

changeable
organizations 

Fig. 5.17 Characterization
of production enterprises
from the perspective of
changeability and
networking ability. © IFA
9900SW_B

5.7 Classes of Changeability for Production Performance 109



to organize the objects affected by the change
according to the factory level of detail on the one
hand, and according to the type of changeability,
on the other hand. On the left hand-side of
Fig. 5.18 the levels of detail for a factory are
depicted. Research [Nyh04, Wie05, Rei07] and
practical experience in numerous factory projects
has shown that in comparison to Fig. 5.16, such a
detailed level classification is not necessary.

The network level is thus replaced with ‘site’
(since here, only the external relationships are of
interest) and the cell, system and section levels are
summarized into ‘section/sub-section’. The types
of changeability refer to the technology, organi-
zation and spatial arrangement of factory objects.
In the matrix formed by these, 26 factory objects
can now be assigned to the first order. Each of
these objects is then further broken down, result-
ing in a total of 116 factory objects on the second
order (for descriptions of these see Appendix A1).
Further informations can be found e.g. in [Step09]

Furthermore, it needs to be kept in mind that
the significance of each factory item is different
on each of the factory levels. This is clarified in

Fig. 5.19, which in comparison to Fig. 5.18 has
swapped the columns and rows. To prevent
objects from being considered a number of times
within the planning frame, it is practical to assign
them to a specific level as marked in the figure.

The changeability of a production is evaluated
according to the control loop depicted in Fig. 5.20.
The control loop was developed within the frame
of a research project and tested practically by the
participating industrial enterprises [Nyh10].
An extensive description is found in [Kle13],
however, we will briefly explain the process here.

The starting point is a running factory which
is being impacted by a change driver. The driver
requires modifications that facilitate attaining the
target output. Initially it is assumed that the
available changeover and reconfiguration possi-
bilities fail to suffice the required change. If both
the existing flexibility and transformability are
insufficient, the changeability has to be adjusted
i.e., the flexibility corridor either has to be shifted
or expanded. The following steps are then prac-
tical [Nyh13, p. 30 ff.] and are conducted by a
team of internal and/or external experts:
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• The process begins with delineating the field to
be investigated e.g., a factory, a division or a
product group.

• The change drivers, which can be broken
down into seven groups (legislators, custom-
ers, market, suppliers, competitors, business

assignment to the factory level 

section/
sub section

work-
station 

no importance minor importance medium importance high importance 
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Fig. 5.19 Allocation of factory objects to factory levels and their respective significance. © IFA 13.441A_Wd_B
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and network, technology and employees) then
have to be more precisely analyzed. A list of
the change drivers and their definitions can be
found in Appendix A2. Further steps are based
on the identified change drivers. An expert
panel identifies the factory elements affected in
order to gain a preliminary estimate of the
degree of change required for each element.
Figure 5.21 depicts this principle strongly
simplified, based on the example of the change
drivers ‘increasing the production volume’ and
‘introducing a new technology’.

• Next the factory areas that are affected by each
of the drivers need to be described. Four dif-
ferent perspectives are possible here. By
means of traditional business process analysis,
the process view describes the production
process. The spatial view visualizes the spatial
relations in the layout of the facilities. The
organizational view describes the hierarchical

structure of the company’s organization
including its employees, their principle
responsibilities (planning, control and opera-
tive) and the communication between them.
Finally, the logistics view describes all of the
logistics tasks under the headings procure-
ment, production and distribution as well as
the underlying model (see Sect. 6.2.3).

• The actual changeability corridor now needs to
be evaluated from these four perspectives
against the background of the identified driv-
ers. This reveals whether the changeability is
sufficient or if it needs to be adjusted. A
questionnaire helps find a differentiated answer
on a detailed level. In the example shown in
Fig. 5.22, the driver is the development of a
welding transformer which should reduce the
previous variety. The object being considered
is the assembly system with its sub-elements.
It turns out that the only existing possibility for
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adaption is for the tools, whereas new solu-
tions have to be developed for the tool han-
dling and manipulator.

• The last step serves the decision as to whether
adaption measures need to be implemented
and if so what those measures should be. The
basic procedure for this is shown in Fig. 5.23.
Criterion 1 asks whether there is already an
existing solution to adapt the element to the
driver. The answer to this is based on the
adaption questionnaire developed in the pre-
vious step. Criterion 2 requires solutions
which are first evaluated based on the available
activation period, while Criterion 3 questions
the costs in comparison to the existing budget.
Frequently a quick solution is more expensive
than a cost effective variant. In consideration
of the prioritized strategy (operative, tactical,
strategic) the team then decides which solution
should be planned in detail.
Systematically analyzing the factory compo-

nents with regards to their changeability already

makes it possible to derive approaches for a
changeable factory, which have a large potential
for success (Fig. 5.24).

A carefully considered market strategy which
orients the entire organization on the customer’s
benefit is always the point to start. This leads to
product structures which meet their demands as
is for example described in the Global Variant
approach to production (see Sect. 4.12). The
technologies and methods that are implemented
have to be aimed at manufacturing the exact lot
size that the customer has ordered, while logistic
strategies for the supply and order processing
have to follow the flow principle. Moreover,
buildings should be designed adaptively. Finally,
it is imperative that employees be involved in
designing and operating the factory. In the fol-
lowing chapters, each of these aspects will be
discussed on the various levels of the factory and
further explained.

In this chapter, we have been able to see that
the concept of changeability can be made
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tangible. When changeability is understood as a
strategic factor for success, the interactions
depicted in Fig. 5.25 should be kept in mind
[Heg07].

A change is only successful, when the
change process is (a) understood as a strategic
approach which always keeps a mind on the
balance between the target and actual change-
ability, and (b) is oriented on the speed
demanded by the market but never forgets to
keep an eye on the costs. It is thus not enough
just to attain the necessary changeability in the
sense of a process capability; rather when a
change is necessary, the changeability must also
be utilized within the required time. This in turn
requires employees to be competent in manag-
ing a change.

5.9 Vision of the Changeable
Factory

Based on our discussion up to here we are able to
develop a vision of a changeable factory based
on the model of a sustainable production. In
correspondence to Figs. 2.9 and 5.26 differenti-
ates this vision according to an external view
(production as a strategic mean) and an internal
view (factory as a physical enabler).

Divergent from the conventional factory,
which is characterized by change-resistance and
internal optimization, the future production has
to be oriented on market strategies and the
products derived from them. This requires teams
who, based on clearly communicated goals,
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independently plan and operate business pro-
cesses. In doing so, they are oriented on the
technical and operational limits of the shop floor,
but also on physical and logistical restrictions.

The basic principle in realizing the factory is
ensuring that the resources and organization is
appropriately changeable and mobile across all of
the structural levels from the factory site to the
buildings, to the manufacturing and assembly
systems down to the individual workstations.

This requires ‘usage-neutral’ buildings which
survive generations of products and processes yet
echo a design that mirrors the enterprise’s self-
image and its market offerings.

Finally, a clear ability to network externally
with respect to logistics, organizational aspects
and communications technology has to be
ensured in order to effectively co-operate with
suppliers, development partners and customers.
The notion of sustainability comprises a long-
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Fig. 5.24 Components and features of changeability from the factory planners view
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term economic success, which however, takes
into consideration the employee’s social con-
cerns and acts environmentally responsibly.

As a result, a vision for factories arises, which
—organized according to value-adding units for
different market requirements—can be converted
quickly and economically.

A modern theater can be seen as a metaphor
here, whereby its stage technology allows scenes
to be changed noiselessly in shortest time with
the curtains open. In a factory, this change-over
ability requires production modules, which are
reconfigurable within minutes or hours, because
thanks to the ease with which they can be moved
and locally controlled they can communicate
with a higher level control.

Due to the necessity of managing variants the
traditional separation between pre-manufacturing
and assembly has to be called into questioned.
Variants are thus formed in so-called ‘production
end stages’ during the latest possible step of the
final assembly by integrating variant defining
manufacturing operations in the assembly pro-
cess. Motivated by a logistic perspective, a fur-
ther vision is that of a steady flow of materials
without any stops through the value-adding
stages. This ensures the lowest inventories,
shortest throughput times and subsequently, the

greatest responsiveness. A maxim for this vision
could be “produce in one day, what the customer
ordered by the end of the day before—no more,
no less”. Ultimately, the changeable factory can
go as far as pre-tested, mobile factory modules,
which can be moved on the factory site, but also
to other sites. Whereby, a zero emission factory
is the benchmark for a healthy and attractive
work environment.

Before we extensively discuss the necessary
planning process under the heading of synergetic
factory planning in Chap. 15, we need to con-
sider what objects the planning has to look for in
order to create a real factory. Thus in the next
chapters we will describe this corresponding to
the levels depicted in Fig. 5.18 (workstation, sub-
section/section, factory and site). In doing so, we
will describe each level from both functional and
spatial design perspectives.

5.10 Summary

In this chapter changeability is defined as an
umbrella term for five classes of adaptability,
which are applicable to the different levels of a
factory: change-over ability on the workstation
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• plug & produce technology

• variant formation in final stages 
of production

• material always flowing

• pre-tested mobile production 
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and cell level, flexibility on the cell, system,
section and factory level, transformability on the
factory, section and system level and agility on
the network level. In order to enable the factory
objects on the different levels to change,
changeability enablers are necessary which are:
universality, mobility, scalability, modularity and
compatibility. To install the appropriate change-
ability in a real case, a balance has to be found
between the desirable and the affordable. These
considerations in turn give rise to practical hints
about how to design the different aspects of a
factory beginning with product design, technol-
ogy, building, logistics and organization.
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6Functional Design of Workplaces

A workplace can be viewed from different per-
spectives. First, there are the functions to fulfill at
the workplace from a technological point. This
will be met by equipment in interaction with
human labor. This chapter provides an overview
of the technology and equipment for the pro-
duction of piece products, to the extent which is
necessary for the factory planner. Chapter 7 then
considers the workplace design from the per-
spective of work organization, while Chap. 8
examines the spatial integration of ergonomic
and architectural aspects of workplaces. These
three chapters form the foundation of the factory
design.

6.1 Design Aspects

From a factory planning view, workstations are
the smallest units in designing processes. In
combining people and equipment, workstations
execute a task aimed at increasing the value of a
single part, component or assembly with the least
possible effort. Figure 6.1 outlines the design
aspects pertinent to a workstation.

The starting materials in the form of raw
materials, semi-finished products, pre-processed
parts, prefabricated parts, sets of parts, or par-
tially assembled components enter the worksta-
tion as input. In order to execute a task, energy
(e.g., electrical power, steam, fuel gas) and media

for the process (e.g., water, protective gas,
lubricant) are generally required. Necessary
information is available as drawings, work plans,
control programs and work instructions. The
actual process is conducted at the workstation
with the aid of process equipment (machine
tools, assembly devices, annealing furnaces etc.)
as well as tools and possibly clamps. Depending
on the degree of automation, humans are inte-
grated more or less intensively. The workstation
requires a specific space for the equipment,
worker and materials supplied to the workstation
and completed on it. The equipment, people and
surface areas are thus the basic constituent
planning parameters for a workstation.

The results of the work—generally referred to
here as the product—is found at the exit of the
workstation. However, unwanted results also
accumulate in the form of material waste (e.g.,
chips and remnants, tinder, auxiliary material)
which has to be disposed of appropriately.
Emissions such as noise, vibrations, heat, gases,
dust, vapors are equally undesired and need to be
managed especially with regards to health issues.
Finally, the workstation also delivers information
e.g. about the results with respect to selected
characteristics of quality, the process duration
and the quantity.

A workstation usually forms a part of a pro-
cess chain and is characterized by its integration
into the material flow, information flow, com-
munication flow, and work organization of the
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next higher level. Finally, the environmental
conditions of the workstation from a process
view (e.g., climate control, cleanroom) and a
human view (ventilation, lighting, coloring) are
also design elements. The latter are aspects of the
building design and are discussed extensively in
Chap. 10.

In designing workstations, a technical/eco-
nomic perspective stands in opposition to a
human/organizational perspective. The aim then
is to merge the two into a long term successful
synthesis. Figure 6.2 depicts these two poles
under the headings of “economic principle
(added value)” and “humane work design” from
which four goals are developed [Mar94].

Technical/economic objectives demand that
technical and human performances be correctly
allocated according to their function. This means
optimally combining system elements, coordi-
nating work requirements with human abilities
and economic deployment of humans. Health

and safety encompasses aspects that prevent
work related illness and injuries, reduce demands
that are too high or too low and create a sense of
well-being at work. Social orientation addresses
the importance of ensuring social norms, pro-
moting inter-personal relationships as well as
participating in designing the workstation. Due to
the extensively discussed environmental changes
the latter proves to be increasingly essential for
quickly and effectively planning as well as
ensuring employees acceptance. Finally, per-
sonal development, aims at designing the work-
station so that workers can gain confidence,
prove and realize themselves while developing
their skills, competencies and gaining autonomy.

Based on these preliminary considerations,
the concrete aspects of designing a workstation
from a process view within the frame of planning
a factory correspond to those depicted in Fig. 6.3.
It has to be kept in mind that the planning tasks
can’t be fulfilled by a single person, but rather

environmental conditions 
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input output
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Fig. 6.1 Aspects of a workstation’s design
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always require the collaboration of an expert
planning team. In Chap. 15 we will take a closer
look at the composition of such a team and how
it proceeds.

The initial situation is provided by the task of
manufacturing or assembling a part or group of
components that is to be produced in the future.
When planning the technology, manufacturing or
assembly functions need to be specified and the
local logistics for supplying and disposing of
materials, including required information, needs
to be defined.

Strategic considerations play a significant role
here with regards to the future of key technolo-
gies based on the so-called ‘technology differ-
entiation’. These are assessed according to the
competency and attractiveness of the technology

[Zeh97]. Technological competence refers to
both the production’s technical ability with
regards to a specific technology as well as the
resources available for fulfilling a manufacturing
task. The potential for further developing the
technological competence is described by the
attractiveness of the technology. It takes into
consideration the availability of technologies, the
interdependency between technologies and pos-
sibly substitutive technologies [Nyh09b].

The technological competence of a production
process and the attractiveness of its technology
define the position of the process in the ‘tech-
nology portfolio’. The portfolio makes it possible
to identify the strategic relevance and develop-
ment potential of production processes and to
divide them into key competency, differentiation
and standard processes. Key competency pro-
cesses are invested in, standard processes are
disinvested in and differentiation processes are
further divided into either key or standard pro-
cesses. Knowledge about these strategic consid-
erations is significant for a factory planner in that
they can lead to new requirements for the design
of the processes and buildings. Embedding this
approach in the strategic site planning will be
further discussed in Sect. 14.6.

The technology defined thus far should then be
implemented through the facility planning in the
form of equipment (e.g., tool machines, assembly
stations, storage/transportation systems). In

technology facilities

ergonomics organization 

work-
station 

• manufacturing method

• assembly method

• logistics method 

• load

• physical strain

• health/safety 

• manufacturing equipment

• information processing

• supply / disposal 

• task 

• request 

• working hours model 

• renumeration system 

Fig. 6.3 Aspects of
designing a workstation
from the process view

• technical/economic rationalities

• health and safety

• social orientation

• personal developmentta
rg

et
s

economic principle (added value) 

humane work design

Fig. 6.2 Constraints and objectives of work design
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addition, the supply of information to equipment
and workers also needs to be designed and finally,
equipment should be implemented for supplying
and disposing materials (storage, transportation
and handling devices) as well as disposing of
waste (chip conveyors, coolant filtration units).
Planning technology and facilities is only neces-
sary when new products are being introduced.
Usually when planning workstations the majority
of the equipment already implemented is adopted.
Work plans which contain the work sequence,
required equipment, necessary setup time and
cycle time for each work-piece are generally
available for products that already exist. They
form the basis for later planning the capacities
and material flow.

The aspects of design that we refer to as
organization and ergonomics considers the
humans who execute the work processes. The
solutions found here are subject to an especially
large number of regulations and in particular the
agreement of the works council; involving them
early on is thus of utmost importance. Organi-
zation is aimed at setting the tasks to be con-
ducted at each of the workstations. These can
range from pure monitoring and monotonous
activities up to demanding bundles of tasks e.g.,
as found in manufacturing cells and segments. As
a result of the work task, demands are placed on
the worker, who in turn requires specific abilities.
In this way, the basis for personnel planning and
recruiting or for qualification measures is derived.
Among the responsibilities involved in designing
the organization is also the job of developing a
work time model. This task is particularly
important due to the need to be able to quickly
respond to customer needs. Finally, the remu-
neration method has to be determined. Remu-
neration is progressively aimed less at buying
employees capacity to work and more at paying
them for the results of their work, whereby
workers gain autonomy to a large degree.

The fourth aspect of designing a workstation
deals with ergonomics (Greek: ergon = work,
nomos = natural law). Ergonomics is concerned
with keeping the stress resulting from the strain
placed on employees by their work at a level
which is non-detrimental, practicable and

reasonable for the individual over the long term,
while promoting satisfaction and being socially
acceptable [Mar94]. In doing so, a balance
between expecting too much from a worker and
expecting too little has to be found. The first and
foremost goal of ergonomically designing a
workplace is maintaining the health and physical
well-being of the employee.

In the following, we will turn our attention to
examining these four aspects of design more
closely.

6.2 Production Technology

Here, we will use the term ‘production technol-
ogy’ to summarize all of the processes that serve
in manufacturing geometrically defined work-
pieces, in assembling parts, components and end
products as well as transporting or storing parts,
components and products. From the perspective
of factory planning, we have chosen this classi-
fication of production technology, because these
three sub-areas later allow us to clearly allocate
resources and equipment to them and in a further
step also production and/or logistic sections. This
result is in contradiction to DIN 8580 (manu-
facturing processes) [DIN03a], which does not
recognize the ‘assembly’ concept in the main
group “joining” but describes the key function of
assembly. We will introduce all of the processes
in the following only to the extent that the
principle behind how they work is made clear for
factory planners but without explaining the
physical or chemical basis. While planning a
factory, processes are selected by process
experts.

6.2.1 Manufacturing Processes

In DIN 8580 manufacturing processes are cate-
gorized according to six main groups which take
on the features mentioned in Fig. 6.4 [DIN03a].

When manufacturing a workpiece, drawings
documenting the materials, geometry, dimen-
sions, tolerances and surface roughness of the
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part guide the production which occurs (a) either
by creating the form out of a formless material,
(b) by changing the form of an initial material or
(c) by changing the properties of the material.

The group of primary shaping processes
(main group 1) is comprised mainly of casting
methods which brings metal, ceramic, or plastics
from a fluid, pulp or paste-like state into a geo-
metric defined form. The castings which are thus
created from metal and ceramic generally
undergo post-processing, while plastics can
usually be used immediately due to both the
precision of their form and dimensions as well as
the quality of their surfaces.

Forming processes (main group 2) can be
differentiated from either forging methods or
sheet metal forming [Doe97]. With forging a
solid or pasty body is changed into another geo-
metric form, whereby, the mass and its material
coherence remains the same. This can result in
semi-finished products such as sheets, tubes and
bars or workpieces such as screws, crankshafts or
gears which have great strength. Steel can be
forged at room temperatures (cold forging),
between 600 and 900 °C (warm forging) and with
temperatures ranging from 1000–1200 °C (hot
forging) [Alt05]. Sheet metal forming shapes a
sheet into a three dimensional part with approxi-
mately the same wall thickness [Alt12].

Among the separation processes (main group
3), shear cutting dominates the splitting pro-
cesses for processing sheets and producing raw
pieces from rod materials for forging. Further
methods include cutting tools with geometrically

defined cutting edges e.g., in lathes, drills,
planes, reamer and saws. Here, layers of a
material are mechanically separated from a raw
material by cutting them away in the form of
chips with the aid of a tool in order to change the
form and/or the surface of a workpiece
[DIN03b].

By implementing continually new cutting
materials, the cutting speed has constantly
increased and reaches up to 2000 m/min with an
unalloyed metal and ceramic cutting tool tips.
Cutting with tools that do not have a specific
geometric form (grinding, honing, lapping)
requires tools that use abrasive particles bound on
a wheel or band to remove material, whereby
grinding with geometric-specific abrasive disks is
the most significant. Ablation also continues to be
an important separation method and can be
described as thermal, chemical or electro-chemi-
cal ablation. With thermal ablation energy is
generated by sparks or energy rich beams (laser or
electron beams). In comparison, chemical ablation
uses chemical reactions between the workpiece
material and an active medium (acid, alkaline) to
specifically etch away material. With thermal
ablation methods, processes using laser beams
have taken on a dominant role because the beam is
programmable and wear-free. Laser beams can be
used in practically all manufacturing methods,
though they are more predominant in separation,
joining and surface treatment processes.

The diversity of the joining processes (main
group 4) serves to permanently or temporarily
join workpieces to components, assembly units
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and products. Challenges on joining processes
are result of more complex component forms,
increasing functional needs, growing safety
requirements and the ability to easily disassemble
products for the purpose of recycling. Other,
basically competing joining processes include
welding, soldering, adhesive bonding, riveting,
clinching, seaming and using threaded fasteners.
Special joining processes, which can be used
with large batches and short cycle times, have
been developed in the assembly of precision
engineering and electronic devices. With joining
processes particular attention is paid to the pro-
cess reliability, which is ensured by measuring
basic process parameters during processing. This
can occur for example by monitoring the current
when welding or measuring the torque curve
during the threading process.

Numerous criteria play a role when selecting a
joining process. These criteria range from func-
tional (materials, form, strength, corrosion) to
process engineering (pre/post processing, pro-
duction means, possibility of automation and
flexibility) up to cost, personnel and environ-
mental aspects (investments, operating costs,
environmental compatibility, ergonomics,
employee requirements).

The main group 5 referred to as coating
encompass all of the manufacturing processes
used to apply anti-wear and anti-corrosion layers
on components. Since wear and corrosion resis-
tant materials are generally very expensive,
locally applied protection layers can lead to
enormous cost savings, whereby the cost
advantages of increasing the life of the compo-
nent have to be compared to the cost of coatings
[Stef96]. The different coating processes are
based either on electro-chemical effects (cathodic
electrocoating, currentless plating, anodic oxi-
dation) which are used to coat base metals,
plastics and ceramics with layers from a couple
of micrometers thickness up to 100 μm. Organic
coating systems apply a fluid or paste-like
polymer to a part and firmly add on it an adhe-
sive film by means of chemical or physical
changes. In comparison, powder coatings work
with solvent-free powders, which, beside thick
polymer layers, also allow layers of

polyethylene, nylon and fluoropolymers to be
created. The workpieces that are to be coated
have to be heated up to a point that the powder
melts on the surface and forms a contiguous film
whose thickness can grow into the millimeter
range. This process is thus limited to metallic and
ceramic materials.

Very resistant, but brittle layers can be gained
with enameling. With this process, purified oxi-
dized minerals and fluoride are applied in layers
to a usually metallic base material and baked at
temperatures of 550–900 °C into an enamel
coating. Enameling is primarily used for com-
ponents used in chemical industry, food pro-
cessing engineering and in household appliances,
which have to endure acids and alkalines as well
as temperatures between −50 and 450 °C.

A method which is particularly effective in
protecting metallic parts from corrosion is hot-
dip galvanizing. The pre-treated components are
immersed in a liquid metal dip comprised of
aluminum, tin or zinc and with repeated sub-
mersions acquire a coating between 20–80 μm
thick.

Vapor phase coatings have gained particular
importance for coating nitride and carbide items
e.g. tools and joints with thin, hard, resistant
layers which have both anti-corrosive and anti-
frictional properties. With physical vapor depo-
sition (PVD), coating materials are first vapor-
ized or atomized before being deposited on
objects in film-like layers between a few nano-
meters and tens of micrometers thick. These
methods are used in light-weight coatings for
optical, magnetic and micro-electronic compo-
nents, but also in applying decorative layers.

Chemical vapor deposition (CVD) involves
coating objects with a gaseous metallic com-
pound at temperatures between 600 and 1000 °C.
This gas is released into a chamber where it
passes over the object. As it contacts the object, it
reacts with the substrate depositing a solid phase
layer between 0.1 and 20 μm on the base
material.

Another important coating method is thermal
spraying, which can be broken down further into
three basic techniques whose names (flame,
electric arc and plasma spraying) indicate the
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energy source with which the sprayed materials
are fused to molten particles. These reach the
substrate with a high kinetic energy forming a
more or less porous layer between 50 μm and a
few millimeters thick. Since these processes can
occur at relatively low temperatures (between
100 and 250 °C) a broad range of coating
materials and base materials can be combined.
Generally the sprayed layers have to be further
processed in order to improve their porousness,
adhesion, strength and hardness, whereby
machining processes serve to develop a defined
geometry and surface roughness.

We will conclude our discussion of coating
techniques with one final method: overlay
welding. In comparison to spraying methods,
overlay welding heats the substrate to the point
that it fuses with the generally high-alloy weld-
ing filler. Similar to joint welding methods, the
energy source is either combustible gas, electric
arcs, resistance heating or laser beams. Highly
wear-resistant and non-corroding coatings with
strong adherence to the parts are thus created and
are applied to high-stress components used in
machines, chemical plants and power plants.
This method is also especially well-suited for
repairing worn or damaged components.

The last main group 6 up of manufacturing
processes we will consider is changing material
properties. It refers mainly to heat treatments for
metallic materials. For the usually ferrous mate-
rials here, these can generally be broken down
into thermal, thermo-chemical and thermo-
mechanical processes [MaM96]. The aim of heat
treatments is generally to improve the material
properties with regards to their formability,
machinability, hardness, strength etc. Properties
are altered as desired in heat treatment plants,
whereby either the entire volume of the items
(penetrating) can be changed or just the areas in
the proximity of the surface (non-penetrating).

With non-ferrous materials thermal and
increasingly thermo-mechanical methods are
being used. With thermal methods (annealing,
quenching, isothermal transformation and age-
ing), the parts undergo a controlled time-tem-
perature transformation in which components are

heated up to a specific temperature in an oven,
maintained at this temperature for a period of
time and then cooled, resulting in structural
changes that completely penetrate the object.
Alterations that are to be limited to areas close to
the surface are usually generated through
immersion, induction, or flame treatments, but
can also be attained using laser or electron
beams. With thermo-chemical methods solid,
fluid or gaseous substances are diffused into
materials, creating the desired properties and
subsequently quenching or tempering the object.
Thermo-mechanical treatments employ form
changing processes that yield a specific time-
temperature transformation.

From the factory planning perspective, the
methods are primarily interesting with regards to
their changeability on the five factory levels that
were discussed in Chap. 5. Figure 6.5 depicts an
evaluation of the six main groups of manufac-
turing processes with three levels of change-
ability (low, medium and high).

This very rough classification only provides
us with an initial basis and should serve to
identify supposed or—depending on the state of
the technology—currently existing obstacles
regarding changeability and to find ways for
overcoming them. Approaches here can include:

• Replace shaping form tools with pro-
grammable tools.

• When shaping tools (e.g., forging dies or
deep-drawing dies) are not avoidable,
implement rapid tooling methods and
modular tools.

• Avoid environmentally unfriendly raw
or auxiliary materials e.g., through dry
machining without lubricant.

• Make it possible to coat or change
material properties of individual work-
pieces and/or workpiece zones.

Following this brief overview of manufactur-
ing processes, we would now like to turn our
attentions to assembly methods. As already
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mentioned, this term is not standardized and
unlike manufacturing processes there is no in-
depth classification of assembly methods with
corresponding standards available. However, due
to the role they play in factory planning, it is
essential to have an understanding of the basic
sub-processes.

6.2.2 Assembly Methods

Assembly comprises all of the operations for
joining individual geometrically defined parts
and components as well as possibly software (in
the form of operating or application programs)
into functional products. Amorphous operating
and ancillary materials such as grease, glue etc.,
are also frequently required. Moreover, parts can
either be joined so that they can be taken apart
using non-destructive methods (e.g., fastening
screws) or joined so that destructive means need
to be used (e.g., riveting). The assembly process
is generally determined by the structure of the
products to be mounted as outlined in Fig. 6.6.

Products can be structured according to
functional or assembly oriented criteria. Deci-
sions about how many assembly stages are
required and on which component level variants
should be defined are determined by the overall

organization of the assembly sections. Generally,
the aim is to design the assembly so that variants
are formed as late as possible in the assembly
sequence, in order to avoid unnecessary interim
storage of semi-finished components and prod-
ucts. Figure 6.7 clarifies this approach. In the
example on the left, variants are formed very
early in the assembly sequence. This means a
large number of variants on every product level
which then have to be planned and temporarily
stored. In comparison, the optimized structure on
the right of Fig. 6.7 results in clearly fewer
interim variants.

A simple, basic scheme (depicted in Fig. 6.8)
can be helpful in considering the operations
required for assembling a product from individ-
ual parts and components. The traditional Black-
Box system selected here assumes that each
station represents an element in a production
flow. A transport system from the preceding
workstation conveys a partially assembled com-
ponent on a workpiece carrier, thus allowing the
assembly-object to be fixed and identified. Items
are then joined with the object on the workpiece
carrier and usually the object is tested for certain
quality features before subsequently being
transported to the next station.

An independent, transverse part flow ensures
that the parts supplied by internal logistics are
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first stored locally in a defined quantity. This
function—referred to as buffering—follows the
separation of parts out of the buffer and the
subsequent spatial orientation before being
placed in a predefined position on the workpiece
carrier. In order to bridge small disruptions and
differences in cycle times, interim buffers are
occasionally maintained. Parts are also typically
delivered in a pre-ordered state. We will delve
into the functions and forms of delivering parts
from the supplier up to the site of consumption in
the factory from a technical perspective in the

section on logistic processes (Sect. 6.2.3) and
from a strategic perspective in our discussion of
procurement models in Sect. 9.5.1.

VDI Guideline 2860 defines the assembly and
its sub-functions according to Fig. 6.9 whereby,
in addition to the already mentioned joining,
handling and controlling (in the sense of testing
quality), adjusting and special operations are
listed [VDI2860]. Adjusting is understood as
geometrically fine-positioning parts functionally
in relation to other existing parts in a component,
whereas with special operations, components are
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for example, cleaned, printed or marked. From
the perspective of factory planning, the stations
necessary for these operations do not differ from
a joining station.

Accordingly, the key functions of the assem-
bly that need to be considered more closely are
joining and handling. The 4th main group of

manufacturing processes “joining” already
briefly characterized in Sect. 6.2.1 is further sub-
divided by DIN 8593 into 9 sub-groups as
depicted in Fig. 6.10.

Connected joints involve putting parts toge-
ther by laying them on or in one another, nesting
them together, hinging them as well as latch

assembly 
function 
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function 

All processes, which serve the assembly of geometrically determined bodies.
In principle shapeless substance can be applied.
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Fig. 6.9 Sub-functions of an assembly station (acc. [VDI2860])
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them. The joined state is maintained by gravity,
friction and interlocking. Some methods use the
elastic distortion of the parts involved or ancil-
lary parts to secure the connection. Connecting
joints can be separated non-destructively without
causing damage.

Filler joints involve pressing gaseous, vapor-
ous, fluid, pulp-like or pasty materials into hol-
low or porous objects either by pouring, soaking
or saturating the items. These types of joints are
usually easily dissolved e.g., by applying heat.

Press joints connect parts through forced-
closure, whereby the parts are generally only
deformed elastically. Sub-groups of these pro-
cesses include screwing, clamping, cramping,
nailing, joining via press fittings, hammering and
spreading. Similar to the other joining processes
mentioned above, these too can generally be
separated non-destructively, sometimes with the
aid of special tools.

Formed joints generally involve connecting
parts together by forming specific areas of parts—
the way the parts then interlock secures the joint.
Sub-groups here include forming wire and tape-
like bodies as well as riveting processes. These
joints can only be removed by damaging or
destroying the joint parts.

Welded Joints connect parts together by using
heat and/or force (fusion or pressure welding)
with or without welding fillers. Generally, the
aim of welding joints is to ensure the joint is as

strong as the base material; the joint can only be
destructively dissolved.

With soldered joints DIN 8593 differentiates
between soft, hard and high temperature joints.
The melting point of the filler metal that flows
into the joint is lower than that of the workpiece
materials. Consequently, the joint can be dis-
solved (with some limitations) using a desolder-
ing tool.

Adhesive bonds use non-metallic bonding
agents which harden physically or chemically
joining the workpieces through adhesion and
cohesion. The bond can be dissolved within
limits.

Textile joints insert textile fibrous materials
from the production of threads, filaments and
materials up to the joints of semi-finished and
finished products. These processes have not yet
been standardized further and since they are
rarely applied in manufacturing—except for
modern car and air plane bodies made of carbon
fibers—the mechanical and electrical products
we are considering here, we will not consider
them further.

According to VDI Guideline 2860, handling
which we refer to here as the second key function
of the assembly, is also to be interpreted (in
addition to conveying and storage) as a sub-
function of “creating a material flow”. As such,
handling is the final link in the material flow
from the company’s boundary up to the joining

Joining is durably connecting or otherwise bringing together two or more geometrically defined workpieces 
or the same kind of workpieces with a shapeless substance. The cohesion is applied locally and increased 
in the whole respectively. 
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position on the workpiece carrier or joining
position of the assembly station.

Together with handling, conveying and stor-
age (warehousing) are the internal logistic func-
tions that have external counterparts. This is
discussed more in-depth in the section on logistic
processes (Sect. 6.2.3). Handling represents, so
to speak, the micro-logistics of an assembly
station directly before the joining processes.

In order to gain a deeper understanding of the
handling function, it is first necessary to take a
look at the features of a workpiece that determine
how it behaves when it is at rest or when in
motion. These features differ fundamentally from
the workpiece properties that the design engineer
determines in view of its function. Figure 6.11
classifies the workpiece features on the one hand,
with regards to the geometry, characteristic form
elements and physical features and on the other
hand, with regards to the basic properties when at
rest or in motion.

From the geometric workpiece data the shape
is dominant, since it determines the handling of
the workpieces. ‘Tangley parts’, which can hook
on to one another in the feeding process (e.g.,
snap rings, coil springs) and frequently disrupt
part feed systems, are considered difficult to
handle. Two factors are key with regards to the
characteristic form elements: The first is whether
the elements are in the inner or outer contours of
the workpiece, while the second concerns their
physical properties i.e., parts that are less stiff
(e.g., rubber gaskets) and parts with sensitive
surfaces are difficult to handle. These workpiece
features each have a different impact on each of
the behaviors listed in Fig. 6.11, e.g., according
to how they are positioned on the workpiece
carrier as well as on behaviors when in motion,
say on a conveyor belt.

This topic is therefore significant for those
planning assembly systems and factories because
handling systems frequently represent a source of
considerable disruption which impacts very
much the degree of utilization, accessibility and
required space.

Figure 6.12 defines and organizes handling
into 5 sub-functions: buffering, changing quan-
tity, moving, securing and checking. These can
be combined so that self-contained sequences of
functions are created which can then be executed
by a single device.

The buffer provides the local stock of parts
for the assembly station either not ordered (e.g.,
as a pile in a bunker), partially ordered (e.g.,
stacked metal sheets) or fully ordered (e.g., in a
part magazine). The sub-function changing
quantity separates workpieces from a bulk or
put parts into a specific sequence. Moving, on
the other hand, refers to parts being turned or
shifted so that they are placed in a desired
spatial position, whereas securing serves to
clamp parts in a certain position or release them.
This takes place while parts are in motion or, as
is the usual case, in the joining position in order
to withstand the acceleration and/or joining
force. The checking, which occurs subsequently,
does not verify the quality of the joining oper-
ation’s results, but rather verifies the character-
istics relevant for handling e.g., identity,
position or number. The checking device then
signals that these characteristics have been
verified and in doing so triggers the following
operation such as picking, joining or transport-
ing the workpiece or workpiece carrier further.
This further transportation is in turn part of the
material flow chain to internal suppliers (e.g.,
discrete part manufacturing) and beyond that to
external suppliers.

Before we introduce the involved logistic
processes in the next section, we would like to
turn our attention to the changeability of the
assembly processes as summarized in Fig. 6.13.

It can generally be assumed that there is a
high degree of changeability with the joining
processes implemented in the assembly. With the
handling processes however, changeability is, by
definition, primarily determined by the form
elements of a part that serve to differentiate the
position and action of force for changes into the
desired position.
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A number of methods that can be used to over-
come change-resistance in assembly operations on
a workstation level can also be identified here:

• Change the features of a workpiece that
are relevant for handling, without
impairing the function of the workpiece.
Recommendations on how to design
products suitable for assembly can be
found in e.g., Boothroyd and Dewhurst
[Boot83], Lotter [Lot13], as well as
Redford and Chal [Red94].

• Replace mechanical forces with non-
contacting forces such as electrical or
magnetic.

• Check workpieces using image pro-
cessing instead of mechanical sensors.

In the next section, we will turn our attentions
to logistic processes that operate on a worksta-
tion level, i.e., directly within the manufacturing
and/or assembly workstation proximity.

6.2.3 Logistic Processes

The term ‘logistics’ presumably stems from the
military field and encompasses all of the tasks
that serve to support the armed forces. Inspired

by this, business logistics—divided into indus-
trial, trade and service logistics—developed
beginning in the 1970s and rapidly in the 1980s
(see e.g. [Mur10]). Generally, logistics is con-
cerned with changing objects spatially over time,
thus making them available in the correct quan-
tity, combination and quality at the right time and
place. In doing so, it has to be ensured that the
costs are kept to a minimum and that the delivery
service is oriented on the customer.

The area we are interested in here is industrial
logistics, which can be broken down into pro-
curement, production, distribution, and disposal
logistics. Disposal logistics will not be considered
further here because it has no great impact in the
industrial goods production; the remaining core
processes can be further divided into sub-pro-
cesses as depicted in Fig. 6.14 [Gud10, AIK02].
These functions can be seen as part of supply
chains. A generic model named SCOR for this has
been developed and is regularly updated by the
Supply Chain Council (http://supply-chain.org/).

With procurement processes, external trans-
port processes deliver ordered goods to the
incoming store where they are unpacked and
transported to an intermediate store. In general, the
subsequent manufacturing, assembly and distri-
bution require not one, but a number of articles at
a specific time, usually in varying quanti-
ties, referred to as ‘orders’ or ‘commissions’.
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The corresponding process, of collecting items for
the orders is often referred to as ‘order-picking’ or
commissioning. All of the sub-processes of pro-
curement have to be planned, controlled and
monitored.

The subsequent manufacturing and assembly
with their technological sub-processes we have
already discussed, also includes storage and
transportation sub-processes. In this case raw and
semi-finished products are moved and stored. If
the assembly has local storage facilities, order
picking processes will also apply. Depending on
the production location, the manufacturing and
assembly should also be more or less precisely
planned and controlled.

The distribution is responsible for supplying
the produced or purchased article to the customer,
which can be a distribution center, a retail store or
an end customer. Besides storing, picking and
transporting this also entails protecting the goods
through packaging, arranging the goods into
transport units and when necessary the handling of
transport units e.g., transshipping. Distribution
processes also have to be planned, controlled and
monitored.

From the view of factory planning the sub-
processes can be reduced to the reference pro-
cesses: production (manufacturing, assembly),
transportation and storage. In order to depict
these, Kuhn’s Process Chain Elements [Kuh95]
have proven to be useful as well as Nyhuis and
Wiendahl’s Logistic Operating Curves [Nyh09a].
The first can be used to visualize the logical
relations between the elementary functions and
the so-called ‘process chain plans’, whereby each
of these apply to an article or article group with
the same sequence of functions. Logistic Oper-
ating Curves, on the other hand, describe the
functional interaction between the logistic
objectives (WIP Work in Process), throughput
time, output rate and schedule compliance) on a
workstation or in a manufacturing sector.

Figure 6.15 depicts in the lower part a sample
process chain plan for producing microelectronic
chips. The article is an electronic circuit, created
on a silicon wafer, separated and integrated into a
casing. The consumer—a laptop producer—calls
up the components from a store as required.
Every step in this process chain fulfills one of the
three basic logistical functions and requires
resources, personnel, space and control informa-
tion in order to fulfill its function. A process chain
element can visualize a company as a whole or it
can be divided up hierarchically over the factory
levels down to an individual work operation.

In our current discussion of planning a factory
on the “workstation” level the Logistic Operating
Curves for the production, transportation and
storage (as indicated in Fig. 6.15 upper part) play
an important role in dimensioning workstations
and their buffers, therefore we take a closer look
at these now.

We first have to identify what the logistic
objectives are for these three reference processes
as is summarized in Fig. 6.16.

The objectives can be organized according to
an internal view and an external view. Schedule
compliance and throughput times are perceived
by the customers and are thus attributes of the
logistic performance. In comparison, the output
rate (and thus the related utilization), WIP and
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costs are internal objectives and should be max-
imized or minimized respectively.

The question of course is how can the three
processes and their objectives be modeled,
dimensioned and designed from a logistic per-
spective? The Funnel Model and Throughput

Diagram have proven to be useful for the ‘pro-
duction’ reference process (see Fig. 6.17,
[Nyh09]).

The workstation appears as a funnel, whereby
the balls represent the waiting orders (WIP) and
the variable opening symbolizes the set capacity.
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Moreover, the volume of the balls is a measure of
the work content in planned hours. If we observe
this system over a longer investigation period, we
could plot the input and output events in a so-
called ‘Throughput Diagram’. In which case, the
lower curve would encompass the progression of
the cumulated output and the upper curve the
progression of the cumulated input. Usually,
there would be an initial WIP level at the start of
the measuring and a final WIP level at the end of
the investigation period. The slope of the output
curve corresponds to the mean output rate,
measured in planned hours per workday, whereas
the slope of the input curve corresponds to the
mean input rate of the workstation during the
same measurement period.

If the input is stopped at any point in time, the
available WIP will be sufficient for a period equal
to the ratio of the output rate and WIP. Accord-
ingly, this value is referred to as the range,
whereby the relationship in which the “range
equals the WIP divided by the output rate”
denotes the Funnel Formula. In comparison, the
mean throughput time results from the mean
value of the throughput times of the individual
finished orders [Nyh09a].

With that, we have managed to explain two of
the objectives identified in Fig. 6.16 for the
process “producing” which leaves us still with
the utilization and schedule compliance (or late-
ness). All of these parameters can be visualized
in a Throughput Diagram as shown in Fig. 6.18.

In the center of the figure is the so-called
‘logistic target cross’ with the external perceived
performance objectives ‘throughput time’ and
‘lateness’ and the internally perceived objectives
‘utilization’ and ‘WIP’. Each of these objectives
is allocated a Throughput Diagram which illus-
trates how it is represented. The WIP level
appears here as the blue area between the input
and output curve. The throughput of each order is
depicted by a rectangle, whose length corre-
sponds to the throughput time and whose height
relates to the work content. The lateness also
appears here as a rectangle, nonetheless, its
length is determined by the time difference
between the planned and actually attained output
date. The difference can be positive (too late),
negative (too early) or zero (punctual). Finally,
the utilization appears as the ratio between the
actual output and the planned output. In order to
develop a Throughput Diagram, only the planned
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and actual input and output dates are required
along with the planned work content for each
order.

The next question that arises is how these
objectives interact on a workstation. Figure 6.19
provides the answer in the form of an exemplary
set of Logistic Operating Curves, known as the
Production Operating Curves (see Fig. 6.15).
According to them, the output rate (also known
as the yield) of a workstation first grows pro-
portionally with increasing WIP and then slowly
levels out until it has reached the limit of the
capacity. The range and with that the throughput
time increase corresponding to the Funnel For-
mula with the WIP. The inserted points identify
the operating state of the workstations at that
point in time. Accordingly with 70 h of WIP the
station’s operation is fully utilizing the capacity
of 16 h per shop calendar day (i.e., two shifts
daily), whereby an order throughput time of
approximately 3.8 shop calendar days is attained.
The operating curves can either be determined

point-by-point using simulation experiments or
calculated using approximation equations
[Nyh09a].

Obviously, the logistic behavior of the system
is more favorable the steeper the Output Rate
Operating Curve progresses. It is then possible to
attain a high output rate and utilization with low
WIP levels and thus with short throughput times.

The technology and factory planner plays a
decisive role in determining the progression of
the curves, whereas it is the responsibility of the
production control to set the operating point on
the operating curve according to the selected
targets. It is thus vital to know the parameters
that determine the operating curves in order to be
able to specifically influence them.

Figure 6.20 depicts a structured outline of
these parameters differentiating between oper-
ating curves for an ideal process and those
adjusted to a real situation [Nyh09a]. The ideal
Output Rate Curve assumes that the input and
output processes on the workstation are aligned

out actual 

out plan 

utilization

u 

t 

s 

l

out 

in

time 

work 
stock 

+ 

_ 
too early 

too late 

plan actual 

lateness

out

in

throughput time

e 

t  throughput time
u   utilization
l   lateness
s   stock
e   economics

Fig. 6.18 Logistic objectives in the throughput diagram

136 6 Functional Design of Workplaces



with one another so that immediately before an
order is completed, the next order arrives. Thus
neither the workstation nor an order has to wait.
In this case, the operating curve can be calcu-
lated exactly. It is determined (a) by the

workstation’s maximum possible output rate, (b)
the so-called ‘ideal minimum WIP’ and (c) the
chronological degree of overlapping for the
individual parts of a lot. The ideal minimum
WIP refers to the WIP bound by the processing.
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On the one hand, it depends only on the indi-
vidual processing time, the order lot size and
the workstation’s setup time and on the other
hand, on the minimum inter-operation time that
passes up until the order is delivered to the next
workstation.

On the shop floor though, these ideal condi-
tions do not exist: the input is irregular, resulting
in a more or less strongly fluctuating input.
Frequently, the workstation’s flexibility is not
sufficient to follow these fluctuations and when
there are a number of similar workstations, there
is a more or less greater flexibility in allocating
the work in front of the workstations.

A glance back at the right side of Fig. 6.20
clarifies which possibilities there are for favorably
influencing the design of a workstation from a
logistic perspective when planning a factory.
Based on the three traditional approaches (tech-
nology, human and organization), the factory
planner sets the output rate through the capacity
structure i.e. the number of workstations and how
they are connected. Skillfully selecting the pro-
cesses and resources ensures minimal setup times,
smaller lot sizes and with that lower values for the
work content’s mean and variance. Finally, a well
thought-out layout with short transportation
routes, as well as quality checks close to pro-
cesses ensures that the tied-up WIP is minimal
during transportation and testing operations.

The second reference process mentioned in
Fig. 6.15 affects the transportation, or more pre-
cisely an individual means of transportation e.g.,
a fork-lift truck or an electric overhead conveyor.
These units can also be described with Logistic
Operating Curves whose progression is similar to
the Production Operating Curves, Fig. 6.21
[Wie00].

In comparison to the Production Logistic
Operating Curves there are two Transportation
Operating Curves: The Output Rate Curve only
considers those trips where a load is carried,
whereas the Total Output Rate Curve also
includes the idle travel time. The main parameter
for the Transportation Operating Curves is the
transport work tied into the system, not as the
quantity or volume of the transported goods, but

rather in the form of transport hours. With
increasing WIP the output rate initially grows
proportionally. In the transition zone of the
operating curve the waiting orders increasingly
compete for the means of transportation, so that
queues arise and the utilization then only grows
disproportionally slow until the full utilization
point is met. The same is true for the progression
of the Throughput Operating Curve (not shown
here), which corresponds to the sum of the mean
operation time and the mean idle travel time. A
detailed discussion on deriving the Transport
Operating Curves is found in [Egl01].

Similar to the Production Logistic Operating
Curves the factory planner first determines the
transportation capacity based on the necessary
movement of materials resulting from the layout.
The next task consists of minimizing the idle
travel time e.g., by establishing transport circuit
tracks. Once again, the aim here is to use the
system’s capacity as completely as possible
while maintaining the smallest store of goods
tied into the transport system as possible. By
doing so the goal of shortening transport times is
also supported.

The last logistical elementary process we will
consider is the storage of goods or articles. This
process is always required when two sequential
processes are not synchronized with one another
with regards to their output and input behavior
and quantity-wise. Synchronized processes can
be found for example in a large multi-stage press
with a forced cycle, where, for example, a sheet
metal is formed into a finished automobile roof in
5–7 tool stages. With every down-stroke all of
the tools work simultaneously on the workpiece,
as the upper part of the press then rises, the parts
are synchronously transported further. The only
stock that is tied into the system is that which is
absolutely required for executing the process and
for further transporting.

Of course, the goal is always to avoid inven-
tories of all kinds in a factory, because they tie-
up capital, necessitate inventory management
and occupy space. Thus, in many companies the
terms ‘inventory’ or ‘stock’ have been struck
from the vocabulary and instead dynamic interim
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buffers are spoken of for example. At times,
visions or guidelines for an inventory-free fac-
tory evolve from there. Guidelines such as these
are of little use for planning a factory as they are
unrealistic. Instead, the logistic laws of a store
should be applied to each situation and limits
should be sought (as discussed in Sect. 6.2.3).
The Service Level Operating Curves, developed
by Lutz [Lut02] provide a logical approach for
this. Figure 6.22 depicts the basic progression.

A single article or a logistically similar group
of articles is first considered with its input and
output in or from a store. Similar to the Pro-
duction Logistic Operating Curves, an ideal

operating state can also be defined for the Service
Level Operating Curve and from there an ideal
Service Level Operating Curve can be calculated,
determined only by the input lot size. In reality
however, there are quantity and schedule devia-
tions both in the input as well as the output and
fluctuations in the demand which make safety
stock necessary. These then lead to the actual
Service Level Operating Curves. Nyhuis and
Wiendahl [Nyh09a] and Lutz [Lut02] both
describe equations that can be used to calculate
the operating curves.

The stock is almost exclusively determined by
how the input and output processes behave. It is
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at first surprising that accordingly there is no
possibility to influence it with technology or the
workforce. The reason for this is that storage, as
a method, is a process that changes the material
spatially and temporally but does not change its
state or feature. Technology and people only
have influence when the storage process is exe-
cuted using logistic equipment and resources.
Thus for factory planning, the basic possibilities
for intervening are concerned with harmonizing
the input and output processes. This includes
adjusting the lot sizes for the input and output
(i.e., synchronized production), homogenizing
the rate of consumption, minimizing delivery
time and quantity deviation and finally, shorten-
ing replenishment times.

On a workstation level, these approaches are
mainly predetermined by higher level structures
and strategies. These are developed when plan-
ning the factory structure and have to be derived
from the factory’s general logistic concept, e.g.
applying the push- or pull principle. This will be
explained in detail in Sect. 9.5.2. Basically, the
factory planner, together with the logistician, can
only influence the workstation in regards to this
target with a well-organized material supply and
disposal. With an assembly station, the feeding
technology fulfills this task and similar devices
are to be found on automated machine tools.

Generally the question of changeability does
not arise in regards to the logistic transportation
and storage processes, but rather first poses itself
in interplay with the preceding and subsequent
processes and beyond that, when the technolog-
ical features of the required resources are known.
Both the aspects of influencing through tech-
nology and human as well as the aspect of
changeability are addressed on the next higher
level in conjunction with the logistic methods
described there.

Before discussing these though, we will turn
our attentions in the next section to the factor
identified in Fig. 6.3 as the second aspect of
designing a workstation i.e. technology. Once
again our aim here is to uncover the basic fea-
tures of the facilities used in manufacturing,
assembly and logistics that are relevant for a
factory planner. These are then supplemented

with the information technology necessary for
operating workstations as well as the supply and
removal technology. After which we will also
examine how the factory planner can influence
these and the characteristics of changeability that
can be found in this area.

6.3 Facilities

Technical plants, devices and equipment serve to
implement the manufacturing, assembly and
logistic processes described in the preceding
section. For our purposes, we will generally refer
to these in the following as ‘facilities’ although
the term ‘resources’ is also commonly used from
a management perspective. In addition to the
facilities, resources also encompasses the work-
force (human resources), financial means (finan-
cial resources) and raw materials. Figure 6.23
outlines the facilities from the factory planning
perspective according to their use in manufac-
turing, assembly and logistics.

The figure differentiates the workstation and
section level according to the structural levels of
a factory (see Fig. 5.18). Facilities are special in
that they are understood as physical units which
are inter-connected in view of the material,
information and energy flows and are thus not
able to function as separate parts. An exception
here is very large systems that have a continual
manufacturing and/or assembly process for large
series and mass production. Examples are an
integrated pre-manufacturing and assembly plant
for washing machines, a plant for completely
manufacturing combustion engines, a painting
plant for automotive car bodies, a paper machine
or an integrated print-and-fold plant for a
newspaper.

From the perspective of factory planning it is
practical to first separate facilities into sub-sys-
tems as depicted in the first column of Fig. 6.23.
From the process view, the facility’s workspace
is the center of focus. It is within the workspace
that the product is changed. The workspace
makes it possible for the facility and equipment
to conduct the process and can thus be referred to
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as a ‘process-enabler’. From a technical per-
spective, facilities and equipment are concerned
with manual workplaces or more or less auto-
mated workstations and machinery. In order to be
implemented, many of the processes require
facilities and equipment for handling, securing
and moving workpieces within the workspace, as
well as for loading and unloading them. Simi-
larly, tools and measurement devices are usually
required. It is also necessary to be able to auto-
mate the control, monitoring and feedback of the
testing operations—usually requiring a consid-
erable periphery for removing waste materials,
ensuring industrial health and safety standards
and last but not least accommodating the housing
for the energy and information control module.

6.3.1 Manufacturing Facilities

Manufacturing facilities allow the manufacturing
processes outlined in Sect. 6.2.1; Fig. 6.4 to be
executed. Manual workplaces consist of a
workbench which holds the workpiece that is to

be processed, possibly clamps (e.g., a vice) and
tools for executing the work operation. Manual
workplaces are found in the industrial production
rather seldom e.g., for bending tubes, deburring,
welding etc. By far and wide, the largest pro-
portion of facilities falls under the category of
manufacturing machinery. The various forms
which machinery can take are outlined in
Fig. 6.24 and organized according to the manu-
facturing processes outlined above [Spu96]. We
will not discuss these in greater detail though
since their properties (geometric dimension,
weight, media supply and emission) are all sim-
ilar from a factory planning perspective.

For the factory planner however, it is more
important to divide the manufacturing machinery
into single machines and systems of machines,
which can then be further divided according to
the degree of productivity and flexibility (see
Fig. 6.25).

With regards to flexibility, individual
machines range from single purpose machines,
which can only manufacture one specific part,
to convertible single purpose machines to
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machining centers with limited part spectrums up
to numerically controlled universal machines that
are only limited in regards to the dimensions of
the workpiece. Flexible multi-machine systems
(flexible transfer lines, flexible manufacturing
systems, flexible manufacturing cells) link a
number of single machines into an automated
workpiece flow in which the sequence of oper-
ations is more or less flexible.

The group of machine systems that has the
highest productivity and lowest flexibility are
takted transfer lines that can be setup to varying
degrees for different workpieces. However the
setups are limited here to certain dimensions and
features of a very limited part group such as
motor blocks for example. From the perspective
of factory planning, the forms of manufacturing
machines that we have briefly indicated here can
be reduced to a comparably few characteristics.
An example here is the numerically controlled
universal machine. Whereas, its general structure
is depicted in Fig. 6.26 [Toe95], Weck and
Brecher provide an extensive introduction
[Wec05]. A comprehensive overview is given by
Miller and Miller [Mil04].

The machine’s frame determines the spatial
structure of the machine with its moving and fixed

parts. Guides allow the moving parts to be shifted
or turned and generally determine the precision of
the manufactured workpiece. Drives, on the other
hand, provide the mechanical energy for generat-
ing the main and secondary feed motion. Finally,
control influences themotors and actuators (power
control) as well as the control and monitoring of
the movements of workpieces and tools (infor-
mation control). The latter is accomplished using
Numerical Control. The control unit has connec-
tions to a local data network (Local Area Network
or simply LAN) that allows the electronic
exchange of data with a higher level system.

From the perspective of factory planning the
frame of the machine determines the required
floor area, the required height the space and the
weight (load) which the floor has to support as
well as whether or not the machinery has to be
anchored in a floor-bed. In comparison, the drives
and processes determine the power and media
supply such as compressed air or cooling water.

Tool handling systems consist of tools and
measurement devices that the tool preparation
department commissions and supplies order-by-
order. With larger quantity tools both integrated
tool magazines as well as separate magazines,
possibly with special loading and unloading
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devices, can be implemented. From a factory
planning perspective tools systems are floor
space consuming, ancillary systems that have to
be designed ergonomically and considered in the
spatial planning and organization.

Following the scheme of Fig. 6.23 workpiece
handling systems serve to move and store
workpieces in front of and within the machine
workspaces. Workpiece palettes (also known as
workpiece carriers) that frequently carry special
fixtures ensure that the workpieces are correctly
positioned spatially and secured in a set position
even when they are subject at times to consid-
erable cutting forces. Workpieces can be changed
manually. However there are also separate
workpiece magazines common that use auto-
mated loading and unloading devices. Depending
on the size of the workpieces, the subsystems for
handling them require considerable floor space.
They create the interface with the internal mate-
rial flow and are decisively designed by the
factory planning and logistics.

Control Systems are typically components of
machine tools and appear to the user as control or
operating panels. A control process can result in
data about quality, but organizational feedback
such as the quantity of goods and time of com-
pletion can also be entered via the operating
panel thus closing the logistical control
loop. From the perspective of the factory planner,
control systems only require space and opera-
tional resources for control cabinets and con-
nective lines.

In addition to the workpiece and tool handling
systems we have already mentioned, the
periphery of the manufacturing machinery is for
the most part determined by the removal of waste
materials and their interim storage as well as
health and safety guidelines that result from
environmental and safety regulations. On the one
hand, these require significant spatial areas and
on the other hand, they have to be integrated into
the factory disposal system without disrupting
the production flow. Since cooling lubricants
lead to considerable disposal costs when mixed
with chips and sanding dust they deserve par-
ticular attention and should therefore either be
avoided (dry cutting), reduced (using systems

which require minimal amounts of cooling
lubricants) or substituted [Wei99].

When selecting manufacturing machinery, it
is important to consider the required technol-
ogy (determined by the processing task) as
well as their flexibility and productivity; an
approximate classification for this is already
provided in Fig. 6.25. The flexibility and pro-
ductivity of a manufacturing facility is depen-
dent not only on them being organized in one
or more units, but also strongly on the degree
of automation of the units [Spa97]. The auto-
mation refers to the program sequence of the
tools and workpiece motion as well as the
changing of the tools and workpieces. Based
on a recommendation from Spath, Fig. 6.27
depicts the resulting stages of automation for
the individual machines [Spa97] and with that
further subdivides them.

Starting with a workspace in which the actual
manufacturing process occurs, a manufacturing
machine is created by adding a power drive and a
local control. If this machine is able to execute
different processing operations in one setup on
the same workpiece by means of a local tool
magazine with various tools (e.g., drill, cutter,
thread cutter) and an automated tool changer as
well as an integrated measuring device, then it is
referred to as a machining center.

Figure 6.28 depicts a machining center for
manufacturing small rotationally symmetric
parts. The raw parts are inserted into a circulating
workpiece magazine. A vertically and horizon-
tally movable turning spindle grasps and clamps
a raw part by means of a chuck. The part is
shaped via a chip removal process whereby
numerical control is used to move the rotating
part along a still-standing cutting tool which is
fixed in a drum turret. The falling chips are
removed by a conveyor belt into a bin. The drum
turret contains all of the tools for completely
processing the part; drilling and threading oper-
ations are also possible. By turning the turret
head to a defined position the individual tools are
implemented. After the processing is completed,
the spindle sets the completed part down on the
workpiece magazine, which in turn moves a step
forward and transports the next raw part to the
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start position. Also visible in the figure is the
floor area required by the machine which is a
fundamental piece of information for the factory
planner. With machining centers for prismatic
parts the workpiece clamping occurs outside of
the machine on a so-called workpiece pallet,
which is then transported in and out of the
machine by means of a pallet changer.

A flexible manufacturing cell (FMC) is then
created when tool changing and workpiece
clamping stations are added outside of the
workspace. The typical machines tools and sys-
tems are flexible within the frame of their defined
part spectrums. However, extensively changing
the workpiece spectrum, which requires the
integration or removal of processing units, is
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generally not possible. As we discussed in
Chap. 5, reconfigurability can offer a solution in
cases where a quick changeover is required.
Figure 6.29 introduces a concept for a reconfig-
urable machine tool developed within the frame
of a research project.

Starting with a platform that comprises the
framework and axis of motion the machine
allows modules and sub-modules to be com-
bined. Different configurations are then possible
depending on what workpieces require—three
such examples are included at the bottom of
Fig. 6.29.

Similarly a flexible manufacturing system
(FMS) is created by linking a number of work-
stations via a central workpiece and tool maga-
zine as well as corresponding equipment for
changes as far as the material and information

flow goes. Figure 6.30 provides a scheme of how
such a system is structured.

A flexible manufacturing system is capable
for the completely automated manufacturing of a
workpiece spectrum—e.g., levers, gears, shafts
etc.—in a wide range of quantities and an arbi-
trary sequence. The individual stations not only
conduct processing tasks but also take on ancil-
lary functions such as measuring and washing
parts. The system is controlled via a master
computer that exchanges order data with the PPC
system and controls the cell computers of the
sub-systems, whereby the latter communicate
with the local machine controls. From the per-
spective of factory planning, the FMS represents
a closed unit that should be tied into the material,
information, energy and personnel flow of the
next higher planning level.
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Generally speaking, machine tools do not
pose any special requirements for the factory
planning. The exception of course is machinery
that moves vertically when working due to the
process involved and that handles larger work-
pieces; in this situation special foundations can-
not be avoided. This applies in particular to
metal-forming machines which are characterized
by strong vibrations and sound emissions. Fig-
ure 6.31 depicts a hydraulic double column press
equipped with a single cylinder drive that yields
a maximum force of 2500 kN and is located in
the upper cross-head. A main electrical motor
supplemented with a secondary motor provides
the drive with an installed engine performance
between 15 and 55 kW. A layout such as this
allows a slower initialization and adjustment
mode by operating only one unit, but can also
attain higher ram speeds by operating both
engines simultaneously in rapid-transverse for
the flow and return flow of the press. At
7 m × 5 m × 6 m (height × width × depth) and

40 tons the press represents an almost immovable
fixed point in the factory.

In regards to a factory’s changeability, the
features of manufacturing machines that impact
their reconfigurability are of primary signifi-
cance. Based on their sub-systems (Fig. 6.32 left)
these features are summarized in the middle of
Fig. 6.32 and allocated to one of three categories:
machine, material/tool flow or information flow.

With increasing feature values the change-
ability on the individual levels is influenced dif-
ferently. The larger and heavier a machine is, and
the more difficult it is to take apart (as far as
installation and de-installation is concerned), the
more change resistant a machine is. If a machine
requires its own foundation and special safety
barriers/equipment, it becomes a fixed point in
the layout that practically reduces the reconfig-
urability to zero on all five levels.

Based on the obstacles listed in the right of
Fig. 6.32, we can derive the following recom-
mendations for a high degree of reconfigurability:
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• The machine frame should be con-
structed as self-supporting in order to
avoid the need of special foundations.

• The machine should be constructed from
modules that are functional and pre-
tested.

• The weight and dimensions of the
modules should be adjusted to typical
maximum load and profiles for streets
and rail ways so that heavy and/or spe-
cial transports can be avoided.

• The energy and media supply should be
routed in modular form with plug-in
connections.

• Machinery should be designed to
include modules for connecting media
and control units, filter and cleaning
equipment as well as modular chip
conveyors so that the machinery can be
adapted to changes in the layout without
laborious installation work.

• Machinery should allow modules which
can be quickly and flexibly installed for
changing and/or storing workpieces and
tools.

• The division between supplying technical
(numerical control) and logistical (PPC
system) information to manufacturing
machinery should be eliminated with the
aid of universal operator information
systems.

It is clear that these measures primarily
influence the flexibility and changeability,
whereas the change-over ability and reconfigu-
rability are determined by the machine concept
and the structure of its sub-systems.

6.3.2 Assembly Systems

From the perspective of the factory planning and
operation, the following properties distinguish
assembly from manufacturing:

• In order to produce a workpiece a manufac-
turing machine requires an initial material that
usually consists of a single piece of a semi-
finished product made from the same or sim-
ilar material in a few geometric variants. In
comparison, in an assembly system, depending
on the product structure, a large number of
completely different parts have to be joined to
some degree in a number of variants and
checked to ensure that they are properly
mounted.

• With manufacturing processes, the preciseness
of the part—which is one of the important
characteristics of quality—comes first and
foremost. Thus with the significant forces
applied mostly in the processes, the rigidity
and dynamic behavior of the tool machines
play a critical role. Assembly processes on the
other hand, use comparably less force so that
the focus is on the precision of positioning the
joint parts and the reliability of the joining
processes.

• The work contents for a manufacturing process
in a serial production (which usually has a
wide range of variants) typically ranges
between 0.5 and 20 h depending on the com-
plexity of the parts and lot size. Manufacturing
lines for high volume productions with cycle
times in the minute range are an exception. In
comparison, with assembly processes in a
serial production rich in variety, cycle times
typically range between seconds and minutes
due to how quickly parts can be picked and
joined; lower limits are 2 to 3 s.

• The mean continuous (interruption-free) run-
time of manufacturing processes is within an
hourly range and the mean duration of repair
between 10 and 20 min. In comparison, auto-
mated assembly processes generate more fre-
quent disruptions due to the many parts to be
handled and shorter cycle times. These periods
of interference can occur minutes after one
another and typically last for a few minutes.
This is of course the reason why manufactur-
ing machines can often be operated during
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night shifts without supervision, while assem-
bly stations and even linked systems require
on-site personnel who continually monitor the
processes and are prepared to intervene as
needed.

• As a result of the above mentioned reasons
manufacturing machines are thus in principle
better suited for automation, whereas assembly
systems are rarely fully automated.
As outlined in Fig. 6.33, the assembly systems

can be classified according to the output rate and
number of parts to be mounted or number of
assembly operations, whereby in this field a more
or less flexible manual assembly is distinguished
from an automated assembly [Lot13].

Manual assembly workstations are centered
on personnel including the space they need to
move within as well as their physical and mental
load. Figure 6.34 depicts the basic specifications
of a workplace that allows work to be conducted
while sitting or standing [Mar94, Lot13]. It
should be emphasized from a logistics viewpoint
that the products are assembled lot-wise. When
there is a product or variant change, the contents
of the picking bins are partially or completely
exchanged.

Starting with personnel, the resources required
for conducting the work include a work desk, a
place to sit and/or stand, picking bins and a
joining tool. The results of the work are either
deposited in a transportable container, preferably
in an organized manner, or on a conveyor belt.
The spatial arrangement of the work equipment
takes into consideration the measurements for the
height of the work desk, viewing distance, grip-
ping range and the space available for unob-
structed movement of the operator.

The operations executed by the worker can be
broken down into five basic movements: reach,
grasp, move, position, release [Bok12]. The aim
is to develop a sequence requiring the least
amount of time while avoiding difficult move-
ments by simplifying them. Further improve-
ments can be made by simultaneously executing
similar or different movements with both hands
and eliminating activities that do not add value.

According to Lotter [Lot13] a measure for the
effectiveness of an assembly workplace is
defined as the sum of all primary assembly
operations divided by the sum of all assembly
operations (=sum of primary assembly opera-
tions + sum of secondary assembly operations)
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Fig. 6.33 Classification of assembly systems according to output rate and complexity (after Lotter)
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expressed in percent [Lot13]. Primary assembly
operations include all operations that increase the
value of a product during its assembly, whereas
secondary assembly operations represent the
necessary, unavoidable operations that do not
create any value.

If with the measures mentioned above it is not
possible to increase the output rate by the per-
sonnel because of too short cycle times, a partial
mechanization and automation is appropriate.
This leads to batch-wise and partially automated
assembly. Figure 6.35 depicts an assembly
workplace where base part T1 is inserted from a
picking bin onto a turntable with fixtures for 18
workpieces. Thereby the turn table moves always
to the optimal joining position Lotter [Lot13].
Following that turntable 2 is turned so far that
part t2 is in the optimal position for grasping.
This part is then joined to part t1 eighteen times.
The operation repeats itself until all 6 parts are
mounted 18 times and deposited in order in a
container. The short grasping distances (reducing
secondary efforts) and simultaneous use of an
automated joining press are worth noting here.
Assembly solutions such as this are thus also
known as hybrid assembly systems.

If instead of processing products batch-wise,
they can be worked on separately from one
another piece-by-piece. This is referred to as
One-Piece-Flow Assembly. An example for this
type of solution is depicted as a single workplace
in Fig. 6.36 [Lot13].

Here the worker picks the base part and puts it
on a workpiece carrier that can be shifted using an
‘assembly sledge’ on a ball roller table. The
worker then moves the sledge manually into the
optimal position for grasping and joining the next
part. In this case there are a total of 11 parts (P1 to
P11) to be joined before the finished product can
be orderly deposited. This system is beneficial
because it minimizes the worker’smovements and
the external material supply which turns out to be
advantageous when there is a variant change.

With strongly fluctuating demand it is also
possible to implement a flexible workforce. A
possible solution for this is depicted in Fig. 6.37
in the form of a U-shaped system in which
product A and B are assembled. Depending on
the demanded yield, one to three workers can for
example work in area A and two workers in area
B who execute a smaller or larger number of
assembly operations. The commissioning for the
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Fig. 6.34 Assembly workplace for manual assembly (Bosch Rexroth)
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parts from an internal supermarket that are to be
built-up is completed by a special worker, who
supplies the parts per variant at each of the
individual stations.

If more assembly stations are required and
automated stations are not economically efficient
a manual flow assembly comes into play. In such
cases the workstations can be linked by arranging
transportation means in different ways (see
Fig. 6.38).

In accordance with Fig. 6.33 the output limits
of a manual assembly system are thus reached. If
the variants are not too extensive and the lot sizes
are sufficient for operating continuously for a
number of hours, automated assembly stations
can be implemented. Joining operations than
occur synchronously in short intermittent inter-
vals. Figure 6.39 depicts a multi-station machine
using an index rotary table. This particular
example has two pick-and-place stations for parts
A and B and a joining station. The advantage of
this concept is the yield which can be up to 1800

pieces per hour. However the lack of variant
flexibility and susceptibility to disruptions in the
feeding system are disadvantages. When a
workstation is disrupted, the entire machine
stops. Finally, the number of workstations is also
limited by the size of the rotary table; the upper
limit tends to be 18 stations.

If even more parts need to be assembled and
linked automated stations without buffers are to
be avoided, it is necessary to connect stations
using a transfer system; Fig. 6.40 depicts the
various principles for linking and organizing
assembly systems.

Line systems can be implemented with or
without buffers and open or closed. Rectangular
arrangements (again with or without buffers)
simplify the return of empty workpiece carriers;
however, since their inner space cannot be
practically accessed, materials have to be sup-
plied either behind or beside station operators.

An example of a modular assembly system is
depicted in Fig. 6.41. Here, the stations can be
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Fig. 6.37 Layout of a U-shaped assembly system
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equipped with different systems for joining and
measuring which can then be linked using a
modular transfer system. The system also allows
manual workstations to be integrated.

As already mentioned, in contrast to the part
feed in manufacturing, the part feed in the
assembly is almost as important as the joining

process itself. In a manual assembly, parts are
usually fed by station workers who pick them out
of a bulk of parts, supported by bins with an easy
access to the parts.

If the aim is to automate these manual oper-
ations, a magazine, positioning system and a
handling device are required as already indicated

line systems rectangular systems special structures

• fixed sequence of stations 
and workpieces

• linked rigidly
• open system 

• linked elastically
• open system 

• linked elastically
• closed system with
workpiece carriers

• linked rigidly
closed system with and 
without workpiece carrier 

• linked elastically
• closed system with and 
without work piece carrier 

• tree structure 

• net 

• area

station buffer material flow direction 

• fixed sequence of stations 
and workpieces

Fig. 6.40 Principles for linking and organizing assembly systems

turn module

plug-in connections 

base module 

process module 

linear transfer module

Fig. 6.41 Modular system for linear transfer assembly systems (courtesy of team technik)

6.3 Facilities 155



in Fig. 6.8. A storage bin separates the parts (e.g.
via vibration, conveyors, sliders etc.) which then
fall into a separation and ordering device. At a
defined transfer point a handling device then
picks a part and deposits it in the joining
position.

From the factory planning perspective, feed-
ing systems are considered space consuming and
failure sensitive. It is thus critical that these
systems can be constantly monitored and quickly
accessed when there are incidents. One possi-
bility of circumventing this is to build parts
directly on-site and to enter them immediately
into the joining position. However, disruptions in
the manufacturing process then directly impact
the assembly. Another possibility is to sort the
parts outside of the assembly system into maga-
zines and have the handling device remove them
from the magazine.

In addition to the technical solutions we have
described above, pick and place units and
industrial robots represent an important compo-
nent of assembly technology. The first have up to
3 degrees of freedom in space, which generally
only allow linear movements. In comparison,
robots are characterized by at least three inde-
pendently programmable linear or rotational axes
that can be combined in different ways. Fig-
ure 6.42 depicts typical kinematic configurations,
primarily implemented in assemblies [Lot13].

Horizontal and vertical articulated robots are
predominantly found in assembly technology,
whereas portal robots serve more to load and
unload tool machines. Increasing speed and
precision along with sinking prices are making
robots together with quick gripper changing
systems and the implementation of image pro-
cessing into universal devices with abilities close
to those of humans. This means that the vision of
random bin picking has meanwhile become
reality. The occasionally extensive forces and
quick sweeping movements of robots however,
necessitate strict health and safety requirements
as well as rules concerning accessibility.

Finally if we consider assembly stations and
machinery from the perspective of their change-
ability. Similarly to manufacturing facilities and
equipment, we can classify them according to the
stations and machines as well as the material and
information flows (see Fig. 6.43).

The dimensions for assembly stations and
machines are comparable with manufacturing
machines. Nevertheless, assembly stations are,
without exception, relatively lightweight because
the drives are much less powered and the frame
basically only has to carry weight forces while
the joining force remains within the workspace
of the joining station. Due to the large dimen-
sions of the systems, the ground floor plan and
building grid can become obstacles when linking

horizontal articulated robot vertical articulated robot portal robot 

Fig. 6.42 Types of assembly robots (Hesse)
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a large number of stations. Generally, a func-
tional oriented modular construction supports
changeability on all levels and is to be strongly
encouraged in every case. Media requirements,
noise protection and health and safety do not play
a large role in the assembly, the only aspect that
tends to be time consuming in a change-over is
the energy and media feeds at the joining point
due to the many hoses, cables and pipes. Mod-
ular solutions such as plug-in and snap-on fas-
teners should thus also be strived for here.

With increasing automation of the workpiece
exchange, its cycle time can become more
important than the joining cycle time itself with
regards to determining bottlenecks. However,
from the view of changeability, the more
important factor is how the joining stations and
the workpiece exchange system are structurally
linked with one another.

The more stations that are linked together and
the less buffer space there is between them, the
more difficult it is to make changes on all of the
levels. Finally, the information flow is generally
not as extensive as it is with manufacturing sta-
tions and systems, because joining processes

require much less control data than a manufac-
turing process. Instead, due to the shorter cycle
times, the supply and retrieval frequencies are
usually considerably higher and can hinder
changes on the station and system levels, espe-
cially when there are a large number of variants
with quick job changes.

Finally, assembly stations and systems tend to
be characterized by continual quality checks
either during or immediately following the join-
ing process. These checks have to occur reliably
and, due to the required process certainty, can
prove to be an obstacle in reconfiguring or
changing over systems when variants or products
are modified.

As with the manufacturing facilities and
equipment, we can derive requirements for a high
degree of changeability from these obstacles:

• The joining stations, assembly machines
and systems should be organized in
transportable, functionally independent
and pre-tested modules that can be
quickly exchanged.
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• Feeding systems should be easily rec-
onfigured to variants of feeder parts by
avoiding mechanical sorting elements.

• Assemblies should be located in build-
ings with a wide span width in order to
facilitate easy expansions.

• Energy and media connections should be
ensured via a modular supply system,
organized as a grid e.g., via raised floors
or an overhead supply system.

• Workers should be kept informed via
monitors at their workplaces instead of
paper documents.

These requirements directly impact change-
ability on the stations, systems and sections levels.
In comparison with manufacturing facilities, the
factory structure and production site can be
quickly changedwhen these requirements are met.

6.3.3 Logistical Resources

The logistical resources already outlined in
Fig. 6.23 serve to fulfill the core and sub logistic
processes listed in Fig. 6.14. These are functions
with which piece-goods are stored or changed
according to the criteria quantity, time and
location without modifying their functional
properties. Similar to feeding technology in the
assembly, the geometry, dimensions, weight and
sensitivity of the packaged goods are decisive in
selecting logistical resources. In our discussion
here, we will focus on in-house logistics that link
the previously described manufacturing and
assembly functions. We will then discuss
designing external logistics later in Chap. 9.

Before taking a closer look at the logistical
resources, it is helpful to consider the elementary
processes that the logistic sub-processes are
based upon since this allows us to more clearly
understand the importance and characteristics of
the classification features (see Fig. 6.44).

The elementary processes involved in storing
include receiving and identifying goods, deter-
mining the storage location, storing, commis-
sioning, removal and dispatching them to the
agreed upon transfer point e.g., a loading dock
[Hom07].

Conveying consists of loading and unloading
the conveyor as well as the loaded and idle runs
of the conveyor.

Packaging serves to protect goods whereby
both the packing materials and goods have to be
supplied for the packaging process and subse-
quently used to form cargo units. Within a fac-
tory, goods are usually only packaged when they
are meant to be dispatched. Generally packaging
should be avoided and instead special returnable
carriers are to be used which not only ensure the
organization of the goods, but also protect the
cargo during transport.

Commissioning (or order picking) consists of
supplying a sorted quantity of an article from a
store, the removal of the requested amount from
the article bin by the commissioner, delivering
these in a picking bin, collecting other articles in
the picking bin into a commission and returning
the empty article bins.

Trans-ship processes from one container to
another are rarely required in a factory and are
usually reserved for external transport hubs e.g.,
container terminals or rail dispatching stations.

Sorting also tends to play a smaller role in
factory logistics. It serves to divide a heteroge-
neous flow of goods—as is, for example, typical
of package distribution centers or luggage sorting
systems in airports—to various target points. The
elementary processes are naturally similar to
storing or transporting; the units to be handled
are usually just larger and protected by packag-
ing against transportation and weather factors.

All of these functions require planning,
monitoring and control processes which consist
of planning the quantities and capacities of the
logistic units and logistical resources, followed
by processing the orders including generating the
accompanying documents before finally
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releasing and tracking the orders. Information
that so to speak ‘rushes ahead’ of the orders
(mostly electronically) plays an important role,
however more and more it is also taken for
granted that the accompanying information (i.e.,
in the sense of identifying where the order is at
any point in time) is also always available.
Finally, feedback data e.g., about goods removed
from stores or completed transport operations
also needs to be generated so that it can be
entered into statistical evaluations and order
tracking systems.

The facilities necessary for these logistics sub
and elementary processes usually fulfill their
functions together with more or less automated
devices and logistics personnel. We will first turn
our attentions to the storage facilities.

Figure 6.45 identifies components of a piece-
good store. The load carrier (also known as a
storage aid or charge carrier) can include pallets,
boxes, girders or containers. It serves to form a
cargo or transport and can be carried by con-
veyors. Depending on protection requirements or
requirements for the automated loading and

unloading of individual piece-goods into/from
the charge carrier, goods are fixed using holding
strips or intermediate layers with suitable pits.
From the perspective of the factory planning, the
diversity of the charge carrier should be mini-
mized as much as possible.

Load auxiliary devices serve to handle the
cargo units during the elementary processes
outlined in Fig. 6.44 and are either firmly con-
nected to the storage conveyor devices or can be
exchanged with it. Rigid and adjustable forks
which lift the charge carriers are wide spread.
Side grippers or squeeze clamps require that the
side walls of the charge carrier are correspond-
ingly sturdy. The remaining load handling devi-
ces pull, push, lift or roll the charge carriers.

Storage conveyor devices accept charge car-
riers in the store and transport them from a drop-
off point to a storage place (storing), from a
storage place to a supply point (retrieval) or
between storage places (sorting). With non-
automated stores, manual vehicles in which the
driver remains on ground-level assist here e.g.,
fork-lifts, high-lift trucks as well as reach trucks.

sub process elementary process sub process elementary process 

1 storing 

2 conveying

5 handling• receiving goods
• identifying
• determining storage location
• storing
• commissioning
• removing
• dispatching 
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3 packing • providing packing means
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4 commissio-
ning

•provisioning amount of articles
•moving commissioning person
• removing demanded
amount of goods

•delivering amount of orders 

6 sorting • carrying to
• preparing
• identifying
• distributing
• carrying off

7 planning • volume and capacity planning
• order handling
• information provisioning
(ahead and accompanying)

• generating feed back data
• controlling 

Fig. 6.44 Sub and elementary logistic processes (based on Fleischmann, Gudehus and ten Hompel)
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With rack trucks operators drive with the device
to the individual storage places.

The storage devices fulfill the core function
‘storing’ (see Fig. 6.46). The charge carriers can
be stored in blocks or rows on the floor and are
then referred to as block stores (Fig. 6.46 top left).
Due to the need for space and accessibility stor-
age racks—usually hand or medium to high racks
—are predominantly implemented; Fig. 6.46 top
right depicts a rack with stacked pallets.

When the pallets can move in the rack they
are referred to as drive-through or drive-in racks
(Fig. 6.46 bottom left), whereas with movable
racks the individual racks move as a whole with
the pallets (Fig. 6.46 bottom right).

Within a factory, rack stores mainly tend to be
found in the inbound and outbound stores as well
as in the dispatch area of shipping companies.
Figure 6.47 depicts a visualization of possible
forms and their dimensions which, depending on
the overall height, can be implemented with
different storage means [Hom07].

Due to the quick access, compact construc-
tion, protection from dust and its mobility the lift
system featured in Fig. 6.48 is frequently used
for internal intermediary storage of B-parts, tools
and consumable materials. It allows articles to be
accessed from a number of levels for commis-
sioning purposes.

Continuous conveyors take on a special role,
functioning both as a storage and transportation
means. The storage ability of a continuous con-
veyor is determined by the number of charge
carriers that it can accept. Stores, which allow the
movement of the charge carriers and or stacks are
also referred to as dynamic stores, those that do
not are referred to as static stores. Extensive
depictions of storage systems including compo-
nents, technologies and dimensioning can be
found in, ten Hompel et al. [Hom07], Furmans
and Arnold [Fur08] and McGuire [McG10].

The next aspect we will consider is means of
transportation. We use ‘transportation’ to refer
to transports outside of the factory building,
while internal transports are discussed in terms of
‘conveying’. For factory planners then, the
internal conveyor systems for piece goods are of
primary concern; Fig. 6.49 differentiates between
continous and static systems.

Sliding, roll or belt conveyors are used for
comparably short distances e.g., in linking
machines or assembly systems. Suspension and
drag chain conveyors bridge larger distances, for
example for connecting the material flow systems
between production sections or halls. The latter
are arranged overhead just below the hall ceiling
in order to keep the hall floor free for machines
and personnel. By far the majority of conveyor

storing systems for piece goods
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device
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Fig. 6.45 Components of a piece-good store
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systems implemented are non-continuous,
whereby floor conveyors are broken down into
fork-lifts, towing tractors and wagons as well as
hand-pulled (or pushed) carts and overhead
conveyors. Figure 6.50 depicts two typical
forklifts and their respective performance ranges
[Hom07].

Overhead conveyors include monorails which
transport their load along an overhead track.
Cranes, trains and lifting devices as well as ele-
vators are summed up as lifting tools and primarily
serve to vertically transport individual loads.

Based on the elementary logistic processes
outlined in Fig. 6.44, it is clear that with the

exception of large mail-order companies with
large throughput quantities, packaging processes
require comparably simple devices. In terms of
logistics, orders are combined into transportable
and storable packages, tied to cargo units and as
such secured so that they stay together e.g., by
wrapping them in plastic foils. Facilities and
equipment required here include storage for
packing materials, conveying systems for
incoming packages as well as wrapping and
strapping systems.

The commissioning sub-process basically
consists of a combination of storing, transporting
and handling processes, whereby the commis-
sioners themselves become transported objects
when they move to the goods, instead of the
goods coming to them. As an example, Fig. 6.51
depicts a system with which the articles remain at
their storage place (static commissioning) while
the commissioner travels vertically or horizon-
tally with the storage and retrieval systems (two
dimensional movement), picks the required
quantity of articles and combines them in the
order box (manual removal) before depositing
the order at a defined location (central deposit).

Due to the comparably few types of parts,
commissioning does not play a significant role in

first  horizontal movement vertical movement second  horizontal movement 

Fig. 6.48 Lift system (Kardex)
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Fig. 6.49 Typical factory piece-good conveyors
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the part fabrication area of a factory. Assembly
areas however are increasingly implementing
commissioning processes for articles required for
assembling components and end products. This
is in part due to the growing number of variants
and the related danger of mix-up them with one
another. Moreover, this allows the assembly
worker to concentrate more on the actual tasks of
joining and checking the joints. Finally the need
for space and the related complexity particularly
with voluminous articles is growing so quickly
and strongly that it makes sense to separate the
commissioning operations from the actual
assembly task. Figure 6.52 depicts two types of
commissioning systems for assembly factories.
In the case left the goods are transported from the
store to the commissioner, whereas in the case
right the commissioners travel up and down the
racks as if they were in a super market and col-
lect the articles for the order in a cart.

What is common among all of the logistical
resources is that in comparison to manufacturing

resources, a large surface area is required that is
easily under estimated and needs to be carefully
planned. This often results from safety regula-
tions that demand appropriate distances to mov-
ing equipment and health and safety standards.
Moreover, it is here in particular that valuable
potential for shortening the throughput times of
the orders is hidden.

We will not discuss the handling and sorting
sub-processes further because, as already men-
tioned, they seldom arise in the factory itself. The
last logistic sub-process mentioned in Fig. 6.44,
planning and control, requires the usual equip-
ment for processing data such as computers,
monitors, a server and a data network as well as
score boards and control panels. These are either
parts of the respective sub-systems or are found
in the offices of the corresponding employees.

The characteristics of the logistical resources
that are relevant for changeability are similar to
the assembly resources in view of the equipment
that is implemented (see Fig. 6.53). Factors such

variables

speed 9 - 35  km/h / 5.5 - 21.7 mph                  7 -14 km/h / 4.3 - 8.7 mph

lifting speed      0.23 - 0.65 m/s / 0.75 - 1.45 ft./s 0.15 - 0.5 m/s / 0.49 - 1.64 ft./s

drive power              4 -120 kW / 5.4 -160.9 HP                    5 - 20 kW / 6.7 - 26.8 HP

lifting  height          approx. 9 m / 29.5 ft. ca. 12 kW / 16.1 ft.

load capacity                  1 -16 t / 1.1 - 17.6 Short tons            1 - 2.5 t / 1.1 - 2.75 Short tons

stack height                      8 and 5  pallets                                  12 and 7  pallets

reach truck fork lift truck 

Fig. 6.50 Two typical forklifts (acc. ten Hompel)
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Fig. 6.51 Example of a commissioning system (Gudehus)
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Fig. 6.52 Examples of possible commissioning systems
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as the weight and ability to dismantle and
reconfigure them can be compared directly.
Media requirements and noise protection do not
play any significant role, whereas special atten-
tion should be paid to health and safety regula-
tions due to the heaviness of the cargo and the
overhead load. The variety of charge carriers are
a key obstacle for the material flow on all levels.

Furthermore, the material flow is impeded by
the number of transfer points from one logistical
resource to another e.g., from a conveyor to a
store. However, sub-systems that are too rigidly
connected hinder the changeability on all levels.
Finally, the information flow can also obstruct
the changeability when the interfaces between
the logistic and technical sub-systems are not
compatible and the order information is too far
from the personnel responsible for fulfilling
them. One particular problem is ensuring reliable
information about the amount of stock that is
physically in the system i.e., work-in-process
(WIP) at a given point in time. One of the basic
hindrances here is unregulated access to stores,
especially during night shifts.

Once again, we are able to derive a number of
requirements for the changeability of the logis-
tical resources from the obstacles we have dis-
cussed here:

• Modular, consistent charge carriers have
to be created and implemented across the
entire logistic chain.

• Logistic equipment and facilities also
need to have modular designs.

• Buildings have to have large support
grids.

• Information systems have to provide an
actual overview of the physical stock
levels and flow of the logistic processes.

These considerations conclude our discussion
about operating facilities from a functional and
technological perspective. In accordance with
Fig. 6.3 the next area we will be considering is
the organizational and ergonomic environment
on the level of the individual workplaces. Due to
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the breadth of the topic, the organizational part of
designing workplaces will be discussed subse-
quently in Chap. 7, while the ergonomic per-
spective will be considered in Chap. 8 due to its
close relationship to spatial planning.

6.4 Summary

Workplaces are the fundamental building units of
each factory. Their constituent components are
equipment and people both requiring space.
Within the equipment processes take place,
resulting in a conversion of the starting material
into usable parts and assemblies. The three main
groups of processes bundled under the term
production technology are: (1) part manufactur-
ing in the sense of shaping or changing properties
of parts, (2) assembly as the joining of parts into
assemblies and products, and (3) logistics pro-
cesses for spatial and quantitative changes of
parts, components and final products. The chap-
ter describes first the individual processes of the
three groups and then explains the equipment
used to perform each process in the form of
machinery and equipment. For the three equip-
ment groups with a focus on their main factory
design features as well as the obstacles to change
them are discussed.
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7Designing Workplaces from a Work
Organizational Perspective
by Detlef Gerst

Besides the technical equipment motivation,
organizational integration, ergonomics and
design of the working environment of the
workplaces, employees play a significant role in
the economic success of a factory. This chapter,
therefore, addresses first the necessary develop-
ment of the employee skills, and then the divi-
sion of labor and responsibility within the
organization. The design of the wage system and
the working schedule conclude the chapter. The
equally important issues of the ergonomic design
of a workplace and its spatial environment are
treated in detail in Chap. 8.

7.1 Human Resources as a Concept

Just as the term ‘human capital’ was voted the
taboo word of the year in 2004 by German lin-
guistics, the term ‘human resources’ is also
debated. Critics are concerned that the term
encourages a mindset in which production per-
sonnel are only considered from a monetary
perspective and degraded to an object of pro-
duction planning. However, in professional

publications the concept of ‘human resources’
actually serves the opposite purpose, highlighting
performance related abilities specific to humans
and developing them through appropriate mea-
sures [Mat10]. From the perspective of devel-
oping human resources, when designing the
workstation, possibilities are sought for increas-
ing production efficiency by taking into consid-
eration the motivation of employees for personal
growth. This approach is based on the assump-
tion that the workforce’s competency, motivation
and time based flexibility play a decisive role in
the enterprise’s competitiveness.

For example, when we consider employees a
resource it decreases our focus on personnel
capacities. From the perspective of planning and
designing work, personnel capacities are related
to factors such as hiring personnel, creating a
long-term bond between personnel and the
company as well as planning the work-hours
schedule. As a resource though, employees are
also important in a qualitative respect. Four
aspects that distinguish employees from facilities
should be emphasized here:
• Human work is characterized by a specific
flexibility that technology can at best partially
emulate.

• A further aspect is creativity. Since humans are
able to deviate from programmed procedures
and routines, they can develop creative and at
the same time appropriate solutions for tech-
nological and organizational problems.

• In addition, employees carry specific knowl-
edge. Whereas machines are capable of storing

This chapter was first published in German as Gerst, D:
„Humanressourcen“ in: Arnold et al. (Ed.): Handbuch
Logistik, 3rd ed., pp. 343–361. Springer Berlin
Heidelberg 2008. The authors would like to thank
Dr. Gerst and Springer-Verlag for the permission to
reprint it.

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_7, © Springer-Verlag Berlin Heidelberg 2015
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and processing almost unlimited information,
humans have extensive experience and context
based knowledge that also allows them to
orient themselves in new situations. Moreover,
employees have free wills which influence
their job performance considerably.

• As a result, motivation is a key topic in the
development of human resources. Thus, by
emphasizing flexibility, creativity, specific
human competencies and motivation, the con-
cept of human resources orients itself on an
alternative model to humans as ‘flexible
machines’.

7.2 Human Resources
and Production Performance

The correlation between human resources and
production performance first becomes evident
when the concept of production is no longer
reduced to methods and algorithms that transform
materials into parts and products as well as regu-
lates the inventory and the material/product flows.
Even when the ultimate goal in designing pro-
duction processes is to reduce the impact of
humans on the quality of the production and
logistic performances, it should not be forgotten
that humans are able to improvise and react to
unanticipated technological and organizational
disruptions, where the bureaucratic control fails
[Wel91]. Employees thus take on a central func-
tion for the economic efficiency of an industrial
production. With this in mind, developed human
resources play a decisive role in the production
performance, which in turn is a condition for a
strong logistic performance and low logistic costs.

The extent to which human work contributes to
the production performance is dependent on the
competency and motivation of the workforce,
including incentive systems. One of the particular
problems in developing competencies and
designing incentive schemes is how the human
workforce influences the logistic performance.
The reason for this is that whereas technological
knowledge is either confirmed or refuted by direct

experience, this does not apply to the same degree
for logistical relationships. In addition to the fre-
quent lack of understanding about the complex
and model-based logistic correlations, incentive
programs implemented in the production con-
tribute significantly to the behavior of the people
involved in the logistic control. Incentive systems
can make the difference as to whether production
personnel only orient on the productivity and
utilization in addition to the quality, or if they also
orient on the targets to minimize the work-in-
process (WIP), shorten delivery times and
increase the delivery reliability. Consequently, the
competency, availability of personnel and orien-
tation of production staff on targets are key input
factors when planning the production [Wie05].

7.3 Competency and Human
Resources Development

Nowadays research on vocational training and
continuing education is no longer primarily
concerned with qualifications, but rather with
competencies. Whereas the term qualification
identifies knowledge as a formal expression of
recognized vocational or professional abilities of
employees [Int04: 5], the concept of competency
is more comprehensive. It identifies the expertise
of an individual as an expression of the knowl-
edge and abilities that he or she has command
over in a specific context [Int04: 5]. Learning
processes are understood today as self-organized.
Accordingly, learning does not consist of
instilling and accumulating pre-structured course
content. Instead, humans learn by connecting
new course content with existing knowledge,
producing relations to known contexts and link-
ing new knowledge to practical problems. One of
the practical consequences of this concept is that
learning processes should be designed to reveal
the real-world sense and context of the course
content. In addition to anchoring this knowledge
in concrete questions, it is also critical for the
success of the learning process that those learn-
ing are always encouraged to question and
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consider the course content from different per-
spectives. Current research in vocational training
is based on the idea that this occurs above all in
the work process. The demand to design work
processes and tasks so that they promote learning
is thus derived from here.

7.3.1 Professional Competence

In order to determine existing competencies and
deficits in competencies or to depict requirements
in the form of a competency profile, it is neces-
sary to identify and distinguish the individual
aspects of professional competence. A common
typology that has proven itself in the practice
contains four areas of competency: technical,
methodological, individual or self, and social and
communication. Figure 7.1 elucidates these terms
and sets them in relation to a framework that will
be further explained. Unlike the concept of
qualifications or skills, research on competency is
centered on individual and self-competence.
Bergmann even equates competency to expertise:

“Competency refers to the motivation and
aptitude of a person to independently further
develop knowledge and ability in an area to a
level that can be characterized as expertise”
[Ber00: 21].

Current research also distinguishes between
explicit and implicit knowledge and emphasizes
that professional competence is based on both.
The term explicit knowledge refers to con-
scious, logically organized knowledge that can
be communicated. Implicit knowledge stems
from experience; it allows tasks to be executed
with certainty, however it is not consciously
present and cannot be verbally communicated.
Research assumes that explicit knowledge only
accounts for 20 % of a person’s professional
competence [Sta99: 02]. Professional compe-
tence is therefore at least based on explicit and
implicit knowledge in the four areas mentioned
above. Nevertheless, according to current
opinion this knowledge only constitutes the
ability to act i.e., the cognitive prerequisites for
being able to successfully execute specific
tasks.
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Fig. 7.1 Dimensions of Professional Competence. © IFA 11.627_Wd_B
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Within the frame of researching innovation
processes, the model of professional competence
was extended to include two other aspects:
motivation or the readiness to act and the orga-
nizational integration or responsibility of the
employee [Sta02]. This means that according to
the model, if someone is declared as officially
responsible for a specific task their professional
competence is increased.

The four previously mentioned dimensions of
professional competence, along with the dis-
tinction between implicit and explicit knowledge,
the readiness to act and the organizational inte-
gration, can be combined into a model, which
can be used to explain a large number of unmet
business goals related to employee performance.
For example, expectations regarding employee
participation in improvement processes are fre-
quently disappointed because employees are
insufficiently integrated organizationally. More-
over, based on the model, starting points for
developing specific competencies can be deter-
mined. It is clear that operational measures for
improving employee competences have to
address different areas of competency.

In order to control processes for developing
competences, competency profiles—a tool for
more clearly representing employee’s occupa-
tional and methodological competences—are
implemented in the operational practice. The rea-
son for this specialization is that assessing social
and self-competence poses a difficult methodical
problem for the practitioner. However, if only
functional and methodological competences are
analyzed or depicted in target competency pro-
files, it can result in systematically underestimat-
ing the significance of self-competence as well as
social and communicative competence.

In order to clarify this, we will use the
example of a competency profile that was
developed during a research project with indus-
trial partners [Nyh13] at Sartorius AG’s Göttin-
gen site [Sal13]. One of the special features of
the profile presented in Fig. 7.2 is its compre-
hensiveness i.e., not just limited to technical and
methodological competences. Usually compe-
tency profiles are developed in view of the per-
sonnel’s specific tasks or functions. At Sartorius

AG, the profile, shown here, serves as a repre-
sentation of the target competences for the shop
floor supervisor. The mid-term goal was to
qualify employees at the lowest managerial level
in order to increase the workforce’s changeabil-
ity. This target competency profile was thus
developed with an eye towards changeability.
The competences required for changeability are
allocated to one of the four abovementioned
areas of competency (technical, methodological,
social and self) within the profile. By arranging
and visualizing them like this, an enterprise can
easily check whether or not it has neglected
essential dimensions of competence within the
frame of an analysis or qualification plan.

7.3.2 Strategies for Developing
Competence

Learning has long been equated with formal
continuing education as in formalized schooling
or training programs. These traditional forms of
learning are practical for certain qualification
goals however when applied alone they are
related to disadvantages as well. Traditional
continuing education is also considered to be
relatively expensive, chronically delayed and not
well enough anchored in the practical problems
and experiences of the participants. Nowadays,
work based learning is considered more valuable
[Bai04, Deh01, Ger04, Rae08, Son00]. Accord-
ing to this approach, learning should be as clearly
related to work tasks as possible and should
optimize in particular social and self-compe-
tence. In order to improve all of the sub-com-
petences mentioned in Fig. 7.1 diverse settings
for learning are required. In this context three
forms of learning with corresponding settings
can be distinguished (see Fig. 7.3).

Formalized learning is systematically and
didactically guided. It is primarily found in
courses, instruction and training sessions and is
particularly well-suited for professional and
methodological competencies as well as for
communicating explicit knowledge. Partly for-
malized learning takes place in a learning envi-
ronment, integrated into the workplace, within
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which learning processes are consciously sup-
ported but not didactically pre-structured in
detail. An example here is a so called learning
island or training station in which the employee
independently masters complex assignments

using educational materials. Both explicit and
implicit knowledge in all four dimensions of
professional competence can be communicated
in this manner. This approach is advantageous in
that it is closely linked to experience and well
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suited to improving social and self-competence.
The one disadvantage of partially formalized
learning is the limited opportunity to explore
theoretical aspects, which in turn can leave
knowledge gaps that can only be closed through
formalized learning. The third form is informal
learning. Learning here is unstructured and based
on experience. It usually takes place at the
workplace by performing work activities or in
conversing with colleagues. Informal learning is
experience oriented and increases the informal
knowledge; moreover it is usually not con-
sciously perceived as learning by participants.
However, it is indispensable for improving skills
and for passing on informal knowledge to
colleagues.

7.3.3 Human Resources Development

The concepts of qualification, behavior optimi-
zation and career management distinguish three
central areas of human resources development. In
professional publications these are also known
respectively as knowledge oriented [Son01a],
behavior oriented [Son01b] and career related
[Sch00]. The primary goal is to align personnel
with the requirements of the production both in
the medium and long term. Methods for devel-
oping human resources can impact individuals
either directly or indirectly. A direct impact, for
example, occurs when schooling measures are
aimed at increasing work related knowledge,
whereas an indirect impact on the individual can
be conveyed through the design of the worksta-
tion. An example for the latter is when group
work is introduced i.e., when it is designed so
that tasks have to be mastered by a team. In this
way team members stimulate one another’s
learning processes.

In the area of knowledge oriented approaches,
human resources development is aimed at opti-
mally aligning personal competences with the
requirements of work activities. In order to do this,
the knowledge and competences that employees
need to execute specific activities have to be
compiled. It is possible to orient this reactively,
however, a prospective orientation is considered

more suitable. Instruments that are available for
developing human resources include requirement
analysis, scenario building and staff appraisals.
The staff appraisals deliver information about the
current abilities as well as an employee’s potential
for development. It entails an analysis phase fol-
lowed by development plans that contain concrete
measures, a timeline as well as a final evaluation.
Current knowledge oriented approaches consider
individual learning styles and have complex
learning objectives based on actual job related
situations. For industrial and technology sectors,
educational objective systems, learning islands as
well as training offices and firms are recom-
mended [Son01a].

There is also a diverse array of instruments for
behavior oriented measures, whereby common
methods include attempts at behavior modifica-
tion using training measures as well as various
approaches to coaching and consulting. With
concrete goals, change management can be
implemented as an effective measure for making
changes over the medium-term. Organization
development in comparison, is aimed at ensuring
changes are accepted and at sustainably
improving the organization culture. More recent
behavior modification tactics distinguish them-
selves from others with their holistic approach.
This is mainly a result of studies that question the
long-term effect of training measures such as
group development or outdoor-training sessions.
Aspects that have been criticized include the lack
of transfer potential, the selective character of the
measures as well as the resulting alibi function if
the work system is not simultaneously improved.
Approaches that are considered more suitable
combine training measures as well as measures
that are concerned with designing the worksta-
tion. The reason given for this is that the structure
of the work facilitates the long-term development
of the employee’s competence.

The aim of career-related staff development
[Sch00] is to design a career system that aligns
the requirements of the organization with the
professional goals of individuals. Careers can be
planned in two directions. Vertical careers imply
a hierarchical climb but also a hierarchical
descent including the special form of the
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pseudo-promotion. Horizontal careers maintain
employees in their fields of work without any
climbing or descending. The fact that horizontal
careers have gained significance in recent years is
related to the flattening of company hierarchies.

In designing the career system, human
resources development takes into consideration
the motives of employees. Their readiness to
climb vertically is generally stronger than to
change horizontally. The pre-eminence of the
vertical career orientation is justified by the wish
for autonomy, for gaining a position of power,
for self-development, for prestige and last but
certainly not least for higher earnings and
income. Other motives are decisive for horizontal
changes: the wish for more interesting and less
stressful work or the desire to experience suc-
cesses that the current position does not offer
enough of. Changes in a horizontal direction are
stopped due to interest in a stabile career
development.

In view of these problems, the goal of human
resources development is to make career paths
transparent and to provide employees possibili-
ties for personal and professional growth. Here it
is advantageous to designs careers according to
employment phases and for example, differenti-
ate between an integration phase, the early, mid
and late career years as well as leaving the
company. Further aspects of human resource
development can be found in [Mon12].

7.4 Work Structuring

The structuring of work is particularly important
for the organizational perspective of factory
planning. When we talk about structuring work
we are referring to the division of work and
allocation of responsibilities within and between
different functional sections in a company. Peo-
ple-independent strategies define activities and
tasks that are summarized in a job description
without any concrete relation to a person. People
dependent strategies, in comparison, link the
organization of work systems specifically with
the needs of individual employees.

Whereas the consequence of the work struc-
ture on motivation, competency, health, and job
satisfaction are in the meantime almost unani-
mously assessed, the impact on the economic
efficiency is debated. Research on so-called High
Performance Work Organization (HPWO) first
sees the economic viability of specific partici-
pative and team oriented structures when com-
bined with performance oriented remuneration
systems, flexible work time rules and training
measures [App00, Com06].

The basic approaches to structuring work
include job enlargement, job rotation, job
enrichment and partially autonomous group work
(see also Sect. 4.2—Group Work). Figure 7.4
depicts these approaches in relation to the
attainable goals. Changing workplaces is not
included in the table because its effect cannot
generally be assessed. Depending on which tasks
are integrated, it can be practiced either in the
sense of a job enlargement or a job enrichment;
usually though a change in workplace is restric-
ted to enlarging a job.

With job enlargement, the scope of an already
existing job is expanded with similar activities.
This can be achieved for example by extending
the assembly cycle. This generally does not
increase qualification requirements but does
allow employees a change in workload and a
greater diversity of work within a modest range.
In comparison, with job enrichment a position is
usually supplemented with activities requiring
more thought and qualifications. Job enrichment
pursues the concept of complete work tasks
[Hac98] which, in addition to the pure execution
of a task, also comprises the planning, prepara-
tion and control of it. An example here is
extending the job of a machine operator to
include maintenance, quality testing and order
control. Job enrichment is usually accompanied
by a higher qualification and to some degree also
greater earnings.

Partially autonomous teamwork is based on a
group of employees who plan, prepare and con-
trol their work activities within a known range
[Ant94]. It thus combines both job enlargement
and job enrichment strategies and in doing so
focuses on transferring tasks into the area of
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personnel management. The more these changes
enrich the jobs, the more suitable group work is
for reducing loads and maintaining or expanding
the employees’ competences. The current
increase in partially autonomous group work can
be explained by the growing complexity of pro-
duction processes. Its main performance benefit
is the flexibility and speed with which appro-
priate action strategies can be developed in view
of the diverse production requirements and
environmental influences [Ger06]. Teamwork
can improve product quality, shorten throughput
times, reduce sequence-dependent waiting times
and decrease standstill times [Uli01: 260]. In
order to increase the work schedule flexibility
and goal orientation of workgroups, it is advan-
tageous to combine group work with a bonus
scheme and flexible working hours.

In addition to partially autonomous teamwork,
many companies orient themselves on the con-
cept of “supervised teamwork”. This concept

stems from the Toyota Production System and
entails a team leader (in Japanese—hancho),
assigned by the enterprise. The team leader is
responsible for a problem-free production as well
as measures for continually improving the pro-
duction process [Nom95, Shi04]. If all of the
indirect work functions of the group are also
transferred to the hancho (which occurs fairly
commonly) this endangers the positive influences
that the teamwork design can have on the moti-
vation and development of competences by
employees as well as the work and safety regu-
lations [Ger99].

Work structuring concepts that are people-
dependent include differential and dynamic work
design. With differential work design tasks are
structured according to the individual interests
and competences, whereas with dynamic work
design tasks are continually individually updated
with the aim of addressing changing compe-
tences and interests.
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Fig. 7.4 Approaches and aims of work structuring. © IFA 14.799_Wd_B
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Sociotechnical system design provides work
sciences with a well-researched approach to
structuring work, from which numerous guide-
lines can be derived. This method is based on the
assumption that enterprises consist of techno-
logical and social sub-systems and that it is in the
interest of economic efficiency to align these two
systems with one another [Mum06, Pas82]. This
approach draws conclusions about the structure
of tasks and in doing so concentrates on team-
work, which it perceives as a more efficient work
form. The key assumptions of the sociotechnical
system approach are [Fri99, Ric58, Uli01]:
• The group is interested in efficiently organiz-
ing and fulfilling tasks.

• A group is efficient when it can complete tasks
as a whole.

• Related tasks within a group require team
members to have satisfying social relationships
with one another.

• A group being responsible for a defined terri-
tory positively impacts the social relationships
within the team.
In addition, the London based Tavistock

Institute, which was largely responsible for
developing the sociotechnical system, also for-
mulated principles for designing work with ref-
erence to the individual [according to Fri99].
Individuals should:
• be challenged on a professional level,
• learn at their workplace,
• be able to make decisions on their own,
• receive recognition and respect,
• see their work as practical and
• consider their work as contributing to a
desirable future.
In addition to the original differentiation

between technological and social systems, later
versions of the sociotechnical system approach
recommended distinguishing between three types
of systems: people, organization and technology
[Fri99]. The aim of sociotechnical system design
is to align the interfaces of these three systems.
For a long time, the sociotechnical system
approach was considered the basis for adjusting
the social system to the technological. However,
in the meantime, there has been a paradigm shift
in research, according to which, the

technological system should already be adjusted
to the concerns of the social system during the
production planning phase [Zin97]. This latter
approach is rarely practiced today, thus deficits in
the social system resulting from the technical
design and work organization (e.g., lack of
motivation, work-to-rule, high rate of absentee-
ism and illness) can barely be reduced.

7.5 Motivation

In addition to being dependent on their compe-
tency and the design of their workplaces, the
performance of employees is contingent on their
motivation. Motivation cannot be directly
observed, instead only its outcomes can be seen
in the form of actions and results. Generally,
motivation as a concept refers to the energy
involved in actions, the direction in which this
energy is guided as well the person’s persever-
ance in pursuing a goal [Kir05: 321, Rob12].

The reason for why a person acts or refrains
from acting can be traced back to either intrinsic
or extrinsic motivation. With intrinsic motivation
it is executing the action itself that drives the
person. This applies when a job is considered
independent, professionally challenging and as a
basis for personal growth. With extrinsic moti-
vation the reason for an action is the related
reward or lack of reward/punishment. Whereas a
Taylorist view of man assumes a primarily
extrinsically motivated employee i.e., by pay-
ment and threatened punishment, intrinsic moti-
vation plays a growing role in modern work
organization.

In motivation research, two groups of theories
can be distinguished. Content theories aim at a
substantive definition of human motivations and
interpret human behavior through the need to
eliminate a specific deficiency. Process theories
explain actions against the background of com-
plex, multi-staged decision processes. Guidelines
for organizing work and managing personnel can
be derived from both approaches.

The most well-known content theory stems
from Abraham Maslow. It differentiates the 5
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classes of motives depicted in Fig. 7.5 middle.
This “hierarchy of needs” is based on the
assumption that only one class of motives cur-
rently determines the actions of a person, whereby
the higher classes can first be activated once the
needs on the lower stages have been satisfied.
Unlike the four lower classes of motives, it is no
longer possible to find satisfaction on the highest
level, which is why Maslow speaks of a growth
motive in comparison to the four deficit motives.
If we follow Maslow’s model, the 5 levels of
needs each correspond to a specific area of orga-
nizing work (Fig. 7.5 right). Basic physiological
needs can for example be satisfied in the design of
the reward system, safety needs in job security,
needs for social relationships in collaborative
forms of work, needs for recognition in career
possibilities and the need for self-realization in
opportunities to learn.

As one of the first content theories of motiva-
tion, the hierarchy of needs indicates the variety of
human motives. Nevertheless, the demarcation of
needs and the assumption of a hierarchical order
have proven to be problematic. Later theoretical
approaches reduce the number of ‘need classes’
and eliminate the hierarchical order. However,
they share the emphasis on performance and
growth motives. By focusing on these, content
theories question the assumptions made by

Taylorism and indicate ways to implement
workers more productively. As a result:

• Employees can be motivated in a variety
of ways, not only—as Taylorism sug-
gests—by financial compensation for
efforts made and strain endured.

• The personal need for growth represents
a valuable potential for a company.
Room to maneuver and make decisions
should thus not be limited more than
absolutely necessary. Only in this way
can the employees’ voluntary willing-
ness to cooperate be gained.

• It is the responsibility of management to
create a work environment in which the
satisfaction of employees’ needs are
linked together with the business goals
and in which personal motivations for
performance can be increased.

Process theories in motivation research
require substantive nameable motives; however
they explain human actions first and foremost as
the result of decision processes that integrate
various stages of the work process. According to
these approaches, motivation originates in the
work process and the mental anticipation of it.
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Fig. 7.5 Maslow’s hierarchy of needs as applied to designing a work system [per Sch00, Spa04]. © IFA 14.800_B
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The majority of process theories work with the
value which specific processes and their results
have for an employee. Moreover, the theories
argue that an employee’s expectation, as to
whether or not this value is attainable, matters.

One of the best know process theories, which
explains not only the work satisfaction but also
the motivation to work, stems from Porter and
Lawler (Fig. 7.6) [Port68]. According to the
theory, employees will only make an effort when
they anticipate a reward that is of value to them.
The extent to which the effort leads to a perfor-
mance is dependent on the one hand, on the
individual abilities and on the other hand, how
they perceive their role, i.e., how the employee
defines the success of the action. Effort and
performance lead to intrinsic and extrinsic
rewards which are also judged from the per-
spective of fairness. The perceived rewards ulti-
mately determine the degree of work satisfaction.
Porter and Lawler’s theory includes decision
processes that accompany an employee from the
start of a work task up until its conclusion.

Practical consequences for personnel man-
agement can be derived from process theories
such as Porter and Lawler’s.

• With participation from employees,
management should develop a clear goal
orientation and clarify operational tar-
gets. Targets which have been agreed

upon together and recorded ‘on paper’
serve to improve the goal orientation.

• Management should establish conditions
under which their employees can attain
the desired results. This requires not
only eliminating technological and
organizational obstacles but also creat-
ing measures for developing
competences.

• Management should gear their behavior
to the employees’ different value orien-
tations and competences. For example a
participative and performance oriented
management style is suitable with com-
petent and decisive employees, whereas
a more directive style is appropriate with
less competent employees and teams that
have conflict-ridden and less construc-
tive forms of dealing.

7.6 Designing Remuneration
Systems

The criteria which payment rates should be ori-
ented on are decisive to remuneration systems.
Two goals are pursued here: developing a pay-
ment which is perceived as appropriate and
controlling employee performance. The question
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Fig. 7.6 Motivation
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of which remuneration system is best suited to
the fairness criteria is dependent on normative
decisions and cultural backgrounds [Wäc97,
For04]. Depending on the fairness criteria
selected, the remuneration is an expression of:
• the relationship between the offer and demand
on the job market,

• acquired qualifications and professional
certifications,

• acquired social privileges, e.g., the length of
time someone has belonged to an organization
or their length of service,

• social needs such as the responsibility for
spouses and children,

• the general difficulty of the work task,
• the specific performance of the employee.

Today’s remuneration systems take all of
these into consideration although employee per-
formance and offer/demand on the job market
dominate. Those who possess rare qualifications
which are in heavy demand on the job market
have a relatively good earning opportunity.
Moreover, an individual’s performance is also
greatly valued in many remuneration systems.
Here, the enterprise is not only concerned with
appropriate payment, but rather also in steering
the employees’ behavior in a desired direction. In
this sense remuneration is a performance incen-
tive i.e., a reward for a specific effort, see also
[Ber08: 447].

Besides monetary incentives there are also
non-monetary incentives that can exercise a
strong influence on employees’ actions. An
overview of these according to Thommen and
Achleitner [Tho03: 692] is provided in Fig. 7.7.
Monetary incentives should therefore always be
designed in conjunction with all other possible
incentives.

Remuneration systems are frequently pre-
sented in the form of a pay pillar, in which the
requirement-dependent pay forms the base, fol-
lowed by performance-dependent standard
remuneration components and those that exceed
the agreed upon scale. The base pay is derived
from a job evaluation (also referred to as job
assessment).

In a job evaluation the requirements for a job
are assessed in relation to other jobs using a
uniform reference. The aim here is a pay differ-
entiation based on the job requirements. In
addition to determining the base pay, job evalu-
ations can be implemented with an eye towards
developing personnel and/or optimizing work
processes.

In Germany, there is a 3-stage method avail-
able for evaluating jobs, which was developed by
REFA (an association for work design, industrial
organization and company development http://
www.refa.de). In collaboration with researchers
and tariff partners REFA develops methods and
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training modules for work design and industrial
organization. The first step in evaluating a job is
compiling and describing the job activities,
workplaces and organizational relationships.
Step two is comprised of analyzing the types of
requirements, while step three entails an assess-
ment of the requirements and an overall evalua-
tion of the work activities.

Job evaluation approaches can be categorized
as either summary or analytical. While summary
methods start with the activities and either com-
pare them with one another or with an example
catalogue and thus attain pay or salary groups,
whereas analytical methods assess the individual
types of requirements separately and subse-
quently calculate a total work value that can be
allocated to a pay or salary group. Both approa-
ches to job evaluation entail quantification pro-
cesses which can in turn be categorized as either
ranking or grading. Whereas with ranking pro-
cesses, work activities or individual job require-
ments are classified based on the degree of
difficulty, grading processes involve precisely
defined levels either for pay or salary groups
(summarizing) or for the characteristics of the
individual requirements (analytical). All of the
methods depicted in Fig. 7.8 quantitatively
evaluate job activities [Doe97].

The ranking method is based on a series of
pair-wise comparisons through which all of the
activities in a company are ranked. In contrast,
the pay/salary group method is oriented on a
catalogue that characterizes work activities in a
gradated form. An example here would be the
category “difficult skilled work requiring special
abilities and years of experience”; so-called
‘directive examples’ are provided as an aid.

Analytical job evaluations utilize requirement
catalogues, which, in Germany, are established

by collective agreement. The Genfer Schema,
formulated in 1950 at an international conference
on job evaluation, provides orientation help here.
It differentiates between mental and physical
requirements as well as responsibilities and work
conditions. Analytical methods include the rank-
row method and the step method. The rank-row
method—as its name indicates—is based on
rank-rows for each type of requirement and
which, depending on the difficulty of the work,
contain corresponding numeric values. Exem-
plary activities serve to orient users. The step
method or step value method is based on evalu-
ation tables that also provide numeric values for
each type of requirement depending on the dif-
ficulty. The ranking however is oriented on
qualitative terms such as “very high, high, aver-
age, low and very low” or on comprehensive
descriptions of the respective level of the
requirement stage. Here too, examples are used
as a means of orientation. As with the rank-row
method, a score is determined for each require-
ment characteristic. The total score allows the job
to be allocated to a pay/salary group. The “ease
of use for the evaluator and the clarity for the
employee” [Tho03] distinguishes the step
method from others.

Payment schemes can be divided into two
main types: pure payment or combined payment
(see Fig. 7.9). Whereas pure payment forms are
oriented either on working hours, work difficulty
or performance, combined payment forms pool
together two or more of these characteristics.
Moreover, forms of payment differ from one
another as to whether they react directly to the
performance or if the payment remains a con-
stant. Whereas hourly pay does not react to the
performance, both the piece rate pay method and
bonus pay approach do.
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Hourly pay is based on a set payment for a
specific time unit. It is one of the pure payment
forms and does not react directly to the perfor-
mance. Since the payment does not fluctuate with
the performance, this means the only expectation
is that the employee is present. Hourly pay is
“advantageous with work,
• that requires a high quality standard,
• that needs to be conducted carefully and
conscientiously,

• where is there is a high risk of accidents,
• whose performance cannot be measured or is
difficult to measure (quantitatively) as is the
case for example with tasks requiring
creativity,

• where there is the danger that people or
machines will be put under too much pressure
or strain” [Tho03: 716].
The disadvantage of hourly pay is the lack of

financial compensation for performance. How-
ever, hourly pay can becomemore incentive when
combined with payment bonuses. These are
ensured based on an evaluation of the individual’s
actions i.e., they causally reward personal contri-
butions to the company’s performance.

Standard pay, which is especially common in
the German automobile industry, is a borderline
case between a payment that reacts to perfor-
mance and one that does not. With this type of
performance related payment, employees have to
attain a certain target output for a specific time
period. Although deviations from the target do
not impact the payment, failure to meet the target
does result in a root cause analysis and imple-
mentation of corrective measures.

Among the payment forms that react to
employee performance is piece rate pay. Piece
rate pay (or payment-by-results) rewards the
output related element that can be influenced by an
employee (or in the case of group piece rate pay—
by a group). One of the performance indicators
here is the output rate which describes their per-
formance in relation to a normal performance.
Piece rate contains a financial performance
incentive, however, is also related to a number of
disadvantages. First and foremost, there is the
danger that people and machinery are put under
too much pressure and neglect the quality. This
payment method thus should not be implemented
in situations where there is the risk of accidents or
when there is a high demand for quality.

Bonus pay is generally a more flexible pay-
ment method than piece rate pay which only
reacts to an output rate related element. Bonus
pay supplements a base pay (which is dependent
on the job requirements) with an additional
changeable reward. Bonuses can be oriented for
example on the output rate, quality, productivity,
reduction of material and time consumption as
well as the utilization of production resources.
Bonus pay can generally also be used to support
logistic goals; nevertheless, in the production
area it is usually aimed at productivity and rarely
at logistic targets. Consequently, from a logistics
perspective, it can lead to a faulty control and
thus have an undesirable impact.

So-called polyvalence pay is comprised of
both a requirement-oriented base pay and a
bonus for abilities/skills. The main aim of this
payment system is to encourage employees to
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develop additional qualifications and their indi-
vidual competences. In practice, this raises the
question of how to weight abilities and how to
evaluate competence [Uli01]. One possibility is
to express the competence through the amount of
time required to learn it. This indicator accumu-
lates the time required to learn a task at a
workstation up to the point that a worker is able
to conduct the work “independently and within a
typical time limit” [Pla04].

Target based pay was formulated for the
German industry within the new remuneration
framework for the collective bargaining area of
the metal and electric industry (ERA). Starting
with a base pay it is supplemented by bonuses
oriented on agreed upon targets.

Another possibility for a combined payment
form is to supplement a salary with profit shar-
ing. Usually corporations then orient themselves
on the turnover or earnings before taxes. This
type of payment system is aimed at increasing
the employees’ identification with the company
as well as limiting the enterprises risk as far as
remuneration is concerned. Research has shown
though that one of the disadvantages of result
oriented payment systems is that performance is
devalued when it does not lead to success on the
market [Bah01].

Remuneration is the reward for the results
produced by an employee. The concept of human
job performance can however be defined differ-
ently and moreover has been subject to a his-
torical transformation. At the high point of
Taylorism performance was equated with the
speed with which a worker produced a fault-free

product. Managerial staff was responsible for
different tasks than production workers, resulting
in different salary structures.

Currently production workers are increasingly
recognized as co-collaborators and play a role in
planning, controlling and optimizing processes.
Consequently, the activities of production
workers and managerial staff are becoming more
similar. This posed new requirements for the
design of payment systems which in turn led
bargaining partners in Germany to negotiate
uniform collective wage agreements for workers
and managerial staff first in 1988 in the chemical
industry area and later in the electric and metal
industry (ERA).

Payment systems correspond with how an
enterprise views the content of the job perfor-
mance and with that the function of the workers.
Four different performance indicators can be
distinguished here (Fig. 7.10). Companies can
remunerate employees for making their time
available, for making a certain effort, for target-
ing an economically valuable product and thus
for success on the market. Figure 7.9 outlines the
criteria for the performance indicators which are
reflected in the corresponding forms of payment.

Modern enterprises increasingly orient their
payment systems on economically valuable
results. As a consequence, the function of the
employee is shifted. Instead of rewarding them
for a specific effort or for the time they expended
in the company, the skillful actions an employee
contributes to increase productivity and save
costs or other directly valuable results are viewed
as the desired performance. In professional
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publications this development is referred to as the
change from a causal to a functional performance
conception [Ben97].

7.7 Planning Working Times

Planning working times is a critical calculation
parameter in designing the resource capacities.
Thereby, the focus is on the duration, location
and distribution of working hours within a
defined period e.g., a week or month. This
includes rules for vacation as well as planning
rest breaks. The aims in planning working times
include adjusting the personnel capacities to the
production planning, creating sufficient possibil-
ities for employees to rest and recover, main-
taining employees’ health and their continued
ability to perform as well as taking into consid-
eration individual interests. Which of these goals
are emphasized can strongly vary between the
different working time models and within their
individual layout [Whi03].

When planning working times, contractual
freedom applies between the employer and
employee; nevertheless, legal and collective
bargaining rules have to be maintained. The most
important legal foundation in Germany is the
Working Hours Act (ArbzG). In the US the
according laws can be found in the Regulatory
Library of the U.S. Department of Labor (www.
dol.gov).

Historically considered, the Working Hours
Act is a protective act for employees. Whereas at
the start of industrialization in Germany, an
average workday was typically 15 h and even
children (after the age of 6) were forced for up to
12 h of heavy physical work, according to the
German law current work hours are generally 8 h
per day. This can be extended to 10 h; however
the average number of hours per work day over a
6 month period cannot exceed 8 h per day.
Additional rules for planning the working times
are also found in collective bargaining agree-
ments and individual work contracts.

In Germany working times are primarily
regulated legally and through collective

bargaining agreements. In other countries legal
guidelines play a smaller role than individual
guidelines when planning work hours. For
example in the USA the Fair Labor Standards
Act (FLSA) provides a federal labor law.
Although, it does not set a limit for the maximum
work hours, each hour above a 40 h work week
provides for a minimal 50 % surcharge in addi-
tion to the base wage. This acts as an indirect
influence in limiting the work hours.

Models that can be implemented for planning
working times can generally be distinguished
from one another according to their degree of
flexibility (Fig. 7.11). Nevertheless, there are
different definitions of flexible and rigid work
hours. The reference point for characterizing
work hour models is usually the differently
defined normal work hours. Usually with the
term normal working hours, a regular and strictly
regulated workday between 7 a.m. and 7 p.m. is
understood. Currently, the majority of people
employed, work under the conditions thus
defined, however this model is being replaced
more and more by other variants.

Furthermore, not every deviation from these
so-called normal working times leads to flexible
work hours e.g., reduced regular hours within
the context of part-time work. Shift work is also a
deviation from normal work hours; however,
since a shift rhythm can be planned, it does not
yet fall into the category of flexible work hours.
A further group of work hour models is based on
an irregular distribution of work hours, such as
seasonal work or working á la carte so to speak.
Here too, it does not necessarily deal with flex-
ible work hours. Seasonal work can follow a
strict yearly rhythm and with work á la carte, the
work can be distributed on set days or a fraction
of days in the week. According to Nachreiner
and Grzech-Šukalo [Nac97], from the view point
of occupational science a practical concept of
flexible working times has to emphasize the
“room to negotiate and plan the duration, loca-
tion and distribution” of the work hours. Other-
wise, so many different models of working times
would fall under the concept of flexible working
times that it would be impossible to make any
generalized statements about this group of
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models. As a result of this suggested definition,
rigid working times are characterized by periodic
repetition of blocks of work and time-off with the
same duration and location within a period.

The evaluator’s perspective and the question
of who is in the position to schedule the work
hours are critical in the evaluation of flexible
working time models. With capacity oriented
variable work hours (in which workers are ‘on-
call’), only the employer is able to plan working
times—for this reason this model has not been
agreed to by unions. Other forms of flexible
working times such as flexitime, flexible part-
time, trust-based working times (honor system)
can allow employees to have a certain degree of
autonomy in scheduling their work time and at
the same time address the employers need for
flexibility. Thus with job-sharing it is possible
for two employees to share a position and
independently divide their work time. In addi-
tion to unpaid leaves (sabbaticals) other forms
of flexible working hours include variations of
so-called “lifelong work accounts”, which for
example allow a smooth transition into
retirement.

In today’s economy, night work and shifts are
required for a variety of reasons. It can, for example,

be necessary to utilize a particularly expensive
technology as close to twenty-fours-a-day as pos-
sible in order to justify the involved investments
costs. Further economic reasons for night and shift-
work include the speed at which technologies are
changing, which in turn shortens the amortization
time for manufacturing resources: Moreover, shifts
may be required when technologies requiring con-
tinual operation are implemented e.g., in the steel
and chemical industry or when a company is con-
cerned with supplying a population with energy or
medical services that cannot be limited to normal
working hours.

According to German labor law though, night
and shift work need to be planned according to
sound scientific knowledge about humane
working conditions. Humane working conditions
in this context means that not only the well-being
and health of employees have to be taken into
consideration (ergonomics) but also that an
appropriate level of participation on a social level
is facilitated [Kna97].

The “physiological performance curve”
[Gra61, Sch93] provides a basis for maintaining
the health and well-being of employees. The
curve (Fig. 7.12), which describes the progres-
sion of the physical and mental willingness to

working time 
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regular working time 

reduced working time

shift-work 

regular working time 
distributed irregularly 

... 

flexible working hours 

flexible part-time 

capacity oriented 
variable working time

trust-based working hours

long-term time accounts 

job sharing 

... 

rigid working 
time 

flexible 
working time 

Fig. 7.11 Systematic of
working times models. ©
IFA 14.806_B
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work, is for the most part genetically set
[Land01, p. 40]. During the physiological night
time the curve lies within a range accessible to
free will. The course of the curve can vary for an
individual and between individuals but offsetting
the curve by a shift or a half day is biologically
impossible: The body adjusts to the shift work
however early and (in particular) late shifts push
employees into a permanent struggle with their
inner clock.

This permanent struggle should be minimized
with scientifically proven measures—otherwise,
there is the threat of neglecting employees’ well-
being and of serious health risks. During phases
of low capabilities, the risk for mishandling items
and for accidents increases. As research has
proven, early shifts are related to sleep disruption
and fatigue, while late shifts and weekend work
interferes with employees’ social lives [Kna97].
These problems also arise with night shifts.
Moreover, night shifts have also been proven to
be associated with further disruptions in
employees’ well-being e.g., diminished appetite,
gastrointestinal complaints and gastrointestinal
or cardiovascular diseases [Kna97].

A study in which 9000 shift workers were
examined shows that when planning shifts the

following recommendations should be observed
[Kna97]:

• The number of back to back night shifts
should be kept as low as possible. The
maximum number is considered four,
although less than three consecutive
night shifts are considered ideal. This
applies equally to early and late shifts.

• Priority should be given to blocked free
weekends over individual free days
during the week.

• Forward rotating shift systems (early,
late, night shifts) are better than back-
wards rotating shift systems (night, late,
early shifts).

• With greater work strain the length of
shifts should be shortened.

• Early shifts should first start at 7 a.m.
instead of 6 a.m.

• Shift plans should be predictable and
should not be changed in the last minute
by employers.

Publications in the area of work sciences also
make the following recommendations:
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Fig. 7.12 Progression of
physiological ability to
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• A nightshift should be followed by a
pause that is as long as possible and at
the very least more than 24 h.

• Performance requirements should be
decreased during nightshifts; this
includes refraining from work
incentives.

• Additional occupational health measures
should be taken for night workers. In
Germany the rights to work related
medical screenings is regulated.

One possibility to observe as many of these
recommendations as possible is to transition from
a 3-shift system to a 4 or even 5-shift system.

One of the reasons flexible working hours are
increasingly prevalent is that in order to satisfy the
desire for shorter delivery times and higher
delivery reliability, plant operating hours are
being adjusted to fluctuating demands. New
manufacturing and logistic concepts such as lean
production or just-in-sequence enforce this trend.
The relative growth in services which are oriented
time-wise on the customers, also contributes to

this. This can be observed not only in retail but
also in industry related services. In industry work
is frequently oriented on projects which also
require flexibility with regards to time. Moreover,
flexible working hours are becoming more
socially acceptable and, last but not least,
employees are interested in having greater flexi-
bility with regards to the availability of their time.

There are a wide variety of possibilities for
flexibly designing working hours. Two long
known approaches include overtime and on-call
service whereas relatively new models include
so-called ‘flexitime’, trust based systems, long
term work hour accounts and annual or working
life models. Overtime remains the most common
method for making working hours more flexible,
however, it is slowly being replaced by more
flexible and, from the employer’s side, more
economically efficient solutions. In the following
we will introduce flexitime as a frequently
practiced model of designing working times and
the honor system as a frequently debated model.

Flexitime models are based on agreements that
set a flexible time frame within which the
employee can distribute their working times (see
Fig. 7.13 [a.o. acc. Luc98, Mar94]). Usually a
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core time is set during which employees have to
be present along with a fluctuation range for the
time accounts. The aim of designing flexitime
models is to optimally plan working hours while
providing employees with a high degree of
autonomy. Broad fluctuation ranges and longer
compensation periods provide the greatest flexi-
bility. The consequences of a flexitime system
are quite complex and case sensitive though. For
example, when an account has a wide range of
fluctuation there can be an urgent need for action
when the fluctuation limit is reached.

From the perspective of employees, flexible
working times are attractive when they can
choose or at least be part of the decision about
where and for how long they work. Greater time
autonomy can also be attained when the worker
can flexibly select the range and compensation
period for balancing positive time accounts.

The mode of compensation is also an area that
needs to be planned. This can consist of an
agreement between the employer and employee,
however, this form is no longer sufficient when
the limit of the fluctuation range is attained. In
cases such as this, so-called ‘traffic light models’
are implemented, according to which employees
are required to undertake actions in order to
balance their accounts. One possibility is auto-
mated balancing which occurs as soon as the
limit is met. Moreover, when designing flexible
working times, it is necessary to regulate the time
period within which the account has to be zeroed
out. Typically these periods are longer e.g.,
6 months to a year.

The trust based model for working times is
characterized by the lack of a time clock; instead,
employees are responsible for regulating their
working hours themselves. The decisive factor
then in evaluating the work performance is the
result for which the employee is accountable.
Since trust-based working hours are highly un-
bureaucratic and flexible it offers a great oppor-
tunity for both the employer and employee.

Nevertheless, it is a highly debated model par-
ticularly among unions. Critics fear working
times will be extended since the protective
mechanism of regulated working times is lost
and the responsibility for results could wrongly
lead to “self-exploitation” and a loss of solidarity
among workers. As was shown in a study though
the “unabated increase in performance” is rather
a rare exception [Böh04].

Increasingly previously used flexible time
systems are continued to be practised even after a
trust based system has been implemented. In
addition, rather than an unabated performance
increase, advantages are realized more frequently
for both the company side and employee side.
When introducing a trust based system that allows
both flexibility around work times from the
employer side and autonomy for employees in
scheduling their work hours, one of the decisive
factors is a compensation system that prevents
employees from being over strained. The follow-
ing measures have proven to be efficient [Böh04]:

• make it possible to individually docu-
ment working hours,

• implement virtual ‘traffic light’ accounts
with mandatory graduated actions,

• establish a committee for clarifying
contentious questions and complaints
(clearing places),

• make paid extra work possible,
• include optional models that allow a
return to time clocking,

• increase efforts for developing teams
with the aim of promoting solidarity
among members.

With these comments, we will conclude our
discussion of the organizational work aspects of
planning that are fundamental for factory plan-
ning. Beyond these, the design and layout of the
immediate spatial work environment is vital for a
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reliable and healthy work performance. In the
next chapter, we will consider these from the
perspective of spatial planning.

7.8 Influence of Demographic
Change

According to the 12th coordinated population
projection by the Federal Statistics Office of
Germany, the labor force in Germany will con-
tinue to age up until 2024. Whereas, the share of
the working population aged between 50 and
65 years was 31 % in 2008, it will climb to 40 %
by 2024. During the same period, the percentage
of workers between 20 and 30 years old will
shrink by 2 % and the share of those between 30
and 50 by 7 %. This structure will remain more
or less constant up until 2060. At the same time,
however the size of the working population will
dwindle. This shrinkage will continue until at
least 2060 at which point approximately 36
million people between the ages of 20 and 65
will live in Germany. This corresponds to a
decrease of 27 % in comparison to 2009 [Ege09].

The aging and decreasing working population
impacts human resources and from a business
perspective entails the following risks:
• uncertain supply of skilled workers,
• retirement of those with knowledge,
• increased costs due to illnesses and restricted
performance abilities,

• increased recruiting and personnel costs,
• tensions and conflicts between generations.

From the perspective of individual employees,
new risks arise due to the gradual increase of the
legal retirement age to 67 and the simultaneous
termination of transitional steps towards retire-
ment (e.g., partial retirement after 62) as well as
more difficult conditions for entering into retire-
ment for those with health restricted performance
abilities. For older employees this means: If they
are no longer able to cope with growing psy-
chological pressure and physical demands at
work, there is a threat of unemployment, early
retirement and significant concessions in retire-
ment levels.

From a business perspective the urgent ques-
tion is: Do the performance abilities of employ-
ees, consequent to the biological aging process,
change to such an extent that special measures
customized according to the various phases of
life are required in designing and organizing
work?

Scientific studies have reached the conclusion
that on average there are age related changes in
the population in terms of sensory, physical and
mental performance, however that these only
influence professional performance minimally.
As we age, our sight, fine motor skills, physical
strength and reaction speed when taking in
information and processing signals decrease.
Nevertheless, these changes do not affect most
work tasks; only our abilities for high perfor-
mance are negatively impacted. Activities that
are affected include heavy physical work, for
example in the forging industry, in competitive
sports or where extreme demands are placed on
abilities to process information e.g., air traffic
controller.

Changes in performance clearly vary from
person to person. Research has shown that there
is strong variance in the performance of older
employees. This is the result of a complex
interplay of genetic predisposition, personal
behaviors around health as well as pressure and
training effects through vocational work. Fur-
thermore, the human performance range does not
change overall nor does it change in the same
direction, but rather it varies greatly in different
dimensions. Older workers’ capabilities are thus
no longer determined by the deficit model, which
one-sidedly emphasizes emerging performance
deficits. Rather in the scientific debate, a com-
petency model, which takes into account both
increasing competences and possible decreases,
has prevailed (see Fig. 7.14). Older workers are
frequently rich in experience and knowledge, are
skilled in working with others, can integrate new
knowledge quickly into known contexts and can
thus deal well with unexpected events and
stresses. Based on the competency model, older
workers therefore appear to be highly efficient. It
is thus crucial to design work environments and
tasks so that older workers can contribute their
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particular strengths. Many of the deficits that
come with aging, such as sight restrictions or
fading maximum strength can be compensated
with creative measures.

The problem for enterprises is thus not a
possible general decline in performance with age
but rather the difficulty that there is a strong
burden of disease in the age span of 45–65 years
in the working population. This is largely due to
the cumulated effects of stress and strain over the
course of living and working. Chronic diseases
impact the performance of employees and are the
cause of sick leaves. Accordingly, companies
have to take an interest in designing and orga-
nizing work so that it positively impacts the
aging process of their employees. In view of the
increasing average age of the work force, this is
the only way factories can maintain capable
human resources.

Designing work adapted to processes of aging
aims to allow employees to age within the com-
pany without losing competence, health or moti-
vation. This addresses employees in all age
groups. Age-adapted work design in comparison
takes into account specific age groups with par-
ticular needs for protection. This includes younger
employees, who are for example relieved from
having to lift heavy loads or older employees
requiring a broader range of protective measures.
Many of the measures entailed in an age-adapted
work design, especially for older employees are
difficult to justify from a work sciences

perspective. Negotiating them in collective and
plant agreements often reflects corporate ethical
considerations and recognition of lifelong
achievement. Aging-adapted work design on the
other hand, is based to a large extent directly on
the requirements outlined in the occupational
health and safety acts, which dictate in many
industrial countries that health risks be preventa-
tively eliminated at the source of their creation.

Aging-adapted work design is nevertheless
more comprehensive than the legal requirements
for hazard-free work. It also contains trainings
for maintaining employability as well as mea-
sures for transferring knowledge from generation
to generation.

Before an enterprise can plan measures for
age and aging-adapted work design, a thorough
analysis needs to be made including:
• An age structure analysis in order to determine
the current age distribution as well as the one
expected in 5–10 years. This should be broken
down according to production area and level
of qualifications.

• A personal risk analysis to detect losses of
specific know-how in the future as well as
recruiting or cost risks.

• Risk assessments on the potential impact of
strain resulting from work tasks as well as the
physical and social environment.

• Training needs analyses to determine current
and future qualifications bottlenecks and
potentials.

increasing decreasing
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• conversation ability and judgment

• people skills

• reliability and awareness of 
responsibility

• quality awareness

• company loyalty
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Fig. 7.14 Age related
changes in performance
according to the
competency model (per
[Kie08]). © IFA 7.597_B
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Following this comprehensive analysis both
preventative and compensatory measures are
planned.

The preventative measures mentioned in
Fig. 7.15 are aimed at retaining as well as
increasing the performance and employability of
workers over the long term. A subsection of
these measures is concerned with situational
prevention. Situational prevention is a legal
obligation for enterprises, dictated by the occu-
pational health and safety act and workplace
protection law. The goal here is to eliminate
health hazards posed by how work environments
and work tasks are designed. A second subsec-
tion of these measures is concerned with behav-
ioral prevention. It is aimed at making work
health compatible and supporting a healthy life-
style for employees; measures in this area are
voluntary for an enterprise. Studies have shown
that behavioral prevention (e.g., back training,
physiotherapy consultations and stress manage-
ment courses) can be very effective in terms of
employees’ health. It is crucial that companies
succeed in sustainable behavioral changes and
that the situational prevention does not provide
reasons to neglect behavioral prevention. Ideally,

situational and behavioral prevention are
interlinked.

In addition to preventative measures, enter-
prises also take into consideration compensatory
measures. Compensation is necessary when older
workers’ performance and operational capabili-
ties are already limited or are expected to be in
the future. Compensatory measures can be bro-
ken down into three subsections (see Fig. 7.16).
Employees can change work areas e.g., from the
foundry to the assembly. The plant could reduce
the performance requirements e.g., by increasing
breaks or exempting workers from shift work.
Lastly, exit options for retirement come into
consideration. Within the sphere of an enter-
prise’s influence are partial retirement and life-
time work accounts. Further options for flexibly
exiting into retirement are political in nature and
reserved for legislature.

This concludes our discussion of the work
design and organization factors pertinent for
factory planners. Beyond these, the immediate
spatial work environment is critical to a reliable
and healthy work performance; the following
chapter addresses this in view of spatial
planning.

situational prevention

• health compatible work
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• complete activities

• adequate support provided by tools, equipment 
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• process optimization
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expectations
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• health oriented personnel management

prevention

behavioral prevention

Fig. 7.15 Preventative measures for retaining performance and employability. © IFA 7.598_B
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7.9 Summary

For the economic success of a company the
employees play a central role. For this they first
must possess the necessary capacity to act, which
consists of the technical expertise, methodological
competence, the individual skills and social skills.
It is the responsibility of the work structure design
to incorporate the employees in the company
organization which leads with increasing task
complexity to group work. The permanent com-
mitment of employees in the company requires
their motivation which is depending on whether
the tangible and intangible rewards are a personal
value for them. One of the mainmotivating factors
is the working hours and remuneration design; for
which a vast variety of forms exist.
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8Spatial Workplace Design

Workplaces, work related equipments, materials
and the work flow should all be designed to
ensure safe and healthy work within an aesthet-
ically stimulating environment.

From a spatial perspective this means pro-
viding a changeable yet orderly structure within
the immediate visual field of a work area.
Workplaces have to be ergonomically (from
Greek argon = work; nomos = law, rule)
designed and provide optimal working condi-
tions. The space and connecting pathways for
each of the workplaces should be laid out keep-
ing in mind accessibility requirements for the
physically challenged workers, also.

Depending on the requirements of the pro-
cesses being conducted, interiors have to be
designed to include detailed solutions for the
floor, walls and roof. Moreover, they need to be
hygienic, easy to clean, dust free and/or where
necessary sterile. An overall color concept
should unite all of the components of a work-
place into an integrated color scheme. Stan-
dardized safety colors, media indicators,
psychological effects of color as well as aesthetic
requirements should be combined into a con-
vincing harmony of colors. Special precautionary
measures against injury, fire and damage protect
employees from occupational hazards. Thus
within the framework of occupational health and
safety, structural and technological measures
should be planned so as to prevent all possible
hazards (including fires and explosions) from
operational facilities, processes, hazardous
materials, supply, disposal systems and media.

Figure 8.1 depicts the fields and elements of a
workplace that result from these requirements
that can be designed. In the following sections,
we will take a closer look at these and their
significance for changeability.

8.1 Ergonomics

The goal of designing an ergonomic workplace is
to optimize working conditions with regards to the
manufacturing tasks and environmental condi-
tions to human characteristics and abilities. In
doing so, it should to be ensured that the required
output satisfies the quality requirements while at
the same time keeping the costs for the work sys-
tem to aminimum. Furthermore, itmust be assured
that the workload and demands on the human are
bearable over a long-term without endangering
their health and safety. When designing work-
places proven knowledge gained from the field
(and summarized here in the upper part of Fig. 8.2)
needs to be considered, while environmental
conditions need to be designed through the spatial
planning keeping in mind the factors mentioned in
the lower part of Fig. 8.2 [REf91].

Anthropometric (Greek anthropos = human)
design is concerned with organizing the work-
pieces, tools and control panels in accordance
with body measurements. Here, the ranges of
movements, reach distances and visual fields
resulting from the skeletal and muscular frame-
work of the human body (including where

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_8, © Springer-Verlag Berlin Heidelberg 2015
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applicable protective clothing) need to be taken
into account. All of the operations should be
executed effortlessly and in harmony with the
physical possibilities. Mobile assembly lines,
workbenches or office work should promote
natural visual and muscular movements. An

overview of this can be found in [Rüs06, Lan06,
Sal12, Til15].

Figure 8.3 depicts two different aspects,
whereby the left side focuses on the maximum
and optimal field of vision. These characteristics
are particularly important with work that involves
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short cycles and a constant posture e.g., with flow
assemblies. Next to this, Fig. 8.3 right illustrates a
number of dimensions related to movement and
distances for humans. These need to be taken into
consideration while deciding the dimensions and
areas for standing and moving at workplaces as
well as traffic routes. Accessibility in the work
environment should be a matter of course—this
means both accessible workplace’s as well as the
possibility to make adjustments where needed.

Figure 8.4 depicts an ergonomically designed
workplace which allows work to be completed in
both standing and sitting positions. The shell sur-
rounding the worker indicates his workspace.
Different body sizes are accommodated by
adjusting seat heights and footrests. The recom-
mended dimensions for the space of movement
and the assembly table can be taken fromFig. 6.34.

Occupational physiological design focuses
primarily on stress and strain caused by muscular
work. In doing so, particular attention is paid to
avoiding unilateral muscle strain and bent or
stooped postures. The strain has to be kept

under the permissible limits. This limit refers to
the level of human performance that can be
sustained daily over the long-term without sig-
nificant work fatigue and damage to the worker’s
health.

Movement technique design pursues three
basic principles: (a) simplification of movements,
(b) consolidation of movements and (c) partial
mechanization and automation. The simplifica-
tion of movements is based on five elements of
movement including joining, grabbing, execut-
ing, reaching and retrieving. The aim here is to
identify a sequence of movements which require
the least amount of time and in view of diligence
and accuracy avoids unnecessary ones. This is
achieved by minimizing the distance of the
movements and organizing materials accord-
ingly. Movements can be consolidated by con-
ducting similar or different movements at the
same time with both hands. Further improve-
ments can also be attained by eliminating non-
productive i.e. non-value-adding activities.
Partial mechanization and automation can be

0° head inclination (a) (b)

regular viewpoint
(15° against horizontal )

standing
tight  upright

standing
comfortably

sitting comfortably
slightly bent

optimal field
of vision

Fig. 8.3 Ergonomic aspects of a workplace. a optimal field of vision, b distance and movement measures (in mm)
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encouraged after motions have been consolidated
as much as possible, since the investment costs
are disproportionate to the additional savings in
time. An example was shown in Fig. 6.35.

Information technology design is concerned
with the flow of information between humans,
materials, work objects and the work environ-
ment, predominantly through visual and acous-
tical signals. Here, reliability and clarity are
decisive guidelines for organizing and designing
process status monitors, machine control panels
and display masks.

Safety technology design serves to prevent
accidents and occupational illnesses. DIN 31000
distinguishes between three types of safety
technology: direct, indirect and warnings
[DIN79]. Through its design, direct safety tech-
nology inherently avoids danger; other types
should only be implemented when direct safety
measures are not possible. Indirect safety tech-
nology aims at integrating protective measures in
hazardous areas where there is a danger of injury.

In this case safety distances need to be complied
with in order to ensure that the hazardous areas
are inaccessible. Since hazardous areas can never
be completely eliminated, safety symbols or
warning systems need to be implemented to
identify them and if needed suitable safety
equipment and means of protection have to be
provided. An overview of safety technology
measures implemented in designing workplaces
can be found in [Leh05, Rüs07, MCol07, Col01].

In order to facilitate designing workplaces
from an ergonomic and economic standpoint
various computer-aided methods were developed
especially for manual assemblies. An integrated
work-place model comprising of humans to scale
their probable movement patterns, furnishings,
equipment for supplying parts and work-pieces
can help in identifying optimal settings and
depicting them three-dimensionally with algo-
rithmic support. As an example, Fig. 8.5 depicts
a visualization of an assembly workplace gener-
ated with the aid of a simulation program and
integrated into the process flow of a large plant.

8.2 Room Interiors

Each workplace should be planned to include a
sufficient ceiling height and a minimum of air
volume for all permanent employees. In Ger-
many, in accordance with §23 of the German
Workplace Regulations, depending on the floor
space of the work area, a ceiling height range
between a minimum of 2.5 m (8.2 ft) up to or
beyond 3.25 m (10.7 ft) (see Fig. 8.6). Ceiling
heights for flexible workplaces with variable
floor spaces should be developed with an eye to
the future requirements of the space. The same
applies to the minimum air volume per
employee. According to guidelines in Germany,
flexible, transformable workplaces should pro-
vide at least 15 m3 (530 ft3) of air volume per
person.

According to the ASHRAE Standards [US07]
in the United States of America a minimum of 5
cubic feet of external air per minute (CFM) and
per person (141.5 l/min/person) should be

Fig. 8.4 Standing-sitting workplace (Bosch Rexroth)
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ensured. This value should be increased to 15
CFM (424.5 l/min) for reception areas and 20
CFM (566 l/min) for offices with moderate
working conditions. The standard value for des-
ignated smoking areas with local mechanical
ventilations is 60 CFM (1.698 l/min).

Within the context of planning a media routing
system, the design at the workplace should allow
variable air feeds and outlets for varying work-
place arrangements. In the semi-conductor
industry, special media needs to be allocated for
clean-room technology. With regards to furniture,

Fig. 8.5 3D-simulation of an assembly workplace (acc. Modine)
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modular and variable storage and desk systems
are preferable. Furniture should be easy to move,
with durable, easy to clean surfaces and include
integrated installation space for electrical wires,
data and voice cabling.

8.3 Color Design

“People need color to live. Color is as necessary
an element as water and fire” (Fernand Léger). By
generating a stimulus in the eye, colors directly
influence the cerebral cortex, impacting the peo-
ple working in various ways both physiologically
and psychologically. The color design should thus
integrate all of the components such as materials
and resources, buildings, media and furnishings
into a spatially coherent master plan. Positive
effects on employees include increased worker
satisfaction and performance, improved working
atmosphere and safety. It also encourages order
and hygiene. A comprehensive color concept
combines the psychological impact of colors and
easy identification of media guides into an aes-
thetic and functionally harmonized color scheme.

8.3.1 Psychological Impact
of Color

In English, a variety of expressions for emotions
have become common place. We can temporarily
“see red”, “be blue” or “be green with envy”.
Moreover, we can become “as white as a sheet”
when we are ill and “get a bit of color” when we
start to feel better. Additional color phenomena
are summarized in [Gek07]. Since humans tend
to differ emotionally they prefer certain colors for
clothing or furnishings which serve to either
emphasize a personal note or to increase our
well-being through their lively or calming tone
(depending on what the affected person needs).
This too can be applied in the work place. The
basic colors have been ascribed characteristic
properties by color researchers:

Red The color of fire and blood, it
expresses life and energy. Red is
inseparably bound to passion, heat,
anger and war. It is considered a
stimulating color.

Blue The color of the deep sea, intuitively
we connect it with infiniteness and the
vastness of the sky. Blue speaks to the
intellect, while red impacts the
emotional sphere. It is the symbol of
truth, corresponding to a calm
consideration and never to a rushed
decision.

Yellow The brightest of the basic colors, the
color of the sun and an expression of
brilliance, radiating and liveliness.

Orange A mixture of red and yellow, it thus
combines the strength of red with the
luminous, bright sheen of yellow.

Green A mixture of blue and yellow; as the
color of nature it stands for serenity,
resurrection, peace. Symbolically, it is
the color of hope.

Purple A mixture of red and blue, to which
concepts such as pomp, splendor, and
royal grandeur are linked; similar to
green though it has a calming and
soothing influence.

Spaces and behaviors are related to one another.
The color scheme of a workspace should be
planned depending upon the type of operations.
With monotonous work, stimulating color ele-
ments are recommended (columns, doors);
however, such colors should not be applied to
large surfaces (walls, ceilings). If the workspace
is large, it can be spatially subdivided with spe-
cial color elements. When the work executed in a
space requires a great deal of concentration, the
color scheme should be conservative in order to
avoid unnecessary distraction. In this case, walls,
ceilings and other structural elements should be
painted with colors that are as light as possible
and/or mildly toned.

In order to create color contrasts, the color
schemes for large surfaces (walls, furniture, etc.)
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should be distinguished from small surfaces (eye
catchers for switches, grips, lever, etc.). For lar-
ger surfaces colors that have a similar degree of
reflection should be selected. Moreover, with
larger surfaces bright colors should not be used
since they unilaterally strain the retina, which in
turn generates after-images. Orienting and
detecting workpieces is facilitated by creating a
color contrast between the workpiece and the
immediate surroundings (workbench or
machine). Here too, differences in brightness
should be avoided.

The architectural “appearance”—its sensory,
visual impression—is primarily determined by
the color of the materials and the structure. The
choice of construction materials is thus directly
related to the appearance of the completed
building. From the outside, either the actual color
of the materials (exposed concrete, metal, wood,
natural stone, synthetic materials) or a colored
coating determines the character of the building.
Internally, the choice of materials plays a sig-
nificant role with regards to the levels of comfort.
In addition to the color of the materials, the
material properties and surface texture (visual
and haptic perception) are key criteria for the
“indoor climate”. Thus for example, glossy
enameled walls have a different character than
those with a matt finish.

8.3.2 Safety Colors
and Identification of Media
Lines

Nowadays, most countries regulate specific col-
ors for designating defined dangers. Pre-assign-
ing colors to specific information promotes the
development of automatic protective responses.
Similar to the coding of traffic lights, DIN 4818
in Germany regulates mandatory colors from the
RAL color system for specific dangers.1 The
color RAL 1004 (golden yellow) thus signals
caution and indicates possible dangers with

conveyor belts, traffic routes and stairs. Fire-
fighting equipment and systems should be iden-
tified with RAL 3001 (signal red). Similar to
street traffic signals, red stands for forbidden,
stop, and danger. According to DIN 4844, RAL
5010 (gentian blue) dictates additional safety
regulations for e.g., preventing noise, while RAL
6001 (emerald green) signals safety and first aid.
Emerald green is used in pictograms for escape
paths, emergency exit doors as well as rooms and
devices for first aid.

In addition to the color of fire-fighting
equipment and systems, the identification of
pipelines is defined by the German DIN 2403.
Based on these work regulations, many enter-
prises have developed their own coding for
process media and building services. It is also
practical to mark the direction of the pipe flow
using for example, arrowheads.

In the US the “Safety color code for marking
physical hazards” has been published by the
Occupational Safety and Health Administration
under standard 1910.144.

8.3.3 Holistic Color Schemes

Industrial premises as a whole including every-
thing from general work areas right down to
individual workplaces should present an orga-
nized visual structure. Color schemes can be used
to clarify and emphasize spatial forms, the
arrangement of operating systems and lighting.
Helpful organization principles include spatial
axis, reference planes, groups or geometric pat-
terns. Processing sequences can be clarified
through lines or arrows. In an extension of the
actual industrial premises, [Ben07] also expressly
includes the environment of the neighboring
industrial buildings in a comprehensive color
scheme.

In addition to the general spatial effect that
surfaces have as boundaries of building compo-
nents, colors also play a significant role in a
functional and aesthetic sense when it comes to
machines and interior furnishings. The psycho-
logical impacts of color, safety colors, media
indicators and prioritized corporate colors should

1First established in 1927, RAL is a German committee
that regulates delivery conditions and quality assurance.
Among other things it determines these color codes.
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be combined into a functional and aesthetic
whole. With the aim of consciously developing a
recognizable corporate identity, it often proves
practical to differentiate between accented “pri-
mary colors” and more subtle “secondary col-
ors”. Moreover, within the frame of a synergetic
factory planning, it is advisable to comprehen-
sively simulate the colors for the processes,
building, media and furnishings using a 3D
model (see Chap. 15).

Traditional studies use color collages to
develop color harmonies. Color studies using a
3D model however are more advantageous in
that one is able to assess the spatial effect by
selecting any point of view; “primary colors” and
“secondary colors” can be realistically distrib-
uted and color variations can be comparatively
evaluated. Moreover, areas which are particularly
important, such as the furnishings of the foyer,
can also be photo-realistically simulated by
defining material and light characteristics.

8.4 Occupational Health
and Safety Standards

8.4.1 Overview

When it comes to planning and operating a fac-
tory there are a large number of laws, rules and
regulations that play a critical role. Both the
factory planner and architect need to be familiar
with these; the architect in particular needs to be
more aware of the details. Two issues are espe-
cially important because they directly impact
their activities. First, legislators worldwide have
developed occupational health and safety stan-
dards for workers along with detailed guidelines
and regulations for finishing, furnishing, fixtures,
fittings and operations of industrial premises.
Second, statuary co-determination (as prevalent
in countries like Germany) ensures wide reaching
participation of individual workers and the
workers council in social, personal and economic
issues. Increasingly, however, environmental
legal aspects have also been influencing com-
pany operations.

8.4.2 Workplace Regulations

Figure 8.7 [Ave76] provides an overview of the
basic laws and regulations concerning work-
places in Germany. We can see that in addition to
the industrial code there are also issues that
overlap with the civil code, commercial code and
the work constitution act. Moreover, it is evident
that the industrial safety code, the safety of
machinery law, accident prevention policies,
building regulations and specific collectively
agreed upon work regulations are correlated and
inter-dependent. In international projects,
depending on the countries involved, specific
local factors or a mix with existing traditions and
expectations in the originating country are to be
considered.

In addition to the Workplace Guidelines
(ASR) [ASR06], the German Workplace Regu-
lation (ArbStättV) [Arb04] is the most recent and
comprehensive set of measures protecting the
interests of the workers in Germany. These reg-
ulations have successfully combined a number of
individual guidelines regulating workplaces,
updating and supplementing them with the latest
knowledge about work safety, protection, occu-
pational medicine and hygiene based up the latest
data from occupational sciences. Protection for
non-smokers is the newest addition. The regula-
tions apply to all workplaces regardless of whe-
ther they are industrial, commercial or service
oriented [OSP05].

According to §3 of the German Workplace
Regulations, the employer has to furnish and
operate the workplace (including the circulation
routes, warehouses, machinery, side rooms,
social areas, washrooms and first aid areas that
belong to it) according to these regulations.
Moreover, employers are obliged to satisfy all
applicable regulations that protect workers and
prevent accidents (including technical safety,
occupational medicine and hygienic standards) as
well as to apply proven knowledge gained from
research in occupational sciences.

The regulations for workers’ protection and
injury prevention relevant to our discussion are
mostly object related. In addition to the equip-
ment safety laws, key regulations address issues
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like systems requiring monitoring, compressed
air, hazardous substances and radiation protec-
tion. Personnel related regulations include the
Youth Employment Act, Maternity Protection
Act and accident prevention guidelines of the
industrial trade associations.

Technical safety, occupational medicine and
hygienic regulations include relevant standards
such as the VDI (Association of German Engi-
neers) and VDE (Association for Electrical,
Electronic and Information Technologies)
guidelines as well as rules that are generally
recognized by professionals and that have proven
themselves in practice. These are an important
part of 30 workplace guidelines (ASR) published
in Germany by the Ministry of Labor and Social
Affairs [ASR06]. It is anticipated that a majority
of these will be adopted across Europe soon.
Similar rules and regulations exist in British (see
[UK08, UK92]) as well as the American envi-
ronments too (see [US07, US08]).

Figure 8.8 provides an overview of the Ger-
man Workplace Guidelines. As we can see they
mainly apply to lighting, room climate and social

areas. These guidelines are not legally binding;
however these and the related recommendations
can only be subverted when measures that are
equally effective are met. These guidelines are
supplemented by state building codes, which in
some cases overlap [OSP05]. The federal states
are responsible for monitoring compliance with
the workplace regulations and the remaining
legal guidelines protecting workers. The states
have in turn made the trade supervisory board
and the industrial trade associations responsible
for monitoring them.

European Legislation gained increased sig-
nificance when, on June 12, 1989, the European
Council established Directive 89/391 EWG
(Occupational Safety) concerning the introduc-
tion of measures for the safety and health of
employees during working hours. The directive
equally obligates employees and employers to
pursue preventative safety and health measures.
The corresponding measures are to be imple-
mented via an occupational health and safety
management [Koe01, Kubi05]. An overview of
the US regulations is given in [Buc13]. The US
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§ 120 a 
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Fig. 8.7 Connections between workplace regulations with other laws (to Avenarius and Pfützner)
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occupational safety and health standards for
general industry promulgated by the Occupa-
tional Safety and Health Administration (OSHA)
are summarized in [OSHA11].

Specific operation facilities and processes as
well as the processing of hazardous materials
require appropriate media for supplying and
disposal. Particular attention has to be paid to
preventing fires and explosions. Identifying and
evaluating dangers are vital to protecting
employees from accidents and work related
health risks.

Since workers’ protection is also a focus
within the frame of changeability, legal require-
ments for ensuring slip resistance and protection
against falls, handling hazardous substances,
noise protection and reduction, protection from
heat/cold/vibrations/radiation as well as electrical
safety also have to be discussed. However, before
doing so we will briefly consider the workers’
co-determination in designing workplaces.

8.4.3 Participation

As previously mentioned, in Germany the
inclusion of employees and the workers council
is required by law when designing workplaces.
The current regulations provide for two distinct
types of rights for employees and the workers
council: the right of participation and that of co-
determination. With participation employees
have the right to be informed, to be heard or to
advice—however, the decision is ultimately
made by the employer. Co-determination, on the
other hand, means the right to participate in the
decision making process. There are three differ-
ent types of co-determination:
• With the right to initiate, employees or the
works council can demand or force certain
measures.

• The right to object allows the workers council
to speak up against measures that the employer
can independently decide upon.
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Fig. 8.8 Overview of german workplace guidelines (acc. Lehder)
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• With the right of assent, the workers council’s
agreement is required for certain employer’s
measures.
In Fig. 8.9 we can see which of the various

workers council’s and employee rights for those
participating cover which issues [Dlu08].

Thus the employee has the right to be
informed, to be heard and to initiate measures in
relation to their workplace, work routine and
their person. The workers council has the right to
participate in this as well as other considerably
extended areas. In addition to the general issues
that impact the council itself, their involvement
applies mostly to social and personnel related
issues for employees. In correspondence to the
legislators’ intention to protect employees from
possible negative impact of management deci-
sions, the strongest rights to participate are here.
As the lists for the two groups show, the workers
council is ensured extensive rights, outlined in
detail in the law, with regards to information,
consultation and approval for all issues con-
cerning the design and occupation of the work-
place [Fit06]. The installation of a so called
economics committee enables the workers
council to be informed about the company’s

financial situation and to participate in decision
making processes leading to major operational
changes having financial implications.

Ultimately, the dominating principle of Ger-
many’s Workers Constitution Act that needs to
be emphasized is a trust-based co-operation
between the employer and the workers council
for the benefit of the employee and the company.
If, in certain cases, no agreement can be reached
between the employer and the workers council or
employee, the issues goes to arbitration. Only
after this has proven to be ineffective does the
case proceed to the labor court.

With that, we will now return to our discus-
sion on work safety as mentioned above and
consider a few aspects in depth.

8.4.4 Tread Certainty
and Protection Against Fall

Falls resulting from slipping, misplaced footsteps
or stumbling, need to be prevented by appropri-
ately designing tread surfaces. Accidents mostly
occur in the absence of non-slip surfaces or
uneven floors. Depending on the requirements a
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slightly rough, rough or grooved surface may be
specified. According to DIN 51130 as well as
industrial trade associations’ guidelines, slip
resistant properties of tread surfaces are classified
according to ‘R groups’. If considerable traffic
and/or soiling are to be anticipated in workspaces
or open areas, grooved floors would be a better
solution. Along with tread surfaces, riser incli-
nations or declinations of more than 25 % as well
as raised edges greater than 6 mm (0.23 in) are to
be avoided. Moreover, there is a danger of falling
when there is a change in level greater than 1.0 m
(3.3 ft). In accordance with workplace regula-
tions and guidelines, guardrails or equivalents are
required to prevent falls in dangerous areas such
as these.

8.4.5 Protection from Hazardous
Substances

Airborne hazardous substances such as gases,
vapors, mists, smoke or dusts can enter the human
body through respiratory organs, skin and/or the
gastro-intestinal tract. In Germany measures for
airborne hazards are defined in the Chemical Act
(ChemG) as well as the Hazardous Substance Act
(GefStoffV). Further specific rules are set-out in
the Technical Rules for Hazardous Substances
(TRGS), Technical Rules for Dangerous Work
Materials (TRgA) as well as the Technical Rules
for Flammable Fluids (TRbF). For the health and
safety of employees, permissible concentration
levels for various industrial toxins in the air at
workplaces (MAK—values) are legally regu-
lated. In the US the limits for Chemical Hazards
and Toxic Substances are listed by the Occupa-
tional Safety and Health Administration and can
be found under https://www.osha.gov/SLTC/
hazardoustoxicsubstances/.

In particular, constructional safety measures
are aimed at immediate collection of the haz-
ardous materials at the point of origin, storage in
specially designed storage facilities and dis-
charging at specific points. In Germany, in
accordance with the Technical Rules for Haz-
ardous Substances, storage facilities for hazard-
ous materials must include special fire protection

systems, safety clearances and designated access
for the fire department, escape routes and
lighting.

Moreover, it also needs to be kept in mind that
there is an increase in hazardous substances in
the actual construction due to growing use of
chemical based construction materials (e.g.,
bitumen, floor adhesives and coating materials).
In the sense of the transformability, implement-
ing eco-friendly materials is highly recom-
mended. Many building owners nowadays
emphasize on the usage of eco-friendly materials
when setting the objectives for the building
structure. Refraining from solvents or PVC in
building related components is sensible from an
economic standpoint since this protects the
health of employees over the long-term. Fur-
thermore, in terms of structural changeability, it
is much easier to convert a building structure that
is, for example, not contaminated by asbestos.

8.4.6 Noise Protection
and Reduction

Noise is as an undesirable form of audible sound
at most industrial sites. The overall loudness of
noise that is found to be disruptive is a combi-
nation of sounds from various equipment as well
as other sources. The equipment sounds arise
from manufacturing processes, conveyor or
hoisting technology as well as supply and dis-
posal technology. Other sounds include all kinds
of possible disruptions including background
noise in the room or street noise from outside.

The sound induced oscillations spread like
waves from various media (air-borne, structure-
borne and fluid-borne). Frequently machines and
processing operations primarily generate struc-
tural sounds (i.e. vibrations) and emit these as
air-borne sounds; nonetheless, air-borne sounds
also arise directly from flow processes e.g.,
exhaust systems, jets or fans. Figure 8.10 depicts
sources and their noise levels in various scenar-
ios; Industrial workplaces stand out with regards
to their intensity [UK05].

Noise is measured in decibels (dB). An
‘A-weighting’ written as ‘dB(A)’, is used to
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measure average noise levels. Noises that are
repetitive or that continue for extended periods
are irritating and harmful to one’s health; noises
that are frequent and impulsive are generally
more dangerous than those which are less fre-
quent and continuous. Hardness of hearing, safety
risks and decreased job performance with greater
chances of making errors or even vegetative dis-
orders can result from damaging noise emissions.

Measures to reduce sounds include imple-
menting low-noise machines, reducing sounds at
the sources and decreasing air-borne sound
transmissions. According to [Fas03], intermedi-
ate layers of rubber, cork or synthetic materials
decrease the transmission of structure-borne
sounds in fixed components. A further structural
measure for dampening air-borne sounds
involves soundproofing ceilings, wall surfaces as
well as interior surfaces by lining them with soft,
thin porous materials which absorb sounds.
Soundproof cabins or sound barriers primarily
serve to immediately reduce noise at the work-
place. Closed cabins with their own ventilation
system can reduce the noise level by up to 30 dB.
Based on [Sch96], Fig. 8.11 outlines the limiting
values for noise protection and technical possi-
bilities for reducing noise. From the perspective
of changeability, the structural system for
reducing noise system should generally be flex-
ible, movable and easy to convert.

In the US permissible levels are defined under
Standard Number 1910.95 of OSHA the Occu-
pational Safety and Health Administration
(https://www.osha.gov). Figure 8.12 depicts the

permissible noise exposure and duration deter-
mined by the US administration [US95]. In
accordance with Footnote 1 of this regulation it is
important to note that: “When the daily noise
exposure is composed of two or more periods of
noise exposure of different levels, their combined
effect should be considered, rather than the
individual effect of each.”

In the UK “The Control of Noise at Work
Regulations 2005” define the exposure limit
values for noise, obliges employers to assess the
risk of exposure to noise and lists actions to be
taken to prevent health damages [UK05]. Similar
regulations can be found in all industrial nations.

8.4.7 Protection from Thermal
Radiation and Vibrations

Some production or storage processes result in
considerable cold or heat stress; such stresses
cannot be allowed to endanger the health of the
employees. Dangers arise from extreme envi-
ronmental conditions, surfaces that radiate heat
or cold as well as from direct physical contact
with surfaces, fluids or gases with extreme tem-
peratures. Figure 8.13 depicts the correlation
between heat stress and the sensation of pain
(according to [Poe85] p. 10). Special structural
measures include shielding from dangerous
radiations by reflecting or absorbing it using
mobile partitions, protective shields, chain
screens, wire netting, reflective coatings and
protective glass. Ventilation and air conditioning

0

20

40

60 80

100

120

140faintest
audible sounds

TV and
sound studio

quiet library

quiet office

conversation

primary classroom

loud radio

tractor cab

arc welding

power drill bar or night 
club

road drill

chainsaws

riveting boiler shop

jet aircraft taking
off 25 m away

dB

punch presses

Fig. 8.10 Examples of
typical noise levels (Source
Health and Safety
Executive UK 2005)

8.4 Occupational Health and Safety Standards 209

https://www.osha.gov


measures serve to support greater comfort. In the
US the relevant information can be found in the
OSHA Technical Manual (OTM) Chap. 4, heat
stress (https://www.osha.gov/).

Factory equipment, transportation devices and
tools generate mechanical vibrations when in
use. These are transmitted through contact points
into human body parts such as the hands and
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arms or into the body via floors or seats. With
activities requiring greater concentration or fine
motor skills, noticeable oscillations can cause
strain and decrease performance. They can also
lead to damages to the cardiovascular, nervous
and/or muscular-skeletal systems.

Primary vibration protection reduces or elim-
inates the cause of the vibrations e.g., by
changing processes or implementing different
equipment. On the other hand, secondary vibra-
tion protection tends to calibrate the oscillating
system such that the vibrations of the system
touched by humans are minimal. Structural

measures for abating the transmission of vibra-
tions include reducing the natural frequency of
machines by setting them on springs or insulators
made from steel, rubber or cork. This requires
flexible connections for media and transport
systems. Furthermore—especially in multi-sto-
ried buildings—one should be worried about
harmonics resulting due to stimulation of the
natural frequency of the structural slabs and
systems in contact with a vibrating machine.
Figure 8.14 depicts the relation between the
frequency of vibrations, the natural frequency
and damages to buildings [Leh05].
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8.4.8 Electrical Safety
and Protection
from Radiation

Electrical equipment has to be reliable and
operated without disruptions. Transformers and
rectifiers need to be in closed electrical service
rooms. Switchboards have to be protected from
touching live components as well as from being
penetrated by foreign objects and especially
water. Health risks arise when electricity flows
through the human body when it comes into
contact with parts that are carrying voltage.
Along with all measures that provide protection
through an automated shutdown, equipotential
bonding needs to be implemented in the building.
An equipotential bonding bar joins the switch-
board with various metallic building structures,
conductive parts from technical systems as well
as metallic pipes.

Recent research indicates that electro-smog at
the workplace may pose health risks. Electro-
smog refers to the undesired electromagnetic
radiation resulting from electrical, magnetic and
electro-magnetic fields. When selecting electrical
devices it is thus critical to prioritize components
with low radiation and electrical load such as flat
screen monitors. Radiation arises both as electro-
magnetic radiation and as corpuscular radiation.
The most important source of radiation is the sun.
Dangerous effects mainly arise from electro-
magnetic radiation with a wavelength under
10−8 m such as x-rays or gamma rays as well as
radioactive corpuscular rays. Usually the inten-
sity decreases with the square of the distance to
the radiation source. Appropriate measures
should be planned in consideration of the specific
characteristics each type of radiation present.

Structural protective measures against beta
radiation include thin metal sheets, whereas
reflective surfaces are effective against infrared
radiation and metal shields against radio waves
and alternating currents. Thicker materials such
as iron shields are implemented as protection
against x-rays and gamma-rays.

Devices and systems that project a more
dangerous and higher intensity radiation should
preferably be located far away from areas that

employees frequently use. Fixed shields made of
concrete or brick, flexible walls made from lead
bricks or mobile shields made of iron or textile
materials provide effective protection.

This concludes our discussion of design con-
siderations on a workplace level from a spatial
perspective. These flow together with our com-
ments on functional workplace design (Chap. 6)
and organizational workplace design (Chap. 7)
into designing sections or divisions. We will
consider this next from a functional perspective
(Chap. 9) and then from a spatial perspective
(Chap. 10).

8.5 Summary

The spatial design of a workstation needs to be
done on the basis of the function to be performed
(see Chap. 6) and integrated with specific orga-
nizational requirements (see Chap. 7). An ergo-
nomic design approach leads to humane
dimensions, comfortable work and environmen-
tal conditions. In particular emphasis needs to be
given for labor protection. One needs to avoid
any risks to employees due to falls, hazardous
substances, noise, heat and cold, vibration, ‘live’
electrical components and radiation. It is to
mention that the design of work places governed
by law in all industrialized countries, are in most
cases a matter of co-determination.
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9Functional Design of Work Areas

As shown in Fig. 5.16, a work area combines
several manufacturing and assembly areas orga-
nizationally together, linked by storage, trans-
portation and handling systems. The purpose is to
serve the production of a salable product. For the
functional design of a work area, the order type
(customer or stock production), the type of pro-
curement, the organization of production and
assembly and the type of production planning and
control must be determined. This is described in
more detail below and forms the basis for the
spatial design, which is discussed in Chap. 10.

9.1 Overview of Design Aspects

From the perspective of planning work areas,
there are various options for reacting to the fac-
tory’s internal and external influences and to
design, plan and control production processes
with a focus on their function. Figure 9.1 depicts
the design aspects that are relevant here and are
focused on the purchase, make and deliver
processes.

Clearly, considerations need to be centered on
the production (make) process and need to res-
olutely focus on both the enterprise’s competitive
strategy and the customer demands. In view of
delivery time requirements, replenishment times
and economic deliberations, it needs to be
determined which part of the product will only be

produced once a concrete customer order has
been placed (made-to-order) and which part will
be made-to-stock on a forecast basis. This point
in the production is referred to as the customer
order decoupling point. Subsequent to this deci-
sion, key requirements can be identified for the
way in which orders are handled. Keeping in
mind the product structure and technological
restrictions, suitable manufacturing and assembly
principles also need to be selected and manu-
facturing segments have to be formed. Following
that, the planning and control of production
needs to be configured so that the created
potential of the product structure can be utilized
sustainably and as well as possible.

Production, however, cannot be designed
separately from purchasing and delivery pro-
cesses. Frequently, the customers directly influ-
ence the design of production when, for example,
they demand that supplies be delivered every
hour on the hour. Similarly, purchasing require-
ments also need to be considered when, for
example, there is an agreement with the supplier
that certain articles can be ordered with a 2-day
lead-time, while others are stocked in-house.

The selection of the purchasing and supply
models is decisive not only with regards to how
orders are triggered, but also in regards to where
and how articles are stored as well as how items
are supplied and who is responsible for operating
the stores. These aspects, which we will expand
upon here, need to be integrated into the process
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of designing work areas and have to be consid-
ered by the factory planner together with the
planning for production and logistics. In industry,
due to the different products and sales markets,
this frequently results in a variety of purchasing,
production and supply structures that can change
over time. The changeability of the factory is thus
not only determined by production but also by the
selected purchasing and supply models.

9.2 Customer Order Decoupling
Point

The term ‘order decoupling point’ was coined by
Hoekstra and Romme from the Philips Company
and is defined as follows: “It separates the part of
the organization oriented toward customer orders
from the part of the organization based on plan-
ning” ([Hoe92], p. 6). The key criterion in setting
the customer order decoupling point (also called
order penetration point) is the difference between
the required delivery time and the replenishment
time of the product from material procurement to
delivery.

Especially with complex products the cus-
tomer order decoupling point is generally not set
for the product as a whole, but rather is attained
through a differentiated allocation of components

and individual parts before or after the decou-
pling point. Parts are then assigned based on an
analysis of the product structure, the steps of that
are depicted in Fig. 9.2. For a given product or
representative of each product class (formed
according to criteria such as customer specifica-
tions, product complexity, dynamic of demand,
proportion of sales etc.) the product structure—
described in the multi-level bill of materials
(Fig. 9.2 left top)—is transferred into a so-called
‘order schedule’ (Fig. 9.2 top right). This depicts
all of the relevant components with their
replenishment times over the time axis for parts
purchased and the planned throughput times for
components assembled/manufactured in-house.
This information is supplemented with the
time TMT required to manage the order (from
receiving the order up until the order is set in the
PPC system) as well as the time to transport the
final product up until the point where it is han-
ded-over to the customer.

The total replenishment time for the product is
a result of the order schedule. If the wanted
delivery time (also known as the delivery time
window) is then plotted, we can identify which
components need to be procured, manufactured
and/or assembled independent of an order (i.e.,
order-anonymously). The start time of these
components’ corresponding time elements is
before the delivery time window.

purchase make

• order release

• type and location 
of storage

• type of delivery

• order release

• type and location of 
storage

• type of delivery

deliver

supplier enterprise customer

• order decoupling point

• types of order handling

• configuration of 
production

• configuration of 
production planning and 
control

Fig. 9.1 Design aspects of a factory from process view
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Components whose start time is within the
delivery time window can be purchased or made
either customer specifically or customer-anony-
mously. In view of the necessary certainty of
supply and economic efficiency, it has to be
verified which of these alternatives is more
practical. Basic criteria here include reusability,
dynamics of demand and the value of the
components.

Once these decisions are made the customer
decoupling points can be entered into the order
schedule (red triangles in Fig. 9.2 bottom). In
those cases where there is still a possibility to
choose, this point should first be fixed once
corresponding investigations have been con-
ducted for all of the related product groups.

Based on these results, the types of order han-
dling and process models (see Sect. 9.5) that are
to be implemented across all of the products are
then determined.

9.3 Approaches to Handling
Orders

Figure 9.3 depicts the four main processes pur-
chasing, production (sub-divided into manufac-
turing and assembly) and delivery. Also,
depending on the position of the customer order
decoupling point, there are four basic approaches
of handling orders: make-to-stock, assemble-to-
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order, make-to-order (each from standard prod-
ucts) and manufacturing products with a portion
of customer specific engineering.

With a make-to-stock approach, a saleable
product is produced and stored based on a sales
forecast even when there are no existing orders.
Cameras, household appliances and printers are
good examples of such products. The advantage
of this type of order handling (shorter delivery
times) has to be weighed against the greater costs
of the capital tied-up in warehoused goods.

With an increasing number of variants and a
higher product value, this type of order handling
is not economically justifiable; an alternative
then is assemble-to-order. When orders are
handled using this principle, they first enter the
assembly once an order from a customer has
been received. In doing so the assembly draws
upon prefinished standard components. A
famous example of this is the internet-based
ordering of laptops from Dell. During the
ordering process the customer decide what setup
he would like by using a product configurator to
make decisions regarding the hard drive, RAM,
processor, software, etc. With standard compo-
nents stored in a warehouse, custom-tailored

products could be assembled and delivered
within a short time.

However, it is not always possible to pre-finish
the components for all possible customer wishes,
even when it concerns standard parts. Among the
possible reasons for this could be costs or storage
restrictions. In this case the manufacturing of the
components will be triggered after the customer’s
order has been received. With this type of order
handling, also known as make-to-order, it is
assumed that the work plans already exist and that
no customer-specific adjustments are required.
The initial material is usually procured and hold
on stock based on sales forecasts. A typical
example of make-to-order is the manufacturing of
a high-value, variant-rich component in the
automobile manufacturing industry such as inte-
rior trim or seats.

The fourth type, engineer-to-order, comes
into play when a customer’s specifications for a
product requires a design process for at least one
component of the product to be delivered. In
cases where items are manufactured in-house,
individual work plans and bills of materials are
required. This form of order handling is typical
of plant engineering.
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The logistic objectives that are prioritized for
pursuance also differ depending on the type of
order handling. Generally the logistic targets
before the customer order decoupling point are
focused on reducing the logistic costs. Thus the
objectives are to utilize available resources and
minimize WIP and stock. After the decoupling
point the focus is on logistic performance, i.e.,
delivery time and delivery reliability. In dimen-
sioning the decoupling point (which in reality is a
store for the order anonymous parts) it is thus
important that the supply for the subsequent
process is ensured while at the same time keep-
ing WIP and stock at a minimum.

9.4 Order Types

Parallel to the types of handling, we can also
derive different types of orders as well as the
demands that these place on planning processes.
Figure 9.4 depicts the general types of orders,

differentiated based on how the orders are
triggered.

With customer neutral process chains, orders
for procurement, manufacturing and assembly
are formed from the production program and the
manufacturing/procurement programs derived
from it. The orders serve to maintain the stock in
the decoupling point at a defined level thus
ensuring the supply for the subsequent process.
The production program presents the primary
requirements (required saleable products)
including the necessary quantities and due dates.
The production program is developed based on
historical data and market indicators, frame work
agreements and customer queries.

With a customer neutral process chain it is
also possible to procure or to produce items
based on stock replenishment orders (pull prin-
ciple). In this scenario, orders are triggered as a
direct result of materials being withdrawn from
the decoupling store or when the stock falls
below a set order point. In this case, the manu-
facturing and procurement programs generally
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serve to dimension the stock (maximum stock,
stock order point) in the decoupling store.

With customer specific process chains con-
crete customer orders or internal prototype orders
are processed and/or procurement orders are
triggered. Article numbers, quantities and due
dates are provided by internal or external cus-
tomers and order handling is restricted to
scheduling the individual processing steps and
implementing them according to schedule.

9.5 Process Models

Further designing production requires processes
to be broken down in greater detail than just
customer neutral or customer specific chains. The
individual processes have to be designed as
efficient, even cross-company business processes
focused on optimally fulfilling both the custom-
ers’ demands and the business’ goals. To facili-
tate this, we will now take a closer look at the
main procurement, production and supply pro-
cesses introduced in Fig. 9.1.

9.5.1 Procurement Models

The procurement process includes all activities
that ensure the efficient supply of an enterprise
with the required manufacturing and assembly
materials, commodities and external services. It
represents the connection between the supplier
and production.

In the course of the last decade a growing
number of procurement forms have developed all
of which aim at ensuring the supply as well as
possible with a minimum of stock and low pro-
cess costs. An overview of the current six basic
types of procurement is depicted in Fig. 9.5.
These are distinguished from one another
according to the trigger for procurement, the type
and location of the storage and the point at which
ownership is transferred.

With traditional reserve stock procurement
the purchaser executes all of the procurement
activities, i.e., planning and ordering, receipt and

incoming goods inspection, storage and delivery
to the place of consumption. Material stores are
consciously maintained for the purpose of
ensuring that subsequent processes are supplied.

With all of the other procurement models,
stores are maintained by the supplier or service
provider (in the following referred to together as
the supplier) or are not maintained at all.
Accordingly, these models require that different
forms of storage areas are maintained in the
immediate vicinity of the place of consumption
and thus should be taken into consideration when
planning the factory.

A consignment store is a warehouse (includ-
ing a return area) maintained by the supplier in
which the supplier’s articles are hold with a
contractually agreed upon minimum stock. The
stock is constantly at the disposal of the pur-
chaser; however, the supplier remains the owner
up until the time when the goods are withdrawn
from the store. The consignment concept is
generally implemented for articles with a high
value. Due to the special ownership relationship,
the goods frequently have to be secured, e.g., in a
lockable storage area.

Standard part management is suitable for
procuring standard articles with low values. With
this scenario, the supplier regularly fills the
material buffer found in the immediate vicinity of
the workplace up to a stock level contractually
agreed upon with the purchaser.

With the reserve stock model, procurement
occurs based on the procurement program,
whereas with the consignment and standard part
models it occurs based on the withdrawal of
materials. With the remaining three concepts
(contract stock, single item procurement and
synchronized production processes), procure-
ment occurs as the result of a concrete customer
order.

Contract stock involves a warehouse main-
tained by the supplier located close to the pur-
chaser. This allows frequent delivery of goods,
synchronized with demand and ‘on-call’. These
calls generally occur based on customer orders. It
is also possible that calls are triggered by a
withdrawal of goods from an additionally
required buffer.
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Concrete customer orders are also the trigger
for the single item procurement and synchronized
production process models. The material is
delivered directly to the place of consumption
without any interim storage. As the name
implies, the synchronized production process
concept is characterized by the supplier and the
customer synchronizing their manufacturing
cycles, whereby the supplier’s production site is
also located close to the purchaser (sometimes
also on the purchaser’s premises).

With the last three mentioned procurement
models, the purchaser does not have any storage
processes. Nevertheless, provision areas that
allow a timely decoupling of the supplier and
consumer need to be included in the factory
layout.

In order to select the best suited procurement
model in concrete situations and to allocate
suppliers and material numbers the following
criteria should be particularly kept in mind:

• the relationship between the procured good
and a customer order,

• the significance of the article,
• the certainty of the supply from the procure-
ment side, and

• the consistency of demand for the procured
good.
If a procured good is not used more than once,

only single item procurement comes into ques-
tion. The same applies to procurement goods that
have a high value (A-parts) and are not stored
due to very sporadic demand both for the pur-
chaser and the supplier. For all other A-parts and
for most B-parts the consignment concept, con-
tract stock and synchronized production pro-
cesses should be tested with regards to their
possible applicability. All three of these models
are primarily aimed at reducing inventory costs
while at the same time working towards reducing
process costs. Process costs refer to all of
the costs that arise from managing orders.
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In contrast, standard part management is only
focused on reducing process costs and is thus
best suited for C-parts. Finally, the traditional
reserve stock concept is primarily applicable
when the price advantages that can be targeted
through the purchase demonstrably compensate
for the increased logistic costs and can at the
same time ensure the certainty of supply.

9.5.2 Production Models

For the production area, the process models for
manufacturing and assembly result from the
types of orders explained in Sect. 9.4. Figure 9.6
depicts the basic models along with their flows of
information.

Make-to-stock (M-t-S) refers to the traditional
scenario in which products are manufactured and
assembled customer-anonymously before being
stored in finished goods warehouses. Depending
on the control principle, two process models can
be distinguished. A push model is characterized
by a process in which production orders (jobs)
are formed based on a manufacturing and/or
assembly program (incl. quantities and due dates)
in view of existing inventories and pushed
through the corresponding production areas after
their release (see Fig. 9.6 top left). In compari-
son, a pull principle functions based on a con-
sumption control, i.e., the order is triggered after
a product is withdrawn from a store (and the
stock falls below a minimum WIP); thus, it is
generally simpler (Fig. 9.6 top right).

The decision concerning which of the two
possible make-to-stock production models
should be implemented is basically dependent on
the consistency of demand, the multiple uses of
the affected article and the number of variants.
The pull principle is suitable when there is a
highly consistent demand, a large number of uses
and few variants. Despite the greater effort
required for planning and control processes the
push principle is then generally recommended
for the other cases. However, the production
program must be able to provide a good forecast
of the demand trend. If the demand is rather more
sporadic (generally related to a low number of

demands and a greater number of variants)
and can only be forecasted with difficulty, it
should be verified whether or not the required
delivery times permit a make-to-order (M-t-O)
production.

With customer order related productions
(make-to-order ‘M-t-O’ and assemble-to-order
‘A-t-O’), products are scheduled and released
only after a customer order is received (see
Fig. 9.6 bottom left). If additional engineering
services are required, e.g., in order to adjust the
design of a product, then an engineer-to-order
model (E-t-O) comes into play (see Fig. 9.6
bottom right). In both cases, the product is
delivered directly to the customer after it is has
been tested and released without being stored.
However, when customer orders include a num-
ber of different requirements and a complete
delivery of all requirements is desired, an interim
buffer in the shipping area is required.

9.5.3 Delivery Models

The delivery process includes all of the infor-
mation and value streams from the transmission,
processing and control of a customer order (order
handling) from the time the order is received as
well as the flow of goods from the production
site to the storage site up until the agreed upon
delivery point at the customer’s site.

Every procurement process on the buyer’s
side has to correspond with a matching delivery
process on the supplier’s side. Consequently, in
accordance with the six previously described
procurement models (see Sect. 9.5.1) there are
also six delivery models referred to with pre-
dominantly similar names: customer neutral
store, consignment, contract stock, standard part
management, single item delivery, and synchro-
nized production [Frü06].

The key characteristic that first distinguishes
them is the way in which the orders are handled
and materials transferred to the customer (see
Fig. 9.5). These characteristics however are of
secondary significance in factory planning,
instead it is much more important whether
finished products have to be stored or not and, if
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so, on which site. A finished goods store is
required on the supplier’s own premises when
orders are processed from a customer neutral
store as well as with standard part management.
With consignment as well as single item deliv-
ery, maintaining an in-house store can be prac-
tical as long as there are different purchasers for
the affected product. However, if the products are
customer-specific, it should be verified whether
an M-t-O process is suitable for their production
and thus whether they are able to refrain from
maintaining their own store of the product. With
contract stock, a separate store in the close
proximity to the customer needs to be main-
tained. Synchronized production has the greatest
impact on in-house production. With this model,
in which neither the purchaser nor the supplier
maintains a store, the production of the supplier
has to be completely aligned with the require-
ments of the purchasers both in regards to
capacities and in controlling the range of vari-
ants. Due to very short delivery times, it is usu-
ally necessary for the supplier to develop a

production site close to the customer’s. From the
perspective of the supplier, the conditions for a
delivery model of this type are almost exclu-
sively found in the automobile supply industry—
and then only for valuable components. The
reason for this is that the investment costs for
such an arrangement can only be justified when
there is a contractual connection and when there
is a large sales volume.

9.6 Manufacturing and Assembly
Principles

In industrial practice there is an almost uncon-
ceivable variety of manufacturing principles
upon which the basic system components
(workpieces, people and equipment) are arran-
ged. Every real manufacturing system can
however be distinguished by its motion structure,
its spatial structure, and its temporal and orga-
nizational structure.
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A practical classification of organizational
types can be achieved when we consider the
spatial structure related to various manufacturing
principles. Figure 9.7 lists the basic manufactur-
ing principles found in industrial practice
according to their classification criteria, the typi-
cal terms used to refer to them and their spatial
structure as well as a couple of examples. Because
manufacturing according to the job shop princi-
ple, the flow principle and the group/segment
principle are the most common organizational
forms we will take a closer look at them first.

Manufacturing according to the job shop
principle (or functional principle) arranges the
workplaces according to the processing method.
The work item (the workpieces or components)
are transported individually or lot-wise from
workplace to workplace. Once there, they have to
wait until the items already queued are pro-
cessed. The job shop principle has the great
advantage of being flexibly adjustable to different
products and to their different operating sequen-
ces. Furthermore, resources can be utilized well.

The long throughput times and high WIP in the
production process though are disadvantageous.

In contrast to the job shop principle, produc-
tion organized according to the flow principle is
built based on the sequence of operations on the
products and is thus also referred to as the
product principle. Here the throughput of the
parts is very quick because a workpiece is
transported immediately to the next workstation
after it has been processed and does not have to
wait for the completion of others. Flow oriented
production in which the individual workstations
are connected via a buffer zone is referred to as
loosely or elastically chained. However, also
rigidly chained flow production can be found that
does not have any interim buffers for temporarily
receiving workpieces. With such rigid chains,
small disruptions on individual workstations lead
to a standstill of the entire system.

One of the key disadvantages of the flow
principle is that, due to its focus on a specific
product, the system can only be laboriously
converted when there are technical changes.
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Furthermore, producing parts then becomes more
expensive when the facilities cannot be effi-
ciently utilized due to a lack of demand for the
intended workpiece or product.

Manufacturing segments (or cells) are spa-
tially or organizationally consolidated arrange-
ments of all the equipment required producing a
group of similar workpieces or products as
completely as possible. Waiting times between
the individual work steps are avoided by
arranging machinery based on the operations
sequence and through overlapped manufacturing
(one-piece-flow). Overlapped manufacturing
means that instead of forwarding parts in lots,
parts are immediately forwarded to the next sta-
tion (one-by-one) after they have been processed.

In a manufacturing segment, the actual man-
ufacturing operations are transferred along with
the organizational, planning and control functions
to a group of employees, who are then responsible
to a large extent for operating the segment. These
functions are comprised of material requisition,
finite scheduling, order sequencing and work
planning including the control program for the
numerically controlled tools and measuring
machines. Eliminating the strict division between
planning and executing activities combined with

spatially concentrating the machinery and
resources results in shorter throughput times for
products with significantly increased room to
maneuver for the employees involved.

In addition to these three key organization
types, site fabrication plays a role in the manu-
facturing of large and heavy workpieces. These
situations arise when building systems or large
machinery such as pressure housings for hydro-
electric turbines or large generator shafts. In
these cases, the workpieces are organized on a
base plate and the tool machines are placed
where the work is to be done. The extreme case
of site fabrication is when workpieces can only
be assembled and completed on-site because they
are no longer transportable.

One of the less common types of organization
in the industry is the manual workplace princi-
ple, which is generally implemented when
operations are predominantly completed by hand
and without extensive machine work. Such
workplaces are for example found in tool and
fixture shops.

Similar to part manufacturing, organizational
principles can also be defined for assembly. In
Fig. 9.8 and analogous to manufacturing princi-
ples, the relative movement of the assembly object
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to the assembly workplaces serves as the organi-
zational criterion. Site assembly corresponds to
site fabrication, whereas group assemblyworks on
a fixed object with periodic or aperiodic move-
ment of the workplaces and with an aligned or
unaligned movement of the objects. As sub-cate-
gories of flow assemblies, clocked or combined
flow assemblies are characterized by moving
assembly objects in one direction and are differ-
entiated from one another by how the humans
involved are tied into the clock cycle or flow rate
with continually moving workpiece carriers.

9.7 Production Segments

Depending on the range of the production pro-
gram the requirements of a production are gen-
erally more or less heterogeneous. This is
expressed in customers differing demands for
specific delivery models and performance in
regards to various logistic characteristics. It is

also visible though from the product side, for
example, in the product structure and range of
varieties. It is thus frequently not possible to
meet all of the requirements with only one
manufacturing principle and one assembly
principle.

When the number of pieces permit it, it seems
practical to create production segments as prod-
uct oriented decentralized organization units
[Wil98]. Production segments are characterized
by a specific competitive strategy focused on
reducing costs, shortening throughput times and/
or improving quality. A higher degree of auton-
omy is strived for by integrating planning and
indirect functions. Moreover, production seg-
ments stand out in that a number of stages in the
logistic chain are integrated into them. Thus a
production segment can consist of a number of
manufacturing or assembly cells.

As an example, Fig. 9.9 depicts three pro-
duction segments of a company that produces
water pumps. In this case, segments are formed
according to the rate of pieces. One of the

shipping

as
se

m
bl

y 
lin

e 
I

segment 1

segment 2

segment 3
segment 5

segment 4

seiresssam single
emit yreviled / ytilautcnupnoitazilitu / yrotnevni inventory / punctuality

shipping shipping shipping

type

primary goals

incoming goods store outgoing goods store value adding process

m
an

uf
ac

tu
rin

g 
lin

e 
I

as
se

m
bl

y 
lin

e 
II

as
se

m
bl

y 
lin

e 
III

m
an

uf
ac

tu
rin

g 
lin

e 
II

m
an

uf
ac

tu
rin

g 
lin

e 
III

as
se

m
bl

y 
gr

ou
p 

1

as
se

m
bl

y 
gr

ou
p 

2

as
se

m
bl

y 
gr

ou
p 

3

as
se

m
bl

y 
po

ol

on
e 

pi
ec

e 
as

se
m

bl
y

si
ng

le
 m

ac
hi

ne
 to

ol
s

structure

Fig. 9.9 Example of a segmented factory (acc. Brankamp)

226 9 Functional Design of Work Areas



segments is mass production, which for the most
part has constant sales. The primary goal of this
segment is for production to be as efficient as
possible whereby the segment’s success is mea-
sured by the utilization rate and WIP level. A
second segment covers the requirements of serial
production with a broad product variance. The
integrated manufacturing cells allow one-piece
flow and thus low WIP and short throughput
times. Depending on how the customers are tied
in (see supply models Sect. 9.5.3), the primary
goal can also be due date reliability. The third
manufacturing segment is focused on the
requirements of single part production. Here,
custom-tailored products are produced with a
broad range of variants and with short throughput
times. Due to the different operating sequences,
the machinery is organized according to the
function or job shop principle.

Due to the diverse requirements and restric-
tions of the three segments, different planning
and control methods are also required. We will
now turn our attention to the basics of production
planning and control as well as the possible
approaches to selecting and configuring the
methods.

9.8 Production Planning
and Control

The control loop, as depicted in Fig. 9.10 is well
suited as a model for planning the production.
The target agreement process and/or strategic
positioning along with customer demands pro-
vide target values. Based on these a production
planning and control system (PPC) uses various
methods to generate a production plan that is
then further broken down into in-house produc-
tion plans, procurement plans and supply plans.
These procurement, production and delivery
processes are then executed. Once these pro-
cesses have been completed, the actual values
attained through an operating data collection
system are converted into key figures and
graphics with the aid of a logistics monitoring
system. These then are compared with the plan-
ned, i.e., target values, and any deviations found
are analyzed and measures for improving the
target attainment are recommended.

The key tasks of production planning and
control include planning the production program,
planning the production requirements, and plan-
ning and control of external procurements and
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in-house manufactured items (see Fig. 9.11).
Production program planning determines which
products should be produced in which quantities
during the next planning periods. In doing so the
underlying sales plan containing both forecasted
sales and customer orders is tested for its feasi-
bility in close collaboration with sales, produc-
tion and purchasing. Usually the primary
requirements of saleable products or product
groups are listed in table form for a planning
horizon of one or more years.

Production requirements planning determine
the required materials and resources from the
production program. In view of existing or
planned inventories, secondary requirements for
parts and components are then determined,
manufacturing orders are scheduled, loads of the
manufacturing and assembly workstations are
determined and required due dates for procured
materials are derived. The resulting procurement,
manufacturing and assembly programs are then
further planned by the external and internal PPC
systems, and subsequently released for
execution.

Nowadays, in order to avoid plans that appear
to be more accurate than they are, production
planning and control tasks are transferred as
much as possible over to autonomous manufac-
turing sections; the keywords here being decen-
tralization and segmentation. Employees are then
not only responsible for executing the program

but also—to a certain degree—for selecting the
methods and measures used. The depth and
complexity of planning is thus reduced while at
the same time increasing the quality of task
fulfillment.

In order to ensure the efficiency of the value
adding chain, three cross-cutting tasks are
required in addition to the four main PPC tasks.
Order coordination aligns the processes, proce-
dures and schedule across the various areas of the
enterprise and beyond. Warehousing is respon-
sible for managing inventories and for ensuring
that both the manufacturing and assembly areas
are supplied as well as the customers. PPC
monitoring measures the target attainment from
the customer’s side as well as from the compa-
nies side. The key tasks and cross-cutting tasks
are reliant upon master data and order status data
being carefully managed.

Nowadays, in addition to the key and cross-
cutting tasks, other network tasks are allocated to
PPC [Sch12]. These combine all of the planning
tasks that can be found in a production network.
The core of these tasks is concerned with stra-
tegically designing the network configuration,
planning the overall sales and planning the net-
work requirements.

The MRP II concept (MRP stands for material
resource planning) represents a very common
planning approach for fulfilling the key PPC tasks.
It was developed from the MRP (material
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requirement planning) approach originally estab-
lished in the USA during the 1970s. Simultaneous
planning is not pursued because it is assumed that
the diversity of parameters and variables, their
interdependencies and the uncertainty of the
underlying planning data leads to a complexity
that cannot be controlled even with today’s com-
puting abilities. Instead the entire PPC is divided
into sub-problems or modules (see Fig. 9.12).

MRP II allows a solution to be found for the
above mentioned planning tasks. This is accom-
plished in a gradual (level by level) coordination
process, whereby the variables determined in
each level provide the input variables for the next
levels. The hierarchy of the planning levels is
oriented on the chronological horizon of the sub-
problems. Based on the strategic business plan,
the material and capacity requirements are

continually refined up to the loading of each
machine for individual operations. Backwards
coupling between each of the levels ensures the
feasibility of the sub-plan on each of the next
levels. Where there are deviations, actions either
from the order side (due date shifts) or the
resource side (capacity adjustments) is required.

MRP II represents the basis for many manu-
facturing planning software systems often called
manufacturing execution systems MES. Never-
theless, our discussions regarding the customer
order decoupling point, the types of orders and
how they are handled as well the process models
(see Sects. 9.2–9.4) show that the specific design
of the PPC, the planning object and the planning
depth have to be focused on the selected struc-
tures and processes. All of the PPC tasks can be
impacted by this.
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How detailed the production program plan-
ning must be is strongly dependent on the extent
to which orders are produced neutrally with
respect to customers. For production areas before
the customer decoupling point, the production
program serves to generate customer neutral
manufacturing and procurement orders. In com-
parison, after the customer decoupling point
concrete customer orders trigger manufacturing
and/or procurement operations. In this case, the
production program primarily serves to estimate
the required capacity and materials, and is then
usually only created on the level of the product
groups.

The choice of process model strongly influ-
ences the PPC functions. The implemented pro-
curement model is thus decisive for planning and
controlling external procurements. Only when the
traditional reserve stock model or single item
procurement is implemented does the procure-
ment program generate concrete procurement
orders. With all of the other procurement models,
suppliers are only provided with minimum and
maximum stock levels and/or materials are called-
up for customer orders currently being processed.
Framework agreements then provide the basis for
cooperation in these procurement models.

These factors strongly influence how the in-
house PPC is designed as well as the selection of
suitable methods and how they are parameter-
ized. In the past, many methods were developed
for controlling production processes and were
aimed at fulfilling individual tasks under specific
conditions. Since production control directly
determines production flow and has a number of
consequences for the factory planning, we will
examine these functions more closely.

Lödding [Löd13] provides a thorough over-
view of how currently known production models
function including the conditions for imple-
menting them and their restrictions. In short
though, it can be said that none of the known
models can claim to comprehensively meet the
different requirements in the industry. The aim
therefore should be to test the control methods
that come into question in regards to conditions,
requirements and abilities of the production area
and to the possibilities of implementing them

adjusted to one of the respective tasks. In the
next section we will consider a procedure for
doing this.

9.9 Selecting and Configuring
a Production Control Method

It is the responsibility of production control to
implement the targets determined during the
planning stages as well as possible, even when
there are unavoidable disruptions. Based on this
fundamental understanding, Lödding [Löd13]
developed a universal model of production con-
trol (or manufacturing control as he refers to it)
that defines four tasks for the production control.
Figure 9.13 left depicts these using a funnel model
for a production, while Fig. 9.13 right depicts the
basic actuating and control variables as well as the
target variables influenced by the interactions.
The tasks set the actuating variables, while the
control variables that determine the quality of the
goal attainment each result from the differences
between two actuating variables. We now will
briefly clarify these four production control tasks.

Order generation is concerned with creating
the production orders (jobs) based on the cus-
tomer orders, production program and/or with-
drawal of materials. It thus determines the
planned input and output of the individual orders.
Moreover, in scheduling the orders it also indi-
rectly sets the processing sequence.

The order release determines the point in time
after which an order can be processed. Generally,
the availability of materials is also then verified
and, where necessary, the delivery of materials is
triggered. Relevant criteria for order release are,
for example, the planned input dates provided by
the order generation and/or the availability of
required resources.

Order sequencing determines which orders in
a queue should be processed next. Each order is
allocated a specific value that is based on defined
criteria and that determines its priority in
comparison to the other orders remaining in the
queue. There are a number of known sequencing
rules, each of which support different primary
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targets such as short throughput times or saving
setup times.

Finally, capacity control is responsible for
determining the working hours for each of the
workstations and allocating employees to indi-
vidual systems or groups. It thus influences the
actual output of the production.

Examples of selected methods that can be
drawn upon to fulfill the tasks are depicted in
Fig. 9.14. Due to the abundance of known
methods, we are only able to provide a brief
presentation of these here. For further informa-
tion, we recommend [Löd13] and [Sch11] in
particular.
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Of the methods for generating orders, MRP II
is commonly implemented as is the Order Point
system and Kanbans (see Sect. 4.7 for an
explanation of Kanbans), whereas progress
numbers (or cumulative production figures) is
often found in networked supply chains and used
across a number of manufacturing levels.

For the order release, methods such as Load
Oriented Order Release (LOOR) [Wie95] or
CONWIP [Hop96] are commonly implemented.
Both are aimed at controlling the throughput
times with the aid of WIP regulation. Another
approach is bottleneck control, e.g., Optimized
Production Technology (OPT) [Gol04].

Methods for controlling capacities are fre-
quently aimed at maximally utilizing workplaces,
whereas others support due date compliance by
regulating backlogs.

Finally, sequencing rules should support
shorter throughput times, greater due date com-
pliance or minimum setup times. Nevertheless, it
has been demonstrated that the impact of priority
rules is heavily dependent on the WIP and that
with low WIP levels, all of the sequencing rules
come down to the ‘first in-first out’ rule.

What is important to note at this point is that
not only does each method have a specific range
of application, but each method also requires
specific conditions in order to be implemented
and has specific restrictions. Moreover, some
methods also address several of the four tasks.

When configuring the production control for a
specific application case it is important to keep in
mind the strategic goals of the enterprise, the
customer requirements, the restrictions resulting
from the product structure and the abilities of the
manufacturing system.

To begin, the customer order decoupling point
(Fig. 9.15 top left) and individual control systems
for production (Fig. 9.15 top right) are set and the
objectives for each of the control systems are
quantified (Fig. 9.15 bottom). In each control
system different primary goals can be pursued.
As already discussed, in make-to-stock produc-
tions areas the predominating goal is an eco-
nomically efficient production, whereas in make-
to-order production segments it is logistic
efficiency.

Furthermore, it is important that the targets for
the control systems are aligned with one another
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as long as they collaborate in fulfilling customer
orders. Thus for example, if the target for the
make-to-order part of a value-adding chain is
formulated as high due date reliability with short
throughput times, then the supply certainty for
this part of the process chain has to be ensured
either with a suitably sized decoupling store or
the ability to quickly react, thus requiring short
throughput times in the preceding systems. If
however, they are parallel manufacturing seg-
ments (see, e.g., Fig. 9.9) that produce various
products for different customer groups, then the
primary goals for the segments are independent.

The individual paths should also be analyzed
for control-relevant features that result from the
products completed there as well as the produc-
tion itself (Fig. 9.16). Products should be dif-
ferentiated with regards to complexity (few parts
or multi-part complex products), value, and a
variety of demand criteria (sales quantities,

fluctuations, number of variants). Restrictions
regarding storage (e.g., short shelf-life) can also
be relevant for decisions. Finally, load flexibility
expresses whether or not purchases (internal or
external customer) can accept due date shifts to a
certain degree. Generally this is possible when
productions are make-to-stock. In exceptional
cases though, due date shifts are also negotiable
with the customer in make-to-order production.

The production itself influences production
control through the selected manufacturing
principle, the way of manufacturing as well as
the type of part flow. The complexity of the
material flow indicates whether there is generally
a linear or a strongly networked material flow
with a number of back loops for all of the
products to be processed. The assessment of the
bottleneck situation is thus also generally inclu-
ded. With a very linear material flow there is a
tendency towards few but constant bottlenecks,
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whereas with complex material flows there are
frequently shifting bottleneck situations. More-
over, fluctuations in the capacity demand should
be analyzed. Although they arise from demand
fluctuations for the product, when a number of
products are manufactured, it is possible that due
to compensatory effects, the capacity require-
ments on the workstation level will be compa-
rably constant despite strong fluctuations on the
single product level. The more heterogeneous the
product spectrum is the greater the probability of
this. Finally the reliability of the supply from the
preceding process must be considered. The
above-mentioned requirements and restrictions
have to be weighed against capacity flexibility as
well as data availability.

In the next step, based on this information the
production control can be configured (Fig. 9.17).
Starting with the quantified objectives and the
characteristics of the control-relevant features, it
should be assessed for each production control
task which of the methods that could in principle
be implemented, should be implemented. In view
of the expected results (required as input for the
subsequent task) and the methods’ requirements,
the data requirements and sources need to be
identified. Supplementary to this, a monitoring
concept needs to be developed with which target
attainment can be tested and which can be used
to help derive measures for improving processes
when necessary.

Next, using the practical example of a system
supplier for a commercial vehicle manufacturer,
we will discuss the procedure for configuring the
production control.

During a workshop focused on defining tar-
gets, the significance of each logistic objective is
first determined and then compared to the current
performance profile (Fig. 9.18 top). This reveals
that there is considerable need for action espe-
cially in regards to the delivery reliability. In the
past, the supplier circumvented this problem by
manufacturing-to-stock and supplying the cus-
tomer from there. Weaknesses in the due date
reliability were thus compensated for with large
stores of finished goods. The project team thus
agrees that the second main goal of configuring
the production control is to reduce the finished
goods stores and thus the tied-up capital costs;
where possible, stores of finished goods should
be completely eliminated.

The company manufactures customized
products in single and small-sized series with a
large number of variants (Fig. 9.18 bottom). Due
to the customer’s requirements regarding due
date compliance, the load flexibility is very
limited. The production is organized according to
the job shop principle and is characterized by a
very complex material flow. Previously, the
enterprise attempted to meet the logistic objec-
tives—in particular preventing schedule devia-
tions—by using flexible working-hours, a group
of cross-trained employees and outsourcing. The
results however have not met the requirements,
thus the production control is to be re-configured.

Initial discussions consider implementing a
Kanban control. Due to the large number of
variants and the low number of pieces per variant
though, it is clear that such a method would not
reduce the finished goods stores as required.

order
generation

order
release 

execution
(manufacturing/assembly) 

monitoring

targets

data sources 

data requirements 

results 

capacity
control 

order
sequencing

Fig. 9.17 Configuring Production Control

234 9 Functional Design of Work Areas



Generally speaking, pull-controls such as Kanban
inherently produce a store (Kanban buffer), thus
stores are a necessary condition for this method.

In addition the team checks to see if a WIP
regulating method (in this case the Load Oriented
Order Release) could be implemented. With this
method an order is released when the WIP on a
workstation falls below a given value. The aim of
this method is to not only maintain a constant
WIP, but also to stabilize throughput times and
thus increase the planning certainty and in par-
ticular the due date certainty. In order to imple-
ment this method though, it has to be possible to
shift the loads time-wise on the workstations.
This is only possible if the customer’s require-
ments allow load flexibility at least to some extent
or when the production is decoupled from the
customer via a stock buffer i.e., store. Since in this
case, neither of these are an option, a WIP regu-
lating method was also ruled out as an option.

The configuration that the enterprise chooses
in the end is depicted in Fig. 9.19. Orders are
generated based on the weekly customer
demand. In the first step, backwards scheduling

is used to schedule the orders down to the level
of the individual operations. The information
gained by this is used, for example, to determine
the capacity requirements with three different
planning horizons (3 weeks, 6 weeks and
3 months) and is suitable for suggesting mea-
sures for aligning the capacities (mainly planning
special shifts and out-sourcing).

Orders are now released strictly according to
the calculated start date; other criteria such as
ensuring utilization of individual workstations by
pulling orders are no longer permitted.
Sequencing the production orders also occurs
based solely on the remaining slack and therefore
of due date criteria.

For controlling capacities in the short-term
range, an approach for regulating backlogs is
ultimately chosen. When differences between the
planned output and the actual output arise,
measures that can be quickly implemented are
used to align the capacities e.g., flexible work-
hours and relief workers.

Since operation related feedback data are
required for sequencing and for controlling

target definition 
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• capital costs 
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• high capacity flexibility

constraints

Fig. 9.18 Configuration of the production control—initial situation for case study
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capacities, a system for monitoring logistics that
can supply this data is also introduced. More-
over, the system serves to continually review
important planning parameters such as the
throughput times and capacities of the worksta-
tions as well as to enable sustainable changes in
production control.

We will let this case study be the end of our
discussion on designing factories at a work area
level from the perspective of production systems
and logistics. In the next chapter we will consider
the corresponding spatial design.

9.10 Summary

For the spatial layout of a work area, an exact
knowledge of the functions to be fulfilled therein
is essential. These are highly dependent on the so
called Customer Decoupling Point and the
resulting order types. Before the customer
decoupling point orders are made to stock, while
after the decoupling point orders are customized.
The sub-processes necessary for this are pro-
curement, manufacturing—usually divided into
parts manufacturing and assembly—as well as

the delivery of finished goods to a warehouse or
to the customer. For procurement different
models are used, which differ according to the
procurement initiation, the location of goods and
the transfer of ownership. The delivery models
comply with the procurement models where the
production company is considered as supplier.

Furthermore, the structure of production and
assembly including the spatial arrangement of
resources (machines, equipment) and utilities
must be determined (parts, assemblies, and fin-
ished products) as well as the number of required
employees. The main manufacturing principles
are the job shop or functional principle
(machines with the same function are grouped in
workshops), the flow or product principle
(workstations for a product are located in the
sequence of operations), the segment or group
principle (work stations for the production of a
group of similar parts are combined and auton-
omously controlled) and the site fabrication
principle (a product is manufactured in a place
and machines may be brought to this place). For
the assembly, there are analogous principles.

Finally, organizational planning and manage-
ment of contracts must be determined. For this
purpose, a Production Planning and Control
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Fig. 9.19 Configuration of the production control—end situation for case study
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system first plans the internal and external items
with respect to the amount and date. The main
tasks of the following shop control are order
generation (batch size), order release, order
sequencing and capacity control. These are con-
figured according to the selected order type with
different methods.
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10Spatial Workspace Design

The work environment is a part of who we are.
As a personally perceived part of a production,
workshop or office, the workspace should be a
natural and pleasing extension of our personality.
Frankly, it is unthinkable to reduce the quality of
our lives down to our time outside of work and to
differentiate between our work and our spare
time. Up until now, the legal requirements for
minimum lighting and ventilation, and/or maxi-
mum noise levels have set the standards for
whether human needs have been met in factories
or not. Fulfilling these requirements was con-
sidered to be the essence of ‘humanizing’ the
workplace. However, it is not easy to quantify
subjective parameters such as the changes in
daylight and a harmonious environment since
they are just as important to our physical well-
being as the easily measureable parameters.

When planning for workspaces, it is thus
important to investigate the various possibilities
for promoting the physical and mental well-being
of employees, their willingness to work and their
ability to perform their jobs. Figure 10.1 depicts
the most important elements with regards to the
design fields: communication, lighting, comfort,
relaxation and fire protection. In the following
sections, we will clarify and consider their roles
with regards to changeability.

10.1 Communication

While the influence of communication on pro-
ductivity is undeniable, creativity and innovation
are prerequisites for a progressive and changeable
organization. Buildings play an important role in
revealing hitherto unknown possibilities of com-
munication. People are increasingly spending a
greater proportion of their time at work partici-
pating in project teams, decision making com-
mittees and workgroups as well as discussion
rounds. An old Japanese expression roughly
translated as “the gold lies in the minds of the
employees” suggests that it would be wise to
focus once again on the unique talents of human
minds. In Taylorist mass production theories,
thinking, decision-making and acting was sepa-
rated. The mental and physical aspects cannot be
separated any more and needs to be reunited. The
traditional ‘blue collar’/‘white collar’ division has
to be dissolved and replaced with solidarity as the
new ideal. Material and communication flows,
need to be re-integrated. Communication has
become a decisive production factor. Whereas
mistakes in the physical material flow become
evident sooner or later, those in the mental com-
munication flow usually remain hidden.

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_10, © Springer-Verlag Berlin Heidelberg 2015
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For the building concept this means providing
building structures that stimulate the creativity of
the users. Outside the formal work-spaces, sem-
inar halls and meeting rooms, communication
occurs more by chance informally in the hall-
ways, connecting corridors, etc. [Rei01] has
shown that appropriately designed circulation
areas, workspaces and common rooms increase
the level of communication, especially in larger
industrial plants.

Figure 10.2 illustrates the impact of the spatial
design depending upon the type of communica-
tion, which can be oriented either internally or
externally. Finding the ‘right’ mix between
internal and external orientated communication
for a project should be an important point of
consideration when formulating the concept and
objectives. Consequently, the architectural
design could offer combinations of larger (com-
mon) group rooms with smaller (individual)
rooms for structured ‘think tanks’.

Communication takes place on purpose in
common rooms and rather spontaneously in con-
necting areas. Thus, the need to provide stimu-
lating impulses for communication is therefore a
matter of designing ‘intelligent’ spaces.

10.1.1 Corridors, Stairwells,
Intermediary Spaces

Circulation areas are often conceived unilaterally
for functional necessities. In the truest sense of
the words these “evacuation routes” are mostly
narrow, claustrophobic and dimly lit. They
‘force’ people to rush through them without
stopping for a moment. There is no impetus to
pause and spontaneously exchange a thought or
an idea with a colleague.

Architectural elements such as daylight, an
appealing view and others offer possibilities to
linger along these “evacuation routes” (Fig. 10.3,
left). Building structures which do not naturally
lit stairwells and corridors should be a thing of
the past. Varying sunlight and ever-changing
shadows induce a calming effect on humans,
while attractive views provide a variety of stimuli
as employees gather visual impressions from
their surrounding environment. The natural
curiosity of humans is satisfied. Moreover, the
feeling of being a part of a whole facilitates
spontaneous contacts i.e., by signaling one
another with the wave of a hand or by calling-
out.
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The standard dimensions need not have to be
used for corridors, nor do staircase landings
always have to be the smallest possible space that
permits only maneuvering. “Casual” encounters
can be planned by creating larger spaces that
encourage temporary lingering. Depending on
needs, coffee corners or copying stations can be
allocated to these spaces. Studies by Ebadi and
Utterback [Eba84] and Bismarck and Held
[Bis98] show that 80 % of all innovative ideas
originate through direct personal contact and that
informal communication promotes collaboration
at the workplace. Architecture which facilitates
communication can be highly rewarding.

10.1.2 Arranging and Linking
Workspaces

Changeable spaces, which allow mutual
exchange and interaction, should be provided for
the different sections of a factory from the man-
ufacturing, assembly and prep-work areas to the
PPC and quality management right up to research
and development. Unfortunately many factories
are still designed as production halls with inde-
pendent administration buildings connected via
bridges. Narrow, isolated structures are fre-
quently docked onto the production halls across
firewalls without a view into the production.
Sterile architectural solutions, strongly limit
exchanging and intertwining thoughts, decisions
and actions at meeting points, thus restricting a
critical aspect of communication.

Building structures having mutable spaces
with expandable and transparent room bound-
aries as well as a range of multi-purpose com-
munication spaces are definitely advantageous
(Fig. 10.3, middle). In office buildings, the rela-
tion between the shape of the building and the
depth of the rooms is obviously dependent on the
working style. With regards to communication,
traditional office typologies having a corridor in
the middle and cellular offices on both sides have
been found to be disadvantages when compared
to newer working styles such as combi-offices,
group rooms, or combinations derived from
these. With cellular offices, the depth of the

building normally adds up to 12–13 m (39–42 ft)
including a minimum of 2 m (6.7 ft) width for
corridors and 5 m(16 ft) depth for small offices
on either side. On the other hand, combi-offices
require a building depth of approximately
15–18 m (49–59 ft) since corridors are substi-
tuted with multi-functional spaces for common
use or group activities.

Whereas up until now, designing office spaces
was considered to be a distinct and separate
activity when compared to planning the factory
premises, the notion is increasingly undergoing a
change with both places—for manual labor as
well as for mental work—being now designed by
the factory planner. Without going into too much
detail on this, we will outline a few approaches
here. For a comprehensive overview of the topic
the readers may wish to refer [Spat03]. Further
references can be, also, found in [Mar00].

Figure 10.4 organizes currently known office
concepts based on the parameters of ‘time pres-
ent’ and ‘mode of operation’, while Fig. 10.5
depicts an overview of layouts for these concepts.

Traditional cellular offices, in which employ-
ees are present continuously and operate inde-
pendently, offer a personal space to retreat in
order to avoid disruptions. However, they are in
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Fig. 10.4 Office concepts depending on workers’ pres-
ence and mode of operation (Congena GmbH acc. to
Wikipedia). © IFA 15.270
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principle resistant to change and adverse to
communication. The opposite of this design are
open offices, which are aimed at strengthening
collaborative work. Unfortunately, open offices
are often not preferred because telephone con-
versations, discussions and people moving
around generally make it difficult to concentrate
on work. A number of organizations have made
attempts to counter these disadvantages by
dividing this space into smaller areas and
agreeing upon a code of conduct. Team offices
provide spaces for temporary project teams.

It has since been proven though that a com-
bination of office forms is practical. Such offices
are referred to as combi-offices. In this case,
individual offices are established in a large area,
partitioned by transparent and possibly mobile
dividers with bigger work areas arranged in front
of them. Employees can then concentrate and
work alone or spontaneously work as part of a
group. Finally, the business club idea is
increasingly gaining followers. Similar to the
model of business centers found in airports, train
stations and hotels, temporary workplaces are
established in enterprises for individuals or
workgroups who wish to withdraw or search for

new solutions with internal or external teams.
Approaches such as this seem to be a natural
choice for marketing, research, product devel-
opment and engineering divisions.

While designing office spaces, the question of
how long and how often employees are present is
increasingly becoming important. For example,
when sales personnel are only present in the
office approximately 50 % of the time and in all
probability they are busy in meetings half of that
time, it seems logical not to allocate any per-
manent workplace for them. Instead they might
have portable containers with their personnel
files, which they can pick-up from a depot on
days that they are in the office. They can then
seek out a free desk, log themselves into the
company network with their laptop and are ready
to work within a few minutes.

If additional spaces for research and devel-
opment, labs or workshops are required, it can
easily mean another 20 m or more is added to the
building depth. In case parts of the production
can be ‘stacked’ above one another i.e., on dif-
ferent floors, intelligently structured spaces with
generous floor plans can be conceived as
“industrial lofts” without disruptive walls and

Fig. 10.5 Overview of office concepts (Congena GmbH acc. to Wikipedia). © IFA 15.271
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supports. Variable spaces and room depths pro-
vide the best options for changing work or
communication forms. The room closures for the
different sections could be reversible and inter-
changeable thus allowing spaces to be enlarged
or reduced with minimal costs and effort as well
as facilitating exchanges between sections and
allowing them to be interconnected. These
mobile ‘transformation elements’ should be
transparent for the most part, allowing people to
see in and through the different areas. This
transparency between the individual groups helps
develop and maintain a sense of community i.e.,
of a team realizing a common vision.

By clever reinterpretation and extension of the
function of circulation areas, organizations can
profit from a communication idea that is deep
rooted in the building floor plans as well as cross-
sections and is the guiding principle behind how
the various structures, spaces and functions are
interconnected. Based on Scandinavian examples
like the innovative Swedish car assembly plant of
Saab in Malmö, a number of variants for a
communication backbone have been developed.
In a reversal of traditional models, the middle is
no longer dedicated to the material flow and
logistics, but rather is occupied by communica-
tion and recreational areas for employees. Sko-
da’s car plant in Mladá Boleslav near Prague is a
good example of this concept.

10.1.3 Location, Shape and
Furnishings of Common
Areas

Various possible forms of formal and controlled
communication could be distributed across key
strategic positions in the building. It seems log-
ical to place seminar and training rooms at the
junction or along the production areas. Venetian
blinds or slatted window coverings make it
possible to change the views inside or outside in
a variety of ways. Discussion or meeting areas
can also be located here—or in case of frequent
visitors—positioned close to the vestibule. Musty
break-out and/or change-rooms in the basement
should be a thing of the past, replaced by bright,

airy, attractive possibilities (Fig. 10.3, right). A
cafeteria or canteen located on an upper level,
such as a roof terrace with leisurely flair, beckons
workers to visit them outside of the main meal
times and thus exchange information with one
another.

The two-storied production and engineering
building depicted in Fig. 10.6 is an example of a
holistic solution wherein communication and
changeability are the main drivers. High quality
audio devices are produced here [Fi09]. The offi-
ces for all of the divisions involved in developing
technology, preparing the work and producing the
devices are accommodated in the intermediate
galleries along three sides of each level. The large
column grid, measuring 16.8 × 8.4 m 8 (18.3 × 9.2
yd), ensures a high degree of changeability. A
break-out area on the ground floor, glass office
fronts and a centrally located meeting room allow
for options for quick communication. In addition,
certain areas are encapsulated using light-weight
construction systems to avoid emissions or for
special climatic requirements. The galleries can be
extended outwards thus providing the possibility
for “internal” growth without having to intervene
in the building structure itself.

10.2 Lighting

In the 1970s, windowless artificially lit factories
were propagated as a replacement for conven-
tional north lighting in production halls. Since
then however, there has been a concerted effort to
return to the environmental/psychological
advantages of good lighting for workplaces; the
goal now often being to light factories using
daylight. The reasons for this are increasing
environmental knowledge and the overall
awareness of the employees who expect “natu-
ral” working conditions.

Natural lighting provides a significant eco-
nomic and ecological benefit by saving the
energy that would have been otherwise wasted in
lighting up rooms during daytime. Moreover,
lighting and especially daylight is one of the
most important factors for humane work.
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Humans absorb 80–90 % of their information
visually. Light influences our levels of motiva-
tion and our sense of well-being. Varying light
intensity and atmosphere impacts how organisms
are stimulated. It’s proven beyond doubt that the
weather conditions physically influences the
moods of humans. Furthermore, the daily 24 h
rhythm determines our sleeping and waking
behavior and is indispensable as a regulator for
our internal bodily functions and thus our overall
well-being (see also Fig. 7.12).

It is also proven that changes of the sunlight
reduce the error rate in production. For times
when it is dark and in order to supplement the
natural light, there needs to be a comprehensive
plan encompassing all possible conditions for
artificial lighting. The results need to be merged
together with the natural lighting sources into a
comprehensive lighting design. The distribution
of light in rooms, especially in case of a deep
building, can be optimized with systems that re-
direct light. Based on their structural configura-
tions as well as their significance for the
changeability of a factory, we will now turn our

attention to a more detailed discussion of light
related design elements i.e., daylight, natural
lighting, artificial lighting, and redirecting light.

10.2.1 Daylight

Ever-changing components of daylight (e.g.,
intensity, direction and color spectrum) transmit
considerably more information than the static
ones found for example in artificially lit spaces.
Daylight not only makes it possible to see things
better, it also facilitates visual perception pro-
cesses through its changes, increasing the amount
of information being received and decreasing
mental stress. The heightened levels of awareness
increase our levels of attention and consequently
prevent mistakes. However, using intelligently a
free resource such as daylight is by no means
common practice. The lighting designer Christian
Bartenbach feels that—especially in industrial
construction—there is a lack of understanding
about daylight. “Unfortunately the measures for
using daylight are often completely lacking. This

Fig. 10.6 Communication friendly factory building with a high degree of changeability (Reichardt). © Reichardt
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is, in fact, incomprehensible, since mistakes
especially in this area have an immediate financial
impact, moreover, investments in resources for
lighting, seeing and perceiving measured against
the investments in buildings and production
resources are infinitesimally small” [Bar98].

Sunlight is a combination of short wave light
as well as long wave thermal radiation; as such it
can enter in through glass surfaces and heat up
interior spaces. The thermal properties of large
glass surfaces thus have to be kept in mind.
Whereas earlier research on luminous efficacy
and heat ingress was based on assumptions and
manual calculations made across the building
cross-sections, today there is a wealth of
advanced tools available such as 3D light and
energy simulations.

When we talk about suitably lighting a
workplace we are primarily concerned with
ensuring consistent illumination and luminous
efficacy. Illuminating a space evenly prevents
shadows and glare. The consistency of the light
distribution measured on the work level is
dependent on the distance from the opening in
the roof, whereas the size and type of windows

determines the quality and consistency of the
luminous efficacy. Furthermore, the relation of
the available interior daylight level to the exter-
nal light level when there is a cloudy sky is
determined by means of the daylight factor DF.

10.2.2 Natural Lighting

Figure 10.7 presents the progression of daylight
factor DF along the cross section of various
possible room configurations. Daylight factor is
defined as DF = interior illumination (lx)/external
illumination (lx) under a cloudy sky condition.
For each of the spaces in the diagram, the sum of
daylight openings is assumed to be 1/6th of the
floor space. This parameter is referred to as the
‘window factor’ WF and defined as WF = win-
dow area/floor space.

The typical progression of daylight for a side
window with the assumed WF is shown in the
upper left portion of the figure. It is clear that due
to the positioning of the window the mean
attainable DF value is not optimal in this case.
The exponential drop in the intensity level of
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daylight entering into the room through windows
means that the same is barely useable. In short, it
is almost impossible to use deeper rooms whose
only natural light source is side windows without
supplementary artificial lighting.

Generally speaking, workplaces whose day-
light factor is 2 % or less should not be consid-
ered without supplementary artificial lighting. A
rough rule of thumb is that points in a room from
which a piece of the sky cannot be seen would
probably require supplementary artificial light-
ing. An influx of light from above provides the
best supply of daylight for the middle of a room.
The entry surface should be designed such that
the work area is uniformly illuminated.

A number of rooftop lighting systems and
configurations have been developed for industrial
buildings based on the criteria mentioned here.
As variants of so-called shed (or pitch) roof
forms, they are oriented in the northern hemi-
sphere for glare-free northern light.

Shed roofs are most common for large-scale
buildings. By installing a number of small ridge-
like superstructures one behind another, the

height of the roof can be controlled. The slope of
the two sides for each of these super-structures is
usually different; one side is steeper so that the
building requires less support for the roof struc-
ture. The other side is usually made out of glass.

Figure 10.8 presents’ conceptual schemes of
the light distributions within halls for roof forms
commonly found in industrial buildings. There-
after, Fig. 10.9 lists typical advantages and dis-
advantages of the different overhead lighting
arrangements.

Since incoming sunlight also brings heat into
the space, on sunny days the heat generated can
be uncomfortable. Thus, in addition to possible
glares and reflections at workplaces, measures
have to be taken to ensure that the room and
equipment temperatures do not exceed permis-
sible levels due to the incoming sunlight. To
some extent, this can be achieved by using
shading devices which impede solar radiation.
Unfortunately, the intensity of the light also
reduces proportionally. In short, when shading
systems are effective more artificial light is
required on nice sunny days.

light domes saddle rider monitor shed 

lanterns pitched roof façade ribbon combinations 

Fig. 10.8 Light distributions for various roofs. © Reichardt 15.165_JR_B
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Intelligently designed industrial sheds, having
north-lighting systems (in the northern hemi-
sphere), ensure uniform illumination without
glare. Also, they do not require shading devices
and/or cast shadows.

According to [Bra05], a multitude of factors
including processes, logistics and users over the
long-term have to be considered in order to
develop the lighting design for an industrial
project. A comprehensive overview is given in
[IES11].

The degree of changeability regarding day-
light utilization is directly dependent on choosing
the most advantageous forms of roof configura-
tion and room section to maximize the natural
lighting levels inside the building. When com-
bining a number of skylight forms, three-
dimensional lighting simulation software can be
used to analyze different configurations to
establish the expected distribution of light and
avoid disadvantageous exposures. Typical results
of a daylight simulation exercise for a large hall
of 126 m × 40 m (131 × 43.7 yd) are given in
Fig. 10.10. The important parameters for mod-
eling the light include the geographical location,
the cardinal direction of the hall, the geometry of
the hall as well as the color and reflectance of all
interior surfaces.

10.2.3 Artificial Lighting

According to medical science, humans require
approximately 75 % of their total energy reserves
for an undisrupted seeing process. Artificial
lighting, as a supplement to natural light, thus
plays an important role at the workplace. It
makes the working environment more humane
and efficient. The basic characteristics that
determine the quality of lighting include the level
of lighting, the uniformity of the lighting inten-
sity, the absence of reflections and glares, the
direction and color of the light and its efficiency.
Illuminance, measured in lux (lx), is a criterion
used to measure the quality of the apparent
brightness. One lux is defined as the luminous
flux or luminous power (measured in lumen) per
m2. The luminous flux of a candle is approxi-
mately 10 lm.

Based on research in physiological-optics,
work-physiology and psychology the following
recommendations are made:
• 200 lx as the minimum illuminance for a
continuously occupied workplace,

• 500–2000 lx as the optimal range for work-
places located in buildings and,

• 2000–4000 lx as the range for very fine work
requiring concentration over longer periods.

light domes 

+ climatically favorable solution with
north-south orientationof openings i.e.
where shed are not applicable;
lighting direction not as distinct as
with sheds.

lanterns pitched roof 

saddle rider monitor 

façade ribbon combinations 

shed 

a combination of several top light 
forms make it possible to avoid 
disadvantages of sun light 
exposure, glare, and heat
balance.

+ north orientation removes
unfavorable glares nearly; no sun
protection necessary; for shell
construction long distances
between supports possible;
regularity of lighting is very good. 

- specific building orientation 
necessary; relatively large heat
radiating surfaces with vertical
sheds; laborious construction
and maintenance.

+ regularity of the lighting is
particularly easy to attain;
due to form less collection of dirt;
simple assembly. 

- large number of roof openings
may cause leakage problems.

+ large span width possible, in 
correspondence to sufficient sub-
construction 

- danger of unfavourable
glare in longitudinal direction.

+ uniform distribution of sunlight in
comparison to sheds

- danger of unfavorable glare due
to building orientation and
roof shape.

+ good and simple solution for hall 
depths from 20.0 to 28.0 m (65.6 to 
91.8 ft) 

- danger of unfavourable glare
especially with an east-west 
orientation

- large heat radiating surface;
regularity of light may be inferior 
compared to other top light forms.

- large heat radiating surface ;
regularity of light may be inferior 
compared to other top light forms

+ climatically favorable solution with
north-south orientation of openings 
i.e. where shed are not applicable;
lighting direction not as distinct as
with sheds.

Fig. 10.9 Advantages and disadvantages of different overhead lighting arrangements. © Reichardt 15.166_JR_B
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DIN 5035 Part 2 lists the minimum values for
the nominal illuminance for 176 different activi-
ties. The values for most workplaces are between
200 and 1000 lx. Figure 10.11 depicts a table with
the specified illuminance, light temperature, color
rendering index and anti-glare factor for frequent
industrial activities according to DIN 5035.

Surfaces that are exposed to a relatively strong
illumination density cause distractions (glare,
reflections) within the visual field thus impairing
the worker’s well-being. When users express that
the lighting is too bright it usually means that the
system is not designed well enough to limit glares
and reflections. For more information readers are
requested to refer toDIN5035. Figure 10.12depicts
the minimum illumination density in foot candles
for typical operations acc. to the OSHA Standard
1926.56, where one foot candle is equal to one
lumen per square foot or approximately 10.764 lx.

Reflected glare is caused by reflecting strong
illuminance off of shiny surfaces. This can be
reduced by properly arranging lights and using
matted surfaces on equipment and/or tinted walls
and ceilings.

The direction of the light and the resultant
shadow are important to recognize spatial objects,
whereas unnatural lighting can cause 3-dimen-
sional forms to be misinterpreted. Silhouette
effects created when objects or persons are viewed
in front of bright window surfaces can, for
example, be decreased with a sufficiently high
percentage of top lighting. In industrial set-ups the
recommended ratio for top to side lighting is 1:3.

According to [Deh01], variable light and the
light color visually and thus mentally impact the
moods and well-being of humans through more
than just the perceived brightness. The color of
the light also referred to as the color temperature
is determined by the spectral power distribution
and measures the impression of color the light
source provides. It is defined as the temperature
that a black body has to be heated-up to in order to
radiate a light that (with the same brightness and
under fixed observational conditions) emulates
the described color as closely as possible. Color
temperature is measured in Kelvin (K).

Electrical lamps are divided into three color
temperatures (or qualities) based on their

lighting distribution without roof

lighting distribution with roof

false-color image lighting distribution 

lighting intensity distribution

Fig. 10.10 3D simulation of the distribution of daylight in an industry hall. © Reichardt 15.167_JR_B
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impression of color: ww—warm white (up to
3300 K), nw—neutral white (3300–5000 K), dl—

daylight (5000 K and above). Color rendering, on
the other hand, relates to the color an object appears

activity

lighting
required

acc. to type of 
work [lux]

color
quality1)

color 
rendering 

index2) 

anti-glare 
factor3)

closets and other secondary rooms

storage rooms 

locker rooms, washrooms, toilets 

office work with easy visual tasks 

office work with normal visual tasks, 
data processing

open offices 

technical drawing 

laboratories 

forging, rough assembly 

welding and locksmith work 

setup of machine tools, assembly 

marking-out, fine assembly, inspection 

fine assembly, precision work,
inspection areas, measuring and test
rooms

assembly of fine parts, electric
components, jewellery

50 

100 

100 

300 

500 

750 

750 

250 

200 

300 

500 

750 

1000 

1500 

ww, nw 3 -

ww, nw 

ww, nw 

ww, nw 

ww, nw 

ww, nw 

ww, nw 

ww, dw 

ww, nw 

ww, nw 

ww, nw 

nw, dw 

nw, dw 

nw, dw 

3.4 

2 

2 

2 

2 

2 

2 

3.4 

3 

3 

1.2 

1.2 

1.2 

-

2 

1 

1 

1 

1 

2 

2 

1 

1 

1 

1 

1 ) dw - daylight; nw - neutral white; ww - warm white 2 ) indices: 1, 2, 3,4 3 ) factor: 1, 2, 3

Fig. 10.11 Nominal lighting levels for industrial activities (to DIN 5035). © Reichardt 15.168_JR_B

TABLE D-3 - MINIMUM ILLUMINATION INTENSITIES IN FOOT-CANDLES

General. Construction areas, ramps, runways, corridors, offices, shops, and storage areas shall be lighted 
to not less than the minimum illumination intensities listed in Table D-3 while any work is in progress:

Foot-
Candles                                                           Area of Operation

5 ..........  General construction area lighting.
3 ..........  General construction areas, concrete placement,

excavation and waste areas, access ways, active storage areas, 
loading platforms, refueling, and field maintenance areas.

5 ..........  Indoors: warehouses, corridors, hallways, and exit ways.
5 ....…..  Tunnels, shafts, and general underground work areas:

(Exception: minimum of 10 foot-candles is required at tunnel and 
shaft heading during drilling, mucking, and scaling. Bureau of Mines approved
cap lights shall be acceptable for use in the tunnel heading)

10 …….   General construction plant and shops (e.g., batch plants, screening plants, 
mechanical and electrical equipment rooms, carpenter shops, rigging lofts 
and active store rooms, mess halls, and indoor toilets and workrooms.)

30 …….   First aid stations, infirmaries, and offices.

Other areas. For areas or operations not covered above, refer to the American National Standard A11.1-
1965, R1970, Practice for Industrial Lighting, for recommended values of illumination

Fig. 10.12 US OSHA standard 1926.56—illumination intensities
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under a given light source and is characterized by a
color rendering index Ra (1 = incandescent lamp to
4 = sodium vapor lamp), whereby incandescent
lamps are the least color-distorting. True-Lite
lamps are a relatively new development. Unlike
traditional lights they emit infrared radiations and
thus correspondmore closely to the color rendering
of natural sunlight. It is advisable to study various
lighting systems and combinations under parame-
ters which are in fact comparable. From an eco-
nomic perspective, it is important to consider the
electro-mechanical structure of the luminaire, for
ease of assembly and regular maintenance.

For flexible, changeable workplaces the electri-
cal power supply should be dimensioned with an
eye to the future. Good lighting enhances perfor-
mance or willingness to perform, prevents early
fatigue, supports retention, logical thought and
promotes safety and speed while reducing the fre-
quency of errors and accidents [Rüs05]. Fig-
ure 10.13 depicts the impact of increased
illuminance on work performance and fatigue as

well as on the reduction of accidents. 3D lighting
simulation software could not only help to simulate
lighting conditions during the day but also during
the night with reference to the proposed lighting
scheme.

10.2.4 Redirecting Light

The quantity of side lighting is influenced by the
room height, depth as well as the neighboring
buildings that restrict light entering from the side.
Typically, rooms with a depth greater than 7 m
(22 ft) can no longer be naturally lit; one of the
reasons why historically multi-story buildings
seldom had a room depth of more than 15 m
(49 ft)—even with higher ceilings. This thus
raises a pertinent question as to how glare-free
sunlight can be directed or guided into the depths
of the room. Systems for redirecting light prove to
be particularly helpful because they can transport
sunlight up to 20 m (65 ft) deep into a room.
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Fig. 10.13 Impact of increased illuminance on performance factors. © Reichardt 15.169_JR_B
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The idea of redirecting light is not new; in
fact a patent for redirecting sunlight into the
interior of building using mirrors was taken way
back in 1900. For many years now, the lighting
expert Christian Bartenbach has been research-
ing the possibilities of uniformly lighting greater
room depths by re-directing daylight through
roofing systems and facade elements or using
glazing with integrated elements. LED (light-
emitting diode) systems may be particularly
well suited for this. Holographic sheets, devel-
oped by Müller [Mül01], make it possible to
control the direction of light: Using relatively
small strips on the façade the full depth of the
room can be illuminated while the rest of the
facade offers an unobstructed view. The dia-
grams in Fig. 10.14 illustrate possible light
directing mechanisms for an office space inte-
grating currently available techniques for con-
trolling light. Using reflective mirrors, light
shelves or holographic sheets the light can be

redirected into the depths of the room and
considerably increase the daylight factor useable
for office work.

10.3 Comfort

For humans, the indoor climate has a comforting
effect when a body’s regulatory mechanisms
maintain the required internal temperature
undetected from the person. The sensation of
comfort differs considerably and varies according
to the type and duration of work as well as age,
gender, health and clothing. Unfortunately, there
are no standard or nominal values for the thermal
well-being. Individual thermal comfort is a result
of interactions and interconnected components
comprising of the physical indoor climate (room
temperature, radiant temperature, humidity, air
flow and air purity). Further comfort aspects such
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Fig. 10.14 Lateral lighting distribution systems. © Reichardt 15.170_JR_B
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as the color scheme and noise thresholds are
discussed in Sects. 8.3.1 and 8.4.6.

The question of an individual’s level of
comfort has to take into consideration not only
the heat produced due to the activities in which
the individual is involved but their ability to
expel excess heat both dry heat (convective and
radiant) as well as damp heat (evaporation). Heat
emitted on a cold surface will be perceived as
cooling just like a draft, while the radiation of
highly tempered heating surfaces or heavily
heated shading systems present an annoying
source of heat. Thus in areas where heavy work
is being executed, it is important to pay particular
attention to preventing drafts near to gates.

Due to existing production methods or the
external climatic conditions it is often barely
possible to maintain a ‘tolerable’ internal envi-
ronment. ‘Tolerable’ here means that there are no
anticipated health risks related to the internal
conditions. When the body is under stress or
when external temperatures are above comfort
levels, the body’s internal regulator increases the
production of sweat and thus the expulsion of
heat via evaporation. According to [Opf00],
when air quality decreases due to the presence of

pollutants, heat and/or excessive moisture, it is
important to renew the air in order to maintain a
certain minimum level of comfort condition
within the various workshops.

The temperature zone surrounding a work-
place is characterized by the air temperature and
the radiation temperature. Depending on the
activity, the air temperature should range
between 18 and 24 °C (64.4–75.2 °F). The lower
value applies to work that is slightly flexible; the
upper for a sedentary state. The mean radiation
temperature can be 3–4 °C (5.4–7.2 °F) lower
than the room temperature. The arithmetic means
of the air temperature and radiation temperature
corresponds roughly to the perceived tempera-
ture. Thus an air temperature of 22 °C (71.6 °F)
and a radiation temperature of 18 °C (64.4 °F)
are perceived as a uniform ambient temperature
of 20 °C (68 °F). In the summer months a tem-
perature of 26 °C (78.8 °F) can still be referred to
as comfortable for light work.

With appropriate thermal insulation, the tem-
peratures of the various room enclosures (walls,
ceilings, floors) should develop so that they
deviate as little as possible from the mean values.
Figure 10.15 depicts the comfort zones of
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humans for the ambient room temperature, as
function of temperatures for the surfaces
enclosing the space walls (left), ceilings and as
function of the floor temperature (right). Toge-
ther with the heating and cooling systems, the
construction materials for the building have to be
oriented towards the required comfort values.

Figure 10.16 depicts the comfort zones of the
ambient room temperature as function of humidity
(left) and air speed (right). Accordingly, humidity
should generally be within the range of 35–65 %.
When air temperatures are higher, lower air
humidity should be aimed for in order to increase
the percentage of heat emissions through evapo-
ration, otherwise the air will be noticeably muggy.

The permissible air speed is dependent on the
indoor air temperature. If a temperature of 20 °C
(68 °F) is attributed to an air speed of 0.15 m/s
(0.5 ft/s) then 22 °C (71.6 °F) would relate to
0.20 m/s (0.65 ft/s). If a job involves physical
activity the air speed can be increased. Air pol-
lutants including dust, gases, vapors and odors
that are uncomfortable are considered as a mea-
sure of the air purity.

The amount of fresh air that needs to be fed
into the interior is dependent on the number of
people in attendance as well as the nature of
pollutant. If gases and vapors arise in specific
areas, the hourly air exchange cannot be gen-
eralized; instead it has to be determined as a
function of the accruing gas and vapor concen-
tration. Approximate values can be found in
[Leh98, Ski00]. A comprehensive overview for
US is given in [Goe11].

It is often recommended to ensure a higher air
exchange rate by placing a number of smaller air-
supply units in various strategic locations, thus
allowing partial operations when compared to a
central air-conditioning system. The necessity of
having transformable work areas as well as being
able to individually control the surrounding
requires sensible planning for small volume work
areas having as much natural ventilation as
possible.

In terms of sustainable changeability, flexi-
bility in controlling the room climate (tempera-
ture, humidity, etc.) should be ideally defined
based on a holistic consideration of the process
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and spatial views. The building services and
structure can then be adjusted to new require-
ments in regards to temperature and humidity
without any significant changes.

10.4 Relaxation

‘Breakout’ or relaxation areas should contribute
to the employees need for recreation after a
period of concentrated work. Clever integration
of the recreational area into the building structure
along with an attractive ambience is imperative
for a healthy working atmosphere for all con-
cerned. Increasingly stressful work processes
may entail negative psychological consequences
in terms of either being over- or under burdened.
Relaxation phases that offset this mental stress
promote a sense of community, social compe-
tencies and team-building. Recreational areas
thus offer a large potential for employees to
identify with “their” company.

These periods of recovery, should be archi-
tecturally supported with appropriately designed
break-out areas, social spaces, canteens and caf-
eterias as well as sporting or gaming facilities,
libraries and other recreational areas. Keeping in
mind both the existing as well as future
requirements, it would be imprudent to limit
required recreational areas to the absolute legal
minimum. In this context, changeability also
means the spatial possibility to adjust to the
desires and requirements of the user and to
convey a touch of “leisurely flair”.

10.4.1 Break-Out Areas and Social
Rooms

According to the prescribed rules outlined in the
German Workplace Guidelines, a break-out area
needs to be provided when there are 10 or more
employees. Moreover, due to specific recovery
requirements or special types of activities sepa-
rate break-out rooms may be required (German
Workplace Guidelines—§29). In the absence of
such areas or when break-out areas are too far

away, employees often consume their snacks or
lunches while standing next to the machinery
and/or work-place. Attractive break-out areas or
zones should thus offer the possibility to relax
especially in factories that have manufacturing
processes which directly influence the level of
comfort. There is often the possibility for an
‘oasis’—a visually attractive, ‘green’ area right
in the middle of the production.

In Germany, the term ‘common areas’ sum-
marizes the basic requirements according to the
workplace guidelines for locker-rooms, wash
areas and lavatories. These “secondary rooms”
are often situated in a basement devoid of any
connection to the outside world; allocating it to a
friendlier location with natural light and possibly
a view of the outdoors substantially improves the
atmosphere.

10.4.2 Canteen, Cafeteria, Coffee
Corners

Areas for having a meal or a snack or for pre-
paring a drink should be located in visually
attractive locations in the building, preferably
having some relation to the outdoors. In most
countries, a sunlit terrace offers a pleasant place
to eat along with relaxed conversations promot-
ing social competencies and team-building skills.
The choice of materials along with lighting,
furnishings and color scheme should support the
overall character of the place and pursue a
holistic design concept. Coffee corners should be
ideally located in places where different paths
intersect in a building—upgraded hallways near
stairwells, gallery areas overlooking the produc-
tion, landscaped areas or foyers.

10.4.3 Sport, Recreation
and Spare Time

Concerned organizations support the recovery
phase of their employees with visits to a sauna,
fitness studio or to tennis courts. Group activities
outside work hours promote team-building and
can also contribute to reducing personal conflicts
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between employees. It seems logical to reserve
areas like terraces or outside facilities for such
activities, in the long term. Measures such as roof
landscaping or furnishing a recreational trail with
sporting equipment for example, can then be
made gradually.

10.5 Fire Protection

Fire protection includes all of the features and
measures that serve to protect people and mate-
rial assets from fire. The general relationship
between the building usage, fire protection, fire-
fighting and restoration following a fire are pre-
sented in Fig. 10.17 together with the building
components that play a role. The properties of the
building elements can influence requirements,
impose restrictions on the building’s usage, pre-
vent and/or retard fire, insulate noise and influ-
ence comfort levels. Moreover, the properties
also determine fire precautions, related risks and
the potential for later restoration.

Since industrial buildings have a diverse array
of uses, this topic is quite complex in view of the
stringent building regulations [ICC12, Max13].
A well designed building structure effectively
contributes towards passive fire protection as the
same is integrated in its design. For example, a
more transparent factory makes it possible to
detect sources of fires early-on. Further, its net-
work of emergency evacuation routes would be
easy to comprehend both horizontally and verti-
cally across the plant. Areas which concentrate
building facilities and are therefore susceptible to
fire should be positioned close to one another.

A comprehensive fire protection concept tries
to holistically combine spatial, process, logistical
and delivery requirements in order to arrive at
structural and technical measures that would be
required to protect both people and material
assets. Calculation of the fire load helps to
determine the minimum distances between
buildings and the maximum allowable size of fire
compartments within. These calculations help in
configuration of the firewalls, the partitioning
walls as well as the specifications regarding the
classes of fire resistance or building materials.
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Fig. 10.17 Influence of building elements on use and fire protection. © Reichardt 15.173_JR_B
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For those interested in an overview of require-
ments of building permits within Europe are
requested to refer to [Max13]. For the US,
[Cot03] is a reliable reference. Moreover, as
mentioned above, the location, distance, layout
of evacuation and rescue routes need to be con-
sidered. Finally, active fire protection measures
such as smoke and heat detectors and firefighting
equipment need to be provided. Next, we will
clarify structural aspects of these elements and
examine changeability factors.

10.5.1 Fire Protection Concept
and Fire Compartment

According to [Max13] when developing a fire
protection concept for industrial buildings, the
latest versions of the relevant regional building
codes (municipal, provincial, state etc.), guide-
lines concerning supervision of construction pro-
cesses, building regulations as well as model
guidelines for construction fire protection in
industrial buildings all need to be considered (see
e.g., forGermany http://www.bauordnungen.de or
the US: NEPA 5000: Building Construction and
Safety Code 2012). The regional building codes
contain a plethora of material specifications with
regards to fire protection, especially risk scenarios
in residential or similar types of buildings.
Therefore, experts such as fire protection engi-
neers in Germany generally inspect larger build-
ings based on the model industrial building code
(Muster-Industriebaurichtlinie M IndBauRL,
März 2000). In other countries the relevant code is
applied. Once plans have been completed, basic
aspects need to be evaluated as to its compliance
with reference to the related building codes.

The basic terms of object description, the
legal specifications, a risk evaluation from the
perspective of fire protection engineering and the
presentation of the fire protection concept based
on empirical calculations and planning docu-
ments are explained hereunder.

The object description outlines the construction
of the building and additional structural charac-
teristics as well as the planned use. The subject of
changeability should be addressed at this point in

order to avoid future problems with the building,
systems and operations (e.g., in underestimating
the effort for fire protection engineering) when the
factory undergoes its first modifications.

The fire protection risk assessment summa-
rizes both the specific fire load for the material
flow at the site according to safety categories and
the fire load of the building construction itself.
According to DIN 18230, two important results
of calculating the fire load include the largest size
of a fire sub-compartment and its required fire
resistance rating. The fire resistance rating indi-
cates how many minutes a building component
can fulfill its function when exposed to fire (DIN
4102, Part 2). Fire resistance classes, also refer-
red to as fire grading period or fire protection
class, differentiate between fire resistant (at least
F 30), fire retardant (at least F 60) and best
possible flame retardant (at least F 120), whereby
F 30, F 60 and F 120 each refer to the fire
resistance rating provided in minutes.

Figure 10.18 depicts the permitted size of fire
compartments according to German fire regula-
tions and DIN 18230. The term ‘fire compart-
ments’ refers to the allowable connected floor
spaces, separated by firewalls or complex parti-
tioning walls. Moreover, the fire resistance rating
of load-carrying and reinforcing building com-
ponents is provided depending on the safety
classification of the usage and the number of
floors in the building. With regards to the
changeability of the building in general,
requirements for clearances, firewalls (F 90) and
separation walls (F 120, F 180) are crucial.

Complex partitioning walls are often required
for storing goods that have a high fire load (e.g.,
paper) and significantly limit options for
changeability due to the in situ construction in
reinforced concrete.

10.5.2 Clearances, Firewalls
and Complex Separation
Walls

Figure 10.19 depicts an overview of the clear-
ance requirements between buildings as well as
access roads, deployment areas and free
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distance areas umfahrten, accesses on-floor spaces
fire department 

movement areas 

• to borderlines of industrial 
parks min. 2.5 m;

• between buildings of one
property at least 5.0 m;

• if walls without openings,
at least flame-retardant
and from non-combustible
building materials;

• differing special 
regulations according to 
local state building 
regulations;

• for necessary works at
certain windows, with 
window sills more as 8 m 
about area-surface: 
access roads > 3 m width,
dependent on curve 
radius;

• passage and back 
passages to the building 
backside, walls
and ceiling passage fire   
resistance class F90 - AB

• for buildings of middle 
height, second rescue way 
with rescue facilities of fire 
department;

• deployment areas: open to 
above, free from 
installations, permanently to 
kept free; 
widths > 3m < 6m;

• if building height > 18 m, 
distance < 6 m, permanently 
free, sufficient load-capacity 
for axle load of 10 t,
permitted total weight 16 t 

• movement area for each
fire engine
at least 7 x 12 m 

h 

0.25 h 

> 1.5 m 
> 3.5 m 

> 3.0 m > 3.0 m 

> 11.0 m 

12.0 m 7.0 m 

4.0 m 
12.0 m 

4.0 m 

3.0 m 
3.0 m 

7.0 m 

vertical
placement

parallel
placement

>1.0 m 

> 5.5 m 
> 3.5 m 

> 5.5 m 

horizontal distance access roads 
attack spaces 

for fire department movement areas 

distance area
0.5 h > 3.0 m 

1 m = 3.28 ft

Fig. 10.19 Fire protection requirements for surrounding building areas. © Reichardt 15.175_JR_B

safety class **)

number of building stories

ground floor 2-storied 3-storied 4-storied 5-storied

no
require-
ments

1800 1)K1 

K2 

K3 

K3.1 

K3.2 

K3.3 

K4 

2700 1)

3200 1)

3600 1)

4200 1)

4500 1)

10000 

F30 F30 F60 F90 F60 F90 F90 F90 

800 2) 3) 3000 

4500 

5400 

6000 

7000 

7500 

10000 

1200 2) 3) 

1400 2) 3) 

1800 2)

1600 2)

2000 2) 

1600 2)

2400 2)

2900 2) 

3200 2)

3600 2) 

4000 2)

8500 8500 

2400 

3600 

4300 

4800 

5500 

6000 

8500 

1200 2) 3) 

1800 2) 

2100 2)

2400 2) 

2800 2) 

3000 2) 

6500 

1800 

2700 

3200 

3600 

1500 

6500 

4100 

4500 

2300 

3000 

2700 

3500 

3800 

5000 

1200 

1800 

2200 

2400 

2800 

3000 

4000 

1 ) width of the industrial building ≤ 40 m (131.2 ft.) and heat exhaust area (according to DIN 18230-1) ≤ 5% 
2 ) heat exhaust area (according to DIN 18230-1) ≤ 5% 
3)  permitted size of 1600 m2 for low buildings

fire 
resistance 

class *)

*) fire resistance class: a section with F30 can resist fire for 30 min, F60 for 60 min and F90 for 90 min
**) safety class: K1: no special measure, K2: fire alarm system, fire alarm and fire brigade, K 3: fire zones or fire fighting sections

with automatic fire alarm system, K4: sprinkler

1 m2 = 10.7639 sq ft

fire resistance of the bearing and reinforcing components

Fig. 10.18 Permissible fire compartment sizes (acc. to German fire regulations). © Reichardt 15.174_JR_B
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movement zones for the fire department. It can be
seen that, in addition to the regional building
code specifications, the clearances between
buildings are determined by the firefighting
zones and rescue paths. It is thus advisable to
tackle fire protection issues early-on in order to
ensure acceptance of the building concepts by the
relevant authorities at a later date.

Fire compartments limit fire related damages
and permit safe evacuation routes in areas that are
less susceptible to fire by limiting spaces using fire
resistant enclosures (e.g., floors, walls and doors).
According to state building codes in Germany, fire
compartments are limited to 40 m × 40m = 160 m2

(131.2 ft × 131.2 ft = 17.222 ft2). Implementing
industrial building regulations and in particular
special measures such as sprinkler systems permit
larger connected production areas.

Fire compartments are limited by firewalls. In
case of an accident, they are meant to restrict fire
from developing beyond a site. A minimum of
one-and-a-half-hour fire resistance (F 90-A)
would ensure structural safety in a fire accident.

In areas that are at greater risk due to storage of
inflammable goods, partitioning walls are man-
datory. Also, in such scenarios higher require-
ments with regards to the fire resistant ratings and
structural detailing need to be adhered to. Fig-
ure 10.20 illustrates different ways of preventing
fires from spreading with roof partitioning, walls
in building corners and openings in interior
partitioning walls. So called Complex Partition-
ing Walls have to fulfil certain requirements like
fire resistance of 180 min, resistance of three
times an impact of 4000 Nm and ensuring a
complete room closure (VdS 2234).

10.5.3 Fire Resistance Rating
Classes

Use of fire resistant materials for construction of
the supporting structures, shell, media and
building services as well as furnishings would
help in countering the development and spread of
fires. Ideally, the building should remain stable at

roof partitioning buildings with 
different heights

in building corners openings in interior
separation walls 

• continuous wall F 90 - A 
with 0.3 m of roof 
partitioning

fire Wall: fire wall 
• linear, 5.0 m from building

corner, 3 m roof 
partitioning F 90 - A 

• angled, 5.0 m of diagonal, 
0.3 m roof partitioning 
F 90 - A 

complex partitioning wall 
• linear, 7.0 m from building 

corner, 0.5 m of roof 
partitioning F 180 - A or 

• angled, 7.0 m of diagonal, 
0.5 m roof partitioning
F 180 - A 

• no openings permitted  in 
exterior fire walls/ complex 
partitioning walls 

• maximum of 4 openings
• isolation for cables and 

pipes remains unconsidered

roof partitioning 
• 0.3 m taller building with a 

fire wall F 90 - A
• 0.5 m taller building 

complex partitioning wall 
F 180 – A 

or:
• horizontal isolation  up to

roof panel of taller 
building

• height difference 
corresponds: 

5.0 m, < 15.0 m, fire wall 
F 90 - A

7.0 m, < 15.0 m complex
partitioning wall, F 90 - A

complex partitioning wall:  

• continuous wall F 90 - A 
with 0.5 m of roof 
partitioning

0.3 m/
0.5 m 0.3 m/

0.5 m 

<1600m2: opening area ≤ 22m2

>1600m2: opening area ≤10%

< 120°
5.0 m/
7.0 m 

5.0 m/7.0 m 

0.3 m/
0.5 m 

≥

≥

openings

1 m = 3.28 ft
1 m2 = 10.76 sq ft

Fig. 10.20 Types of firewalls and complex partitioning walls. © Reichardt 15.176_JR_B
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least until all life saving measures have been
conducted. Depending on the local fire depart-
ment’s requirements, the building regulations
and the fire protection concept, a fire resistance
rating of F 0–F 90 is normally required for the
supporting structures while F 90–F 180 for
walling material for the fire compartments and
materials for the shell and furnishings. Chapter 7
(Fire and Smoke Protection Features) of the
International Code Council provides the reader
with a good overview [ICC12]. Specific details
and regulations can be found e.g., in the Euro-
pean standard DIN EN 13501-1 and for Germany
in DIN 4102.

The design and detailing of building services
also have to undergo similar considerations.
Installation ducts, cables, lines and pipes should
predominantly using fire-resistant materials. All
media and utility lines which pass through fire-
resistant walls also have to be sealed in a manner
that protects against fire spread. Moreover, all
openings such as doors, gates and flaps in par-
titioning components have to be authorized by a
building inspector.

10.5.4 Evacuation and Rescue
Routes

Vertical and horizontal evacuation and rescue
routes ensure a quick safe exit from a building
when there is a fire. Entrances to rescue routes and
deployment areas for firefighters need to be clearly
marked and permanently kept free. Other archi-
tectural means for ensuring a quick orientation
with easy detection of the evacuation routes
include use of daylight, transparency and provid-
ing points that allow overviews or views in/out.

In Germany, the state building regulations,
workplace regulations and guidelines, assume
that a person from any given point within the
building should be able to reach the outdoors or
other secure areas within 35 m (114 ft) through
an exit or a series of emergency exits. Depending
on the ceiling clearance heights and the fire
protection engineering of the structure, the model
industrial building guidelines permit greater res-
cue distances.

Figure 10.21 illustrates requirements for res-
cue routes depending on the location, the fire

location of rescue paths 
on ground floor

location of rescue paths 
on the upper floor

length of rescue paths in
relation to height of hall

length of rescue paths in
relation to height of hall

production/storage 
areas > 200 m2

two-storied industrial 
buildings 

production/storage with a 
clearance height up ≤ 5.0 m 

production/storage with a 
clearance height >10.0 m 

main corridors 

upper floor > 1600 m2

1 at least two exits 

2 reachable from each position
within 15 m walking distance

3 at least 2 m wide in a straight 
line to exits into the open, to 
necessary stairwell or other 
fire compartments 

1 at least 1 exit from every 
place to a fire safe zone 
e.g., into the open, a stairwell

2 with automated fire alarms /
internal alarm/fire-fighting 
systems with alarm devices &
manual triggers; real run length
up to 1.5-fold the beeline of
secondary rooms,
areas up to 400 m2 are not 
considered, intermediary 
values are interpolated.

1 at least 1 exit from every 
place to a fire safe zone 
e.g., into the open, a stairwell

2 with automated fire alarms /
internal alarm / fire-fighting 
systems with alarm devices &
manual triggers: real run length: 
up to 1.5-fold the beeline of
secondary rooms,
areas up to 400 m2 are not 
considered, intermediary 
values are interpolated.

1 with a basement of F90
as well as for storeys that        
can be accessed by fire 
department, upper storey can
be treated as a ground floor     
industrial building 

2 at least two diametrical rescue 
paths as well as additional 
rescue paths via:

3 internal or external stairwells
4 rescue balcony
5 terraces / accessible roofs

≥15 m 

fire area 

2 

3 

1 

> 200 m2

3 
4 

1 5 

2 
>1600 m2

≤ 5.0 m 

- automatic fire
report facility

r ≤ 50 m 

< 400 m2

2 

1 

- sprinkler
facilities 

≤ 35.0 m 

- automatic fire
report facility

- sprinkler
facilities 

< 400m2

2

1

≥10.0 m 

r ≤ 70 m 

1m = 3.28 ft
1 m2   = 10.76 sq ft

Fig. 10.21 Requirements for rescue routes. © Reichardt 15.178_JR_B
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resistance rating of the building and the clear
ceiling height. Accordingly, due to the advanta-
ges of a high ceiling regarding smoke exhaust, an
actual rescue route of up to 105 m (344 ft) is
allowable for halls having ceiling heights of 10 m
(33 ft) or more (see Sect. 10.5.5). It is mandatory
to connect all the floors in a building in one
continual stairwell, designed and built such that
—along with the entrances and exits to the open
air—the same can also be safely used as a rescue
route. According to German fire regulations, the
internal walls should have a fire resistance rating
of at least F 30. In accordance with DIN 4844 all
the evacuation and rescue routes are to be clearly
identified. Moreover, workplace regulations and
guidelines dictate that back-lit pictograms and
safety lighting are also required.

10.5.5 Smoke and Heat Ducts,
Fire Extinguishing
Equipment

Determining the fire load giving due consider-
ation to the space, processes and logistics

provides information necessary for installing
smoke ventilation systems on the side walls or
hall roofs to facilitate removal of life threatening
smoke and gases. The thermal efficiency of the
smoke outlets only comes into play when there
are suitable air intake openings. A 3D flue gas
simulation is recommended for assessing the
thermal process for specific cases. For a pro-
duction hall or storage area with an automatic
fire-extinguishing system and an area of 1600 m2

(17,260 sq ft), the general industrial regulations
in Germany assume that smoke can be removed
sufficiently through smoke vents having an
effective cross sectional area of 0.5 % in relation
to the floor surface. Moreover, the smoke
removal has to meet the protection objectives and
equipment specifications outlined in DIN 18232.

The ratio of the air supply’s geometric open-
ing surface to the geometric input surface of all
the smoke duct surfaces in the largest smoke
compartment has to be 1.5–1. Figure 10.22
illustrates the requirements for the smoke and
heat ducts according to German fire regulations
for industrial buildings having surface areas
<200 m2 (2152 sq ft) and areas >1600 m2

smoke exhaust < 200 m2 smoke exhaust > 200 m2
smokeless layer

> 1600 m2 

> 1600 m2, automatic
fire extinguishing system

production/storage areas
< 200 m 2

no smoke ventilation necessary 

production/storage areas
> 200 m2

production/storage areas
> 1600 m2

production/storage areas
> 1600 m2

without automatic fire-
extinguishing system: 

1 wall and ceiling ducts for 
venting smoke into the open 

2 two air input areas straight 
across from exits outside, to
necessary stairwells or other 
fire compartments 

with a sufficient fire -
extinguishing system:

1 calculatory proof of smoke -
free layer (rescue path) 
> 2.5 m for every level required
for fighting fires

2 systems for venting smoke
must meet the technical 
requirements for a smoke 
exhaust system

with automatic fire -
extinguishing system:

1 automatic fire -
extinguishing system

2 fire-extinguishing system
> 0.5% of the aerodynamically 
effective smoke ventilation
area 

3 ventilation system, controlled
up-take ventilation in case 
of fire

< 200 m2 > 200 m2

2 

1 

1 

2 

smokeless
layer 

> 2.5 m 

2 

1 

> 1600 m2

2 

1 
> 1600 m2

1m = 3.28084 ft
1 m2 = 10,7639 sq ft

Fig. 10.22 Requirements for smoke and heat ducts. © Reichardt 15.179_JR_B
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(17,200 sq ft). At every level, i.e., including
galleries, one needs to verify a 2.5 m (8.2 ft) high
smoke-free layer (breathable air without toxic
smoke) from where people can be safely rescued.

In terms of fire protection, additional hall
clearance is therefore a long term investment
keeping in mind future changeability require-
ments. Active fire suppression measures include
an automatic sprinkler system controlled via fire
detection and alarm system, as well as the
installation of external and wall hydrants. A
mandatory sprinkler system should be planned so
as to comprehensively include all the fire com-
partments. Design and installation of a sprinkler
system requires expert knowledge and a well-
coordinated effort including the Insurance Com-
pany responsible for the plant, experts in fire
suppression systems and the local authorities in
charge of fire-safety permissions.

With this we conclude our discussion on
spatial design on the factory section level. In
consideration of the sectional design from a
functional view discussed in Chap. 9, this
information flows into the design of the factory,
which we will examine next in Chap. 11.

10.6 Summary

The spatial design of work spaces where people
are permanently or temporarily located, results
primarily from the type of cooperation and the
required levels of communication. Secondly, it is
important to promote mental and physical well-
being. Finally, under all circumstances, health
risks need to be minimized. In terms of com-
munication, planning and implementing tasks of
production should be close to each other or
“under one roof”, while offices could be planned
in various forms—the office cell via combined
offices and group rooms up to business clubs—as
they are known from the service centers of air-
ports. Natural light adds a substantial “feel good
factor” to the design and the ambient environ-
ment. The level of comfort is further enhanced
through well-designed break-out areas, cafete-
rias, sports, and leisure and recreation facilities.

Of special significance is finally the fire protec-
tion, which is regulated in detail in all countries.
It includes dividing the building into fire zones
with fire-resistant walls, ceilings and other
materials. It also includes detailed requirements
for emergency exits, escape routes as well as
smoke and heat extraction in case of fire.
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11Building Design

The architectural and structural design of a
building consists of four components which
impact its form: the load-bearing structure, shell,
media routings (pipelines, wiring etc.), and inte-
rior finishings. The “performance” of a building
—that is its ability to serve both current and future
purposes—is determined by the characteristics of
the selected technical and structural solutions
together with these four components. For those
interested in examples of industrial buildings, a
wide range of designs are presented in [Ada04].

In Fig. 11.1, we have illustrated our approach
to a comprehensive discussion about the varia-
tions of structural characteristics from the per-
spective of the processes and the enveloping
space. It is important to differentiate between
unchangeable, difficult to change and easy to
change characteristics in comparison to the
anticipated changes in requirements because
these decisions determine the future changeabil-
ity of the building.

The load-bearing structure or structural
framework is the most permanent component of a
building and thus the most difficult to change.
Generally, it is designed to last the full duration of
the building’s use. The structure consists of the
surface and column-like components, reinforce-
ments and foundations required to ensure the
stability of the building. The components used are
either constructed on-site or modular and are
made from steel, reinforced concrete, wood, light
alloys or combinations of these materials. The
selected structure strongly influences the long

term functionality of the building as well as the
interior and exterior architectural design.

The shell separates a protected interior space
—as an independent climatic area—from an
external space. It consists of stationary, closed or
transparent elements for the façade and roof as
well as moveable parts such as gates, doors,
windows or vents. Aspects such as natural
lighting, the afforded views and communication
in particular, determine the long term quality and
changeability of the building shell.

We use the term building services to refer to
all of the equipment necessary to ensure the
production processes, users’ comfort and build-
ing security including the technical equipment
centers, pipelines, wire routings, connections,
etc. It covers all measures which guarantee the
spatial comfort of users and provide the neces-
sary technical media for the production facilities.

The technical facilities associated with the
building are treated in literature under the term
TBE technical building equipment, and include
facilities for sewage, water, gas and fire extin-
guishing systems, heat supply, ventilation, elec-
trical systems and building control systems. In
particular, aspects such as modularity, upgrade-
ability and accessibility (i.e., for maintenance
purposes) determine the degree of the building
equipment changeability.

With interior finishings we are referring to all
of the stairways, building cores and special built-
in units like elevators or wet rooms as well as
static optional components (walls, windows etc.).

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_11, © Springer-Verlag Berlin Heidelberg 2015
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Generally speaking, permanent interior finishings
should be kept to a minimum so as not to limit or
impede the changeability of processes.

Finally, the appearance of industrial and
commercial architecture is created by the overall
atmosphere, structural order and clarity as well as
the balance between unity and diversity. The
resulting feeling of harmony is attained through
internal cohesiveness of the elements in relation
to their entirety much like a living organism. The
clearly articulated structures and architectural
forms as well as the immediate understanding
and legibility of each component’s purpose play
a decisive role in the overall construction.

A high aesthetic quality does not necessarily
mean high costs nor does it require special fascia-
work or unique treatments. The principle of
simplicity should not be mistaken for banality,
lack of imagination and primitivism found in
common commercial construction. Rather, the
demand for economic efficiency goes extremely
well with the concept of minimalism as do a
lack of fascia-work and the avoidance of
embellishment.

As mentioned above, the “performance” of a
building, (i.e. its ability to serve current and
future purposes) is basically determined by the
features of the chosen technical and structural
solutions together with the building structure,
shell, media and finishings. The most important
objective when planning a building is an in-depth
discussion through which everyone involved in
the planning reaches a mutual agreement upon all
of the performance related features.

An optimized layout designed with modular
resources and spaces is helpful in effectively
coordinating the processes and spatial planning.
Choosing a common dimensional scheme sim-
plifies the allocation of media systems to pro-
duction units and facilitates modifications in the
sense of changeability. Moreover later, it expe-
dites cost-effective addition of building elements
such as hall bays on the façade.

In order to exploit the building’s changeability
with regards to current tasks, tasks extended in
the future as well as to tasks not yet known, it is
important to strategically combine unchangeable,
difficult to change and changeable structural

appearance 

building services  

interior finishing 

structure 

shell 

Fig. 11.1 Design fields of a building. © Reichardt 14.782_JR_B
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features. The term ‘unchangeable structural fea-
tures’ refers here to the load-bearing capacity of
the foundation and base plate, whereas ‘difficult
to change’ structural features include the load-
bearing capacity of support columns and beams
profiles as well as the diagonal braces of the
static reinforcement which limit the expansion of
a hall. Changeable structural features include
moveable, closed or transparent façade elements,
which, depending on the need, allow daylight
inside the building either from the hall façade or
roof openings.

Figure 11.2 provides an overview of the
structural features of the building’s design fields
described above. In this chapter we will discuss
each of these in detail with regards to their sig-
nificance for changeability.

11.1 Load-Bearing Structure

11.1.1 Project Requirements and Load
Assumption

In order to meet the manifold and in some cases
contradicting requirements of a specific project, it
is necessary to find a way to design the load-
bearing structure oriented towards the long term
production strategy of the company. Figure 11.3

depicts examples of various project requirements
for the structure. The geometric and technologi-
cal parameters derived from the production and
logistic processes are the primary factors influ-
encing the load-bearing structure and determine
how the building services are installed. As
explained extensively in Chap. 5, the change-
ability of size and utilization areas as well as
built-in units plays a dominant role. During the
utilization phase the protection and safety of
people and property as well as comfort levels are
equally important criteria. Ultimately though, the
main priority is economics i.e., the costs and
construction time.

Pursuing what we call a ‘synergetic factory
planning’ (presented in detail in Chap. 15), fuses
the project specific requirements together into a
so-called ‘requirement profile’. The concrete
parameters are then aligned by all those partici-
pating in the planning process, especially in view
of the long term changeability.

Once the basic project requirements are
defined, the dimensions for the structural mem-
bers should be estimated early-on; this can be
accomplished using tables such as those found in
[Kra07]. In order to do so, the load assumptions
for the traffic loads, static loads and dynamic
loads need to be determined. In most cases,
countries have set standards, which help in
determining the applicable load assumptions for

structure
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various building typologies. For example in
European countries, loads generally need to be
established in compliance with the EN Eurocode
standards, Similarly one could refer to BS 6399
“Loading for Buildings”. Part 1 of the practice
code refers to dead and imposed loads, Part 2 to
wind loads and Part 3 to imposed roof loads
[BS6399] for projects which need to be in
compliance with the same.

In the absence of the relevant data, the planning
team has to make common assumptions. For
example, the location of the main technical centers
for the equipment or suspensions formedia needs to
be addressed at an early stage of the project with
care. It is therefore advisable to document all find-
ings and assumptions related to the project in seg-
ments and to continually refine these as the project
progresses (see also Chap. 16 Project Management
and Chap. 17 Facilities Management).

Figure 11.4 provides an overview of impor-
tant load assumptions for the main elements of
the structural framework. Some of these are
conditional on processes, others are due to local
conditions e.g., the snow load. The effort to

create foundations and the base plate is largely
determined by the quality of the specific subsoil,
especially by groundwater level and location as
well as the existence of load bearing soil layers,
which is why a qualified soil report must be
submitted when the project starts. The floor plate
plays a special role with regards to changeability
as it decisively determines the possibilities for
changing the location of equipment and
machinery or re-designating floor surfaces e.g.
from logistics to manufacturing or vice versa.

It is well worth taking time for a detailed
discussion on the possible additional future
loads. Although the initial cost of the structure
increases if the building is designed for addi-
tional future loads it also provides for a corre-
sponding higher degree of changeability. When
making decisions it is critical to practically weigh
both strategic and economic factors. Expanding
floor areas or overhead areas have to be consid-
ered with foresight, in the same way as antici-
pated changes in the production e.g., a new
generation of machinery and equipment along
with their structural requirements.
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11.1.2 Building Structure Form
as a Static System

The properties of the building structure are
determined by the architectural usage of beams
and supports systems, ceiling systems, floor
plates, foundations, load-bearing walls and cores.
In general, the resultant distributions of the static
system’s forces define the structural form of a
building. In turn, the selection of the structural
form and the principle behind the load transfer
and bracing determine which directions the
building can be extended as well as its suitability
for accommodating special loading conditions.
Based on [Eng07], eight families of structures
can be roughly distinguished: beam structures,
grids, frames, arches, cable suspensions, cable
trusses and domes as well as cable nets and
textile constructions.

According to [Gri97] structural forms for halls
can be simplified into four groups: supports
and beams, frames, arches and space frames.
Figure 11.5 provides an overview of structural
forms for halls which employ either combined
support/truss structures or just truss structures;
arch systems and space frames are seldom used
in factory buildings and thus not addressed here.

Generally, every hall and multi-story building
has to be braced longitudinally and transversely.
Space frames or arch structures are inherently
stable in transverse direction and thus only need
to be braced longitudinally. Directed structures
are clearly identifiable by the location of the main
and secondary support beams. Here, the vertical
load is directed along a single axis over the main
beam into the support columns. In comparison,
non-directed structures distribute the vertical load
bi-axially over all the structural members into the
support columns. Non-directed structures are
thus usually only efficient on square support
fields. Nevertheless, it is easier to extend in two
directions with non-directed structures than with
directed structures.

According to Fig. 11.6, it is also critical to
discuss how the modularity, span width, rein-
forcements, load distribution and extensions can
be combined for every project from both the
process and spatial perspective. When doing so
the horizontal and vertical extensions should be
distinguished from one another. It is advisable to
employ 3D modeling techniques so as to identify
possible areas of conflicts between process facil-
ities and building services early on. In general, a
higher degree of changeability leads to a number
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of possibilities for extensions and expansions.
The building structure for large halls, for exam-
ple, should permit galleries to be built-in for
administrative functions closely related to the
production (work planning, production control,

quality assurance etc.) and should thus allow
interiors to be easily modified. If necessary, these
auxiliary levels could be suspended from the hall
structure in order to provide for an unobstructed
column free space below.

SUPPORTS AND BEAMS

construction without 
purlins

halls with purlins

lattice purlins and
trussed rafters

suspended trusses

FRAMES

fixed truss

double articulated 
frame

three-girdle truss frame

guyed truss frame

Fig. 11.5 Load-bearing structures and static systems for halls. © Reichardt 15.184_JR_B
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Figure 11.7 shows two projects that were
realized and the options they offer for external or
internal extensions. In the case of the pump
factory, six additional modules of 21 × 21 m
(68 × 68 ft) could be added on to the length
without disrupting the production. The interior of
the module set at the front is furnished with office
spaces that continue into the factory and thus
facilitate direct communication. Similarly, in the
car radiator factory large and independent mod-
ules spanning 18 or 36 m (59 × 118 ft) can be
added without disruption of operation. Instead of
a separate administrative building, an integrated
office gallery offers room for the management
with a direct view on to the production processes
(see also Fig. 11.43).

Skylights are recommended for providing
naturally lit work areas in low-rise buildings and
halls. These naturally lit areas either run parallel
or perpendicular to the span of the load-bearing
structure. If naturally lit areas are installed per-
pendicular to the structural span, the structural
members would then lie within or outside the
temperature regulated area underneath the

building’s shell. This type of construction can
rarely be justified in the sense of energy con-
sciousness due to the cold bridges that are thus
created. It is therefore much more practical to
install exposure areas in relief structures parallel
to filigree beams so that the daylight can pene-
trate the girder area. Examples of various appli-
cations of lighting elements as well as the
relationships between the light openings, room
heights and room depths are discussed further in
Sect. 11.2.3 on natural lighting.

In regards to the economy of hall structures
with large spans, it is also important to pay
attention to the impact loads resulting from the
movement of the fork lift trucks on supports as
well as the sum of the loads to be suspended by
the roof structure. Furthermore, the use of a floor
based distribution system for media should be
investigated as a means of minimizing the load
with broad-spanning hall roofs.

In order to find solutions for a specific project
it is advisable to discuss optional plans from
different perspectives. Figure 11.8 depicts a
comparative analysis of a few possible modular
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structural forms and static systems based on a
typical car assembly hall. A comprehensive
assessment includes studying the advantages and
disadvantages of the processes, architecture,
structure, building services and economic
efficiency.

Steel, a material that can withstand a great
deal of stress, is a preferable option for change-
able load-bearing structures for a number of
reasons. Wide spanning structures can be devel-
oped with relatively minimal weight. It also
allows for comfortable routing of services pipes
through the truss-work. In order to ensure that the
building structure complies with fire protection
regulations composite steel constructions (i.e.,
load-bearing elements encased in concrete) can
be used.

In Europe, the Euro codes, which were
introduced as construction standards, regulate
corresponding requirements for building struc-
tures e.g., DD ENV 1993 Eurocode 3: Design of
Steel Structures [ENV1993], DD ENV 1994,
Eurocode 4: Design of Composite Steel and

Concrete Structures [ENV1994], DD ENV 1998
and Eurocode 8: Design of Structures for
Earthquake Resistance [ENV1998]. In the Uni-
ted States (I) E72–E1670 regulate the entire
construction process with reference to 108 sub-
systems, processes and quality controls [E1670].

11.1.3 Span Width

Determining the span width for halls or multi-
storied buildings is one of the important, if not the
most important decision from the perspective of
processes and space. The aim to have as few
supporting columns as possible obstructing the
use of space has to be weighed against the effi-
ciency of the building structure; the optimum
targets a compromise that is tolerable from both
perspectives. Polonyi examined the cost devel-
opment as a function of the span, roof load and
material for an approximately 300 m2 (3,229 sqft)
hall with a clearance of approximately 6.50 m
(21 ft) [Pol03]. A double articulated frame, a
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saddle roof tent-roof / frame space frame
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- suspension possibility 
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cable-supported double-spreader structure and a
frame-beam system were chosen as the basic
optional static systems to be compared for both
steel and timber cross-sections. According to
Figs. 11.9 and 11.10, the relative costs can be
derived as a function of the span width.

Accordingly, in industrial hall construction, in
comparison to the standard solutions with a 20 m
(65 ft) span, structures with a span of 30–50 m
(98–164 ft) are also possible without additional
construction cost burden provided that the roof
loads (i.e. snow load, suspended loads, etc.) are
minimal. In some cases, cable supported timber
constructions divided in compression and tensile
zones having spans ranging from 21 to 30 m
(68–98 ft) may provide cost effective alternatives.

Additional studies were conducted on the
afore-mentioned load-bearing frames for the car
assembly hall with span widths of 15 × 15 m
(49 × 49 ft), 20 × 20 m (65 × 65 ft) and
24 × 24 m (79 × 79 ft). Various alternatives of
fixed supports in steel and concrete as well as

roof structures made of steel, pre-stressed con-
crete and timber were also considered. An in-
depth analysis showed that when compared to the
original 15 × 15 m (49 × 49 ft) column grid, a
21 × 21 m (68 × 68 ft) column grid offered value
addition over the long term with an approxi-
mately 10 % higher construction cost.

11.1.4 Selecting the Materials
and Joining Principle

In industrial construction there are a multitude of
materials available for the occasional large span
construction with roof loads. Since steel is
capable of carrying large loads without buckling,
it is particularly well suited for modular con-
struction as well as halls with large spans.
Laminated timber and cable supported timber
constructions are appropriate for halls having
average spans while light-weight metal con-
structions facilitate building and dismantling
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temporary building structures quickly due to
their lighter components.

When selecting materials it is also important
to take into consideration fire safety issues. In
addition to the fire rating of the materials, the fire
load due to processes, operating facilities and
logistics is also critical. By applying appropriate
coatings, fire safety ratings up to F 90 (fire safety
up to 90 min) can currently be attained for steel
halls, while fire rating values up to F 60 are
currently achievable for timber constructions
with suitable profiles or intumescent coatings.
Multi-storied buildings, which have to meet
higher safety requirements with regards to the
fire resistance of supports, beams and ceiling
slabs, are built with concrete steel or composite
steel. Figure 11.11 depicts the dimensions of
beams and supports with various materials or
combinations of materials. In comparison to
reinforced concrete, steel composites allow a
leaner profile for a lower static height.

Similarly, resistance to corrosion and weath-
ering could be other criteria for selection of con-
struction materials. Building structures made out
of steel, timber or reinforced concrete needs to be
protected with appropriate measures from driving
rain. For example, steel is protected by hot gal-
vanization or coatings against corrosion. In gen-
eral, industrial buildings need to be constructed as
quickly as possible; modular structures that are
pre-fabricated are often advantageous than in situ
concrete constructions. Modular components not
only allow the structure to be assembled almost
regardless of the weather and even in snow, they
also have basic advantages over monolithic con-
structions. The choice of joining principle
(welding, screwing or inserting) determines the
geometry of the joints as well as the planning,
manufacturing and assembly schedule. The
ability to easily dissolve or undo construction
joints makes it possible to later strengthen or
retrofit support beams with greater loads, a feature
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that supports changeability. Furthermore, when
the building is dismantled, materials need not be
separated for recycling purposes.

Based on the degree of prefabrication and
modularization, we can identify four types of
systems for joining structural members: mono-
lithic constructions (with so-called in situ con-
crete) are built with homogenous, non-dissolvable
joints on-site. Homogenous but dissolvable joints
are created by welding steel joints. With a corre-
sponding amount of effort, such building struc-
tures can once again be separated into individual
structural members. With partial prefabrication,
structural members that are partially reinforced
can serve as lost formwork; their final stability
being provided by the concrete applied on-site.
A steel skeleton bolted together represents the
highest degree of modularization with complete
prefabrication of all components, whereby the
structural members can be fundamentally chan-
ged with additional joining.

Figure 11.12 depicts an overview of several
materials and joining principles for halls and
multi-storied buildings. According to [Ack88],

there are a large number of materials available
for halls, all of which have different properties
especially with regards to fire protection classes.
For multi-storied buildings these materials are
limited to reinforced concrete, steel and steel
concrete composites. Nowadays, as indicated in
[Rei08], innovative fire-resistant timber con-
structions can also be considered for industrial
and commercial construction.

For the changeable factory, modular con-
structions (see also examples in Fig. 11.42) seem
to be the preferred approach to developing
structural frameworks:
• Completely prefabricating a load-bearing
structure with easy to dismantle joints facili-
tates changes wherein beams can be equally
quickly and easily reinforced or replaced.

• Removable ceiling panels, allows for future
vertical openings between stories e.g., for
conveyor systems.

• Required internal extensions can be realized
through gallery areas, which when prepared
appropriately can be hung on existing structural
members (see also the example in Fig. 10.6).

• ceiling height
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According to [Lac84], the design idea behind
the construction can generally be implemented in
steel, concrete steel, timber and light steel. Par-
ticular details such as plug-in connections allow
structural members to be quickly assembled and
disassembled thereby meeting the requirements
for temporary or even mobile factories. However,
it is advisable to weigh in the additional costs
against the increase in changeability (i.e., quicker
retrofits and fewer disruptions with reference to
the on-going operations).

11.1.5 Profiling Support Columns,
Beams and Ceiling Slabs

Depending on the structural form, span width,
materials and joining principle a multitude of
designs are possible for the support columns,
beams, roof coverings, intermediate floors and
ceiling slab components. Ideally fewer support-
ing columns are preferable; however, supporting
columns are equally important for integrating
conveyor facilities and building services.
Guiderails for overhead or slewing cranes as well

as other lifting equipment needs to be closely
coordinated for safe anchoring into support col-
umns. Columns can also be used to fix vertical
trusses for building services such as uptakes,
downspouts or air ducts. Moreover, the frame-
work for the machinery supply and disposal
systems (e.g., electricity, compressed air or water
pipes) can be attached to supports. Cross-shaped
supports allow media routings to be suspended
within the arms of the cross.

With modular building structures the con-
struction time can be reduced with foundations
molded around the support columns. Impact
sockets with a height of ca. 1.2 m (3.9 ft)
anchored in the foundation plate dissipate the
impact load of e.g. trucks without subjecting the
support to a further static load. Lowering the
upper edge of the foundation on the support shaft
can make it easier to horizontally route media
lines or retrofit them below the floor plate. In our
car assembly example, the use of concrete and
steel with various profiles for the hall’s support
columns was investigated in accordance with the
roof load and clearance to determine the costs of
the supports, beams and foundation for a module
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area of 20 m × 20 m (65 × 65 ft) (see Fig. 11.8).
In this case, concrete supports with a molded
foundation proved to be an efficient solution.

The profiling of the beams as solid web
girders, castellated beams, truss girders or cable-
supported trusses influences both the distribution
of media and daylight. For example, filigree
beams allow media to be routed within the girder
area whereas in case of solid web girders the
clear usable height of the hall is reduced by the
space necessary for installing media lines below
the beams. At times, floor-high truss girders
allow maintenance bridges or technical galleries
to be integrated into the roof structure. Since
permeable beams support the spreading of natu-
ral light in the roof area, profiled beams can be
drawn upon to optimize the lighting of work
areas by redirecting the light. A flat roofing
system is advantageous for systematically
installing media services as well as arranging
lighting. In comparison, moderately sloped sur-
faces and trusses profiled to facilitate roof
drainage, while requiring slightly more effort to
design and construct offer the added benefit of
beams at equal distances, in turn facilitating
suspension systems for cables, pipes etc. for
media and processing or conveyor equipment. A
consistent and well-coordinated plan for the
media supply and disposal system is extremely
important for planning, coordinating and/or
making future changes (see also Sect. 16.9
Building Information Modeling).

The structural system, choice of materials and
modularized components of the roof should
allow skylights or other necessary roof penetra-
tions (e.g., vents, etc.) to be retrofitted. The roof
detailing should also allow for sound absorption
where necessary. Surfaces that reflect light more
increase the brightness of the room, whereas
porous surfaces made from perforated metal or
hanging sails decrease the sound level. Corru-
gated or profiled sheeting materials allow for a
number of possibilities for hanging elements or
systems in future, if necessary.

The advantages of a modular system for a
storey-high roof compared to a monolithic con-
struction lie in the possibility to integrate build-
ing service equipment, the future changeability

of the structure and the speed of the building
process.

Equipping modules with details such as
“tracks” allows installed media to be varied with
minimal effort. Moreover, with modular elements
vertical connections between multiple floors can
be easily added. With greater spans, media sys-
tems can be cleverly organized and routed within
the static height of ceiling or roofing elements
when they are implemented as ribbed panels.

Another critical factor with regards to long
term changeability is the load-bearing capacity of
the floor plate. The entire surface—without any
exception—should be consistently able to bear
the same load. Moreover the consistency in level
floor construction needs to be considered. In case
of vacuum de-watered floors, mistakes in floor-
ing levels cannot be altered at a later date and
needs to be planned accordingly with an eye to
the future, especially keeping in view of the
requirements for processing technologies.

Detailed planning for the floor plate may
include: media routings, conveyor technology,
process related waste removal, special founda-
tions and fire escape routes. If built-in cable
trays, guide rails or chip removal systems cannot
be avoided, their cover plates should be stan-
dardized and inter-changeable. In addition, spe-
cial foundation systems for specific machines
limit the changeability considerably; similarly
location of escape tunnels as well as their
entrances should be examined with an eye to the
future.

If we adhere to the principles introduced here,
we can, in accordance with [Pol03], see the
futility of decorating a building with unnecessary
or impractical constructions.

Figure 11.13 summarizes the characteristics of
changeability that are applicable when profiling
the supports, beams and ceiling/floor slabs.

11.2 Shells

Encasing the building structure involves vertical
façade surfaces as well as horizontal or sloped
roof surfaces. These generally consist of
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combinations of closed and transparent surfaces.
Openable elements such as windows, doors or
gates are integrated as required into the shell
surfaces. A shell plays a protective role, fulfills
production and logistic requirements, aids in
providing light as well as outdoor views, facili-
tates communication; the shell could also be eco-
friendly and can produce energy. A plethora of
possible solutions along with types of construc-
tion and examples are presented in [Her04,
Sch06].

11.2.1 Protective Functions

The shell should be designed to provide suitable
climatic protection depending on the geographi-
cal location of the building. Meteorological data
from the nearest weather station can provide the
mean temperatures of the hottest and coldest
periods along with data on wind, rain and snow.
A comprehensive 3D analysis of the shell’s
energy losses and gains within the frame of a
synergetic factory planning is advisable before

defining the wall and roof structures. The anal-
ysis should also include the energy generated by
the processes (e.g., machinery heating-up) and is
best conducted for a number of alternative wall
constructions as well as possible future scenarios
regarding the cost of energy.

The orientation of the building in relation to
prevalent wind directions influences the
arrangement of the gates, canopies or air
exhausts. If building laws and regulations require
certain noise levels to be adhered to, closed
surfaces and openings in the shell need to be
planned accordingly. Similarly, if the building is
located near a highway or an airport it may be
necessary to provide sound insulation from
external sounds (e.g., by implementing special
noise reflecting measures on the façade).

Figure 11.14 provides an overview of the
basic features which play an important role
against cold, heat, rain, wind and noise. The
value of the heat transfer coefficient (U-value)
determines the thermal insulation, whereas the
solar heat gain coefficient (SHGC or g-value)
measures the amount of heat gained through
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solar radiation. Depending on the geographic
location, the maximum anticipated rainfall could
be critical selecting the roofing system. The
demand for the shell to have greater change-
ability generally means avoiding load-bearing
outer walls since monolithic constructions are
difficult to modify or extend. In comparison
systems that are modular can be more quickly
and economically adapted to new requirements.

11.2.2 Production and Logistics

In terms of the shell, structural requirements that
result from production and logistic are related
mostly to: receiving and dispatch points, escape
routes, assembly openings and media systems for
processes, fire protection, and building services
that penetrate the shell. Examples of these
requirements are presented in Fig. 11.15.

With the aim of increasing the degree of
structural changeability monolithic constructions
should be avoided for the roof and walls; instead
it is advisable to plan them as a number of non-

rigid or easily changeable zones. For the vertical
façades, modularized transparent or translucent
components of approximately 3.00/4.50 × 4.50 m
(9.8/14.7 × 14.7 ft) are well suited. Supplemen-
tary exits as well as truck entrances into the halls
may be designed based on this grid, to enable
changes at a later date.

In order to provide protection from the weather
when loading and unloading vehicles, it should be
possible to erect canopies with their own foun-
dations anywhere along the periphery of the hall.
Interchangeable façade columns extending
between the floor plate and girders permit larger
openings in the façade for bringing larger
machinery into the hall. Furthermore they make it
easier to quickly extend the hall. Skylights, heat
exhausts as well as other process related air ducts
can be integrated in band-like roof structures.
Modularized transparent and closed panel sys-
tems for sheds and floor to ceiling windows can
always be adjusted to meet new requirements.
Two façade systems that were developed based on
this strategy for a plant that assembles automobile
cooling systems are illustrated in Fig. 11.16.
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Fig. 11.14 Building shell features with protective functions. © Reichardt 15.193_JR_B
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11.2.3 Lighting, Views, Communication

According to the specifications of German
workplace guidelines 10 % of the ground floor
area of halls up to 2000 m2 (21,500 ft2) in size
should be reserved for transparent façades at

eyelevel. For larger halls there is no requirement
for a direct outdoor view due to the depth of the
hall, instead the focus shifts to skylights pro-
viding natural daylight to the work area. In order
to provide a comfortable and livelier atmosphere
for their employees, enterprises are increasingly
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Fig. 11.15 Features of a building’s shell from the perspective of production needs. © Reichardt 15.194_JR_B
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trying to create brighter work places. Changeable
work areas are not dark areas; rather openings in
the shell allow workers to be aware of the time of
the day and changes in the weather outside, if
any. A roof that has been properly profiled would
provide work areas with glare-free and naturally
diffused light for comfortable working environ-
ment. Beyond providing outside views and nat-
ural light, façades can contribute meaningfully to
the communication between a building and its
surroundings as well as convey a sense of iden-
tity and significance. Figure 11.17 provides an
overview of the elements of a building’s shell
which help to determine these features.

In addition, particular attention needs to be
paid to the drainage of roof extensions. An
appropriately profiled roof ensures that every
point of the roof has a slope of at least 2 % to
remove rain in a clear direction. Large span
building structures necessitate girders with
structural camber. Damages to roof structures
and buildings due to sudden and heavy torrential
downpours overloading the rain water drainage
system led to a comprehensive revision of the
DIN and EN standards. This in turn has impacted
the design and detailing of even the emergency
overflows.

11.2.4 Ecology and Energy Production

Façade surfaces are extremely well suited for
implementing measures that improve both the
ecology of a building and its energy balance.
Green façades and roofs can be integrated as
ecologically valuable measures when calculating
equalization areas. Furthermore, roof plants help
in reducing the amount of rain water flowing into
the public storm water drainage network and are
thus advantageous when applying for necessary
approvals for discharge.

Nowadays a number of tested systems for
actively producing energy on façades are avail-
able. Thermal collectors for generating warm
water, photo-voltaic collectors for generating
power and wind turbines are plausible either as
independent units or as systems integrated into
façade and roof elements. With a synergetic
factory planning a 3D computer model is used to
optimize their efficiency, depending on the ori-
entation of the building as well as their economic
considerations.

Figure 11.18 provides an overview of features
from an ecological perspective as well as with
regards to energy production and illustrates how
they can be integrated into the building shell. In
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Fig. 11.17 Requirements of a building shell in terms of lighting, views and communication. © Reichardt
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Germany we anticipate that, in accordance with
[Hau07], the “passive building standard” (yearly
required energy for heating less than 15 kWh/m2),
already in place for residential buildings, would
be soon enforced for commercial and industrial
buildings too. Currently a large number of façade
and system manufacturers are developing inte-
grated systems for generating environmentally
friendly solar and geothermal “passive” energy in
particular. Additionally, certification systems for
attaining a “Green Building Standard” have also
being developed for industrial and commercial
buildings (see Sect. 15.7.2). Ecological and
energy conscious façades thus also hold the
promise of future sustainability.

11.3 Building Services

As mentioned earlier, we are using the collective
term “building services” to refer to the building
service equipment, the supporting structures
needed to run the building services as well as the
wires, cables, pipes etc. for the operation of the

manufacturing facilities. In industry, “building
technologies” (planned by architects) are com-
monly differentiated from “process technologies”
(planned by technology planners). Traditionally,
these were assumed to be independent of each
other; however, they pose a significant risk, if
their potential synergy is not harnessed. In view of
the increasing complexity, all the media systems
should be holistically optimized keeping in mind
future savings in energy and natural resources (see
Fig. 3.28). Examples of optimizing energy in
industrial buildings can be found in [Hat06]. In
order to facilitate integrated planning, a variety of
advanced software programs are available making
it possible to model all the systems in 3D, simulate
energy generation and losses and provide ther-
modynamic flow simulations (see Fig. 11.35).

In [Dan96], Daniels describes general
requirements and principles for planning building
services:
• Find the optimum between investment and
consumption costs.

• Minimize the use of energy and natural
resources as well as pollutant emissions within
the frame of a cost-benefit analysis.
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Fig. 11.18 Features of a building shell from the perspective of ecology and energy production. © Reichardt
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• Discuss the type and provision of electricity
and heating or cooling energy (e.g., the pos-
sibility of the company operating its own
block-unit heating power plant).

• Carefully determine requirements and dimen-
sion them according to specifications with
sufficient reserves for growing needs.

• Carefully plan supply systems for processes
and buildings, where possible with short dis-
tances, flexibility and adaptability for new
technologies with as little downtime as
possible.

• Separate building service centers, main routes,
line paths and outlets that need to be always
accessible according to a superordinate system
plan.

• Clearly identify common main and secondary
lines and mark the direction of media flow.
Changeability plays a particularly important

role in the design of the supply and disposal
systems, service centers, main routings, line
paths and outlets. The hierarchy of these systems
in the building structure is clarified in Fig. 11.19.
For the factory planner the location and devel-
opment of centers and main routes are particu-
larly significant and should facilitate both current
as well as future production needs.

11.3.1 Supply and Removal Systems

The building’s media structures have to be
designed with regards to supply and disposal
systems and within the overall framework of the
building’s master plan. Transfer points, quality,
quantity and especially possibilities for extending
them determine the distribution and collection
structures. In general the supply systems include
power supply, heating, ventilation and air-con-
ditioning, pressurized air, water, coolant, lubri-
cant, etc. while removal systems would include
sewage and drainage networks, coolant and
lubricants. In their overviews, Pistohl [Pis07] and
Krimmling et al. [Kri08] point out basic designs
for supply and removal systems.

To begin with, one needs to decide whether a
centralized or decentralized layout is better. A
centralized supply is definitely a practical solu-
tion when media is required in large quantities
throughout the plant, considering the investment
and operating costs. Also, implementing heat
recovery technology for ventilation systems is
often economically efficient. However, one of the
disadvantages with centralized systems is that
defects and malfunctions can cause complete
operating disruptions. In addition, there tends to
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Fig. 11.19 Hierarchy of media systems. © Reichardt 15.198_JR_B
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be a far more number and length of cables and
pipes than with decentralized systems which in
turn means a greater number of horizontal and
vertical lines in the building. A further disad-
vantage is the loss of efficiency that goes hand in
hand with the longer line paths.

Compact systems with a higher efficiency
factor lead to decentralization. With regards to
planning, operating and changes, the greater
independency of decentralized systems means a
considerable increase in flexibility and change-
ability especially where modular factory con-
cepts are concerned.

Figure 11.20 depicts an example of a decen-
tralized solution for the supply system of a motor
assembly plant with four “sub-factories”. Each of
the approximately 5000 m2 halls is a three-story
service building with technical centers for ven-
tilation systems and others; space for the elec-
trical systems was allocated on the roof top. A
comb-like branch flow system was proposed for
the distribution network for ventilation, pressur-
ized air and electric system. This modular

concept allows the supply system to be adapted
to the sub-factories’ future requirements at any
time without disruptions.

11.3.2 Technical Centers

In order to generate, operate and monitor media
(pressurized air, steam, cool air etc.) the main
machinery are located in so called technical
centers. Planning them should result in a com-
prehensive and pragmatic concept including
where the centers are located, their spatial
requirements and room specifications as well
possibilities for future expansions.

The location of the technical centers in a
building is determined by the combination of
whether they are centralized or decentralized as
well as whether they are built in-house or erected
separately. Ventilation and air conditioning sys-
tems are frequently located near to heating cen-
ters (boiler rooms and distribution centers) and
refrigerating machines. Due to fire regulations

Fig. 11.20 Modular supply system for a motor assembly plant. © Reichardt 15.199_JR_B
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locating the ventilation plant and heating system
in the same area or close to each other may not
permissible. It can however, be advantageous to
link the centers close to the vertical installation
shafts of the building’s core. Other factors that
are an integral part of the planning discussion
include:
• Calculating the load assumption of the tech-
nical centers in the final stage as well as pro-
visions for changing technical units early on.

• Required partitioning against noise, fire and
vibrations.

• The location and layout of sprinkler systems
and tanks needs to be discussed together with
insurance agencies and public authorities.
Moreover they need to be closely coordinated
with the strategic extension of the plant out-
lined in the master building plan.
The advantage of a centralized design lie in its

lower investment costs with minimal floor space
requirements and simplified machinery installa-
tion in a synergetic way. In comparison, decen-
tralized systems are far more beneficial in terms
of their changeability; it is easier to convert
individual production areas and their associated
media systems locally with minimal disruption to
the on-going production during the replacement
of lines or enhancement of the networks.

Locating technical centers in the basement is
advantageous since it helps to economically
shield against noises and vibrations; also the
heavy equipment load is directly transferred to
the ground thereby enabling a more economical
structural framework. Nevertheless, especially
with high halls, long distances and a loss of floor
space in the ground floor plan negatively impact
the main routings; exchanging systems however
can be facilitated via simple lifting equipment.

Locating centers on the ground floor should
be avoided, if possible, since they represent fixed
points in the floor plan when it comes to options
for extending the building. Nowadays there are
possibilities to even install electrical and trans-
former systems at upper floors.

The basic advantage of locating a center on a
mezzanine floor lies in the generally smaller
channel cross-sections, nonetheless greater mea-
sures have to be taken to avoid transmission of

noise and vibration (e.g., implementing shield-
ing, installation of shock absorbers, etc.) through
the building.

Structurally independent and weather-proof
technical components set on the roof floor or on
the periphery of the building provides a greater
possibility for changeability especially when
buildings are not too tall. As a structural mea-
sure, an appropriately constructed load-bearing
frame should be able to accommodate additional
technical modules for potential factory alterations
or extensions taking into consideration future
anticipated loads. Recent developments are
heading towards “ship and plug-in” modules i.e.,
mobile construction units consisting of com-
pletely pre-equipped technical containers that
need only to be connected (plugged-in) to one
another on-site forming supply and disposal
systems that are ready-for-use.

With wide spanning halls, the structural
framework zone is often a floor high and can be
used to house technical centers as well. The
lower joist of the frame can support transverse
beams for equipment platforms or maintenance
catwalks. Moreover, the entire roof layout is
available for integrating the technical building
systems in a holistic manner. It is advisable for
this strategy to use a 3D computer model to
closely coordinate the structural framework
design with the media layout.

Compared to centers located in structures
independent from the main building, housing
centers within the building structure are advan-
tageous because they can be re-arranged over-
time; main routings and supply grids can be
easily threaded, continuously monitored, main-
tained or repaired in a protective environment.
However, in some cases special encasings for
sound or fire protection needs to be integrated.

Figure 11.21 depicts three possible variations
for housing technical centers including: a mod-
ular penthouse solution atop a multi-storied
engine plant, a container type “ship and plug-in”
technical center on the hall roof of a cooling
system assembly plant and a gallery built into the
frame work of a tire factory. The transformer
systems were integrated in the penthouses for
both the engine and assembly plants.
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Accordingly, individual loads of up to 40 kN
were taken into consideration by constructing
grated platforms for landing areas for equipment
and providing access via lifting equipment or
mobile cranes. The advantages and disadvan-
tages of these basic solutions are stated below
each option, based on the criteria of possible
loads, fire protection, noise protection, extension
possibilities and accessibility.

The spatial requirements for technical centers
should be determined in the early planning
stages, since the building design and structure are
considerably influenced by them. Sound damp-
ing requirements need to be considered early on
as they greatly influence spatial requirements.
The necessary ceiling clearance is often under-
estimated especially with low floor to ceiling
heights in the basement floor; restrictions result
in chaotic media routings in the technical centers
and limit changeability at a later date. In the
course of planning a factory in the long run, it is
important to think ahead about possible step-by-
step solutions for easing the control and main-
tenance of the plant. Here too, it is critical to
integrate these ideas when planning future spatial
requirements.

Since the lifecycle of the technical systems
vary from 5 to 15 years, the center’s machinery
components should ideally planned and con-
structed as modules which could be easily
exchanged and extended. Once again, 3D mod-
eling of the technical centers within the frame of
a synergetic factory planning is advisable along
with a facility management system which incor-
porates documentation and maintenance of the
components (see also Chap. 17).

11.3.3 Main Routings

The main routing’s vertical and horizontal mani-
folds lead from the technical centers to the distri-
bution systems. Vertical lines are often routed in
the shafts of the buildings core, while horizontal
lines are routed through or below the structure of
the hall roof or ceiling slabs. When selecting the
anticipated positioning of the main routings, spe-
cial attention has to be paid for future options of
vertical or horizontal extensions. It is difficult to
reroute ill-conceived media packages, often
blocking meaningful growth of building facilities
and literally stifling any further development.
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+ noise protection
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- accessibility 

- limited loads 

+ fire protection

+ noise protection

- extendibility
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load hook 

Fig. 11.21 Trouble-free locations for technical centers. © Reichardt 15.200_JR_B
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Shafts and canals for the main routings should
be planned so that they meet the requirements for
structural stability, fire safety, dampness protec-
tion, thermal insulation and hygiene. Moreover,
they should be designed so that they are easily
accessed for maintenance and cleaning either
externally or internally. Shafts having control
valves and systems requiring periodic mainte-
nance needs to be large enough for comfortable
human movement.

When selecting systems and planning the
details of the building structure the layout of the
main routings plays a special role. The following
points should be taken into account:
• With multi-storied buildings, the connection
between the horizontal trays and the vertical
shafts are critical points.

• The static reinforcement that should be pro-
vided by the core can be negatively impacted
when the layout of building services and other
media is not designed well.

• The connection openings have to be wide
enough to accommodate retrofitting the main
routings.

• Horizontal main routings frequently traverse
the zone of building structure’s static beams.
Moreover, the choice of materials and the

overall form of the building structure are decisive
for flexible routing of media, especially with
regards to their capacities for future retrofitting.
Often during the planning, all the possible points
of conflicts between the building structure and
routings may not be detected. During construc-
tion, this could lead to further decrease in clear-
ances when the routings have to be laid
unplanned below the load-bearing frame. With
the aid of a 3D model, conflicts can be detected
early on thereby ensuring the required ceiling
clearance as well as preventing unpleasant joints
and problems with extensions and retrofitting.

In case of factories, the layout of the electrical
power supply for the production facilities as well
as the IT-connection of the production and offi-
ces is often not considered adequately. Interna-
tional Electrotechnical Commission (IEC)
documents 60374-5-51 to IEC 60364-5-54
(Electrical Installations of a Building [IEC11])

provide necessary guidelines in this regard and
have been introduced as national standards in
170 countries.

11.3.4 Line Nets

Once the main routings are planned, a practical
distribution network to the outlets needs to be
developed. The branched media runs behave
similarly to the main routings in terms of their
vertical and horizontal pathways through the
building. The modular system of the building
structure should meet the needs of a coordinated
system plan for all the proposed line paths. The
density of the supply and disposal networks has
to consider issues related to both the building
services and processes. All of the pathways need
to be easily accessed and modified without dis-
rupting the production. Horizontal and vertical
points at which the networks of cables, wires and
pipes can be installed onto the building should be
identified and finalized in accordance with the
superordinate dimensions and based upon a
standard assembly system. Moreover, imple-
menting a factory wide color coding system and
labeling the direction of the media’s flow serves
as a valuable aid to quickly identify the distri-
bution networks.

Figure 11.22 depicts the 3D media routing
plan developed for the fresh air, ventilation,
lighting and sprinkler systems for a meeting
room of an assembly plant. The distribution
networks were coordinated using a system grid
of 1.25 m (4 ft); the modularized ceilings with
perforated boards for acoustic purposes were
accordingly aligned in the plan.

11.3.5 Inlets and Outlets

Many work processes create dust, gases or
vapors. Unwanted or disturbing particles are best
filtered out at the point of their creation with the
aid of ducts. These are the transfer points where
media enter the rooms (air supply duct) or flows
out of them (exhaust vents). Ducts have to be
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extremely carefully dimensioned and executed in
order to prevent disruptions or breakdowns due
to drafts, contamination or soiling of workplaces.

Media intakes and outlets should be easy to
locate so as to not interfere with re-arrangement
of machinery or installation of new equipment
with different requirements.

Once again we can see that creating a 3D
model when planning the location and size of the
inlets and outlets helps to prevent different media
from colliding with each other. With respect to
ensuring a high degree of changeability the
locations of lights, data lines and air ducts should
be closely examined. In addition to the required
quantity of illumination covering the floor area of
the hall, the distribution of light and its quality
should planned such that the hall could be used
for various purposes. Similarly, data lines should
be distributed throughout halls and multi-story
buildings so that equipment and offices could be
re-arranged as freely as possible.

Figure 11.23 depicts an example of an
adaptable air supply duct made out of fabric for a

large bakery (see also Fig. 15.75). The hose-like
system filters the air through the material’s
micro-fine pores distributing it without any
noticeable air draft. In addition, the ducts can be
easily cleaned (machine washable) and quickly
adapted both with regards to its location and its
length.

11.3.6 Building Services

By Gerhard Hoffmann1

11.3.6.1 Introduction
As discussed in the introduction to this book, the
development cycles in industrial manufacturing
are becoming shorter while the demands for
economic efficiency increase. In addition to

Fig. 11.22 3D modeling of media routings for a meeting room (example). © Reichardt 15.201_JR_B

1This section was made kindly available to the authors by
Gerhard Hoffmann, Managing Shareholder of ifes GmbH
Cologne. We would like to express our sincere gratitude
to him.
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highly flexible production equipment, shorter
product and innovations cycles require the tech-
nical systems in factory halls to be equally flex-
ible. These are generally referred to as building
services sometimes also as Facility Systems
[Tom10]. When we consider the breakdown of
the total costs for building a factory, the building
construction, the shell and interior finishing
usually represent 30–40 %, the facade approxi-
mately 12–30 % and building services the
remaining 30–40 %.

DIN 276 subdivides the construction costs of
a building into 7 main groups [DIN08]. Building
services is further broken down under DIN 276
Cost Group 400 with the heading “Building—
Technical Equipment”. It encompasses the costs
for all of the technical systems or system parts
that are built into the building, connected to it or
securely fastened to it. Whereas Sect. 16.7 will
closely examine how to calculate and control
costs of a building, Fig. 11.24 depicts the sub-
groups of Cost Group 400 relevant for our dis-
cussion. Each of these is briefly clarified below.

Media supply (cost group 410) to industrial
buildings’ includes water, various gases and fire

extinguishing systems. The latter serves to pro-
tect both the structure and the technical equip-
ment. Since manufacturing halls are specialized
structures, the fire protection concept has to be
developed by relevant fire protection experts.
The expert planning team should also determine
which technical fire protection systems need to
be installed; for example, a sprinkler system is
not always required for a building. However,
systems that are able to remove heat and smoke
in case of a fire are generally mandatory
requirement for industrial buildings. The specif-
ics of this are discussed in detail in Sect. 10.5.

Heating systems (cost group 420) comprise all
systems and equipment for generating, distrib-
uting and utilizing heat, while air conditioning
and ventilation systems are concerned with con-
trolling temperature, humidity, and air circulation
within given a space. Air conditioning systems
are further sub-divided into different types (see
Sect. 11.3.6.4).

Electric power plants (cost group 440) supply
the factory with energy for electrical drives and
processes. In view of increased flexibility, the
cables for supplying electricity to systems in

1 decentralized ventilation module

2 flexible textile ducting  

3 variable suspension

1 

2 3 

Fig. 11.23 Example of an adaptable air supply system. © Reichardt 15.202_JR_B
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industrial halls should be ideally routed above
the ground whenever possible. This allows for
process-related conversions to be quickly
implemented. In addition to supplying processing
equipments with electricity, the hall lighting is
critical to the employees’ performance. Standards
and guidelines, like DIN EN 12464-1: Lighting
of Workplaces [DIN11], describe the principles
and conditions for work-appropriate lighting.

Telephone and IT systems (cost group 450)
ensure internal and external communication. Due
to specific security and environmental require-
ments, special rooms may be required for the
server clusters.

Conveyor systems (cost group 460) refer here
to facilities that move parts in progress or fin-
ished goods and need to be securely installed to
the building structure at higher levels above the
production area. Typically such systems are
common in automobile plants. Special purpose
facilities are rarely found.

Building automation (cost group 480) refers
to all equipment which is required to monitor,
control, regulate and optimize the building sys-
tems and is thus an important part of Facility
Management (see Chap. 17). The aim here is to
automatically perform operational sequences
throughout the plant in accordance with given
settings while minimizing the required energy
and simplifying their operation and monitoring.

Due to the direct impact of a factory’s layout
and its facilities on the indoor climate, we will
only take a closer look at the heating, ventilation

and air conditioning systems (also referred to as
HVAC).

11.3.6.2 Requirements
Building services have to meet the production
requirements as well as ensure the health of
personnel working in the hall. The key comfort
factors relevant to the workers’ health (incl. room
temperature, humidity, air circulation and air
purity) are clarified in Fig. 11.25. These are
discussed in more detail in Sect. 10.4.

Although flexibility and changeability are
desirable, the key parameters which continue to
decide most of the technical systems are eco-
nomic efficiency of investment and future oper-
ating costs. Most companies expect a ROI
(Return of Investment) of 2 to a maximum of
5 years for capital investments. Due to growing
concerns of environmental protection and sus-
tainable—energy efficient production (i.e., in
terms of a “Green Factory”) it is possible to
extend the ROI in individual cases to a maximum
of 10 years.

The following criteria should be taken into
account in order to comprehensively design the
technical systems for heating, cooling, aeration,
ventilation, electricity and compressed air:
• the products’ demands on the hall climate and
the production processes’,

• demands on building services,
• demands on the flexibility and changeability of
the building services health and safety
requirements,

400 building - technical equipment

410 sewage, water, gas

420 heating systems

430 air conditioning and ventilation

440 electric power plants 

450 telephone and IT systems

460 conveyor systems

470 special purpose facilities

480 building automation 

490 other measures 

431 ventilation systems 

432 partial air conditioners 

433 air conditioners 

434 process air systems

435 refrigeration facilities 

439 other

Fig. 11.24 Cost structure
—technical equipment (per
DIN 276). © IFA 17.600_B
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• dissipation of thermal loads and contaminants
for improving the quality of the workplace,

• the location and local climate.
The steps documented in Fig. 11.26 have

proven to be a practical and necessary checklist
for analyzing and determining the basis for
planning building services. The steps refer to the
building with its physical properties, the pro-
duction along with the consumption of energy
and media, the thermal and pollutant load created
by the production process as well as the air
movement with their characteristic airflow, tem-
perature and humidity.

The concentration and thresholds of sub-
stances need to be taken into account depending
on the type of production (foundry, painting,
mechanical manufacturing, metal forming or
assembly). Readers are requested to refer to the
current regulations, standards and guidelines as
explained in Sect. 8.4.

The planning and costing of building services
are completed in accordance with DIN 276
Table 2 for Cost Group 400—Technical Equip-
ment. Estimating and controlling costs are dis-
cussed in their entirety in Sect. 16.7. This
division allows the individual planning and/or
construction costs to be objectively compared
with other plans. In accordance with HOAI

[HO13], these costs are also used as a basis for
calculating the planning fees and determining the
lifecycle costs for a comprehensive feasibility
study.

11.3.6.3 Heating Systems
Heating systems include systems required for
generating the heat (e.g. a boiler), the distribution
network, individual devices for heating rooms
and others. Industrial heating systems could be
broadly differentiated between centralized and
decentralized; heat could be introduced into a
building via convection or as radiant heat via
ceiling mounted radiators.

Heat radiators are generally the most eco-
nomical option for maintaining a steady and
comfortable temperature at body height in a
typical production hall as explained in Fig. 11.27
[AS13]. The left side of the diagram shows how
heat is introduced radiantly. This type of heating
does not warm the air, but rather heats the fixed
bodies underneath it and the floors by thermal
radiation. As these bodies warm up, they in turn
release convectional heat (center diagram).
Finally the warm bodies, in turn heat up the air in
the absence of airflow (Fig. 11.27 right).

With convective systems, centralized indoor
air systems are distinguished from decentralized

air temperature air humidity

solar
radiation

metabolism and clothingairflow heat radiation

+ 30°C

- 10°C

50%

0% 100%

Fig. 11.25 Influences on
thermal comfort. © IFA
17.601_B
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air recirculation systems which are either equip-
ped with gas burners or hot water conduits.

11.3.6.4 Air Conditioning Systems

Overview
Indoor ventilation and air conditioning systems
are responsible for maintaining the target values
for the air quality while maintaining thermal
comfort and optimizing energy costs. One of the
key ways of doing this is by planning and
installing energy-saving and well-coordinated
ventilators.

The basic functions of a ventilation system in
a production hall are depicted in Fig. 11.28. In
the left side of the hall, the conditioned air is
introduced close to the work environment, while
to the right of the workplace the air pollutants are

extracted by the exhaust system. The halls are
heated with ceiling radiators; the exhaust air is
extracted from the entire hall while the leftover
heat is used to pre-heat the fresh outdoor air.

Figure 11.29 provides an illustration of how,
in accordance with [DIN04], the air equipment
used in production facilities is classified and
allocated. Compressed air systems are designed
as closed units thus avoiding losses associated to
large networks. Free flow ventilation systems use
the natural air currents created by the different
temperatures to provide a trouble-free extraction.
Ventilation and air conditioning systems either
force a flow into the circulating air without a
fresh air feed or introduce fresh air into it. In the
latter case, the fresh air is partially mixed with
the recirculated air for economic reasons. Air
equipment is further sub-divided according to the

data group required data

1. building data dimensions, building structure, building shell physics etc.

2. production data
production flow, production volume, production equipment data 
(dimension, simultaneity factor etc.), energy and material flow, floor 
plan, construction and layout of the conveyor equipment etc.

3. heat and substances
release data

thermal load: location of release, type (convection, radiation), 
duration, time function (delay and damping by buffering) recording 
the energy consumption (meter reading etc.), recording of fluid flows 
and temperatures, recording of surface temperatures 

substance load : location and type of release, type of dissemination, 
type and characteristics of substances, substance flow, time 
function, characteristics of release (temperature difference, 
characteristics of individual movement, contaminated air flow, 
dissemination direction etc.) evaluation from existing work area 
analyses or by analyzing consumed substance amount or by 
measuring (e.g.  acc. to DIN 33981 or EU guide lines)

4. air treatment data

construction, quality features and airflow of the existing extraction 
equipment, airflow and construction of supply and exhaust air 
systems, space for climate controls (site of central systems, air 
purification systems, opportunities for the installation of air ducts) 
etc.

Fig. 11.26 Partial steps
and data required for the
design of building services
[VDI10]. © IFA 17.602_B

heating by radiation heating by convection indirect heating without air flow

Fig. 11.27 Types of hall heating [AS13]. © IFA 17.603_B
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Fig. 11.28 Functions of a ventilation system in a production hall (Kolarik [Kol02])
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four thermal dynamic methods of treating air:
heating, cooling, active humidifying and active
de-humidifying.

When a ventilation and air conditioning sys-
tem conducts all four functions it is referred to as
a ‘full air conditioning system’, whereas those
which conduct only some of these functions
(heating and cooling, humidifying or de-humid-
ifying) are referred to as a ‘partial air condi-
tioning system’. The principle structure of an air
conditioner is presented in Fig. 11.30. The out-
door air is first mixed with the recirculated air
that is fed back into the system and filtered. It is
then routed over a silencer and through a pre-
heater, cooler, humidifier and re-heater. These
functions are individually activated depending on
the state of the input air and the state of the
mixed air. With the use of blowers, the condi-
tioned air is then routed over silencers and fil-
tered once more before it is introduced into the
room. Depending on what functions are required
and desired, placeholders can be installed for
individual components, thus facilitating future
retrofits.

Ventilation systems can be executed as either
single-channel or dual-channel systems (see
Fig. 11.31). In the first case, a centralized air
conditioning plant in installed from where the
conditioned air is directly supplied to the various
rooms. This makes it possible to implement and
use different sources of energy. In terms of sus-
tainability, a heating system based on wood
chips, for example, is possible; the hall heating
would then be almost CO2 neutral.

With dual-channel systems the air is pre-
conditioned using a central system and is then

routed through decentralized pipes in each zone
for final conditioning before releasing the same
into the space under consideration. Dual-channel
systems are advantageous in that they are easy to
install, can be adjusted locally and are easy to
shut down to avoid smoke and fire spread.
However, there are also a number of disadvan-
tages including the higher space requirement and
the need for a large number of decentralized
electrical terminals. Keeping in mind a modu-
larized and changeable structure, dual-channel
systems appears to be better option since it is
easier to adapt to localized requirements when
for example a part of a factory is not working or a
zone is undergoing conversion and must be
switched off.

For decentralized heating systems, which
usually work with recirculating air, suppliers
offer compact ventilation systems with heating
and cooling functions along with integrated heat
recovery. Figure 11.32 depicts an example of a
decentralized ventilation system as a roof
installation. It fulfills the following functions:
The outside air passes through a filter and enters
a heat exchanger where it is warmed by the re-
circulated air that has been extracted from the
hall. The supply air fan pushes the pre-heated air
through a heating/cooling register and an air
diffuser into the hall. The cooled recirculated air
leaves the building through a filter as exhaust.
The circulating air and bypass flaps control the
ratio of fresh air to exhaust air. The condensers
serve to generate cold when the air has to be
cooled. This example of a ventilation system
does not include devices for humidifying or de-
humidifying the air.

1 2 3 4 5 5 7 8 9 10

components of an air conditioning system (1-10)

components of a ventilation system (8-10)

outside

air

1 mix chamber

2 filter

3 silencer

4 preheater

5 cooler

6 humidifier

7 reheater

8 ventilator

9 silencer

10 main filter

supply 

air 

circulating air

Fig. 11.30 Structure of an air conditioning system (per Recknagel [Rec13]). © IFA 17.606_B
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Fig. 11.31 Single and dual channel ventilation systems (per Kolarik [Kol02]). © IFA 17.607_B
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Fig. 11.32 Ventilation system—roof installation (by permission of Hoval AG). © IFA 17.608_B
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The cost of HVAC systems increase with the
number of functions. The following table can be
used to roughly estimate the costs (as of 2013):

• Full air conditioning 22 €/m3 intake air

• Heating and cooling 14 €/m3 intake air

• Ventilation and aeration 8 €/m3 intake air

Detailed investment costs can be obtained
from the local manufacturers’. Obviously both
initial investment costs as well as operating costs
are higher for full air conditioning and air cooling
systems. According to VDI 6022, both humidi-
fiers as well as dehumidifiers require periodic and
thorough maintenance. The cold water quality
needs to be tested for bacterial or fungus growth
every 6 months while the entire ventilation and air
conditioning system needs to undergo a hygiene
inspection from time to time depending on the
quantum of air humidified. Based on VDI 2067,
the operating costs for maintaining humidifiers
and dehumidifiers is approximately 2 % of the
investment costs per year while for heat recovery
units it is approximately 10 %.

As already mentioned, comfort conditions
depend not only on the perceived temperature
and humidity, but also on the air movement in a
given space. Drafts are often the cause of com-
mon colds and influenzas. Disruptive air move-
ments are usually the result of ill-designed
ventilation systems, thermal imbalances at sour-
ces of heat, cold downdrafts from poorly insu-
lated external surfaces or doors and windows
temporarily left open.

Ventilation systems thus have to be planned to
ensure a comfortable air movement, which,
depending on the climatic zone and the proposed
system lies between 0.2 and 0.7 m/s (0.7 and 2.3
ft/s). Ventilators and air supply ducts should be
selected and arranged in the hall space in accor-
dance with these target values. The principles and
details of thermal comfort in the workplace along
with calculation and evaluation methods are
provided in the relevant national and international
guidelines and standards e.g., in [ISO08].

HVAC systems are also responsible for
ensuring the air quality of a workplace. The air
contaminants have to be extracted from the air-
flow and removed from the hall.

The flow of the contaminated air depends on
the source of the substance and the manner in
which the substance is dispersed. This is deter-
mined by:
• air density differences due to temperature dif-
ferential (e.g., tire presses, welding plants,
foundries, etc.)

• external forces such as inertial force, gravity or
aerodynamic forces (exhaust blowers, cold air
blowers, back flows etc.) and,

• how the air is distributed.

Types of Air Flow
In terms of a comprehensive plan, when
designing an HVAC system, one of the first
decisions to be taken includes the method for
controlling the air distribution. There are three
basic types from which to choose, depending on
the needs of the production: laminar (or unidi-
rectional), mixed and stratified.

Mixed and stratified airflows created by dis-
placement from the bottom-up are well suited for
manufacturing halls. They are described in detail
in [Bac93].
• Laminar

The supply air is introduced into the hall via
large diffusers. The low turbulent, unidirectional
airflow displaces the contaminated air. Due to the
costs involved, this type of air distribution was
generally reserved for processes requiring high
quality air (e.g., painting/spray booths, clean
rooms for micro-electronics or pharmacies). In
recent times, such systems are increasingly used
for mechanical engineering environments where
mechatronic or medical components are
involved.
• Mixed

The fresh air supply is completely mixed with
the room air in the manufacturing hall. As a
result the temperature and concentration of sub-
stances is almost the same throughout the hall.
This intensive mixing is attained through high
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impulse air jets. In order to maintain the physi-
ological requirements, the impulses and temper-
ature differentials need to be minimized outside
of the work area. Also, the sources of contami-
nation need to be controlled carefully.
• Stratification

The air supply is introduced at a low velocity
(≤0.5 m/s (0.64 ft/s)) as well as impulse so that
the thermal levels surrounding the production
facilities in the manufacturing hall remain
undisturbed. The hot air from the work area rises
into the unused space above it in the hall. If the
extracted air in the work areas is completely
replaced with the fresh air supply, this results in a
less contaminated zone at the workplace but a
greater level of contamination at the higher level.
In order for this to occur, there have to be heat
sources in the work area and the majority of the
contaminated flow has to be released near the
heat sources into the thermal flow. The air

temperature in the work area is then set higher
than the temperature of the air supply. Moreover,
the rate of the air supply has to be set so that it is
sufficient for the thermal and collected air flows
to rise up to a defined room height. When ideally
designed this type of air distribution can keep the
air contamination in the work area at a very low
level.

Designs
• Mixed Airflow Designs

Air distribution systems which create mixed
airflows throughout the entire hall are state of the
art and commonly found in a variety of designs
(see Fig. 11.33). When the supply air vents are
placed horizontally below the hall roof, the air
diffusers create zones with circular flows and
return contaminated air into the work area. The
supply and thermal airflows are thus mixed
together. Thermal flows can be diverted into the

air supply from below the roof air supply with  impulse from the roof

air supply through floor air supply with impulse above work space 

Fig. 11.33 Types of air distribution with mixed airflows (per [VDI10]). © IFA 17.609_B
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work area and the air flow can be disrupted. With
a large number of air supply openings in the hall
roof, a mixed flow can be attained in the entire
hall due to induction at the air diffusers.
• Stratified Airflow Designs

Stratified airflow designs use thermodynamics
for transporting both heat as well as contaminants.
The supply air has to be introduced with impulses
that are low enough not to disrupt the layers or
thermal currents, moreover the supply outlets
needs to be installed close to the sources for the
heat and/or contaminants. Figure 11.34 depicts a
number of designs, which basically differ from
one another in the location of the air outlets. Air
impulses are stabilized through outlets with a fine
mesh opening or using textile hoses that also
allow the dirt to be easily washed away.

Temperature and flow profiles can be simu-
lated and visualized nowadays with sophisticated
software. As an example, Fig. 11.35 depicts the
temperature and flow profile for a manufacturing
hall. The requirements here included a tempera-
ture profile of ±1 K with a range of 0–6 m high
and a flow rate of 0.2 m/s (0.65 ft/s). HVAC
systems with requirements such as these can only
be reliably and economically designed using
simulations.

11.4 Interior Finishing

Once the structural frame, shell and media have
been determined, the focus is directed at finishing
the buildings’ interior. There are a number of

air supply without impulse  
in work space 

air supply with impulse stabilization   
above work space 

air supply with impulse stabilization 
within work space 

Fig. 11.34 Types of air distribution with stratified airflows (per [VDI10]). © IFA 17.610_B
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systems and materials available for this. The
building system for the floors, walls and ceilings
should be aligned with the user’s interests but
should also avoid constraints that might nega-
tively impact the buildings’ changeability. The
demand for a high degree of changeability for a
building is similar to being able to easily change
stage sets between acts in a theater or con-
structing exhibition spaces for a trade show. This
means monolithic constructions should be avoi-
ded as much as possible in a buildings’ interior
finishings. Instead, modular, variable and easily
convertible building systems should be favored
even for the stairs and core areas.

Ideally a building’s floors, walls, ceilings,
core and stairs should be developed as modu-
larized construction kits from the perspective of
both engineering and aesthetics. The fundamen-
tals of developing the interior of a construction
project are summarized in [Pot07]. Lightweight
constructions can also provide a high level of fire
protection without monolithic structures. A
‘building within a building’, takes these factors
into account. With due consideration to details,
projects built on this approach are spatially var-
iable and allow for changes without disrupting
on-going processes.

Figure 11.36 depicts an overview of 5 design
fields involved in the interior finishing along with
4 design elements for each field. In the following
sections, we will discuss the structural charac-
teristics of each of these elements in view of their
changeability.

11.4.1 Floors

Figure 11.37 provides an overview of the struc-
tural features that are relevant for the change-
ability of floors along with their parameters. The
user perceives the surfaces while the structural
specifications are based upon the process and
environment requirements. In terms of change-
ability, it is also critical that the floors are sus-
tainably robust, easily installed and simple to
modify.

The surface is primarily determined by the
load. Construction materials for industrial floors
should thus be both resistant and durable. In
addition to being even and easy to maintain, they
should be constructed easily, efficiently and
economically. These requirements can be ful-
filled by monolithic or multi-layered construc-
tions. For centuries now, surfaces made from
concrete have proven to be durable. They are
found to be robust for the most part against
soiling, mechanical impacts, water and frost.
Concrete floors are easy to clean and keep clean
while entailing extremely low maintenance costs.
In addition, old concrete floors can be recycled to
make new concrete. Monolithic floor plates made
out of steel-fiber reinforced concrete can replace
the on-site reinforcement with steel normally
applied.

Multi-layered constructions are usually fin-
ished with a hard surface course or wearing coat
after they are laid. The required durability and
flatness of the overall structure is specified based

Fig. 11.35 Temperature and flow profiles for a manufacturing hall (ifes). © IFA 17.723E
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upon the needs of the processes and logistics.
Since it is quite impossible to change the level
and durability criteria at a later date the present
requirements should be coordinated with possi-
ble future needs.

DIN 51130 provides further details regarding
non-slip and easy to clean surfaces. In order to
ensure a high degree of changeability in terms of
process and logistics, hall floors should be kept
free from media routings and ducts as much as
possible. In comparison, with ceilings in multi-

storied buildings it is often advisable to integrate
systems like—electric, IT, ventilation, cooling
and heating, together. With these types of
installations it is recommended not to build them
directly onto the static ceiling construction, but
rather as separate layer. Systems such as double
floors or floor plenums create a number of pos-
sibilities for adding media routings and ducts
later.

The structural specifications of the floors are
derived from the project’s guidelines and

floors walls ceilings cores stairs 

changeability

• surface

• installations

• structural 
specifications

• modularization  
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Fig. 11.36 Overview of structural elements in a building’s interior finishing. © Reichardt 15.203_JR_B

surface  media  

modularization structural specifications 

 1 load capacity 

 2 resistance 

 3 flatness 

4 roughness (slippage) 

5 cleanability  

1 standard dimensioning 

2 movable assembly plates 

 3 construction joints 

4 ease of conversion 

1 electrical 

2 IT, telephone 

3 ventilation 

4 heating, cooling 

5 installation space 

 1 thermal protection 

2 imperviousness 

 3 fire protection 

 4 noise protection 

 5 conductivity

1

2

3

4

5

1
2

3

4

1

2

3

4

5

1

2

3

4

5

Fig. 11.37 Structural features of floors relevant for changeability. © Reichardt 15.204_JR_B
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requirements particularly with regards to protec-
tion against heat, noise and fire as well as water.
In cold countries, a 3D energy simulation may be
used to review and determine the floor’s capacity
to provide sufficient warmth in the work areas
and avoid excessive heating. Better insulation
values resulting in higher surface temperatures
for the hall floor increase the possibilities of
changing the arrangement of workplaces in the
hall and support changeability. Impervious hall
floors are required to protect against possible
water ingress into the building from the sub-soil
and surroundings. Additional coatings made of
epoxy resin could be helpful under extreme cir-
cumstances. Such coatings are best applied dur-
ing the construction period for perfect adhesion
between the layers.

Requirements for protection against fire, noise
and conductivity are usually related to floor and
ceilings between the various floors of the build-
ing. Ideally, inflammable materials should be
used as much as possible. Surface treatments
made of out of PVC seem to be economical at first
glance. However they release toxic fumes in case
of a fire and require special care for disposal
making them expensive in the long run and are
best avoided. With proper detailing, unwanted
noise generated out of footsteps on a floor can be
avoided. Furthermore, with the aim of increased
changeability, it is important to keep in mind that
the use of computers would continue to grow in
the future, floor properties should thus be planned
so that they can dissipate correspondingly higher
levels of electrostatic energy. Accordingly, floor
systems should be installed so that they can
always be easily retrofitted and simple to replace.

The degree of modularization significantly
determines the effort required to alter floors. In
order to be able to extend, dismantle or exchange
systems, components should be uniformly
dimensioned. If an industrial floor—characterized
by its ability to withstand considerable weight,
lasts long and easy to recycle—is required, the
floor surfaces can be created using components
like Stelcon large plates or Stelcon hexagon ele-
ments. These large plates are produced with a
concrete quality of DIN C 35/45 and a standard
size of 200 × 400 cm (6.6 × 13.2 ft). They are

14–16 cm (5.5–6.3 in) thick and have edges
protected from damage by special mild steel angle
sections. The large surface plates are used for
example as finished floors in plants and storage
halls, but also as anchors for port facilities and rail
systems, transshipment sites in the chemical
industry, access roads and gas stations. When
planning the details of necessary structural joints,
it is also important to consider any discontinuities
that might be created (e.g., induction loops and
transponder points) from the perspective of pro-
cesses and logistics.

11.4.2 Walls

Figure 11.38 provides an overview of the basic
structural features related to the changeability of
walls. Whereas surfaces have to fulfill various
purposes, the structural specifications determine
the technical features. Walls that can be easily
installed and changed are becoming increasingly
important. And finally, here too, the aim is to find
a consistent and modular system that can be
harmonized with the building’s grid.

Modern working methods and styles are
constantly changing when compared to working
in labs, workshops or operating out of offices.
Spatial boundaries that can be easily adjusted
depending upon the size of the workgroups and
the content of their work are becoming increas-
ingly preferable. In contrast to monolithic con-
struction, prefabrication provides the required
freedom to not only select the wall position but
also select the position of the closed surfaces (for
privacy), glass panels (for visual contact) and
doors (for circulation). Transparent walls that
connect the individual areas visually are partic-
ularly important for communication between
personnel and encourage employees to identify
themselves as a team.

Generally, there are two systems available for
lightweight wall constructions: so-called ‘dry-
walls’ made from gypsum boards and wall panels
made from sheets of wood, plastic or metal.
Drywalls made from gypsum boards are fixed
onto aluminum or wood stud frames, patched and
painted or covered with wallpaper. In comparison,
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wall panels are supplied as elements with a fin-
ished surface and joint systems for connecting
each other. Glass panels and doors do not disrupt
wall surfaces, but are instead equally weighted
elements.

Construction kits such as these can be unin-
stalled in a few days and re-built in another
combination at another location in the factory.
With the right attention to detail, systems for
supplying electricity, IT as well as heating and
cooling can be integrated at the skirting level or
just below the window sill. In some cases, office
furniture such as closets or bookshelves can be
locked into the system’s joints.

By providing insulation materials between the
gypsum boards or wall panels, special physical
requirements for noise, heat or fire protection can
be met conveniently. Drywalls with suitable
paneling and insulation materials can resist fire
up to 3 h and satisfy F 180 fire ratings, if need be.
Modularized wall panels can resist fire up to 2 h
(F120). In case of precision industrial manufac-
turing, wall panels can be also used for enclosing
clean rooms. In order to attain the required
impermeability, sealants can be applied after
installation. Wall panels are advantageous in that

they can be easily reinstalled without the dirt and
dust associated with tearing down dry walls.
Thus, they support changeability especially in
sensitive processing and logistic facilities.

Here too the basis for modularization is a
consistent dimensional system for all closed
surfaces, glass paneling and doors. Floor plans
ideally should be designed in grids of 1.00, 1.20,
1.25 or 1.5 m (3.3, 3.9, 4.1 or 4.9 ft).

11.4.3 Ceilings

With regards to changeability, ceilings are sub-
jected to almost similar characteristics as floors
and walls. Figure 11.39 provides an overview of
the structural features relevant for the change-
ability of ceilings.

Similar to wall systems, the varying spatial
requirements of modern work-forms require
flexible ceiling systems. So-called ‘house in
house construction’ offers the benefit of coordi-
nated wall and ceiling elements. Here, the pre-
cision of industrial pre-fabrication is best suited
for meeting the structural specifications and
allowing a carefully planned installation.
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Fig. 11.38 Structural features of walls relevant to changeability. © Reichardt 15.205_JR_B
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One of the basic features of changeability is
the overhead clearance. Rooms larger than 50 m2

(538 ft2) should have at least 2.75 m (9 ft)
headway, whereas rooms larger than 100 m2

(1,076 ft2) should have at least 3.00 m (9.8 ft).
When designing the floor plan the minimum
clearance of the smaller rooms also needs to be
verified in view of future developments. One of
the design principles for modular ceilings
involves mounting panels fixed below a sup-
porting metal framework. The cavity that is thus
created can be used for media routings and the
ceiling panels can be made from a variety of
materials.

Ideally the surfaces should be durable and
easy to clean. System grids are commonly found
in 0.50, 0.60, 0.625 or 1.00 m (1.6, 2.0, 2.05, 3.3
ft). Access areas for maintaining, or retrofitting
the media routing installations that are located
above ceiling panels can be created through
certain removable panels. Another basic charac-
teristic that is relevant to changeability is the
actual clearance above the ceiling construction:
For example, if air ducts need to be replaced with
ones that have a larger cross-section in order to
meet increased ventilation demands, they can
only be installed provided the necessary space is
available for the same.

The routings and media outlets for the elec-
trical supply, EDP/telephone, ventilation, cooling
and heating should also be modular and therefore
adaptable without impeding each other. The
physical requirements for sound proofing, fire
protection, thermal insulation and clean-room
specifications can be met only through careful
planning of the mounting plates and the interim
space below the structural slab. Perforated plates
improve the spatial acoustics by increasing the
sound diffusion. Insulating layers made out of
non-flammable materials such as mineral (rock)
wool or special fire-proof plates increase the fire
resistance of ceiling structures or individual
media lines. In clean-rooms, the joints (e.g.,
between walls) can be made impervious by
applying suitable sealants.

When developing the elements for modular-
ization, careful attention should be paid to
maintaining standard dimensions and minimizing
customization. If the layout grid is free from
disruptions, peripheral areas remain available for
media and elements can be interchanged in the
entire floor plan. Ceiling plates and routing sys-
tems with pre-finished surfaces and clip-on/plug-
in connections minimize both the time required
to reconfigure them as well as the risk of con-
tamination when doing so.
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Fig. 11.39 Structural features relevant for the changeability of ceilings. © Reichardt 15.206_JR_B
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11.4.4 Cores

Cores are building areas that serve to dissipate a
concentrated static load and are serve additional
functions. For economic reasons it is often
advisable to transfer the vertical and horizontal
loads of a hall’s structure over concrete or steel
walls and to use the space thus created for ele-
vators, emergency staircases or installation
shafts. The general positioning and spatial layout
of such core areas should be discussed together
in detail along with factory planning, since once
cores are planned and constructed they are more
or less unchangeable. The location of the cores in
the building as well as the required widths and
depths of them is generally derived from the plan
of the load-bearing frame.

Cores should be positioned with an eye to the
future, so that possible options for changes in
processes and logistics are in no way impeded.
The clearance space allowances for the installa-
tion shafts needs to be checked to ensure that
there are enough allowances for future purposes.
Changes in processes or logistics often require
additional media and thus the requirement of
additional space inside the shafts.

A critical point for most of the shafts is the
space where the verticals pipes and wires are
separated and are to be routed horizontally.
Finally, the openings to the shafts that are impor-
tant for fire protection and should make it easy to
maintain, repair, retrofit or replace routings.

One of the key characteristics in regards to
changeability is the detailed design of the pas-
senger and freight elevators. Since elevator
technology has to be replaced every 15–25 years,
it is of paramount importance that elevator
clearances as well as the height and width of the
elevator doors are planned with an eye to trans-
port larger volumes in the future.

The possible modularization in the sense of
changeability and therefore the potential to mod-
ify cores is greatly restricted due to the above-
mentioned reasons, especially when constructed
using monolithic (in situ) concrete. Cores can be
also constructed using precast concrete elements
as well as steel frameworks with infill wall panels.
Implementing elements that are assembled toge-
ther generally evenmakes it possible to change the
core’s width and depth. In summary, Fig. 11.40
depicts an overview of the structural characteris-
tics relevant to the changeability of cores.
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11.4.5 Stairs

By making use of fire resistant constructions,
stairs located within cores are generally planned
and implemented as escape stairways. However,
escape stairways can be located in other parts of
the building also. According to most building
regulations, the seal required for stairways that
are planned as escape routes require a fire
resistance of 1.5 h (F 90) and can also be real-
ized with assembly kits made out of materials
ranging from dry or completely vitrified con-
struction. Similar to cores, the location of evac-
uation stairwells in buildings needs to be
planned keeping the future in mind. Later mod-
ifications require not only reconstructing the
stairways, but also reviewing the escape routes
and obtaining re-approvals from the concerned
fire department.

The required width of the stairs and doors is
oriented on the number of people who would
need to be evacuated in the worst case scenario,
thus when planning stairwells, the area for pos-
sible office extensions should also be taken into
consideration. Stairs for maintenance are not
subject to the same requirements as those meant
for evacuation, rather their location in buildings
are more oriented towards functional needs. The

necessary stair width, pitch and design details
have to be built in accordance with the relevant
workplace and accident prevention guidelines.

Additional stairs in foyer or galleries can be
constructed as open stairways and need not be
enclosed or complaint with the necessary fire
regulations. The width and pitch of the stairs
should also be oriented towards possible number
of future users. Generally, with regards to
changeability, stairways with a modularized
construction should be given preference over
those built in concrete and thus fixed at a certain
location. As with the other finishings, the mod-
ularity allows the staircase, landings and indi-
vidual stairs to be altered in a variety of
materials. An overview of the structural charac-
teristics of stairways presented here as relevant
for changeability is provided in Fig. 11.41.

11.5 Examples of Changeable
Buildings

Figure 11.42 depicts two factories that were
actually built with focus on changeability when
designing the structural frame, shell, interior
finishings and media.
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Fig. 11.41 Structural characteristics relevant for the changeability of stairs. © Reichardt 15.208_JR_B
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In both cases, the building concept was
implemented according to modular design
principles with separate building components for
the structure, shell, media and interior finishings.
In the case of the large bakery, the project
requirements necessitated a timber skeleton
construction for the load-bearing frame, a metal
and glass façade for the building shell
(independent of the structure), as well as modular
air circulation devices within the structural frame
zone for the ventilation technology. By strictly
separating the systems, the baking hall was able
to be extended by one grid field (approx.
6 m × 22 m (19.7 × 72.2 ft)) ‘over the weekend’
without causing any disruptions.

The same applies to the pharmaceutical pro-
duction in which special attention was given to
ensure the building could be expanded with
minimal disruption and that the interior could be
easily changed.

An example of a modular and versatile
assembly factory for car coolers shows
Fig. 11.43, which is also available as a video
animation in Appendix D3. The target was to

design for trouble-free scalability of processes,
systems and buildings as well as re-usability.
Hall spans of 18 and 36 m (59 and 118 ft) and
8 m (26 ft) building height enable easily movable
work places.

11.6 Grace and Aesthetics

Architecture reflects the forces that were at work
during the building’s creation. Unfortunately, this
applies to most of unsightly industrial and com-
mercial buildings across the world. It appears that
most companies view their buildings as tedious
necessities, which they would prefer to do without
entirely. Architecture is the most fundamental and
permanent expression of social culture and it is
time that industries and businesses reconsider their
attitude and approach to architecture. “Graceful”
aesthetics arise when the design elements—that is
the location, type of construction, structural
framework, shell, media and interior finishings—
are cleverly and creatively combined based on
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Fig. 11.42 Modular design principle as applied to a building (examples). © Reichardt 15.209_JR_B
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synergetic planning approach. Examples of such
graceful factory buildings can be found in [Uff09].

Thus according to [Mes05, Kni06], for each
of the specific tasks, it is necessary to develop an
innovative overall design strategy for the forms,
materials and colors. Ideally this strategy should
permeate the building in every detail including
how they are combined both “externally” and
“internally”. Details such as the design of the
façade’s proportions or the color to be used are
secondary design features. The tectonics of how
the buildings’ volume is developed and how the
buildings are distributed are essential to the
overall impact of the construction. Often when
there are creative differences, ‘grace’ becomes a
victim under pressure to keep costs down or to
increase ‘economic’ efficiency.

Outstanding industrial architectural examples
across the world however provide a strong
counter-point. Henry Ford, the king of the auto-
mobile industry was supposedly a penny pincher
in his days; yet his extremely functional facto-
ries, which were considered to be a model of
production processes, impressed everybody with

their extreme efficiency as well as their exem-
plary grace [Hil74]. Ford’s remark that “good
design pays” demonstrated his conviction and his
awareness of the value of aesthetic design. By
1920s and 1930s, the Ford factories had reduced
the number of people ‘taking sick days’ and/or
quitting thereby increasing the overall profit-
ability of operations and forging long term bonds
between the company and employees.

The objective of graceful industrial architec-
ture can be summed up with the following fun-
damental parameters: structural order, simplicity,
balance between unity and diversity and dis-
tinctiveness. Böhme [Böh06] suggests that the
emotional or ‘atmospheric’ quality of a building
should also be taken into consideration as an
additional design value.

11.6.1 Structural Order

The principle of structural order creates a feeling
of harmony. Structural order is attained with a
consistent relationship between the parts and the

Fig. 11.43 Example of a modular and changeable assembly factory (Reichardt)
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whole, one reminiscent of a living organism
where there is internal coherence between the
elements and their totality. The immediate sense
of clearly articulated structural shapes and
architectural forms along with the careful
understanding and legibility of the elements’
functions (e.g., the structural frame, shell and
interior finishings) all play a decisive role in the
overall structure. The structural order naturally
unfolds with the help of its own grammar: the
floor plan, sectional and vertical projections.
Clarifications are not necessary to understand the
building, since the relationship between the parts
is easily understandable. An example of a
structurally ordered type of construction is a
modular plant based on hall segments.

11.6.2 Simplicity

With industrial buildings there is no need for
filling, cladding or laminating. Solving a building
project in this way, i.e., without “stage magic”
pleasantly corresponds to the rational design
principle used in medieval cities. Aesthetics need
not be costly. At the same time, simplicity should
not be mistaken for the banality, lack of imagi-
nation and primitivism of common commercial
construction. Rather, the demand for economic
efficiency goes hand in hand with minimalism and
the lack of extensive and complicated fascia work.

The ‘appearance’ of many enterprises across
the world seemed to be saying something quite
different; they confuse the simple-minded with
their over the top and unnecessary fascia treat-
ment. Intelligent reduction of forms, materials
and color allows for powerful aesthetic effects.
Liberated from unnecessary coverings, the qual-
ity impacts the viewer directly and is more sus-
tainable than attempts to present a deceptive
package with flashy gimmickry.

11.6.3 Balance Between Unity
and Diversity

The balance of visual information within the field
of tension between monotony and chaos requires

aesthetic comfort. Unity and diversity are mutu-
ally exclusive but require one another. They are
necessary poles between which the balance has to
be re-adjusted for every project. On one hand,
viewers are quickly bored when they detect a total
uniformity and monotony dominating in the
architecture. On the other hand, an agitated mind
results in a ‘ball of confusion’. The excited oddity
of short-lived fashions is soon forgotten and
seems embarrassing when looking back after a
few years. The ideal solution is a viable urban and
architecturally sustainable design. Fixed building
heights set over the long term or a canon of
materials that can be implemented with options for
design possibilities within this framework create
potential for individual solutions for the future.

11.6.4 Distinctiveness

Distinctiveness stands out when compared to
forgettable visual experiences. It often seems that
the anonymity of insignificance is the goal for
many industrial projects. How else could one
explain the degree to which these projects have
refrained from a notable design? In reaction to
this, some enterprises attempt to gain attention
with unnecessary detailing—a formal arbitrari-
ness oriented on a surprise effect which rarely
sustains in the long run or defines the character of
a building or its users. A distinctive design results
out a creative combination of specific agreements,
special local situations and conscious selection of
the components of the construction and building.
This type of “value-added” architecture has a
much stronger visual impact using much less
capital than elaborate print and film advertising
campaigns; it is the embodiment of a project’s
mission, accomplished through the total innova-
tive performance of the planning team.

11.6.5 Emotional Quality, Atmosphere

Graceful buildings touch an inner chord and a
positive relationship develops between the
observer and the building. According to [Böh06],
this emotional quality influences the deeper
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perception of spaces, materials, color and light
far beyond the organizational and functional
references. When we consciously design the type
and form of the spatial environment, starting with
the buildings’ orientation and the internal/exter-
nal views etc. we create an immediate under-
standing of the architectural structure and
facilitate its usefulness. The way in which
materials are used and joined together can con-
vey everything from the greatest industrial pre-
cision to handcrafted artistic spontaneity.
Structural parallels to the quality of the manu-
factured industrial products are thus directly
produced or can be at least interpreted. Just as
with the product design, the emotional quality of
the building should be given special consider-
ation while determining the objectives of a pro-
ject. Examples and suggestions for this can be
communicated and updated in goal planning
workshops.

In short, the exterior of a building should
reflect the company’s claims and its interior the
product’s claims; or as [Rei05] suggests aes-
thetics and efficiency have to be aligned.

11.7 Summary

The architectural design of a building consists of
four main components: structure, shell, building
services, and grace. The performance of a
building is essentially determined by the chosen
technical, constructive and last but not least
aesthetic solution in the interaction of these
components. One has to differentiate between
constant, difficult to change and easy to change
structural components. In many cases, the phase
of the basic evaluation, with the detailed dis-
cussion of all major building requirements, is
underestimated. It is recommended that a project-
related transparency and quality assurance of all
structural detail solutions and a documentation
into project parts, assumptions and findings takes
place. A high adaptability and high sustainability
ensures a construction project with a large reuse
potential in second and third use. This task
requires considerable coordination and planning.
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12Master Building Plan

The master building plan comprehensively
defines both the current and future performance
of a factory’s urban development concept. In
creating the master plan, the characteristics of the
project requirements determine not only the
forms that will be built but also the safety and
security criteria. Once defined, the master
building plan provides the guidelines for
arranging the factory’s buildings as well as the
zoning for traffic circulation and green land-
scaped areas [Stei07]. All of which are broken
down into possible developmental stages.
Selecting the building typology and deciding
how they will be combined plays a key role in
ensuring the highest possible degree of change-
ability. Figure 12.1 depicts the design fields and
elements pertinent to the master plan. In this next
chapter, we will focus on discussing each of
these in detail.

12.1 Request Program

The project specifications are agreed upon by the
planning team and define:
• the floor space required both currently as well
as in the future,

• the modularity of the building volumes in area
and height

• the principles underlying the supply and
removal system and

• any other specific requirements.

In order to confirm or correct initial assumptions,
the specifications of the project should be refined
throughout the entire planning period and con-
tinually clarified.

12.1.1 Required Floor Space
and Room List

Compiling the basic quantitative and qualitative
spatial requirements as early as possible provides
the basis for the spatial planning and layout. The
quantification of the net floor areas needed cur-
rently as well as in the future for the various
divisions is best summarized in the form of a
table known as a ‘space mirror’ or ‘room list’.
Requirements regarding the quantitative spatial
or qualitative design of the different sections with
specifications for the spacing between columns,
preferred room proportions, maximum floor
loading and the ceiling height can be included in
such a table. Appropriate symbols and colors
may help to differentiate the specifications set
together by the planning team from those initially
assumed; corrections or clarifications can then be
made by updating the room list as the planning
progresses.

In order to define the required floor space
abstract or project-specific methods can be drawn
upon. Abstract determinations are based on
general experiences such as standard values or
indices as well as a synthetic approach e.g.,
generating the sections additively. Project related

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_12, © Springer-Verlag Berlin Heidelberg 2015
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methods, in comparison, use an available ‘cur-
rent state’ to derive the floor space specifications.

The floor space required for a production is
determined by three factors:
• facilities (e.g., machinery and equipment),
• materials (e.g., raw materials, workpieces
being processed and finished goods) and

• areas required to operate machinery and
manipulate materials including both up and
downstream ancillary functions.
The layout of the rooms should also be dis-

cussed early on and included in the room list or
space book as one of the characteristics. An
overview of important primary and secondary
factors that influence the required floor space for
a production is provided in Fig. 12.2. Whereas
the primary influences directly determine the
geometry and dimensioning of the three factors,
the secondary influences result from the pro-
duction operations in consideration of logistics,
ergonomics and local circumstances. The proce-
dures for determining the required floor space
will be expanded upon in Sect. 15.5.2 “Detailed
Dimensioned Planning”.

For areas which serve functional purposes or
are used as production areas, rectangular ground-
plan shapes are always preferable when compared
to an irregular shape because they are better

suited for practical use. From the perspective of
good internal communication, quality assurance,
the flow of people, guiding visitors etc., the cut of
administrative spaces should be selected so that
length to width ratio is approximately between
1:1.5 and 1:3. Freestanding columns in functional
areas should be avoided if possible and should not
interfere with installing, operating or maintaining
machinery and equipment. The minimum width
of functional areas has to be determined from case
to case and is a pre-condition for later rear-
rangements of facilities.

These considerations need to be discussed
within the frame of the building plan and in view of
a suitable degree of changeability. More often than
not it leads to spacing the columns as far apart as
possible (see Sect. 11.1 “Load-BearingStructure”).

The room list can also contain other require-
ments regarding the ceiling height as well as
particular locations of divisions in the spatial
structure. In setting the targeted ceiling height, it
should be taken into account that mezzanine
floors inserted later are the simplest form to
reserve internal space. In general clear room
heights are desirable; the same may not be
structurally possible in all cases. In others, the
utilities network installed at the bottom of
the structural system may be more crucial than the

project 
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built form safety & security  general
development plan

• area requirement /
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• special
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Fig. 12.1 Overview of the master building plan’s design fields and elements. © Reichardt 15.210_JR_B
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clearance below the structural system. Moreover,
the possibilities of implementing natural lighting
and using the natural outdoor environment for
climate control are decisive to whether a room
should be located directly adjacent to the external
shell or within the building’s volume.

According to DIN 277, spatial areas can be
categorized as: main, secondary, circulation, or
construction (e.g. where walls, columns and
shafts are located). In order to prevent unpleasant
surprises resulting from improperly calculated
areas when estimating costs, it is advisable to
agree upon a common use of language early on in
a project. The contents of the room list—from the
rough framework up to the fine details—can be
directly linked with the parallel 3D CAD plan-
ning. In this way, redundancies can be prevented
and planning statuses can be synchronized across
the board with the synergetic factory planning’s
continually actualized evaluation. Furthermore,
quantifiable trades provided with cost bench-
marks can be selected and summed up into sub-
budgets for on-going budget estimations. With a
properly organized room list, this procedure also

makes it possible to quickly and at least approx-
imately evaluate planning alternatives.

Based on experience, it is practical to break-
down the room planning according to project
components and levels; the table should be orga-
nized in a way that allows the room list to be
expanded and later extended into space books for
each room, supplemented with interior finishings
such as floor coverings or types of doors. Fig-
ure 12.3 depicts a sample room list for an
assembly plant. Rooms are numbered floor-wise;
geometrical data gives clear area and height, while
interior qualities of floors, walls and ceilings as
well as utilities systems are defined where needed.

In view of potential changeability, floor areas
should be optimized for current purposes. How-
ever, plausible optional arrangements should also
already be examined with regards to preventing
foreseeable conflicts as well as keeping in mind
potential synergies, e.g. changing a logistics area
into an assembly area. During the course of the
project, initial assumptions should be further
clarified as they are confirmed or corrected once
changes are noted.

• physical, ergonomic and human aspects of 
the work place design

• accident and damage prevention
(safe distances)

• space requirements for the provision
of devices and tools

• space requirements for gauges, instruments,
drawings and documents

• lot size of production
• disposition unit for production control
and material transport

• transportation unit and transportation device
• space for auxiliary and raw materials
• store size and usability of separate work places
• space requirements for waste disposal 

• layout related conditions
• required distances (danger areas)
• space requirements for maintenance 
and repairs

• combination possibilities with 
neighboring work places 
(e.g. with multiple machine operation) 

• official regulatory requirements
• reserve areas 

• number of employees or
operators

• required size of the operation area or
work place

• handling room for the work-pieces
inclusive auxiliary equipments

• handling room for tools, jigs and fixtures

• size, form and properties of
work-pieces or the production material

• required reserve of provision / storage area
(waiting before and after processing)

• manner, form and number of lots
• way share for to-and lead away 

• size, form and function type of
key machines

• size, form and function type of
other facilities

• size, form and function type of
auxiliary equipments (control panels, suction,
handling devices etc.) 

• available conditions
(e.g. for existing buildings) 
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12.1.2 Process and Logistics
Elements

The goal of every factory planning is to optimize
the interplay between the process and logistics
elements primarily from the point of view of a
streamlined material flow with minimal lead time
and minimum stocks. Depending on the size and
weight of the required machinery and equipment
a multitude of interfaces need to be considered
for the spatial planning. When metal-forming
processes are involved for example, critical
requirements for the spatial surroundings include
the soil bearing capacity, ceiling clearance,
location of supports, the supply and removal of
media and noise protection.

In most cases, isolation of engineering facili-
ties, process and spatial planning leads to coor-
dination problems resulting either in permanent
functional inconveniences or structural defects.
In the framework of the Synergetic Factory
Planning approach, process facilities and logis-
tics elements even in the design development
phase are generated as 3D objects and inserted

into the surrounding building space model. This
enables, for example, early detection of points of
conflict and integration of 3D structures for
processes and logistics based upon a horizontal
and vertical design module. Such dimensional
coordination of process and space are important
for further planning and the final selection of
building materials for structure, utilities, media
and interiors.

The use of “ID cards” for process and logistics
elements has proved to be quite effective for a
balanced communication between production
engineering and space planning. The required
information is available “at a glance” for the
design team during the specific phase of factory
planning. ID Cards are not only relevant for
process material flow simulation but also for
optimization of temperature and energy and for
development of color concepts based upon the
available information. Figure 12.4 shows the 3D
model as well as a photo and basic geometric
data of a “cleaning robot” for composite rubber
elements for a new production plant. The overall
dimensions are shown in the three views,

code name geometry room fitting utilities building services

room area [sqm] height [m] door/gate floor wall ceiling floor wall ceiling

150 

151 

152 

153 

hall 

maintenance 

workshop 

model  shop 

7,766.30 7.35 type

gate 1.1

gate 1.2

gate 1.3

gate 1.1 

industrial
screed
monolith.
reinforced
concrete
floor plate 

industry -

glazing

metal-

cassette/

insulation 

trapezoidal

sheet

LED lamp

sprinkler

ventilation

compressed 

air 

135.00 3.85 type

gate 1.1

gate1.1 

industry-

glazing

metal-

cassette/

insulation

8 sockets

4 double-

sockets 

rj45 for IT

industry-

glazing

metal-

cassette/

insulation 

type

gate 1.1

gate 1.1 

type

gate 1.1

gate 1.1 

industry-

glazing

metal-

cassette/

insulation 

135.00 7.15 

7.15 135.00 

trapezoidal

sheet

trapezoidal

sheet

trapezoidal

sheet

industrial
screed
monolith.
reinforced
concrete
floor plate 

industrial
screed
monolith.
reinforced
concrete
floor plate 

industrial
screed
monolith.
reinforced
concrete
floor plate 

8 sockets

4 double-

sockets 

rj45 for IT

8 sockets

4 double-

sockets 

rj45 for IT

LED lamp

sprinkler

ventilation

compressed 

air 

LED lamp

sprinkler

ventilation

compressed 

air 

LED lamp

sprinkler

ventilation

compressed 

air 
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complemented by footprint, working areas and
weight. A special text block area may be reserved
for site specific modifications or requirements
along with purchase and delivery details. As and
when more details are available, the contents of
the ID card are refined to include informations
about supply, delivery and disposal. The ID cards
serve as digital process library and if maintained
in a systematic manner could play a useful role in
subsequent documentation during facility man-
agement and the operational phases.

The degree of spatial adaptability of the pro-
cess and logistics elements increases with
‘moveable’ facilities in a production hall. Hence
it is advisable to a start with simplest equipment
layout. Figure 12.5 shows the essential features
of spatial adaptability for process and logistics
objects, process attachments to structural mem-
bers, types of supply and disposal as well as
types of conveyor system. Ideally, permanent
installations to structural members such as roof
slabs, foundations, etc. for waste disposal sys-
tems and conveying systems is best avoided for
ease of conversion.

12.1.3 Supply and Removal

Although secondary from a planning perspective,
supply and removal systems for workplaces and
facilities are key subjects when it comes to spa-
tial planning. Their often unexpected volume in
addition to the difficulty of adjusting them to
layout changes poses serious obstacles for
changes recognized as necessary.

In order to locate, evaluate and select detailed
solutions later, it is absolutely necessary to
compile and document the requirements early-on
in a suitable table that allows the information to
be easily up-dated. Furthermore, specifications
for the supply and removal system should be
directly allocated to each of the divisions in the
room list. Coupling the spatial and technological
requirements in this way prevents different
planning states and offers a solid basis for
changeability scenarios since variants can be
considered as a whole. In particular, the ID Cards
described above can also be used in the facility
planning to record the 3D plan of all the supply
and removal connections as well as all the

Diagram 3D Side view     Photo 

Side view      Floor plan Geometry Handling 

Length 

Width

Height 

Area 

Service 

Total area 

Weight 

Crane

Belt

Forklift

Tool. 

Service

Set up 

Cycle time

7.2 m 

5.7 m 

2.8 m 

41 m² 

41 m² 

41 m² 

kN/m² 
< 50 

10 to

15 min 

Fig. 12.4 Example of a 3D ID card (cleaning robot). © Reichardt 15.213_JR_B
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necessary text data such as required amounts of
compressed air, electrical services etc.

Figure 12.6 depicts an overview of media
connections based on the example of a degreaser
for a rubber manufacturer. In refining the 3D
construction of the element, all of the required
power inputs, media connections and outputs are
considered; later problems with coordinating the
process technology and building services are thus
avoided.

In view of the ever-growing concerns with
global warming, demands to minimize energy is
going to be more and more important. When
analyzing technological and economic aspects,
new production facilities should include an
energy cost analysis of all the consumption
points in the process. Within the frame of the
synergetic factory planning, the data required for
creating an integral energy simulation can be
directly accessed from the corresponding ID
cards. A detailed survey of measures towards
energy minimizing in production facilities can be
found in [Neu13], part V “machineries and
equipments” as well as part VI “production
processes”.

When determining capacity data, specific
usage profiles and especially the so-called
‘simultaneity factor’ need to be considered. The
simultaneity factor takes into account the fact
that even when a factory is operating at full
capacity, not all of the consumption points are on
simultaneously and with their nominal power.
For machine building factories this can range
from 0.25 to 0.4, for example. Of course, when
measuring the capacity, the anticipated factory as
a whole should be considered. Nonetheless, it is
also important to keep in mind the continual
improvement of productivity and the degree of
impact implemented resources will have during
their service life. Here too, the modular principle
of power utilities proves to be practical.

One possible solution is that the factory draws
the power it requires from a local supplier which
builds and operates the necessary transformers,
pressurized air and steam generators etc. on the
factory grounds themself and only charges for
the actual consumption.

Figure 12.7 illustrates the process and energy
optimization based on the example of an indus-
trial bakery [Rei98]. By cleverly coupling the

type of fastening type of supply and disposal type of conveyor technology 

1 no special foundations
2 no pits
3 better :
- load distributing plates
- anti vibration pads

against vibration 

1 no supply and disposal systems
in the floor plate

2 no pollutant - / waste piping
in the floor plate

3 better :
- supply and disposal

flexible from above
- autonomous equipment with e.g.

self control, 
- disposal: minimal emission issues e.g.

heat, dust and noise, controlled  by encapsulation 

1 no dependence on
special conveyor systems

2 better :
- autonomous equipment of

facilities with local material
supply and hydraulic control

- modular system 

free positioning
mobile "furniture" 

modular design, modular system
media supplied from above 

compact design with local 
material supply 

1 

2 

3 

2 

1 1 

2 

3 

Fig. 12.5 Changeability features related to facilities. © Reichardt 15.214_JR_B
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process engineering and building services using
heat recovering technology the yearly energy
required for heating was reduced by 62 % and for
ventilation by 39 % in comparison to conven-
tional solutions.

12.1.4 Special Requirements

During the course of general planning process,
the planning team may be faced with a number of
unique challenges due to the production
requirements. In addition to specific needs for
infrastructure, systems of supply and disposal
(e.g. clean room technologies) there may be
additional needs for manufacturing equipment,
such as strength requirements for floor slabs due
to heavy machinery assemblies or for roof slabs
due to gantry crane systems. As pointed out
before, it is recommended to collect and interlink
these requirements by means of “ID-cards” of the
process and logistics equipment.

12.2 Building Typology

Pevsner [Pev98] defines factory buildings as
buildings of a certain size, in which products are
manufactured in large quantities. Dolezalek
[Dol73] and [Agg80] traditionally characterize
industrial building types according to basic
functionalities into part manufacturing, assem-
bly, warehousing, management, development,
social areas, exhibition and sale as well as on the
shape of the specific building section.

Over the years, these building typologies
following basic industrial functions have not
been found to be conducive to changeability—as
processes, functions and consequently building
requirements, in most cases, would definitely
change during the useful life of building. This in
turn leads to the quest for multifunctional struc-
tures wherein the building volumes and sections
are able to “breathe” and do not require major
structural changes or unforeseen costs in a short

3D  Figure Media Connection Side view Media Connection. Media Energy demand

Side view Media Connection Floor plan Media Connection. Emission Other 
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period on completion or erection of the structure.
Proper selection and the choice of detailing of the
building structure, in particular its section, is
therefore one of the utmost important planning
tasks. This also includes building performance
aspects such as capacity for structural loads, clear
heights, natural lighting, utilities systems and
zones as well as expansion possibilities, which in
the case of structural design, are irreversible. The
determination of building section and site plan
figure also includes aspects of energy efficiency
and sustainability (see certification systems and
project examples in Sect. 15.7). In addition to the
material flow technology, such issues are par-
ticularly relevant for sites located in extreme
climatic conditions. In line with the energy and
temperature issues of production technologies,
the orientation of buildings towards the sun to
facilitate entry of daylight using glazed facades
or to generate electricity using photovoltaic and
others need to be considered.

12.2.1 Sectional Profile

Figure 12.8 shows important characteristics of
building sections having inherent capabilities to
either expand horizontally and/or vertically; the
concepts could be adopted for low-rise, shed or
multi-storey buildings, combined forms and/or
specific buildings. Types of roof forms and
internal heights characterize hall structures and
multi-storey buildings (see also Sect. 11.2). It
may be necessary to combine various forms in a
given project to satisfy specific project needs.
Hence, the frequently encountered building type
of low production or assembly hall with offices on
one side actually follow the building typology of
hall structure plus a multi-storey structure. Spe-
cial structures in large technical process-driven
plants or systems, such as supporting scaffolds for
refineries or silo constructions and steel support-
ing structures for high bay automatic warehouses
require separate and detailed attention.

energy balance optimized annual energy requirement 

heat load
in the hall 

demand
[kW] 

dough preparation

- mix, weigh 

- knead

dough processing 

- roll plant 

- press 

- dough separation

- dough separation

boiling pastries 

fine bakery 

various 

fermenting room 

sum [kW] 
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Figure 12.9 provides an overview of structural
features for the sectional profiles of low-rise
buildings, multi-storey buildings and halls. The
new multi-storey factory structure is a result of
the historical industrial building. Various refine-
ments, to accommodate day-lighting and free
span, emerged in the English textile spinning
mills of the 18th century; similarly refinements
were also seen in the American automobile fac-
tories at the beginning of the 20th century. Cur-
rently such building types are still in use in the
small part mechanics of optical and electronic
industry, as well as in the food and clothing
industry. Multi-storey buildings are ideal for
chemical and pharmaceutical industries since
they prefer to vertically transport goods making
use of gravity. As a structural response to new
process requirements of mass production,
coherent low-rise hall buildings emerged in large
numbers in the early 20th century.

The introduction of the assembly line princi-
ple in the American automobile production

favored concepts of easy expandability on the
ground floor level, enabling quick installation of
heavy machinery with possibilities of day-light-
ing through the roof above.

The history of Henry Ford developing and
refining hall constructions is described in
[Buc02]. Up until today, hall constructions offer
very good possibilities for changeability, espe-
cially when sufficient clearance is reserved for
later integrating galleries and a consistent mod-
ular construction is implemented allowing mul-
tiple external extensions.

Hall constructions are called for when there
are additional demands for wider spans, greater
ceiling clearance, or heavy conveyor technology.
A high degree of internal changeability can be
targeted with a design that incorporates reserves
for extensions. Whereas flat buildings are
advantageous in terms of external changeability
because they can be expanded in all directions,
hall constructions can usually only be extended
practically along one axis. Moreover, in

flat buildings hall buildings combination forms 

storey buildings special buildings 

e.g. - office
- store/production e.g. – refinery

- high shelf store 

expansion directions 

1 horizontal
2 vertical 

2 

2 

1 

1.2 

1 
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comparison to flat constructions, greater expen-
ses are to be reckoned with for the structural
framework, conveyor technology and technical
installations in halls.

It would be ideal to take advantage of the
various building typologies and combine them to
arrive at a coherent building concept, which best
suits the present and future needs of change-
ability of the project under discussion.

12.2.2 Outline Figure

In practice, the choice of the sectional profile as
the single criterion for the definition of the
building structure is necessary, but may not be
sufficient in most cases. Besides the sectional
profile, the assignment of functional areas, their
orientation and ability to change is largely
determined by the outline figure. Plans in turn are
dependent upon processes which could be cen-
tralized or decentralized, compact or spread out,
dissected open, examples of which are given in
Fig. 12.10.

With the compact, closed layouts all of the
rooms or functional areas are pooled together
into one overall space under a roof. Homogenous
basic forms such as this often have contiguous
rooms and often lead to large buildings and
expansive interiors. The actual space is then
often defined by room-dividing elements that are
independent of the structural framework.

The specific factors which lead to such closed
or compact buildings and thus to a large scale
structure often include production and ancillary
areas which belong together functionally and
technologically. Further features include:
• cost-effective building systems with large
capacities that can form larger and therefore
economic units when extensive in-house
technologies are required,

• decreasing transportation distances, and
• saving on the cost of land when the price of
property is high.
Since large spaces are generally practical for a

wide-range of requirements whether in relation to
processes, logistics, or administration they offer a
high degree of future changeability. From an

storey buildings flat buildings halls 

floor plan 
dependent on 

section profile
dependent on

cellar 
supply
connections 
operating costs
ceiling heights
crane payload
vertical conveyance
horizontal convey.
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load transfer
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windows width/room depth
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support grid, roof pitch 

span of crane, crane hook height,
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forklift
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4.50 m to 5.50 m
up to 3 to
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places, stairs and elevators
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few work places, crane installations 
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local radiators, window ventilation 

overhead lighting strips, top light domes
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high
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cooling off  through walls and roofcooling off through the roof good heat retaining capacity  
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energy perspective they are advantageous in that
the loss of heat is minimal due to a favorable A/V
ratio (envelope surface A to volume V) and
shorter pipes and cables for supply and removal
systems. As long as constraints such as column
grids that are too narrow or disadvantageously
located core areas are avoided, interiors can also
be modified.

In contrast, the total volume of a dissected and
open outline building is divided into several equal
or different sub-volumes. The subdivision may be
classified by offset, stacking, terracing, gearing or
coupling of the resulting building mass. Although
complete separation of structures may lead to new
individual building elements (see: campus), these
detached buildings are regarded as part of an
articulated group of structures based upon a well-
thought out Master Plan.

All of the heterogeneous building layouts
typically have smaller, manageable spatial and
body dimensions and are characterized by a
greater ratio of exterior wall area per square

meter of floor space. Factors which lead to
structured expansive building forms often
include varying structural and spatial specifica-
tion for the production such as greater loads,
various heights, increased humidity or different
ventilation and air-conditioning requirements etc.
Further reasons for separating areas into different
buildings include:
• dangerous or irritating sub-processes that e.g.,
generate loud noises or vibrations; emit gases,
vapors, dust or smells

• areas with a greater risk of fires or explosions
that thus require their own special safety
regulations.
In most cases, a large envelope and building

volume is generally less energy efficient and more
costly. On the other hand, one might wish to
increase fenestrations for more visual contact to
the outside world while being spatially close to
production; at the same time, decentralized
buildings are extremely efficient in the form of rest
rooms and canteens, changing-rooms, toilets, etc.
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12.2.3 Linking Principle

In view of maximizing building capabilities
towards changeability of designs, in addition to
the previously discussed building typologies, a
third point requires a considerable thought—the
“linkage” of buildings. The entire campus—work
areas and individual buildings are connected and
maintained by “blood vessels”, characterized by
traffic routes, utilities networks and material flow
routes. In the same way, once selected, the
positioning and connection of the adjacent
buildings determines the communication rela-
tionships among them. According to [Kar90], the
chosen combination principle either encourages
or discourages the “internal” expansion (retro-
fitting media) or external expansion (additional
plant areas). Selecting the combination principle
is thus of paramount importance since the mul-
titude of essential functions that overlap at the
interfaces of the building structures often means
that changes are significantly more complicated
to execute than in the floor plan or profiles of the
individual structures.

In continuation of principles discussed so far
examples for linking principles are shown in
Fig. 12.11. The examples focus on long-term
arrangements corresponding to expansion options
of industrial building structures. The principle of
coupling leads to additive design of building
structures. The linear arrangement of building
volumes along an axis results in a spine for people,
material and utilities movement. Vacant locations
on either side adjoining the axis could be filled-in
with future expansions at a later date provided the
total length of spine is planned well in advance. In
contrast, the building volumes around a courtyard
are not connected to each other but organized
usually at right angle around an open space (e.g.
logistics truck space). With skillful interpretation,
expansions might be ring-like allowing for shorter
runs to neighborhood buildings. The star shaped
arrangement also provides a central open space,
but the angular geometries provide lesser freedom
in terms of the site plan.

It may be also possible to locate buildings in a
site in a seemingly chaotic manner and link them
using fractal theory. The site geometry of traffic

cross allows volumes to be arranged perpendicular
to the axis of movement creating four zones or
sectors between the axes for potential building
zones. In case of spiral and a circular structure,
building volumes are arranged along imaginary
lines of movement, as part of dynamic circuit
geometry. The grid principle is built up with refer-
ence to a geometric coordination system allowing
definitions of the current and future relationships
between built and un-built areas to change.

The selection of the sectional profile, outline
figure and the linking principles should be
included in discussions to resolve possible current
and future process and logistics requirements.
Figure 12.12 shows changeability aspects of
section, outline figure and linkage principle for a
typical combination of hall and office wing. The
arrangement of the buildings determines expan-
sion possibilities in plan and section, but also the
linking space for e.g. staff, visitors, materials and
utilities media. Hereafter the characteristics of
changeability of a design are clearly defined.

12.3 Property Protection

Depending on the type of plant and how much it
is endangered, systems may require special
measures with regards to burglary and theft as
well as protection from fires and explosions.
[AGI04] provides an overview of possible fac-
tors and examples.

12.3.1 Burglary, Theft

The traditional solution against burglary and theft
is fencing the perimeter of the plant to provide
necessary external security. Depending on where
the gate is, extensive parking for employees and
visitors can be located before the plant entrance if
permitted by authorities. Fences often provide
little protection though against trespassers as they
are relatively easy to overcome for experienced
offenders.

From an urban planning point of view as well
as from the perspective of more changeable
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grounds where extensions are concerned, fencing
systems can be completely dispensed with when
motion sensors and door/window sensors are
installed. An integrated, coordinated security
concept focused on defined, special safety areas
can also gradually and easily respond to changes
in uses. Moreover, modern alarm systems allow
messages or alerts to be automatically forwarded
to service centers i.e., plant security, the police or
a private telephone number.

12.3.2 Fire and Explosion Prevention

Measures for preventing fires and explosions
should be derived from a comprehensively
developed fire prevention concept for the entire
factory premises. The concept first regulates the
safety of people by:
• providing sufficiently short escape routes,
• ensuring the fire resistance quality of the
structural support systems, building shells,
extension elements, rescue routes and

• extracting smoke when there is a fire.
In particular, preventing explosions means

storing dangerous substances in specially desig-
nated rooms. In order to facilitate the available
changeability, the developed fire prevention con-
cept should not be obsolete as soon as initial
changes aremade, rather it should contain reserves
for short escape routes and factors for extracting
fumes. Spaces for storing explosive materials
should be easily enlarged or able to be dismantled
or demolished if necessary when the space is no
longer required. The technical details are in-depth
described in Sect. 10.5.1. Further informations can
be found e.g. in [Jon14] and [Int11].

12.4 General Development (Master
Plan)

12.4.1 Procedure

The general development, also called “Master
Plan” shall generate a synopsis of material-flow,

town planning, landscaping, energy and envi-
ronmental and laws, in a way that best suits the
functional utilization of the given site. The
“Master Plan” brings together buildings and open
spaces in present and future in clearly defined
phases. A master plan looks forward to the var-
ious stages of development in a coordinated
manner even though a part of the terrain is
already built. The goal is to avoid blockages or
bottlenecks which might impede future expan-
sion, such as unfavorable building locations or
utility systems which require expensive renova-
tions. A comprehensive master plan optimizes
not only communal regulations with regards to
specifications for building dimensions, floor
areas or necessary parking spaces, but also urban
planning problems related to the general factory
planning along with energy and ecology related
factors. Examples here are:
• the functional relationships between sectors of
the plant,

• the quality of the spaces,
• the orientation of the buildings according to
solar criteria with regards to shading and
energy balancing and

• consciously including green spaces and venti-
lation corridors.
For more detailed information on urban

planning law regarding master plans as well as
building regulation codes see [Mar11, Chi12,
Kie07].

With reference to our discussion on compact
and dissected outline figures, building types
could be centralizing or decentralizing factors in
the master plans. Figure 12.13 lists these princi-
ple factors. For example centralizing factors
follow the functional principle of grouping
together similar functions as close as possible,
whereas decentralizing factors tend to divide the
structure of a company into more or less inde-
pendent operating units.

The differences between an ideal plan and a
real plan should be pointed out. The ideal plan is
the master building plan that would be realized
when there are no local restrictions. This plan is
important for developing a concept of the ideal
factory and to be able to estimate the

324 12 Master Building Plan

http://dx.doi.org/10.1007/978-3-662-46391-8_10


disadvantages that result with deviations from
this ideal state. In order to then develop the real
plan from the ideal plan, the features of the eli-
gible grounds need to be verified in regards to
the:
• zoning and organizational grid,
• access to public infrastructure (incl. public
transportation and utilities),

• supply and removal systems,
• structures and open spaces.

Figure 12.14 shows a flowchart for develop-
ing a Master Plan [Agg80]. The necessary areas
in the site are defined according to use (specific
zones), the building structures and technical
infrastructure are best integrated into a coherent
development. The aim here is not only to satisfy
the existing requirements but plan for the future
extension phases, too. Usual planning horizons
are five, ten or fifteen years. It is important to
exactly evaluate the requirements and arrive at a
precise coordination of the possible zones,
buildings and infrastructure.

What is striking is the absolute necessity of
establishing a cooperative planning process
which involves the active participation of the
authorities early-on in regards to local infra-
structure, supply and removal systems and

environmental protection. The zoning provides
key information for the functional areas manu-
facturing, logistics, administration etc., whereas
the planned routing for the supply and removal
systems is essential for the infrastructure. Traffic
plans, parking places, external green areas,
streets, fencing and the building plans (cadastral
maps) should all be clarified for the master plan.

12.4.2 Zoning and Organizational Grid

The basis for the zoning is the roughly dimen-
sioned factory concept developed during the
structural planning (see Sects. 15.2 and 15.3). In
particular, all of the necessary options for
extensions need to be thoroughly identified. The
plan for the functional areas is then derived from
the refined zoning. Depending on the size of the
grounds and the project a grid based on square,
rectangle or triangular units is recommended. In
order to facilitate further development of the site,
it is advantageous to use a uniform dimensional
system for the construction and interior planning
which then also allows a quick area control by
counting the area modules. Moreover, any
additions, conversions or extensions in future
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development stages are then embedded into the
arrangement of buildings and roads.

A site is generally best assessed when the
modular grid points are oriented more or less
parallel to the main direction of the lot’s pro-
gression. Buildings can then be advantageously
constructed with straight, continuous external
walls. According to DIN°4171, DIN°4172 and
ISO°1791 possible grid systems are standard-
ized; grid sizes are selected depending on the
objectives of the factory planning, the cut of the
land and bank costs.

Figure 12.15 depicts an example of a project
zoning and grid. In this example with the zoning,
it is important to take into account a protected
areas as well as vegetation areas that are not to be
built over in order to provide a scenic nature
reserve which also serves as a planned “vegeta-
tion compensation” area. Based on the material
flow, it is possible to have three construction
stages without disrupting an on-going produc-
tion. The factory expansion takes place in
accordance with the modularity of the process
and logistics elements on a parent grid network

for the road construction, building and space
expansion.

The large scale of the zoning grid is further
sub-divided into smaller grid systems for detailed
planning. Typical dimensions for zoning grids
are e.g. 36, 50 and 60 m. For building and con-
struction suitable smaller grids of e.g. 18 m
(possible clear span of production hall structure)
or 1.20 m (possible office module) may be
derived.

12.4.3 Infrastructure, Supply
and Removal Systems

Infrastructure refers not only to the linking of the
premises with the public traffic network, but also
to controlling the extra-plant material flow on the
grounds, managing the flow of employees and
visitors as well as ensuring access for emergency
services. In agreement with the master plan’s
strategic plant expansion the access grid sets the
area modules for the road system. The traffic
routes have to be defined together with the
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building forms and structures. It is often practical
to overlap the access systems and media routes
on the property, since building over the routes for
supply and removal ducts is generally against
building regulations.

One of the most important tasks of the master
planning is to design and position the main traffic
and media routes so that they are trouble-free and
suitable well into the future. Especially with
modular concepts it is critical that the infra-
structure is planned with farsightedness. More-
over with the supply and removal system’s
collection and distribution structures it has to be
weighed whether a centralized or decentralized
layout is advantageous. Centralized systems for
the energy supply, transformers, heating or ven-
tilation and air-conditioning systems usually
mean lower investment and operating costs. In
comparison, with decentralized systems there are
fewer lines and thus less transmission losses.
Furthermore, when there is a defect, the entire
plant is not blocked and when retrofitting indi-
vidual plant units, it is easier to make adjust-
ments to the media utilities. Here too, there is a
tendency towards modules which are function-
ally pre-assembled and tested so that they are
quickly operational.

Figure 12.16 illustrates exemplary layouts of
access, supply and removal systems. On the left-
hand side the access routes are visible, whereas

on the right-hand side variations for the media
lines are vertically depicted. In view of change-
ability, it is important to provide possibilities for
easy expansion and development well into the
future with simply upgradeable additional main-
lines within the cross-sections of the ducts, pipes,
bridges or secondary stations.

12.4.4 Buildings and Open Spaces

In accordance with the objectives of the factory
design and once the building forms and grids
have been selected, modular building concepts
strategically expanding the site in multiple stages
are beneficial. Green areas and parking lots
integrate the building into the grounds as well as
into surrounding urban and natural environments.
A consistent green concept is recommendable for
the entire plant premises including all of the
boundary areas transitioning the factory grounds
into its surroundings. The concept should include
seepage areas and storm water retention basins as
ecologically valuable biotopes. Green areas also
serve as recreational areas for employees during
their breaks.

Parking areas should be shaded using trees or
light-weight roofing structures, particularly in
warmer climates to avoid being ‘heat islands’.
Impermeable parking surfaces should be
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prevented; gravels, cobbles stones, paver blocks
which allow grass to grow, are ideal for rain-
water percolation. Figure 12.17 illustrates the
principle of the spatial layout for the exemplary
modular factory presented in Fig. 12.15.

In Fig. 12.18 an example of various options for
relocating a plant from an urban setting to the
outskirts of a large city are depicted. The suit-
ability of two possible locations is analyzed based
on a list of criteria. The changeable building
structure evolved from the requirements of the

accompanying factory planning based on a con-
struction grid measuring 26 m × 36m. The plant is
developed in a number of construction stages. For
both locations a comprehensive green concept
was developed in continuation of existing vege-
tation structures, whereby storm water retention
ponds were integrated into the landscape for the
roof drainage. Since solution B offers better pos-
sibilities for developing the area as well as the
option to have a number of entrances to the
property it is selected for further planning.
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With this we conclude our discussion of
developing a plant site. In general, this also
means that the factory planning tasks are in a
strict sense complete. The next higher level of
planning concerns the location and is closely
linked to the production strategy of the company.
We will examine it in the next two chapters, first
from a spatial view and then from a strategic
perspective.

12.5 Summary

Starting point of the site master plan are the
specifications of the production program as well
as the topographical, infrastructural, climatic and
legal requirements of the location. In an in-depth
discussion of variant concepts regarding future
levels of adaptability aspects of energy efficiency
and sustainability are to be observed. The
decisions on the sectional profiles, floor plan
figure and linkage principle between buildings

determine the future security of the enterprise
and requires a team effort with high creativity of
all stakeholders.
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13Site Planning from Space View

The choice of location is the most far-reaching
decision in the context of a new factory. On one
hand it is based upon the company’s long term
global supply chain policies and the corre-
sponding networks of customers and suppliers.
On the other hand, basic decisions are to be taken
about the long term development of the site.

In the following discussion it is assumed that
on the strategic level decisions on the role of
production as such have been successfully com-
pleted even if there were a few uncertainties. It is
also assumed that during the previous planning
phases, the number of possible sites were
restricted to few options. Both aspects will be
thoroughly discussed in more detail in Chap. 14
“Strategic Site Planning”.

It is now necessary to analyze these sites at the
local level in terms of space planning. Figure 13.1
summarizes the relevant design fields for all
elements of the local site level from space view.

13.1 Site Development

During the industrial era, textile mills were built in
the immediate vicinity of water-courses in Eng-
land. Prior to the availability of steam and water
power, mechanical energy was essential for the
transmission drives of looms and waterways were
used for distribution of goods to urban markets.

In the present context, the choice of a site is
dependent on a variety of interrelated global,
regional and local factors. At the global level it is
determined by the exchange of goods and
services at corporate level. At the local level, the
strategic location of the site is extremely impor-
tant within the overall logistics network—avail-
ability and capacities of various transport
facilities—including truck, rail, air and sea.

In order to avoid constant interference in the
movement of goods, the traffic interfaces—mo-
torways or trunk roads—should be outside
problematic traffic zones. Moreover the con-
necting roads and bridges should be free of inner
city traffic or restrictions in terms of heights,
widths or weights of vehicles. Convenient access
to airports is becoming increasingly important,
due to competition and shortened reaction time,
especially for export-oriented companies. For
rail transport, it is important to have existing
railway tracks in the vicinity; one may even
consider the advantages of owning a railway
siding in the long run. A further advantage
could be the proximity to freight distribution
centers or container terminals. The regional
movement of goods along rivers and canals is
economically viable for bulky, heavy or cheap
raw materials. The effect and development
of traffic and transport system of a possible
location needs to be studied over a period of
15–30 years.

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_13, © Springer-Verlag Berlin Heidelberg 2015
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13.2 Utilities Supply and Disposal

A thorough inventory provides clarity on all the
media existing within the premises of the property
as well as the media entering and leaving the plot.
During the basic data evaluation of the various
utilities, the required and available quality and
quantity, along with delivery reliabilities as well
as current and expected future tariffs need
examination in detail. Major media supplies
include electricity, water, gas and telecommuni-
cations while disposals include storm water
drainage and sewage systems. For existing supply
and disposal systems on the property their
suitability for the proposed new requirements
needs to be checked. In case of revitalization
of existing industrial brown-field projects, the
condition of existing networks of drainage and
sewers should be inspected (e.g. for leak) with the
help of appropriate tests and devices before
planning ahead. It is advisable to record and
analyze the layout of the various existing media
along with their levels using a 3D CAD model in
the context of synergetic factory planning.

Figure 13.2 shows excerpts of a 3D data model
for the supply and disposal lines of an assembly
plant. Early documentation of all existing and
planned utilities and media networks of the site
avoids unpleasant surprises during construction.

In order to determine the required amounts of
energy and energy load profiles, an expert or a
team of experts having the required knowledge of
overall energy simulation of the proposed plant
should attend the negotiations with local utilities
authorities. Location and number of transformer
stations have to be aligned with the objectives of
the general development steps of the site. Long
term changeability in all phases of the general
development plan should be ensured through
strategic expansion phases of the work, taking
into account coincidence factors for the machin-
eries. A coincidence factor is defined as the ratio
of average consumption to the installed power.

These requirements should result in the
required data—for example the daily average
requirement of water supply or the peak con-
sumption during the different development pha-
ses. The authorities or insurance companies at
times, ask for a separate firefighting sprinkler
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water reservoir. It is important to quickly analyze
the situation and ascertain possible requirement
for water pressure and other requirements for the
sprinklers. Often it is sensible to examine the
possibilities of trying to have own water supply
through deep tube-wells thereby securing a long
term source; such systems are particularly
important for companies such as breweries or
food manufacturers where the quality of water is
of great importance. Analysis of physical and
chemical properties (particularly hardness, tem-
perature, etc.) of the water samples should be
ideally a part of the agreed water supply contract.

For heating building and processes, gas is
preferable to petroleum products for reasons of
lower environmental impact. For smaller
demands portable containers may be sufficient.
Sites in the vicinity of thermal power stations for
district heating can make use of hot water or
steam at economical tariffs. A detailed analysis of
energy demands and possible expenditure could
help clarify longer term profitability when com-
pared to owning costs.

The disposal of rain water from the roof-tops,
paved roads and open spaces into the public
storm water drainage system may not be possible
for various reasons. It would be ideal to install
rain water harvesting systems within the site to
re-charge the sub-soil water tables and aquifers.
A detailed geo-technical survey during the basic
data evaluation phase would provide necessary
clarity in terms of the existing soil conditions,
location and depth of water table, etc. so that the
installations for rain water harvesting could be
provided at suitable locations, leaving the rest of
the site free for the proposed buildings.

Liquid waste from factories are usually a mix
of domestic waste, waste water from manufac-
turing processes and others including storm water
polluted with oil and grease from the parking lots.
All such liquid wastes need to be suitably treated
prior to allowing the same into the public disposal
system. The 3D utilities, site and building model
could be a helpful tool to decide whether the
waste water is able to flow out of the plot
boundaries due to gravity or needs pumping due
to differential levels in building, plot and the
public disposal network outside. Internet and
video conferencing require high-end data cabling
and telecommunication networks. With the fast
development of IT-technology, high speed net-
works are of increasing importance.

13.3 Plot

13.3.1 Geometric Properties

The size, shape and topography of the plot
determine its usability. The definition of the
overall space requirements at the inception of
the project leads to the general arrangement of
the master plan for the given site. Often questions
arise as to whether it is advisable to purchase the
land required only for the first phase develop-
ment or for entire project including all possible
extension phases. There are a number of
parameters, which needs to be looked into such
as current versus future land price, costs of

3D data model supply 
and disposal utilities

Fig. 13.2 Supply and disposal of an assembly plant. ©
Reichardt 15.228_JR_B
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development, capital annuities and tax, planning
and sanctioning risks, maintenance costs, etc.

The ratio of length of the plot to its width, the
angles at the corners and the location of entrance
driveways determine the suitability of the site for
the present and future processes as well as
changeability or future conversion potentials.
Ideally compact and square plots are suitable for
a concentrated type of production while longi-
tudinal plots are preferred for predominantly
linear production processes. The location of
possible driveways determines the future possi-
bilities of development, for example regarding
modular plants as “factories in the factory” with
their own entrances and fire hazard escape routes.

Plots having a gentle slope up to 2–3 % are
advantageous compared to more steeper slopes
since the same might restrict material flow and
distribution of utilities. Furthermore, it would not
be advisable to level the site in terraces, since the
costs and the time required for construction
increases significantly. In some sloping terrains,
intelligent engineering might help to connect a
two-storey independent utilities block to a single

storey production building at both levels without
leveling of the land. In order to minimize the
effects of additional costs and time it is advisable
to optimize the cutting and filling of the terrain.
Figure 13.3 shows an example of the optimiza-
tion of excavation and filling using a 3D topog-
raphy model for an assembly plant such as no
external movement of soil is necessary.

13.3.2 Soil Characteristics

The various technical possibilities for building
foundations are dependent on the type of soil, its
physical and chemical properties, the safe load
bearing capacities at various depths, depth of the
ground water table and others. The water perme-
ability of the soil determines infiltration possibil-
ities of rain water within the boundaries of the
property. A complete geo-technical analysis of the
soil needs to be performed to get a basis for either
planning or contracting. For a complete picture of
the sub-soil strata, generally standard penetration
tests are recommended over a grid of 10 m × 10 m

excavation = 

topo lines
optimization of topo lines  in the 3D model 

filling   

terracing     

Fig. 13.3 Topography of an assembly plant location. © Reichardt 15.229_JR_B
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(32.8 × 32.8 ft) or 20 m × 20 m (65.6 × 65.6 ft)
depending on the size of the plot or the scale of the
constructed area. In certain cities, locations or
parts of the world, the soil may contain artifacts of
archeological or historical significance or even
unexploded bombs. Such sites might entail detail
aerial photography, studies of historical data and
discussions with the local authorities. The entire
process of recovery and safe disposal of the
devices, artifacts, etc. could endanger the overall
project and require special risk management pol-
icies for the proposed cost and time schedules.

13.3.3 Obstacles and Edifices

Existing and proposed neighborhood develop-
ments needs to be extensively studied towards
possible ecological impacts of noise, smoke,
fumes or special fire hazards. Public water bodies
adjoining the proposed construction site may
entail special earth and water retaining structures
to avoid seepages or contamination. If there are
special animal habitats or plantations worth
protecting on the site the planning team along
with the landscape experts should take into
account the same while designing the master
plan, the buildings and the remaining open
spaces. In old mining areas, the site needs to be
checked for mine shafts, to avoid un-equal
foundation settlement due to inconsistent soil
strata or sudden voids. Similarly existing struc-
tures either inside the plot or just adjoining the
boundary wall on the other side needs to be
studied, analyzed and incorporated in the master
plan layout where necessary. Further existing
buildings are to be examined for suitability of
conversion; in most cases, demolition is the only
way to guarantee a holistic—functional and
aesthetic appearance of the entire factory project.

13.4 Laws and Regulations

Generally, the national, state and local planning
authorities define the areas suitable for industrial
development in either comprehensive develop-

mental plans or in the relevant land-use plans
along with their norms and policies from time to
time. The plans, norms and policies also stipulate
the extent of use of the land, zoning regulations,
the footprint to surface area ratio, the total area
which could be built in all the floors, maximum
possible heights of all the buildings etc.
Depending on the designation of the area, such as
business park or industrial area, the set-back
distances from the boundary wall, building
heights, permissible sound level and maximum
permissible limits of pollution emissions are also
formulated. In many cases, questions are asked
about the general compatibility of industrial and
commercial areas in an urban environment.
References [Kar88, Rei94a, Rei94b, Sch92] plead
for positive integration of industrial and
commercial areas in the urban fabric for town
planning as well as environmental reasons.
Existing rules and regulations of the site should
not a deterrent for future changeability. There-
fore, during the site evaluation process (see
Sect. 13.5) all possible scenarios for future site
developments must be considered. Special
approval processes for pollution levels from
specific governmental authorities often take
longer than expected and may be decisive for the
final choice of a site.

In most cases, town planning and architectural
objectives shape the existing rules and regula-
tions and design manuals of a region or locality.
Sometimes, there are specific requirements with
reference to roofs heights, facade materials and
color or even roof-top landscaping. Figure 13.4
gives some of the legal and aesthetic guidelines
for an urban development project consisting of a
400,000 m2 (988,000 ac) business park with
1500 working places. According to [Rei97] the
project was based on a public private partnership
model. The comprehensive urban planning was
engineered using 3D synergetic factory planning
methods; the resulting 3D town planning model
was continuously updated during the 7-year
execution phase. The legal stipulations regulated
the building volumes and landscaping through
the development plan, while the aesthetic aspects
of the project were clarified in advance through
3D animations. This holistic planning approach
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provides obligatory and transparent information
for all investors including sanctioning parame-
ters, design manual and visualizations.

Besides the aspects discussed above, the
national, regional and state authorities may have
a vast number of other legislations and regula-
tions or specific local statutes depending on the
place.

13.5 Site Evaluation

The various aspects of development such as
supply and disposal, land, environment, expan-
sion possibilities, construction codes, purchase
price and municipal taxes and subsidies are
aspects to be considered during the evaluation
process of the alternative sites. Various case
studies of [AGI04, Kin09] help us to identify and
list the possible selection factors of location
decisions. Figure 13.5 left explains a proven
procedure for analyzing the “benefit value”
scheme. Starting from the selection of evaluation

criteria, the planning team first of all sets a
weighting of the criteria, which totals up to
100 %. Then variants for each location included
in the shortlist are rated from 0 (unsatisfactory) to
4 (very good) and multiplied by the weighting
factor. The individual benefit values thus sum up
to the total benefit value. Figure 13.5 right shows
an example whose overall utility value is 3.25,
which is 81 % of the maximum possible value of
4.0. As a rule of thumb an examined solution
with a utility value below 80 % of the maximum
possible long term value would not be competi-
tive in the long run.

Figure 13.6 shows an example of the site
study of the relocation of a factory dealing with
rubber products. The inner city factory plot did
not offer sufficient development opportunities for
future expansion of the factory. Twelve locations
were analyzed and evaluated within a distance of
20 km from the existing location before recom-
mending a particular site. In the left part of
Fig. 13.6 the 12 optional sites are listed with their
benchmarks and top right are the rating criteria.
The sites were further analyzed using so called

volumetric study at urban level building code requirements 

Fig. 13.4 Urban development concept of a business park. © Reichardt 15.230_JR_B

336 13 Site Planning from Space View



evaluation criterion 

• accessibility for the staff

• expandability of the property area

• purchase price per sqm, 

• traffic connections for transportation

• time for clarification, purchase and regulations

• residual wastes or contamination

• soil condition

assessment : 0 unsatisfactory 1 just still acceptable 2 sufficing 3 good 4 very good (ideal)

• environmentally attractive location  

20 3 0.6

15 4 0.6

15 2 0.3

15 4 0.6

10 3 0.3

10 2 0.2

10 2 0.2

5 3 0.15 

100 3.25

selection of 
evaluation criteria 

weighting of 
evaluation criteria 

assessment
of locations 

comparison
and choice 

assessment steps benefit calculation 

weight

sum 

assess-
ment

value

Fig. 13.5 Site assessment (example). © IFA15.231SW_B
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Fig. 13.6 Results of a site assessment (example). © IFA 15.232SW_B
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“knock out” criteria which could be either non
compliance or immediate disqualification. Fol-
lowing further the explained scheme according
Fig. 13.5 left, the summing up of the benefit
values of the individual locations is given in the
lower right side of the table. The sorting by
descending values results for the location
“Wenzendorf” in a benefit value of 3.25, corre-
sponding to 81 % of the possible maximum
value. Crucial to the first rank were in this case,
among other in particular the ground figure of the
plot and the future extension possibilities.

13.6 Environmental Aspects

Heat gains and losses of the proposed factory
building should be evaluated as part of a com-
prehensive evaluation process by means of
energy simulation from the very beginning of the
planning stages. In particular, opportunities for
power generation using renewable sources like
sun, wind, water or geothermal energy should be
explored based upon the climate conditions of
the specific site, e.g. temperature profiles, sun-
shine hours, rainfall or prevailing wind direc-
tions, etc. An intelligent architectural solution, in
most cases, would generate a building typology
related to the specific location optimizing con-
struction, building shell and required utilities.
Past meteorological data is very useful when
finalizing energy performance based preliminary
design concepts. As a rule of thumb, different
climatic zones require different spatial concepts,
building volumes, orientation strategies, genera-
tion and use of alternative energies, etc.

Air movement is important for fresh air sup-
ply and should be allowed to move freely
between the buildings. Construction projects
result in conversion of natural landforms into
hard surfaces and building volumes—structures
of various sizes and shapes. In most cases, such
interventions increase the overall air temperature,
result in turbulent air-flow, driving rain or un-
seasonal rainfall or other such changes to the
micro-climate. It is advisable that new industrial

areas align the position of their buildings such
that the prevailing wind directions are not
blocked and everybody gets a fair share.
Attempts should be made to compensate for
built-up areas with a generous amount of green
and open spaces, boulevards, etc. in order to
maintain the ecological balance of the site and its
surroundings. It is an established fact that green
cover and planting of trees contribute signifi-
cantly to the improvement of the micro-climatic
and enables infiltration of rainwater for recharg-
ing of the ground water table.

In many cases there are opportunities for new
industrial and commercial areas to be planned as
an extension to existing green areas following the
landscape planning principles of Anglo-Saxon
industrial parks. Planning guidelines for a com-
prehensive 2,000,000 m2 (4942,000 ac) tech-
nology park, developed around a green center,
are shown in [Mat94]. The shrubs, green spaces
and the spacious park landscapes provided much
recreation spaces for the employees and the
nearby residents. Even during the planning of the
buildings, every attempt should be made to
enhance the image and brand value of the
Company through green and sustainable tech-
nologies for a natural and livelier environment.
Car parking lots should be generally designed
with trees while main access roads could be lined
with trees on either one side or both the sides.
Further, roof and facade landscaping could con-
tribute significantly to a better quality of eco-
logical environment.

13.7 Summary

The choice of a location is the most important
decision in the context of any new development
of factories. The long-term aspects of develop-
ment, supply and disposal of media, utilities,
rules, regulations and increasing ecological and
environmental concerns influence a company’s
present and future changeability. The multitude
of relevant parameters requires a thorough and
systematic assessment of possible options.
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The discussions on site and master planning
have shown that a synergetic approach to problem
solving should help in resolving most of the
developmental capabilities of the chosen site in the
long term at the very beginning. These aspects are
continued in Chap. 14, strategic site development.
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14Strategic Location Planning

14.1 Introduction

Searching for a location from a strategic per-
spective is not a primary responsibility of the
factory planning, but rather of the enterprise’s
management. Nevertheless, since knowledge
about the underlying key assumptions strongly
impacts the later features of the factory—in par-
ticular the required degree of changeability—they
are highly significant for the factory planner when
developing an existing or new location. The fac-
tory planner should also be familiar with how
such strategic decisions are made so that they can
estimate the certainty or uncertainty of some of
the assumptions especially in regard to the future
product spectrum. With the following remarks we
can only illustrate the framework and basic steps
involved in the search for a strategic location,
those wishing more in-depth information are
referred to e.g., [Au07, Kin09, Abe08, Heg08].

14.2 Location Planning
Triggers

Our discussion about change drivers in Chap. 1
clearly demonstrates that a plethora of external
and internal change drivers impact a factory. Not
all of them are reason to question the location.
Usually, only the simultaneous and sometimes
almost imperceptible appearance of several fac-
tors triggers an insidious drop in corporate earn-
ings and growing unease in management. This in

turn can lead to the realization that the current
location perhaps no longer ensures continued
success in economic, ecologic and social terms.

Figure 14.1 depicts internal and external driv-
ers that can bring a location as a whole into
question. The external influences from technol-
ogy, market and environment tend to represent
constant seeds of change. Only when obvious
weaknesses in the logistic performance and cost
situation combine with fluctuating quality and on-
going capacity constraints does management
begin to recognize that continually improving
individual weak points is no longer sufficient. It
then becomes clear that a comprehensive approach
based on a long term competitive strategy for the
production is required. This can mean focusing on
one of the targets named in the diagram (cost,
quality, technological, logistics or flexibility
leadership) or a combination of them. Then at the
latest management will have to deliberate the
international orientation of the production. Con-
siderations here can come from two key perspec-
tives: internal competitive strategies stemming
from strategic impulses or motives for interna-
tionalization. Motives for internalization may
include significantly reducing costs, opening-up a
new sales market, the pressure to follow one or
more customers to their international location or
the rather seldom motivation of opening-up spe-
cific know-how found in another country.

In Fig. 14.2 we can see that these two per-
spectives have to fit together strategically
[Kin09]. Internationalization is not very useful
when for example personnel costs represent only

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_14, © Springer-Verlag Berlin Heidelberg 2015
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• Individualization of customer desires
• stronger consumption fluctuations
• international division of labour 

• factor costs
• legal regulations
• taxes 

• lacking logistics performance
• lacking process reliability
• high production costs
• capacity bottlenecks 

market environment 

• materials
• manufacturing methods
• automation engineering 

technology 

strategic targets weak points 

• cost leadership
• quality leadership
• technological leadership
• logistics leadership
• flexibility leadership 

site-specific reaction:
reorganization   expansion  green field

external 

internal 

Fig. 14.1 Change drivers and alternative responses on the location level. © IFA 15.252_B

competitive strategies

cost leadership

quality leadership

technological leadership

logistics leadership

flexibility leadership 

motives for internationalization

costs
reduction  1) 

opening up
markets 

following
customer 

opening up 
technology /
know-how 

in principle, motive matches the strategy motive does not match the strategy 

1 ) also contains raw material and energy costs besides labor costs as well as cost-intensive legal regulations

Fig. 14.2 Strategic fit between motives for internationalization and competitive strategies (to Kinkel et al.). © IFA
15.253_B
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20 % of a product’s manufacturing costs and the
ratio of work costs at a German location to those
at an international location is 5:1. In this case,
assuming the same material costs, savings would
equal 16 % of the manufacturing costs. Addi-
tional costs for logistics, start-up and manage-
ment could however easily erode these savings.

In comparison, regardless of the competitive
strategy, opening-up a new market is always
agreeable. One the other hand, following one or
more big customers to their sales markets is not
sustainable from a pure cost perspective. Finally,
opening-up new technological know-how only
supports strategies focused on quality, technol-
ogy and flexibility leadership [Kin09].

Depending on the depth and breadth of the
analysis, the findings may show that reorganizing
the current site (e.g., transforming it into a lean
production) suffices. In other cases, needs can be
met by expanding locally, possibly combined
with consolidating a number of locations.
Finally, it might be necessary to construct a new
site, either while relinquishing the current loca-
tion or as an additional location linked to the
current site by sharing functions and capacities.

It is critical that this decision is not made
impulsively nor due to a single factor (e.g., pres-
sure around costs, proximity to a big customer),
but rather is made following a thorough strategic
planning. Figure 1.6 in Chap. 1 already presented
the argument that failure to pay attention to this
rule results in a quarter of all internationalizations
being unsuccessful. Moreover, enterprises are
then faced with moving the production back to the
original country, entailing considerable losses. It is
frequently said that such academic exercises take
too much time and that prompt action is instead
required, however, this ignores the complexity of
the task and the thus unreflected risks related to it.

14.3 Suitability of the Current
Structure

Before the actual search for a location is initiated,
it needs to be ensured that the current and new
locations are comparable in regard to the factors

critical for success. In accordance with [Jun04]
the factors critical for success (which we will
refer to here as ‘performance factors’) are:
• productivity/production costs,
• throughput times,
• capacity for innovation,
• product and production flexibility as well as
• product and process quality.

Obviously it is not appropriate when a loca-
tion that has grown ‘organically’ and has not
been thoroughly modernized in years is com-
pared with a new location that has been opti-
mized according to the state of the art. Thus, first
the latent potentials in the existing production
should be explored and evaluated in regard to
their possible impact on the five abovementioned
performance factors. There are numerous
approaches to accomplishing this (e.g., Lean
Production, Total Quality Management and
Business Reengineering) and are frequently
combined together to form an integrated pro-
duction system.

However, since our concern here is more
about estimating the potential and not concretely
implementing it, it is recommendable to focus on
four fields of modernization, namely technology,
organization, personnel and product [Jun04].
Figure 14.3 illustrates the general procedure for
doing this. Through a structured analysis of the
measures already implemented in these four
fields and the search for further improvements,
the potential optimization that has already been
used as well as that which can still be exploited
in regards to the five performance factors can be
estimated.

Possibilities for modernizing these four fields
are summarized in Fig. 14.4 [Jun04]. In terms of
production technology the main focus is on
maintaining highly stable processes in the face of
internal sources of disruption and flexible auto-
mating complete value adding chains. The pre-
viously described flexibility of the product and
process variants is also prioritized. Ultimately,
the aim here is to permanently increase the
overall performance.

Based on the example of optimizing the pro-
duction’s performance, Fig. 14.5 provides a
detailed overview of how to analyze such
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measures. The measures listed are characterized
by the implementation of new machine tool
concepts and manufacturing processes which can
impact the five performance factors positively,
negatively or ambivalently. In this case, the pri-
mary focus is on increasing productivity. Since
the throughput time represents a relatively small
share of the value adding, less focus tends to be
placed on influencing it. Although the flexibility
is negatively influenced due to the comparably
high setup times, the quality can be positively or
negatively influenced depending on how con-
trolled the processes are.

Returning to Fig. 14.4, the key possibilities
for modernizing the organization of an enterprise
are found in hierarchical organizational structures
and workflows. It is precisely here that Lean
Production strategies come into play, ranging in
form from manufacturing cells and segments up

to largely independent business units. In view of
creating superior products, not only the produc-
tion but also the product development should be
included here e.g., by having development teams
working closely with production. Determining
the vertical integration and spatial distribution of
the value adding poses one of the key starting
points for the entire search for a location and is
extensively discussed in Sect. 14.4. In general it
comes down to ensuring the supply is close to the
market while finding the right balance between
costs, quality and logistics.

In terms of modernizing personnel perfor-
mance, new work structures with greater task
integration and on-going skill development pro-
vide valuable approaches to improvements. Here
the aim is to increase employees’ understanding
of the necessity for continual change, so that it is
no longer considered a threat, but rather seen as a

possible modernization fields at current location 

technology organization personnel product 

structured analysis of
modernization measures carried out 

identification of starting-points
for further improvements 

optimizable performance factors at current location 

manufacturing
cost 

product
quality 

product
flexibility 

innovation
ability 

lead
times 

estimate of realistic optimization 
potential still to be exploited 

estimate used potential at
current location 

Fig. 14.3 Estimating
optimization potentials at
current location. © IFA
15.254_B

modernization fields 

technology organization personnel product 

• stability

• automation

• flexibilization

• performance
optimization 

• organization 
hierarchy

• business processes

• vertical integration 

• work structures

• training

• leadership

• wage systems 

• standardization

• modularization

• market 
customization

• new products 

Fig. 14.4 Potentials for
modernizing an existing
production. © IFA
15.255_B
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challenge and an opportunity. The general
approach is characterized by increasing the
flexibility of work hours and allocating tasks.

Finally, the potential of integrating standard-
ization, modularization and platform concepts
into the product design should be examined.
Mastering market-specific product adaptations
(e.g., in regards to country specific acceptability
and safety standards) and their impact on the
production and logistics offers a variety of
potential with corresponding repercussions for
everything from product structure to packaging
design. Developing new products as well as
further developing existing products is one of the
permanent challenges for an enterprise. Knowl-
edge about the measures intended for this is
crucial to the search for a location.

In some case, the impact of selected measures
on the performance factors should be estimated
not only qualitatively but also quantitatively.
According to research conducted by Fraunhofer
ISI, segmenting the production, introducing the
pull principle, implementing simultaneous

engineering as well as task integration and group
work in the production have the greatest impact
[Jun04, p. 149]. Preliminary studies such as these
focus forces on using potential instead of rushing
more or less unprepared into a risky relocation
abroad.

14.4 Location Factors

There are numerous recommendations for
assessing locations e.g., [Au07, Paw08, Abe08,
Eve96]. Usually they are differentiated according
to global, regional and local aspects. In this
chapter, we will only focus on the global,
regional and local strategic factors, the local
factors will be examined from a spatial per-
spective later in Chap. 13.

Traditionally, global location assessments
focus on production and market factors.
According to research conducted by Kinkel
though, these should be extended to include the
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performance factors examples measure 

performance 
optimization 

• high speed processing

• hard machining

• dry processing

• machine tools with linear drives

• computer integrated manufacturing (CIM)

• manufacturing methods for new materials 

±-+ (+) 

Fig. 14.5 Impact of an improvement measure (Example: Optimizing performance in the modernization field
‘Technology’). acc. to Jung [Jun04] © IFA 15.256_B
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five performance factors introduced in Fig. 14.4.
Furthermore, an additional category that arises is
the network requirements—in many cases the
related expenditures and benefits are not con-
sidered sufficiently [Kin09].

Figure 14.6 provides an overview of the
resulting location factors with each of the cate-
gories further sub-divided into quantitative and
qualitative factors. All of the factors should be
understood as generic terms for a bundle of
parameters which can be further differentiated.
Due to the long term binding nature of the
decision, the selected time horizon is an impor-
tant condition and should not be less than 5 years
and in special cases 10 years and more. Fre-
quently, one tries to estimate the development of
the quantitative factors during this time period.

Starting with the production factors, the
quantitative parameters include the production

factor costs in particular the costs and availability
of personnel, followed by capital investments,
materials (supplier), energy as well as property
and other taxes or fees. Laws, procedures and
macro-economic indicators also belong to this
list. Qualitative factors are mainly concerned
with the quality and long term stability of pro-
duction factors and infrastructure, but also take
into consideration political stability as well as
geo-specific and socio-culture factors.

The market perspective is primarily charac-
terized by the sales potential and trade hindrances
such as the mandatory share of local content or
duties. The more qualitative factors include the
long term attractiveness of the market and the
current/future behavior of competitors.

Performance factors should be assessed in
dependence of the pursued production strategy
and can be actively influenced by the enterprise.

network requirements

• need of cooperation and networks at the respective location in the areas marketing / sales, 
service, R&D, education and advanced training, site development

• unexploited potentials of available networks vs. costs for the network development

quantitative qualitative 

sales
potential 
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market factors production factors
(input) 
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Fig. 14.6 Location assessment factors (Kinkel). © IFA 15.257_B
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Thus if the goal is cost leadership, the produc-
tivity and process stability (‘process quality’) are
decisive for success, whereas if the goal is high
quality products, the product quality, the ability
to innovate, and modifying products to meet
customers desires are first and foremost. If
products are similar to those of rival companies
then delivery times and delivery reliability are
the keys to distinguishing the enterprise from
competitors; in this case a high logistic perfor-
mance is decisive.

Relatively new factors that need to be con-
sidered are those that result from networking.
The key here is not only the networking of the
own production with the other locations, but also
the smooth cooperation with suppliers, the
domestic marketing and sales, equipment ser-
vices (IT, maintenance), research and develop-
ment for adjusting products to local
requirements, education and advanced training of
existing and locally hired staff as well as devel-
opment of the location outside of the actual
enterprise. Thus there is new potential to be
exploited but, among other things, considerable
costs are to be expected in order to develop the
network.

The assessment itself represents a learning
process, which regardless of the general basic
steps has to be conducted anew every time by a
core team that includes management. Whereas
initially positive arguments may be in the fore-
ground of discussions, examining the situation
more thoroughly will reveal negative aspects as
well.

Depending on the internationalization strategy
being pursued, the bundles of factors outlined in
Fig. 14.6 have to be further defined and made
more concrete (see Fig. 14.7). Although the
factors were obtained in the context of a planned
internationalization, they are in principle also
applicable for the location within the own
country, since there can also be appreciable dif-
ferences within a country in regards to the indi-
vidual factors.

Based on a business survey conducted by
Kinkel, Fig. 14.7 lists the most important factors
when developing a new sales market and
reducing costs. We will only discuss these briefly

here; for a more extensive explanation please see
[Kin09].

The most critical aspect when aiming to open
new markets is realistically estimating the market
potential, followed by analyzing the local com-
petition. Moreover, vital prerequisites include
developing a thorough understanding of the
market and accessing distribution channels.
These in turn allow realistic target prices and
margins to be set. Furthermore, it may also be
necessary to modify products and/or provide
local supports and services in order to access a
new market. Obstacles in the form of trade bar-
riers or questions of product liability also need to
be considered. One last consideration is mone-
tary benefits in regards to procurement: Since
both purchases and sales are made in the same
currency, fluctuations in currencies can be com-
pensated for at least be partially.

The management consultancy A.T. Kearney
offers a clear presentation of these relationships
(see Fig. 14.8) whereby, the relevant product
families are examined in view of their position-
ing in a product portfolio, formed by the product
maturity and market complexity [Sch11].

With product maturity the aim is to determine
where the product is in its lifecycle based on the
five criteria mentioned in the lower part of the
diagram and whether or not the product is easy to
produce remotely. The more mature a product is,
the easier it is to produce remotely from a pro-
duction perspective. Based on the seven criteria
listed on the left side of the diagram, market
complexity describes how closely the product
design is tied to customers and which local
conditions might be restrictive. The more com-
plex a market is, the more important the prox-
imity to customers is.

This results in four types of plants, each of
which is labelled in a way that clearly describes
the location. The global lead plant manufactures
products that require a strong production com-
petence developed locally and with close prox-
imity to the product research and development. A
regional lead plant is located close to the cus-
tomer, but has developed their own production
competence and has a specific R&D capability.
The local server plant is also close to the
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customer, however does not require any specific
production competence, while the offshore plant
is oriented on standard products which exploit
local cost advantages.

The cost reduction strategy requires all of the
costs to be taken into account across the direct
costs, unit costs and overhead costs as well as so-
called sunk costs. The latter refers to costs that

opening-up new markets

1. realistic market potential

2. concentration (number), market power,   
technology standard (lead or delay) and 
sunk costs (signal for strategic competi-
tion) of the local competitors

3. effort for the development of adequate 
market knowledge

4. access to well-adjusted distribution  
channels and networks

5. target prices and margins

6. customization need of products to the 
market situation

7. need for application advice and service on 
the spot

8. product liability

9. codified (primarily customs, local content) 
and not codified trade barriers (e.g. 
attitude towards “German" products

10. currency advantages on the supply side 

cost reduction

all relevant cost types and drivers involved in a total costs analysis:

step 1: direct costs of the production in a broader sense

• wage and salary costs, material - and advance cost, freight (semi  
finished and final products)

• future development of wage costs and prices at the site

step 2: transition to unit costs

• productivity standard at the location

• availability and fluctuation of workers

• ramp up time and cost for quality and productivity

step 3: consideration of overhead costs

• overhead costs arising at the parent company’s headquarters

• training costs

step 4: consideration of

• costs for adapting technology to the qualification standard

• costs for developing local network 

• “soft factors"  at parent company’s headquarters ; confidence, 
motivation,  conflict

not primarily decisive:

subsidies, charges and taxes 

internationalization strategy 

Fig. 14.7 Factors critical for success when developing new markets and reducing costs (acc. to Kinkel [Kin09]).
© IFA 15.258_B
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have already been incurred at the established
location (e.g., manufacturing equipment, training,
developing local suppliers and service providers)
but are incurred once more at a new location.
Moreover, a cost reduction strategy requires for
example, that transportation costs be analyzed to
demonstrate how far a product can be economi-
cally transported in consideration of the labor cost
advantages found at the international location.

Figure 14.9 exemplarily depicts the maximum
economic transport radius curves for two prod-
ucts (PA and PB) for sea, road and air freight
routes [Sch11]. In this case, the transport costs
for the affected customer’s products do not pose
any obstacle for a so-called ‘global footprint
design’. In accordance with research conducted
by Schuh a global footprint design refers to
concepts developed according to the long term
desired spatial distribution of production capac-
ities, competences, processes and resources,
taking into account strategic and economic cri-
teria [Schu08].

The factors for the other two internationali-
zation strategies, “following a customer” and
“technology”, are summarized together in
Fig. 14.10.

Many enterprises in the supply industry are
confronted with the demand of one or more

customers to follow them to an international
location in order to create part of the procurement
net there. The location should suffice the usual
standards in regard to quality and delivery reli-
ability and increase the share of local added
value. The ten most important factors for the
“following a customer” strategy are named on
the left side of Fig. 14.10. Of these factors, the
most critical are:
• the share of sales the customer represents in
comparison to the rest of customers,

• the certainty of the purchased quantity as well
as the support provided by them during the
ramp-up.

• Demands for certification and local content
can offer advantages over domestic competi-
tors, just as proximity to the end customer e.g.,
in further developing the product.

• The new location’s potential for development
can also create the opportunity to expand sales,
whereas the costs of the new plant, the incli-
nation of employees towards changing jobs
and the costs related to coordination and
quality assurance have to be considered risks.
Seriously weighing all of the advantages and

disadvantages including the risks may delay the
decision to internationalize or even completely
negate it.
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Fig. 14.9 Maximum economic transportation radius (example) (per B. Schmidt, A.T. Kearney). © IFA 15.260_B
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The success factors for the “opening-up
technology” strategy (Fig. 14.10, right) start with
• the need for ‘lead markets’, which are char-
acterized by customers with high demands and
conditions requiring innovation e.g., stringent
environmental constraints.

• The proximity to leading research institutions,
the availability of innovative cooperation
partners and the spatial concentration of com-
petitors creates a stimulating atmosphere.
Critical factors which need to be considered
include: the possible loss of know-how,
recruiting staff and the danger of staff leaving,
language and cultural barriers and possibly
unsatisfactory knowledge transfer to the ori-
ginal location.

• Finally separating the R&D activities from the
production can also be disadvantageous. This
only applies though when the entire product is
being constructed at the remote location not
just prototypes.
In summary it can be said that in individual

cases it is also possible to combine strategies;
opening-up a new market together with reducing
costs is the most frequent grouping. Furthermore,
it should be taken into account that, for a number
of reasons, sometimes only specific components

or assembly units are relocated and not always
entire products. This strategy combines manu-
facturing core components that require intensive
know-how at the original location with the cost-
effective production of labor-intensive compo-
nents and their completion close to the market.
This is examined in more detail in Sect. 14.5
under the heading production stages.

14.5 Procedure for Selecting
a Location

The procedure for selecting a location is pri-
marily determined by the production strategy as
well as the reason for and extent of the envisaged
relocation. The following could be considered
typical cases [Mey06]:
• There is a widely defined product and process
scope which is relatively minimally networked
with other locations and suppliers. This situa-
tion is typical of mid-sized enterprises with
few locations, customers and suppliers. Gen-
erally the motivation for finding a location is
reducing costs combined with opening-up a
market.

opening up technology 

1. existence of local lead market ("technology pull")

2. proximity to innovative clusters and leading R&D 
centers ("technology push") 

3. partner company with an innovative complementary 
profile

4. spatial concentration of competitors 

5. possibility for the protection of technologies, patents, 
licenses, brands

6. staff availability and fluctuation rate

7. IT infrastructure

8. language barriers and communication problems

9. possibilities of knowledge transfer

10. evolution capability of the local market vs. separation 
from R&D and production

internationalization strategy 

following a customer

1. relevance of the key customer

2. certainty of promised sales volume or sales forecast

3. customer’s support during production ramp up

4. certification and local content requirements

5. evolution capability of the local market

6. spill-over effects and new cooperation potentials with 
the customer e.g. in the product development

7. costs and tied-up capital due to duplicating plants

8. availability and fluctuation (inclination to change) of 
appropriately qualified workers

9. coordination and quality assurance costs

10. long-term consequences (e.g. dependency on 
"following”) 

Fig. 14.10 Factors critical for success with strategies: following a customer and opening-up technology. acc. to Kinkel
[Kin09] © IFA 15.261_B
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• The enterprise (usually consolidated compa-
nies) is active in a large number of business
areas, which tend not to overlap as far as the
target markets and products are concerned.
The focus then is assessing the portfolio areas
in which capital returns and operating expen-
ses could be improved the most by a new
international location.

• The most complex case is enterprises which
offer serial products with many product levels
in the automobile and mechanical engineering
industries, which operate factories within a
globally distributed production network and
are directed at a specific purpose s e.g., man-
ufacturing components or final assembly. Here
not only do logistic interactions between plants
play a significant role, but also the suppliers’
flow of goods due to the large number of
suppliers. There are frequently repercussions
for the selection of technology selection and
construction of products. The focus in this
situation is on continually adapting the entire
production network in view of the total costs.
Despite the differences in these scenarios, it is

still possible to recommend a general procedural

model which, through a series of gradual
restrictions, leads from a large number of possi-
ble locations at a national level to a decision for a
local site (Fig. 14.11) [Mey06]. We will only
discuss it briefly here but a more detailed
description can be found in [Abe06].

The process, developed by the consulting firm
McKinsey, begins with a pre-selection of coun-
tries in which specific products and manufactur-
ing steps seem to be practically producible.
Which countries appear to be attractive depends
on the previously developed production strategy.
The factors presented in Figs. 14.7 and 14.10 as
being critical to succeeding with the four typical
strategies offer valuable support here. In the
simplest case, this pre-selection is made by
experienced decision makers, possibly supported
by external consultants.

The second step involves determining a not
yet more specifically localized site on a country
level and integrating it into the market that is to
be supplied, the in-house production network and
the supplier network. The so-called ‘total landed
costs’ serve as important criterion. The total
landed costs are understood as the sum of

• restriction  to business units / works / products / 
production steps with the greatest potential

• restriction to attractive countries

• specification of the fundamental network topology 
(e.g. volume plants for manufactured components and 
close to the market assembly sites)

• specification of the target countries with lowest total
landed costs

• specification of attractive locations within one
country  based on minimum requirements

• restriction to options with best economy based on    
estimated  land prices, wages etc.

• detailed comparative calculation based on all  relevant  
factors

• assessment of the factors (e.g. land prices)
based on directly practicable, negotiated values

location decision 

global preselection

of countries, products
and production steps

choice of location and

performance range
on country level

local
preselection
"long list"

local

intermediate
choice

local

final
choice

number of products /
processes 

number of countries /
regions 

possible selection logic and–results: 

Fig. 14.11 Procedure for selecting a location (acc. to Meyer). © IFA 15.262_B

14.5 Procedure for Selecting a Location 351



production costs and all transaction costs for the
entire value-adding chain up until it is placed on
the market.

The pre-selection is aimed at finding approx-
imately 10–30 attractive locations within a
country, which are to be reduced to 3–5 options
in the next step. The list of criteria increasingly
takes into account local factors in order to finally
be able to negotiate (preferably parallel) with the
property owners and local authorities.

Selecting the final location requires the pres-
elected sites to be thoroughly evaluated and
compared, whereby the most frequent indicators
are the amortization period for investments and
the share of labor costs. Generally it can be
assumed that start-up times and costs are often
underestimated. There is a tendency to set the
overhead costs for constructing, coordinating and
controlling the new location too low and to
improperly calculate them. Finally, often
dynamic price changes and labor costs at the new
location are insufficiently considered.

14.6 Establishing Production
Stages

In discussing the process of finding a new pro-
duction location we have yet to address which
components of a product or product group should
be manufactured there. Since this data is the
starting point for the entire location planning,
answering this question is still part of the stra-
tegic planning and input information for the
factory planning.

Generally the following aspects should be
borne in mind:

• Which product components are labor-
intensive and which are material-
intensive?

• Where is the end product to be
completed?

• In view of cost reductions and protecting
know-how, which technologies are

useful to perform at the original location
and which at the new location?

• What are the consequences of a globally
divided production on logistic processes
and supply chain management?

• How will previous and possibly new
suppliers be integrated?

• Does the product structure meet the
requirements for a globally distributed
production?

As a solution, the so called global variant
production system (GVP) has been developed by
a consortium of researchers and industrial firms
[Nyh08]. With the underlying methodology and
corresponding tools, technologically challenging
products can be produced at internationally dis-
tributed locations manually or automated in
variable quantities and a wide array of variants.

The first step in applying this approach is to
identify core assemblies that are both know-how
intensive and bundle the enterprises’ key tech-
nological competences. Three production stages
result from there which need to be logistically
linked: purchasing, in-house production and
close to the market completion. Figure 14.12
depicts the GVP system developed for this. The
individual steps are extensively described in
[Nyh08] and an accompanying CD with all the
checklists provides support in using it.

Product structuring here aims to concentrate
function related key competences on core com-
ponents which are then produced in-house in
order to protect know-how. Moreover, it focuses
on minimizing the internal product diversity in
face of the variety demanded externally by the
market.

A data model which derives the product
structure based on the functional structure of the
end product and saves it as a bill of materials
(BOM). Every BOM item is stored with the
corresponding process structure, whereby a pro-
cess can be a manufacturing operation, an
assembly step or a procurement procedure. Fig-
ure 14.13 depicts this in an integrated product
model, stored in a relational data bank. The
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model allows the functions, product positions
and process steps to be linked via data systems,
thus ensuring the consistency of data. If an ele-
ment in one of the sub-models is changed, all of
the links to corresponding elements in the other
two models appear.

The functional structure represents the func-
tions the product offers which are classified in
regards to the customers’ perspective, the com-
petitive differentiation and the complexity. With
the customers’ perspective, the question is whe-
ther the function is a more or less important
factor in purchasing decisions, whereas the
competitive differentiation represents whether the
competitors product has this function or not.
Finally, the complexity describes whether the
diversity of the function variants can be influ-
enced more or less by the customer.

The product structure visualizes the physical
structure of the product in a multi-level BOM or
‘super BOM’ with all of the variants. Depending
on the complexity of the product this structure is
established down to the individual part level or
only down to first and second level assembly
units, which are then further analyzed separately
depending on their importance.

The process structure documents the process
type (procure, modify, join, test), the (provisional)

location and whether it is conducted in-house or
externally. The production knowledge is then
classified as to whether it is only available in-
house, at a few competitors, at most competitors
or is considered state-of-the-art.

By analyzing the available functional, product
and process structure starting points for improv-
ing the product construction and production
processes can be identified. Figure 14.14 lists the
nine resulting design principles that are based on
the relevant literature and the experiences of the
firms participating in the project. Available
design approaches include: integration, substitu-
tion, elimination and embedding of structural
elements.

Before a final decision can be made about
distributing the value-adding processes to dif-
ferent locations, requirements for potential
cooperative partners as well as their strengths and
weaknesses need to be analyzed and evaluated
within the frame of international cooperative
relationships.

The envisaged partners and their locations
form the starting point, followed by the objec-
tives of the cooperation (costs, market, custom-
ers, technology) and the object of the cooperation
(manufacturing, assembling, development, addi-
tional purchases etc.). Requirements regarding

1. concentrate product bound core competences in few components 

2. concentrate production bound competences into core components 

3. concentrate production competence in the in house-production

4.  bring external product variety into line with variety of market demand 

5. minimize internal product variety considering the external product variety

6. concentrate internal product variety in few components 

7. minimize function overlaps between components 

8. create external variants late in production 

9. create country-specific variants late in production

Fig. 14.14 Design
principles for products with
regard to reducing
complexity and protecting
key competences.
© IFA 15.265_B
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the partner’s resources are derived from there
(management, production, procurement, R&D,
sales, personnel, capital, reliability etc.) as well
as in regard to the local environment (infra-
structure, service, suppliers, training centers etc.).

With internal company resources we are
referring to the in-house resources affected by the
cooperation i.e., which have to work together
with the cooperative partner. In addition to the
technical resources the personnel requirements
need to be critically examined in particular with
regard to language skills and cultural knowledge.
Finally the cooperation resources concern the
shared management of information, knowledge
and conflicts.

According to Fig. 14.12 and based on the
analysis of the products and co-operations, the
technologies can be differentiated next. It serves
to analyze the process chain, which spans across
the locations, and is necessary for producing the
product, based on the competences and attrac-
tiveness of technologies. The technology port-
folio, originally developed by Pfeiffer [Pfe91]
and adapted within the frame of GVP, is created
by comparing processes within a matrix (see
Fig. 14.15 left). Instead of the original scale of
low, medium and high, a cost-benefit value that
results from the degree of fulfillment for indi-
vidual criteria is used here [Sch08].

Technology competences refer to the pro-
duction technology capabilities that can be

influenced by the enterprise as well as the cor-
responding facilities and personnel-managed
expertise for fulfilling a specific process step. In
comparison, the technology’s attractiveness
describes the potential to further develop the
respective capabilities.

Positioning the processes in the matrix allows
them to be distinguished as core competence,
differentiation or standard processes. There are
standard strategies for handling each of the pro-
cess types (Fig. 14.15 right). Core competence
processes represent outstanding capabilities with
the goal of being a leader in technology. These
need to be supported by investment measures and
should be applied across as many business areas
as possible. Examples here include special coat-
ing or joining methods. Standard processes are
less strategically important and should be oper-
ated as economically efficiently as possible.
Differentiation processes cover the area between
high competence and low attractiveness to low
competence and high attractiveness. Depending
on whether or not these processes are applied in
core components, they can be invested in so that
they become core competences or they can be
out-sourced to a strategic partner.

The actual technology differentiation refers to
a process in which products are structurally
redesigned with the aim to divide its components
into different groups. Components containing
functional core know-how are produced with a

core competence process
• investment
• business field expansion
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Fig. 14.15 Process classes
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core competence. The remaining parts, which
fulfill a standard function, are produced where
possible with a standard technology and can thus
be produced externally depending on the cost
situation.

Finally, within the frame of designing the
production stages and logistics, the production
can be divided amongst the different locations in
view of the competences (Fig. 14.12, right). In
doing so, the following key questions are to be
answered:

• What is the optimal range of the pro-
duction at a location?

• Which parts of the value-adding chain
should be located where?

• How should the material flow be strate-
gically designed in the global market?

First, an analysis has to provide information
about the current value stream and total costs in
the production network. Figure 14.16 depicts a
fictional example of a value stream diagram for a
limited product family. The base material

delivered by plane by a supplier is processed in
Hannover and then transported by truck to Pra-
gue where it is assembled made-to-order for
customers and then deposited in the warehouse
of the local trade partner. The timeline shows the
share of the throughput time that is spent adding
value or not adding value. Moreover, the cycle
times and inventory values for the location as
well as the values for the time, distance and lot
sizes for the transportation routes are noted in the
data boxes. This provides initial impetus for
improving the value flow by for example, elim-
inating, combining or conducting parallel oper-
ations [Wag08].

The total costs of a product in a network are
also referred to as the total cost of ownership. In
addition to the purchase costs these include
handling costs, costs due to poor logistic process
certainty (transportation difficulties, tariff chan-
ges, losses etc.), control and system costs,
transaction costs, transport costs, costs related to
currency values, stock and quality costs.

A fictional example for an analysis such as
this for the IC programming of an IC chip at a
site in Hannover, Germany is depicted in
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Fig. 14.16 Inter-site value stream analysis (example). © IFA 15.267_B
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Fig. 14.17. Here the additional costs contribute
‘only’ 6.8 % of the so-called extended unit costs.
If the chip was to be programmed in another
country, the share of costs would shift
accordingly.

Furthermore, it has to be kept in mind that
with great distances and many different partners
from other cultures there is a risk in regards to
the ability to react to sudden changes in demand.
This affects for example, the supplier’s business
orientation, the local services etc. These factors
are included in a qualitative assessment which
together with the quantitative analysis leads to a
final decision.

The subsequent configuration of the sites’
production stages is oriented on combining pro-
duction tasks with equivalent competences. Fig-
ure 14.18 depicts the resulting generalized
production system with three characteristic pro-
duction stages.

The procurement stage is concerned with parts
for which the enterprise has no competence or
cost advantages. Currency related risks can also
be reduced by purchasing these in the country
with the greatest volume of sales. The in-house
production stage is comprised of parts and
assembly units which ensure the core compe-
tence and production at the location while pro-
tecting know-how. Finally, locating the
completion stage of core components close to the
market allows country-specific variants to be
delivered quickly and fulfills requirements for a
specific percentage of local value-adding. The
thus defined production stages require an adapt-
able logistic supply chain, whereby priorities
include questions about local and central ware-
housing and linking them as closely as possible
to sales regions.

From a factory planning perspective, the GVP
approach not only requires local changeable

IC chip 
6 

100,000 
IC programming Hanover 

quantitative assessment 
cost type description 
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production facilities and buildings, but also an
equally changeable logistics distribution network
for the physical material flow. Thus with the
factory planning, the generally plausible supply
and distribution concepts are to be seen as vari-
ants whose features are also to be designed with
changeability in mind. Available possibilities for
designing these are presented in Chap. 9.

This concludes our discussion on all factory
levels with regards to their technical, organiza-
tional and spatial design. In the next chapters we
will consider the factory planning process and
the project management required for it.

14.7 Summary

For a long-term successful location of a factory
an orientation to the business location planning is
indispensable. It is based on a competitive
strategy that may relate to a cost, quality, tech-
nology, logistics and flexibility leadership. The
location assignment is found in steps starting

with a global selection at country level, followed
by a search on the local level until the determi-
nation of the final location. The content of the
local production takes place on the product level,
the final product assembly and item manufac-
turing based on the procurement, in-house pro-
duction and final assembly strategy.
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15The Synergetic Factory Planning
Process

Due to different products, processes and envi-
ronmental conditions, every factory planning is
unique. Nonetheless, certain procedural steps that
are based on a strategic positioning have proven
themselves useful for all projects—independent
of whether the planning is for a new building, an
expansion or a re-organization. Since these
aspects are frequently neglected in practice,
supposedly due to tight deadlines, we will
explain them thoroughly. In a second step, it is
critical that the initial data is clearly defined as it
provides the basis for the arrangement of the
facilities of the factory stage-by-stage with
increasing accuracy. Due to the close connection
between planning the production and the build-
ing, this chapter introduces an approach referred
to as ‘synergetic factory planning’, which merges
the procedures put forth in VDI Guidelines 5200
with the construction phases outlined in the
German fee schedule for architects and engineers
(HOAI).

15.1 Planning Approach

With traditional factory planning the technolog-
ical and logistical processes, facilities and layout
are first structured based on the given tasks and
objectives. An architect is then employed to
design a—usually as inexpensively as possible—
building shell with the necessary building

facilities. However, the processes and production
systems along with their flows of materials,
information and personnel are closely related to
the building services (energy, media, ventilation
etc.), which are in turn part of the building
architecture. Typically, with conventional plan-
ning approaches, isolated solutions are found for
the location, buildings, building services and
processes resulting in a lot of unpleasant symp-
toms as depicted in Fig. 15.1 [Rei07].

During planning this practice leads to more
than just missed deadlines and overrun budgets.
It also produces unsatisfactory planning out-
comes which are reflected in functional and
qualitative defects, the buildings poor perfor-
mance and insufficient changeability during the
operating phase.

The described situation also calls into question
the methods used up until now for building plan-
ning. A critical look at the typical practice reveals
grave differences particularly in comparison to the
“digital”methods used in advanced industries and
prevents the sub-projects from being viewed as a
whole. The location, buildings, building services
and process are each planned sequentially com-
pared to a simultaneous engineering approach
which has been commonly employed in devel-
oping products within the consumer and invest-
ment goods industry for some time now.

This brief characterization of traditional factory
and project planning shows that a deeper consid-
eration is needed. The synergetic factory planning

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_15, © Springer-Verlag Berlin Heidelberg 2015
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developed by the authors over the course of a
decade thus already begins when planning the
goals with a combined process and spatial per-
spective which continues through the planning
phase up to the ramp-up phase [Wie96, Wie02,

Nyh04, Rei04, Rei07]. Generally, synergetic is
understood as the merging of different forces,
factors and elements into a coordinated overall
performance. The fundamental ideas of a factory
planning based on this are clarified in Fig. 15.2.
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Each partner first develops a vision from their
process or spatial perspective and then with
increasing precision establishes the detailed
requirements relevant to their expertise over
gradual steps. From the process perspective,
traditional demands for high productivity and
quality with short throughput times combined
with the relatively new demand for changeability
means that an ergonomic design stands in the
foreground. Changeability directly impacts the
spatial perspective, impacting not only the
building structures but also the building services.
Moreover, the interactions between the factory
and an increasingly networked environment also
give rise to requirements including product and
facility lifecycles as well as integrating produc-
tion processes in supply chains and production
networks.

Once a vision has been developed the spatial
perspective begins with harder factors such as
building technology and energy consumption.
Ecological considerations play a role both during
construction (e.g., energy consumption and
materials used) as well as with processes (e.g.,
hazardous substances or waste materials). Soft
factors here concern the question of simple per-
sonal communication as well as internal and
external appearances which help create a corpo-
rate identity.

All of the requirements merge into a syner-
getic approach in which the target projections
unite into a solution supported by all of the
planning team members. Not only calculable
facts are at issue, rather the emotional agreement
also matters. The ongoing fascination originating
in this conception is crucial for its sustainability.

From a process and spatial perspective, the
new quality of a thus defined cooperative plan-
ning is found in merging the spatially designed
sub-projects (location, buildings, building ser-
vices and processes) as early on as possible
(Fig. 15.3) [Rei07]. The actuating variables here
are materials, information and communication,
capital and people, which are continually moving
within an open system.

Generally, the aim is to create a three-
dimensional representation of all objects, which
allows the interaction between the planning

partners to be supported by data systems. The
integrated approach continually refines the sub-
projects’ 3D-structure as well as the attributive
planning data from rough approximations to
fixed specifications and evaluates decision-mak-
ing processes by comprehensively discussing
alternatives.

The job specifications can clearly outline the
explicit objectives of the sub-projects in view of
the target performance features (changeability
and investment costs). Subsequently these can be
translated into a spatial model and the effects of
the entire project can be examined. A continuous
updated 3D data model makes use of the poten-
tials of present CAD-CAM database technologies
in favor of a comprehensive project optimization
and cyclic 3D quality assurance. Chapter 16 will
describe this approach in more detail from the
process side under the concept of the digital
factory and on the spatial side under the concept
of BIM (Building Information Modeling).

Moreover, based on the spatial optimization
of this synergetic factory, tests can be run to
check for model collisions and a quality control
can be conducted simultaneously for all of the
facilities. In particular, conflicts between the
location, buildings, building services and uses/
processes which negatively impact costs, time
and/or quality can be identified and eliminated
early-on instead of in the middle of construction
or later once the plant is already operating. One
further aspect of the 3D modelling that should
not be underestimated is the immediate clarity of
the planning results for all participants.

This approach however cannot be limited to
just the planning phase, rather in the future it also
has to include the entire lifecycle of a building
(Fig. 15.4). An integrated facility management
data model preferably based on the BIM stan-
dard, see Chap. 16) opens up the following
possibilities.

Starting with the initial goal projections the
base investigation can already take into account
the target costs. During the conception phase and
the related feasibility study all of the spatial
elements together with the production facilities
are three dimensionally modelled and possibly
animated. The rough and detailed planning is
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simplified through the model-driven fine plan-
ning, tendering and adjustment of the costs and
schedule when there are changes and/or varia-
tions. The realization phase can be supported by
the 3D model in regard to collision checks and
planning the construction process. During the
operational phase, a spatially structured model
for all documents is useful. Finally, it is also
possible to analyze the building operation costs
while it is operating.

Using the synergetic factory planning
approach however first necessitates a clearly
structured process model that can also be applied
without a 3D modelling. It must meet the fol-
lowing criteria:
• Establishment of a specification catalogue
emanating from a corporate vision and a brand
image. Derivation of equally important hard
factors (e.g., productivity, material flow,
energy consumption) and soft factors (e.g.,
communication, identity and changeability).

• Structuring of planning tasks into design levels
which are developed with increasing precision.
These range from embedding the master plan
into the local surroundings to the individual
buildings and up to sub-dividing them into
sections and workplaces.

• Parallelization of sub-tasks as much as possi-
ble in order to shorten the planning time.

• Synergetic solutions for the processes, oper-
ating facilities and spaces in which these pro-
cesses take place.

• Development of a data model depicting both
processes and spaces three dimensionally.

• Standardization of repetitive tasks in order to
reduce planning expenditures and increase
planning quality.

• Use of a limited number of standard tools in
order to systematize the depiction of results.

• Definition of milestones in the sense of quality
gates for improving the quality of results and
avoiding undiscovered mistakes from being
passed on.

• Installation of a project management according
to technical, organizational and atmospheric
aspects.
Following we will introduce the structure of

this model.

15.2 Process Model

Factory planning projects can differ in their
triggers, required precision, organizational con-
ditions, the selected range of consideration, the
targeted use of the planning results and how and
to whom results are presented. The requirements
of the planning process thus differ greatly
depending on the type of project: Dependent on
whether the project is dealing with a new object,
an extension or a re-organization, different
objectives result which in turn seem to require
separate approaches. Nonetheless, it is possible
to identify basic phases of a planning process that
have to be conducted in more or less detail.

This approach has already been pointed out by
a number of authors (see e.g., [Wie72, Ket84,
Agg87, Wie96, Fel98, Gru00, Dan01, Sch10,
Paw08, Tom10]) and taken up in a VDI guideline
[VDI11]. In regard to a future factory there are
currently relatively new aspects that need to be
accounted for and which result from their inte-
gration in a global production network and the
related increasing unpredictability of market
behavior. The corresponding approach of the
changeable factory was developed in Chap. 5.

Today’s factory planning is thus no longer
aimed at developing a long term fixed production
facility for a mostly stable production program
and with an eye to minimizing costs, but rather at
designing a space that can provide solutions for
distinct production scenarios.

Synergetic factory planning therefore strives
to generate the desired planning results within
the shortest time possible using strongly net-
worked resources. The form of collaboration
shifts from the isolated processing and merging
of individual work packages to a creative inter-
disciplinary dialogue in which the initially only
rough vision of the factory is purposefully and
gradually transformed into a concrete solution.

This is made possible not only by applying the
abovementioned planning principles but also by
using the (to some degree) already discussed new
media and work techniques such as those used in
the digital factory [VDI08] (see Chap. 16),
in building information modeling (Chap. 16) and
in facility management (Chap. 17) as well as tools
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such as SharePoint Server or telephone and video
conferencing. The increased implementation of
tools for simulating the flow of materials, com-
munication and energy as well as for simulating
air flow and the distribution of light helps ensure
the quality of the results.

The process model we will introduce here
provides an organized framework for the men-
tioned planning situations and is highly adapt-
able. It results in a modular structure in which the
dependencies are precisely described and the
connections between the individual processes are
designed to be easily understood. Additional
information regarding applicable methods and
tools and analyzing the quality of the results are
also part of such a descriptive model.

The process model for a synergetic factory
planning is depicted in Fig. 15.5.

The production planning stages (top left)
form the starting point. These stages include:
analysis, structural design, layout design and
implementation of the project once the planning
is completed. In increasing levels of detail,
this sub-model describes the designing of

technological and logistic processes as well as
the production facilities and their organization in
view of the flows of material, energy, commu-
nication etc.

The production planning stages are conducted
alongside the object planning stages which
design the internal and external spaces of a pro-
duction plant from an architectonic perspective
(top right). In accordance with the German fee
schedule for architects and engineers (HOAI)
there are nine stages starting with the base
analysis and extending up to the object support
and documentation [HOAI13]. HOAI describes
the content of these phases, defines how the fees
for architects and engineers planning building
and external features should be determined and
writes the limits for the fees of the architects’ and
engineers’ services in the schedule (minimum
and maximum rates).

The synergetic factory planning is a merger of
the two above mentioned processes comprised of
six demarcated stages in an integrated planning
of the factory lifecycle spanning from the prep-
aration of the planning up until the factory is in
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operation. The planning process begins at Mile-
stone M0, followed by milestones M1–M6
marking the completion of each stage. These
stages are complimented by a project manage-
ment which includes the project definition,
planning, execution and completion as well as
the selection of tools and communication stan-
dards that are to be implemented. These phases
are designated pursuant to VDI Guideline 5200
[VDI11].

The synergetic process begins with the Mile-
stone project resolution (M0), i.e., the decision to
formally start the project, typically resulting from
a strategic re-positioning due to a strong catalyst
for change. It may, for example, be based on a
strategic preliminary study such as that intro-
duced in Chap. 14 Strategic Location Planning.
The cornerstones set by management include the
production program, the location, the shares of
in-house manufacturing and purchases, the net-
working with other sites as well as the targeted
completion date and sometimes the intended
capital expenditure.

The following objectives definition and base
analysis marks the start of the actual factory
planning. Based on Milestone 0, the project
management and production planning team
develop a vision, mission as well strategic
objectives for the new factory. At the same time,
from the object perspective, the base analysis is
conducted. In the next phase of this stage the
project conditions are analyzed in two steps from
the perspective of the production planning.
Object analysis (A1) is concerned with the
products and their derivatives, variants and the
structure of the bill of materials sub-divided into
parts manufactured in-house, parts purchased and
components. Moreover, an inventory of new or
existing operating facilities has to be made, along
with the required areas and personnel. This is
further extended to include the personnel and
office space required for marketing, distribution,
research and development, work prep, produc-
tion control as well as supportive functions
(human resources, finance, supervision etc.).

In comparison, process analysis step(A2)
examines the production processes from a tech-
nology perspective based on work plans and

organization. Additionally, logistics are analyzed
i.e., suppliers’ delivery concepts, production
control concept, finished goods shipping concept
and required storage and transportation facilities.
In individual cases further objects and processes
have to be included e.g., testing facilities or a
school for training customers.

On the object planning side and in accordance
with HOAI the task from the building planning
perspective is clearly defined in this stage. Par-
ticularly with complex industrial projects ana-
lyzing the initial data for the building planning is
usually difficult. This is due in part to the con-
tinually given mixture of hard specifications
(e.g., column grids, ceiling heights) with more
soft factors (e.g., employee and customer com-
munication) and opinions that vary greatly
among participants.

Consequently, at Milestone M1 the following
results are available:
• the factory vision and mission,
• a coordinated requirement profile,
• factory strategies and targets as well as the
fields of action,

• building specifications according to HOAI,
• a procurement and distribution model,
• a list of machinery with spatial attributes and
• an approximate project schedule.

Along with the corresponding documentation
these points form the agenda for the milestone
meeting with the steering committee.

In the ensuing concept stage, the structural
design, detailed dimensioned planning and rough
layout planning are conducted from the produc-
tion planning perspective. In doing so either
existing production technology or new technol-
ogy from a parallel project are adopted.

The structural design stage (S1) focuses on
determining structural alternatives. In a 2D
depiction they describe the relationships between
the manufacturing, assembly and logistics sectors
and thus define the entire factory concept. These
are developed based on specific structural rela-
tions such as technologies or product groups.

Subsequently, the structure dimensioning (S2)
is undertaken. This includes determining the
required production equipment along with their
spatial requirements, calculating the number of
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employees and dimensioning the building grids
and construction areas in co-ordination with the
object planning.

During the rough layout planning (L1) the
facilities are spatially allocated without details,
usually in block form. The structure that is thus
found is then converted into an ideal layout in
view of more refined organizational criteria such
as products, technologies, materials etc.

Parallel to this the object planning concen-
trates on developing a planning concept for the
building construction taking into account the
load-bearing capacity, obtaining the necessary
permits and approval and the costs according to
HOAI’s phase 2. The ASTM Uniformat II
Classification for Building Elements (E1557-97)
could be used as well (see Sect. 16.7.2). This
planning stage concludes with a feasibility study
of the building. The quality of this feasibility
study lies in the synergetic overview of the
objectives developed up until this time (for the
location, process and organization, building and
building services) in a comprehensive spatial
model. The model conveys to the steering com-
mittee and project team the interplay between the
production facilities and the building. Aspects
such as communication or the use of daylight are
mediated on a visual sensory level. At the same
time, realistic characteristics such as the gross
floor area and cubature are available as decisive
benchmarks for estimating costs. Furthermore,
using the data sets saved in the 3D model, video
animations of the project can be generated with
relatively reasonable expenditure. The persua-
siveness of moving images is quite advantageous
particularly when comparatively analyzing pos-
sible different scenarios. Process animations such
as material flow can also be imbedded in the
‘storyboard’ cooperatively developed in advance
by the project team.

Appendix C2 contains a sample video ani-
mation generated for a realized project. It shows
the internal and external design of the building in
its natural surroundings and later extension
stages.

Once the concept planning is completed the
following results are available at Milestone M2:
• the production concept,

• the building volume and spatial schedule (with
room list, gross floor area and gross volume)

• an estimate of costs,
• an integrated 3D spatial and production con-
cept as well as

• an updated timeline.
Following this the detailed planning begins.

On the production planning side it includes
determining the operating facilities for manu-
facturing, assembly and logistics as well as the
detailed layout planning (L2). By taking into
account production restrictions and the now
known building concept, a realistic detailed plan
of the factory is created including the positioning
of facilities, routes, utility services etc.

In this stage the object planning produces the
object design in accordance with HOAI’s phase
3. The necessary permits have to be obtained
from the authorities (HOAI phase 4) and the
planning for executing the plans (HOAI phase 5)
also takes place.

The results at Milestone M3 include:
• the detailed layout with operating facilities
positioned precisely,

• approval of the prospective users,
• the approval plan for the authorities,
• the execution plan for contractors
• ensuring the plan’s feasibility and cost
compliance

• cost calculations as well as
• the room list and
• the detailed project schedule.

Upon reaching Milestone M3, the planning of
the factory object as such is concluded.

The ensuing preparation for realization focus
on implementing the results of the planning. On
the production side preparations are made for
tendering contracts for the new production
facilities and possibly adjusting adopted equip-
ment. The object planner becomes here the
essential driver behind the object realization,
while the factory planner serves more as a pro-
cess facilitator.

On the object side, planning the work and
awarding contracts is to be realized and facili-
tated based on the tendering documents and in
accordance with HOAI’s phase 5, 6 and 7 (the
various contracts will be discussed in Sect. 16.5).
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At Milestone M4 the following documents are
available:
• invitations for bids from potential contractors,
• cost estimates as well as
• the detailed project schedule.

From the synergetic factory planning per-
spective, the next stagemonitoring the realization
serves to monitor and control the construction
progress and the correct installation of operating
facilities. The planners of the individual contracts
verify the yielded service from both the object
side (HOAI phase 8) and production side.

Upon reaching Milestone M5, the factory is
ready to move into the new object and the fol-
lowing documents are available:
• performance tests and approvals of facilities
and buildings,

• cost statements in accordance with HOAI, and
the

• final documentation.
The last stage is the ramp-up. During the

warranty period, when defects arise and there is
an admission of liability, the object planning
(HOAI phase 9) arranges for incomplete or faulty
constructions to be completed or corrected. Close

contact between the spatial and process planners
is indispensable here. At the latest now, the
collected ‘as built’ information from the room list
(execution phase) and completion documentation
for the operating phase should be transferred into
a facility management system (see Chap. 17).
Nevertheless, this stage is focused on ramp up of
the production until it attains the agreed upon
production output rate. A more precise view of
this is provided in Fig. 15.6 ([Zeug98, Win07]).

In addition to the factory planning perspective
that was our primary consideration up to now,
the product and production view are to be dis-
tinguished. For the product development
(Fig. 15.6 top) once the product design is com-
pleted, the production ramp-up is part of the
series ramp-up, which begins with the prototyp-
ing. The product and its properties are of interest
here. Automotive companies have their own
strictly secured factories for this process, whereas
with smaller products, prototypes are usually
created in experimental or production facilities.
Following that a pilot series, sub-divided into
pre-production and pilot series is started on the
production facilities which have in the meantime
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been constructed. Typically, products then have
to be adjusted or equipment has to be changed.
When the results are satisfactory, the production
is ramped-up until a stable production is attained.

From the production perspective, the realiza-
tion of the production begins with the start of
construction on site, followed by the erection of
the building and continues up until the approval
to install facilities. Also included here is a thor-
oughly planned move. From the later users’
perspective, the process reliability of the pro-
duction facilities is of interest. Once the plant is
approved for utilization the actual ramp-up can
begin. First, facilities are inspected for function-
ality after installation. In batch manufacturing
this is followed by the actual production with
pre-production series, pilot series and full load
production. In single or small series productions
exemplary cases are selected. Steady continuous
operation is first achieved with Milestone M7
(not included in Fig. 15.5).

With the completion of this phase (Milestone
M6) the factory is in full operation and the pro-
ject is concluded from the factory planning per-
spective. Depending on the agreement, the
responsibility is now transferred to the user. Both
the factory’s performance capability as well as
the planning project itself should finally be
evaluated at this point. Results at M6 include:

• the determination of the full load capacity,
• evaluation of the target attainment (perfor-
mance control) as well as

• transferring of documentation and balancing of
accounts.
The 6 planning stages are facilitated by project

management. The project management begins
with the already described project definition,
which is concerned with the broadly hedged
project objectives. This is followed by the project
planning which is aimed at defining the project
phases and their results as clearly as possible. The
project realization is concerned with the organi-
zation and documentation of the ongoing project
and lastly the project completion documents the
results. Project management is responsible for
arranging the tools that are implemented for
developing, depicting and documenting results.
Details will be presented in Chap. 16 Project
Management, in the section on digital tools.

The descriptions of the milestones deserve
particular attention since they serve the technical,
temporal and cost-related coordination as well as
the approval through the steering committee.
Figure 15.7 schematically depicts the technical
coordination process based on the example of the
concept planning stage.

In this stage, the planning experts who are
oriented on the rooms, facilities and organization
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Fig. 15.7 Technical coordination of the sub-planning processes. © IFA 15.462
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have to prepare their results and present them to
the steering committee at an agreed upon date.
The planning objects however functionally
interact with one another as is indicated by the
matrix shown in the back ground. In order to
recommend a building structure, for example, the
spatial planners require an organizational model
of the factory from which they can identify the
basic sections and how they are linked. The
partial results are passed on to the affected part-
ners in the form of plans, diagrams, lists etc.
(exchange process). At specific points during the
conceptualization all of the participating disci-
plines are coordinated usually via a work-
shop. This planning alignment represents a
milestone for the project management. The result
forms the planning basis for the next phase and is
subject to approval from the property developer
e.g., for the concept and a partial payment.

Figure 15.8 depicts an example of the results
created by coordinating the process and spatial
planning. During the detailed planning phase the
exact position of machinery is determined in
step L2. This then defines where in the factory

heat or vapors might arise. This information
then provides the initial data for the object
planning so that the building service planners
can take into account the heat sources and can
design the technical building systems
appropriately.

Differences in implementing synergetic fac-
tory planning mainly result from the extent to
which the individual stages have to be con-
ducted. Thus for example, if the project focus is
on reorganizing a factory more actual data from
existing processes is collected than when the
project is concerned with planning a new one.
Moreover, with a reorganization project the focus
of the planning is on optimizing the processes
and configuration.

Up to this point, our comments have been
oriented on the technical aspects of the planning
model and on the whole form the focus of this
chapter. Methodical and atmospheric viewpoints,
i.e., more soft factors, are also however decisive
for a successful planning project. Their impor-
tance in solving interest-related target conflicts is
usually underestimated and typically only come
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to light during the workshop for coordinating the
sub-plans and the milestone meetings.

Based on the specific conditions of the pro-
ject, the technical, methodical and atmospheric
aspects of the project work generally need to be
distinguished: Fig. 15.9 clarifies these perspec-
tives and the resulting project management
responsibilities in consideration of all three
aspects based on a suggestion from Wiendahl
[WieH11]. Although it was originally developed
for designing and implementing a system for
order management, due to the comparable com-
plexity of the project, it can be advantageously
transferred to a factory planning project.

This socio-technical approach is based on the
three-skill approach developed by Katz, which
differentiates technical, social and conceptual
competences as personnel competences [Kat55,
Son07]. In addition it takes into account the
systemic analysis, which concerns the general
conditions as well as the human, technological
and organizational aspects of a system [Uli99,
May01]. As a result, it is recommended that a
distinction be made between managerial tasks
that belong to a more technical project manage-
ment and those are more along the lines of pro-
cess facilitation. When possible these two areas
of responsibilities should be transferred to two
people, who then perceive the three tasks in

varying intensities. Figure 15.9 left depicts the
relevant aspects from a project perspective:
• The general conditions describe the design
object and the actual situation as well as the
business strategy pertinent to the production.
This step is discussed in Chap. 14 (Strategic
Location Planning) but is also addressed in
more depth in the Sect. 15.3 on goal setting.

• The technical and special issues result from the
factory design fields addressed in Chaps. 6–14.
They represent the core of the factory planning
and are the responsibility of the project
management.

• In comparison, the emotional and social
aspects affect the atmosphere and mood in the
project and enterprise as well as the informal
relationships between the actors. The process
facilitator is responsible for ensuring that these
are considered appropriately.

• The third aspect is the project organization and
methodology. These determine how the pro-
ject will be approached. The project manager
and the process facilitator are responsible
together for ensuring that both the technical as
well as the social emotional aspects are taken
into account. Thus criteria are formulated not
only for technical aspects of the project but
also pertaining to the methodological and
atmospheric quality.
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Figure 15.9 right details the changeable
aspects of both these managerial responsibilities
during the sequential tasks: preparations, execu-
tion and post-processing.
• During the preparation phase the project
manager dominates, whereas the process
facilitator or coach gains significance with the
methodological and then atmospheric aspects.

• During the execution phase the process facil-
itator ensures the methodological and atmo-
spheric conditions for a professionally targeted
solution finding in order to later pay more
attention to compliance with the agreed upon
rules.

• The usually unpopular post-processing is
divided into two parts: On the methodological
side, the project manager has to prepare or be
responsible for organizing the results. Atten-
tion needs to be paid to ensuring the consis-
tency of the contents, to tailoring results to
specific groups and to presenting both con-
sensus and dissent. Whereas on the atmo-
spheric/methodological side, based on
participant feedback, the process facilitator
reflects on the quality of the results, compli-
ance with rules and the mood of the team with
the aim of continually making improvements.
The overall responsibility however remains

that of the project manager.
In summary, it can be said in advance that the

synergetic factory planning process model has
proven to be practicable in many projects and has
led to high quality results with fewer coordina-
tion problems. The synergy effect is derived from
the fact that
• during each planning phase, there is a creative
dialogue between the experts who are pertinent
for the production and object planning in that
phase,

• a mutual understanding of the demands, con-
ditions and possible solutions for each of the
specific disciplines is developed,

• interim results which have been agreed upon
by both the production and object planners are
available at the end of each phase, not just at
the end of the factory planning,

• attention is guided early-on and consistently to
soft factors such as employee orientation,

communication or the sustainability of the
factory through the controlled alignment of the
production and object planning,

• the planning utilizes 3D representations as
much as possible, thus ensuring clarity and
consistency of all data in the factory’s lifecycle
and finally,

• risks during the construction and ramp-up of
the factory’s processes are reduced.
In the following, we will introduce the syn-

ergetic factory planning phases in detail, focus-
ing on the technical content that the production
planner brings into the project. Particular atten-
tion will be paid to describing the results of the
phases and the synergetic linking of the object
and production planning. The architectural and
engineering services contributed by the object
planners and delivered within the frame of HOAI
are extensively described in relation to the fac-
tory levels in Chaps. 8 (Workplace), 10 (Work
Areas), 11 (Building), 12 (Master Plan) and 13
(Location Planning). Whereas, the equally
important project management tasks during the
construction planning are examined more closely
in Chap. 16 (Project Management).

15.3 Goal Setting

15.3.1 Main Steps

As is extensively discussed in Chaps. 1 and 3, it
is essential to continually adapt business strate-
gies to market requirements. This is nevertheless
only possible when the factory in consideration
also has the potential to manage the posed
requirements (e.g., variant flexibility, high
logistic performance). The basis for creating this
potential is set at the beginning of every planning
project during a project definition and goal set-
ting workshop. Existing business strategies or a
special strategic location planning (see Chap. 14)
serves as the foundation for this workshop. Fig-
ure 15.10 depicts the three steps involved in such
a workshop.

In addition to the planning team, participants
in such a workshop include those responsible in
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management for the process as well as those
responsible for the functions of core and support
processes. The team is responsible for develop-
ing clear goals for the project based on the stra-
tegic guidelines provided by management and for
finding a common understanding of the task. The
first step involves delimiting the location in
comparison to other enterprise locations in the
form of a logistic profile. Following that the

location and its surroundings are analyzed and
possible future scenarios are developed. By
examining the suitability of existing structures,
strengths and potentials of the location can be
identified, which will then be divided into con-
crete sub-goals. The workshop results in a defi-
nition of the project which describes the next
steps as well as responsibilities. Depending on
the project scope, a workshop such as this
requires one to two days. Along with the goal
setting this planning phase is also responsible for
conducting a number of concentrated analyses.
So that participants can be suitably prepared for
these analyses, the problems to be addressed are
provided to participants in advance.

15.3.2 Site Logistic Profile

In order to delineate the considered location and
planning tasks that have to be executed, it is
necessary to gain a rough overview of all the
enterprise’s products and value-adding processes
that are to take place at the site. Figure 15.11
depicts a simple scheme for this. On the left side,
all of the enterprise’s product groups and the
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projected sales turnover for them are displayed in
percent of the overall value. On the right side,
based on the results of the strategic location
planning (Chap. 14) we can see how the product
groups are to be divided among the locations and
which processes are intended to be executed at
what volume in the purchasing, manufacturing,
assembly and delivery sections. For the pro-
curement, both the volume and sources (external/
internal) are determined for article groups.
Manufacturing includes all of the parts produced
in-house according to article groups and the
related production hours, whereas the assembly
can include components for customers and other
locations (competence oriented assembly
groups), but usually delivers finished products.
Depending on the delivery concept, deliveries are
made to a sister plant, a logistic provider or
directly to an end customer.

From a logistics perspective, topographically
visualizing the flow of goods in and out of the
site helps provide an idea about the volume and
distances that needs to be bridged as well as the
network with customers, sister plants and sup-
pliers. Figure 15.12 depicts an extremely

simplified diagram for a fictional production
network with 3 sites. Due to the usually greater
number of products, suppliers and customers,
real schemes are naturally much more complex
and are effectively separated into a number of
layers and depicted according to product groups
and actors.

The site’s logistics profile derived from this
production network is vital to the factory plan-
ning (Fig. 15.13). Here the product groups are
further divided into customer/market segments,
each meaning a specific combination of specific
products for specific customers in specific mar-
kets which should be produced at this site. As
can be seen in the matrixes depicted in the dia-
gram, the functional workplace design (exten-
sively discussed in Chap. 9) determined the
procurement, production and delivery concepts
for each of the segments.

One might get the impression that there are no
other design challenges remaining for the factory
planner to solve. However, it cannot be over-
looked that the strategic preliminary determina-
tions were made from the perspective of the
market and customers and securely supplying
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them. Technically different products for very
different customers may meet-up at the produc-
tion site though. The challenge thus remains to
merge the resulting, to some degree even con-
tradicting requirements, into a changeable
attractive local solution in view of economic,
ecological and social aspects. This explains why
it is indispensable despite all the strategic
objectives to first analyze the enterprise and
environment in view of the site and afterwards
set the contractual goals and strategies for the
planning object.

15.3.3 Environment Analysis

The primary goal of the enterprise and environ-
ment analysis is to gain a compact overview of
the enterprise’s market, production and competi-
tive situation and its products from the perspec-
tive of the considered site. In addition to
identifying the current standing of the enterprise,
planned future developments as well as emerging
trends should be included for a horizon of 5 to a

maximum of 10 years. From here the require-
ments for the new factory are derived. For
example, if a company plans to place a new
product on the market in the next years, the space
required for the necessary production area should
already be taken into account in the current
planning. Similarly, if new regulations or changes
in environmental protection are anticipated, the
resulting requirements should also be considered.

The results of such an analysis are depicted in
Fig. 15.14 based on the example of a mid-sized
supplier of high quality engineering products.
This project was triggered by the need to shift the
production site in order to respond to capacity
demands.

The market is described here through the sales
volume and its regional distribution, while the
product is described by production relevant
characteristics such as base materials, type of
functions, dimensions and size of production
runs. There are also other sites, but the connec-
tion is very weak and thus is not considered
further. The competitive situation clarifies the
position behind the market leader, while the
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supplier analysis indicates the danger of a sole
supplier for a critical material. The summary
shows a clear growth strategy based on the
growing demand for the customers’ products in a
specific region and that is ensured by further
developing the product’s functions. This is nev-
ertheless connected to an increased product
complexity.

15.3.4 Factors for Success

One of the basic components of this step in the
analysis is identifying the product specific suc-
cess factors. Here again the current situation is
differentiated from future developments in order
to derive requirements for the planned factory. If
a product on the market distinguishes itself for
example, by high delivery reliability, this directly
impacts the factory—in this case, particularly the
logistics concept. Figure 15.15 presents the
results of the distribution and development
survey.

In this case, it is clear that the most important
factor for success is high product quality, which

in the future however needs to be extended to
include shorter delivery times, improved service
and partial out-sourcing.

15.3.5 Change Drivers

The last step of the analysis is concerned with
identifying the internal success factors and the
factory’s change drivers. Generally, the follow-
ing questions need to be answered:
• What were the key drivers that lead to changes
in the factory previously? How often did these
drivers appear?

• What effects did the change drivers have on
the factory and which measures were
implemented?

• What are the key drivers that will lead to future
changes in the production?

• What is the anticipated frequency of their
appearance?
Factors considered here include production

and logistics costs, added value per employee,
floor space utilization, stock-turnover ratio and
changeability of the factory concept, but also
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employee qualifications and spatial proximity
between direct and indirect areas. It is crucial to
identify what has worked in the past and what
potentials can be created within the frame of the
new planning.

Figure 15.16 depicts the results of analyzing
the change drivers, which in this case turned out
to be relatively short. As already mentioned, the
increase in sales volume triggered management’s
decision to relocate the factory nearby as an
independent business unit, whereby the support
functions (IT, personnel, finance etc.) would
continue to be provided from the central location.

15.3.6 Creating Scenarios

The case selected as an example is comparatively
simple. With more complex cases, it is recom-
mended that scenario management be imple-
mented. Originally, scenario management was
used primarily in product planning, but an
abbreviated form can also be applied very well
within a workshop. The goal of this method is to
determine consistent, readily understandable
visions of the future [Gau06].

Scenario management is based on two fun-
damental principles: (a) the concept of networked
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thinking in which the relationships between
numerous influential factors are taken into
account and (b) the concept of multiple futures,
which states that each factor can develop in dif-
ferent directions in the future (see also [Gau06]).

The process for creating scenarios has five
basic steps, whose sequence is clarified in
Fig. 15.17. First, the design field that is to be
defined is selected (in this case a factory) and
described with the aid of ‘design field compo-
nents’. In the case of the factory, these could be
the design fields outlined in Fig. 2.8 for example.
Subsequently, the influential factors that impact
this design field are collected and a network
analysis is used to derive the ‘key factors’ i.e.,
the factors that are particularly significant for the
object of consideration.

Following this, future possibilities for devel-
oping each of these key factors (so-called pro-
jections) are derived. If, for example, a specific
purchased material is a key factor, projections
might include, sinking, stable or greatly
increasing prices. In a subsequent investigation,
the projections for the key factors are combined
with one another and examined for their consis-
tency. If, for example, energy and transportation

costs are key factors, high energy costs have to
correspond to high transportation costs and low
energy costs with low transportation costs. Only
consistent combinations of projections are
entered into the future visions, which are referred
to as scenarios. These scenarios are not to be
mistaken for typical planning variations such as
‘optimistic’, ‘pessimistic’ and ‘realistic’.

The final step, the scenario transfer, serves to
convert the developed scenarios into a continu-
ous text. The found scenarios span the future
providing an indication of possible forthcoming
effects on the design fields of the factory.

If the scenario management is applied in a
project definition and goal finding workshop, it is
recommended to use a strongly abbreviated pro-
cedure in comparison to the one described by
Gausemeier. The key factors compiled by Her-
nández are useful as starting information. As
outlined in Fig. 15.18, these factors are differen-
tiated as either being from the extended environ-
ment (non-steerable) or from the more immediate
factory environment (steerable) [Her03].

From this list, a maximum of 4–5 key factors
with 2–3 projections each are selected. The par-
ticipants in the workshop create the scenarios and

design -
country 

design
field

environment environment 

scenario -transfer scenario transfer 

identification of influences
and investigation

of key factors
description of

possible
developments investigation and

description of 
consistent future pictures 

analysis and
description of  the 

object to be planned

Fig. 15.17 Creating scenarios (per Gausemeier). © IFA 15.472
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the breadth of their experiences has to ensure the
consistency of the projection bundles. The
knowledge gained is naturally less than with
traditional scenario management, but is sufficient
for planning the factory.

Figure 15.19 presents the results from an
exemplary factory planning project. Four possible
scenarios were developed for the enterprise con-
sidered here, each with very different develop-
ment paths. The ‘boom’ and ‘trend’ scenarios
both basically assume a continuation of the
developments up until now, whereas scenario 3
reflects focusing on a specific product spectrum
from the field of exhaust technology. Scenario 4
presents a mixture of a number of development
paths, including specialization of a specific
product spectrum, orientation as a system supplier
and a related decrease in the production volume.

The essential characteristic of these scenarios
is that they are not allocated to any specific
probability of occurrence. Whether a specific
scenario occurs or not, is ultimately dependent on
the development of the key factors and their

interaction. The only way they can be influenced
by internal business decisions is in regard to the
steerable factors.

By projecting the individual scenarios on the
design fields of a factory, it becomes recogniz-
able which scenarios strongly influence the
respective design field and which weakly influ-
ence it. The design fields, which require greatly
varying solutions for different scenarios, need to
have a specific degree of changeability e.g., in
the form of mobile or scalable assembly facilities
or easily adjustable ventilation systems. This
makes it possible to assess whether a planned
factory concept is sufficiently changeable to react
to all of the development paths or only to
selected scenarios. A concept that is only able to
cover one possible scenario should be critically
examined in view of its future viability. How-
ever, if a changeable solution is not used fre-
quently enough, the savings from the related
lower changeover costs do not cover the over-
head costs of the solution. In this case the
changeability has reached its economic limit.

non-steerable key factors 
(global and enterprise environment) 

steerable key factors 
(factory environment) 

1 1 market dynamics, laws and development product types and types 
2 2 demand trend product variants 
3 3 competition structure / new competitors amounts of products 
4 4 market structure and segmentation degree of specialization 
5 5 competences of the competitors product standardization 
6 6 economic development product prices 
7 7 

technology development market strategy / business field strategy 

product life cycles raw materials 

8 8 
competences of the partners in the network place of the production 
utilization of the partners in the network material development 

9 9 production network organization product technology 
10 10 industry-specific standards and norms vertical integration 
11 11 price requirements production technology and automation 
12 12 innovation speed product size and weight 
13 13 globalization of the production investment budget 
14 14 market strategy of the competitors current assets and fixed assets 
15 15 delivering requirements sales volume and profits 
16 16 risk inclination of the capital givers/shareholders building life cycle 
17 17 supplier structure cooperation strategy 
18 18 position of power of the suppliers location development 
19 19 

21 21 

24 24 

financial policy distribution strategy 

ecological policy service 

enterprise and meta goals import and export 

20 20 

23 23 
22 22 

25 25 

global research and development intensity humane strategies 

logistics strategy origin and structure of the customers 

Fig. 15.18 Steerable and non-steerable key factors of a factory (per Hernández). © IFA 15.473
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15.3.7 Finding a Vision

Defining a common vision for the factory
involves an intensive discussion process
since each of the interest groups (owners,
management, employees, etc.) has a very
different idea about such a vision. To ensure
that a vision is as accepted as much as possible
within the project team it should not be
determined by the authoritarian rule of manage-
ment, but rather developed by a team of
senior staff. In doing so the following questions
need to be answered:
• What is our vision of the enterprise (e.g.,
market leader, fast follower, best partner,
leader in innovation)?

• What are the meta-goals of our location (e.g.,
sales, returns, delivery times, market share,
products, increasing productivity, turnover,
minimizing stock, system capability, quality,
changeability, volume/output, comparison
with competitors, etc.)?

• What strategies do we want to use to reach
these goals (e.g., cost leadership, pioneering
design, cooperation, imitation, niche strategy,

technology leadership, zero-defects, CIP, pro-
cess orientation)?

• Are emergency strategies required (e.g.,
through redundancy, expandability in small
steps, the ability to re-built)?
Figure 15.20 depicts the results of a vision

finding workshop for our case study.
In the left upper part of the figure, the vision is

summarized as the result of a collection of idea
cards (not shown here), while information for the
meta-goals and business strategies is listed on the
right side. The meta-goals form the business
foundation for the entire factory project and serve
as the basis for later controlling the success of the
project. In this case, the business strategy for the
factory is focused on two aspects of product
quality and changeability through modularity.
One of the given critical conditions is that the
project can be realized within a short time period.

15.3.8 GENEering

As already mentioned a factory is also always an
expression of the business culture and reflects the

If the current trend continues, the quantity increases by 10% every year. The customer’s order 
quantity is reduced to a maximum daily requirement and follows already recognizable trend. The 
product line contains simple parts up to complete systems and would expand a little compared to 
the current spectrum. It would also be possible to manufacture exhaust gas products in this 
scenario. 

As a manufacturer of exhaust gas technology the quantities of custom orders are further reduced 
and can sink down to hourly requirements. This is a result of the automobile industry’s delivery 
requirements. The enterprise would concentrate on the system supplier position and would 
therefore reduce the product line considerably. 

With pecialization on a certain product range as well as concentration on the role as systems 
supplier but not focusing on exhaust technology, a considerable decrease in the total volume is 
to be expected. The amounts of customer orders would be reduced to hourly requirements

This rough scenario assumes an increase of the total production volume up to 20% p.a. and that 
the amount of customer orders covers a broad product line. Orders can be from ten thousands of 
pieces down to individual orders placed weekly. The product line would be strongly extended and 
the manufacturing of products for exhaust gas technology would also be possible. 

boom 

trend 

exhaust gas 
technology

supplier 

system supplier 
(shrunk) 

1

2

3

4

Fig. 15.19 Rough scenarios for an automotive supplier. © IFA 15.474
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enterprise’s demands on itself and its products.
Thus, if a company primarily serves the market
for regenerative energy, the technology found
there should also be used in the factory.
Accordingly, the enterprise’s overall vision has
to be transformed not only out of the production
perspective but also the spatial perspective into a
factory vision.

A proven method for achieving this is
GENEering [Rei04]. As the term—which lin-
guistically combines ‘gene’ and ‘engineering’—
indicates this method is concerned with
developing a ‘DNA code’ from the perspective
of the object planning. This sets the structural
forming parameters in the factory’s future life-
cycle and thus the performance of the object’s
form under the motto “form follows
performance”.

Figure 15.21 clarifies these 8 factors, which
will be visualized in further steps through
expressive images from these areas. In the first
round these are not directly related to the factory
development, but rather are meant to trigger new
associations for workshop participants. In the
second round, the factors are reviewed in a

similar fashion, however this time are oriented on
examples from the factory building.

Each individual factor is broken down once
more into three sub-concepts and examined from
internal and external company perspectives. The
results of a corresponding detailed discussion
about the factor ‘changeability’ in a project are
depicted in Fig. 15.22. Each of the sub-concepts
are designated an importance, whose value can
be between 1 (not important) and 10 (extremely
important). In this example, modularity and
flexibility were assigned a high point value,
while mobility was barely pertinent.

The arithmetic mean then flows into an overall
image of this object’s DNA code as shown in
Fig. 15.23. In doing so the factors are divided
into hard and soft assessment fields. In the last
step, the desired features of the complete object
are allocated to the affected design fields, as is
indicated on the right side of the diagram. In our
example, it can be seen that the soft factors
strongly dominate for the site, building and
organization.

Through the ensuing group discussion of the
target concepts from a production engineering

2. meta goals

3. company strategy for the factory 

4.  general conditions 

• sales volume: increasing from y mill €. to x mill. € within 5 years
• EBIT: min. 10%
• delivery time: from 12 to 8 weeks

delivery reliability: currently 77% (difference between promised and 
attained date, exact to the week, delivery ex works); target: 85%
in 1st year, 90% within 2 years

• increase in productivity: within two years 6%, as of then 3% p.a.
inventory: stock turnover frequency from 2.2 to 3 within 2 years

• quality: maintain
• changeability: with regard to increasingly larger product dimensions,

arranging all facilities to be as mobile as possible
• establish a service centre in the factory 

• technological superiority (precision, reliability)
• modularity (grid e.g. 3 x 3 m also advantageous for the move)
• mobility of facilities 

• max. move duration: 3 weeks, plan 50% production volume during move
• move must be completed within 6 months to not endanger other projects
• machine information available for the complete plant that is to be shifted 

1. vision of the factory in this
project 

Our products are reliable precise
and economical through our
competence, quality and  
efficiency. For us this means 
claim and obligation. 

2. meta goals of the enterprise
for the factory 

3. company strategy for 
the factory 

4. general conditions 

Fig. 15.20 Vision, meta-goals and factory strategies (example). © IFA 15.475
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and object related perspective, highly original
ideas often arise, which are formative for solu-
tions, particularly in the structural planning of the
production and building.

GENEering gains particular importance in the
discussion on sustainability in industrial con-
struction. Already in 2002, in their highly
acclaimed book “Cradle to Cradle” Braungart
and McDonough pointed to the—at the time still
minimally considered—side effects of industrial
societies such as contaminants in products,
unresolved waste disposal or irreplaceable
resources [Bra09]. The goal of energy efficiency
according to this is only one of many aspects of a
comprehensive sustainability, especially when
planning a factory.

Subsequently, the results are transformed into
guidelines for designing the object and can for
example look like this:
• Maximize changeability through mobility,
modularity, employee qualifications and work-
hours’ model.

• Use new technology for construction, fire
protection and heat recovery.

• Increase efficiency by taking into account
limiting values (minimum throughout times,
minimum inventories etc.).

• Secure ecological off-set spaces; take into
consideration local rainwater seepage.

• Create aesthetics through order, color concept
and media routings.

• Promote communication by locating support
functions such as work-prep and order pro-
cessing close to the production.

• Provide a corporate identity through exhibi-
tions, individuality, tradition and myth in a
foyer.

15.3.9 Fields of Action

Based on the preceding results, the ensuing
‘definition of fields of action’ designates concrete
sub-projects with responsibilities and due dates.

communication energy optimizing efficiency obtaining 

ecology nettingensure changeability

esthetics searching technology utilizing identity creating

performance form:
form follows
performance 

promoting 

Fig. 15.21 GENEering. © Reichardt 15.476
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This can for example be organized according to a
manufacturing company’s core and support pro-
cess. Figure 15.24 depicts a possibility oriented
on the factory planning’s main processes ‘prod-
uct development’ and ‘order processing’ (see
also Fig. 2.7 and [Wie14]).

Marketing and sales search out and define
new product ideas, which are then transformed
into products by research and development. The
production (manufacturing and assembly) along
with logistics (procurement, production and dis-
tribution logistics) process the order together.
The support processes provide services for the
core processes. From the perspective of the fac-
tory planning, the individual processes are each
examined in view of the company’s vision,
guidelines and location strategy for areas of
activity.

Goals in terms of economic aspects and tim-
elines are defined for each process. Moreover, all
of the workshop participants have to agree on the

identified fields of activity, because this is the
only way to ensure a common process. In addi-
tion, compliance with the set goals has to be
ensured by the steering committee with appro-
priate authoritative powers.

Once the goals have been defined, the basis
for the actual factory planning from the per-
spective of the process and spatial planning is set.
The next step, the base analysis, is discussed
below.

15.4 Base Analysis

The base analysis primarily serves to evaluate the
product and process data. In case of a re-orga-
nization this allows the weakness and potentials
of the current state of an existing factory to be
determined. With a new planning, it allows ref-
erence processes within the planned factory to be

modularity 9 

8

2

flexibility

internal view external view 

- innovation possibility for new 
products through modularity, 

- small line units
- modular structured production 
- areas can be reduced/enlarged 
- consider available standard modules
- basic grid layout should correspond 

to building grids

- changes do not impact other modules
- reorganization of lines does not hinder

regular production
- everything based on modules

(e.g. Euro Pallet) for different 
packaging sizes 

mobility

- enable trouble-free extension and/or 
reorganization 

- flexible production with variable
docking points

- provide “end of line flexibility”
- providing ‘breathability’ for 

floor spaces and ceiling heights

- consumer demand changes
adjust to market 
(3 person household ->1.5 person)

- product flexibility
e.g. (gift) packaging

- flexibility of packaging/packaging 
areas 

- output not fixed in volume 
- possibility of customization  

between long runners and small lots 

- reuse-ability
- mobility
- modules exchangeable 

Fig. 15.22 Aspects and assessment of the factor changeability (example). © Reichardt 15.477
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described. In order to systematically organize the
data collection and documentation it is recom-
mendable to consistently implement a scheme
such as the one depicted in Fig. 15.25. Following
a brief description of the contents, project

management also records the data users, pro-
ducers and availability along with the state of
completion for each data group and saves this
information in the project database. Experience
has shown that recording and analyzing the data

assessment fields 

changeability 6
- modularity 
- flexibility
- mobility 

technology 6
- precision - innovation
- performance 

ecology 7
- networking 
- symbiosis
- sustainability 

aesthetics 7
- tectonics 
- materiality

- emotion / poetry 

efficiency 7
- economy, 
- limit value
- performance form 
energy 3
- resources 
- systems
- responsibility 

communication 9
- signal 
- team
- transparency 
identity 8
- individuality 
- tradition
- brand 

design fields 

location 

building services

buildings 

process / logistics 

organization 

assessment scale: 1 (unimportant) to 10 (very important) 

hard soft

Fig. 15.23 GENEering code for an object. © Reichardt 15.478
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Fig. 15.24 Core and
support processes of a
manufacturing company. ©
IFA 15.479
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can take 30 % up to 50 % of the total project
expenditures. The complete list is documented in
Appendix C2.

The analysis is conducted for the key design
aspects of the factory (see Figs. 2.8 and 5.17). In
order to limit the expenditures required for this, it
should be decided in each project which factory
aspects (also referred to as objects) need to be
analyzed. It is critical that data is not collected
‘blindly’ and saved ‘in advance’, but rather that
the project leader together with the sub-process
planners determines the scope and depth of
required data for each step. It also has to be kept
in mind that the existing documentation is often
not up-to-date and that in the future strategic
assumptions will have to be made.

There is a plethora of methods available for
supporting these analyses (see for example
[Agg87, Gru00, Wie96, Ket84]), which we will
explore later according to the various phases. The
most common approach is the ABC Analysis,
which is suitable for distinguishing between a
few important elements and many unimportant
ones. It is well suited for example to analyzing
the production program. The share of the total
production volume and total sales that each
product represents is depicted comparatively in a
graph, allowing high revenue products to be
easily separated from low revenue products.

Information such as this is required when
designing the factory’s structure and makes it
possible to divide the production into ‘best seller’
and ‘slow seller’ segments.

15.4.1 Object Data

• Production Program
The starting point for analyzing the object data

is usually the production program which, based
on the overview depicted in Fig. 15.11, summa-
rizes the products to be manufactured at the per-
tinent location along with their respective
production volumes over the course of the next
3–5 years. In the sense of the abovementioned
ABC analysis, this shows which products are best
sellers, which are steady sellers and which are
slow sellers with low production volumes. Fig-
ure 15.26 depicts the example of a pump manu-
facturer, who offers 7 standard pumps with a
delivery time of 5 days as well as a special pro-
gram with 7 types and a delivery time of 3 weeks.
This information is primarily required for orga-
nizing the production segments later, if the seg-
ments are oriented on production volumes.

With serial production it is common to have a
BOM (bill of Material) for each product type
with parts manufactured in-house separated from

no. description data request
from

repon-
sible date received 

status from when 
project management 

enterprise 

plant and factory layout 

products 

0 
0.1 
0.2 

1 

1.2 
1.1 

1.3 
1.4 
1.5 
1.6 

2 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 

3 
3.1 
3.2 
3.3 
3.4 
3.5 

contact person 
logo of the enterprise 

company structure 
sales volume 
number of employees
business calendar 
shift model 
organization chart 

master plan
current rough  layout
current fine layout
target rough layout
target fine layout
area balance sheets 

3D files 
fixed points

production program
forecasted  product program 
name of the products 
product numbers, item number 
variant number 

for presentation 

group structure, legal form, financial integration 

distribution among sections (also indirect employees) 
incl. open days, holidays 

organizational structure (over 3 hierarchy levels) 

size of all areas, (incl. unused areas) 
layout with fixed points
e.g. movies 

volume development of all variants, changes 

3 
3 

3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 
3 
3 
3 

3 
3 
3 
3 
3 

Fig. 15.25 Data requirements list. © IFA 15.480
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those bought from suppliers. For parts manu-
factured internally there are work plans which
document the individual operations with the
corresponding manufacturing methods, setup
times and production times per piece. These form
the basis for calculating the capacities later. In
comparison, job productions with a large variety
of products use the load data from invoiced
orders and combine it into a representative pro-
duction program. Section 15.6.2 (structural
dimensioning) considers this in more detail.
• Operating Facilities

The operating facilities represent the second
largest object group. Here, one starts with an
overview of the site, the location of the building,
the infrastructure as well as expansion possibili-
ties and existing open spaces. These are docu-
mented in the site ground plan; a highly
simplified example is depicted in Fig. 15.27. The
plan can be supplemented with additional data
e.g., the state of the roads and buildings includ-
ing equipment and facilities (cranes etc.). This
information is necessary for assessing locations
as well as for planning areas for potential
expansions.

Within the building, data about resources that
is relevant to the factory planning should be
ascertained. Machine specification sheets; which
are maintained by the work-prep section and
serve as a basis for determining capital assets, are
well suited for this. Required floor space, height,
weight, energy requirements and media connec-
tions are key data for the factory planner. Addi-
tional important information includes required
ventilation or exhaust vents as well as noise from
vibration emissions that may require encapsula-
tion or a vibration absorbing foundation.

The floor space data for the facilities has to be
converted into a normal operational state before
being applied in further planning, because the
current state generally does not correspond to
what is required for a proper process flow. To do
so, floor space for a local material buffer, service
andmaintenance areas as well as tools and fixtures
need to be included. This can often add up to be a
multiple of the initially stated floor space. Sec-
tion 15.6.2 examines this more closely as well.

Dividing the hall floor space into storage and
buffer areas, functional areas, production areas
and transportation areas leads to an area balance

total
30,700 per year

standard-
program

Type A
14.000 pY

Type B
6.000 pY 

Type C
6.000 pY

Type D
2.000 pY

Type E
1.200 pY

Type F
1.000 pY

Type G
500 pY

total 
3,550 per Year

Type H
1.200 pY

Type K
1.000 pY

Type L
500 pY

Type M
500 pY

Type O
200 pY

Type P
100 pY

Type Q
pY50

special
program

time

time

Fig. 15.26 Production program of a pump manufacturer (example). © IFA 15.481
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sheet for the entire plant (Fig. 15.28). By com-
paring the result with standard industry area
ratios, it is possible to draw conclusions about
the appropriate distribution of individual areas.
Frequently an area balance sheet such as this
leads to reducing stores and buffers in order to
minimize waste.

As a strongly aggregated overview of an
object analysis such as this, Fig. 15.29 depicts
the progression of the sales volume, total area,
the separately indicated office space and the
number of employees assumed for an exemplary
factory planning. In this case the actual values
during the planning year were set at 100 % and
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Fig. 15.27 Site ground plan (example). © IFA 15.482
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Fig. 15.28 Area balance sheet for an automotive supplier. © IFA 15.483
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the planned values were normalized to the
respective values. While the sales volume in the
next 10 years should increase to 250 %, the
growth in total area based on rationalizing and
re-structuring is approximately 140 %. The
number of employees due to sales related activ-
ities rises together with the associated office
space to approximately 170 %.

15.4.2 Process Analysis

The goal of analyzing the processes is to describe
business processes, materials, communication
and value flows. A number of methods and tools
have been developed for depicting business
processes, many of which originate in corporate
information technology e.g., the ARIS system
(Architecture Integrated Information System)
[Sche01, Sche02]. For business applications
REFA Association [Bin11] developed some
recommendations, whereas process descriptions
focused on logistics are particularly well suited
for analyzing factory processes.

Figure 15.30 depicts an example of such the
latter, the Process Chain Analysis, developed by
Kuhn at Fraunhofer Institute for Material Flow
and Logistics in Dortmund [Win97]. It uses

specific symbols to describe the individual pro-
cess steps and their connections for a product or
product group. So-called connectors produce
either a physical or temporal link between a
number of process elements e.g., joining a
number of parts into a component. In Fig. 15.30
the process chains for two article groups can be
seen. Article Group 1 is deliverable within 24 h,
while Article Group 2 reaches the customer
according to standard service within e.g., 1 week.
The second chain has two additional process
elements.

Each process element is described by four
groups of features, summarized in Fig. 15.31. A
process chain element produces a physical or
spatial transformation of an object e.g., forming,
painting, transporting, storing etc. The processes
are described by sources and sinks as well as an
inner structure, as depicted in Fig. 15.30 in the
lower part as a sub-model. This sub-model
describes the topology—that is the layout—of
the elements as well as its integration into the
hierarchical organization and communication
structure of the network.

The elements’ resources are classified
according to the material and immaterial features,
while steering characterizes the planning and
control on the normative level (corporate culture
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Fig. 15.29 Planning
framework for a factory
project (example). © IFA
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process chain 1: 24 hour service (article group 1) 

sub-model 

process chain 2: standard service (article group 2) 

main model 

source / sink process chain element connector time connector 

Fig. 15.30 Process chain model (per Kuhn). © IFA 15.485
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Fig. 15.31 Features of a
process chain element (per
Kuhn). © IFA 15.486
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and rules, administrative, disposition, control and
links within the network).

Along with making processes transparent for
all participants by representing them in a simple
straightforward format, the goal of analyzing a
process chain is to uncover and resolve weak
points. The recommendations set out in Fig. 15.32
are applicable as rules. Processes are distin-
guished as either utility processes (these create
value—the percentage of these should thus be
increased) and support processes (these are nec-
essary due to the selected utility processes, how-
ever do not add value e.g., transportation between
two workstations—such processes should at least
be maintained as a constant). Faulty processes, on
the other hand, involve uncertain process designs
and need to be constantly reduced, whereas blind
processes represent pure waste.

In addition to traditional methods of model-
ling business processes, value stream analysis
has proven to be a valuable aid in depicting and
analyzing a product family’s value stream and its
corresponding flows of information and materi-
als. Based on standardized symbols the entire
value stream is recorded in the opposite direction
of the material flow i.e. from shipping to receipt

of goods (see also Fig. 14.16). An extensive
introduction to value stream analysis can be
found in [Roth03]. Figure 15.33 outlines the
basic steps.

The goal of analyzing the value stream is to
identify waste in terms of stock, floor space and
waiting times in the throughput of products and
to thus create bases for developing a flow ori-
ented production. This easy to use method (typ-
ically requires a few days including preparation
and follow-up) is especially helpful for obtaining
a quick overview of the production processes
during the analysis phase. The results are carried
over as input data into the next phase of the
factory planning—the structural design—and can
be further refined as needed.

Figure 15.34 depicts an example of such an
analysis for the current state of a production
process. Following the analysis, the investigation
team develops a target state, characterized by a
dramatic decrease in the throughput time from
15.1 to 2.9 days (Fig. 15.35). This is attained by
discontinuing interim operations and eliminating
related buffers.

It should be noted that both the business
process analyses and value stream analysis
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always consider only one product or product
group. When a number of products or product
families are involved a corresponding number of
analyses are then required.

In a factory, several different product groups
(typically three to five) with different production
volumes are usually manufactured for different
purchasers. In addition components for other

choosing product family 

select a representative product family according to: 
• required production steps  • required production facilities
• variants • sales volume strength 

develop understanding of factory’s current operation: 
• compile & evaluate data in-house – do not use standard values for information      
• and material flows
• proceed from shipping of finished goods to input of purchased goods 

avoidance of waste: 

• holistic approach (system kaizen instead of point kaizen)
• follow value stream analysis guidelines

loops: 
• important: begin implementation immediately
• formation of value stream loops (pace setters, suppliers, processes)
• start with the pace setters' loop

realizing by project 

sketch target condition 

sketch actual state 

procedure: 
• use value stream analysis symbolism
• possibly take a fast tour to record processes (sequence)
• detailed tour around he processes with pencil and paper 

Fig. 15.33 Procedural steps in a value stream analysis. © IFA 15.488
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plants as well as replacement parts are also pro-
duced. Frequently, due to the underutilization of
machines it is not possible to install a separate
production for each of the product groups.
Therefore all of the products in the entire order
stream compete for capacities.

In this situation it is practical to also record
the material and information flows from the
perspective of the resources. The Sankey dia-
gram (Fig. 15.36 left) is a helpful tool for this. It
visualizes the organizational units and flows of
e.g., material or information between them. The
space required for the units and the distance
between them is not considered in the graph.
The width of the flow channels is proportional
to the transported volume per time unit (here
e.g., tons/per month). The flow relations can also
be recorded in a ‘to and from’ matrix also
referred to as a material flow matrix (Fig. 15.36
right).

The rows represent the transmitting/sending
station and the columns the receiving station. The
numbers for the flow can refer to the weight,

volume or quantity transported per time unit.
Deviations between the sum of the inputs and
outputs can arise when not all of the sections are
documented in the matrix.

As personal communication gains signifi-
cance, the relationships between the flows of
information also continue to take on importance.
These can be visualized using the same methods
applied for material flows.

The compiled data is prepared and presented
in the matrix form. Figure 15.37 depicts an
example for three levels: plant manager, section
manager and employee. The participants in the
survey are allocated to their sections in the same
order on both the x and y axis. If the mutual
estimation of partners’ communication intensity
and content is to be compared in both directions,
the fields above and below the diagonal should
be filled in. The color indicates the intensity, here
in three degrees of intensity: low (green), med-
ium (yellow) and high (red). With this visuali-
zation we can see the exchange of information on
the employee level, but it can also be aggregated
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to include the relationships between entire sec-
tions in the factory.

With a practically designed organizational
structure the intensity of communication within a
section is typically high (boxes along the main
diagonal), whereas the intensity between sections
is low. If the basic content of the communica-
tions is added to this information along with the
spatial location of the sections from the analysis
and then compared with the ‘target’, the required
input data for a communication concept can be
generated step by step. The final results provide
concrete recommendations for arranging the
affected sections (e.g., into an office concept).

Unfortunately currently inefficient processes
are often transferred to the new factory with the
tacit assumption that everything will then be
better somehow. However, without an appropri-
ate program this is never the case. The analysis
phase should thus also serve to make improve-
ments possible before moving to the new factory,
which can then be implemented step-by-step
after the move.

Parallel to analyzing the production facilities,
the base analysis of the object planning essen-
tially involves documenting the existing or
planned grounds and, where applicable, existing
buildings and the relationships of the flows

between them. Subsequently, the results of ana-
lyzing the production facilities and processes are
merged with the analysis of the spatial object
from the architectural perspective and in accor-
dance with Fig. 15.5 are adopted in Milestone
M1 by the steering committee.

15.5 Concept Planning

According to Fig. 15.5, the concept stage entails
the structural development, dimensioning the
structure and rough layout planning. The struc-
tural design phase is responsible for forming
structural units which are technologically, orga-
nizationally and economically good functioning.
A structural unit is defined here as a module
within a complex structure, which fulfills a spe-
cific function [Wie96].

The basis for this is system theory [Wil96].
According to it, systems describe a set of inter-
related elements with specific properties
[Rop99]. The network of the relationships
between the elements is referred to as structure.
This structure is not random, but rather always
oriented on the system’s purpose. Elements only
represent the smallest units in the observed
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system, but can also be a system themselves.
Thus in a factory system, the smallest element is
a machine, but it in turn can also be understood
as a system (see e.g., Fig. 6.26 Elements of a
Machine Tool).

In regard to the factory planning the structure
can be seen as the overriding organizing princi-
ple of the factory. The structure, however, does
not map the spatial characteristics of a system,
but rather illustrates the structural units and their
relationships.

The structural planning is the most creative
and important step in planning a factory. Here the
criteria acquired through the goal planning are
implemented in a relational structure of the fac-
tory objects. From a process and spatial per-
spective the structure has to be long-lasting, but
also allow modifications to changing conditions.
Practitioners often find this way of thinking

difficult, because they usually have concrete
spatial conceptions of factory objects and find
depictions of functional relationships very theo-
retical. Experience has shown though that only
this type of abstraction leads to a deeper dis-
cussion about the production principles and to
fresh approaches.

15.5.1 Structural Design

Structural units are developed by orienting the
production based on so-called structuring prin-
ciples which follow a strategic approach. The
starting point for this is the logistic profile of a
location (Fig. 15.13). In accordance with
Fig. 15.38, the primary focus for the location is
the market, products and processed defined dur-
ing the analysis phase whereas the required
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efficiency and transparency are considered gen-
eral conditions. Figure 15.38 breaks these
broader terms into further features, which serve
as leads for the concrete structuring along with
the project specific conditions [Har04].

Generally, it is not possible to find a single
consistent structuring principle for an entire fac-
tory. It is thus practical to orient on the factory
levels introduced in Fig. 5.18. Figure 15.39
illustrates this principle using a fictional exam-
ple. The upper most level describes the factory
structure, for which the individual product
groups are decisive for in this case. The structural
units are reflected in the organization of the
enterprise as well and are often referred to as
business units (BU). In addition to the manu-
facturing section, a business unit is usually
assigned to marketing, distribution and product
development.

On the section level of the factory, in this
example, within each product group specific
groups of customers are addressed, which are
usually structured into product/customer seg-
ments and when possible, combined under one
roof. These segments can be further divided

logistically on the lowest system level e.g.,
according to runners (large production volumes),
sprinters (average production volumes) and rari-
ties (low production volumes). Runners, sprinters
and rarities require different procurement, man-
ufacturing, assembly and supply concepts, as
indicated in Fig. 5.13. What is new on this level
in comparison to the logistic profile is the deci-
sion about the spatial manufacturing and/or
assembly structure. The possible characteristics
for these have been presented in Figs. 9.7 and 9.8
. For the runners and sprinters, which are in high
and regular demand from customers, manufac-
turing according to the cell or flow principle is
well suited. For the more sporadically demanded
rarities, a workshop principle is more suitable.

Selecting the appropriate structuring charac-
teristics is illustrated based on the example of a
factory for plastic injection molded parts in
Fig. 15.40. It can be seen in the upper part of the
figure that on the factory level, from left to right
there is a raw material store followed by raw
material preparation. Attached to that is the
production with an integrated store for purchased
parts required by the assembly. Subsequently
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finished goods are inspected, packaged and
transferred to a finished parts store, from where
they are commissioned and shipped as needed for
order consignments. Ten possible structural
options developed for the production in the
project are presented in the lower part of the
diagram. They are either oriented on the process,
customer, technology or on product groups.

With a process orientation (principle 1), the
processes conducted using similar technologies
are combined within a structural unit (e.g.,
assembly or manufacturing area). One of the
advantages of this workshop principle is that
equipment and personnel are highly utilized.
Moreover, personnel then develop concentrated
know-how about the specific technology. If there
are changes in the production program they are
easily implemented. Capacities within the struc-
tural unit are highly adaptable. Nevertheless,
there are also associated disadvantages such as
high stock levels and long throughput times. If
the sections are very large, the workshops can be
further sub-divided into machinery size classes
(principle 5).

With a process chain orientation (principle
10) all of the production steps of a product or

product family are combined locally. One of the
advantages here is the unit’s complete responsi-
bility for a product and the related sub or com-
plete process chains. There is thus a
concentration of product related process know-
how. The throughput times and stock levels in
comparison to principle 1 are clearly faster/lower
and the production control is comparatively easy.
In return though, not all of the production units
can be fully utilized and the technological know-
how of individual operations is distributed
among several segments.

Nowadays, the process orientation is pre-
dominantly oriented on the customer (principle
4), with larger customers on their plants (princi-
ple 7), on the products of each of the customers
(principle 6) or on the delivery model (principle
8). If the delivery volume is too small for indi-
vidual segments, the orientation can also be on
product families (principle 2).

A selection of possible structural characteris-
tics has to be individually made for each project
in order to take into account the project specific
conditions. Nevertheless, the possible character-
istics of a structure usually range between a
process orientation and a process chain
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orientation. A combination process such as this is
depicted in Fig. 15.41 middle. In this case, three
process chain oriented segments were main-
tained, however, the input and output situations
were designed together with a functional
orientation.

According to the synergetic approach, the
object planning should be actively involved in
determining the structure. Moreover, variants
should be evaluated and selected based on the
guidelines set within the goal definition work-
shop. Once the structure is developed, resources
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are then dimensioned before the conceptualiza-
tion is completed with the rough layout planning.

15.5.2 Dimensioning of the Structure

• Input Variables
The structural dimensioning is responsible for

determining the amount of machinery required,
the necessary floor space as well as the number
of employees required for operation. The input
parameters include the production program, the
product features, existing production equipment
as well as that needed in the future as well as the
qualifications and flexibility of the personnel
who are to be employed (Fig. 15.42).

The production program is fixed together with
the creation of the logistics profile and contains
information about the type and quantity of the
products. This then serves as the basis for cal-
culating the resources. In addition to current
products and their production volumes, infor-
mation from the analysis phase about the future
production volumes, product lifecycles (new,
growing and discontinuing) as well as future
products has to be available.

• Determining the Operating Facilities
The basic procedure for dimensioning

resources is depicted in Fig. 15.43 [Wie72]. The

production program typically projected over a
5 year horizon serves as the primary input vari-
able (Fig. 15.43 top left). The product properties,
as the second input variable, are determined by
the product structure of their individual compo-
nents, which are documented in the Bill of
Material BOM (see Fig. 6.6). The operations
sequence along with the required setup times (per
lot) and operation times (per piece) can be read
from the work plans. The number of end prod-
ucts, components and individual parts that are to
be manufactured yearly can be calculated by
multiplying the product volume of the production
program with the quantities listed in the BOM for
each of the components. Next, the yearly demand
is to be sub-divided into economic lots. The work
content per product can then be determined by
multiplying the number of lots by the setup times
and the number of individual parts by the opera-
tion times per piece. This calculation is clarified
in an example from an industry analysis in Fig.
15.44.

In this case, the planning is based on a yearly
requirement of 80 machines, which are produced
in 8 lots of 10 pieces each. The capacities are
broken down according to the facilities classifi-
cation used in this company as indicated in the
work plan per operation. The production volume
per individual part per year (many of the indi-
vidual parts are integrated a number of times in
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no.
capacity group 
name 

quantity setup time operation time work content machines 
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this product) is listed in the first column, fol-
lowed by the setup times, operation times and
work contents in the subsequent columns. The
work content corresponds to the yearly capacity
requirements measured in standard hours.

Sixteen hundred standard hours was accepted
as the yearly available capacity per machine.
This corresponds to a single shift operation with
allowances for breaks, maintenance, disruptions
etc. The share of setup time is inserted in order to
gain a sense of the lot size’s impact e.g., when
switching over to smaller lots. The quotient of
the work content and capacity results in the
number of machines required for single shift
operation; usually it is not a whole number. In
accordance with Fig. 15.43, adding all of the
product groups found in the production program
leads to the required capacities profile.

In single-piece productions though it is not
practical to derive the requirement profile from
the BOMs and work plans of individual orders
due to high expenditures and the fact that there
are usually no work plans available. In this case,
the load values of invoiced orders from the
accounting are used. A representative product
mix is then determined and extrapolated to the
total required capacities based on target sales
[Wie74].

The second basic step in the dimensional
planning is concerned with determining the
available facilities profile. It provides informa-
tion about the type and quantity of production
equipment, their capacities and their availabili-
ties. Considerations about planned investments
for replacements or new acquisitions are also
included here.

In the third step the two profiles are aligned in
three ways. The technological alignment verifies
whether or not the previously implemented man-
ufacturing technology and machinery should also
be used in the future. New technologies capable of
a much greater output rate are often being tested
(e.g., high speed milling) and require work con-
tents to be corrected accordingly. Independent of
new facilities, many enterprises often aim for a
yearly productivity increase of 3–6 % depending

on the branch. This means that in five years the
required capacities would be reduced by 15–30%.

The chronological alignment is concerned
with the shift model i.e., whether there should be
one, two or three shifts and whether the facilities
should be operated on weekends (see Fig. 7.10).

The organizational alignment allocates the
machinery to the sections set during the structural
design, as indicated for example in Fig. 15.39.

Here at the latest the dilemma of economic
efficiency versus flexibility comes to light, since
usually not all of the machinery in a segment is
fully utilized. As a solution, used machinery is
often bought for the technologies that do not
represent one of the enterprise’s core compe-
tences (see Fig. 14.15).

Additional resources such as storage and
internal conveyor technology result from the
number of production facilities and the flows
between them. Here, the focus is on the require
space, which is discussed in more detail in the
next section.

The number of machines and other facilities as
well as the shift model determines ultimately the
operative personnel and the required qualifica-
tions. Possibilities of operating multiple machines
(e.g., with fully automated plastic injection mold
factories) are considered here. Depending on the
structural principle, managerial functions (group
leaders, masters, segment supervisors etc.) and
services close to production (e.g., NC program-
ming) are also taken into account.

Figure 15.45 shows a graphed comparison of
the required and available capacities which should
clarify problems concerning increasing uncer-
tainty about capacity requirements in the future.
Whereas the ranges for the forecasted valuesmight
have seemed exaggerated up until the 1990s, today
such values have to be considered normal when
planning new factories. This depiction once again
emphasizes the significance of a factory and its
facilities being flexible and changeable.

• Required Floor Space for Facilities
In the last step of dimensioning the resources,

the required floor space is determined from the
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amount of production facilities. Based on the
sites total area, Fig. 15.46 provides an overview
of the types of spaces and how they are orga-
nized for a production facility according to VDI
Guideline 3644 [VDI91].

In planning a factory, the following spaces are
of importance:

• production areas—spaces required for manu-
facturing, assembling, handling and testing
workpieces,

• storage areas—spaces intended for receiving
and delivering goods as well as supplying
material for the production process.

• office areas—spaces reserved for administra-
tive segments,

planning-
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Fig. 15.45 Comparison of required and available capacities. © IFA 15.500

site
space

undeveloped
space

developed
space

floor space

media supply space

traffic space

parking space

reserved space

green/open space

gross
surface
space

construction
space

net
surface
space

effective
space

functional
space

traffic
space

m
ai

n 
ef

fe
ct

iv
e 

sp
ac

e
si

de
 s

pa
ce

production space

storage space

special space

office space

social space

other space

sanitary space

main traffic space

general traffic spaceessential space for factory planning

Fig. 15.46 Division of a site area (per VDI 3644). © IFA 15.501

402 15 The Synergetic Factory Planning Process



• social areas—spaces which predominantly
serve the health and care of the workforce,

• main traffic areas—spaces kept free and used
exclusively for transporting workpieces and
personnel in the production units, and

• reserve areas—undeveloped spaces reserved
for the factory’s expansion in case of growth.
In order to determine the space required for

production areas there are both key figure based
methods and computational techniques. The key
figure methods are particularly well suited for
estimating in the early planning phases. Spatial
requirements are stated either as absolutes (e.g.,
production areas = 1535 m2) or relatively (e.g.,
transport areas = 25 % of production areas).
Computational methods include for example, the
substitute area calculation and the functional area
calculation (see a.o. [Ket84, Gru00]). Both
methods start with the machine base area which
is then extended with the aid of aggregate factors
into the total machine workspace area. The sub-
stitute area calculation only adds space for pos-
sible transportation units to the machine’s base
area (typically 25 %) whereas the functional area
calculation takes into account individual spatial

elements (e.g., for transportation and mainte-
nance). Figure 15.47 helps to visualize the spatial
components that can be taken into account with
this method.

The aggregate factors in both methods are to
some degree centered on workplace regulations
e.g., for repairs and maintenance areas (see a.o.
Sect. 8.4 Workplace Regulations). However,
they can also be set based on experiences, dis-
cussions or available operational data.

• Determining Storage and Transportation Areas
In addition to the machine workplaces the

other areas mentioned in Fig. 15.46 also need to
be dimensioned. The next aspect to consider is
the storage and transportation areas allocated to
the production. These are primarily determined
by the procurement and supply model established
in the logistic profile and structural design.

Figure 15.48 depicts the storage areas that are
to be taken into account for product group PG1
and that were derived from the logistic sub and
elementary processes (see Fig. 6.44). In doing so,
the storage areas that are always required are
differentiated from those that are dependent on
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Fig. 15.47 Production area components. © IFA 15.502
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the logistics concept. The storage area in Fig. 15.
48 is oriented on the material flow, whereby it
begins with the receiving goods are and the
connected incoming goods store. Once materials
have been requested, they are supplied and
commissioned when needed with downstream
buffer and staging areas. During processing,
interim stores for semi-finished goods may also
be required. Finished goods are in turn stored in a
finished goods buffer or warehouse until they are
staged and shipped. The figure also shows which
storage areas are required depending on whether
this product group pursues a purchasing, pro-
duction or supply model.

The size of the individual storage areas is
dependent on the number of articles needing to
be stored or buffered, their size, the number per
carrier (stacking container, mesh box, pallet etc.)
and from the inventory turnover. The area is
often drawn in relation to the dimensions of the
Euro pallet (800 × 1200 mm) (31.5 × 47.2 in)
and then expressed in parts or multiples of these
units.

The resulting areas are then allocated to the
respective segments. Whether or not the areas
allocated to the individual segments can be

combined, first becomes apparent in the rough
layout planning. For example a common interim
store might be positioned between a push-con-
trolled manufacturing segment and a pull-con-
trolled assembly. In Fig. 15.48 the total required
space of 580 m2 is shown summarized at the
bottom of the second column from the left which
lists the values from an analysis of all the product
groups.

Transportation areas are then taken into
account with an aggregate factor and typically
represent 20–25 % of the production facility’s
area. Furthermore, areas for socializing result
from the number of employees and legal
requirements. As a guideline for offices, areas
ranging between 11 and 15 m2 (118–161.5 ft2) per
person apply for an office with 1–3 occupants.

• Area Modules
When planning a new factory, it is desirable

not only to design the production facilities to be
changeable, but also the layout itself. Area
modules are well suited for this. An operating
facility can then always occupy a more or less
larger module. In cases where a new factory is
being planned, facilities can be easily relocated
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in a module grid. Nevertheless, one of the dis-
advantages of this this approach is that the floor
space is not optimally used.

As shown in Fig. 15.49, areas are modularized
through the following steps: First the required
areas for the facilities are determined including
the secondary areas indicated in Fig. 15.47 and
plotted as a rectangular outline in the coordinate
system depicted on the right side of the figure.
Following that, areas with similar dimensions are
combined into modules. The smallest module
should be oriented on the building grid. Modules
should be a multiple of the base module in order
to allow them to be nested without gaps. Facili-
ties then need to be dimensioned congruently
with the modules in order to occupy the areas.

This approach is advantageous in that the
layout is highly flexible during further planning
processes and subsequent operations. If for
example, the positions of machinery needs to be
changed due to modifications in the production
program this is easily achieved within the indi-
vidual module’s limits, because each machine
occupies the same module area size. Within the
frame of this concept, vacant areas are identified
as conversion areas. The primary disadvantage of
modularizing areas is the comparative larger
amount of required space. The extra cost of the

area therefore has to be weighed against the
expected advantages of greater changeability.

The last step in the conceptualization is the
rough layout planning, during which both the
process and object planners have to find a com-
mon design.

15.5.3 Rough Layout Planning

15.5.3.1 Types of Layouts
The spatial positioning of structural units is
referred to as the layout (or allocation plan).
Depending on the level of the factory, there are
different types of layouts with increasing detail,
as clarified in Fig. 15.50 according to [Gru00].

The site layout is a macro representation that
provides a complete overview of all the structural
units on a factory site. In the object planning this
corresponds to the master building plan (see
Sect. 12.4). It shows how the buildings stand in
relation to one another on the site and are joined
with roadways. A rough layout presents the
individual production areas within a factory
building. The main focus is on the internal
logistics, which is why it includes the main
transportation and material flow routes. It is
important here to take changeability into account.
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The layout should thus clearly indicate expansion
directions and have material flows which run
perpendicular to the expansion direction.

The detailed layout presents the exact position
and allocation of facilities within an area
including building services and media supplies.
The highest level of detail though is to be found
in the workstation layout. In a micro represen-
tation it depicts the precise location of all the
machinery, tools or materials including energy
and media connections.

15.5.3.2 Ideal and Scaled
Functional Scheme

A layout is generally based on the so-called ideal
functional scheme, which is in turn developed
from the results of the structural design. An ideal
functional scheme, which only represents the
area units and the intensity of their material
flows, is presented in Fig. 15.51. The area values
are adopted from the resource dimensioning,
whereas the material flow intensities (expressed
in transport units per time unit) stem either from
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the value stream analysis or a material flow cal-
culation based on work plans. In a first step, the
functional units are allocated oriented on the
material flow.

In a second step, the functional units are
depicted to scale while maintaining the material
flow relationships (Fig. 15.52). Since the areas
usually vary greatly, the first dimensional dis-
tortions occur in relation to the ideal arrangement
of Fig. 5.51.

In a third step, the aim is to set the areas in
relation to one another according to the target

criteria and to obtain a predominantly closed
external contour.

15.5.3.3 Ideal 2D and 3D Rough
Layout

At the same time this structural planning has
been going on, the object planning has developed
the initial building framework, which at this
point is only described by the span width and
columns grid. These two streams of planning are
now merged together in a creative process to
establish the ideal scaled 2D layout (Fig. 15.53).
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According to [Sch10], an ideal layout is defined
as an “flow oriented, area-related, idealized spa-
tial arrangement of structural units”. As can be
seen in the diagram, the individual manufactur-
ing segments in this example are oriented on the
character of the product groups’ production vol-
ume (sprinters, runners, rarities), while the
interim store and assembly are used by all. In the
runners manufacturing segment, the manufac-
turing of workpieces is divided into those made
of normal steel and those made of stainless steel.
Due to the risk of flash rust and the need for
materials to be separated for swarf removal pro-
cesses these are not allowed to be processed on
the same machine.

In the sense of a 3D oriented synergetic fac-
tory planning, the 2D layout can now be con-
verted into a 3D layout, which takes into
consideration the ceiling clearance of the indi-
vidual segments. Figure 15.54 provides an
impression of the spatial units and already indi-
cates the room modules derived from the area
modules as well as the necessity for overhead
cranes in the assembly and test areas. Initial
concepts for an ideal building that will envelope
the structural units also arise here. Areas required

by employees for offices, workplaces and
socializing also need to be integrated into the
layout considerations; where they are located and
how they are developed plays a decisive role in
the internal communication.

As already mentioned a number of times,
when designing layouts not only the flow of
materials but also the flow of personnel, infor-
mation and communication need to be focused
on. Under the primacy of changeability, it should
also be possible to easily extend or reduce
structural units. Moreover, these changes should
be implementable without disrupting the perfor-
mance capability of the factory. Furthermore, it is
also critical to locate indirect segments close to
the production in order to promote personal
communication, thus increasing the reactive
capacity and overcoming the traditional barriers
between “white coats” and “blue coats”.

The ideal layout planning, which is free from
restrictions, aims to release planners from existing
conditions and open up theirfield of vision in order
to obtain a benchmark for evaluating the following
planning phase [Agg87]. It is advisable to plan an
ideal layout both when designing a new building
as well as when re-planning an existing factory.

Fig. 15.54 3D ideal rough
layout. © Reichardt 15.509
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This is recommended because it not only fre-
quently leads to original solutions, but also
because it sometimes leads to the realization that
the existing building structure simply has no future
and the site or building is best to be abandoned.

15.5.3.4 Real Rough Layout
In the next step, the ideal layout is transformed
into a rough real layout by adjusting it to the
specific operating conditions and restrictions.
The term “real layout” is used to describe a
spatial arrangement of structural units that can be
realistically implemented. It thus also takes into
account factors related to the flows, floor spaces,
business considerations and regulations that
influence the layout [Sch10].

In developing the real layout the various
restrictions that originated from the object and
process oriented base analyses also require
attention (Fig. 15.55) [Sch10]. Local restrictions
first pertain to the property and its topography as
well as to access rights and contaminated sites.
This can mean that the ideal size of a factory has
to be changed or adapted. Structural changes
may also be required if there are noteworthy
differences in elevation. Generally there are also

fixed points, which due to large foundations or
costly conversions, should not be changed. Fur-
ther restrictions may arise from the continued use
of expensive facilities. In addition, provisions
made by the parent organization (e.g., holding or
investors) or Good Manufacturing Practices
(guidelines for quality assurance in production
processes) can also require plans to be adjusted
as can limited financial resources. The last factor
we will mention here are the legal regulations
and requirements (e.g., regional, state, federal)
that are non-negotiable and need to be met in
order to operate industrial workplaces. These are
discussed in-depth in Sect. 8.4 (Occupational
Health and Safety Standards), Chap. 10 (Spatial
Workplace Design) and Chap. 13 (Location
Planning from a Spatial Perspective).

Figure 15.56 illustrates an example of a tran-
sition from a rough ideal layout to a rough real
layout. The functional units are ideally arranged
based on the previously developed structural
layout. In refining the 2D layout from Fig. 5.53
additional segments are first formed within the
rough structure in view of the specific restrictions
for the individual objects. This results in an
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Fig. 15.55 Restrictions in the real layout planning. © IFA 15.510
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interim stage of the real rough layout, depicted in
the lower left of the diagram.

In this case, in consideration of the property’s
topography, the idea of an underlying modular
structure of the building (previously decided
upon during the object planning) leads to the
decision to select a building grid of 20 × 20 m
(65 x 65 ft). The building can be later extended
by offsetting the back longitudinal wall by a
module width.

As an important contribution to improving
communication, the object planning also rec-
ommended accommodating the functions that
directly impact external relations (e.g., reception,
management, sales, exhibition rooms etc.) on two
floors of a module located on the south side. The
inward connecting module, located on the upper
integrated floor, provides the order processing
staff a direct view into the production. These
indirect functions essentially include the
production control, work preparations incl.
NC programming and operative procurement.
The ground level floor of this module opens up
into the production and is used for example by
the maintenance and tool reconditioning divi-
sions. The upper floor thus represents the link

between the external and internal functions
and ensures the quickest possible way to
communicate. The result is the simplified real
plan depicted in the lower right corner of the
diagram.

At Milestone M2, there is thus a concept
available which has been aligned by both the
production and object planners. Since the allo-
cation of facilities is also known at this phase, the
building design which has been developed par-
allel to the structural and rough layout planning
can also be adopted. In accordance with the
synergetic factory planning approach, a rough
3D layout is presented for these purposes
(depicted in Fig. 15.57 in analogy to the 2D
layout in Fig. 15.56). Whereas both layouts form
the basis for the production and logistics oriented
evaluation, the 3D model of the external building
envelope (Fig. 15.58) primarily facilitates the
discussion about (and attainment of) the goals set
during the GENEering.

15.5.3.5 Evaluating Variants
In a number of cases, the client requests that
several variants of a rough layout and factory
building be developed, since e.g., management or
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users already have their own ideas. Variants raise
awareness about the quality of a solution and
make it easier to obtain a decision by consensus.

In the field of architecture, variants are usually
generated through a public competition with
designs ranked by an independent jury.

Fig. 15.57 Example of a rough 3D layout. © Reichardt 15.512

Fig. 15.58 3D Representation of an external factory view. © Reichardt 15.513
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When the competition procedure is applied
with factory buildings, the concept developed by
the production planning is rarely questioned by
the architects.

The synergetic factory planning approach
however, aims to prevent exactly this effect and
to draw on the competence of the object planners
as early-on as possible, because the potentials
currently available for designing a creative and
changeable building are generally not known to
production planners. Usually the only selection
criterion that counts is the cost of the investment
in the building and in seldom cases the building
operation costs in the life cycle of the building.
Whether or not this preferred approach manages
to integrate the object perspective early, is a
question of the contract negotiations between the
property developer and architects and the firms
executing it. This is discussed more thoroughly
in Chap. 16 (Project Management).

Independent of the contract negotiations, there
are frequently variants available at Milestone M2
which need to be evaluated. The decision made
will pose critical points for a future-robust solu-
tion. There are countless discussions and pro-
posals about evaluating variants, but with factory
planning, these frequently boil down to a simple

benefit analysis with weighted criteria [Zan76].
These will be briefly commented on before
addressing economic considerations.

The benefit analysis (also called cost benefit
analysis) is a method for systematically preparing
a decision when selecting from project options. It
analyzes a set of variants with the aim of arranging
the individual variants according to the prefer-
ences of the decision-makers in reference to a
multi-dimensional system of objectives [Zan76].

Before presenting the variants the project core
team establishes a list of criteria oriented on
those developed in the target setting workshop
and try to rank them with respect to their relative
importance for the project. An example shows
Fig. 15.59. The criteria are entered into a matrix
twice. In our example here, there are 9 criteria.
Next, each of the criterions is examined column
for column as to whether it is more or less
important than the remaining criteria in the col-
umn. This weighting is accomplished most easily
by comparing them in pairs. If the criterion being
considered is more important than the other, the
number of the more important criterion is
entered. Conversely, if it is less important the
number of the other (more important) criterion is
entered in its row.
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For example in the first column, criterion 2
(volume flexibility) is graded as more important
than criterion 1 (product handling), thus a 2 is in
column 1, row 2. Criterion 3 (traceability) in
comparison is assessed as less important than
criterion 1 (product handling), thus there is a 1 in
column 1, row 3. The value in the bottom row
shows how often the respective criterion is rated
as more important than the other criteria. In the
first column, for example, criterion 1 was only
assessed as more important than the other criteria
only once, in comparison criterion 9 was priori-
tized eight times. It is immediately recognizable
that in this case criterion 9 and 5 are the most
important criteria. The weighting of the individ-
ual criterion is then calculated based on a 100 %
normed weight using the simple equation inser-
ted in the diagram.

The second step of the benefit analysis is
shown in Fig. 15.60. The three concepts avail-
able here are evaluated based on the 9 criteria,
whereby the scale can range from 1 to 5 or from
1 to 10. A 1 corresponds to the lowest rating, a 5
or 10, the highest. In this case a range from 1 to 5
was chosen. The weighted criteria value results
from the product of the criteria weight and the
relative rating (which is the quotient of the
number rating and the maximum value of the
rating scale). The benefit value of each of the
variants is equal to the sum of the weighted
individual criterion ratings. The value expresses
the percentage of the maximum possible rating a
variant has attained.

A benefit value of less than 80 % should result
in a critical review of the variant. Either: the
property or existing building’s restrictions pre-
vent a better solution, in which case the site or
buildings should be questioned because the
solution is not competitive over the long term; or
the solution is not yet fully developed and should
be sent back to the planning team. In order to
facilitate the use of this method Appendix C3
contains a small Excel application.

A second approach to evaluating variants is
investment analysis. These methods focus on
economic advantages in comparison to other
pending investments. According to a study by
Brieke, the capital value method has established
itself in factory planning [Bri09]. The capital
value (also known as the net present value NPV)
is the sum of all the discounted or compounded
incoming and outgoing payments at a point in
time, which are caused by realizing an invest-
ment object . The absolute advantage of an
investment compared to refraining from it is
visible in a value greater than zero, whereas the
greater capital value demonstrates the relative
advantage in comparison to other variants.

For a capital good such as a factory, whose
operating costs over a lifecycle often amount to
several times the investment costs, methods such
as the total cost of ownership (TCO) and lifecycle
analysis are common. This idea is also drawn
upon in the construction planning by differenti-
ating between construction costs and operating
costs (discussed in more detail in Sect. 16.3).

weighted assessment [ %] = criteria weight • ( assessment  value / maximum assessment value) 
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While it is still possible to determine the
incoming and outgoing payments for a factory
project with some effort, it is considerably more
difficult for non-monetary objectives despite their
undeniable economic importance. Brieke thus
developed an extended economic analysis which
is based on the non-monetary target system
depicted in Fig. 15.61 [Bri09]. The listed targets
and their exemplary sub-targets have gained
significant strategic importance particularly
within the frame of a highly responsive factory
and have been discussed in a number of cases in
the preceding chapters.

Figure 15.62 clarifies the principle of extending
the traditional incoming and outgoing payments
with the monetary effects of fulfilling the objec-
tives of non-monetary targets. The transformation
occurs by converting the degree of objective
attainment into a monetary incoming or outgoing
value over a time axis. For example, for an
assembly segment the target ‘employee orienta-
tion’ is evaluated by whether the selected solution
is expected to place high, average or low physical
demands on the worker. The transformation into a
monetary value occurs via the required additional

investment in better ergonomic design. The
increase in job satisfaction is on the incoming
payment side and is related to a lower fluctuation
in employee turnover and less sick days.

On the left side, Fig. 15.62 depicts both the
incoming (deposits) and outgoing (payments)
cash flows, differentiated according to immedi-
ately determinable payments and non-monetary
payments that have been transformed into pay-
ments. On the right side, Fig. 15.62 illustrates the
changes in the capital value for three variants
with and without consideration of the non-mon-
etary targets. The strongest changes are visible in
Variant C, which with a traditional analysis
would have been dismissed in comparison to
Variant A and B, but which now dominates due
to considering the additional utility.

The extended evaluation is not a quick and
simple approach nor will it easily gain a foothold
in the practice. Nevertheless, it is important for
drawing the attention of decision-makers to the
monetary significance of softer targets and for
making a rational consideration accessible.

With the final evaluation of the rough layout
and the building structure, the concept can be
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Fig. 15.61 Non-monetary target system for factory assessment. © IFA 15.516
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decided upon at the meeting for Milestone M2.
The conceptualization phase is thus complete and
the next stage ‘detailed planning’ can begin.

15.6 Detailed Planning

15.6.1 Transportation Route System

An essential part of the detailed planning from
the process view is designing the transportation
related organization of the individual segments
and the transportation route system within the
factory. All of the internal material and personnel
flows are handled with this system. Depending
on the planning tasks, different material flow
variations are possible for spatially allocating the
routes on varying levels of detail. Within the
factory it is important to differentiate between
empty and loaded transports, which should
not meet or cross one another if possible
(Fig. 15.63).

Transportation routes should be arranged so
that:
• it is easy to deliver and pick-up goods from
structural units,

• the available floor space is used well,
• communication is supported, and
• legal regulations, particularly in regards to
evacuation and rescue paths, are adhered to.
This task directly impacts the building design

and therefore has to be closely coordinated with
the object planning. Within the factory the
logistic quality of the layout is determined by the
symmetry of the transportation system among
other factors.

15.6.2 Fine Layout

In the fine layout, the exact position of facilities
(within a magnitude of ±2 to 4 inch) can be
identified. Moreover, the location and furnishing
of indirect segments is fixed, as are in-house
offices and transportation routes. In collaboration
with the architects, the connections between the
facilities and the energy and media supply/
removal system are established as well as the
location of the necessary access points. In addi-
tion, the need for air supply and/or exhaust sys-
tems for specific production areas are clarified.

To solve this task many attempts have been
made to apply mathematical optimization
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methods. A brief survey is provided, for exam-
ple, by Tompkins et al. in [Tom10] Chap. 6:
“Layout planning Models and Design Algo-
rithms”. In Chap. 7 “Models/Simulation” of
[Han04], the authors present 5 programs for the
“layout of multiple items”. They begin their
discussion by noting that “although specialized
layout programs are rarely utilized in contem-
porary design, a brief discussion is presented for
historical purposes”.

The problem with algorithms to optimize lay-
outs is that almost all of them pursue only one
optimization criterion—usually: minimal mate-
rial flow or greatest space utilization. As we have
seen in our discussion of factory targets this is far
too simple, especially when it comes to fostering
soft targets like changeability and communica-
tion. Usually the results of the algorithms are
therefore disappointing. In dozens of projects
over the course of 3 decades the authors of this
book have failed to apply a single layout pro-
gram. We also surveyed several leading con-
sulting firms about their practice; none of them
ever applied layout programs. They all follow the
structural concept from structure to rough and to
fine layout. For the fine layout in particular, it is
almost common practice to develop it in work-
shops together with the foremen from the shop
floor. Figure 15.64 gives an impression of the

results of such a workshop. The single machines
are modelled as scaled pieces of card board and
are inserted into to the grid of the hall.

Instead of algorithmic solutions meaningful
results have been achieved however with event
driven simulations within the frame work of the
digital factory. It has to be recognized though
that a simulation does not create a solution; rather
it verifies a solution with respect to key perfor-
mance figures. Details will be discussed in
Sect. 16.8.

Based on the fine layout and the building grid,
the facilities with their actual dimensions are now
adjusted in the area. In doing so a plethora of
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small objects have to be taken into account e.g.,
waste containers, impact protection around col-
umns as well as objects for building services
such as distribution cabinets for media, electricity
and data. The latter often lead to unpleasant
surprises because of their frequently unexpected
size and tendency to have to be located at fixed
points. At the same time the entire layout also
has to suffice the demands for changeability, for a
lean production and meet aesthetic requirements.
Figure 15.65 depicts an exemplary excerpt of
such a plan in 2D.

The fine layout forms the basis for the tech-
nical design planning. According to HOAI Phase
3, the core of this is the detailed planning of all
the technical building systems including the
approval of the structural framework plan. Usu-
ally a special milestone is negotiated for adopting
the technical design.

For the property developers, the technical
design, possibly in a number of variants, is par-
amount to their approving the entire object. At
the latest here, the quality of the structural
planning becomes evident. As an object becomes
more concrete, clients frequently identify desired
changes—a good structural plan is able to
accommodate these.

According to HOAI Phase 4, the planning the
approval includes processing the applications for
the required permits of the relevant authorities.
The contents of a building application are shown
in Fig. 15.66. It shows that in addition to the
building description, the application also con-
tains an abundance of permit requests. In par-
ticular, the plan for the external systems
connected to the specific site (e.g., drainage,
green spaces) requires a significant amount of
effort to coordinate with the authorities and

loading
bridge
optional

loading
bridge

shipping
zone

laundry

Fig. 15.65 Excerpt from a 2D fine layout. © Reichardt 15.519
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possibly with neighbors (e.g., adjusting bound-
aries, rights of way).

The subsequent execution drawings (Phase 5
HOAI) refine the technical design proposal until
the solution is mature enough to be realized,
including the facilities and their connections. It
also frequently contains samples of furnishing
details for the walls, ceilings, windows, facades
etc. in order to concretize the functional and
optical impact. This proposal also has to be
approved by the clients.

The exact content of these 3 planning stages
(design, approval, execution) is extensively
described in HOAI and is negotiated with clients
on a project to project basis. These stages rep-
resent extensive architectural and technical
design services and are the focus of the detailed
planning. They far exceed the effort required for
the fine layout planning. Numerous details have
to be negotiated with the user. For example for
the loading bridge indicated in Fig. 16.65 lower
left corner the loading area, load-bearing capac-
ity, gate clearance, weather protection, sealant

details, gate speed and control have to be deter-
mined before sending out an invitation for bids.
In this example, with changeability in mind,
there is also an optional position planned, which
possibly requires constructive precautions, which
the call for bids has to indicate.

The fundamentals that are essential for the
production planner are extensively discussed
according to the different levels of a factory in
Chap. 8 (Spatial Workplace Design), Chap. 10
(Spatial Workspace Design), Chap. 11 (Building
Design), Chap. 12 (Master Building Plan) and
Chap. 13 (Location Planning from a Spatial
Perspective). Figure 15.67 depicts an example of
merging the sub-plans from the process and
spatial perspectives into a 3D model. Here the
building already introduced in Fig. 10.6 is once
again taken up and the allocation of the facilities
on the ground floor is shown as blocks. Fur-
thermore, the main material flow is drawn in: It is
fed from the two input areas (marked by the
orange rolling gates in the upper and left corner),
distributed over the manufacturing area and
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flows over the connecting bridge into the
neighboring building to be used further.

In the example, it had to be decided based on
the layout at which points incoming or outgoing
air vents should be located on the different
building levels. The centrals for supplying media
and fresh air were already positioned by the
architects during the design phase (see Sect. 11.1
Supply and Removal Systems). The 3D design
of the building services equipment for the
building pictured in Fig. 15.67 is depicted in
Fig. 15.68.

The changeability of the building services
equipment deserves special attention. Since fur-
nishing a building with utility equipment is
generally expensive, changeability is often
restricted due to budget reasons. Nevertheless it
should be considered whether to equip individual
bays with an autonomous technical infrastruc-
ture, since this would allow hall segments to
operate independently in cases where there are
disruptions. Moreover, it also allows the pro-
duction facilities to be changed or sub-areas of a
production to be better controlled depending on

the implemented shift model. Milestone M3 is
marked by the approval of the execution plan.

15.7 Energy Efficiency

15.7.1 Overview

As was extensively discussed in Sect. 3.9, since
the mid-1990s there has been a change in
mindset within the industry, in particular due to
radical environmental changes and rapidly rising
energy prices. Technological leaders try, on the
one hand, to manage tighter cost situations with
energy efficiency programs and on the other
hand, in an increased awareness of their social
responsibility, to mitigate the threat of global
warning by comprehensively reducing CO2

emissions. Relevant areas for increasing energy
efficiency and reducing CO2 primarily include
industrial production processes, transportation
logistics for supply chains, the energetic quality
of buildings and the efficiency of the building

Fig. 15.67 3D detailed layout (example). © Reichardt 15.521
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services. These additional requirements create a
relatively new aspect requiring attention when
planning a factory. A comprehensive discussion
of this topic is found [Neu13]. Since the guiding
principles for the project development originate
during the base analysis (HOAI stage 1), related
considerations already begin there (see also Sect.
3.10 ‘Sustainability’ and Sect. 15.3.8
‘GENEering’).

Although, the technology related energy sav-
ings potential in the industrial sector can be
highly rated (e.g., lighting, compressed air gen-
eration, pumping systems, cooling systems,
heating supply and ventilation systems), up until
now only a few measures have been found for
actually tapping into it [Eng08, Mül09, Her11,
Pet14]. A proposal for codes to design energy
saving buildings and power systems is published
with the International Energy Conservation Code
[IECC12].

In order to clarify the subject, Fig. 15.69
depicts a typical energy flow within a factory

[Mül09]. In the middle, the core factory pro-
cesses can be seen (storage, production, trans-
portation, commissioning). The related materials
flows are connected to the outside world via
incoming and outgoing deliveries. In terms of the
energy balance, a large and significant share is
attributed to auxiliary processes such as trans-
forming and distributing electrical energy, gen-
erating process heat, process cold and
compressed air as well as room heating, cooling
and ventilating spaces. These are supplied by
solar energy, primary energy sources (oil, gas,
coal etc.) as well as district heating.

Against the background of constantly climb-
ing energy prices and an increasing number of
legal obligations concerning resource efficiency,
it is imperative to more strongly and more
comprehensively consider processes both from
an economical (e.g., operating costs, lifecycle
costs—see Chap. 16) and an ecological per-
spective (e.g., space consumption, recycling,
changeability, CO2 emissions).

Fig. 15.68 Excerpt from a detailed plan of a factory’s building services. © Reichardt 15.522
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Currently, enterprises still focus mainly on
increasing the efficiency of individual systems.
Figure 15.70 depicts a typical analysis which
serves as the basis for identifying the main con-
sumers of a factory. This particular example is
based on a car body manufacturer [Eng08]. We
can see that the laser system for welding the sheet

metal parts including the necessary cooling is
responsible for 30 % of the total electricity con-
sumption. With such a visual representation
though, it is frequently overlooked that every
individual system is integrated into the overall
system of a factory. Thus using the laser also
requires a cooling system, whose consumption is
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not separately indicated as well as a dry ice
treatment. Moreover, we cannot identify, within
this analysis, how implementing this technology
impacts the conditioning of the hall’s air.

The interactions that arise within a factory and
that are indicated in Fig. 15.69 frequently remain
overlooked when individual systems are consid-
ered. This in turn means the related potential for
improving energy efficiency and minimizing the
consumption of resources is also left unheeded.
Thus, for example, when planning a new factory
or reorganizing an existing one, the layout
planning and thus the arrangement of systems,
typically only follow the material flow within the
building’s floor plan. The building profiles,
which are relevant for utilizing natural daylight
and for energy balancing, are however usually
not taken into account. This can lead to processes
with high heat emissions being optimally arran-
ged in terms of the material flow. Nevertheless,
since they then have too low of a ceiling clear-
ance or are subjected to direct sunlight they
require cooling. The area therefore ends up
increasing the environmentally damaging CO2.

Müller et al. published a systematic approach
to planning and operating an energy efficient
factory in the piece goods industry with a focus on
mechanical and automotive engineering [Mül08].
The energy relevant functions developed there are
summarized in abbreviated form in Fig. 15.71.
They refer to a factory building and its building

services as well as the production systems. The
outside facilities are not considered here.

As fundamental courses of action for
increasing energy efficiency the authors mention:
• substituting the energy resources used,
• reducing the required net energy e.g., through:
– energetically-optimized product-design,
– energy-saving modes for operating systems,
– increasing efficiency,
– reducing waste energy,
– recovering energy,
– reusing waste energy as incurred energy
Incurred energy is defined here as “… the sum

of waste heat from people, electrical equipment,
process heat systems, water heaters etc. that
contribute to the heat balance of an area.”

In addition to the energy consumed through
gas, oil, electricity etc., further environmentally
relevant factors such as water consumption and
emissions need to be considered, especially the
CO2 induced by using fossil fuels. These
resources are primarily a question of the imple-
mented production technology and facilities and
have to be addressed early on in the production
planning. The interactions with the factory con-
cept are then examined within the frame of the
synergetic planning process and influence the
contractors’ concrete designs on the four factory
levels: workplaces (Chaps. 6–8), work areas
(Chaps. 9 and 10), buildings (Chap. 11) and
location (Chaps. 12, 13 and 15).

1 transmission and use of
electrical energy

•electrical energy distribution
•application
• electromechanical drives
• compressed air
• lights
• thermal energy
• other energy types
• information and communication technology
• control technology

2 process heat
• generation of process heat
• heat recovery
• transmission of process heat
• use of process heat

3 process refrigeration
•generation

4 heating, ventilation, air conditioning
•physiological requirements
• technological requirements
• environmental protection requirements
• tasks
• reduce load
• ventilation concept
• heating concept

5 buildings
• layout and orientation of buildings
• building shape
• building zoning
• building construction
• windows, doors, gates 

Fig. 15.71 Energy
relevant processes and
systems in a factory (per
Müller et al.). © IFA
17.614_B
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15.7.2 Certification Systems

In Sect. 3.9 we discussed the efforts being made
world-wide to not only manage energy con-
sumption, but to also protect the environment in
general and to develop rules for responsible use.
An important example is ISO 14000, which
presents a series of international standards for
managing energy (http://www.iso.org/). The idea
behind EMS is “a management tool that allows
organizations of all sizes:
• to identify and control the environmental
impact of their activities, products and
services,

• to continually improve their environmental
performance and

• to introduce a systematic approach to setting
and achieving environmental objectives, to
attain them and to show that they have been
attained.”
ISO is working on a new standard for the

carbon footprint of products, for quantifying and
communicating greenhouse gas emissions
(GHG) produced through the work associated
with the production of goods and services. A
carbon footprint is defined as the total green-
house gas emissions that are generated by a
person, organization event or product (http://
www.carbontrust.co.uk/). The new norm is
extensively based on ISO 14040/44 and ISO
14025.

For the thus addressed expanded tasks
involved in planning a factory, systems have
been developed world-wide since the 1990s for
certifying the quality of building projects
regarding sustainability. Whereas these were first
created based on the typology of large building
complexes, they are now being transferred to
industrial buildings. To do so, evaluation meth-
ods in the sense of benchmarks are being estab-
lished. In the following we will briefly introduce
the key systems available globally.
• BREEAM (Building Research Establishment
Environmental Assessment Method) was first
established in Great Britain in 1990. It pro-
vides a point system for the project quality in 8
categories including management processes,
energy, water use, ecology, health,

transportation, material and pollution (http://
www.breeam.org/). Since then, over 200,000
buildings world-wide have been certified
according to BREEAM; the assessments span
a scale ranging from excellent to very good,
good and average.

• LEED (Leadership in Energy and Environ-
mental Design) was designed by the US Green
Building Council in 1998 based on BREEAM
(http://www.usgbc.org/). Categories that are
assessed here include the sustainability of the
site and earth, water efficiency, energy and
atmosphere, materials and resources, quality of
internal spaces, as well as innovation and
design processes. Projects assessed are certi-
fied as silver, gold or platinum.

• IGBC (India Green Building Council) was
developed in India in 2006 based on LEED
and is especially designed for buildings in
industrial projects. In particular, it takes into
consideration aspects of energy efficiency and
sustainability which are particular to the hot
climate regions of India (http://www.igbc.in/
site/igbc/index.jsp). The definition states: “a
green building is one which uses less water,
optimizes energy efficiency, conserves natural
resources, generates less waste and provides
healthier spaces for occupants than a conven-
tional building”. In 2009 a pilot version was
published for evaluating factory buildings.

• DGNB: The German Sustainable Building
Council (DGNB) was introduced in Germany
in 2007 and has now spread internationally
(www.dgbn.de). Its aim is to provide a certi-
fication system that can be adapted to local
conditions, but which makes buildings in dif-
ferent countries directly comparable. Fig-
ure 15.72 depicts an overview of the
evaluation system. Six categories are defined
with which the ecological, economic, socio-
cultural, functional, technical, process and site
quality are assessed; weighting is project
specific.
Figure 15.73 depicts how the 6 main catego-

ries are sub-divided into 13 categories and a total
of 51 sub-criteria. In this context, process does
not refer to a functional sequence, but e.g., to the
transparency of documentation. It is noticeable
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that, there are no measureable criteria for the site
quality—at least not for the current DGNB cer-
tification; information regarding this can be
found in Sect. 13.5.

An auditing system moderates the achieve-
ment of points during the planning and execution
of the project. Depending on the criteria met,
ratings of bronze, silver or gold are possible.

Based on the following case studies we will
explain how these evaluation systems functions.

15.7.3 Case Studies

Case Study 1 Expansion of a Baked Goods
Manufacturer in Germany

Modern bakeries are characterized by the
highly technicized use of heating and cooling
units. In the conceptualization of the first con-
struction phase for a plant in 1998, the optimal
combination of the building structure, technology
and energy expenditure was sought using 3D
simulation technology [Rei98]. By means of
simultaneous engineering, the interdisciplinary
planning team was able to attain the goal of an
efficient and energy-saving production facility
under the banner of sustainability. The planning
team participants jointly set the conditions for a
holistically optimized new construction includ-
ing: the bakery specific production processes, the

workplace design, the building structure as well
as the supply and removal system.

Traditionally, cooling and heating loads are
calculated using static models. However, in this
project, the building and system simulation pro-
gram TAS was used to calculate the thermal
currents and temperature distributions. TAS is a
modular structured dynamic simulation program
with which climate, energy and facade concepts
can be analyzed (http://www.ifes-frechen.de/en).

The integrated energy and production plan-
ning lead to an annual energy requirement of
31 kWh/m2 for heating and approximately
450 kWh/m2 for cooling. The, to a large degree
recyclable, building structure conceptualized
later in Phase 2 was designed as a highly
changeable skeleton structure. An energetic and
ecological novelty was a completely modular
roof and wall construction made of the renewable
resource wood. By intelligently networking the
process and air conditioning technology as well
as realizing the building shell in a passive house
standard with an insulation strength of 30 cm
(11.8 in), the room air could for the most part be
sufficiently conditioned by the process waste
heat.

Figure 15.74 depicts the location with Phase
1, Phase 2 of the new project and an existing hall.
One can see both the spatial structure with the
roof removed as well as a longitudinal section of

economical
quality
22.5%

socio-cultural and 
functional quality

22.5%

site quality

ecological
quality
22.5%

technical
quality
22.5%

process quality
10%

Fig. 15.72 Structure and
organization of a DGNB
certificate for sustainable
building (DGBN). © IFA
17.615_B
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the hall through the wooden structure of Phase 2.
In deepening the energetic and building climate
strategies from Phase 1, the GENEering process
was implemented in the expansion project to
meet the client’s demands in particular for
continuing to reduce CO2 levels also in the
supply chain and increasing the overall energy
efficiency. Consequently in the approximately
1500 m2 (16,150 ft2) hall, heat recovery tech-
nology from baking steam and room air is
comprehensively used.

In addition, for the first time in the baking
trade, the high global warming potential (GWP)
of conventional refrigerant R 4404a was avoided
through a two stage cascaded compression
refrigeration system. Cascades work with sepa-
rate refrigerant circuits so that the evaporator
temperature decreases considerably from stage to
stage. An energy-saving of 45 % compared to
Phase 1 was achieved with double the space to
cool (i.e. cooling volume). In a future expansion
stage, warm water is supplied to the washing
machines from the systems’ thermal discharge.
Furthermore, for the first time in a bakery, an
energetic high efficiency and innovative lighting
system (in comparison to conventional systems)
is developed using LED high bay lighting, which
due to the specific design of the prism plates and
heat sinks, is suitable for the flour loaded

atmosphere in bakeries. Networked together with
a daylight dependent control, the system is
highly sensitive.

In the final stage, the in total 2200 m2 (23,700
ft2) roof area fromPhase and Phase 2 is completely
equipped with photovoltaic panels. In a first step,
on the approximately 1100 m2 (11,800 ft2) roof
from Phase 2, 12,300 KWh of solar yield is
directly fed into the bun baking process as well as
in the fueling of the company’s zero emission
delivery fleet (5 t delivery trucks with solar energy
drive electric motors) for the retail outlets. In
supplying retail outlets in urban areas, with a
mileage of approximately 300,000 km/year and
approximately 36,000 l of diesel fuel, approxi-
mately 100 t of CO2 is saved per year. After
drawing off the 54,000 kWh/year required for the
delivery fleet, approximately 69,000 kWh/year of
solar energy can still be directly fed into the bak-
ery’s lighting and electrical processes. The
approximately 50 outlets distributed around the
entire city of Essen thus become “ambassadors” of
a forward thinking supply chain strategy.

The planning of the layout and logistics,
buildings and building services was facilitated
during the entire project duration by a certifica-
tion according to DGNB. (An overview of
which, including the list of criteria, was provided
in the previous section.)

bakery phase 1bakery phase 2existing hall

isometric diagram without roof

heat recovery from bakery processlongitudinal section 
solar panels on roof

Fig. 15.74 Expansion
phases of an energetically
and ecologically optimized
bakery. © Reichardt
17.617_B
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Figure 15.75 lists the criteria for the main
category ‘ecological quality’ for this case study
and clarifies the evaluation process. The main
category is further divided into three sub-groups
with a total of 12 individual criteria. Each crite-
rion can achieve a maximum of 10 points. The
achieved number of points is multiplied by a
weighting factor and where needed an adjustment
factor. This value is then divided by the maximal
attainable weighted point value and results in a
performance index. The sum of all the weighted
point values is set in relationship to the maximal

attainable number of points resulting in the group
performance indicator, which in this case is 81 %
for the ecological quality. The group value has a
weight of 22.5 % in the overall evaluation.

Figure 15.76 shows a graphical depiction of a
performance profile according to the evaluation
criteria radially organized in groups of segments.
Already during the planning phase this project
received a ‘gold’ certification with 85.2 points
from a maximal 100 possible points.

A more in-depth analysis of the energy
potential requires the interconnections between

Fig. 15.75 Criteria for the ecological criteria of a wholesale bakery (per ifes). © IFA 17.618_B

some criteria are not included  in the 
evaluation process of this case

process 
quality

technical 
quality

socio-cultural and 
functional quality

economical 
quality

ecological 
quality

total 
performance 

85.2 %

Fig. 15.76 Overall
evaluation of a bakery
project according to DGBN
(per ifes). © IFA 17.619_B
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the buildings, processes and building services to
be examined in view of self-sufficiency. Here
self-sufficient means that the factory is able to
operate without the use of external energy e.g.,
for heating or cooling the building. A detailed
breakdown of the building services consumption
values for the individual plant segments allows
the optimization of the energy currents of the
building services to be finely tuned with the
building and process loads.

Figure 15.77 shows the energy consumption
of the utility areas for the baked goods project.

Case Study 2 Construction of a New Distri-
bution and Assembly Center in India.

This project was aimed at configuring a new
factory building of approximately 12,500 m2

(134,500 ft2) in Chennai, South India for a global
manufacturer and distributor of components for
metal fittings for windows, doors and glass walls.
Figure 15.78 depicts the master plan in a number
of development stages with expansion options
for the assembly, storage as well as research and
development. The GENEering process for this
climatically complex project resulted in the cli-
ent’s conception of a “green building factory”. In
Chennai temperatures range between 30 and
35 °C (86–95 °F) year round with a humidity of
70–90 %. It is therefore particularly important to

ensure the room comfort through an intelligent
building structure with minimized operating
costs and CO2 emissions. Based on a compre-
hensive analysis of the processes, location, cli-
mate, buildings and building services, a 3D
modelling of the layout, buildings and energy
flows was used to examine the possible uses of
daylight, the thermal comfort at workplaces as
well as the overall energetic efficiency for vari-
ous alternative configurations.

With the appropriately profiled roof silhou-
ette, the selected cross-section prevents the hot
zenithal sun from entering, while at the same
time lighting the hall workplaces with an average
of 350 lux. In doing so, operating costs for
electric lighting and related heat loads as well as
CO2 emissions are avoided. In addition, “soil
ducts” (commercial sewage pipes made from
concrete), laid under the hall’s floor, introduce
relatively cool air into the hall. This reduces the
temperature inside by up to 4 degrees Celsius
(5.4 °F) compared to the outside air, thus
increasing the comfort of the occupied area in the
hall without expensive ventilation technology
and at the same time reduces CO2 emissions.

In the upper left corner of Fig. 15.79 we can
see variants of the air cooling using the soil
ducts. In variants 1–3 the number of ducts is

cooling heating hot water lighting

90

80

70

60

50

40

30

20

10

0

en
er

gy
 [k

W
h/

(m
²a

)]

ventilation

0,0

85.3 (55.1%)
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auxiliary areas
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toilets, sanitary rooms

total demand 154.7 kWh/(m²a)

Fig. 15.77 Distribution of energy consumption within a bakery project. © Reichardt 17.620_B
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varied (from 0 to 64) and variant 4 includes no
openings in the facade. The results of the
dynamic simulations in regard to the temperature
distribution during the day (Fig. 15.79, upper
right) clarify the impact of the underground

cooling. In the lower part of Fig. 15.79 we see
the temperature layers for variant 4.

“Solar drafts” support the air displacement
principle of the halls thermal activity. Solar drafts
are created when fans, driven by CO2 neutral

phase 2: expansion hall, assembly, 

phase 3: expansion R&D

Fig. 15.78 Master plan of an assembly and distribution center (example Chennai, India). © Reichardt 17.621_B

temperature  layers in hall, variant 4
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variant size soil 
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ture [°C] 

1 no soil ducts 
hall 
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hall 
production 
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hall 
production 

open 64 37,5

4 50 x 50 cm 
hall 
production 

closed 64 35,2

Fig. 15.79 Temperature profile for soil duct variants. © Reichardt 17.622_B
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electricity from the photovoltaic surfaces of the
roof skylights, carry the warm air outside when the
heat and solar radiation are at their peak at noon.

In a 3D computer graphic, Fig. 15.80 depicts
the inflow of outside air through the soil ducts
according to the air displacement principle as
well as the mechanism behind the solar drafts.
The solar drafts carry the upper, hottest layer of
air out of the building, so that the soil ducts can
conduct fresh air into the hall. Additional mea-
sures in the building structure and the offices’
building services (e.g., shades for all glass sur-
faces which prevent solar heat from entering)
help maximize the plant’s energy efficiency.

The entire project was certified according to the
rules set forth by the India Green Building Council
(IGBC) including measures for e.g., retaining
rainwaters. The preliminary planning was already
awarded ‘gold’. Despite these ‘green building’
measures as well as others not mentioned here, the
high architectural quality demanded by the client
was not compromised in any way.

15.8 Preparations for Realization

The next phase of the synergetic factory planning
is the preparation for contract placement stage.
Here the concretization of the planning from the

production and object perspective steps into the
foreground. Described as Phase 6 according to
HOAI, this stage entails preparing the requests
for bids for the specific projects and serves to
quantify and develop the project outcome spec-
ifications in agreement with the expert planners.
This applies however, only to the building, its
technical equipment and the external systems.

As already mentioned, most of the time when
a factory is being planned a significant propor-
tion of the production equipment is taken over
from an existing factory. Due to their complexity
and value, only large-scale systems (e.g., paper
machinery, rolling mills, print shops, press
shops, paint shops and final assemblies of auto-
motive plants) dominate the factory buildings. In
such cases the building becomes a protective
envelope and not a changeable structure with
products and production facilities that vary rela-
tively frequently.

From the perspective of the production plan-
ning, invitations for bids for the operating facili-
ties defined in the rough and detailed planning are
released and awarded. Only the storage and
commissioning facilities, as a component of the
production logistics, need to be designed based on
the new manufacturing and assembly segments;
these too are tendered and procured. If automated
facilities such as high bay warehouses are con-
cerned, specialized providers are contracted.

infiltration of preconditioned fresh air via soil ducts exhaust of hot / used air by means of skydomes in roof structure

Fig. 15.80 Solar drafts principle for a building. © Reichardt 17.623_B
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The subsequent collaboration in awarding the
contracts (HOAI Phase 7) as a conclusion to the
preparations for realizing the project means
examining and evaluating the bids for their
conformity with the specifications of the tender
documents, developing a price sheet comparison
according to the subservices and assisting in the
negotiations with the firms who are awarded the
contracts. This phase is strongly shaped by the
award form, which is described in more detail in
Sect. 16.2 (Award Forms).

15.9 Supervising the Realization

During the realization phase, the production
planning has a monitoring function in the sense
of ensuring the future production and logistic
processes. While the building is being erected
there will always be many special questions that
need to be clarified such as the accessibility of
facilities in case of maintenance or disruptions.
The supervising architects are responsible for

overseeing the construction work, while the
engineers’ task is to oversee the installation of
the building services. Together with the con-
struction site manager they closely supervise the
individual projects ensuring that they are exe-
cuted according to the contracts and prepare the
necessary inspections and approvals.

According to HOAI’s Phase 8 (project
supervision) numerous control tasks are related
from a schedule, cost and legal perspective
including identifying and resolving deficiencies.
As indicated in Fig. 15.7, with complex pro-
duction systems, separate inspection trials are
conducted once the facilities are installed and
brought into operation. The object supervision
ends when the individual projects and the entire
object have been approved and accepted by the
clients and respective authorities.

The last step of monitoring the realization
according to HOAI’s Phase 9 is the object
management. This basically includes developing
the maintenance plans, determining defects or
deficiencies and compiling the visual documen-
tation. If a computer supported facility

time 

prototypes test series 

pilot lot 

series 

M6
• facilities approval
• series approval
• SOP
• job # 1  

M4.2
• release series 

start-up
• release test series 

M7
• regular productivity
• peak production
• nominal capacity

M4.3
• production 

release 

production tests 

output rate 

preparation ramp up

milestones 

milestones in accordance with figure 15.5 and figure 15.6 

advanced orders 

production ramp up production development 

Fig. 15.81 Ramp-up curve of a production. © IFA D 13.966
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management is planned, the corresponding doc-
uments can be set-up there. Details will be
explained in Chap. 17 Facility Management. This
step of supervising the realization marks Mile-
stone M5.

15.10 Managing the Ramp-up

The last stage of a synergetic factory planning
focuses on the user. The task of planning the
move to the new property should not be under-
estimated. The production should be interrupted
as briefly as possible and this disruption should
be bridged by producing stock ahead of time.
After the move, machinery and systems have to
be started and ramped-up to the rated capacity.
With complex objects this phase can require a
number of weeks. Figure 15.81 provides an idea
of a ramp-up curve for a complex production
system [Win07].

The stages and milestones clarified in
Figs. 15.6 and 15.7 can be identified though the
milestones are more precise here. The respective
output rate for the prototypes stem from the
development requirements, whereas test series
and production tests help upgrade the system and
prepare it for full production. After the pilot lot,
the entry into the market is usually launched and
the first advance-orders are processed. Reoccur-
ring disruptions should be minimized though by
systematically managing the ramp-up [Ku02,
Win07].

Once the facilities have been approved and
accepted, Milestone M6 has been attained. The
investment account is closed and the final state-
ment is drawn-up. It in turn is the basis for
developing the balance sheet for the fixed assets.

With these comments we conclude our dis-
cussion of the stages of the synergetic factory
planning model from a technical perspective. As
described at the start, project management is a
supportive service which we will discuss in the
following chapter because of its significance for
the success of a project.

15.11 Summary

At the beginning of a systematic project course,
the question should always be the need for and
strategic importance of a factory rebuilding or
new construction. The subsequent planning pro-
cess is divided into 6 phases each of which is
terminated with a milestone. Compared to the
commonly encountered separate production
planning and building design these phases rep-
resent the process view and space view in a
synergistic and mutually penetrating approach.
All phases are planned and controlled by a
careful project management.
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16Project Management

A professional Project Management Team plays
a significant role in the success of a factory
planning project, in terms of its functional per-
formance, compliance with the time schedule and
cost frame. Many managers underestimate the
complexity of this task and wrongly assume that
this task can be handled in addition to their daily
businesses, based upon their personal experi-
ences in small construction and/or remodeling
projects. Such misconceptions may result in
dramatic impacts to the extent of project failures
and may be to the point of endangering the entire
company. For a systematic approach, the pro-
posals discussed in the following chapter are
advisable, based on the methodology developed
in the Chap. 15, synergetic factory planning.
Holistic project management includes skillful
organization of a team, processes and planning to
manage contract, time, cost and quality using
state of the art digital planning tools.

16.1 Tasks of Project Management

16.1.1 Stumbling Blocks

The project management of a factory includes
planning, steering, coordination and control
tasks, aiming at a reasonably accurate, scheduled
and within budget implementation of the project
[Rös94, Die04, Rog08, Knu08].

There are many stumbling blocks that must be
avoided with professional, organizational and

human skills. They are typical of all complex
projects including factory design and can be
summarized based upon the experiences of
Schulte [Schu08] and others as follows:
• The project preparation is often the result of
hasty decisions, instead of clarifying mutual
expectations of the project team at the very
onset.

• A methodological approach to concept gener-
ation is missing. Engineers want to “make”
instead of spending time discussing targets,
communication and workflow.

• There is a lack of common understanding of
the solution; moreover many individual solu-
tions are never “optimized”.

• The project decisions are often emotional
reactions, by positions of power rather than
factual arguments.

• Clients lack awareness and underestimate the
complexity of a factory project; resulting in
unreasonable targets both in time and costs.

• In many cases, it is assumed that a standard
procedure exists which automatically guaran-
tees an “optimal” solution. However, each
project and its site being unique there is no
“right” solution to start with; solutions are
usually developed through a conscious team
effort and from learning from each other.

• Resistances against certain solutions are not
imminently visible creating an imbalance
between interests of the planning team and
those of the future users of the building.

• Finally in case of conflicts, it is extremely
difficult to differentiate between personal

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_16, © Springer-Verlag Berlin Heidelberg 2015
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interests and relationship issues (values and
cultures), property issues (professional views
and related interests) and apparent miscon-
ceptions (with different interpretations of
problems, often unclear communication).
Figure 16.1 shows the resulting stress fields
between the client, the planners, the contractor
and the subcontractors [Schu08].
In general, clients are interested in minimizing

investment costs (and/or operational costs); there
is also a tendency to minimize risks related to
budgeting, delays, change orders, warranties, etc.
This applies even to post-contractual cost and
time related problems which may be the result
due to unclear requirements, belated decision
making or too many changes. On the other hand,
users would like to take this opportunity to
eliminate their long-standing shortcomings
through the new project. In some cases, Man-
agements are not keen to coordinate all the
requests from the users at the onset and additional
costs are often attributed to the planning team.

Building Contractors, on the other hand, are
interested in maximizing their profits out of each
sub-project and minimizing their efforts and
expenses. Generally, planning teams refuse to
take overall responsibility or even liability for the
client and user requirements, which were not

known to them at the time of their contract
agreement. It is assumed that the planning teams
were contracted in line with the relevant national/
international guidelines (e.g. HOAI—guidelines
for fee structure for architects and engineers in
Germany) and tied to construction costs; thus
allowing for adjustments in fees based upon final
project costs. The various vendors of building,
utilities or process equipment would, in most
cases, try to compensate for the discounts (given
during final negotiations to win the contract) by
skillfully managing claims against changes,
additional works, etc. Also contractors, in gen-
eral, try to minimize their warranty obligations.
To avoid conflicts between the various parties, it
is advisable to develop basic project objectives in
a structured manner, in accordance with the
process model of synergetic factory planning (see
Chap. 15), keeping in mind process and spatial
requirements. This applies to the overall project
as well as for the sub-projects.

16.1.2 Task Overview

It appears that an infinite number of solutions are
possible guarantying efficient project execution,
some of which rely upon the knowledge of

• maximize performance

• maximize quality

• within stipulated time

• within stipulated budget

• avoid additional / new items
of work  

• guaranteed planning, costs,  
time and liability performance

• sustainability 

• receipt of project order

• minimize expenditures for   
planning, coordinating and 
timely delivery

• Additional profits by adding 
work items, re-planning or 
new planning

• increasing building costs 

• guarantee for refunding work 
pay

• minimization of liability

minimization of investment maximization of profit 

customer’s interests contractors’ interestsareas of conflict

client planner 

contractor 

sub-contractors

Fig. 16.1 Fields of conflict within a factory planning project (acc. to Schulte). © IFA 15.234_B
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systems engineering. Based upon available lit-
erature, for example, [Rös94, Die04, Rog08,
Knu08, Mar11] and authors’ experience, the
main action areas are identified in Fig. 16.2.

The starting point for any project should be
based on a project framework which first defines
the requirements before Milestone M1 in Fig. 15.
5. Here the users’ requirements are developed
and used to create a spatial and functional pro-
gram, referred to as a ‘space schedule’ or ‘space
book’. The space book is the counterpart to the
specification catalogue for the production facili-
ties and is the basis for successful mediating
between the property developers, users and
external partners [Rei04].

Space books are generated floor-wise for each
building to specify their requirements, utility
connections as well as the descriptions of their
process facilities. Appendix B shows an example
of an appropriately structured Excel Sheet, for
the space—function program. Finally, the
framework should include a basic understanding
of project time and budget, to be derived
from the overall strategic considerations of the
project.

The second field of action concerns the pro-
ject organization. It defines the constellation of
the project participants for the planning, realiza-
tion and ramp-up of the factory. Moreover, a
project structure has to be determined with ‘work

packages’. The sequence in which the packages
are to be completed is then developed and
inserted into the project master schedule with
milestones.

Even when the majority of work has been
outsourced, the project execution still requires
internal capacities that need to be planned. All of
the work has to be contractually negotiated, with
attention paid in particular to liability issues and
resolving deficiencies. It is also critical to agree
upon a date after which no further significant
changes can be made from the users’ side. This
time span, known as the “frozen period”, allows
the project and trades to develop without dis-
ruptions. Ultimately, a consistent planning state
is ensured by coordinating the information and
participation in the project along with docu-
menting the results in the form of a project
manual. The project manual should lay down the
formats and routines, the process of coordination
and the documentation of results.

The third area of action concerns the costs.
These partly relate to the production facilities and
partly to the building project. Usually initial cost
estimates, tend to emphasize on the identification
and completeness of all cost elements rather than
accuracy. It is desirable to distinguish between a
one-time or initial object cost and recurring costs
due to usage, operation and maintenance. From
the above discussions one could derive overall

project framework project organization 

costs planning tools 

• users’ requirements
• spatial and functional program
• time frame
• budget

• project team
• project structure
• scheduling and milestones
• capacity planning
• contracts
• project manual 

• digital factory
• building information modelling
• facility management 

• objects costs, operating costs
• estimating, determining and 

controlling costs
• invoice verification
• payment release

Fig. 16.2 Fields of
activity in project
management. © IFA
15.235_B
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target costs for the building project. A proactive
management of all cost items would help in
minimizing the life cycle cost of the entire fac-
tory including the production facilities and
buildings. Finally, with increasing demands for
energy efficiency and sustainability and envi-
ronmental consciousness towards Green Factory
Buildings, it is recommended that every attempt
should be made to recover energy and conserve
resources from the very beginning [Rei98] (see
Sect. 15.7, energy efficiency).

These brief and initial remarks should help to
clarify the fact that project management plays a
key role in balancing the objectives including
both—“hard” factors (such as functional objec-
tives, cost, schedule) and more subjective, “soft”
factors (such as quality, aesthetics, ecology).

Project management tasks are increasingly
influenced by the ever changing digital planning
skills and tools. State of the art “Building
Information Modeling” (BIM) and its digital
counterpart on process side the “Digital Factory”
are being increasingly used for precise planning
and engineering of buildings. These techniques
favour Facility Management during the opera-
tional phase of the building, with skillful digital
documentation of the entire planning phase. The
above process would be elaborated in the final
Chap. 17.

In the following sections, three main action
areas of project management namely—organi-
zation, cost and planning tools will be discussed
in detail for an understanding of the basic tasks
of a project manager.

16.2 Project Organization

16.2.1 Team Building

Once management has made the decision to start
the project a project team has to be established.
For this purpose, the responsibilities and powers
of the project management, the customers as well
as the users, planners and executers are defined
within an organizational chart. The principle
structure of this chart is depicted in Fig. 16.3.
Following common understanding (e.g. [Knu08])
the project management is divided into a Lead
Team (decision-making and implementation
capabilities) and Project Steering Team (advisory
services without decision-making power). Busi-
ness base for all other partners is the afore men-
tioned coordinated space—function program.

In most cases, clients underestimate their own
management effort for the project, particularly in
terms of the required level of professionalism,

project controller user 

coordinated
spatial and functional program 

client 

specialized planner and  
adviser 

object planner contractors
and suppliers 

authorities and
public interests 

project management 

project manager 

Fig. 16.3 Integration of project management and control in the project organization. © Reichardt 15.236_JR_B
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time and leadership skills. There is a tendency to
shift all potential project risks to planning and
subsequently to the execution teams. But the
ultimate responsibility for the project lies in the
client’s hands, since he is decisive in formulating
and controlling the project goals. A responsible
client provides all necessary support to the pro-
ject management team both internally and
externally. This is especially important for all
internal coordination required on behalf of the
client. In case internal management staff of
required skills and experience are not available,
the client should not hesitate to recruit the ser-
vices of external management expertise for in-
house “client representation”. In most cases, by
the end of the second step, the project structure is
ready. The project should be divided into smaller
executable jobs, e.g. building construction, util-
ities equipment, landscaping, power generation
units, waste water treatment plants, etc. to arrive
at a pragmatic time schedule.

16.2.2 Example of a Project
Organization

Figure 16.4 depicts an example of how the actors
in a large factory planning project interact.
Together they form the project team [Schu08].

Firstly one needs to identify the external
members of the Team. Typically, a client Steering
Committee consists of relevant members of the
management board, representatives of the primary
users and—where available—the works Council
Chairman. Sometimes an independent external
expert may be included too. The project manager
and, depending on the milestone, the responsible
planner or critical equipment suppliers report back
to the steering committee. The users of the project
provide the necessary data during the preparation
phase, generated along with the planning team
after discussing the various project requirements
and adopting required solution/s. Moreover they
determine the future organizational structure of
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the works of the new factory and plan for timely
recruitment and training of staff. National and
international authorities or institutional bodies
impose their requirements for occupational safety,
health administration and environmental protec-
tion. The relevant procedural time for acceptance
and licensing to start operation needs to be built
into the project time schedule. Finally the suppli-
ers of equipment and services are responsible for
timely delivery of their contractual agreements.

The core of the project organization is the
project team. It is led by the Project Leader
(mostly called Project Manager) who is respon-
sible to the Steering Committee for delivering the
agreed performance and quality within the bud-
geted cost and time schedule. For this purpose,
he needs to setup a project management frame-
work methodology for the planning phases after
critically examining the qualifications of the
people as to whether they fit the requirements of
the given planning tasks or not. In setting the
rules and agreements around interactions the
project manager fundamentally influences the
project atmosphere. A project manager’s per-
sonality should be characterized by their mod-
eration and mediation skills, impartiality towards
participants and their methodological compe-
tence. It is also critical that the project manager
has a direct contact with someone on the exec-
utive level who functions as the project sponsor.

The team members in charge of executing the
project along with their responsibility can also be
identified in Fig. 16.4. Production, logistics and
organizational planners are responsible for the
production related design fields extensively dis-
cussed in the preceding chapters. The architects
and the various engineers and consultants coor-
dinated by them are responsible for the build-
ings’ functionality. Together they form the core
team, which in some cases may be supplemented
temporary with internal or external specialists
e.g., landscape planners or fire safety experts.

16.2.3 Rules for Project Team

As already discussed in Chap. 15, Fig. 15.9, the
success of a project depends on more than just the

sub-projects being functionally processed and the
project manager expertly coordinating them:
Additional methodological and atmospheric
issues that lead to certain rules regarding the
interactions of the project team need to be con-
sidered. The first of these is that each team
member is responsible for their planning object in
terms of its function, quality, costs and delivery
time. These are coordinated within the project
meetings. The meetings serve to prepare, verify,
make decisions or exchange information about
the project’s technical content and processes.
Typically these meetings include steering com-
mittee sessions, regular fixed jour meetings of the
core team (e.g., every Friday from 2 pm to 4 pm)
as well as workshops and information meetings.

Further operational rules are useful, based on
general problem solving routines. This includes,
for example, that for all partial planning there is an
unambiguous task description, an attempt to
develop and evaluate variants, as well as the overall
evaluation of the system on the basis of criteria
derived from strategies and general conditions.

In comparison procedural guidelines are
meant to ensure that members comply with the
agreed upon rules and obligations and with the
communication of differing opinions. These
guidelines might include general specifications
such as weekly plans, regulating the core team
internally (e.g., “any external communication
regarding the state of the project is first agreed
upon”), or project related rules such as “addi-
tional costs of a sub-project have to be com-
pensated for by savings in another sub-project”.

Finally, documentation rules define how the
course of the project and its results will be doc-
umented. This essentially applies to the results of
meetings, the chronological progression of work
and the technical results, which are saved in the
project manual (see Sect. 16.6).

Figure 16.5 summarizes the resulting project
management tasks from a process, operational
and environmental perspective using the example
of a working meeting at the concept stage
[WieH11]. The chart assumes that there is a clear
distinction between project management and
process support (see Fig. 15.9). These tasks are
transferred separately to two sets of actors. If the
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teams are experienced both tasks can be inde-
pendently performed by professional project
managers.

The starting point of every meeting are the
objectives to be achieved which are generally
derived from the work package of the overall
project plan. As a preparation for the meeting the
project team responsible for the topic prepares
contents and proposes professional problem
solving, whilst a facilitator moderates the work
(e.g. communication with meta plan technique)
and the overall scenario, including the terms of
reference for the meeting. The targets are
checked from a technical and systems point of
view for their practicality.

At the beginning of the meeting, the facilitator
sets the frame work, taking over the moderation
of discussion. The technical project manager
pays attention to the possibility and compatibility
of the various solutions. Finally, the most viable
solution must be agreed upon through discus-
sions and debates.

In follow-up, the project manager documents
the work results while the process facilitator
reviews the documentation for intelligibility.
Depending on the results it can be practical to
review the objectives, which also serves as
preparation for the next meeting.

Finally, the unavoidable conflicts that arise
between participants need to be clarified on the
client side according to their main responsibili-
ties. In doing so, other projects including the
personal needs of employees involved should be
taken into account (e.g., planning vacation and
leisure time) as these reduce employee stress and
thus serve to prevent poor work results.

16.3 Project Plan Development

After defining the team, structure and rules, the
next important task of the project manager is to
plan the project time schedule. The main aim is
to connect necessary activities of gross work
packages with the time axis. In this effort one
aims to identify jobs which could be taken up
simultaneously in order to minimize the overall
project time span. Starting backwards from a
wishful completion date, realistic time frames
need to be set for planning, approvals, execution
of sub-trades and installation. It is important to
provide necessary buffers to accommodate
unforeseen delays to the extent realistically pos-
sible. Figure 16.6 shows a time schedule for a
building project, as it is usually presented at
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Fig. 16.5 Management tasks at project meetings (H.-H. Wiendahl). © IFA 15.239_B
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milestone 0. It is based on the work phases of
German HOAI fee regulation and is classified
under modules—integrated project concept,
integrated design, integrated tender, realization
and documentation.

The initial time schedules are refined as the
planning phase progresses. Figure 16.7 gives a
sample of a schedule for a building construction
and interior works. The ProjectMaster Schedule is
further detailed out based upon dates received
frombuilding contractors, equipment vendors, etc.

Apart from the planning stage, there is a
corresponding schedule for the planning of pro-
duction facilities. Figure 16.8 shows a sample
schedule, assuming that the operating facilities
for the production, assembly and internal logis-
tics are completely new. The schedule needs to
be suitably edited to include existing equipment,
where necessary.

The milestones, described extensively in
Chap. 15, deserve particular attention. They
serve to align the interim results according to the
principles outlined in Figs. 15.7 and 15.8 and to

review the agreed upon interim goals. Milestone
reports sometimes also include risk evaluations
for so-called due diligence procedures, in which
projects are assessed by independent experts at
specific points in time e.g., the building shell
completion. The assessment often serves to
release certain payments for the approved per-
formance of work packages of contractors.

Progressive milestones highlight critical
planning phases e.g. approvals of the project
(obtaining regulatory sanctioning according to
German phase HOAI 4), transfer of detailed
design (German phase HOAI 5), tendering
(German phase HOAI 6), releasing of the
assembly plans to the site (e.g. positioning of
delivered machineries according to layout), etc.
Finally, project management support deceases
(or sometime ceases) on commissioning of
buildings and facilities. During this phase, there
is a possibility of conflicts about the roles and
responsibilities during the defect liability period
i.e. facilities, their disposal, guarantee and lia-
bility rules [Esc09, Lev09].
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Fig. 16.6 Coarse time schedule (example). © Reichardt 15.240_JR_B
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project milestone  beginning/end activity  course of activity  
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Fig. 16.7 Detailed time schedule (example). © IFA 15.241_JR_B
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16.4 Project Capacity Planning

Large projects like ‘factory buildings’ require the
services of not only the external partners but also
numerous internal departments. Some of them
would be direct users of the new production
facility while others would be involved with
indirect functions such as process planning,
NC programming, production control, etc.
There may be others who would be responsible
for support functions like quality assurance,
information management and communications,
personnel management, plant security, etc. In
the course of ramping up, the operating
employees would be additionally involved. It is
advisable to plan for and depute project staff,
such that day-to-day business is not hampered
and there is clarity between the various levels of
participation in each phase of the project
(Fig. 16.9).

The management as decision maker is
required particularly in the phase of defining
overall project targets and in the ramp-up phase.
In the intermediate planning and implementation
phases the management performs its scheduled
tasks as part of the Steering Committee. The mid-
level management executives and experts col-
laborate to resolve production issues, facilities
and logistical concerns while the operative

employees are involved in training, testing and
cooperation during startup.

These broad activities are often underesti-
mated in their scope and should be documented
separately to include holidays as well. This
would prevent overloading a particular employee
wherein he is forced to neglect his normal duties.
It is also important to quantify the indirect costs
of the above efforts.

16.5 Contract Drafting

16.5.1 General

The next most important task of project man-
agement is the preparation and fine-tuning of the
contracts with all project stakeholders. Contracts
essentially include description of services, time-
lines and documentation guidelines. Further-
more, it should be clarified between all partners
how shortcomings of services would be handled
through reworks, revision of prices or others.
Other areas of concern are with reference to
defect liability guarantees, claims and identifi-
cation of a justifiable basis for additional costs.

The issues related to contractual liabilities
(with reference to German Law) are discussed in
detail in Sect. 16.5.4.

goal setting

conceptualization

fine planning

pre-construction planning

construction supervision

ramp-up support 

executive managerial operative

enterprise level factory planning
stages

middle weak strong participation per phase: 

Fig. 16.9 Work load of enterprise levels in a factory planning project. © IFA 16,161 E_B
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16.5.2 Award Variants

Clients of factory projects can take very different
organizational and legal forms as can the con-
sultants, planners and executing enterprises hired
by them. There are thus four basic plausible
constellations and therefore award forms for
planning and realizing factory projects. We will
briefly identify their specific characteristics as
well as a number of advantages and disadvan-
tages next.
• Individual Planners, Individual Contractors

The conventional award form is the trade-
specific award of contracts on the basis of item-
ized specifications and detailed construction
drawings. In this case, the client has the maxi-
mum control on project schedule, cost and
quality since it has direct contractual relationship
with concerned construction companies. For the
project management, this result in several indi-
vidual contractor awards and a number of inter-
faces and coordination efforts between trades
with related quality, cost and liability risks.
Logically, these advantages and disadvantages
also apply during the selection of professional
planners for process, space and organization.
• General Planner, General Contractor

As mentioned, the coordination effort required
between planning and contracts are considerable.
By combining the assignment for overall plan-
ning (e.g. for the design of a building with gen-
eral planning of architecture, structural
engineering, building utilities such as heating,
ventilation, plumbing, electrical as well as land-
scaping), from the perspective of interfaces the
clients’ efforts in time and money, are signifi-
cantly reduced. Further, reduction of contractual
interfaces could be achieved by having a turnkey
building contractor with fixed-price contract.
However, before entering into such a contract
system, all construction work should have
defined in detail. Changes, if any, due to ongoing
refinements to the process and organizational
planning after the award, inevitably leads to
pricing adjustments which are beyond the market
competition. Such amendments are risky and
prove to be costly for the client since it gives the
contractor an opportunity to make up for

discounts granted during the final negotiations.
In addition, the award forms single planners/
general contractor exist (rarely) and general
planner/single contractors, or general planner/
contractor trades packages (rather often).
• Guaranteed Maximum Price (GMP)

In order to overcome the obvious conflicts of
interest, a third variant of contracting was
developed in the U.S. the so called GMP (guar-
anteed maximum price) ensures “partnership
building” and aims at fixed prices both in the
planning as well as the execution phase [Ble00].

In this case, the client details the tender doc-
uments on the basis of the completed preliminary
planning. The missing detailed planning, site
execution management, as well as overall
responsibility for contracted project targets are
provided by the general contractor (including
those required for services, utilities, landscaping
and construction detailing). The negotiated lump
sum package for the GMP contract includes a
fixed share of fees, risks and profit. A variable
component is reserved for subsequent construc-
tion to be worked out later by external deliverers,
but contracted in advance for ease of co-ordina-
tion with fixed profits. This is the principle of
“glass pockets”—the client constantly receives
“true” information about the state of current costs
and schedules [Eit07].

To what extent this theoretical project trans-
parency of all cost elements is actually main-
tained in the course of works or skillfully
manipulated by the relevant partners, is ulti-
mately a question of trust.
• Public Private Partnership (PPP)

As a result of insufficient investment funds or
in order to reduce the investment risk or to
exploit tax-saving potential, factories are some-
times built as externally financed objects, which
are then rented back to the user according to
either a leasing or operator model. With a leasing
model, a leasing group takes on the contractual
responsibility and the project risk. They secure
the financing through borrowing and engage
planners and contractors without the collabora-
tion of the client. The leasing contract negotiated
with the user, outlines the agreement for the
repayment of the loan, other costs as well as the
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transfer of the ownership at the end of the leasing
period. The operator model, in comparison, is
based on awarding concessions to operate a
building [Bur06].

16.5.3 Advantages and Disadvantages
of Award Variants

For the long-term overall success of a project it is
important to align the interests of all the parties
towards a common goal. Bonus-malus schemes
are increasingly being used in the construction
industry. Rewards (bonus) are given for meeting
the target values while failure to meet the nec-
essary targets usually attracts penalties (malus).
Generally lesser responsibilities usually mean
lesser freedoms to release orders, especially in
terms of the crucial phases of tendering, imple-
mentation, acceptance and commissioning. The
elimination of trade-specific tender descriptions
favoring a functional tender usually helps to
stabilize the cost and time schedule at a very
early stage. However, these advantages on the
other hand usually result in poor or even a loss of
quality and sometimes even functional failures.

The strategy to allocate single activities
ensures strongest control on the quality of
workmanship with best price-performance ratio.
The disadvantage lies in the fact that a very high
level of coordination is required at a multitude of
interfaces and that there is a fear of delay or
complete stoppage of work due to insolvency of
the single company.

A typical customer prefers a guarantee on the
project cost and the delivery time and one agent
for the defects liability. Under these circum-
stances, it is preferable to have a turnkey con-
tractor instead of multiple agencies for various
trades. The mentioned advantages are offset by
the disadvantages of higher costs and overpriced
planning changes after contractual award.

Buying a whole factory as a sum of functional
services at a guaranteed maximum price (GMP) is
generally possible; however, “the devil is in the
details”. Especially when the goal is to develop
the targeted changeability, the relevant structures
and interfaces can only be defined from a process

and spatial perspective in a detailed planning
much beyond purely functional needs.

When choosing a leasing model, the client
waives own investment funds, often in favor of
tax effects. A professional leasing company
should plan for flexibility in building structure,
resulting in a mutable space, which could be
easily leased to others at the end of the initial
lease period. Therefore, in this model, more
emphasis should be given to clear definitions
along with careful and detailed planning of
building and utilities.

For long-term quality, especially with regard
to strategic adaptability and sustainability,
building elements should be clearly and unam-
biguously planned and executed in best possible
manner, in line with the award variants discussed
before. In addition, the aesthetic grammar of
interiors, facades and exteriors demand for
careful and farsighted solutions before starting
the execution process. These architectural values
contribute considerably towards a positive
impression of the factory and generate a visual
identity for the users and visitors.

16.5.4 Liability Issues

The project management tasks include consult-
ing, coordination and control services. The legal
issues arising from this is multi-layered; we can
only touch upon the basics in this book. It is
important to consider liability issues both for
services or works contract in terms of quality, cost
and time. According to contracts for work (Ger-
man Law §§ 631 ff. BGB) the contractor owes the
purchaser of a work (e.g. factory projects) the
timely execution of the project or sub-project in
line with the agreed quality standards along with
the client. The client in return owes the contractor
the agreed compensation for work. In contrast, a
service contract agreement regulates the provi-
sion of services by the contracted party (after
[Wik14]). It is the content which matters in a
contract and not the title and whether the same
contributes to the success of the works or not.

In general, planners, such as architects and
engineers, are in debt of the overall project
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success by work contract law. External project
managers (as temporary employees of the client),
in contrast, merely provide advisory services in
accordance with service agreements. Looking at
current trends in project management contracts, it
appears that project steering tasks are seen as
success related and prefer work contracts. How-
ever, this is not a general rule and needs to be
looked into on a case to case basis.

The liability of the results of project control is
dependent on the deficiencies, acceptability of
documents created, proposed controls and con-
trol mechanisms. The further liability for quali-
ties, costs and time schedules require the transfer
of authority for decision-making and setting of
decisions from the client to external project
steering [Esc01].

In Germany, architects are generally respon-
sible for cost control and in particular the precise
calculation of quantities during the planning
phases. As stated before, client driven changes in
size and qualities of building structures are fre-
quent reasons for cost overruns. Thus an impor-
tant task of the architect is a correct quantity
estimation corresponding to each planning phase
for all the building trades. New requirements of
the client/customer, such as choice of alternative
materials necessitate appropriate cost benefit
analysis by the architect on an immediate basis.
Failures in warning and advisory duties, e.g.
higher costs due to results of soil analysis, can be
interpreted later as a breach of duty. The refer-
ence to augmenting in cost should always be
documented in written form and countersigned
by the client.

It is important to define the extent to which
planners are liable for their cost estimations
depending on their contractual agreements. In
some cases the reference to tolerances of cost
calculations would not be possible. In reality,
contractual agreements to construction cost limits
are conceivable for relatively simple planning
tasks, e.g. design of a row house; the same may
not be applicable to complex factory planning
projects.

Claims for damages due to cost overruns by
the client may be admissible only after consid-
eration of a previous deadline for rectification.

This means, that the client must provide the
planners an opportunity to reduce costs by re-
scheduling or re-planning, as long as this is
possible. It is imperative that the client considers
a potential increase in the market value of his
property, due to higher construction costs.

As already mentioned, the German HOAI (fee
structure for architects and engineers) allow for a
higher fee in case the construction project costs
increases for no fault of the planning team. On its
web-site www.HOAI.de a multitude of informa-
tion on the above topics are available. Among
other things, such as case studies, the amended
HOAI text version of July 2013 with description
of the contents of the HOAI phases as well as fee
structure sheets on basis of total project costs for
building, structural, utilities and landscaping
could be downloaded. As an additional service,
readers could also find references to current
judgments with reference to cost and time sche-
dule overruns, liability issues and others.

16.6 Project Manual

For meaningful communication in a project, the
project manual is a valuable document. It con-
tains addresses of members of planning team,
data formats, layer coding of drawings, plan
designations and others. Figure 16.10 shows an
example of the possible structure of such a pro-
ject manual. Its structuring is derived from the
survey action areas mentioned in Fig. 16.2.

16.7 Costing and Control

When constructing a building, hardly any client
would state “no matter what it may cost”. In most
cases, the project manager, representing the cli-
ent, would want to convey to the client the
‘minimum’ project cost, to prove his professional
capabilities as quickly as possible.

In reality, this often leads to immature project
planning and questionable project budgeting
either on the basis of a lump sum or on the basis
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of cost per square meter or footage of floor space
to be built. If these numbers are known by top
management (often before planning has already
started), it is almost impossible to change this
sum based on developing requirements and
dimensions. The same applies to negotiating
contracts with the planners; consistent contracts
are first possible when they are based on work
volume and project sums that have been verified
as plausible.

16.7.1 Conditions for Determining
Costs

The dilemma of meaningful cost estimations may
be clarified through an imaginary example of
“cost” of a row house project. A telephone
enquiry to a fictitious builder might reveal that
the construction costs would be around
€250,000 raising a lot of questions. Does the
quoted amount include the plot, planning
expenses, fees for building permit, fees for sur-
veying, registration costs, civil construction,
interiors, fittings like—kitchenette, sauna instal-
lation, etc., landscaping, and all the necessary
taxes?

So far, only the initial construction costs have
been considered. A second, often neglected cost
block includes mostly annual recurring costs
such as property taxes, garbage collection, street
cleaning, maintenance and repair as well as ever
increasing costs of monthly operations and
maintenance—gas, water and electricity.

This simple case study reveals the difficulties
of setting up and communicating reliable cost
estimations, often demanded in advance without
a clear vision of the proposed project. The cost
assessment of a factory project is much more
difficult, since data from standardized typologies
may not work while data from similar structures
may not be available. The specific combination
of site, climate, location, processes, organization,
building and building utilities and their various
changeability requirements results in an unique
solution “as no other”; the specifics would have
been optimized from all different angles for
construction and future maintenance.

Since costs are a direct result of the built
volume on one hand and the requirements as well
as the quality of workmanship on the other hand,
a reasonable cost estimate can be developed
based only on a fairly accurate project space and
functional programs.

1 general 2 organization 3 due dates 4 costs 5 quality 

2 planning basis - users

1 planning basis - site

3 space books 

4 function program 

5 requirement profiles
project risks

1 master data/
participants

2 contracts

3 organizational chart 

4 codings, layouts 

6 structural models
2D / 3D 

7 protocols 

8 charts 

9 assessment of
options  

5 drawing lists 

10 reports and
presentations 

11 permits & approvals 

12 acceptances

1 master schedule 

2 milestone schedule 

3 detailed timeline

4 realization timeline 

1 budget with
tolerance ranges

2 cost estimate 

3 cost calculation

4 cost quotes

5 final cost statements

6 documentation 
of changes 

7 fee estimates 

1 building standard 

2 aesthetics 

3 systems, brands 

Fig. 16.10 Abridged content of a project manual (J. Reichardt, RMA Architects). © Reichardt 15.237_JR_B
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For square meter calculations DIN 277
(industrial norm for Germany, determination of
surface areas and volumes of buildings, updated
April 2005) is recommended. For square footage
(U.S., Britain, Asia) calculation a similar cost
structure is recommended. It should be noted that
in the construction industry the gross floor area
(GFA) and not the net floor area (NFA) is con-
sidered as a reference for the construction costs
per unit. Since client driven user programs are
generally based on net surfaces, these figures
need to be suitably enhanced to include circula-
tion spaces, construction systems, utilities, etc. to
arrive at a suitable gross area of construction.
The same applies to building volumes. Here, too,
the gross building volume (BRI) needs to be
calculated based upon outer dimensions of
building volumes—eaves and ridges of the roof
structures and foundations depths.

A significant cost risk is hidden in functional
programs related to building utilities, plants and
services, fire protection, the computer network-
ing and server spaces, specifications of storage
spaces including hazardous substances, etc. They
are always underestimated at the beginning due
to lack of knowledge and data. In a typical fac-
tory project, the cost share of utilities and ser-
vices (acc. German cost group 400, DIN 276)
may vary from 25 to 35 % of the total cost of
building construction (cost group 300, DIN 276).
It is apparent that risks increase in the absence of
clear definitions and guidelines for building
utilities and related equipment. This is especially
true for ventilation and extraction systems, which
not only add to the costs but because of huge
duct sizes lead to an aesthetically unsatisfactory
roof structure.

Finally, we need to mention the uncertainties
related to the location and the approval proce-
dures. In the absence of sound geo-technical and
topographical survey reports along with necessary
information regarding local planning rules and
regulations to be followed, costs estimations
would be flawed from the very beginning. For
example, local planning rules and regulations may
force certain industries to put into place additional
measures against noise and fire which, might
prove to be a costly oversight in the long run.

Site specific challenges and user specific
requirements need to be identified as early as
possible through the spatial and functional pro-
grams. These needs should be coordinated before
starting the planning process and continuously
documented in specifications or the space book.

16.7.2 Costs in Building Construction

In order to systemize costing of building con-
struction the US Standard ASTM UNIFORMAT
II 276-1 classify construction costs into stan-
dardized cost groups and cost elements. Fig-
ure 16.11 shows the eight major group elements
on the first level followed by second and third
level of building and utilities cost elements
[Ch99]. The document also describes a 4th level.
Similar classifications have been developed in
Germany (DIN 276-1), Canada, UK and for
Europe. There is no doubt that if the cost struc-
ture is consistently followed from the basic to
detailed versions a very high degree of cost
transparency can be achieved in planning as well
as construction phases. It is advisable to estimate
costs in this manner for all clients.

A robust costing framework and structure is
vital for the success of international projects
having multi-cultural or multi-lingual team oper-
ating across various boundaries; mistakes or
misunderstandings with reference to the building
elements, specifications, etc. could pose great
risks for the project as a whole. During the prep-
aration of contract documents, the project man-
agement team should compulsorily set standards
for each part of the project. As a starting point
reference values, approximations or statistical
cost estimates from a comparable construction
projects may be used that needs to be constantly
refined as the project progresses. The construction
cost information center of German Architects’
Chamber (BKI, www.Baukosten.de) produces an
annual survey of costs for various completed
projects. For example for the year 2013, there are
listings under (www.baukosten.de/neubau-2013.
html?page=6), classified according to DIN 276
for different building typologies—such as indus-
trial production building, storage buildings,
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offices and workshops. Data from similar sources
could be used to arrive at the first cost estimates.

The basic structure of DIN 276 (see Fig. 17.2)
as well as ASTM UNIFORMAT II enables three
levels of accuracy in costing. During preliminary
design a rough cost estimate can be easily arrived
at based upon the available drawings and the
basic quantity estimates. The total cost estimation
will be determined by summing up of all cost
groups up to the first level of the cost breakdown.

During the design stage there will be further
refinement of the cost calculation based upon
more detailed drawings and refined quantity
estimates. The total cost estimate can be deter-
mined by the summing up of all cost groups up to
the second level of the cost breakdown.

During the tendering phase, a more detailed
calculation is possible since all necessary con-
struction drawings and documentation are ready
in every aspect including the utilities design and
detailing.

On completion of the project, the entire team
will have to establish the actual costs which were
incurred in the project based upon audited
financial documents, bills, claims and other
statements, “as built” planning documents,
drawings and building descriptions.

It is to mention that the tolerance range for
cost variances reduce progressively as planning
stages progress further from basic scheme
drawings to detailed construction drawings and
accuracy in quantity estimations increase.

16.7.3 Usage Costs in Building
Construction (According
to German DIN 18960)

Planning with usage or occupancy costs (also
called life-cycle costs) signifies a more compre-
hensive approach to building construction pro-
jects and costing since the focus shifts to the
entire life instead of the initial phase. Economic
planning in such cases not only looks into com-
pliance with a project construction budget but
requires a more holistic approach for cost effec-
tiveness over the total functional life of the pro-
ject. A logical next step would be to optimize the
overall building project costs through all phases
of development, planning and construction using
materials and systems which suits both con-
struction as well as maintenance. Questions on
flexibility aspects of spatial and functional pro-
gram, choice of building geometry, material

Level 1 Level 2 Level 3 Level 1 Level 2 Level 3

Major Group elements Group elements Individual elements Major Group elements Group elements Individual elements 

A SUBSTRUCTURE A10 Foundations A1010 Standard Foundations D50 Electrical D5010 Electrical Service & Distribution
A1020 Special Foundations 05020 Lighting & Branch Wiring
A1030 Slab on Grade D5030 Communication & Security Systems

A20 Basement Construction A2010 Basement Excavation D5040 Special Electrical Systems

A2020 Basement Walls
E EQUIPMENT 
   & FURNISHINGS E10 Equipment E1010 Commercial equipment

B SHELL B10 Superstructure B1010 Floor Construction E1020 Institutionl Equipment
B1020 Roof Construction E1030 Vehicular Equipment

B20 Exterior Enclosure B2010 Exterior Walls E1040 Other Equipment
B1020 Exterior Windows F SPECIAL CONSTRUCTION F10 Special Construction F1010 Special Structures

B30 Roofing B3010 Roof Coverings     & DEMOLITION F1020 Integrated Construction
B3020 Roof Openings F1030 Special Construction Systems

C INTERIORS C10 Interior Construction C1010 Partitions F1040 Special Facilities
C1020 Interior Doors F1050 Special Controls & Intrumenttions
C1030 Specialities G BUILDING SITEWORK G10 Site Preparation G1010 Site Clearing

C20 Stair Cases C2010 Stair Construction G1020 Site Demolition & Relocations
C2020 Stair Finishes G1030 Site Earthwork

C30 Interior Finishes C3010 Wall Finishes G1040 Hazardous Waste Remediation
C3020 Floor Finishes G20 Site Improvements G2010 roadways
C3030 Ceiling Finishes G2020 Parking lots

D SERVICES D10 Conveying Systems D1010 Elevators G2030Pedestrian Paving
D1020 Escalators & movong walks G2040 Site Development
D 1030 Material Handling Systems G2050 Landscaping

D20 Plumbing D2010 Plumbing Fixtures G30 Civil / Mechanical Utilities G3010 Water Supply & Distribution Systems
D 2020 Domestic Water Distribution G3020 Sanitary Sewer Systems
D2030 Sanitary Waste G3030 Storm Sewer Systems
D2040 Rain Water Drainage G3040 Heating Distribution
D2050  Special Plumbing Systems G3050 Cooling Distribution

D30 HVAC D3010 Energy Supply G3060 Fuel Distribution
D3020 Heat Generating Systems G3070 Other Civil / Mechanical Utilities
D3030 Cooling Generating Systems G40 Site Electrical Utilities G4010 Electrical Distribution
D3040 Distribution Systems G4020 Exterior Lighting
D3050 Terminal & Package Units G4030 Exterior Communication & Security
D3060 Contols & Instrumentation G4040 Other Electrical Utilities
D3070 Special HVAC Systems & Equipment G50 Other Site Construction G5010 Service Tunnels
D3080 Systems Testing & Balancing G5020 Other Site Systems & Equipment

D40 Fire Protection D4010 Fire Protection Sprinkler System
D4020 Stand-Pipe & Hose Sstems
D4030 Fire Potection Specialities
D4040 Special Electric Systems

Fig. 16.11 Cost structure in building construction (ASTM UNIFORMAT II). © Reichardt 15.242_JR_B
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characteristics and system efficiency needs to be
answered at an early stage.

Comprehensive costing of this nature would
help in deciding whether it makes economic
sense to add value to a specific cost element
which would get compensated through simplified
operation and maintenance during the usage
period of the project or not [Kal02].

A typical example of a holistic financial
analysis would be to compare the additional
expenses in increasing the insulation value of a
building envelope with reference to the energy
savings over the life of the given space. In
addition, the sustainability ratings of the building
would improve through savings in CO2 emis-
sions in case of increased insulation values. The
same applies to discussions of clear spans and
column grids in support of building. Large spans
offer increased flexibility and thereby the future
potentials of changeability and usage; however,
large spans directly influence the project costs
requiring detailed discussions with clients, about
pros and cons, during the planning phase.

Figures 11.9 and 11.10 shows relative cost in
comparison of different spans, either in wood or
steel structural systems.

DIN 18960 (last updated February 2008)
usage costs are defined as “all regularly or irreg-
ularly recurring costs in buildings and their sites,
resulting from the beginning of their use until
their break down”. According to the increasing
accuracy in the planning process of DIN 276,
usage costs are differentiated from coarse to fine
in usage cost rough and fine estimations, usage
cost calculation, and usage costs determination.
These calculations would be important particu-
larly in cases of sustainability certifications, as
required under specific certification procedures
(see Sect. 15.7.3, case studies DGNB-certifica-
tion). The cost groups’ structure includes capital
costs, administrative costs, operating costs and
maintenance costs. An overview of the various
types of usage costs in accordance with DIN
18960 is shown in Fig. 16.12. A similar scheme
of the US National Institute of Building Sciences
can be found as Life-Cycle Cost Analysis

no usage costs 1st and 2nd level 
100 
110 
120 
200 
210 
220 
290 
300 

400 

310 
320 
330 
340 
350 
360 
370 
390 

410 
420 
430 
440 

capital costs 
loan capital costs 
own capital costs
administrative costs 
personnel expenditures 
material costs 
administrative costs, other 

operating costs 
supply and disposal of utilities
house-keeping and maintenance  
operation of the technical facilities
inspection and preventive maintenance of the building construction 
inspection and preventive maintenance of the technical facilities 
control and security services 
taxes and contributions 

repairs 
major repairs of the building construction 
restoration of the technical facilities
restoration of the outside facilities
repair of the equipment 

Fig. 16.12 Usage costs—
level 1 and 2 according to
DIN 18960. © Reichardt
15.243_JR_B
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(LCCA) under http://www.wbdg.org/. As stated
in the discussion of investment costs calculation,
the German Chambers of Architects (BKI, www.
Baukosten.de) generates cost data for the purpose
of periodical listings, classified according to DIN
18960 for different building typologies. For the
US [Mean14] provides similar data.

Through careful planning, operating costs for
particular components of building utilities and
services as well as specific parts of the building
structure can be reduced. For example, optimiz-
ing the air conditioning of spaces in a building
drastically reduces the initial investment costs of
the equipment leading to substantial savings in
energy and maintenance costs; such initiatives
are ecologically and environmentally friendly.
These cost figures, calculated over the usage life
of the equipment, are often multiples of the initial
investment. Floors and roofs are further exam-
ples of such components of the building. Fre-
quent replacements, costly cleaning of floor
coverings or roofing repairs are generally the
result of shortsightedly, cheaply purchased
materials and solutions.

16.7.4 Cost Management

Ideally, the financial framework needs to be
clarified during the basic evaluation phase of the
project. As pointed out earlier a carefully struc-
tured spatial and functional program would be
the minimum requirement for a realistic frame-
work document. It is advisable to include not
only the functional aspects, but the qualitative
aspects too—e.g. convenience or comfort in this
early phase—as they would affect the costs later.
In most cases although the data available is
incomplete or vague, nevertheless a sound bud-
geting is expected from the planning team based
upon their professional experience. The planning
team on their part should carefully document the
available data since subsequent changes in data
or user requirements may lead to changes in the
cost and time schedules. A comparative analysis
of spatial and functional programs over the var-
ious project phases would help in establishing the
project in a clear and transparent manner.

During the preliminary planning stage, when
the user’s requirements are usually first queried
and articulated a plethora of wishes are usually
expressed, for example for not previously men-
tioned air conditioning in manufacturing areas or
conference rooms. Often, the client will want to
assign the responsibility to the planners for the
resulting increase in the cost estimates as com-
pared to the initially allocated budget.

Similarly in comparison to the preliminary
plan, in the detailed planing dimensions have
sometimes to be increased due to the greater
planning depth, but also due to further wishes on
the user’s side (e.g., additional space for meet-
ings, IT, copiers), the burden of which in turn is
frequently left to the planners. The cost calcula-
tion which concludes the layout planning should
transparently document these changes in the plan
in comparison to the previous estimated costs.

In the next phase of approvals or planning
application, sometimes unforeseen changes are
requested by the relevant authorities for addi-
tional fire safety or noise control mechanisms
based upon the proposed production planning
systems and processes. Such requests may
necessitate the services of additional expertise.
Usually such services and their related outputs,
result in increase in the cost schedule and, at
times, even in time delays. In an ideal scenario,
these aspects should have been incorporated in
the planning phases well in advance in coordi-
nation with the various local authorities.

During the tendering phase, ideally one
should verify market availability and vendors’
delivery schedules before specifying construction
materials and system. At times, it may be nec-
essary to circumvent delivery bottlenecks or
probable price increases through alternative
solutions (e.g. for insulation materials, steel or
concrete) before releasing the tender documents
for bidding. Informal discussions with potential
construction companies before the actual ten-
dering process sometimes help in clarifying the
construction drawings, proposed specifications
and project budget.

During the tendering phase, when the contract
placement is prepared, bid offers are received,
evaluated on an equivalent techno-commercial
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platform and compared with the existing cost
estimates. As already mentioned, apparently
“cheap” initial solutions can be very expensive in
the long run, if maintenance costs and conse-
quences on other building and technical compo-
nents are taken into account in totality.

The final contract package should include all
building, utilities, landscaping as well as process
plans and performance texts that identify the
project as a whole and including statements
about materials, systems and choice of manu-
facturers. The bidders would prefer a free hand in
their choice of sub-contractors or suppliers—a
request which needs careful assessment since at
times it leads to the installation of inferior com-
ponents with increased maintenance cost. Also,
at times, such scenarios decrease the overall cost
transparency and increase the risk of delays
through endless negotiations.

Finally, in the project implementation phase,
actual construction starts at site. Project monitor-
ing (either periodic or continuous) needs to be
arranged to control quality, time and cost with

respect to the planned time and cost schedules.
For large or complicate projects it can be recom-
mendable to transfer this task to an independent
consultant. It is a common practice to report status
of work accomplished at site in percentages of the
planned time. Similarly, actual cost is monitored
element-wise as per the contracted bill of quanti-
ties and summed up to arrive at the overall cost
status of the project with reference to the approved
budget. The final cost then is the fixed determi-
nation, in best case meeting the contracted sums.

As discussed, attempts should be made to
follow the structured cost framework (DIN 276
and DIN 18960), at every step of the process
updating the same with payments released in the
intervening period and continuously refining the
planned cost schedule on the way. This prevents
excess payments and helps to establish a pro-
fessional method for ‘claims’ settlement during
the implementation phase. Figure 16.13 sum-
marizes an overview of the various tasks of cost
management in architectural planning, with ref-
erence to the phases 1–8 of German HOAI.

service stage basic service acc. to HOAI fee regulation task cost management 

1 base analysis

2 preliminary planning 

3 technical design planning 

4 planning application

5 execution drawings

6 preparation of contract 
placement

7 assisting with contract
award

8 project supervision

clarifying the objectives

calculating and controlling costs by 
comparing estimates with cost quotes

approximately determine total costs
for high-rise buildings according to DIN 276 

cost control with plan changes / additions
in the course of the approval planning 

cost control with plan changes / additions

cost control with plan changes / additions

exactly determine expected real costs  for 
high-rise buildings according to DIN 276, 
comparison with explanations for deviations

proof of actual costs, written cost control, 
continuous supervision and comparison of
planned / actual cost and cost limits 

approximately determine total costs  for 
high-rise buildings according to DIN 276 
with explanations for deviations

financial constraints / budget as part of base
analysis

estimating costs

cost quotes, cost control  by comparing
quotes with cost calculation

cost control by checking invoices of 
executing enterprises, comparing contract 
prices with quotes

Fig. 16.13 Cost management tasks. © Reichardt 15.244_JR_B
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One needs to be cautious about the permissi-
ble tolerances during various cost estimation
exercises, especially with reference to claims
against incorrect cost estimation. The involve-
ment of clients and users in possible budget
increase, particularly due to changes in space and
function programs has been pointed out in detail
earlier. The planning team could be held
responsible for their inexperience in assessment
of taxes, inability to foresee sudden increase in
costs of specific building materials, inability to
plan for special deliveries or bottlenecks,
increase in fuel costs resulting in higher trans-
portation costs, predict adverse weather condi-
tions, etc. Once again, it is best to use a
standardized structure to develop a transparent
system from the beginning to avoid such pitfalls.

As a rule of thumb, depending upon the spe-
cific situation the following tolerance values are
generally acceptable in Germany, [Fes05]:
• Cost estimate: +/−15 to 33 %,
• Cost calculation: +/−10 to 25 %,
• Cost fixed estimate: +/−5 to 15 %.

It may be noted that these deviations are rel-
evant to the budget and represents an exclusion
criterion for the planner. The cost of the building
with reference to the total investment is com-
paratively low; in most cases production costs
due to the amortization period (say 30 years)
would be much more significant.

An example will clarify this statement. Assum-
ing a cost of 20 € perm2 permonth for a production
hall, the “rent” for 8 h/day and 25working days per
month works out to be €0.1/h. Typical tool
machinery requires an area of about 20 m2 which
translates to €2.00/h. On the other hand current
hourly rates for medium-sized tool machineries are
at 50–80 €/h, thus the rental cost share is 4–2.5 %.
Of course there are also jobs with lower hourly
rates, particularly in assembly.But the building cost
share in the low single-digit percentage range. Thus
although the above mentioned differences in
building costs are negligible, they play a significant
role in liquidity planning. A professional cost
management teamshouldnot only aim todetermine
deviations, refuse unnecessary change requests, but
proactively manage the interplay between all
parameters of the overall project economy.

As alreadymentioned in the context of capacity
planning and internal management both from the
perspective of client’s and planning teams, their
effort is a significant factor. The hereby generated
costs may be significantly reduced through state-
of-art working methods, improved levels of
planning through digital tools and improvements
in communication system between all parties
involved. These topics are covered quite exten-
sively in the available literature and the reader
may choose to refer to them. However, two
important trends need special attention—data
integration and technical documentation of the
planning stages. Section 16.8 outlines the concept
of the digital factory for production planning
whereas Sect. 16.9 discusses Building Informa-
tion Modeling (BIM) for facilities planning.

16.8 Digital Factory

16.8.1 Concept

In the field of factory planning efforts were made
since 1980s, to prepare 3 dimensional digital
models for production facilities to predict their
behavior as realistically as possible. For this
approach, which can be regarded as a further
development of CIM (Computer Integrated
Manufacturing) the term “Digital Factory” has
established [Bra11]. The German VDI guideline
VDI 4449 defines as follows:

“The Digital Factory is the generic term for a
comprehensive network of digital models,
methods and tools—among others simulation and
three dimensional visualization—which are inte-
grated by an integral data management. Its goal is
the holistic planning, evaluation and continuous
improvement of all relevant structures, processes
and resources of the real factory in connection
with the product”.

Figure 16.14 illustrates the underlying con-
cept [Küh06]. The goal is the continuous digital
processing of product development on one hand
and process and factory planning, in their
respective life stages, on the other hand. This
approach include the product, process and
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planning data usually leads to holistic production
concepts. Furthermore, simulations help to visu-
alize operations on the different levels of the
factory including time dependencies. From the
perspective of the factory planning, it is impor-
tant to improve planning quality, shorten time-
lines and set-up transparent communication
systems.

The static and dynamic models of planned
objects shown in Fig. 16.15 [Küh06] play a
central role. The product description includes the
bill of material, 3D models of the parts and
construction groups. The production processes
are described in work plans, which refer to the
equipment used for manufacturing, described in
detail in Sect. 6.3.

Not only the products but also the facilities
equipment can be detailed out by 2D and 3D
models. During the concept stage, production
planning is usually carried out through 2D pre-
sentations, which are converted in due course of
time into 3D models, in order to link them to the
3D building models.

Static models represent a certain status, e.g. a
material flow matrix provides a certain under-
standing of an observation or calculation.
Dynamic models are preferred for systems which
are dependent on time and space. Discrete-event-
models depict interlinked individual events with
reference to time, e.g. the movement of transport
facilities within a factory. Kinematics (or the
study of body movements) can help in under-
standing the relative movement of a work piece
and tool in the working area of a machine tool.
FEM (finite element model) splits a body into
3D-elements, based upon certain relations e.g.
forces, strains, temperatures, etc. Thus the
development or heating processes of a work
piece can be simulated to visualize probable
issues.

A number of methods and tools are currently
available for the Digital Factory; Fig. 16.16
shows an overview as suggested by Bracht
[Bra11]. The information and data collected
generate a data base for the various models of
processes and equipments and is supported by

technology
phase

strategy
phase

ramp up
phase

product
phase

product modeling

manufacturing method
plant construction 

technology
phase production ramp up

phase 

process and factory modeling 

modeling tools 

production concepts 

planning tools simulation 

visualization 

documentation 

product data
process data
planning data

Fig. 16.14 Digital factory concept (Kühn). © IFA 15463
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automatic laser scanners, motion sensors or even
direct questioning. In addition, there are proven
methods that serve the object and workflow
description of the factory without any problem.
Mathematical planning and analyzing methods
are rarely used in factory design; they are usually
applied to optimization of large scale assembly,
manufacturing systems, storage and transport
facilities. For simulation, models are of funda-
mental importance.

It is also important to devise an effective
balance between effort and result. For example,
the complex dynamic simulation of a system is
outdated if in the course of planning changes in
the output rate or sequence of processes come
up. Here, the value lies in the understanding of
the system behavior, for example towards dis-
turbances. Artificial intelligence methods, similar
to mathematical methods, are used more for
optimization of complex systems and rarely used

static models dynamic models 

discrete event models 

kinematic models 

finite element models 

work plans

resources 

process plans 

bill of materials

geometry
oriented 

2D models 

3D models 

digital models 

structure and process-
oriented models 

simulation
models 

Fig. 16.15 Digital factory
model classes. © IFA
15464

information and
data collecting

presentation and 
design

mathematical
planning and analysis

simulation 

visualization

artificial 
intelligence

collaboration

• mathematical optimization •  methods based on graph theory • statistics and stochastic
• comparative quantitative evaluation methods

• survey • personal observation • automatic observation (3D-Lasers canning, Motion-Capturing, 
object identification)  • document analysis

• modelling of processes   • information and data modeling
• situation modelling

• continuous simulation (Finite-Element-method, multi-body simulation, ergonomic simulation)
• discrete event simulation

• multi agent systems
• neural nets 

• static graphical models  • dynamic visualization (monitoring, 2D- und 3D-animation)
• Virtual Reality • Augmented Reality

• technical communication facilities  • information space  • knowledge management • work-flow 
management  • workgroup computing • project management

method class assigned methods

Fig. 16.16 Methods of the digital factory (after Bracht). © IFA 15465
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in factory planning. State of the art visualization
methods help to clarify factory objects in 2D or
3D view; they play an important role in under-
standing the often complex relationships, whe-
ther between process and spatial objects or
towards processes in the factory. Finally the
methods of collaboration are equally important,
for cooperating in an IT-enabled environment,
allowing for the smooth exchange of data,
information and knowledge. The data is available
for authorized team members only in so called
information rooms. If certain defined processes
are maintained at regular intervals and agreed
upon, a set of workflows could be drawn upon
for documents, information and tasks in a certain
order for all stakeholders.

The interaction of these models in the context
of factory planning begins with the static sched-
uling of resources and capacity, as described
under Sect. 15.4, concept planning, whilst in the
dynamic phase, the refined planning focus points
are e.g. buffer and storage sizing under various
possible scenarios of production. The level of
operational planning is optimized based on
dynamic models of the production operation and
its control within the realm of quality and
logistical challenges. Finally by means of 3D
animation, time and space dependent operations

can be made visible and by using VR technol-
ogy. Thus digital factory creates not only a
unique factory project, but also the concept of an
adaptable factory which could be changed or
modified quickly to handle extensive changes in
process or spatial needs.

The automotive and aircraft industries are the
pioneers of the Digital Factory. An application
for a typical automotive factory is described for
example in [Loos13]. The remaining industrial
sectors, due to their medium sized enterprise
structure and because of the considerable prepa-
ratory work and investment, only hesitant move
in this direction. Another barrier has been the
lack of interoperability of models used, compli-
cating the exchange of data at various levels.

Digital Factory consists of data management
systems, to which the various users have access,
as suggested in Fig. 16.17. It can be seen on the
data management level wherein the essential
objects such as product, resource, process and
project are described by different modules. This
data is referred to from side of the indicated
function modules, e.g. to create a bar chart, 3D
model of a facility or the simulation of a material
flow. The operational level is the desktop of the
user, on which he recalls the specific tools of the
functional level relating to his tasks, which are
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Fig. 16.17 Basic structure
of a possible software
architecture for the digital
factory (VDI 4499). © IFA
15466
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derived from the overall process model of factory
planning.

It should be noted that at the moment digital
factory, concentrates on shaping and operation of
the production facilities. An interaction with the
surrounding buildings is yet to be made avail-
able. A possible interaction of production facili-
ties with surrounding building is shown in three
examples in [Thi12].

16.8.2 Digital Tools

Regardless of the comprehensive approach of the
digital factory many digital tools are being indi-
vidually used successfully in practice. They
provide valuable support in the planning phases
based upon methods mentioned in Fig. 16.16.
Figure 16.18 shows some important tool classes
and examples.

Conventional tasks such as word processing,
spreadsheet calculation, data storage and man-
agement, presentation of results and management
of tasks and staff are mostly being carried out with
programs of the Microsoft Office family. The
Internet with appropriate services for conveying
of text, graphics, videos and sound files etc. is
increasingly playing a dominant role for com-
munication. Telephone and video conferences as
well as working on documents from multiple
locations are quite common nowadays. For com-
plex projects, it is becoming a common practice to
identify and set up a project server, with appro-
priate back-ups, at the Client’s premises or at any
other location mutually acceptable, on which the
project manual is stored in line with Fig. 16.10. In
case, the project participants are located in

multiple time zones, a “follow the sun” approach
may be implemented wherein the work may be
transmitted at the end of the day to a partner firm
across a time zone so that the results could be
made available to the client the next morning.

As already mentioned, simulations play a
pivotal role in the concept of the Digital Factory;
however simulation can be used even in the
absence of such an environment. Figure 16.19
shows other possible areas of application of
simulation in the production planning from pro-
cess level of the machine to the field level at the
factory floor. In case of building design, power-
ful simulation programs to quantify and simulate
airflow—ventilation systems, temperature (see
Fig. 11.35) or lighting levels (see Fig. 10.10) are
already available.

The visualization of planning results can be
generated using different techniques. Tradition-
ally 2D and 3D representations were created
using CAD based software. Objects could be
moved in space and viewed from all sides. The
next level of realism could be achieved with the
aforementioned virtual reality technology, an
example of which is given in Fig. 16.20.

On the left had side of the figure is the so
called ‘cave’, which leads the visitor into a vir-
tual reality space. By making ‘cave walls’
transparent, projecting the external environment
on to screens and using special 3D glasses the
impression of a spatially floating object can be
created. Positions in space as well as dimensions
of the object can be changed with certain tech-
niques. Applications can be found mainly in
product development of automotive and aircraft
industries, e.g. to evaluate the design from the
perspective of a passenger. Simpler solutions are

• spread sheet calculation
• word processing
• database utilization
• presentations 
• task and time 

management

standard tasks

• structure simulation
• product simulation
• process simulation
• run time simulation

simulations 

• 2D/3D CAD
• Virtual Reality
• Augmented Reality
• Augmented Virtuality 

visualization 

• internet services
• telephone 

conferences
• video conferences
• project server

communication 

Fig. 16.18 Key classes of digital planning tools. © IFA G9352_Wu_B
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large-scale projections that create just a spatial
impression, but can be seen more or less only
from the outside.

Figure 16.20 bottom right shows a “planning
table”, as originally invented at the ETH Zurich
and developed further by the IPA in Stuttgart and

in a slightly different form at the TU Chemnitz. A
2D layout is projected on a table top or a large
screen with movable objects, e.g. machines,
shelves, transport vehicles, etc. The arrangement
is finalized by the participants through planning
meetings in line with agreed criteria such as

processes kinematics logistics ergonomics 

• plant configuration
• material flow
• control strategies
• debugging strategies
• system performance 

• work place layout
• assembly processes
• physical work load
• MTM times

• movement programming
• collision control
• cycle time optimization 

• process parameter
• tool use
• cycle time
• NC programming 

detail level
size of consideration area 

Fig. 16.19 Exemplary simulation applications in production. © IFA 12.360NP_B

• projection of user defined
3D view 

• 2D projection floor plan 

• interactive placing
of objects 

• projectors, computer and
• image recognition software [3D ims GmbH] 

[ Fraunhofer ILO ] 

6 side cave large projection [Bracht] 

planning table [ETH Zurich] 

Fig. 16.20 Visualization—planning in virtual reality. © IFA 11.727_Wu_B
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segmentation, etc. The background software
database of the objects then calculates the per-
formance figures, such as the use of space or
material flow density. For spatial visualization, in
addition to 3D, a layout appears on a separate
screen.

16.8.3 Simulation Example

From the perspective of planning complex pro-
duction systems, the dynamic behavior of vari-
ants of manufacturing and assembly lines is the
most important field of application for discrete-
event simulation. The conceptual study of a
flexible car body shop may serve as an example
[Mei07]. The starting point of the exercise was
that three car body models A, B and C were to be
produced on one production line in any order.
Figure 16.21 shows the main steps of investiga-
tion at a glance. During a preliminary study, four
structural manufacturing concepts for the body
were developed. Then, four scenarios were sim-
ulated with a different model mix each. The car
variants wander through each of the four life
cycle phases of start-up, full load, part load and
decline of a vehicle generation. This results in a
total of 16 simulation runs, allowing a statement
about the output rate behavior of the 16
constellations.

Figure 16.22 shows a scaled layout of the
structure variant 1 with the input and output
interfaces for the three models A–C, the welding
robots and the final welding stations, as well as
the connecting conveyor technology. In addition,
the targeted output data of the examined scenario
4 is also shown.

Figure 16.23 shows the layout modeled with a
simulation program. The target was to deliver 166
completed units per day in two shifts. The back-
up processes which are controlling the execution
of the production program for each structural
concept, the performance of the conveyor system
and the availability of practical experience values
of the individual aggregates are not visible. The
average values of the key figures of the simulation
are given in the figure. The output exceeds
slightly the target, nevertheless the maximum
utilization of the robots reached only about 67 %
of the maximum possible rate.

It is equally interesting to note the dynamic
behavior of the system. In Fig. 16.24 this is
visible for the situation explained under
Fig. 16.23. The individual values of the manu-
facturing systems show considerable variation.
By varying the parameters of the control method
(the details of which are beyond the scope of the
current discussion) this effect can be reduced.

In the example, a slight rating advantage of
the structure variant 1 over the other concepts is

results
per variant

and scenario 

version 3 version 1 version 4 version 2 

performance technology assessment layout 

ramp up full load partial load ramp down

product models 

structural concepts 

scenarios/phases 

model A model B model C 

Fig. 16.21 Simulation
concept of structural
variants for a body shop
(Meichsner)
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shown. If the lead is not very large, the two best
concepts are usually transferred into refinements,
to allow for more accurate statements based on
criteria such as ease of maintenance and avail-
ability of items.

The relation between efforts and benefits of
simulation is clearly apparent from the example.
The modeling of structural variants is possible
relatively quickly if the performance data is
available and the individual components are

model A and C 

underside
model A 

target output data
100 units of model A, 16 units of model B, 
50 units of model C, 2 shifts á 8 hoursunderside

model B 

underside
model C 

model B 

Fig. 16.22 Layout structural variant 1, scenario 4 (Meichsner). © IFA 13984

model C 

model B 

model A 

model A and C model B 

raw data
shift model 8/8/0 hrs
planned quantity 166 units/day
individual availability values
per aggregate 

results
production 172 [units/day ]
mean WIP 18.3 units
mean throughput time 85.9 min
mean robot utilization 67.8% 

Fig. 16.23 Simulation model for structural variant 1, scenario 4 (Meichsner). © IFA 13985
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known. The programming of the control method
is more complex and requires expertise and
intensive discussions.

For the case under consideration, the benefit
of the simulation lies in recognition of the basic
feasibility of the concept and their relative
advantage. Furthermore, the planning scenarios
conclusively prove that optimal production out-
put is possible even with changing customer
requirements or changes in sales.

One of the objectives of the simulation was to
verify compliance with production requirements
with significantly lower investments. It was
confirmed that modular facilities expansion fol-
lowing Meichsner’s proposed migration princi-
ple [Mei07] leads to a considerable reduction of
the investment volume and a significant increase
in efficiency which correlates with the already
established approach of quantitative flexible
production concepts (see Fig. 3.3).

The implementation of such simulations
requires a lot of experience. In the absence of
appropriate in-house expertise implementation is

usually outsourced to specialized consulting
companies or research institutes.

16.9 Building Information Modeling

16.9.1 Introduction

In construction, the implementation of the digital
factory concept is relatively new. The goal is to
integrate all different parts of the building and the
resulting output (as discussed in detail in
Chap. 15) in a digital mode during the various
phases of the project. For this purpose, the term
Building Information Modeling (BIM) was
established [Kym08, Eas11, Smi09, Bot13]. The
technical basis for this would be the standardized
3D-CAD interface IFC (Industry Foundation
Classes), an open standard for digital description
of building models (www.ifcwiki.org/). IFC is
supported by numerous CAD software manu-
facturers’ for the purpose of interoperability.

model A (~ 60%)  

model B (~ 30%)  

model C (~ 10%)  

total  output 
on average 172 units/day  

individual values  

sliding mean value   

40

80

120

160

200

output rate  
[Units/Work Day]  

0

OO: 08:14  1:02:03  1:19:25  2:12:47  3:06:09  3:23:31  
time [ hrs: min: sec ]  

Fig. 16.24 Simulation results structural variant 1, scenario 4 (Meichsner). © IFA 13986
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Based upon the software system, a detailed
and precise three-dimensional building model is
created during the design stage. In addition to the
object geometry, the central database of BIM
collects and networks with the project team to
store all data related to production, analysis and
optimization as well as subsequent operations. All
those participating in the construction—from the
users, to the architects and experts in statics and
building services technology up to the process
and logistics planners and finally those realizing
the building refer to the central building infor-
mation model and could use the information rel-
evant to them. Eastman et al. [Eas11] and Smith
and Tardif [Smi09] explain in detail the many
advantages of central data model for owners,
managers, architects, engineers and entrepre-
neurs. Changes during the planning phase are
automatically incorporated in real time in all the
“classical” planning documents such as floor
plans, sections, elevations, 3D isometric drawings
and schedules thereby avoiding redundancies.

The following example illustrates the possi-
bilities and the interaction of the various pro-
fessional planners using the BIM approach in
more detail:

The architect, in consultation with the factory
and logistics planners for the facilities layout,
develops a spatial concept for a new building. On
completion of the preliminary building planning,
the structural skeleton is transferred to the struc-
tural engineer, who derives a static analysis
model. As the project progresses, the structural
engineer refines and details the analysis model and
dimension all components of the structure from
time to time. As and when further amendments are
needed, he refers the same to the architect, who in
turn manages the prevailing 3D model without
redundancies. The building utilities engineering
team now uses the overall three-dimensional
building model as generated by architect and
monitored by the structural engineer for installing
technical plants and services pipe routings. The
architect studies all the partial models—structural,
building utilities and process facilities—and tries
to resolve possible points of conflict thereby pre-
venting errors in overall planning. In the process,

conflicts between the technical sections as well as
expensive adaptations during the construction
period are reduced to a bare minimum.

The production and logistics planners may use
the Building Information Model early in the pro-
ject phases for their own process presentations, as
well as monitoring the user coordination of the
space programs. In the later phases, basic layouts
in the form of simple cubes or more refined 3D
visualizations may be added and related to
building zones or rooms and assigned to the
database automatically. Moreover specific
requirements such as weight, utility connections
for electricity, compressed air, clean water, efflu-
ent, etc. may be integrated when needed. In case
there are existing process models made out of
other software e.g. Autodesk Inventor, these can
be imported into the overall building information
model and its technical circuit values may be used
for engineering the building utilities services.
Increasingly the CAD software suppliers also
offer integrated project specific library elements
besides the actual construction software packages.

For example, under (www.autodesk.de/suites/
factory-design-suite), the user receives a library
of 3D elements of process and conveyor tech-
nology, enabling quick development of the
whole layout facilities. Nevertheless, a specific
project solution is usually unique and cannot be
entirely derived from standardized library ele-
ments. All interactions of the various profes-
sional sub-trades are error free based since they
are based upon the filtered out sub model or
overall central model.

Figure 16.25 shows in a realized automotive
factory project the superimposition of the partial
models “architecture” (gray), “process facilities
equipment” (blue) and “utilities service”
(orange).

On completion of the building project, the
integrated planning data base can be passed on to
a CAFM system (Computer Aided Facility
Management) and used for management opera-
tion (see Chap. 17). Later conversion steps can
be coordinated easily making subsequent efforts
and costs for documenting the existing building
almost superfluous.
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16.9.2 Evaluation of the Building
Information Model

The following discussions gives an example of a
realized factory as well as details of a “virtual
model factory” to explain some of possibilities of
the digital building information model.
• Presentation of design variants

The preparation and presentation of design
variants along with comparative building costs
are quite common in the factory planning pro-
cess. In the conventional design workflow of a
project plan, management of variants are often
costly, time consuming and leads to redundant
plans. Using Building Information Modeling, it
is possible to develop, consider and carry all the
relevant design options in the same building
information model without much loss of time.
Each option can be preplanned in the model from
basic to the detailed, depending on required

depth of representation with or without the rele-
vant information about surfaces, materials,
components, etc. Changes that affect the on-
going parts of the project and are not part of the
design options are made only once; the same gets
automatically included in all planning options.
This saves considerable amount of time and
keeps all the data concerned in the project
consistent.

Figure 16.26 shows the early planning stages
of the fictitious model factory project wherein the
volumetric expansions of various stages are
explained, along with the scheduling options for
surfaces and masses. The simultaneous graphical
presentation of expansion possibilities as well as
abilities to simultaneously calculate gross floor
area, gross volume and corresponding indicative
costs in the visual model allows for rapid
assessment of the possible solutions by the pro-
ject team.

Fig. 16.25 Integration of architecture, building services and process sub-models in a project example (RMA
Architekten). © Reichardt 15.245_JR_B
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• Optimization of the topography
With modeling tools within the BIM software,

it is possible to import graphical and numerical
information of the topographical features of a site
and geotechnical analysis reports relevant for
foundation detailing to automatically generate a
3D site model [Maa01].

For sites with a steep slope, earth mounds,
trenches, etc. unnecessary cutting and filling of
earth can be reduced by balancing the levels
thereby saving costs during the construction
phase. In addition to the obvious time advantage
due to three-dimensional terrain modeling, this
method provides a much higher accuracy when
compared to the manual calculations with ground
sections and interpolations.

Figure 16.27 shows for the phases “inven-
tory”, “removal” and “completion” the topo-
graphical project based on the three dimensional
terrain model as well as calculations of the
required earthworks.

• Parametric
The virtual building information model con-

sists of parametric elements with digital attach-
ments of a lot of information as well as
relationship to other objects. For example a wall
is not only allocated the dimension of its absolute
height in meters, it is also linked to the edges of
the floor slabs. If for some reason the absolute
height of the wall is changed all other objects that
are bound to the wall, are adjusted automatically
to the current scenario. Moreover all related
documents such as floor plans, sections and ele-
vations are generated automatically.
• Surfaces and mass analysis

The building information model can generate
a lot of additional views based upon the available
geometric data of the objects. Building element
may be grouped to special schedules, offering
numerical representation of objects in the form of
tables and reports besides classical planning
documents such as floor plans [Sei01]. The user

volume
[m³] 

area 
[m²] 

ratio 

production 188.635 13.320 0.18

expansion 01 21.115 1.314 0.23

expansion 02 20.826 1.296 0.24

expansion 03 20.826 1.296 0.24

expansion 04 21.115 1.314 0.23

total 230.576 15.930

Fig. 16.26 Modeling and analyzing expansion stages of a factory. © Reichardt 15.246_JR_B
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has the option to consider, filter and change
individual information as and when required.
Areas and rooms can for example be represented
in the form of a clearly ascertainable space book.
As mentioned in Sect. 16.7, surface and volume
investigations are the basis for all cost state-
ments, cost estimation and cost control. This fact
highlights the necessity of correct investigation
of these values based upon the latest 3D design
model or its variants. The resulting planning
discipline and effort should not be underesti-
mated. Last minute surprises due to faulty man-
ual calculations e.g. in the tendering phase are
highly unpleasant and one of the most common
reasons for cost increase. In BIM, text attributes
e.g. model surfaces, volumes as well as the
number and definition of individual construction
and cost elements such as doors are generated
and affiliated automatically to the object geom-
etry data. Information like room number and
room name, not explicitly related to the geome-
try, can be filled in separately by the user in
tables.

In addition to the architect’s rooms and areas,
component objects of the utilities engineer,
structural engineer, as well as the factory and
logistics planner are included in the evaluation of
listings and schedules, thereby avoiding possible
areas of conflict. In addition to structuring of
production facilities, corresponding process ele-
ments are automatically assigned to rooms or
spaces when inserted in the BIM model and can
be detected in the combined space books or
equipment lists. This is an important feature, for
example, in the coordination of production
equipment with building utilities services.
• Construction processes and virtual con-
struction site
Finally after presentation and optimization of

design variants, necessary approvals from the
client and for tendering processes, the next step
would be a trouble-free construction of the fac-
tory project, a very important phase due to the
usual time and cost pressure. Both planners and
construction companies strain to avoid site driven
conflicts and time schedule overlaps. Building

original property 
profile

post-earth-removal post-back-filling and development

results
- import surveyor data as ASCII file
- optimize earth work 
- reduce back filling and removal to a minimum

removal: - 28,631 m3

back-filling: +28,627 m3

difference: 4 m3

no removal/landfill or acquisition of new soil

Fig. 16.27 Topography optimization of a site. © Reichardt 15.247_JR_B
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Information Modeling, also, allows for assigning
time components to each of the construction rel-
evant object. Thus, not only individual construc-
tion phases, but also complex construction
processes can be simulated and visualized 3
dimensionally before the groundbreaking.
• Simulation of daylight and artificial light

The BIM technology also makes it possible to
create daylight and artificial light simulation.
Thus from the very beginning of the design, an
understanding of the light and shade conditions
can be simulated, along with necessary qualita-
tive and quantitative proof. In case of daylight
simulation, the 3D building model is transferred
into a light simulation software, along with in-
formations about the site, surroundings, global
positioning and the sun’s location. After defining
the site specific weather information and the
required time intervals for simulations, evalua-
tions can be made, e.g. animated shadow
movements along with color representations of
light distribution (see Fig. 10.8). Moreover
lighting simulations help to distribute work

places throughout the building so as to avoid
direct glare on a specific work space or desk of
an employee. All possible issues related to sun-
light penetrating the building can be detected
early and prevented through suitable measures
(such as optimization of the transparent building
shell glass values or creating solar shading
devices, etc.). Figure 16.28 shows a daylight
situation in the model factory, on a cloudless sky
at 7 o’clock in the morning.

In the case of an artificial light simulation,
lights are added with manufacturer-specific
lighting information to the 3D building infor-
mation model using IES format, an internation-
ally accepted data format to describe the light
distribution of luminaries at the desired locations.
IES stands for Illuminating Engineering Society
(http://www.iesna.org/).

By means of a “Light Meter”, a user defined
grid for virtual measurement of illuminance, the
area under discussion is examined from all pos-
sible angles using various lighting concepts. This
may apply to different requirements of lighting

Fig. 16.28 Day light simulation of a factory model. © Reichardt 15.2488_JR_B
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based upon different functional usages, specific
areas or entire building complexes. In most
cases, time-consuming physical sampling of
lighting fixtures on site is no longer required;
necessary engineering decisions can be taken
virtually. Figure 16.29 shows the interiors of a
production hall with artificial lighting levels of
500 lux; the specific hall luminaires were virtu-
ally installed directly from the product catalogue
of a manufacturer’s internet (e.g. ERCO, Zu-
mtobel) into the hall ceiling area.
• Energy analysis and minimization

In the past, often low construction investment
and the possibility of amortization of the pure
construction costs in a few years, were decisive
criteria for design selections.

Over the years rising energy prices, the
introduction of the Renewable Energy Heat Act 1
(Germany: EEWärmeG) and the introduction and
steady tightening of Energy Saving Ordinance
for buildings (Energy Saving Ordinance) has
substantially changed the thinking of those
involved in planning like architects, engineers

and especially the investors and users. Even
seemingly simple design decisions in the early
design stages, such as the geographic positioning
of building volumes on a site, can have signifi-
cant impact on the future energy balance of a
building and avoid unnecessarily high operating
costs for heating and cooling.

Building information modeling enables
architects and engineers to make their virtual 3D
models ready for an energy related assessment
using simulation tools like IES Virtual Environ-
ment, TAS, Autodesk Green Building Calcula-
tion, Design Builder, etc. from an early stage. It
allows benchmarking the influence of design
decisions on the overall energy performance of
the structure.

For the preliminary assessment a basic model,
with related information on the outer walls,
transparent facades, room areas as well as ceil-
ings and inner walls, is sufficient. The building
information model uses the special gbXML data
interface (energy and green building extensible
markup language), supplemented with the

Fig. 16.29 Artificial light simulation of a factory model. © Reichardt 15.249_JR_B
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required information for calculating the compo-
nents along with zoning and technical equipment
and exported to the respective simulation appli-
cations. Typically such an exercise requires
zoning of the 3D model based upon the various
temperature requirements for spaces like pro-
duction, offices or circulation areas.

Figure 16.30 schematically shows examples
of such specific requirements for heating, venti-
lation and lighting of different possible zonings
for production, office and traffic areas as well as
the resulting schemes for the central utilities
plants. A change or manipulation of the vari-
ables, parameters of process and building (e.g.
waste heat from the process equipment, solar
gains of the transparent building shell, insulation
values of the building roof and envelope shell)
dynamically changes the resultant internal
energy, climate model and the related
calculation results.

Depending on the complexity of the building
model, the results of the simulation are after a
short calculation time either displayed through

graphical images or detailed as room-wise
reports. The findings may range from the primary
energy demand, overall performance evaluation
of the building envelope, to summer heat load of
the office spaces or even to the overall CO2-
emission.

Tools such as TAS (a Dynamic Building
Simulation package) or IES Virtual Environment
(common in Anglo-Saxon countries) are also
capable of more complex CFD simulations
(Computational Fluid Dynamics) to provide for
even greater accuracy in the simulation results.
These methods are currently more expensive
than mere dynamic simulations and necessitate
sound engineering knowledge. These tools are
normally used for complex projects with special
requirements; see (for examples of dynamic
simulations refer to Sect. 15.7.3, case studies of
biscuit factory and an assembly and shipping
center, Chennai, India).
• Visualization

In addition to quite abstract simulations, anal-
ysis and evaluations described above, visualization

zone configuration: production  zone configuration: office  

plant configuration  

zone configuration: traffic  001 production  
002 traffic  
003 office  

drinking water  
room heating  
room cooling  
heating cooling  
not to 100% fed  

Fig. 16.30 Zoning a building and configuring the building services (example). © Reichardt 15.250_JR_B
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is an important tool for conveying design ideas and
the operation of technical systems and processes.
Materials patching, colour and shade are standard
visualization tools of state of the art BIM models,
allowing for a realistic impression of the virtual
model during the design stage.

In addition, photo-realistic impressions and
camera movements in and around the building
require minimal additional effort and are widely
in use. Such video animations of a manufacturing
plant for cosmetics, biscuit goods, automotive
cooling systems and tire production as examples
are annexed under D1, D2, D3 and D4. The
applications provide BIM users with powerful
tools for photorealistic visualization of spaces
along with settings in a relatively short time.
Alternatively, the market also offers other high-
end applications such as 3D Studio Max or
Cinema 4D. These programs require a sound
knowledge in the field of graphics and animation
and are used in large planning offices having
their own specialized visualization departments.

Figure 16.31 gives an example of such an image
focusing on the entrance situation of a “Green
Model Factory”.

16.9.3 Conclusion

Building Information Modeling BIM is a rela-
tively new technology in the field of the planning
and building construction industry and offers
tremendous potential for increasing efficiency
and quality of the entire planning process.

The digital 3D models can comprehensively
carry, for example, all related information about
their usage, the insulation value of the building
envelope, solar heat gain and the structural
components [Kry08].

During creation of the model, the sources and
consequences of design decisions can be gener-
ated directly and attached to the relevant areas.
Thus the architect is able to quickly benchmark
the decisions, such as the effect of changing the

Fig. 16.31 Rendering of a model factory’s entry. © Reichardt 15.251_JR:B

470 16 Project Management



orientation of the building volume on the prop-
erty or varying the facade structure in line with
the energy balance at an early stage of planning.
Building Information Modeling is therefore not
just a tool, but rather a process that helps users,
planners and construction companies to control
the ever growing quantum of information and
complexity of factory planning projects. The
manifold synergies in planning and execution
justify the increased effort and in particular the
requirement for digital discipline in the overall
planning process.

With these thoughts the essential aspects of
project management in factory planning are
brought to an end. Because of the increasing
importance of rational management and docu-
mentation of building projects the subject of
facility management (as explained in following
Chap. 17) will complete this book.

16.10 Summary

Professional project management plays a signif-
icant role in the success of factory planning
project, in terms of functional performance and
compliance with the time and cost frame. The
complexity of this task is often underestimated
resulting in gross miscalculations which, at
times, could be economically disastrous for the
client or company. A systematic approach is
recommended with complete documentation of
assumptions, definitions and decisions. The dig-
ital tools currently in use for planning deny
individual solutions and advocate a more inte-
grated approach of all subprojects, from the view
of process as well as space. State of the art digital
technology based upon object oriented 3D
models, permits integration of process, con-
struction and further dynamic simulations for
evaluation of energy or light. BIM (Building
Information Modeling) engineering allows for
appropriate know-how, discipline and transpar-
ency in planning and in particular, exact space
and cost evaluations throughout the project
phases thereby enhancing as well as simplifying
the functions of project management.
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17Facilities Management

As already stated in Chap. 16 ‘Project Manage-
ment’, a systematic approach is recommended
through all phases of factory planning based upon
complete documentation of the assumptions, def-
initions and decisions. The tools used for the
information processing should avoid isolated
applications; instead they have to enable an inte-
grated approach of all current sub-projects from
the process point of view as from the building
construction view. Initially facility management
was understood as a view of the factory more or
less after creating the project on-site, as pure
administration of the “as built” operational data.
Taking into account the various issues discussed in
the previous chapters, it is proven beyond doubt
that synergies do exist between initial planning
and subsequent functions of Facility Management
and cover the entire life cycle of a project including
planning, implementation and operation. They are
in fact cross-functional in nature. The possibility
of integrating different professional views (e.g.,
production planners, architects, building services
engineers) and thematic scales (e.g., coarse, fine)
on the overall central data enables the highest level
of ongoing active collaboration, enabling a con-
sistent project transparency.

17.1 History and Definition

The term facility management (FM) was first
coined in the mid-1950s by the brothers Schnelle
from the Quickborner Team, Germany. It is said

that the furniture manufacturer Herman Miller, hit
upon an idea of improving their productivity and
operational interaction through interior-shaping of
their offices. This marketing idea was quickly
turned into a reality. In 1978, Hermann Miller
Corporation, Ann Arbor, Michigan invited its
customers to a conference entitled “Facility
Impact on Productivity”. This initiative led to the
establishment of the Facility Management Insti-
tute (FMI) in Ann Arbor, Michigan in 1979. In
October 1980 the National Facility Management
Association was founded by 40 professional
facilitymanagers. The rapid growth and expansion
to Canada led to the new name of IFMA, Inter-
national Facility Management Association in
1982. IFMA currently claims to have over 20,000
corporate members in more than 60 countries
around the world. In Europe, FM was introduced
in the mid 80’s. Architect Francis Duffy opened an
FM Center in Britain, when he chanced upon the
idea. By 1985, AFM or Association of Facility
Managers and the Institute of Administrative
Management/Facilities Management Group
(IAM/LTC) were established.

The term “Facility Management” is often used
without a clear definition. With respect to loca-
tion, building and equipment the GEFMA guide
line 100 [GEF96] proposed the following defi-
nition: “Facility management is the consider-
ation, analysis and optimization of all cost-and
quality-related processes of location, buildings,
technical and other utilities”.

A concise definition was proposed by Nävy
[Näv02]: “Facility management is a strategic

H.-P. Wiendahl et al., Handbook Factory Planning and Design,
DOI 10.1007/978-3-662-46391-8_17, © Springer-Verlag Berlin Heidelberg 2015
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approach to management, administration and
organization of all tangible assets in an
enterprise”.

The term “Facilities” includes all non-human
resources like land, infrastructure, buildings,
plant, machineries and equipment, in short all the
tangible assets of a company. Facility Manage-
ment includes all those equipment which have
economic value and perform at an optimum level
in a building project. The term includes, as
already discussed in previous chapters, parame-
ters of a “performance” based building project
concept. Facility Management combines con-
sulting, planning, organization, management and
control of all processes, structural measures and
marketing activities throughout the lifetime of a
site include buildings and facilities [Boo09].

Facility management accompanies a con-
struction project from planning through its usage
to decommissioning. It should be noted that the
construction costs are only a part of the entire
life-cycle costs. Depending on the specific pro-
ject the annual operation and maintenance
(O&M) costs of the infrastructure may vary
between 10 and 20 % of the initial investments.
Therefore, when added to an entire life span of a
project these annual maintenance costs far
exceed the original construction costs. More and
more service-oriented companies are offering off-
site internet-based programs, to support basic
maintenance routines for technical plants or
tendering procedures for technical equipment at
competitive pricing. However, in most cases due
to a multitude of interfaces, such supports lack a
holistic view of the asset.

17.2 Tasks and Delimitation

In today’s practice, facility management of a
property deal with constant changes to the
operational demands of location, buildings and
facilities maintenance [Ron06, Rop14, Bra07]. It
provides a sound basis for optimum planning,
installation, operation, rehabilitation and recov-
ery. According to Fig. 17.1 this complex task can
be divided into five sub-areas.

• Investigating and Providing Current Data
This includes the collection and maintenance
of actual data concerning land, buildings,
building equipment and facilities, the details of
their occupancy levels and market value. An
effective FM needs a reliable communications
network, to ensure quick data collection and
maintenance at a competitive pricing. Further,
all planning and decision-making data should
be easily accessible at the concerned
departments.

• Assessment of Locations, Buildings, Facilities
This involves the provision of data for planning,
operation and maintenance of a safe, humane
and functional work environment. This task
relates not only to the actual resources, but also
to organizational and personnel development
concepts. Other requirements include the iden-
tification of follow-up costs due to strategic
investment decisions, costs towards mainte-
nance of the external appearance—a mark of
identity of the company—and the costs towards
ensuring year round security of resources,
buildings and data.

• Space and Occupancy Planning
The aim of the space and occupancy planning
is to set up, monitor and adjust physical spaces
in line with legal, ergonomic, organizational
and sociological criteria. In particular, the
needs of interaction with other departments/
personnel must be considered.

• Building Operation and Management
The main aim of building operation and
management is to analyze the operation and
service costs, including building life cycle data
and costs related to maintaining an overall
efficiency in building operation.

• Budgeting and Assessment
Relates to comparative financial evaluation of
individual measures and development of
alternatives, taking into account the particular
life cycle and ecological consequences.
This new role of facility management incor-

porates a fundamental shift in the FM functions,
extending far beyond the term “planning”.
Planning now is no longer an exclusive and
isolated event constrained by time, which con-
cludes with the construction of a building; it is an
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all-inclusive process and continues well into the
building life-cycle.

17.3 Facilities Management
in the Life Cycle of an Object

The earlier notion of independent plans, depart-
ments, functions and operational processes is rap-
idly givingway to amoreholistic viewof a property
over its entire useful life-cycle. Currently data col-
lection and exchanges are coordinated in order to
avoid unwanted and repetitive transmissions wast-
ing valuable resources and unwanted errors.

In most cases, the life cycle of a project begins
with a consultation service in the form of a
workshop. Thereafter current notions of plan-
ning, implementation, operation, remodeling,
possible repairs, recycling and demolition, by far
exceed the original contents of phases of engi-
neering under planning services for architects
and engineers (e.g., HOAI, German fee structure
for Architects and Engineers). These Phases
categorize a building to be a physical object and
wherein the service of an architect and engineer
ends with its completion and handing over to the
owner. Facility management on the other hand,
focuses more on the overall usability of a project

over its lifetime. As already mentioned, the typ-
ical life cycle of a project includes: consulting,
planning, realization operating, reconstruction,
recycling and demolition. In the following sub
chapters the role of facility management in these
phases will be looked into in detail.

17.3.1 Development Phase

Usually as part of theDevelopment Phase there are
set tasks and targets costs for construction and
operation, linked to planning results, to be imple-
mented subsequently. Although the planning
phase, when compared to the utilization duration,
is very short, basic definitions of the facility
management functions are planned and installed
thereby establishing and influencing, for example,
the heating or cooling demand and thus the future
operating costs. Corrections, at a later date either to
buildings or utilities or equipment often results in
extensive and disruptive renovation activities
which are expensive. Targets established early in a
project can lead to more holistic view of FM and
help generate better solutions.

Without state of the art CAD support and
digital database application, complex industrial
buildings cannot be realized in the given time.
The collection of basic project data should
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therefore be in a digital format, ideally in the
form of “standard” graphics and text files (e.g.,
defined in a project manual with readymade
Excel sheets or facility description cards for the
different project requirements) for the facility
management procedures. The data exchanges
between the project participants within the
planning phase via data networks or carriers
should be digital and state of the art. The plan-
ning phase is closely linked with the execution
phase, i.e., the data for the tender documents are
usually derived from the basic planning docu-
ments. Due to time and cost constraints an inte-
grated approach is suggested, e.g., the tendering
process could be executed via internet while
building planning could be simplified using 3D
BIM (Building Information Modeling).

It is preferable that the structure of tender
documents is in line with the cost categories and
cost elements of a standard cost matrix systems
(e.g., German DIN 276 or ASTM UNIFORM II).
Such a system offers the advantage of cost
transparency. The system also helps to establish

time, cost and payment schedules. German DIN
276 cost standard covers the cost of a building
project in accordance with Fig. 17.2 in seven
main groups, which are further sub-divided into
sub-groups. Each subgroup is divided further
detailed out to cover all possible elements of a
typical construction project.

Figure 17.3 shows an example of the cost
structure of a small industrial project, with sys-
tematic sorting of cost groups and further sub-
divisions of cost elements. The planning and
preparation of tenders and the award of con-
struction contracts should be in a holistic digital
workflow, including all planning and construc-
tion documents. Subsequent adjustments of the
property during the operational phase can be
based easily on that digital basis.

17.3.2 Implementation Phase

Usually during the implementation phase the
building contractor, under the professional

examples of cost groups 300 and 400 DIN 276

100 plot of land for building 

200 developing

300 building, 
building construction 

400 building, technical
services

500 outside facilities

600 exhibition and works of art 

700 building additional costs 
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330 outer walls 

340 inside walls 
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420 warmth supply facilities

430 air condition facilities 

440 electric power plants 

450 telephone and IT facilities  
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480 building automation 

490 other measures 

342 non loading inside walls 

330 inner supports 

344 inner doors / -windows 
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343 inner supports 

345 inner wall covering 

346 elemented inside walls 

349 inside walls, other 

431 ventilation systems 

432 partial air conditioners 

433 air conditioners 
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Fig. 17.2 Cost groups for a building acc. to DIN 276 © IFA 15.273ESW_B
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supervision of architects and project managers, are
at site to realize the necessary buildings, utilities and
equipment in accordance with the definitions of the
contract documents. Amendments and additions or
deletions to the contract document during the con-
struction phase are often an inevitable part of any
construction process. During the implementation
phase the planning status should be tracked regu-
larly with reference to actual data from the con-
struction site thus enabling a transparent project
steering in terms of quality, time and cost.

It is preferable to make payments to the
building contractors based upon the actual work
done against the specific cost elements as against
payments at a ‘lump sum’ rate. During the sub-
sequent management of the building in the
operational phase the planning documents may
be required again for necessary tendering activ-
ities, e.g., to establish the basis for the calculation
of an area for cleaning or maintenance work of
the technical building equipment. In case “as-
built” drawings and documents are not available
on completion of the project, the client may be
forced to comprehensively re-document the
building at additional cost.

This is why facility management is fast
developing into a powerful tool for the project
management who aims for an inclusive and
responsible project control. On completion of the
project, all necessary plan documents, data and
specifications are normally transferred to the cli-
ent in line with predefined digital documentation
formats. Such documents are usually prepared by
the contracted construction companies or archi-
tectural/engineering consultants, approved by the
project management team and delivered as agreed.

During the implementation phase, possible
faults are also reported back to the planning
team. This often lead to delays in time and to
additional costs. If the same are not updated on a
regular basis, they need to be updated on reali-
zation of the project.

17.3.3 Operating Phase

The operational phase, as defined from duration
of use and resulting cumulative costs, is the most

important phase in the entire life cycle of the
project. During this phase, there are no signifi-
cant changes to the material resources other than
wear and tear caused by constant usage. In some
cases, e.g., in automotive plants, process related
machineries and utilities may change due to
introduction of new models every three or four
years. The task of the Facility Management Team
includes keeping a close watch on the daily
operations and documenting the wear-tear pro-
cess along with the associated operating condi-
tions and controls. In addition to issues resulting
from non-inclusion of users from the very
beginning of the planning and implementation
phase, there could be other challenges in the
operation phase also. In most cases, the respon-
sibilities of the daily operations of the various
resources are split between internal as well as
external operators, requiring constant co-
ordination.

Another important aspect of the operation
phase is an efficient use of space. This helps to
reduce operating costs, thereby increasing profit
margins. Facility management systems make it
easier to track the usage of space in buildings and
optimize operating costs by scheduling together
or controlling available spaces, workstations and
equipment.

17.3.4 Conversion Phase

The conversion phase interrupts the operation
phase with the aim of improving the material
resources to meet new challenges or requirements
(e.g., extension of the production program, intro-
duction of new technology, introduction of new
manufacturing and assembly structures, etc.).

Due to different economic and technical life
time of the components of a factory, changes could
be either more frequent or less frequent. Depend-
ing on the business policies, organizational chan-
ges could happen as frequent as 2–3 years. IT
infrastructure and telecommunications equipment
could change every 5 years, furniture every
10 years, lighting systems and fixtures every
10–15 years, household technologies every
5–20 years and interior furniture, fittings and
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fixtures every 5–30 years. A building structure
could be used as a thumb rule over 50–70 years.

In the conversion phase, the same procedure
as in the development phase is repeated, with the
exception that the status of the existing buildings
and facilities needs to be taken into account. In
case tender documents of the development phase
are available, system solutions already existing
might be used during the re-tendering process.
Essentially similar operations are repeated, as in
the original implementation phase.

After extensive conversion projects, the ‘as-
built’ drawings and documentation should be
updated including in-use procedures and struc-
tural changes and released for further monitoring.
For smaller rescheduling this effort may not
require detailed planning. However, there is a
clear risk if substantial changes are made without
updating the plans and documenting the process.
On a daily basis all industrial buildings and
plants are characterized by minor changes in their
resources; the inability to document the changes
might make the ‘as-built’ plans redundant over a
period of time. A stage is quickly reached in
which only a comprehensive stock-taking pro-
vides the necessary information security, once
again. A permanent ‘facility’ database provides
invaluable support at all times during the life
cycle of project.

17.3.5 Decommissioning Phase

The decommissioning phase completes the life
cycle of objects, the building structure can no
longer fulfill its function economically. Also, re-
planning or further conversions are no longer
useful to the company. The building structure
might be sold and continues to be used by the
buyer or the new user or the buildings; associated
structures could be dismantled, machinery and
equipment scrapped. In the case of sale, it is
possible to offer the comprehensive facility
management database of the building, structures,
processes and process equipment to the proposed
buyer as an additional selling point. Since the
entire life cycle has been virtually documented it
provides the new user with additional value. In

due course of time when the building structure,
processes and process equipment are to be totally
scrapped, this information would help to calcu-
late the associated costs.

17.4 Facility Management Systems

17.4.1 Functions

The daily operation and maintenance of a site with
its buildings and facilities is generally done by
several internal departments partly as a secondary
function, or as a primary function of the estate,
construction and management department. While
the production processes are under higher pressures
to optimize operations for higher profit margins, the
buildings and their maintenance are considered as
“necessary evil”. A rethinking of the existing
notion of building management is imperative due
to the drivers of change outlined in chapter one.
This is especially important since maintenance and
energy costs are steadily increasing.

This ensures facility management to be an
economically viable, efficient, strategic and
holistic service, with the following main tasks:
• Real estate management as a proactive task,
not only as passive response to individual
requests

• Significant decrease of the maintenance costs
of the property

• Reduce downtime of equipment and increase
safety of use by increasing availability

• Ensuring cost transparency.
An important tool which provides the required

information rapidly is CAFM (Computer Aided
Facility Management). It is a database supported
information system for the storage, maintenance
and evaluation of digital object data. It is similar to
a PLM (Product Lifecycle Management) Systems
for the design documentation of products. (PLM is
an IT solution system, consisting of all data gen-
erated in the development, production, storage
and distribution of a product which when stored
safely, can be managed and retrieved easily).
Figure 17.4 shows an overview of possible func-
tions of a CAFM system [Näv06].
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For factory buildings key applications of
CAFM are the architectural and engineering
building design as well as the project manage-
ment, project documentation and land manage-
ment (spatial and land management, space and
occupancy planning, relocation planning). Other
functions may focus e.g., on cleaning and
maintenance, security, utilities and waste dis-
posal, particularly in the management of large
real estate holdings, commercial and technical
building management and service functions. For
the operation of complex buildings such as a
conference center, services can be managed with
such a system and also the entire property man-
agement support at rental properties with the
essential features of multitude rental aspects
managed by such a system. In a specific case, a
company may not integrate all conceivable
functions, but “tailor” it in coordination with
existing commercial systems.

According to studies by Nävy in 2005 the
global market is offering about 44 possible FM
systems, out of which 80 % are from Germany,
11 % from the rest of Europe and only 9 % of U.
S. origin [Näv13].

Facility management systems allow the fol-
lowing applications:
• the analysis of space inventory information
based upon departments,

• presenting reports for gross floor space,
availability of rooms, service areas,

• the creation of test configurations to compare
the space usage of various relocation and
occupancy scenarios, and

• seamless integration with drawing programs
such as the industry standard AutoCAD, Mi-
crostation or Nemetschek to quickly and easily
link floor plans with space data.
In addition to the established advantages of

transparencies in the planning phase and systematic
construction and management of buildings during
its lifecycle, it is believed that about 10–30 % of
costs can be saved by a holistic FM approach when
compared to a conventional approach.

17.4.2 Structure of Data Models

The common basis for all subsequent evaluation
during planning, implementation, operation or
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Fig. 17.4 Possible functions of a facility management system (after Nävy). © IFA 15.275BESW_B
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modification phases are a standard set of CAD,
text and image data files. In CAD drawing sys-
tems, the graphical information files are usually
generated as a function of design software as e.g.,
DWG (AutoCAD), DGN (Microstation) or DXF
file (CAD software drawing exchange file for
Autodesk/AutoCAD); for alphanumeric infor-
mation the industry standard MS Office has
prevailed with the programs Word and Excel.
Graphics, photos, videos are usually pixel
graphical data such as bitmaps. In Computer-
aided facility management systems (CAFM),
conventional data collections such as drawing
cabinets, folders, file boxes, or lists are largely
replaced by interdisciplinary databases. CAFM
systems allow simplified networking of different
information, such as areas, surfaces, costs, per-
sonnel, processes and their optimization.

17.4.2.1 Data Structuring
Database systems are used to store and manage
large and complex structured data. A major
advantage of such systems lies in the generation
of different levels through specific queries to the
data fields. According to Jedlitzke [Jed02] data-
base models are distinguishable in terms of their
task structure; CAFM systems are relational and
object-oriented; thus, object-relational database
systems are currently in use.

Relational DBS insert data in related tables.
Their relationships are clearly marked with key
attributes. Object-oriented DBS store object
types with attributes that are bound to this. An
example of this is the CAD design of a window

element with additional textual links e.g., with
frame material, glass characteristics or price in an
object-oriented CAD design software. Object-
relational DBS combine the advantages of dif-
ferent database models, they offer a flexible
extension of the data type and are also suitable
for the management of multimedia data such as
documents, pictures, sound recordings, or films.

The GEFMA guide line 400 [GEF13] classi-
fies according to Fig. 17.5 inventory data, status
data, consumption data and other data.

Inventory data of a property are, for example,
relevant to land management or building clean-
ing. Status data report current temperatures,
energy flows or disturbances. Consumption data
are generated by automatic or manual recording
routines through standard building automation or
local sensors on site. For organizational as well
as financial reason it is not necessary to monitor
every possible data, but to collect data which
makes sense for presentation, evaluation or
ongoing maintenance. Focusing on key opera-
tional information enables creation of a solid
foundation, which can be enlarged into an open
database system during the later stages of the
project.

17.4.2.2 Layer Classification
Information in complex CAD drawings needs to
be managed in clearly structured layer systems.
By grouping functions e.g., all bearing walls, all
furniture etc. can be presented. Layers might be
compared to drawers, storing drawing files that
contain certain information in each of the
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represented object, such as contour, color or
dimension. By “displaying” or “hiding” layers,
the specific graphical representation for a par-
ticular application can be adapted.

A project specific layering or referencing
structure should be previously established when
setting up a CAD drawing, so that the same is
consistent through all planning and documenta-
tion stages.

Layer assignment helps to classify location,
buildings, building services, facility and others.
The consistency of a holistic planning requires
integrated drawings with pre-determined prop-
erties like line thickness and line color. Fig-
ure 17.6 shows excerpts of a layer assignment for
a small industrial project. In this case, it displays
the documentation of the property, the bearing

structure and the shell of an industrial building
into three main levels, each with several sub-
levels, which are numbered 11–37. Each sub-
level is associated with an object with a short
description and color representation.

Another example of a layer layout is shown in
Fig. 17.7. Here is the breakdown of the building
utilities equipment in focus. Due to the under-
lying integration of levels for e.g., functions and
processes and their spatial association with the
building and site levels, it is possible to “overlay”
the interaction of processes that take place in the
building, with relevant utilities making it imme-
diate visible. This could be, for example, an area
in which operating process facilities are located,
with superimposed images of compressed air
supply systems feeding the process equipment.
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The system of layer assignments would be
also important for the contractors entrusted with
the implementation and monitoring of the spe-
cialist functions. On this basis, e.g., the con-
sumption data of all technical centers in the
subsequent operation and a database link with the
2D or 3D CAD object modeling can be derived.
The current consumption values could be made
available by clicking on the respective technical
plants either individually or as a whole. For the
data structure of a CAFM system an aggregation
of similar objects to object classes is advanta-
geous. An example might be simultaneous access
to a group of buildings, utilities or process
objects in addressing common attributes of all
object types. Such classifications are useful
according to data type, data format and frequency
of change usage [Lut02].

17.4.2.3 3D-Building Model
CAD programs based on a three-dimensional
object oriented building model are state of the art.

The components of a building such as slabs or
columns are stored in their entirety alongwith their
attributes and relations. The CAD software should
allow the elements to look at in different views.

One of the biggest challenges in data
exchanges between geometric building models
and alphanumeric databases is to match the basic
logic of the database of the CAD system.

ISO 16739:2013 helped in establishing an
open IFC standard (Industry Foundation Classes)
for the digital description of building models and
standardization of the exchange of data between
3D-systems from different vendors. Due to the
complexitiy of 3D-objects, as well as the inter-
ests of competing software vendors, the devel-
opment of these standards was and still is slow.
Some CAFM systems such as Archibus/FM
combine an open Oracle database structure with
the so called “overlay” read-in and read-out
functionality of AutoCAD drawing data. This
ensures the actuality of the database entries and
the drawing data, without redundancies.
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17.4.2.4 Space Book
The basis of a CAFM system is a directory of the
building under consideration, which is commonly
referred to as space book or room book. A space
book documents the user requirements from the
very beginning and continues to detail out the
parameters further during the planning process.
Usually space books contain information about the
room number, room name, floor, floor area, height
of the room aswell asmore specific information on
the building structure (e.g.,fire protection). As part
of the synergetic planning approachmore complex
digital space matrix sheets are developed, which
can include a variety of additional utility and
process features and also allow coupling of these
objects with subsequent building interior elements
as floor, wall and ceiling. Further, on the basis of
consistent data structure it is possible to assign
each room with defined utilities and proportionate
cost elements for future maintenance or servicing.
An example of the planning data of a space book
shows in Fig. 17.8

The requirements of each spatial element such as
roomgeometry, building systems forfloor,wall and
ceiling as well as the building utilities systems and
the numbering of specific usage data are merged
intomatrix sheets. Each spatial element is identified
by a serial number in the first column. The spaces
are clubbed according to their characteristics, e.g.,
wet areas. This allows for separate cost evaluations
according to building classes as well as consider-
ation e.g., of mixed use gross floor space.

Ideally, the project development of a property
should be linked to the starting phase of basic
evaluation with a FM oriented data modeling for
the detailed planning of location, buildings,
building utilities and processes. In particular, the
phase of the basic evaluation should be linked to
well-coordinated and neatly structured tables for
the sake of future planning. In case, precise data
are not available for the individual areas,
assumptions should be discussed, temporarily
recorded and ratified at a later date.

A direct transfer of data from digital space
book into the database of the CAFM system is
not always possible, since the space books
underlying building databases usually are based
on individual parameters. Specifically

programmed macro tools can help in immediate
access to all spatial features by the Oracle data-
base into CAFM system Archibus/FM as
explained in Fig. 17.8.

17.4.2.5 Documentation
The various benefits of an early introduction of a
CAFM system logic in the planning phase has
already been explained in detail. Nevertheless all
projects may not be in a position to start from
zero e.g., old buildings and existing structures.
The extent to which existing inventory docu-
ments can be used for the purpose of database
generation and integration depends on their
condition, accuracy and timely availability.
Facilities Management can provide accurate
results only if the input data is correct. Clear
guidelines for drawings and text data must be
provided by the planners addressing potential
bidders for the future tendering procedures. File
formats, layer orders, line thicknesses, colors,
plan formats and numbering system should be
defined categorically for all graphical, alphanu-
meric and pictorial data inputs.

It is advisable to specify the basic data
requirements in the form of a separate cost ele-
ment in the tender documents for the ease of
integration by providers at a later date. Fig-
ure 17.9 gives an example for the categories that
classify the building documentation over an
entire life cycle.

According to Morfeld and Potreck [Mor02]
the detailed documentation of the building sys-
tems is extremely important, particularly in the
automotive industry. The research and develop-
ment department of VW Wolfsburg includes, for
example an area of 500,000 m2. Detailed quan-
tification of tender quantities for maintenance,
replacements, and any inquiries about certain
components can be transmitted via the CAFM
system MORADA. One advantage of this system
is its ability to locate complex technical elements
according to their specific location in the various
buildings of the Wolfsburg plant. In order to
achieve this, all components of the supply sys-
tems, as well as the utility elements are classified
as technical systems with labeling schemes
which follow the individual catalogue numbering
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systems. The schematics of the utilities structure
follow the GEFMA guide line 182 while the
labeling scheme is modeled on the basis of power
plant construction schedules in line with German
DIN 6779. In future one could generate a
nameplate for each component out of a cata-
logue. A clear set of instructions enables all
contractors to offer their products and data
according to these specifications.

17.4.3 Virtual Project Space

For complex projects Internet-based techniques
for planning and documentation management are
being increasingly used. CAFM systems espe-
cially offer World Wide Web communication of
Companies that are involved in the management
of the property in the planning or execution
phase, and provide maintenance and control
operations of building facilities online. In this
way an external service provider may continu-
ously monitor the plant and discover problems
early, without requiring a technician at the local
site.

An even higher degree of flexibility and sys-
tem transparency can be achieved with the
establishment of a separate website for a build-
ing. Authorized users can then, due to different
needs, have access to location, buildings, build-
ing services and facility data. In addition,
through mobile PDA devices, laptops and mobile
phones, data read from devices can be entered
online directly. Thus advantages of such a sys-
tem can be listed down as follows:
• Duplication and errors are reduced, as is
ensuring that all work take place on the basis
of current plans and documents.

• Plans can be reviewed and commented online,
which leads to a considerable saving of time in
the assessment and approval processes.

• The risk of losing important files is eliminated,
since the current and previous data versions of
a drawing or document are stored in a central
location.

• An improvement in the flow of communication
within the team is achieved through a struc-
tured initiating and responding to inquiries.

• A proactive task management facilitates the
control of processes.

• Potential defects liability processes are
accelerated.
CAFM web based edits are also a cost effec-

tive alternative to providing complete hardware
and software installation for each user of the
CAFM system in the office. Free viewer systems
such as volo-view or DWF viewer allow the
editing of e.g., AutoCAD drawings without the
need of installing the complete software at the
individual user.

17.4.4 Navigation

The importance of the visual information for
interactive and user friendly systems has already
been addressed. Figure 17.10 illustrates the net-
working of information between location, build-
ings, utilities systems and function/process with
the example of a factory design. Parallel to the
planner’s view the views of the property owner,
operator and user have to be integrated. Their
concerns can refer to e.g., the elements of the
master plan, components, floor levels, area, room
or facilities.

The information merged together in facility
management can be visualized as a structured
data matrix. A model such as this is depicted in
Fig. 17.11.

The upper horizontal bars are views of the sys-
tem users (planners, owners, operators and object
users) with queries on location, buildings, building
equipment and function/process while the left ver-
tical bars are used for generating graphical building
project information according to different scale
levels of the factory from the master plan to the
specific facility object. Depending on the query,
various possible reporting formats for drawings,
texts and images are stored in this information grid;
the users may click on the required ‘drawers’ for
their first survey of content. This “navigation sys-
tem” allows a graphically guided access to the rel-
evant information and easy layering of information.
In the “cross-view”, for example, one can easily
find the arrangement of ventilation layouts for a
specific area of a facility layout. Similarly, in the
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“longitudinal view”, for example, one can find the
complete information about a sprinkler system of a
large scale technical infrastructure right down to the
individual sprinkler head on a given storage rack.

It is conceivable to link classification struc-
tures, such as the presented navigation system, to
verbal instructions, to develop even more user
friendly and interactive modes—from basic
graphical inputs to voice command filters. These
more intuitive user-specific queries and storages
options of information could significantly con-
tribute to the further acceptance of more and
more complex facility management systems.

17.4.5 Selection of a CAFM
System

Manufacturer of CAD design software, system
supplier of building services, planning and con-
sulting firms and increasingly, software manu-
facturers of more business oriented management
programs, such as SAP, provide CAFM software.
According to Nävy [Näv06] 43 CAFM systems
were available in Germany by 2002; 60 % of
which were not available on the market five years
ago while 15 systems, developed before 1999,
were no longer offered. The development of
CAFM systems show a clear trend away from
“CAD-based” systems which are to be operated
only with special knowledge towards more
“neutral” database-oriented systems with variable
surfaces for easy operation. The dominance of
industry standards such as AutoCAD (77 %) and
Oracle (81 %) for the CAD drawing system and
central databases is remarkable. In order to ensure
the future availability and security of the valuable
assets, it is preferable to specify systems that work
well with most of the industry standards for
graphics and text and having years of experience.

The GEFMA guide line 400 clearly distin-
guishes between CAFM software and a CAFM
system. A CAFM system is understood as a
complex and customized software solution that
implements the relevant processes in a specific
database structure. Before selecting and imple-
menting a CAFM system it is advisable to create

a specification that maps the requirements of the
user and defines the information levels for vari-
able views. These specifics for a CAFM system
depends on the FM processes the users want to
monitor and support. Thus it is important to
identify the various tasks and queries well in
advance by the different user groups (e.g., FM
team, owners, managers, internal and external
service providers, users, prospects, etc.).

17.4.5.1 CAFM Consulting
According to Warner et al. [War02], and May
[May12] the following tasks have to be defined at
the onset for any CAFM systems:
• The requirements for a CAFM system have to
be structured and detailed.

• A moderating dialogue should be installed
between the different “stakeholders”.

• A rating and prioritization should be
undertaken.

• An agreed process, system and data architec-
ture is to be developed.

• A flowchart of steps and milestones depending
on prioritization.

• The success of the implementation must be
ensured with an accompanying quality
management.
Specialist advisers to the CAFM consulting

are useful for moderating the introduction of a
CAFM project. Accordingly, the following
schedule has been proven to be beneficial in
major projects:
• 1st Workshop: spaces, organization, equip-
ment, relocation

• 2nd Workshop: maintenance, technical equip-
ment, energy, building maintenance

• 3rd Workshop: waste disposal, cleaning,
security

• 4th Workshop: data sets, license plate system
• 5th Workshop: interfaces to other computer
systems.
It is advisable to store the data and process

descriptions not only in the form of a protocol
but also in digital formats like spreadsheets for
ease of transferability.

Selection of a suitable CAFM system for a
given purpose needs clarification of the required
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processes first. Over the years, CAFM systems
are clearly moving away from more closed CAD
concepts towards more open, flexible database
structures enabling the possibility to integrate
with widespread CAD suppliers, such as Au-
todesk (AutoCAD, Revit), providing users with a
higher degree of flexibility, availability and
security. An alternative is the combination of
more business processes oriented software (e.g.,
SAP) with a suitable graphics visualization tool
for the required purposes. This is particularly
useful for Companies that already use SAP for
their core business processes. An example of a
widely used FM system is Archibus/FM, which
also allows access to other software operating
systems such as ERP or human resources man-
agement, in addition to numerous application
modules, such as areas, surfaces, furniture,
equipment and maintenance management. Fig-
ure 17.12 shows an application in which an
AutoCAD system can be edited within Archibus/
FM by means of the “overlay” function.

17.5 Applications of Facility
Management

In the next section we will consider some exem-
plary fields of application for facility management
as far that they are significant for factory planning.

17.5.1 Minimizing Maintenance
Costs

In contrast to the conventional building design
which is characterized by a fixed construction
investment target, facility management starts
already in the development phase aiming at
optimizing the subsequent maintenance costs or
in other words balancing a higher investment
cost to lower life cycle operating costs. This is
achieved by the fact that at the earliest possible
date the decisive factors of maintenance costs,
for example energy and cleaning costs are dis-
cussed and clearly pointed out. With this support,

Name of the piece of furniture
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Name of the room 
Description of the division 
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Data processing 

Fig. 17.12 FM system (example Archibus). © JR 15.283_JR_B
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the client is not only able to decide on the basis
of minimal construction costs but also of mini-
mal maintenance costs. Facilities Management
provides for potential savings not only for new
construction projects, but also for existing
buildings. In these situations FM focuses on
optimizing energy, cost transparency, operational
processes and the organizational structure, since
optimizing a structure or the building services
after the structure has been built is generally very
expensive.

A variety of service providers, in the business
of utilities services, are offering many well-
meaning efforts to optimize equipment and pro-
cesses with “island” or stand-alone solutions and
interfaces. Nevertheless, judging on the avail-
ability of current professional qualifications, it
seems to be appropriate that a trained architect,
possessing the most comprehensive knowledge
of building as a whole is ideal to merge the many
issues related to optimization of the building
operation in a holistic manner.

A serious change in the property management
discussion about the locations of businesses, as
well as in the management of municipalities,
communities, countries has been taking place
since the early 1990s. The existing municipal
budgeting and accounting system of public
administration today is focusedmore on economic
optimization and quality of service. In times of
tight budgets and funding deficits, municipal
property and building management calls for
transparent cost element based budgeting of all
departmental offices. This is only possible through
an FM database of all public property parameters.

17.5.2 Prevention of Allocation
Conflicts

A constant discussion in the use of a building is
the appropriate carpet area per user or per func-
tion, as nothing is more defended than an
“acquired” area. Chapter 14 presented various
methods used to generate area requirements for
working places in the context of a new or reno-
vation works. However, the methods are not
suitable for existing ongoing operations and their

changes. An FM system offers the possibility to
determine the areas actually in use in each
department. Implementing an objective method
when allocating spaces leads to better and
quicker acceptance of the spaces assigned to
employees. Reservation plans allow available
spaces for new employees to be quickly identi-
fied. Depending on the chosen facility manage-
ment system this allows for:
• the creation of plans and reports with average
areas per employee, building and location,

• the allocation of areas by group, space or staff,
• the inclusion of staff symbols in drawings,
• the clearing of the area rates by group, space or
an employee within a cost center,

• the possibility to search for rooms with
assigned equipment, e.g., display systems and
video conferencing.

17.5.3 Spatial Planning

The room and space management function of an
FM system includes features that show whether a
change of function requires more space or a
restructuring of the room occupancy is imminently
necessary. The space requirement can be planned
according to the number of employees, type of
usage, occupancy levels of the premises and
logistical costs. The roomoccupancy data or critical
portions of it, can often be transferred into Micro-
soft Excel or Adobe Acrobat, or even made web-
suitable to make this information available to other
departments of the organization for the purpose of
viewing. Depending on the chosen facility man-
agement system, the following functions may be
offered:
• the building and infrastructure data can be
made accessible to users within their
organization,

• the efficiency of space utilization can be
compared with the use of indicators to other
buildings,

• the allocation of space costs can be effected by
occupied space as well as a proportional area
of common areas,

• supporting the relocation management and
inventory planning.
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17.5.4 Lock Management and Key
Management

With lock management an unlimited number of
locks can be simultaneously managed with unre-
stricted nesting depth. Groups, individual and
central closures are important elements of the lock
hierarchy that is to be represented. This clear
structure ensures that access permissions for all
areas are clearly and comprehensively managed.
Moreover, it opens up potential for reporting and
analyzing. Plans for individual, central and group
locks are often routinely automatically generated
and transferred to Microsoft Excel. In addition, it
is common to create a powerful generator for
individual lists and reports. Integrating lock
management in CAD graphic modules supple-
ments the possibility for analyses.

17.5.5 Costs and Building State
Control

In order to calculate transparent costing systems for
management, it is important that all building costs
elements are sufficiently and accurately identified.
Moreover all operating costs for owned or leased
real estate, as well as taxes need to be registered.
Community costs, such as municipal fees and land
costs can be factored easily and quickly bymeans of
individual departmental key structures or similar
unit allocation routines. The control of any pay-
ments can be surveyed easily through the creation
of budget and payment plans. This allows for:
• compliance with contractual requirements and
deadlines,

• control of the current and upcoming fiscal
expenditures,

• assessment of the economical soundness of the
properties, and

• status and analysis for each property and real
estate.

17.5.6 Reporting

Being able to directly access precise information
about floor spaces makes it easier to adapt to

external reporting requirements. If an external
organization reimburses floor costs (either par-
tially or completely), a considerable difference
between the estimated and actual area costs can
lead to repayment of thousands or even millions
of Euros. Using the appropriate accounting for-
mulas ensures that every division within the
organization is responsible for their own usage of
space and that the incurred expenses are charged
according to the predefined distribution key.
Depending on the implemented facility manage-
ment system it is possible to:
• calculate the room share percentage for par-
tially or temporarily used floor areas,

• summarize the area of each division with the
department oriented space analysis reports,
and

• provide different accounting methods.

17.5.7 Fire Protection

The basic fire protection standards are outlined in
the applicable (e.g., federal or municipal) build-
ing codes (see also Sect. 10.5). Facility man-
agement in particular, provides outstanding
possibilities to comprehensively depict structur-
ally required measures, the operational readiness
of the building services as well as the user’s
responsibility. Especially with changing users
and corresponding building renovations, it is
indispensable to continually update the docu-
mentation concerning the state which is legally
agreed upon with the authorities.

Structural fire protection and risk prevention
relates primarily to specifics on the following
issues:
• distance between the buildings,
• position and arrangement of buildings and
structures on the property,

• access roads and areas for the fire brigade,
• building materials, components and overall
design,

• partitions,
• positioning and arrangement of emergency
routes, and

• location and arrangement of fire department
key boxes.
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The organizational fire and hazard protection
covers constant inputs to the overall fire protec-
tion concept on the following issues:
• use of factory-, office- or home fire brigades,
• preparation of fire protection systems,
• provision of object-related application
documents,

• limitation of fire loads, and
• timely and effective initiation of security
measures.

17.6 Modeling of FM Processes

Thus far, we have only discussed individual
facility management tasks. During the opera-
tional phase of a building, FM is characterized by
a process-oriented approach, typically used in
depicting production and logistic functions.
These processes are dimensioned by their costs,
information and benefit.

The basic processes are the same. It is thus
practical to model reference processes and to

adapt these to concrete situations. Figure 17.13
depicts the objectives and content of such pro-
cesses based on the examples of business conti-
nuity management, energy monitoring and
maintenance and repair orders.

Using the example of a disruption, we will
now describe such a process [Kri08]. When there
is a defective water faucet in a public building,
the process proceeds as follows starting with the
trouble alarm and ending with the rectification of
the cause: The disruption is registered by the
service provider’s 24-h emergency service for
technical maintenance either via a telephonic
trouble indicator or an e-mail. There the report is
compiled via a web-based tool for registering
disruptions (e.g., with the pit-FM building ser-
vices software module). Alternatively, the user
can also navigate through the room level of the
CAFM system and register a “disruption” event
in Room ‘009 Men’s Washroom’. According to
the level of urgency assigned to it, an operation
for awarding the contract is initiated. After the
repair, the completion is reported back to the
system and the costs that arose are allocated to

disturbance
management 

energy
controlling 

repair
orders 

• reduction of
downtimes 

• target / definition of disturbances
• recording of disturbances
• assessment / classification
• reaction according to assessment
• control
• documentation 

• specification of budgets
• recording of deviation
• assessment / classification
• reaction according to assessment
• control
• documentation 

• identification of need
• order release (internal or external)
• execution
• control
• cost assignment
• documentation 

• reduction of
energy costs 

• appropriate effort to
• carry out the

necessary
• repairs on time  

• increase of 
availability 

process aims contents 

Fig. 17.13 Examples of processes of technical building management (after Krimmling). © JR 15.284_JR_B
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the respective party (e.g., customer, division
etc.).

In order to avoid interfaces in the building
services trades and the scarce resources in busi-
nesses and communities, “performance contract-
ing” or “energy performance contracting” are
becoming quite common. Performance contract-
ing is based upon the fact that all running
activities for the technical object operation and
optimization of the equipment for measurement,
control, building management system, heating,
ventilation and air conditioning systems, lighting
and power and building service shall be financed
through savings in energy costs.

17.7 Case Studies

The Facility Management System of two indus-
trial plants—one for rubber based products and
another for hair care applications—are explained
hereunder as case studies.

17.7.1 Phoenix AG Hamburg

Phoenix AG is among the leading providers of
rubber technology and acoustic systems. Phoenix
AG currently belongs to Continental AG. During
the 1990s, the Group decided to shift the pro-
duction facilities increasingly towards Eastern
European countries.

The main plant at Hamburg employs around
3100 people and is located opposite the main
train station. Unfortunately, the inner city loca-
tion prevented an extension with new and more
efficient factory buildings and the existing
industrial structure offered only outdated pro-
duction facilities based upon increasingly ineffi-
cient processes. Meanwhile, the company
abandoned this location. Several variants were
developed for utilization of existing buildings.
Unfortunately, no documentation existed for the
approximately 120,000 m2 (1290,700 ft2) of
gross floor area. The new FM Systems helped to
digitally document the inventory for the core
areas as well as 3D-construction of premises

based upon available old archived plans. Some of
the FM tasks were:
• determining the land and gross floor area of the
entire area identified in association with nine
companies operating there,

• listing of the individual building details under
area categories according to German DIN 277,

• generating a complete 3D-building documen-
tation for the entire site (see Fig. 17.14),

• for special elements of the existing construc-
tion, such as CAD objects of ceilings, text
attributes were added with information about
floor loading capacity, structural parameters,
utilities status, clear heights as well as general
need for building and utilities,

• a digital documentation of all facades of the
different buildings.
On this basis, several scenarios/optimization

proposals were worked out aiming at answering
the following queries:
• correction of floor vacancies by means of
better organization of departments,

• improving functional relationships of process,
logistics and administration,

• minimize operating costs, and
• identifying possible areas for “outsourcing” for
rental or sale.
The 2D/3D-construction, the area and surface

determinations were engineered in AutoCAD.
The graphics as well as the image data were
transferred to the Oracle database of the CAFM
system Archibus/FM. The report generator of
Archibus/FM allows for merging data as, for
example, area calculations, images of different
colors for departments and traffic as well as
special dependencies of assignment to the
desired functions of specific floor space in a
simple way (Fig. 17.15).

17.7.2 Londa Rothenkirchen

As an extension to its established plant structure
the Londa company wanted to realize a new
manufacturing hall with an approximately
6000 m2 (64,600 ft2) gross floor area and corre-
sponding service areas at their Rothenkirchen
location. Londa is a subsidiary of WELLA AG,
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Fig. 17.15 Area structure of an existing building. © JR 15.286_JR_B

Fig. 17.14 3D building documentation (example Phoenix Hamburg). © JR 15.285_JR_B
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Darmstadt which is now part of the Procter &
Gamble group.

As part of the IT network of all Proctor &
Gamble’s properties; the American owner places
great value on storing relevant data about the
locations, buildings, building services, and facili-
ties in an Oracle database with the Archibus
CAFM System. For the plant expansion, it was
decided to use the possibility of FM compliant
documentation during the planning for all of the
disciplines in order to documentworkshops, rough
planning, detailed planning, approval planning,
work organization and the calls for tenders.

All professional planners for site, building,
utilities, process and logistics collected their 2-D,
3-D, text and engineering data on basis of stan-
dard CAD formats and Excel listings which were
merged together in line with the methodology
described earlier under synergetic factory plan-
ning. Digital interface to Archibus/FM was car-
ried out by a macro tool that systematically
searched the Excel sheets for new entries and
transferred them by means of an “entry”, pro-
grammed in Access, into the relevant system
table of the data fields of the Oracle database of
the CAFM system Archibus.

Due to the various reports offered by Archibus/
FM P&G management had the ability to

constantly access rough or detailed information
about areas, process or cost, etc. and could com-
pare these values with other plants in the sense of
a global benchmarking. For clarity of the overall
architectural project a video simulation had been
created, as an integral project simulation model of
location, buildings, building equipment and fur-
nishings in the development phase (attached in
Annex D1 to this book). These 3D data were
further used as basis for a visual information
system, following the systems as discussed in
Sect. 17.4.4, navigation. The system allowed for
generation of a virtual 3D production line for hair
cosmetics directly out of a 2D floor plan view and
sort out user dependent process information, as
line equipment cost or vendor information, by
linking drawing information with the CAFM
system from the database. Figure 17.16 illustrates
the 2D/3D line. For a globally active company
such user friendly graphical navigation was really
advantageous.

These examples conclude our discussion of
facility management. Even though facility
management is only spreading slowly, the
unstoppable development of the digital factory
and the increasing speed of factory changes
will continue to reveal the usefulness of FM
systems.

Fig. 17.16 Linking of building and facilities data (Example cosmetics industry) © IFA 15.287
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17.8 Summary

Facility Management allows a variety of syner-
gies between space and process. Clear definition
of engineering objects in terms of changeability,
a conscious structuring and storage of project
data of processes and buildings should be docu-
mented at the very beginning of every factory
planning. It continues during target programming
as well as in the development phase along with
the documentation of the initial project require-
ments and workshop results. Project management
calls for transparent information gathering across
all planning, implementation and operation pha-
ses, in particular the latest space and cost eval-
uations are of major concern. FM definitely helps
to fulfill a multitude of tasks related to control-
ling and quality assurance in all phases of the
project. Based upon the available 3D BIM tech-
nologies, one can safely assume that more inte-
grated programs would be entering the market in
the near future, allowing simulations for thermal
comforts, sustainability and energy efficiency.
Also, visually aided navigation would help to
simplify the current data structures and make the
FM Systems more interactive and user friendly.
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