
Javad Khazaii

Energy-
E�  cient 
HVAC Design
An Essential Guide for Sustainable 
Building



  Energy-Effi cient HVAC Design 



     



       Javad     Khazaii     

 Energy-Effi cient HVAC 
Design 
 An Essential Guide for Sustainable Building                        



 ISBN 978-3-319-11046-2      ISBN 978-3-319-11047-9 (eBook) 
 DOI 10.1007/978-3-319-11047-9 
 Springer Cham Heidelberg New York Dordrecht London 

 Library of Congress Control Number: 2014950113 

 © Springer International Publishing Switzerland   2014 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied specifi cally for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. 
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations 
are liable to prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specifi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  

   Javad     Khazaii    
  Engineering Department 
 Southern Polytechnic State University 
  Marietta ,  GA ,  USA   

www.springer.com


  To my beautiful wife Hengameh 



     



vii

  Pref ace   

 Sustainability and green building design have become powerful household concepts 
in the past few years. Almost everyone has his or her own ideas about global warm-
ing, renewable energy, and high-performance buildings. The copiousness of avail-
able information and resources overwhelms and even confuses not only young 
professionals but even seasoned architects and engineers who are in the frontline of 
designing energy-effi cient sustainable buildings. Therefore, my main aim in writing 
this book was to present the most essential concepts and necessary tools to young and 
experienced professionals in order to enable them to perform more in-depth study, 
make proper decisions, and therefore design and construct high-effi ciency sustain-
able buildings. The topics covered in each of the chapters of this book can be devel-
oped to form lengthy books by themselves, but my aim was to introduce the main 
concepts and not to bore readers with too many details. However, references pro-
vided throughout the book would prove helpful to readers who would like to have 
more in-depth knowledge of the topics covered. The book is mainly targeted toward 
mechanical and architectural engineers, with a focus on heating, ventilating, and air 
conditioning systems of building technology. Throughout the book, I have attempted 
to introduce readers to the most relevant topics for (1) communicating and categoriz-
ing knowledge about sustainable and energy-effi cient buildings; (2) fi nding and 
implementing the signifi cant standards, rules, and regulations for designing and con-
structing these buildings; (3) understanding the major systems and their associated 
controls; (4) getting familiarized with the designing and energy modeling tools to 
predict the estimated performance of these buildings; and (5) recognizing sources of 
available renewable energies to be utilized for electricity generation or even direct 
conditioning for these buildings. Finally, I have discussed (6) the concept of uncer-
tainty, which though not a new concept in the academic world has not been devel-
oped fully to the extent of being available for industry-wide use. Of course, in the 
current professional world it is still a completely foreign concept with regard to the 
way that buildings are designed and their energy consumption is estimated. This can 
therefore be one of the most effective decision-making tools for estimating energy 
consumption and therefore in designing buildings. 



 Some of the chapters presented in this book have been dedicated to describing 
the current state of building design and construction systems and organizations. On 
the other hand, a few of the chapters have been written in order to encourage enthu-
siastic students and engineers to get involved in developing newer and less devel-
oped areas. All the sections have been written with a focus on energy-effi cient and 
sustainable methods for the design and construction of buildings. 

 What distinguishes this book from the rest of the books available in the market is 
its comprehensive yet straight-to-the-point nature. I have tried to present the con-
cepts and knowledge which are absolutely necessary for students and professionals 
in the fi eld without diverging into common and century-old thermodynamics, heat 
transfer, and fl uid mechanics formulas which are widely available in most other 
books. In a nutshell, this book gives shape and organization to readers’ understand-
ing of the main energy-related issues relevant to the modern HVAC industry, that is, 
it focuses on practical material which is missing in other available books. 

 I hope that this book can be of help to students and professionals who are at the 
beginning or middle of their professional journeys to design and construct more 
energy-effi cient buildings and therefore contribute to building a sustainable and bet-
ter world.  

  Marietta, GA, USA     Javad     Khazaii    

Preface
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    Chapter 1   
 A Challenging Task 

                    Designing a building is a complex task requiring close cooperation among the 
architect and a group of engineers with different expertise, such as mechanical engi-
neers, electrical engineers, and structural engineers. Up to a few decades ago the 
main target of the traditional building designers in general was to design a building 
that is beautiful, comfortable, cost effective, and capable of satisfying the building 
applicable functions. The focus of the modern era building designers in response to 
the world energy uncertainty and its increasing cost and adverse effects on environ-
ment has changed to not only satisfying these traditional design targets, but also 
minimizing consumption of energy in the buildings. This has imposed a big burden 
on the architects and engineers to change the way they have pursued building design. 
Now, not only they have to comply with common standards and codes such as build-
ing code and mechanical code, but also have to comply with the new regulations 
based on requirements that are set by organizations such as Leadership in Energy 
and Environmental Design (LEED) in order to surpass the energy saving thresholds 
that are enforced by energy standards such as ASHRAE standard 90.1. 

 Therefore being an effective architectural or Heating, Ventilating, and Air 
Conditioning (HVAC) engineer in the current environment is a more daunting task 
than it used to be a few years ago. There are plenty available books, handbooks, and 
guidelines in the current market that provide essential scientifi c and technical 
knowledge for students and practitioners in this fi eld covering the technical aspects 
of building technologies such as detailed building load calculations, HVAC 
equipment sizing, and understanding the heat transfer and fl uid mechanics laws that 
are necessary for predicting the physical behavior of HVAC systems. Also there are 
multiple published codes and standards that regulate different aspects of the practice 
of HVAC and architectural engineering, among them and specifi cally in the past few 
years energy and sustainability related standards that have become also essential 
knowledge for students and practitioners. Meanwhile after years of being involved 
in the HVAC design and building energy modeling practice and interacting with 
numerous young and experienced engineers, I found out that most of the newly 
entered architects and HVAC engineers to the professional world along with a large 
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group of experienced practitioners are drowned in the ocean of the available 
information and do not have a complete and clear grasp of what kind of knowledge 
is really necessary for a real effi cient and sustainable building design. Usually 
the younger professionals are more comfortable when they are working with 
software, but not only are not completely familiar with complicated aspects of the 
software they are using, but also do not have the adequate knowledge of how 
the actual HVAC systems work or even what entities regulate the effi ciency of those 
systems. On the other hand in a few cases the older professionals not only are not 
comfortable to work with the software to be kind to say, but also are hesitant of 
specifying and designing the newer systems due to their more degree of comfort 
with design of the traditional systems. There is an empty space demanding for a 
holistic yet not too lengthy guideline that can point towards the missing skills and 
knowledge for both younger and older professionals to make them capable of acting 
effi ciently in their practices, specifi cally when energy saving is the focus of the 
design. Therefore I felt that in the current market there is an immediate need for a 
source of information that can offer a balance discussion between the traditional and 
modern engineering concepts and topics that knowing them are now necessary for 
an architect or engineer to function with an energy-saving target mindset in the ever- 
changing fi eld of building design. The target of this book therefore mainly is to 
provide the essential and necessary overall knowledge about applicable energy 
related references and topics for both students and younger practitioners to quickly 
familiarize themselves with the structure of the industry and to become more effec-
tive architectural or HVAC engineers in their professional practice. 

 This book is divided into an introduction and fi ve major sections. In the fi rst 
section (introduction) I have reviewed the logic and classifi cation of the book sub-
jects and targets briefl y. In the second section I have introduced the concept of the 
integrated design and its importance for an energy conscious design. In addition I 
have discussed the concept and also the need for developing building specifi c 
knowledge categories. Categorizing knowledge helps to not only reduce the ineffi -
ciencies derived from unfamiliarity of the young and even experienced architects 
and engineers (design players) with the concepts in their trades, but also decreases 
these ineffi ciencies in relationships with different design trades in order to improve 
the energy effi ciency of the design process collectively. 

 In the third section I have pointed to the most important codes and standards that 
set up the required rules and frameworks for building energy effi cient design. I have 
discussed the performance based standards and design and have depicted the 
differences between that and prescriptive based standards and design as well. 
The importance of the indoor air quality which has become one of the most impor-
tant aspects of sustainable design is also reviewed and discussed in this section. 
Finally I have closed the section by referring to the most important legal issues 
concerning the design team and discussed the provisions that are necessary for a 
defensive building design. 

 In the fourth section I have presented the general information regarding different 
types of the HVAC systems, important factors in HVAC system selection, and advance 
HVAC systems including an overview of hybrid ventilation system and control systems 

1 A Challenging Task
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in order to help designers to design systems and employ control methods which 
result in achieving higher building energy effi ciency targets. In this section I have 
paid special attention to components of the regular and advanced HVAC systems. In 
each case not only I have a brief description of the system, but also I have specifi ed 
the sources of energy consumption in each system. This would help the readers to 
be capable of recognizing and relating these energy consumption sources back to 
the concept of uncertainty and decision making which its use in energy modeling 
process has been discussed in the fi nal chapter of this book. 

 In the fi fth section I have explained the basics of load calculations and energy 
modeling, along with a brief discussion about the potential renewable and sustain-
able energy production systems. I have fi nished this section with a discussion around 
the most common building energy effi ciency scoring methods that are currently 
being utilized worldwide. 

 Finally in the last section I have discussed the concept of uncertainty and the 
requirement of including this tool in building energy modeling in order to quantify 
and manage associated risk in modeling exercise. This implementation is currently 
in early stages of development, and there is a vital need for commercial energy 
modeling software writers to revise their products to make them capable of 
performing risk based energy modeling instead of current deterministic modeling 
approach. A holistic probabilistic energy modeling tool if it is developed would be 
a very defi nitive step towards revolutionizing the way the industry looks at building 
energy modeling and design decision. 

 In summary the following topics have been discussed in this book:

   Part 1: Introduction

   1.    A challenging task      

  Part 2: Collaboration

   2.    Integrated design   
  3.    Categorizing knowledge      

  Part 3: Frameworks and standards

   4.    Frequently used codes and standards   
  5.    Performance-based standards   
  6.    Indoor air quality   
  7.    Protective design practice      

  Part 4: Systems and controls

   8.    Types of HVAC Systems, and system selection   
  9.    Automatic controls      

  Part 5: Energy modeling, sustainability scoring systems, and renewable energy

   10.    Energy modeling   
  11.    Sustainability and energy conservation scoring systems   
  12.    Renewable energy and sum-zero energy buildings      

1 A Challenging Task
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  Part 6: Uncertainty and risk management

   13.    Uncertainty and risk management        

 As it can be seen covering such a broad fi eld of concepts in one book could be a 
challenging task. I have given it a shot and if I can only be successful in achieving a 
few general objectives I would be very happy and satisfi ed with results of my work. 
The fi rst objective is to remind the students and young engineers about the impor-
tance of team work, not only in their own fi rm, but also with the members of other 
fi rms working on completing a design or construction project together. Keeping this 
concept in their mind can help them to see themselves as part of a lot larger com-
munity and feel responsible for the success or lack of success of the projects in hand 
and even the whole industry. Everybody is important and should contribute to suc-
cess of the project and industry advancement as much as they can and as early as 
they can start. 

 The second objective is to highlight this concept that what is actually being done 
in the professional realm even though it is advanced, but is not complete or perfect 
in any ways. It requires continuous improvement and these are the students and 
young engineers that should take responsibility to improve the existing methods and 
to invent new ways for the advancement of the industry. 

 And the third objective is to reemphasize on the fact that qualitative advance-
ments and changes would not be likely without a continuous relationship between 
knowledgeable professional work force and the advanced academic researches. To 
reach this goal either more students should stay longer in the schools, and reach 
higher levels of educations while working in the industry, or professional fi rms 
should start creating research departments, so the new and exciting academic meth-
ods can be introduced, tested and make advancement in the real professional world. 
Working of each of these two groups in a vacuum is not an option any more.   

1 A Challenging Task



   Part II 
   Collaboration        
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    Chapter 2   
 Integrated Design 

2.1                        Conventional Design and Construction 
Strategies and Players 

 The main players in a conventional (traditional) method of designing and constructing 
a building are the building owner, architect, engineers, commissioning team, and 
general and subcontractors. Code reviewers and authorities having jurisdiction that 
review the design documents and upon approval of the design issue building con-
struction permits are the secondary group of the players. Finally last group of the 
players are the fi rm’s attorneys that handle the fi rm’s lawsuits and prepare educa-
tional presentations for the fi rm managers and employees, in order to familiarize 
them with the basics of defensive and protective architectural, engineering, and con-
struction practices. 

 In a typical traditional design and construction process owner’s needs and expec-
tations are primarily communicated to the architect. Architect then designs a 
preliminary building and depending on the size and type of the building, employs a 
group of engineers including structural, civil, HVAC, plumbing, electrical, fi re 
protection, fi re alarm, audio-visual, and acoustical engineers to design the building 
engineering aspects. A close communication among all these players is essential for 
delivering a successful design product. 

 Design process in a typical consulting engineering fi rm usually starts with recep-
tion of the architectural preliminary plans and guidelines. These preliminary plans 
as a minimum show the orientation, function, and sizes of each space in the building 
as it is intended by the building owner and as it is envisioned by the architect. 
Usually at this time there is only suffi cient information for a preliminary engineer-
ing design. Different design engineers always need considerably more information 
to be capable of performing their expected designs meaningfully. This additional 
information includes items such as building sections and elevations, number of 
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occupancy, lighting, equipment, refl ected ceiling plans, fi re-rated walls and partitions, 
and the characteristics of walls and glasses. At the same time, design engineers have 
to provide feedbacks to the architect which based on this data the architect would be 
able to complete his design. Samples of this data are duct and pipe chase requirement, 
mechanical, electrical, plumbing and fi re protection space requirement, etc. Based 
on the quality and effectiveness of the architect and engineers this information 
exchange could take place either quickly or consumes some considerable time. In 
some unfortunate situations, when one or more of the involved parties are not well 
experienced, building design could be performed without complete and accurate 
exchange of some important information. This most likely would lead to a problem-
atic and troublesome construction process. 

 After all the coordinations took place and was included in the building design, 
the fi nal design product will be presented to the code reviewers and authorities 
having jurisdiction for their approval before being handed to the general contractor 
for construction. General contractor is usually selected through a competitive 
bidding process. 

 The selected general contractor then hires different subcontractors to con-
struct different parts of the building. One more time a very close communication 
among the architect, engineers, general and subcontractors is needed to make 
delivering a successful fi nal product to the owner possible. As the general con-
tractor and his subcontractors become involved in the construction process, their 
fi rst task is to provide construction shop drawings. These shop drawings are pro-
duced based on the information available in the construction documents, and 
later will be used for constructing the actual building. Shop drawings are a set of 
coordinated drawings that contractors provide from over laying all the architec-
tural and engineering drawings at each building part. Contractors send these shop 
drawings along with selected equipment data back to the design team for their 
fi nal review and approval of its exact equivalency with the design intents, and 
after receiving an approval from the design team use it to start the actual con-
struction phase. During the construction process, design team in pre-approved 
time intervals performs a few site visits, and informs the general contractor if 
there is any construction deviation from the design contract documents. When 
construction fi nishes the design team performs the fi nal site visit and approves 
the building for occupancy. Again at this stage and based on the quality and accu-
racy of the contractors and design team site visit performances, construction pro-
cess could be completed either smoothly with a high quality, or poorly with 
unchecked and uncorrected mistakes. 

 Architects and engineers usually prefer this method of design and construction 
because they get to perform a design with much higher than what is set as the mini-
mum quality required by the codes and standards. After contractors got the project 
based on becoming the lowest bidder, they may rely on collecting more money 
through issuing request for information (RFI). This would require a successful dem-
onstration that design has not been clear and complete when they bid the project, 
and they have calculated their estimated cost based on uncompleted design 
document. 

2 Integrated Design
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 Due to the structure of the market another processing method has been received 
more attention in the industry in the recent years. In a design-build process only the 
general contractor is selected directly by the owner, and architect, engineers and 
subcontractors are then added to the team by the general contractor. In this process 
from the start of design the general contractor and his subcontractors have interac-
tion with the architect and the engineers to provide a design that has all the mini-
mum code compliance acceptable quality with a pre-negotiated guarantied cost. 
Owners that do not plan to keep the building ownership to themselves after complet-
ing the building construction may prefer this method, because in this case spending 
minimum fi rst cost may be more important for them than a building with higher 
quality and better future performance. Throughout this process generally most of 
the upgraded designs proposed by the architect and engineers that could add to the 
value of the building and therefore total cost of the project is ruled out by the general 
contractor in order to keep the total project cost within the pre-agreed upon budget.  

2.2     Integrated Design 

 A building is made of multiple components and systems, which each one is designed 
and installed by a different professional. A small change in characteristics of any 
one of these components or systems can have a considerable effect on the other 
components and systems performances. For example a small change in the heating 
characteristics of a typical building glazing system has a dramatic effect on HVAC 
system cooling and heating equipment sizes, ductwork and piping network size, 
power requirements, consumed energy, day-lighting strategies and lighting design, 
mechanical space requirement, and noise level in the building. Also selecting how 
to orient the building on a site has a lucid effect on where to locate the mechanical 
rooms and fresh air intakes in the building, and building ventilation, lighting, 
day- lighting, noise, and air quality control strategies. This not only implies a close 
co- operation among the architect and engineers, but also requires their vast cross-
discipline knowledge. 

 It has become obvious that the traditional way of design in which each individual 
(trade) player was working in a vacuum for most of the design and construction time 
and everybody was relying on either architect or general contractor project manager 
to coordinate and solve all the confl icts is not an effi cient method of design and 
construction to be pursued any more. In an integrated method every individual 
should not only be in continuous contact with the architect or construction team 
leader, but also shall be in continuous information exchange with all the other 
players. This communication is most critical specifi cally in the early stages of the 
design. Experience has shown the earlier the need for changing design or construc-
tion is discovered, the less burdensome the fi nancial effects of the design change 
will be on the project itself, and also on all the involved parties as well. 

 Usually the best way to manage a successful integrated design effort is to get 
all the lead design players together at the beginning of the project and establish 
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brainstorming sessions to study the building and collect all the player’s inputs, 
 requirements and concerns on cross-related issues and use that to make the initial 
design based on an overall agreement among all the involved parties. Such efforts 
promise a correct initial design direction along with eliminating possible multiple 
designs of the same system due to discovering its confl ict with other team member’s 
design approaches later and along the way. Such actions should not be limited just 
to the initial sessions, but they should continue throughout the rest of the design 
process regularly. Such collaborative efforts will help the team to fi nd and solve the 
probable confl icts throughout the design and construction process much faster and 
with much less fi nancial and environmental burdens. 

 An example of an integrated design emerging out of the integrated design brain-
storming sessions can be integration of building skin design by the architect, day-
light illumination by the electrical engineer’s and HVAC system by the mechanical 
engineer. In this approach the architect optimizes the design of the building envelope 
system in such way that maximizes the use of day-lighting in the building, by speci-
fying high-quality glazing system. This technique helps the electrical engineer to 
reduce the use of artifi cial lighting during the hours of the day that it is possible to 
replace design lighting with natural light in the building. At the same time the HVAC 
engineer gets the benefi t of lower artifi cial lighting load and higher quality glazing 
system in the form of smaller HVAC equipment size requirement. As the result of 
smaller HVAC equipment the architect gets the benefi t of additional usable spaces 
and higher ceilings heights in the building that obviously adds to the beauty of the 
architectural design. Electrical engineer also gets the benefi t of smaller generators 
due to smaller size HVAC systems and of course lighting system that would 
collectively helps the team to bring the project cost and its environmental negative 
effects lower. Such benefi ts cannot be realized without engagement of all the team 
players in early interactions and their collective efforts. 

 In summary the integrated project design and construction should be looked at as 
a method of working on and completing a project by maximizing the project 
outcome for the owner and minimizing undesired effects on the environment. Most 
important element of this process should be managing the waste (specifi cally energy 
waste) and increasing the design and construction effi ciency. This cannot be 
achieved other than by utilizing the maximum skills, knowledge, and resources of 
the involved players. An important step in performing a well-executed integrated 
project delivery is proper cost, schedule, quality, performance, sustainability goal 
settings, and developing procedures to measure and verify the success of each out-
come. For a detail discussion on the principles, procedures and benefi ts of an inte-
grated project delivery refer to “Integrated Project Delivery: A Guide; version 1; 
2007; AIA National/AIA California Council; The American Institute of Architects.” 

 A typical integrated design process and the proposed required steps along with a 
sample design charrette matrix has been presented in Appendix “H” of ASHRAE 
standard 189.1, 2011 (ASHRAE  2011 ). In this specifi c charrette each factor which 
is believed to be dedicating to the high performance of the building is graded 
between 1 and 10 in order to create an overall advantage of one system over the 
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competitive solutions. Of course this is not the only way of utilizing integrated 
design and many other grading methods depending on the specifi cs of the projects 
also can be utilized.  

2.3     Energy Conscious-Integrated Design Approach 

 Delivering a successful energy conscious building construction project also should 
start with an integrated effort from the early stages of conceptual design and con-
tinue throughout the whole process of delivery and even beyond it. A well-planned 
scheduling and outcome targeting should be utilized in order to specify, monitor, 
and verify each parties responsibilities at each step along the project life to guaran-
tee a successful outcome. The desired sustainability goals and energy saving mea-
sures should be known as early as possible, since adding a new sustainability 
characteristic to the building in the middle of the design could be very costly. As an 
example, energy consumption monitoring for different energy users in the building 
is always a very good sustainability measures to have in the building specifi cally in 
order to monitor the real energy consumption of the building sections after the 
building is occupied by different tenants. From the point of view of an electrical 
engineer wiring the electrical power in the building should be designed in a specifi c 
manner to comply with this requirement. If from day one the owner and the team 
agree upon achieving this desirable measure, the cost of the design and construction 
would not be affected considerably. But if the building power wiring is designed or 
even worse is installed without expectation of achieving this measure, and some-
times down the road a decision is made to add this function to the building sustain-
ability system, then the cost of design or constructing the change into the under 
construction building would be dramatically higher. 

 As I have mentioned earlier in a successful integrated design all parties including 
the owner, the design team, the construction team and the commissioning team 
should be actively involved in all stages of the project. Different stages of a project 
delivery are usually referred to as conceptualization stage, design development 
stage, design stage, construction stage, and post-occupancy stage. 

 Conceptualization stage is the earliest stage that the design and construction 
team meet the owner and get familiar with his expectations of the building and also 
the project budget. There are many examples of the building designs that were 
started with a very high level of energy saving factors conceptualized in the early 
stages of the project implementation, just to be removed from the scope of the proj-
ect due to lack of harmony between the design team imagination and the owner’s 
budget. The design and construction team should in detail study the level of sustain-
ability and energy saving that the owner desires to include into his building. Design 
team then should propose the possible systems, designs, material availability, and 
more important the cost associated with these factors to make sure that enough 
budget is available for designing and implementing these measures. 
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 In design development stage, design and construction team should fi nalize the 
sustainability factors and level of expected performance from the building with a 
realistic input from all parties. A simple but complete design of major building 
 systems and an early stage energy model should be presented that clarifi es all the 
outcomes and associated cost for the expected performance of the building. 
Agreement of the owner of the project on selected systems and expected perfor-
mances among the other possible options presented by the design team, and prelimi-
nary input from manufacturer’s regarding their capability of delivering equipment 
that can provide the expected performance within the project assigned budget are 
other major milestones in this stage. 

 In design and construction stages all the building systems including its sustainable 
characteristics should be incorporated in design and construction of the building, 
and compliance of the building with all the expectations, performances, and codes 
should be verifi ed. Performance of the building should be calculated and fi nalized 
via completion of the energy modeling exercises. 

 The post-occupancy stage which is as important as the other stages in realizing 
the performance of the building should include continuous engagement of the owner 
of the building in educating of the occupants and building management crew to 
make sure the building performs as the design intended to. The building owner shall 
oversee to make sure a proper service execution, and stay in continuous engagement 
with the design and construction team regarding monitoring and reporting the real 
performance of the building, and comparing it with the design intentions. If correc-
tive measures are required it should be coordinated between the owner and the 
design and construction team to bring back the building to the proper operation and 
performance level.  

2.4     Other Tools 

 Building Information Modeling (BIM) which is a digital shared knowledge resource 
for support of the decision making and designing a facility has taken a signifi cant 
step in improving parts of the processes that was discussed in this chapter, but until 
all individual players think and act in-line with integrated design spirit, a real effi -
cient design and construction procedure would be very hard to be performed even 
with advance software. 

 Creating design and quality control check lists by the fi rms are among other 
successful strategies that can be used as part of an integrated design and construc-
tion effort also. Some fi rms gather, update and complete their check lists as time 
goes by, which helps the individuals to refer to these lists for their designated 
responsibilities and required coordination with all other parties during the life of the 
project. Such checklist could be carried on to the brainstorm sessions in order to 
help even higher levels of success in integrated design approach. 
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 In the next chapter of this book I will discuss the concept of organizing knowl-
edge that if it is implemented correctly can have signifi cant positive consequences 
on the improvement of a collaborative design processes.     
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    Chapter 3   
 Categorizing Knowledge 

3.1                        Knowledge Management 

 Patrick Lambe in his book “Organizing Knowledge: Taxonomies, Knowledge and 
Organizational Effectiveness” (Lambe  2007 ) has beautifully depicted the way that 
people use classifi cation in most of their daily functions. These classifi cations can 
be as simple as recognizing the fact that during grocery shopping when we see fruits 
we recognize that we are near the vegetable section to more complicated conditions 
such as when we are searching for fi nding an e-mail from a specifi c person in a 
specifi c project sub-folder in which all the e-mails from the people that are partici-
pating in that project have been collected. 

 Taxonomy is a method of organization and classifi cation of knowledge. Similar 
to any other fi eld, knowledge management is an essential tool for every fi rm or 
individual engaged in building design and construction in order to make the most 
utilization of the existing knowledge and available resources for his benefi t. To create 
such useful resources, the fi rst step is to generate or gather relevant knowledge of 
the fi eld, and then, be capable to classify that in such manner that has the most 
relevance to the fi rm target. Originally taxonomy was created for categorization of 
species in natural science, but recently it has found its path to different areas such as 
computer and business sciences as well. It has really grown to be the method of 
categorization of science, information, etc. in a parent–child, or general-specifi c 
pattern. In such organizations, every element in the specifi c section has all the 
characteristics of the general section in addition to a few extra characteristics. For 
example it can be said that all the chillers are cooling generating equipment, but all 
the cooling generating equipment are not chillers. Availability of such categoriza-
tions in the fi eld of engineering would have specifi c benefi ts for the younger engi-
neers and architects in order to make them capable of capturing a better overview of 
their fi eld knowledge vastness and therefore their expected responsibilities. 

 Without organized information the inexperienced users most likely would be 
confused in fi nding proper answers to even the simplest questions such as how, 
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where, and when one can fi nd and should use relevant information. Even experienced 
users may lose the chance of accessing some of the latest available knowledge and 
tools by just not knowing about existence of such resources. Practically different 
methods of generating powerful taxonomies or categorized knowledge are methods 
such as lists, trees, hierarchies, and system maps. Patrick Lambe in “Organizing 
Knowledge: Taxonomies, Knowledge and Organizational Effectiveness” (Lambe 
 2007 ) has a deep discussion about taxonomy in general and also methods of gener-
ating a powerful taxonomy. 

 Let me note here, and as I stated earlier since originally taxonomy was generated 
for the categorization of the living species, using this word in some conditions may 
create a noncompliant concept for our application. Therefore I will use categorized 
knowledge in the rest of this book instead of taxonomy, in order to ease some of the 
attached concepts to taxonomy that I do not intend to emphasize here. 

 Clearly categorized knowledge is not only a very helpful tool for educational 
purpose in colleges, but as it was stated earlier it also can be used effi ciently for 
educating the younger group of professionals in the work place as well. Consider a 
new young employee who is recently hired by a company. For him to learn how to 
perform his duties at the new position, he usually and solely relies on the quality and 
quantity of the transferred knowledge from his direct supervisor to get him familiar 
with the new job and its requirements. If for any reason the direct supervisor is not 
willing or not capable of quickly and effectively introducing the new employee to 
the concepts, relations, and available tools, this new employee will have a very hard 
early months and even years at this position, and it may even cost him the job as 
well. This not only hurts the employee, but also hurts the employer, since this 
implies continuous change of employees and as a result losing time, money, effort, 
and even reputation. On the other hand, if the whole necessary body of knowledge, 
tools, and information required to understand and perform the expected job is stored 
in one location and this information is immediately accessible through a well- 
designed categorized knowledge source, the new employee will be able to retrieve 
and use it and make his transition to the new position as smooth as possible. 

 Benefi ts of a proper categorized knowledge document can also be realized when 
a group of professionals or scholars that are working on a project, or writing a the-
sis, a book or putting together a research document, specifi cally if they are working 
from different locations. If these people create their own subject related categorized 
knowledge resource before starting the actual work, and use and update that 
throughout the project, it is obvious that the fi nal product will be more unifi ed and 
consistent.  

3.2     Community of Practice 

 Etienne Wenger in his book “communities of Practice, Learning, Meaning and 
Identity” (Wenger  1998 ) has a fresh and in depth look to the process of learning. 
According to him the process of learning neither should start only when the students 
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enter the class nor should stop when they leave the class. Instead, the process of 
learning should be looked at as a full time social event in which our learning skill 
develops by experiencing, doing, belonging to, and fi nally becoming part of a com-
munity of practice. 

 The process of learning as a social event for the fi eld of building design and con-
struction which comprises architects, engineers, and contractors as the main partici-
pants and many others as it has been discussed earlier in this book can be explained 
based on the Etienne Wenger’s model. To achieve this target, the way of character-
izing social participation of design and construction fi eld participants as a process 
of learning then can be described by the following explanations. 

 The fi rst defi nition is the process of learning by negotiation about our experiences 
including our projects, fi ndings, innovations, and mistakes. Nothing can help a 
professional better than learning lessons from other’s mistakes. Some fi rms keep a 
records of what has been the source of problem in previous designs and of course 
what the solutions have been to those problems. Therefore everybody in the fi rm can 
refer to these records later and learn from the previous mistakes. Some fi rms dedicate 
special teams to quality control of the projects as their sole responsibility. Such 
teams have the advantage of seeing many repeated mistakes in different designs and 
quickly locate and underline them. The original design team members then can learn 
from these quality controls review comments. When a group of engineers in a fi rm 
start to design for example a new performance center which has never been done by 
them, it always pays off to spend some valuable time and talk to other engineers in 
the fi rm or even with other engineers, architects and even contractors that have pre-
vious experience in designing similar projects. A reputable contractor or an ally 
engineering fi rm can communicate their previous experiences with other engineers 
who had failed to perform a successful design, high-lights the sources of problem 
and even offers the best solutions based on previous confl icts. It is also very helpful 
to look back in the history of similar projects if it is accessible in their own fi rm. 
Going back through emails and records of similar projects and talk to old project’s 
managers or engineers, even Internet search helps the design team to understand 
what has been the source of success or lack of success of such projects. All these 
communications, studies, negotiations, and learning should happen even before the 
design team actually starts their new design. In fact this process should resemble 
having many training sessions before the actual design. The more training is done the 
higher the chances are that it will result in a more successful project and fewer prob-
lems. A very good example of another similar process is what in industry is known 
as hiring and training co-ops while they are still in the school. These co- ops periodi-
cally work in the engineering offi ces for a minimum pay, but what they learn here 
makes them ready for work as soon as they are graduated. Of course during period 
of their hire as co-ops, they still are not ready to produce professional products. What 
they do during their attendance in the engineering fi rm is experiencing. They observe, 
question and help the professional engineers to produce real-life design products. 
This can simply be defi ned as the fi rst step in the long process of learning. 

 The second step is the learning by talking about, improving and criticizing the 
shared sources, frameworks and perspectives that can sustain mutual engagement in 
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action. This process can be included of periodically updating codes and standards, 
renewing design processes, designing better software and solutions, and producing 
new guidelines. Of course contributing to construction and advancement of proper 
categorized knowledge resources also belongs to this level of learning process. Such 
steps can be taken at least when the experience of a young architect or engineer 
increases enough that he begins to have a relatively strong grasp of the required 
knowledge to perform his duties. At this point he can ask questions that are not just 
for the purpose of fi nding the available answers and current processes, but are 
targeted to criticize, change and improve the current processes and methods being 
performed in the work place, or even industry-wide. Criticizing how the process of 
a specifi c design calculation or energy modeling is done, and trying to offer better 
replacing approaches fall in the same category of learning process. As the new gen-
eration of engineers with higher understanding of the programming languages enter 
the professional work force, and along with the practical experience that they are 
absorbing and of course supervision of the more experienced engineers they are set 
to improve the older, and more traditional ways of engineering data collection, 
calculations, design, and production. 

 The next step is becoming more educated by belonging to and participating in 
recognizable organizations. The participation in relevant organizations not only can 
increases the knowledge of the participants, but also can shape up and renew the 
whole building construction community’s knowledge as well, simply by introduc-
ing and exchanging the latest fi ndings, knowledge and techniques in the industry. 
Participation of the architects and engineers in architectural and engineering com-
munities and seminars participating in and even presenting scientifi c papers and 
presentations and recognizing noble professionals responsible for advancement in 
industry are a few samples of this process. 

 As the person’s knowledge and experience accumulate, the fi nal step would be 
completing the process of learning by becoming a new highly educated person 
which is capable of advancing the knowledge of the community meaningfully. The 
ultimate learning stage therefore is to become a highly educated and experienced 
professional that stands above the average crowds and acts as a tool for new genera-
tions to respect and look up to. These are the people who write books, bring new 
concepts, and invent exciting methods of design and construction that can change 
the shape and advance the whole industry. The ultimate target of the learning cycle 
is to generate such individuals. 

 Therefore the overall learning realm of all the involved entities in design and 
construction community of practice can be summarized as follows. For engineers 
and architects, their learning engagement is an issue of participating in and contrib-
uting to the practices of design and construction community. For design and con-
struction community, it means that learning is an issue of advancing their practice 
and ensuring new generations of well educated members. And for design and 
construction companies, it means that learning is an issue of becoming effective and 
valuable as an organization in what they do.  

3 Categorizing Knowledge



21

3.3     Creating Proper Categorized Knowledge 
for Building Industry Community of Practice 

 What I have explained in the last few paragraphs in this chapter implies that the two 
concepts of categorized knowledge and community of practice have the potential to 
become the strong holding columns of the structure of the future building design and 
construction industry. Each individual in this community should feel responsible for 
generating or adding to the existing collections of categorized knowledge for the ben-
efi t of the whole community. These contributions could come from individuals seek-
ing higher education, or based on every day work experience of other professionals. 

 The purpose of this section by no means is to create a complete categorized 
knowledge resource for the building design and construction community of prac-
tice, but it is just to present a starting point to be followed by the enthusiastic stu-
dents and engineers to generate a relatively strong and applicable categorized 
knowledge resource for the benefi t of the whole industry. 

 In order to create an overall categorized knowledge document for the building 
design and construction entity which is useful for training the new employees in 
both consulting architectural-engineering fi rms and construction companies, natu-
rally the fi rst step is to specify the main categories. For our approach it makes good 
sense to divide all the concepts, parameters and players that will be covered in this 
fi eld into two non-overlapping main categories of (1) professionals and their func-
tions, and (2) applications. It should be reemphasized here again that the following 
approach is not the only acceptable approach, and there would be many different 
possible approaches that could generate even more powerful results. Of course other 
categories can be selected by different individuals or groups interested in generating 
this tool for their own targeted purposes. By the way our fi rst main category creates 
an umbrella for covering all the people (community of practice), their responsibili-
ties, functions, and tools that they have to utilize in executing their tasks and the 
second category creates an environment for expressing building types, its compo-
nents and design requirements. From here on we can generate secondary branches 
in order to develop explanatory information for each of these two main categories. 
Therefore the next obvious step is to categorize the major professional groups that 
are involved in building design and construction functions along with the individu-
als who are performing assigned tasks in each group. These professionals can be 
specifi ed as architects, engineers, contractors, code offi cials, etc. The functions and 
duties of these professionals then can be investigated and summarized in detail for-
mat. This procedure will lead to generation of copious number of functions, duties 
and concepts that can be categorized and assigned to each individual. Since each 
member of this community of practice belongs to one specifi c trade category, it 
makes sense to start building our categorized knowledge by creating the main sub- 
branches, such as HVAC, plumbing, and electrical. If at this time we turn our focus 
on to providing guidelines for each of these professionals the next step would be to 
specify all the functions and duties of each professional such as the HVAC engineer 
and HVAC contractor as a subset for HVAC fi eld. Functions and duties of HVAC 
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engineer can be described as performing design, writing specifi cations, performing 
construction administration, etc. Obviously the process can be continued by adding 
more details to the subcategories of each duty or function, such as providing subsets 
of drawing, calculations, energy modeling, and cross coordination with other trades 
for design category. The process can continue by adding all the energy saving strate-
gies under design category. Furthermore a cross trades coordination process can be 
described in details that would help all the parties involved in this community of 
practice not only to become familiar with each other’s functions, but also to fi nd out 
what are their responsibilities regarding the rest of the community while working on 
the same projects quickly. To do so, maps of responsibilities for each trade versus 
other trades should be designed and added to the body of our categorized knowledge 
document. These maps for example should show all the responsibilities of the 
HVAC engineer in regards to all other disciplines. As an example HVAC engineer is 
responsible for providing equipment room sizes, vertical chase sizes, information 
for equipment and devices, and etc. which are necessary information for the archi-
tect. He is also responsible for providing equipment locations, regular and emer-
gency power requirements, phase, voltage, and required power of all his equipment 
which are necessary information for the electrical engineer. After such maps are 
completed, it would allow a newly graduated, newly employed architect, engineer, 
and contractor to have access to the whole industry layout, the functions and respon-
sibilities, the way to design, calculate, specify, and construct in early stages of his 
career. As it was said earlier it is not only to the benefi t of the less experienced play-
ers but also helps the fi rms in order to quickly prepare their employees for being 
engaged in designing and building processes. 

 On the application side a building can be subdivided into commercial, institu-
tional, healthcare, etc. Each of these building types has its own dedicated functions 
and therefore space requirements. For example the majority of the spaces in an 
offi ce building can be described as open offi ces, private offi ces, conference rooms, 
etc. While the majority of the spaces in a healthcare facility can be described as 
patient rooms, operation rooms, laboratories, waiting rooms, etc. Each space then 
can be described in further details by describing the physical characteristics of the 
space and expected functions, equipment, occupancy, required cooling, heating, and 
lighting. This information then will be essential information for designers to calcu-
late engineering requirements of each space. 

 By this time a rough overall system map has been created that each community 
of practice member could look at it, and easily recognizes the major applications 
and players and their major functions and duties in the course of a design and con-
struction process. 

 The following snap-shuts (Figs.  3.1 ,  3.2 ,  3.3 ,  3.4 ,  3.5 ,  3.6 , and  3.7 ) show samples 
of an incomplete attempt for generating categorized knowledge for this fi eld with an 
emphasis on the HVAC design and also energy effi ciency branch. This could be 
developed into a much larger document covering all the aspects of HVAC design and 
further the whole industry concepts and functions. Of course such a comprehensive 
categorized knowledge cannot be generated without participation of all the parties 
involved as part of the building design and construction community of practice.
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  Fig. 3.1    Professionals and their functions       
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  Fig. 3.2    HVAC engineer design responsibilities       
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  Fig. 3.3    HVAC energy effi ciency design considerations       
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  Fig. 3.4    Boiler selection       
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  Fig. 3.5    Cooling equipment selection       
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  Fig. 3.6    Building applications       
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    Chapter 4   
 Frequently Used Codes and Standards 

                    The Merriam-Webster dictionary defi nition of “Code” is a systematic statement of a 
body of law, specially one given statutory force, and “Standard” is something estab-
lished by authority, custom, or general consent as a model or an example. In general, 
engineering codes (absolutely to be followed) and standards (to be followed as a 
good engineering practice) are developed to hold the design and construction indus-
try players responsible to a minimum acceptable level of designing, constructing, 
manufacturing, commissioning, controlling, testing, etc. There are a large number 
of regulatory codes, guidelines, and standards which direct the design and construc-
tion community members to the correct way of performing their duties. These regu-
lations cover all the aspects of the design and construction and its prime target is to 
protect the occupants, buildings and of course the environment. In general for 
the design and construction environment from the point of view of an HVAC engi-
neer or contractor the mechanical, building and energy codes, ASHRAE standards 
and testing agencies regulations are the most important reference documents to 
be followed. 

 Codes are usually being updated every few years and cover the general and over-
all building design and construction requirements, and its electrical, mechanical, 
energy, etc. issues. Different ASHRAE standards that are also being updated every 
few years cover almost all aspects of the building HVAC design and construction 
and also some other energy related issues. Even though these codes and standards 
and also other important similar documents usually discuss every aspects of the 
building, its systems, its environment and its occupants, here similar to the fl ow of 
the rest of this book, I only emphasize on HVAC and energy related contexts of 
these guidelines. 

 Generally the mechanical codes have been written to provide guidelines for the 
design and installation of mechanical appliances and systems, such as venting, 
exhausting, ductwork, piping, and also refrigerant systems. Proper installation loca-
tion and required access for the appliances and mechanical systems are also 
discussed in mechanical codes. The mechanical codes describe how the venting, 
exhausting, and ductwork systems should be designed and installed to control 
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 temperature, humidity, and air contamination of the building, along with means to 
protect both structural elements and equipment integrity and occupant safety (such 
as fi re safety system) through proper air delivery, ventilation, and exhaust systems. 

 It should be noted that the mechanical engineer should also familiarize himself 
with the other general building codes as well. These codes are mostly concerned 
with the building architectural requirements. Of course these architectural regula-
tions and requirements sometimes play a decisive role in decision making of the 
mechanical engineer in his pursue of mechanical design. Among others, the main 
topics discussed in building codes are building use and occupancy classifi cations 
and requirements, limitations in height and area of the construction, fi re resistance 
and fi re protection requirements, and safeguarding during the construction. 

 The energy conservation codes are generally design guidelines which depict the 
regulations and requirements for designing a building with minimum acceptable 
energy effi ciency provisions. One of these standards (ICC  2012b ) allows for either 
prescriptive or performance-based approaches. The guidelines usually at the begin-
ning of the building design process require the designer—based on the applicable 
conditions—to use these codes to select and specify design parameters such as 
minimum acceptable thermal characteristics of the building envelope components, 
minimum effi ciency for the mechanical equipment, minimum lighting and power 
effi ciency, and duct and pipe insulation characteristics. 

 In addition to the overall mechanical and building codes, which international 
codes (ICC  2012a ,  c ) written by the council of international codes are the most 
commonly used among them, other agencies or societies such as ASHRAE has 
developed additional specifi c standards and guidelines in order to make the design 
and construction process even more clear, straightforward, and safe. For example 
one of these standards ASHRAE standard 15 (ASHRAE  2010a ) is developed to 
depict a safe framework for designing, construction, installation, testing, inspection, 
and operation of mechanical system that are working based on utilization of a refrig-
erant cycle. This has been proven that different refrigerants represent big danger 
for people and environment safety specifi cally when there is a path of leakage of 
these agents out of a refrigerant machine. Therefore the refrigerant leakage from 
refrigerant machines should be monitored and means for alarming, identifying and 
correcting these incidents should be developed clearly. This standard in addition to 
representing the classifi cation of the refrigerant systems also focuses on means of 
people, building, and environment safety in regard to the danger of refrigerant 
chemical characteristics. 

 Providing a building with high indoor air quality is one of the most important 
aspects of a high performance building design and operation. Indoor air quality has 
a direct effect on health, comfort, and productivity of the occupants. The main target 
of ASHRAE standards 55 (ASHRAE  2010b ) is to defi ne the thermal conditions 
under that the majority of the occupants who are living and working in that building 
feel comfortable. In achieving this target, the standard requires designing with 
multiple indoor environmental factors and of course personal factors in mind. 
According to related literatures, a complete and meaningful thermal comfort design 
cannot be achieved without addressing metabolic rate, clothing insulation, operative 
 temperature (a temperature that is calculated based on air temperature and mean 
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radiant temperature), air speed, and humidity. Therefore this standard defi nes these 
factors and represents a method for determining acceptable comfort condition in 
occupied spaces based on a combination of all these factors. In this method opera-
tive temperature, provisions for humidity control, elevated air speed, air speed 
measurement, temperature variations with time, and local thermal discomfort such 
as radiant temperature asymmetry, draft, vertical air temperature difference, and 
fl oor surface temperature have been discussed as well. Two graphical and computer-
based calculations have been represented to defi ne predicted mean vote (PMV) and 
predicted percentage of dissatisfi ed (PPD) people based on the comfort factors that 
have been described earlier. 

 A separate section is dedicated to the method of determining comfort in spaces 
that are using natural ventilation with use of operable windows. 

 Complying with this standard is a major part of any sustainability scoring system 
in forms of design, controllability and verifi cation of occupant’s comfort. This standard 
originally published in 1966 and it has been repeatedly updated and republished 
since then. 

 Outdoor air conditioning is one of the most important and also energy- demanding 
parameters in building load calculations, and therefore energy consumptions. The 
more extreme the outdoor conditions in heating and cooling seasons are, the higher 
is the required energy for conditioning the outdoor air to a proper level that is suit-
able for using inside the building. The main purpose of ASHRAE standards 62 
(ASHRAE  2013a ) in addition to defi nition of the different air classes is to make sure 
the minimum acceptable air quality for the occupants in a building is provided. In 
order to guaranty this condition, the standard specifi es the minimum required out-
door air rate for each space. To specify this rate the standard offers two different 
methods of ventilation rate (VR) procedure and indoor air quality (IAQ) Procedure. 

 Outdoor air quantity based on ventilation rate procedure method is a prescriptive 
procedure and is calculated not only based on the type of the application and space 
area, but also based on the number of people in the space. In this standard the 
method of calculation for the proper outdoor air quantity for different spaces, appli-
cations and density of expected people are discussed. The standard recommends a 
combination of fl oor space and people density calculation for every single space in 
the building. As an example the standard recommends 0.06 cfm outdoor air per each 
square foot of offi ce space plus 5 cfm outdoor air for each person expected to work 
in this offi ce. Therefore for an offi ce with 200 square foot fl oor space which is 
designed to provide working space for two people the total outdoor air requirement 
will be 22 cfm. This quantity of outdoor air should be introduced to the offi ce space 
at all time. These calculations should be done for every single space located in the 
part of the building that is being served by a single air handling unit, and at the end 
the whole quantity of outdoor air for all the spaces should be adjusted in regards to 
the most critical space in the system, in order to make sure that all the spaces in this 
system receive proper outdoor air quantity. 

 On other hand IAQ is a performance-based design procedure offered by the stan-
dard as an alternative in which outdoor air intake rates and other system design 
parameters are designed to maintain the concentrations of specifi c contaminants at 
or below certain limits. 
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 The main purpose of another one of ASHRAE standards, ASHRAE 90.1 
(ASHRAE  2013b ) which probably is the most important standard that depicts the 
requirements for an energy effi cient building design is to establish the minimum 
energy effi ciency requirements of buildings for design, construction, and a plan for 
operation and maintenance and utilization of on-site, renewable energy resources. 
The early versions of the standard were published in 1975 and since then it has been 
updated regularly. To comply with the requirements of this standard the building 
shall comply with requirements depicted for Building Envelope, Heating, 
Ventilating, and Air Conditioning, Service Water Heating, Power, Lighting and 
Other Equipment in a prescriptive line-by-line method. As an alternative two meth-
ods of performance-based energy simulation are represented, which complying 
with one allows for standard compliance, and exceeding the limits depicted by the 
other method allows for rating the building in sustainability scoring systems. 

 On the other hand AHRI standards are a group of standards developed by the 
American Heating and Refrigeration Institute to establish testing, rating, and mini-
mum data requirement for different HVAC equipment. These standards are intended 
to provide guidance for the industry players in order to make them capable of rec-
ognizing and relying on the published data about effi ciency of the equipment. One 
of the valuable information in these standards is the allowable test tolerance of the 
equipment when it undergoes the proposed testing procedure for its effi ciency to be 
evaluated. This is proved to be a vital information for risk based decision making 
where we will discuss it in the fi nal chapter of this book. 

 For a comprehensive list of AHRI standards refer to   http://www.ahrinet.org/
standards.aspx     web site. Some of the most common AHRI standards are standard 
310 ( ANSI/AHRI/CSA 310/380-2004 ) that targets the packaged terminal air- 
conditioners and heat pumps and its performance testing requirements, standard 
430 ( ANSI/AHRI 430-2009 ) that targets central station air handling units and its 
performance testing requirements, standard 440 ( ANSI/AHRI 440-2008 ) that 
targets room fan-coils performance testing requirements, and standard 550 
(AHRI Standard 550/590 (I-P),  2011 ) that targets water-chilling and heat pump 
water- heating packages using the vapor compression cycle and its performance 
testing requirements. 

 Standard 340 ( ANSI/AHRI 340/360-2007  with Addendum 2) and standard 365 
( ANSI/AHRI 365 (I-P)-2009 ) target commercial and industrial unitary air- conditioning 
and heat pump equipment, and commercial and industrial unitary air- conditioning 
condensing units, respectively, are also among the most useful standards in this group.    
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    Chapter 5   
 Performance-Based Standards 

                    A building is made of numerous constructing elements. Each of these elements not 
only is affected by and has to face the enforced pressure from the other building 
elements, but also has to resist the effects of the environments (both inside and 
outdoor). The behavior of these elements when they are facing a combination of 
these factors simultaneously defi nes the element performance. 

 A performance-based standard or code is mainly focused on the outcome and 
result of a procedure, product or service and pays either no or at best just a minimum 
attention to the how about of the procedures which leads to achieving this outcome. 
While a prescriptive standard or code concentrates on detail steps that should be taken 
to provide the acceptable products or services as defi ned by that standard or code. 

 An example of a prescriptive code statement which is the language of the major-
ity of the current codes and standards can be stated like this: “Provide twenty cubic 
foot per minute per person (20 cfm/person) outdoor air for the building.” This means 
that the code writers have confi dence that in order to have proper outdoor air venti-
lation capacity for a building, it is enough to provide 20 cfm of outdoor air for each 
occupant in the building and this quantity of outdoor air can satisfy all the needs for 
a clean and healthy indoor environment. While an example of a performance-based 
code regarding the same issue can be stated as: “Provide suffi cient outdoor air for 
the building to establish a healthy and comfortable environment for the people 
staying and functioning in the building. Calculated and distributed enough fresh air 
to the spaces based on the space need and usage. Provide monitoring, measuring, 
delivering and balancing devices for introducing fresh air close to level of breathing 
of people with no short circuiting of the outdoor air through return or exhaust 
devices. Ventilation system shall remove all the pollutants from the room.” Of course 
at fi rst glance the prescriptive method seems very direct and clear to follow, but as 
I stated earlier the performance-based method can invite new invention and advance-
ment in the industry due to allowance for designers to come up with innovations 
and newer methods to fulfi ll the design purpose. 
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 In some standards a mix approach of part performance, part prescription has 
been adopted. The more dominated the performance section of a standard or code is 
the designer has more freedom in specifying newer products and solutions. For an 
involved person in any aspect of the building industry design and construction it is 
essential to understand and be capable to execute his duties based on either one of 
these methods. Of course we all are fairly familiar with language and structure of 
prescriptive codes and standards due to our interaction with such languages through 
our daily lives, and there is no need for further explanation here about how these 
statements are being written. On the other hand I feel the need for a more compre-
hensive explanation for the performance-based method that just recently has gained 
some momentum in the industry code writing environment, even though in other 
parts of the world they have been using such standards for a while. 

 In order to describe the required performances and achievement targets by a 
performance-based standard or code the most important steps are to (1) describe 
things in a supply and demand language and (2) develop and compare quantifi able 
performance indicators (PIs) and key performance indicators (KPIs). 

 Demand and supply languages are generally referred to the vocabulary that is 
being used to describe the required functions and performances of the object or 
service intended by the user, and the technical and performance specifi cations rep-
resented by the technical team, respectively. In other word the demand language is 
the way that owner or user explains what he needs and supply language is the way 
that technical team uses to defi ne and express the performance of the solution pre-
sented to the user or owner to fulfi ll his needs. 

 The second necessary step in developing a performance-based standard is 
developing performance indicators which will act as the representatives of the 
effects of the important factors in a process or product. 

 To simplify understanding of this concept let’s assume a group of researchers are 
working to generate a performance indicator representing the level of comfort of 
occupants in a building. Obviously the fi rst issue that they have to take on is to 
specify all the major infl uential factors (systems) on the comfort level of the occu-
pant in the building. The next step then should be to separate the most important 
systems from those with negligible or little effects based on the available data from 
the existing literatures or through an expert judgment procedure. The following step 
then should be to defi ne a mathematical structure for the indicator as a function of 
the selected important systems. In our example assume the researchers have selected 
environment system and individual system as the two main important systems to 
develop a good performance indicator for the building occupants comfort level. 
Therefore they decide to describe the comfort performance indicator as follows:

  
PI Occupant comfort level Environment system Human system    ƒ ,

  
 ( 5.1 ) 

   
The next step is to describe the two main systems based on their important sub- 
systems. This once again could be done based on relevant literature review or expert 
input and can be described as follows:

  
Environment system AD AV HV   T H L O, , , , , ,

  
 ( 5.2 ) 
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and:

  
Human system    G M F C, , ,

  
 ( 5.3 ) 

   
with:

   “ T ” representing temperature  
  “ H ” representing humidity  
  “AD” representing air direction  
  “AV” representing air velocity  
  “HV” representing heating, ventilating, and air conditioning System  
  “ L ” representing lighting system  
  “ O ” representing space exterior exposure and orientation system  
  “ M ” representing metabolism  
  “ G ” representing gender  
  “ F ” representing function    

 and fi nally:

   “ C ” representing clothing    

 Obviously the next step will be to designate a weighting value to each of these 
parameters, which could again come from literature, expert input, multiple experi-
ments and actual fi eld data, calculations or even owners emphasize on a specifi c 
need for his project. By working through the above-explained steps, fi nally the per-
formance indicator could be expressed as follows, as a function ( β ) of these multiple 
factors:

  
PI Occupant comfort level

, , AD , AV ,

,  
       
 

a T b H c d

e G ff F g M h C

i HV j L k O

     
     

















, , ,

, ,
  

 ( 5.4 ) 
   

With multipliers “ a ” to “ k ” each represents the overall weight of each factor for 
constructing the targeted performance indicator. After setting up the proper formu-
lation for each of these subsystems, the overall PI shall be verifi ed and adjusted 
based on actual tested data. Only then we can have a legitimate PI describing the 
human comfort condition. 

 After establishing such a formula for this specifi c PI, a specifi c value then could 
be generated for this PI for any given condition. Now by calculating PIs for each 
condition and comparing the generated PIs for each of these conditions, the perfor-
mance of different systems in relation to each other can be determined. 

 Even though for different specifi c purposes different PIs can be generated, but 
usually there is one PI which has the highest importance from a specifi c point of the 
view such as the owner’s perspective, designer’s perspective, etc. This performance 
indicator is known as the key performance indicator (KPI) which usually includes 
the most important parameters and their relative weights from that specifi c point of 
view. This KPI can be used to set the main design achieving goal(s). 

 Let’s look at another example. One of the most popular key performance indica-
tors in building design and construction industry is building energy consumption 
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per square foot per year. If we look and see how this KPI has been developed we can 
see the typical pattern that has to be followed to generate any (key) performance 
indicator in general, and also realize that it is not a simple task to create such valu-
able tools. As it was said earlier, the fi rst step is to defi ne the main systems that 
contribute to generating this indicator. Therefore this KPI can originally be defi ned 
as follows:

   KPI (Energy Consumption per square foot per year) =  ω  (Envelope system, HVAC 
system, Hot water system, Electrical system, Miscellaneous system)    

 Likewise each of the developing systems should be defi ned by its own sub- 
systems such as:

   Envelope system =  τ  (fl oor system, exterior wall system, roof system, partition sys-
tem, location, and orientation system, glazing system, etc.)    

 Furthermore each subsystem has its own subsystems, such as:

   Exterior wall system =  τ  1  (wall orientation system, wall net area system, wall con-
struction type system, etc.)    

 And even more:

   Wall construction type system =  τ  2  (wall heating characteristics system, wall color-
ing system, etc.)    

 Therefore it can be seen that a thorough and detail formulization should be uti-
lized to enable us to use all these systems and subsystems to calculate the amount of 
heat loss or heat gain of the building throughout the year just for the envelope sys-
tem. The total heat loss or gain of this system then should be used as one of the 
subsystems of HVAC system along with HVAC system’s other subsystems. All 
these information shall be combined in an energy modeling type approach to sum 
up the fi nal function representing the building energy consumption per square foot 
per year or the targeted KPI. When that overall formulas developed, adjusted and its 
accuracy verifi ed then it can be used to calculate any other building KPI for com-
parison among the different buildings energy consumption. 

 As the third example, in the following illustrations typical procedure that can be 
followed for developing different performance indicators for day-lighting system 
for a building are shown. Figure  5.1  shows the logic to be followed for developing 
demand and supply language for the targeted outcomes. In the demand (functional) 
side of this simplifi ed chart the targeted performance desired by the owner or user 
has specifi ed as “Provide a better indoor environment” and is shown on the top of 
the chart and sublevels in order to provide this functionality have been developed 
level by level below that. In the fi nal sublevel and just above the possible  performance 
indicator the “Day-lighting System” function is positioned, which is the main target 
of this exercise.

   Meanwhile on the technical system side, infl uential systems that could have 
signifi cant effect on realization of the targeted performance have been written and 
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each technical system has been related to the factors which have direct effect on 
how the specifi c technical system can perform. 

 It can be seen that a few good performance indicators can be developed to 
 represent the “Day-light System.” For example PI3 relates the “Day-light System” 
to the building artifi cial lighting system. It could be easily understood that “Day-
light System” can somehow be expressed by PI3 based on the weighted factors of 
controls, type and location of the light fi xtures. Also PI1 relates the “Day-light 

  Fig. 5.1    Option 1 of demand and supply chart       
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System” to the building external enclosure system as well. It could be easily under-
stood “Day-light System” can somehow be expressed by PI1 based on the weighted 
factors of elevation, size, orientation, location, shading device type, and controls. 

 More complex performance indicators can be developed by relating more techni-
cal systems to one performance indicator for expressing one functional system as it 
has been shown in Fig.  5.2 .

   Here PI1 has been used to relate “Day-light System” to three technical systems 
at once. These systems are exterior enclosure, neighborhood system, and interior 

  Fig. 5.2    Option 2 of demand and supply chart       
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confi gurations systems. It could be easily understood “Day-light System” can 
somehow be expressed by PI1 based on the weighted factors of elevation, size, 
orientation, location, shading device type and controls, nearby trees, nearby struc-
tures, work-place location and orientation, and internal partition height and fi nishes 
in a manner that was explained earlier in this section. 

 Other than energy consumption per year per square foot of area that is one of the 
most important performance indicators in energy modeling, other performance indi-
cators can also be developed to target improving the overall energy effi ciency of the 
building and its systems. As we said earlier some aspects of the design cannot be fed 
to the current general energy modeling software, for example there is no place for 
evaluating the external noise effects on overall energy consumption of the system. 
Should we forget this effect, or noise even has any effect at all on the energy con-
sumption of the building. Let’s assume we have a building that is designed with a 
combination of mechanical and natural ventilation systems. Anytime the outdoor 
conditions are favorable system switches to natural ventilation mode, and when the 
outdoor conditions are not preferable system switches to mechanical ventilation 
mode. Of course natural ventilation mode operation relies on the windows to open 
and allow free outdoor air circulation in the building. Existence of external noise, on 
the other hand, would limit this favorable mode change and will probably force the 
system to run on its mechanical mode more frequently, because people do not desire 
to work or live in a building while they are exposed to undesirable high external 
noise levels. That of course can be translated to more energy consumption, even 
when there are favorable outdoor conditions. This shows that external noise can be 
a factor that affects the building energy consumption. The best way to include this 
factor in our system design and evaluation therefore is to generate external noise 
performance indicators, which needs to be investigated and developed based on the 
noise calculation equations, relative distance of the buildings to sources of external 
noise, etc. as a benchmark for any other building. This performance indicator in 
addition to general energy consumption per year per square foot of the building 
should also be met or be exceeded from during the design for a building to be tagged 
as energy effi cient building. 

 As an example of a complete performance-based standard, Qatar sustainability 
assessment system (QSAS) is a custom-made sustainability assessment system 
designed for the state of Qatar. This system was designed by TC Chan center of 
University of Pennsylvania. QSAS is a perfect example of using multiple PIs in 
developing a performance-based standard. In this standard for different categories 
of design, construction, and operation, different PIs have been calculated and have 
been set as the comparison baseline values that any proposed building in the state of 
Qatar has to be evaluated against before being constructed. To make a better under-
standing of how such systems work let’s look at one of the required performances 
and explain how the building has to comply with this requirement. 

 In order to develop such performance based standard, one needs to develop mul-
tiple PIs to cover the whole required energy aspects of the building by the standard. 
For example assume you want to develop the performance indicator for “use of 
natural ventilation” in the proposed building. At fi rst you have to calculate the building 
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usage of natural ventilation during the year. This can be done based on the available 
equations, normally should be provided in the standard. The calculated value of use 
of natural ventilation then should be evaluated against a set of values, e.g., from zero 
to better than three. If based on the presented calculations there is no possibility for 
the design building to utilize the natural ventilation mode during the year, the score 
will be zero, and if the calculations show there is a possibility of one (PI NV  = 1), two 
(PI NV  = 2), three or more (PI NV  = 3) months in the year for utilizing natural ventila-
tion in lieu of mechanical ventilation then the proposed building scores 1, 2, or 3 
points for this PI NV . Building shall undergo all the different evaluating PIs, and the 
combination of all the PIs represents the fi nal score and shows the building level of 
sustainability. 

 As a fi nal note it should be said that one of the areas that most of the designers 
hesitate to design and the code offi cials hesitate to accept performance based design 
instead of prescriptive design is the fi re protection systems in the building. It is of 
course because the fi re protection system has a direct effect on the life and safety of 
the building occupants in case of breaking fi re in the building, and therefore follow-
ing the exact prescriptive guidelines are almost always preferred. For an in depth 
discussion on performance based buildings see (Augenbroe  2011 ).     
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    Chapter 6   
 Indoor Air Quality 

6.1                        Main Sources of Problem 

 Having a high-quality indoor air is one of the most important factors in defi ning the 
quality of any building. People’s wellness and productivity have a direct relationship 
with how well indoor air of the building that they live and work in has been designed 
and maintained. Since people live and function inside the buildings and along with 
the operating equipment and appliance in the building contribute to the age and lack 
of freshness of the air inside the building, a continuous introduction of proper 
amount of fresh air into the building is a vital factor in keeping a high-quality indoor 
air condition. 

 Quantity of the fresh air inside the building has been the subject of many discus-
sions and has been continuously revised by the governing standards such as ASHRAE 
standard (ASHRAE  2013 ) through the years. In order to design and maintain a 
building with a high-quality indoor air, designers should comply with the recom-
mendations specifi ed in these standards. This requires specifi c calculations, imple-
mentation provisions, monitoring, and verifying the contributing factors to air 
quality. The current standard requires enough fresh air equal to result of a function 
developed based on combination of number of people who are living and working 
in each space and the total space area. The standard requires some correction in 
order to increase the calculated required fresh air in order to compensate for every 
area in receiving the minimum required calculated outdoor air. Since in mixing air 
handling units, space return air will be mixed with outside air before discharging 
into each space, basically even with these corrections there is no guarantee that 
every single space receives the proper and calculated quantity of outdoor air. 
Therefore some rooms may receive more than adequate, and some rooms may do 
not receive enough outdoor air at all. As a result the best way to make sure all rooms 
will receive proper quantity of outdoor air the best bet is to utilize dedicated outdoor 
air units that deliver full outdoor air requirement of each space directly to that space. 
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 As it can be seen, the delivered air to the building through an air conditioning 
system should not only be capable of providing the needed cooling, humidifi cation, 
dehumidifi cation, and heating for the purpose of creating a functional and comfort-
able environment for the building occupants but also should be clean and healthy 
and have a high quality to protect the occupants against possible health-threatening 
issues created by substandard air quality as well. 

 Other than the outdoor air that enters to the building through the air-handling 
units, more outdoor air can fi nd its way into the building through other sources such 
as cracks and openings. Among many other contributing factors to a lower quality 
air inside the building uncontrolled moisture and contamination need special atten-
tion, and proper means for controlling the sources of these problems in the building 
shall be designed and planned in order to make sure that a building with a minimum 
acceptable indoor air quality is constructed and could be maintained. 

 Keeping the humidity of the building within an acceptable range has been defi ned 
by different standards and literatures and is an essential source of people’s comfort 
and health, and also building functionality. Any additional humidity beyond this 
recommended levels, is unwanted moisture. Unwanted moisture inside the building 
can be the result of the moisture penetration through the building envelope, conden-
sation of water vapor over the interior building cold surfaces, improper pressure 
relation design of the building in respect to the outdoor, etc. Condensate generated 
over the cooling coil within the air handling unit and the water that is used for water-
ing indoor plants and decorative water features are examples of the other sources that 
can contribute to accumulation of unwanted moisture inside the building. The exces-
sive indoor moisture generated by any of these sources, can cause undesirable condi-
tions such as building surface mold, uncomfortable condition and even occupant 
sickness. On the other hand excessively less moisture than what is recommended by 
the related standards can easily decrease people’s level of comfort as well. 

 Similarly, the contamination inside a building can be the result of introduction of 
low quality outdoor air, lack of proper exhaust from the building, and lack of proper 
air balance in the building, etc. 

 Obviously, understanding the nature of these problems and of course fi nding 
proper methods of preventing the occurrence of these problems are essential factors 
for providing a building with high indoor air quality. In the rest of this chapter I will 
discuss common moisture and contaminants issues and also methods of preventing 
the complications that could be created by them in more detail.  

6.2     Moisture Control 

 Proper moisture content in the building indoor air has a signifi cant effect not only 
on the level of comfort of the building occupants, but also on protecting vulnerable 
material which are sensible to the indoor air humidity level, such as books in librar-
ies and art works in museums. Experience has shown a relative humidity of 45–55 % 
is considered to be the proper level of humidity in most applications, while this 
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range can be expanded on either side by a few percentages for less critical appli-
cations. Therefore designers should employ means of air humidifi cation or dehu-
midifi cation to keep the total indoor air relative humidity within these limits 
throughout the year. 

 To achieve this goal the obvious fi rst and most important step is to limit entrance 
of excessive amount of outdoor unwanted moisture to the building through cracks, 
building joints and openings. This goal simply can be achieved by employing high 
quality workmanship in construction phase of the building and also by installing 
suitable vapor barriers on the building envelope exterior surfaces. Proper architec-
tural designs such as utilizing revolving doors or vestibules can also contribute to 
the elimination of the building interior environment contact with the outdoor 
through direct openings. It should be noted that cracks and openings can be a source 
of infi ltration of pollutants and even bacteria into the building as well. 

 Three major contributing sources of entrance of unwanted moisture (and also 
pollutant) into the building via infi ltration through the cracks and joints are known 
to be wind pressure, stack effects, and improper pressure balance in the building. 

 One of the most effective methods of preventing the outdoor air moisture and 
pollutant to enter the building is designing a mechanical pressure system utilizing a 
fan that continuously monitor the outdoor air pressure and keeps the building under 
positive air pressure relative to the building outdoor condition. The only negative 
outcome of this method is its need for extra indoor air quantities over what it is 
really needed for people comfort. Therefore additional conditioned air, which can 
be translated to additional energy consumption, should be generated and delivered 
to the space. 

 A poor air handling unit design, installation and maintenance or lack of proper 
draining of the condensate water generated at the cooling coils is another path for 
allowing unwanted moisture into the ducts and building. When the velocity of the 
air that is moving over the cooling coil reaches or moves above a proper level 
(usually above fi ve hundred foot per minute (500 fpm)), it creates an opportunity 
for some of the moisture in the air stream to pass over the coil without proper con-
tact with the coil surface and therefore leave the coil section without draining all of 
its moisture content in the drain pan. The moisture left in air stream then will be 
carried on to the ductwork or inside the building and will become the source of 
unwanted conditions such as uncomfortable environment or even creation of mold. 
The most common way to prevent this condition is to design a large enough contact 
surface for the cooling coil to minimize the maximum velocity of air over the coil 
to not more than 500 fpm. 

 After all means of preventing entrance of unwanted moisture to the building is 
provided an easier follow-up task then would be to control the humidity that is 
generated inside the building. This humidity can be generated from the daily build-
ing functions and occupant activities. A well designed cooling and dehumidifi cation 
system can provide proper humidity level inside the building during the summer. 
In winter time however a well-designed heating and humidifi cation system can 
maintain the indoor humidity above a minimum proper level. 

6.2 Moisture Control



50

 A common method of dehumidifi cation of the delivered air to the space through 
air conditioning system is cooling and then reheating the air before introduction to 
the space. This helps to remove the excess humidity out of the air stream that is 
cooled down close to saturated level, but due to the fact that simultaneously cooling 
and heating the same stream of air is not energy effi cient, its usage have been 
limited by the governing standards. Another more accepted way is reducing the 
humidity in the outdoor air stream by using energy recovery units. In these units a 
wheel equipped with some kind of moisture absorbent is used to not only remove 
the excess moisture from the air stream before delivering it to air handling unit, but 
also to transfer the heat that is usually wasted via exhaust air streams to the outside 
air and therefore economically preheat this air, where it is applicable.  

6.3     Contamination Control 

 The outdoor environment can be source of a wide verity of contaminants such as 
nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), carbon monoxide (CO), airborne dust, 
airborne volatile organic compounds (VOCs), and airborne odors. When we are 
designing a building, the existence of these contaminants in outdoor air shall be 
recognized and their contamination levels shall be closely monitored and controlled. 
Contamination can be reduced with proper contamination reduction methods before 
the outdoor air is introduced to the air system of the building via intake air louvers, 
hoods, or any other means of introduction of fresh air to the building. Environment 
Protection Agency (EPA) has developed the National Ambient Air Quality Standards 
(NAAQS) in which, the level of pollution of different areas in the USA in regard to 
different pollution agents are specifi ed. These guides specify the areas in the country 
that the building indoor has to be protected against specifi c regional outdoor pollu-
tions. For example if NAAQS specifi es an area as nonattainment for sulfur dioxide 
(SO 2 ) pollution, then the HVAC design team in addition to the other general build-
ing ventilation requirements, such as minimum required outdoor air regulated under 
relevant standards, shall specify specifi c provisions such as gas-phase air cleaner as 
part of their design in order to resolve this specifi c region related contamination 
problem as well. It should be noted that the EPA provides both primary (to protect 
human health) and secondary (to protect environment) attainment requirements to 
be complied with. 

 As it was said earlier, similar to moisture, contamination can enter the building 
from different sources. For example in locations where the outdoor air contamina-
tion level is high and a proper air pressure relation between the contaminant area 
and the building is not maintained, contaminants can fi nd their way into the building 
through cracks or open windows. Also lack of proper design or operation of the air 
handling unit air fi ltration could be a resource of entrance of contamination to the 
building. That implies that the fi rst step in controlling level of contamination inside 
the building obviously is selecting the proper geographic location and climatic con-
dition (wind) orientation for the building. By selecting locations that the outdoor 
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environment is not contaminated or by orienting the building air intakes in such 
manner that they are not faced with the direction of prevailing wind carrying con-
taminations this target could be achieved. 

 The next step towards protecting the building against entrance of contaminants is 
using high quality fi lters on air handling units which are serving as the outdoor air 
providers to the building. These fi lters are usually specifi ed by their Minimum 
Effi ciency Reporting Value (MERV) which is a value between 1 and 20 and the 
fi lter effi ciency and collection capacity increases as the MERV number increases. 

 Furthermore providing suffi cient exhaust from interior spaces with high levels of 
pollution or undesired chemical elements and keeping the proper relative pressure 
between these spaces and the rest of the building is very important to create a 
pollution- free space inside the building. For a detail discussion on indoor air quality 
see ASHRAE Indoor Air Quality Guide (ASHRAE  2009 ).     
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    Chapter 7   
 Protective Design Practice 

7.1                        Main Concerns 

 Even though unlike the other chapters in this book in the contents of this section 
there is no reference or direct relationship to the general fl ow of other chapters 
which is energy conscious design and construction, but in a surprising relevant 
way, it would be reasonable to assume that a fi rm which has not worries about, and 
is not engaged in lawsuits or legal problems can produce higher quality designs 
and products. In other words, the personnel and economical resources that is 
utilized for fi ghting these unnecessary and unpleasant realities of professional 
world can be diverted and focused on better training of the employees, achieving 
basic and fundamental goals of any conscious architectural or engineering fi rm 
such as designing and constructing high-performance buildings and saving energy 
as a result. Also as I explained in earlier chapters of this book more energy effi cient 
and sustainable building design can be achieved from utilization of performance 
based design due to its natural openness to innovations and new techniques that 
naturally make this type of design more vulnerable to possible lawsuits. Therefore 
understanding the basics of a protective design can indirectly but effectively help 
the advancement of the general goal of this book. This should be emphasized here 
that the material discussed in this chapter are solely based on my limited knowl-
edge about the subject and by no means is based on neither my expertise in the 
subject nor my attempt to give legal advice. The only purpose is to make the read-
ers familiar with the existence of such issues and encourage them to get legal 
advice from proper authorities when needed. 

 Since design and construction are integrated tasks that require many different 
professionals to act simultaneously without each of them having the real capability 
or even knowledge of controlling how good the other members are performing their 
designated responsibilities, it is critical for each fi rm and individual to protect their 
own fi rm and themselves from possibility of being exposed to the possible legal 
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trouble, caused by his or anybody else’s mistakes. This specifi cally requires that 
each individual to understand the design and construction governing circumstances, 
and each fi rm to sign only proper and well written contracts. 

 As a professional engages in performing his duties during design and construc-
tion of a building, there are plenty opportunities for committing different mistakes. 
Some mistakes are clear and obviously should not be committed, such as defaming 
others or damaging public health. But among all other possible but not clearly 
recognizable mistakes that a design or construction professional can make, proba-
bly those in the gray area are the ones proved to be mistakes caused by the design-
er’s or contractor’s negligence. Even though no one can deliver a fl awless design 
or construction and neither anyone can expect a fl awless design or construction, but 
the most important thing for a professional to keep in mind is that any possible fi rm 
or individual’s mistake should not happen due to a negligence-based action. That is 
due to the fact that mistakes caused by negligence have the potential for possible 
severe legal liabilities, while pure honest mistakes may have not such potentials. 

 In addition to “negligence,” “standard of care” is another very important defi ni-
tion that should be fully understood. Based on American Institute of Architects 
(AIA) standard of care is defi ned as: “The Architect shall perform its services con-
sistent with the professional skill and care ordinarily provided by architects practic-
ing in the same or similar locality under the same or similar circumstances. The 
architect shall perform its services as expeditiously as is consistent with such 
professional skill and care and the orderly progress of the Project.” This defi nition 
is relevant for all other professionals such as engineers and contractors which are 
involved in building design and construction industry. 

 In the following sections of this chapter I discuss the basic factors and methods 
that an architect or engineer has to follow in order to engage in contracts cautiously, 
perform his duties based on the standard of care, and avoid actions that can be 
possible grounds for future legal confrontations based on the fi rm or individual’s 
negligence.  

7.2     Engaging in a Contract Agreement 

 The fi rst step in starting an architectural or engineering design or construction 
project is the act of reaching an agreement between the professionals and the project 
owner. This requires both parties to engage in a contract agreement in order to 
clearly specify the needs and expectations of the owner and the responsibilities and 
the compensation of the professionals. Naturally every owner through the project 
contract language does his best effort to protect his money, get the best possible 
building and most lengthy and effective guarantees that he can get from the profes-
sionals. At the same time each professional does his best to design or build the best 
building in line with and even better than all governing codes and standards without 
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exposing himself and his fi rm to unwanted conditions, moneywise or legal-wise, by 
agreeing to unrealistic and unachievable contracts. 

 As the fi rst and perhaps the most obvious fact in a contract, a professional 
primary target is to provide his design or construction related services in exchange 
of money and therefore he should make sure that the proper provisions for adequate 
and timely payments have been anticipated in the contract document. At the same 
time make sure that enough clauses have been added to the contract that prevent 
possible penalties for him if unexpected project delivery delays happen. 

 In addition there are some contract clauses that in most situations are very valu-
able, and would be very helpful for the professionals to have it in their contracts, and 
in almost all cases could be to the benefi t of the professionals to even abandon the 
contract, if the owner insists in removing them from the contract. Examples of these 
clauses are limitation of liability (to the standard of care) which basically limits the 
possible damages that one of contract signatories can ask from the other party (it is 
important to know that limitation of liability does not limit claims of other parties 
that have not signed the agreement), and ownership of instruments of service that 
means the architect and engineers will keep the ownership of their documents 
including design drawings and specifi cation that they will produce for the owner. 
Therefore the design cannot be used for other projects in full or in part. 

 On the other hand there are a number of contract clauses that in most of the 
situations would be very harmful for the professionals to have it in their contracts, 
and in almost all cases could be so troublesome that it would be to the benefi t of 
the professional to desert the contract if the owner insists in adding them to the 
contract. Examples of these clauses are committing to any type of certifi cations or 
guarantees. 

 The most comprehensive set of contract documents for architectural and engi-
neering projects are provided by American Institute of Architects (AIA) and the 
Engineers Joint Contact Documents Committee (EJCDC). Usually these documents 
give the best fair protection to professional against unexpected clauses in the con-
tract language. Therefore these are probably the best contract documents to be used, 
at least from the professional stances. 

 A new threat for the design and construction professionals has recently arisen 
from their commitment to design green buildings. Many times the owner is planning 
on receiving tax incentives, or even fi nancial support from government, specifi c 
individuals or groups to build the building with a specifi c high level of sustainable 
building certifi cation. If these levels are not achieved for any reason (design and 
construction professional defi ciency or other reasons), then there will be fi nancial 
unfavorable condition for the owner and he most probably will question the profes-
sional team members and even will try to transfer this burden towards them. The 
language of contract should only agree to employing reasonable effort for achieving 
these goals, without committing to any sort of guarantee or warranty for qualifi ca-
tion to a specifi c level of sustainability scoring benchmark.  

7.2 Engaging in a Contract Agreement
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7.3     Negligence 

 In legal vocabulary torts are usually referred to as violation of the people from their 
personal or business duties. Also in these references torts are commonly divided to 
three major subsets of negligence, intentional violation and strict liability. As it was 
mentioned earlier, among all torts, negligence is the main one placed in a gray area 
that if can be proved can drag the professional into legal trouble. Negligence by 
defi nition is the proof of the professional failing to work with an acceptable level of 
concern. Basically three conditions shall be provided to make a case for proof of 
negligence. The fi rst two conditions are the existence of an obligation or duty, and 
ground for believing the professional has failed to perform his work or deliver his 
obligation. The fi nal condition of proof of negligence is the evidence that failing to 
perform this duty or obligation has caused measurable damage for another person 
or entity. Generally the existence of a contract, as well as architectural and engineer-
ing codes and standards can be used to produce the condition of existence of a 
responsibility for the architect or engineer to other persons or entities. Proof of 
violation from the contract most of the times requires an architectural or engineer-
ing expert witness, since the regular jury usually is not familiar with the laws, regu-
lations, and common standards that the architects and engineers should bring their 
acceptable performance levels up to. Finally a reasonable connection should be 
existed between the lack of performance and claimed damages, and of course the 
damages should be quantifi able. 

 Intentional torts and strict liabilities which are the other two subcategories of 
torts are usually placed under a much clearer light from the legal stance and proper 
effort should be done to avoid them at all time. Intentional torts are those breaches 
of duty that are committed on purpose such as defamation of others, and strict lia-
bilities are constructing buildings that could be dangerous for general public.  

7.4     Standard of Care 

 Standard of care per AIA defi nition applies that the architect (and engineer) perfor-
mance should not be expected to be perfect, but it should be in line with the degree 
of skills ordinarily for any reputable professional in the same fi eld and in the similar 
regions. This is a very reasonable and fair standard, and any architect or engineer 
should strongly resist replacing of this performance requirement level with any 
higher level of care in the language of his contract. 

 Not only the legal system understands that the professionals should not be hold 
responsible to perform a perfect and fl awless service, but also the insurance compa-
nies that provide coverage for the architectural and engineering fi rms provide 
 insurance for the companies only up to the level of standard of care. Therefore 
including any language that may possibly create a more stringent level of obligation 
expectancy in the contract should be avoided. Including such languages in contract 
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if nothing else will provide a possible ground for the fi rm loss of insurance. In other 
words it is likely that insurance companies will not provide coverage for the archi-
tect or engineer companies above the standard of care, even if they promise perfor-
mance beyond and above that.  

7.5     Summary 

 The most comprehensive set of contract documents for architectural and engineering 
projects are provided by American Institute of Architects (AIA) and the Engineers 
Joint Contact Documents Committee (EJCDC). It is to the benefi t of the professionals 
generally to use these documents as the basis of an agreement between them and the 
owners. These documents have been written carefully to defi ne the responsibilities 
of both professionals and owners. These documents have been vigilantly reviewed 
and adjusted by architects, engineers, contractors, and insurance companies during 
the time, to minimize the possibility of unexpected interpretations from the clauses 
in the agreements. Of course some owners hesitate to sign contracts unless they are 
using their own version of contract documents. In this case the professional should 
be very cautious about what he is agreeing to, and it is very important to let the 
company attorney and insurer review the contract and revise it before they commit 
to the contract. 

 When a professional commits to do a project and therefore engages in a contract 
based on a client generated document (or as a matter of fact based on any type of 
contract), there are a few issues that should be carefully looked into and cautiously 
worded in the contract agreement to help protecting the professionals and their fi rms 
against the possible future troubles. 

 As it was discussed earlier any provisions that imply any kind of guarantee or 
certifi cation including certifi cation of compliance to codes should be carefully elim-
inated from the contract wording. 

 Another very important thing to consider is to make sure there is a clear explana-
tion of the scope of the deliverables. Professionals should make it completely clear 
what is the fi nal product that they are going to provide to the owner and what is not 
part of the agreement to be delivered as this fi nal product. It is always to the benefi t 
of all the involved parties and also the project itself to make it clear what are the 
expectations from each party which is involved in the project in advance. 

 And fi nally, the professional shall do his best to provide maximum effort to 
deliver the project at least in-line with the common standard of care without allowing 
any type of negligence. it is as important for the professionals not to allow any 
language implying a performance level above the common standard of care to be 
added to the contract documents, and do not accept any wording implying higher 
threshold for fault acceptance than what is explained in AIA or EJCDC documents.    

7.5 Summary
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    Chapter 8   
 HVAC Systems 

8.1                        Early Years 

 Wind tower structures were used to provide natural air conditioning and humidifi -
cation in hot and dry climates in central parts of ancient Iran. As wind entered to 
the structure from the top of the tower and through the fl aps it was directed down 
inside of the building and therefore created a sense of air movement for the people 
inside the building. A cistern in the bottom of the tower used to create some sort of 
humidity control inside the tower as the air passed over it. 

 Samuel Sugarman in his book “HVAC Fundamentals” (Sugarman  2007 ) has a 
comprehensive look at HVAC systems history and operations. Regarding the history 
of HVAC systems, he depicted a timeline starting year 1000 and has divided it into 
four major recognizable eras. In fi rst 500 years of this timeline, some of the main 
HVAC related inventions were invention of fans that were operating either by man 
power or water power in Egypt and Italy. In the following 200 years some of the 
major HVAC-related inventions were included utilization of ventilating machines 
for ventilating the mines which was invented in France, invention of thermometer 
by Galileo and development of a thermometer independent from the air pressure by 
Ferdinand II. Between years 1700 and 1900 Fahrenheit invented mercury thermom-
eter, Benjamin Franklin invented fi rst steam heating system followed by James 
Watt’s steam engine; Carnot founded thermodynamics and James Joule discovered 
that work produces heat, and heat started to be considered as energy. In this era law 
of conservation of energy was discovered, along with fi rst and second laws of 
thermodynamics. Finally after year 1900, HVAC systems improved dramatically 
and systems such as furnace with centrifugal fans, and high pressure steam heating 
systems were widely utilized. First centrifugal refrigeration machine was made for 
air conditioning of the large spaces. Pumps and radiators started to be utilized and 
fi rst refrigeration system with a compressor was invented which led to residential air 
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conditioning systems. Invention of the heat pumps was an advancement that created 
the ability of the space cooling when cooling is required and ability of space heat-
ing when heating is required with the same unit while utilizing reverse cycles 
(Khazaii  2012 ).  

8.2     New Era and Attention Towards Energy Effi ciency 

 The defi nition of effi ciency for different equipment is generally referred to the ratio 
of the effective or useful output to the required total input of the equipment. The Air 
Conditioning and Refrigeration Institute (ARI (also known as AHRI)) is an institute 
that regulates how the manufacturers have to perform performance tests and how to 
publish the effi ciency of their products based on the outcome of those tests. Of 
course the published values shall describe the effi ciency of the equipment under full 
and part load conditions. As it was noted earlier, the effi ciency of different equip-
ment shall be defi ned by the ratio of effective to implied energy. For example the 
effi ciency of a fan should be stated as ratio of power transferred to the airfl ow and 
the power used by the fan. 

 Different reference resources have categorized HVAC systems in different ways, 
but two most universally accepted methods to categorize these systems that are also 
in- line with ASHRAE systems handbook (ASHRAE  2012 ) defi nition are dividing 
them into either centralized and decentralized systems, or all air, air-water, and all 
water systems. 

 To ensure receiving high performances from the HVAC systems, different refer-
ence books have offered different prescriptive guidance, e.g. higher workmanship 
for construction materials, advance control strategies and of course higher equip-
ment effi ciency. Some of these sources have also suggested performing simulations 
(energy modeling) in order to ensure achieving a minimum acceptable performance 
for the whole building including its HVAC system. 

 One of the methods that is regularly used in practice for energy effi ciency evalu-
ation is structured in ANSI/IESNA/ASHRAE Standard 90.1-2013 (ASHRAE  2013 ) 
which in order to specify the energy effi ciency of the building demands performing 
either a prescriptive based analysis or running a simulation based modeling for the 
targeted building. The simulation-based method further requires comparing the 
simulation results with the results of another simulation for an imaginary equivalent 
building that its structure is described and known as the baseline building in 
ASHRAE standard 90.1 (ASHRAE  2013 ). The amount of saved energy (cost) in 
design building compared to the imaginary building will be represented as the 
degree of energy effi ciency of the design building (Khazaii  2012 ). 

 Simulation software basically provides yearly energy consumption output for the 
specifi c building in a specifi c climate under full and part load condition of the HVAC 
system based on various building and system inputs. But there are some other major 
considerations that can affect the overall effi ciency of a system as well. These 
considerations cannot be translated into quantitative measures easily and almost all 
of the simulation software packages lack the capacity to include these parameters in 
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their fi nal analysis. Considerations such as acoustical impact, space saving and 
degree of affecting other trades are examples of these parameters. To include such 
parameters in overall system effi ciency the most usual method is relying on expert 
interview results as well as literature research, and not as part of the general body of 
the simulation (Khazaii  2012 ). 

 In order to reduce the consumed energy of each system, an important step is to 
understand which equipment and other elements are used to construct the targeted 
system and of course which parts of each equipment or element are the main 
energy consumers. After completing this vital step we can concentrate on select-
ing and improving the effi ciency of these equipment and elements in order to 
improve the overall system effi ciency. Here I will provide a brief informational 
review of some of the most used current HVAC systems and specify its energy 
consuming parts.  

8.3     A Brief Review of the Most Applicable HVAC Systems 

 In this section I will investigate some of the most applicable HVAC systems as they 
are commonly being utilized for conditioning of commercial buildings such as 
offi ce buildings, institutional and healthcare facilities. The main target of this sec-
tion in addition to provide a general understanding about the different available 
types of modern HVAC systems is to shed light on the major energy consuming 
parts of each system that improving them can be translated to improvement of the 
overall effi ciency of the system. For more detail see (Khazaii  2012 ).  

8.4     Chilled Water Systems (Chillers) 

 Chillers are the center piece of the chilled water systems which its function is to 
generate proper chilled water quantity with proper temperature, in order to facilitate 
cooling of the delivered air entering the targeted spaces and to remove the heat from 
the inside of the building. This function is done by utilizing the cooling coil at main 
air handling unit serving the targeted spaces. This removed heat from the spaces, 
increases the chilled water temperature. Warmer chilled water heat then will be 
transferred to the outdoor via a water-cooled (including cooling towers and pumps) 
(Fig.  8.1 ), or air-cooled mechanism. Chilled water systems are usually being utilized 
in the larger systems because they have the advantage of better controllability than 
the other alternatives such as direct expansion unitary (DX) systems. Chillers are 
usually built and tested as package units in the factory, before delivery and installa-
tion on the site. This reduces the risk associated with lower quality fi eld labor and 
testing procedure considerably.

   In the heart of most of the chillers there is a refrigerant cycle which operates via 
circulating an operating refrigerant, which is circulated and changes states to facilitate 
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the desired functions in evaporators and condensers. Using a central chiller plant 
instead of having multiple cooling devices throughout the building helps to limit the 
existence of the refrigerant in a central location. This means monitoring, controlling 
and evacuating expense of the stored refrigerant in a chiller assembly in case of 
occurrence of refrigerant leak accident in the site can be limited to a central location 
instead of multiple locations. 

 The main sources of energy consumption in air- or water-cooled chilled water 
systems are power required for running the chiller (compressor), power required for 
running the fan at cooling tower (Condenser fans in air cooled system), and power 
required to run the pumps. Heat transfer to and from the pipes can indirectly increase 
the energy consumption of the system also. The small energy consumed by low 
voltage power provided for control valves is another source of energy consumption. 
There is always electrical power consumption for heat tracing the water piping out-
side the heated mechanical rooms, and protecting the cooling tower basins from 
freezing. It should be noted here that energy consumers of the airside of the system 
will be discussed later in this chapter.  

8.5     Heating Systems (Boilers) 

 A boiler by defi nition is a closed heating appliance that its function is to provide 
either hot water or steam for power generation, processing, and space heating. It is 
common to subcategorize the boilers to low pressure and high pressure. For a hot 

  Fig. 8.1    Chilled water system       
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water boiler (Fig.  8.2 ), the separating pressure limit between low and high pressure 
is one hundred and sixty pounds per square inch (160 psi), while the separation limit 
for steam boilers is fi fteen pounds per square inch (15 psi). The maximum tempera-
ture limit for a low pressure hot water boiler is at two hundred and fi fty degree 
Fahrenheit (250 °F).

   Other methods of categorization of different boilers can be based on its condens-
ing and non-condensing capability, construction material type, type of draft (natural 
or forced), or water tube versus fi re tube types. 

 Based on type of construction material category most of the non-condensing 
boilers are made of either cast iron sections, steel or from copper. The fi rst type is 
known as cast iron sectional and the second type is referred to as cooper fi nned tube 
boilers. Condensing boilers are usually made of stainless steel or aluminum to pro-
tect the body of the boiler from condensation corrosion. Typical effi ciency of good 
cast iron sectional boilers is around 80–84 %, while a good copper fi nned tube 
boiler can produce effi ciencies close to 90 %, or even higher. 

 The advantage of the condensing boilers over the other types of boilers made for 
the space heating purpose is in their very high effi ciencies and energy saving char-
acteristics. Roughly about 10 % of the energy (BTU) content in each cubic foot of 
natural gas burned in a gas fi red boiler leaves the stack in the form of latent heat of 
vaporization for water. Allowing this vapor to condense and to bring down the 
stack temperature implies very high boiler effi ciency. A good condensing boiler 
can deliver an effi ciency of up to 98 %, when the inlet water temperature sets as 
low as 110 °F. 

  Fig. 8.2    Hot water boiler system       
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 Based on the international mechanical code (ICC  2012 ) defi nition modular 
boilers are a group of individual boilers installed as a unit without any stop valve in 
between. The individual modules input should not exceed four hundred thousand 
British thermal units per hour (400,000 Btu/h) gas or one hundred and fourteen 
kilowatts (114 kW) electric. 

 Fire tube versus water tube boilers are another well known categorization for the 
boilers, which refers to the locations of water and fi re inside and outside of the 
boiler tubes. 

 A force draft boiler utilizes a fan to generate required force for discharging the 
combustion products into atmosphere, while a natural draft boiler relies on the 
buoyancy of natural pressure differences to move the combustion product up the 
fl ue stack. 

 A hot water boiler system (Fig.  8.2 ) that is used for space heating purpose is 
commonly consisted of a number of boilers that generate hot water, a group of 
pumps that distributes the hot water through a network of hot water piping to air 
handling units preheat and heating coils, or other heating equipment such as hot 
water unit heaters. The common source of heating generation in gas-fi red boilers is 
natural gas, and in electric boilers is electricity. 

 Therefore other than power required for pumping the hot water in a hot water 
heating system, the electrical power required for this system are power required for 
forced draft combustion discharge fan, electric power for burner ignition, and in 
case of using an electric boiler is the boiler own power (KW). Heat transfer from 
pipes can indirectly increase the energy consumption of the system also. The small 
energy consumed by low-voltage power provided for control valves is another 
source of energy consumption.  

8.6     Direct Expansion (DX) Unitary Systems 

 In a direct-expansion unitary system, the evaporator of the refrigerant cycle is in 
direct contact with the air stream. These units can be found in the forms of packaged 
or split system units. If the evaporator and condenser are located in the same enclo-
sure, the unit is called packaged and if the evaporator and condenser are located 
separately inside and outside of the building these units are known as split systems. 
The main reason for using this type system is its lower cost due to its lower required 
labor and also fewer components to install. The other factors that affect the decision 
in selecting direct expansion versus other systems are less required space, its avail-
ability in a variety of small capacities, and simpler controls. 

 The main sources of energy consumption in direct expansion systems are power 
required for running the direct expansion system compressor and condenser fan, 
power required for running the airside supply fan, and power required for running 
terminal unit fans (if any) (this will be discussed in more detail when I discuss the 
airside systems later in this chapter). The small energy consumed by low voltage 
power provided for control valves is another source of energy consumption.  
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8.7     Variable Volume Package Rooftop Unit 

 This system (Fig.  8.3 ) is constructed of one or two airside fans (supply and return/
exhaust), direct expansion cooling coil that absorbs the heat from the inside and 
rejects that heat to the outside via condenser, and its fan assembly. This eliminates 
the associate cost with separate chiller, chilled water pumps, cooling tower, and 
condenser water pumps. Supply fan delivers a variable air volume to the terminal 
units and return/exhaust fan modulate in track with the supply air to provide a proper 
air balance in the building.

   The main energy consumers in the system are supply fan power input, return fan 
(if it is provided) power input, compressor power input, condenser fans power input, 
and terminal units fan power input. Heat transfer through the ducts and duct air 
leakage also contribute to energy consumption (waste) in this system. The small 
energy consumed by low voltage power provided for control valves is another 
source of energy consumption.  

8.8     Self-Contained Water-Cooled Air Conditioner 

 This system (Fig.  8.4 ) is constructed of one or two airside fans (supply and return/
exhaust), and direct expansion cooling coil that absorbs the heat from the inside and 
rejects that heat to the condenser water loop. This heat then will be rejected to the 

  Fig. 8.3    Variable volume package rooftop unit       
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atmosphere through cooling tower. Cooling tower receives this water through the 
condenser water pipes and pumps. There is no need for a separate chiller, and nei-
ther there is a need for chilled water pumps in this arrangement. Supply fan delivers 
a variable air volume to the terminal units and return/exhaust fan modulate simulta-
neously with the supply air to provide the desired air balance in the building.

   The main energy consumers in the system are supply fan power input, return fan 
(if it is provided) power input, compressor power input, cooling tower fan, con-
denser water pumps and terminal units fan power input. Heat transfer through the 
ducts and duct air leakage also contribute to energy consumption (waste) in this 
system. There is always electrical power consumption for heat tracing the water 
piping outside the heated mechanical rooms, and protecting the cooling tower basins 
from freezing. 

 The small energy consumed by low-voltage power provided for control valves is 
another source of energy consumption.  

8.9     Packaged Terminal Air Conditioner 

 A separate Packaged Terminal Air Conditioner (PTAC) including a fan, fi lter, direct 
expansion cooling coil, and hot water/electric heating coil/strip if it is needed is 
located in each room. The unit supplies a constant volume of conditioned air to the 

  Fig. 8.4    Self-contained water-cooled system       
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room and meeting the varying load is controlled via cooling and heating control 
valves modulation, or through the steps of the electric heating coil. 

 The sources of energy consumption in this system are supply fan motor input 
power, electric heating strip (if it is used) power requirement, and compressor and 
condenser power input. The small energy consumed by low-voltage power provided 
for control valves is another source of energy consumption.  

8.10     Water Source Heat Pump 

 In this system an individual constant volume cooling and heating heat pump is 
designated to each space, and as the space load varies, unit refrigerant cycle oper-
ates to satisfy the load requirement of the space. Any time the space temperature 
moves above the cooling temperature set point, the cooling refrigerant coil will be 
energized and fan delivers a constant temperature cooling supply air to cool the 
room. Condenser water then absorbs the heat from the refrigeration cycle, and 
rejects it to outdoor. In some condition this absorbed heat even may be used to heat 
the other parts of the building, which are in need for heating. Heat pumps heat rejec-
tion water loops usually are equipped with heat rejection equipment such as cooling 
tower(s), and heat adding equipment such as boiler(s) and of course circulating 
pumps. The sources of energy consumption in this type of systems are supply fan 
motor input power, electric preheat and reheat coils, compressor power input, pumps 
power input and cooling tower fans required power. Duct air leakage, heat transfer 
from ducts and pipes, and effi ciency loss in water coils are other sources that can 
indirectly increase the energy consumption of the system. Also power required to 
run the boiler if necessary could be another source of energy consumption. 

 The small energy consumed by low-voltage power provided for control valves 
and dampers is the other source of energy consumption. There is always electrical 
power consumption for heat tracing the water piping outside the heated mechanical 
rooms, and protecting the cooling tower basins from freezing (Khazaii  2012 ).  

8.11     Ground Source Heat Pumps 

 A typical ground source heat pump is similar to a traditional water source heat 
pump system equipped with cooling tower and boiler except that with a ground 
source heat pump system there is the opportunity for reducing or eliminating the 
need for using cooling tower and boiler. This fact helps the building to consume less 
energy by replacing the cooling and heating processes derived from cooling tower 
and boiler system, by taking advantage from the fact that the ground stays in an 
almost constant temperature as a heat sink and heat source throughout the year. 

 Ground source heat pumps can be categorized into three major types: (1) ground- 
coupled closed heat pump system which uses special high density polyethylene 
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pipes located in the ground, (2) surface water closed heat pump system which uses 
similar pipes located under the water in a lake or pond, and (3) ground water open 
heat pump system which uses the pumped water from a well and an additional heat 
exchanger to deliver water to a close loop system inside the building. 

 Each of these systems has its advantages and disadvantages. Due to the closed 
loop confi guration of the ground coupled heat pump system, this system does not 
need a constant supply of a large quantity of water and also does not require any 
type of water treatment. The main disadvantage of this system is the high cost of 
drilling down the earth for installation of the pipes. 

 Surface water closed heat pump system uses the water in the pond or lake that 
has a high thermal conductivity and therefore is very useful for heat transfer to and 
from the lake or pond water to the water in the building loop. Same as previous type 
there is no need for water treatment due to closed building loop. It is also less expen-
sive due to lack or need for deep drilling necessary for the previous system. The 
disadvantage of this system is its need for an available large lake or pond to sub-
merge the heat exchanging pipes. 

 Finally ground water open heat pump system is less expensive due to lower cost 
of drilling a well compared to that of required for ground-coupled systems, but 
requires continuous supply of well water and also water treatment provisions. 

 In some specifi c climate condition and due to lack of access to very large sources 
of ground space or available water capacity a small cooling tower or boiler should 
be added to the system to supplement the functions of the ground, or water as the 
soul sources of heat exchange in a hybrid confi guration. 

 The sources of energy consumption in this type of systems are supply fan motor 
input power, electric preheat and reheat coils, compressor power input, pumps 
power input, and cooling tower fans (if it is required) required power. Duct air leak-
age, heat transfer from ducts and pipes, and effi ciency loss in water coils are other 
sources that can indirectly increase the energy consumption of the system. Also 
power required to run the boiler if it is necessary could be another source of energy 
consumption. 

 The small energy consumed by low voltage power provided for control valves 
and dampers is the other source of energy consumption. There is always electrical 
power consumption for heat tracing the water piping outside the heated mechanical 
rooms, and protecting the cooling tower basins from freezing.  

8.12     Airside Systems 

8.12.1     Traditional Airside HVAC Systems 

 It should be noted here that in the remaining part of this section, when I talk about 
the power required for running the system, the focus is mainly on the power required 
for the airside operation only. Of course all the power consumers that were 

8 HVAC Systems



71

discussed under the chiller, cooling systems, boiler and heating systems sections 
would be part of the overall system power consumers of the following airside 
systems where they are applicable.  

8.12.2     Constant Air Volume System with Bypass Variable 
Air Volume Terminal Units with Reheat 

 This system (Fig.  8.5 ) is consisted of a central constant volume supply fan that 
supplies conditioned air to all the local variable air volume terminal boxes through 
a network of ducts. Quantity and temperature of the mixture of the air which is 
delivered to each room is designed based on the room sensible load, the quantity 
and temperature of the outdoor air in the mixture, and space thermostat setting. 
Additional part of the air that is not needed for conditioning each space is bypassed 
into a common return air path and after getting mixed with the return air from all the 
other spaces goes back to the air handling unit as return air stream usually with the 
help of a return/exhaust fan. Terminal units are also equipped with hot water reheat 
coils or electrical strips that are designed for either heating or dehumidifi cation of 
the discharged air to each space.

   The sources of energy consumption in this type of systems are air handling unit 
supply fan motor input power, return/exhaust fan motor input power, hot water 

  Fig. 8.5    Constant air volume system with bypass variable air volume terminal units with reheat       
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pumps or electric preheat strip (if it is used for freeze protection instead of hot water 
coil) in air handling unit, and hot water pumps or electric reheat strip (if it is used 
for dehumidifi cation or heating instead of hot water coil). Duct air leakage, heat 
transfer from ducts, and effi ciency loss in water coils are other sources that can 
indirectly increase the energy consumption of the system. The small energy con-
sumed by the low-voltage power provided for control valves and dampers is the 
other source of energy consumption.  

8.12.3     Variable Air Volume System with Variable Volume 
Terminal Units with Reheat 

 This system (Fig.  8.6 ) is made of a central variable volume supply fan that supplies 
conditioned air to all the room’s variable air volume terminal units through a 
medium pressure duct network. Quantity and temperature of the mixture of the air 
which is delivered to each room is designed based on the room sensible load, the 
quantity and temperature of the outdoor air in the mixture, and space thermostat 
setting. The exiting air from all the spaces goes back to the air handling unit as 
return air stream usually with the help of a return/exhaust fan. A variable frequency 
drive modulates the supply fan to provide air fl ow equal to the sum of all the 
terminal units’ airfl ow in every instant. (Terminal units are also equipped with 

  Fig. 8.6    Variable air volume system with variable volume terminal units with reheat       
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hot water reheat coils or electrical strips that are designed for either heating or 
dehumidifi cation of the air).

   The sources of energy consumption in this type of systems are air handling unit 
supply fan motor input power, return/exhaust fan motor input power, hot water 
pumps or electric preheat coil (if it is used for freeze protection instead of hot water 
coil) in air handling unit and hot water pumps or electric reheat (if it is used for 
dehumidifi cation or heating instead of hot water coil). Duct air leakage, heat trans-
fer from ducts, and effi ciency loss in water coils are other sources that can indirectly 
increase the energy consumption of the system. The small energy consumed by the 
low-voltage power provided for control valves and dampers is the other source of 
energy consumption.  

8.12.4     Variable Air Volume System with Parallel Fan 
Powered Units 

 This system (Fig.  8.7 ) is consisted of a central, variable volume supply fan that 
supplies conditioned air to all the local parallel fan-powered variable air volume 
terminal units through a network of medium pressure supply ducts. Quantity and 
temperature of the mixture of the air which is delivered to each room is designed 
based on the room sensible load, the quantity and temperature of the outdoor air in 

  Fig. 8.7    Variable air volume system with parallel fan powered units       
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the mixture, and space thermostat setting. In this system a variable frequency drive 
(VFD) is used to modulate the air handling unit supply fan. Supply fan then pro-
vides a total air fl ow equal to the airfl ow quantity required (in each instant) to the 
sum of all the terminal unit’s primary airfl ows. This primary air then will be mixed 
with some of the plenum air through the terminal unit constant volume fan as needed 
before being discharged to the room (Terminal units are also equipped with hot 
water reheat coils or electrical strips that are designed for either heating or dehu-
midifi cation of the air).

   The sources of energy consumption in this type of systems are air handling unit 
supply fan motor input power, return fan motor input power, hot water pumps or 
electric preheat strips (if it is used for freeze protection instead of hot water coil) in 
air handling unit and hot water pumps or electric reheat strip (if it is used for dehu-
midifi cation or heating instead of hot water coil). Duct air leakage, heat transfer 
from ducts, and effi ciency loss in water coils are other sources that can indirectly 
increase the energy consumption of the system. The small energy consumed by the 
low-voltage power provided for control valves and dampers is the other source of 
energy consumption (Khazaii  2012 ).  

8.12.5     Variable Air Volume System with Series 
Fan-Powered Units 

 This system (Fig.  8.8 ) is made of a central variable volume supply fan that supplies 
conditioned air to all the room’s series fan-powered VAV terminal units through 
medium pressure ducts. Each room will receive a constant quantity of air. Quantity 
and temperature of the mixture of the air which is delivered to each room is designed 
based on the room sensible load, the quantity and temperature of the outdoor air in 
the mixture, and space thermostat setting. In this system a variable frequency drive 
(VFD) is used to modulate the air handling unit supply fan. Supply fan then pro-
vides a total air fl ow equal to the airfl ow quantity required (in each instant) to the 
sum of all the active terminal unit’s primary airfl ows. This primary air then will be 
mixed with some of the plenum air and a constant fl ow will be delivered to the 
space, any time room requires conditioning. (Terminal units are also equipped with 
hot water reheat coils or electrical strips that are designed for either heating or 
dehumidifi cation of the air). This type unit is usually used for special spaces such as 
conference rooms that require large quantity of air at all time due to the space 
relatively large occupancy.

   The sources of energy consumption in this type of systems are air handling unit 
supply fan motor input power, return/exhaust fan motor input power, terminal unit fan 
motor input power, hot water pumps or electric preheat strips (if it is used for freeze 
protection instead of hot water coil) in air handling unit, and hot water pumps or 
electric reheat strips (if it is used for dehumidifi cation or heating instead of hot water 
coil). Duct air leakage, heat transfer from ducts, and effi ciency loss in water coils are 
other sources that can indirectly increase the energy consumption of the system. 

8 HVAC Systems



75

The small energy consumed by low-voltage power provided for control valves and 
dampers, and the power input to the variable frequency drives for supply and return 
fans that can be factored in supply and return fan consumption itself are the other 
sources of energy consumption (Khazaii  2012 ).  

8.12.6     Changeover Bypass VVT 

 The difference between this system (Fig.  8.9 ) and bypass variable air volume sys-
tem is that in the later system each terminal unit bypasses the air individually, but in 
this system bypassing is done through designated bypass variable air volume boxes. 
The main air handling unit remains constant volume.

   The sources of energy consumption in this type of systems are air handling unit 
supply fan motor input power, return/exhaust fan motor input power, electric  preheat 
strip (if it is used for freeze protection instead of hot water coil) in air handling unit, 
and electric reheat strip (if it is used for dehumidifi cation or heating instead of hot 
water coil). 

 Duct air leakage, heat transfer from ducts, and effi ciency loss in water coils are 
other sources that can indirectly increase the energy consumption of the system. 
The small energy consumed by low voltage power provided for control valves and 
dampers is the other source of energy consumption (Khazaii  2012 ).  

  Fig. 8.8    Variable air volume system with series fan-powered units       
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8.12.7     Fan Coil Units 

 In this system (Fig.  8.10 ) a separate fan coil unit or unit ventilator (including a 
fan, fi lter, cooling coil, and heating coil if it is needed) is located in each zone. 
Central heating and cooling plants provide required heating and cooling for the 
respected coil (chilled water, hot water, or steam). Basically the unit supplies a 
constant quantity of conditioned air to the zone and the coils control valves modu-
late to meet the varying load. In large systems, dedicated outdoor air units will 
deliver preheated or precooled outside air through a network of ductworks to the 
mixing air plenum installed in the back of the fan coil units, which mixes this 
outside air with the return air from the room before moving the mixed air through 
the fan coil fan.

   The sources of energy consumption in this type of systems are fan coil unit 
 supply fan motor input power and electric heat strip (if it is used instead of hot 
water coil) in fan coil unit. Duct air leakage, heat transfer from ducts, and effi ciency 
loss in water coils are other sources that can indirectly increase the energy con-
sumption of the system. The small energy consumption made by low voltage 
power input for the control valves and dampers is the other source of energy 
consumption (Khazaii  2012 ).   

  Fig. 8.9    Changeover bypass VVT       
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8.13     Advance Energy-Effi cient Airside HVAC Systems 

8.13.1     Under-Floor Air Distribution CV 

 Under-fl oor air distribution systems (Fig.  8.11 ) were invented and used in the 1950s 
for cooling spaces with higher than usual heat loads such as computer rooms. The 
basic concepts are (1) to replace the ductwork network with an open space between 
the structure slab and raised fl oor, and (2) to deliver the conditioned air immediately 
to lower part of the room where people actually stay and work.

   This system is similar to a variable-temperature, constant-volume system, except 
that (1) instead of using the duct for air delivery, it uses the under-fl oor plenum 
space, (2) there is an additional return-air bypass arrangement which is used to 
bypass return air to upstream of the fan in order to provide suffi cient  dehumidifi cation 
when it is needed, without the need for a reheat coil, and (3) an additional baseboard 
radiators or convectors is used for space heating. 

 This system not only results in saving energy by delivering air with a higher 
temperature than what is usually used in traditional cooling systems (in this system 

  Fig. 8.10    Fan coil unit       
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discharge air is usually cooled down to only around 63 °F instead of 55 °F which is 
normally done in traditional systems), but also creates higher occupant comfort by 
delivering air with lower speed than what is used in traditional systems, and where 
it is most effective. ASHRAE standard 55 (ASHRAE  2010 ) recommends a maxi-
mum vertical air temperature difference of 5 °F between heights of 67 and 4 in. from 
the fl oor which is usually where the occupants head and foot are located. Cooling 
air stratifi es towards the ceiling where the air fi nds a return path to the air handling 
unit and creates a comfortable occupied zone in the lowest six feet of the room 
where actually occupants live and then leaves the room with a higher temperature 
through the upper unoccupied section of the room and fi nally from available path on 
the ceiling. In regards to the advantages of any confi guration of the under-fl oor sys-
tems over the traditional systems, it easily can be seen that the under-fl oor air distri-
bution systems are more energy effi cient due to its required higher cold air 
temperature for air conditioning. In addition even more energy saving opportunity 
is created any time the room sensible load decreases. In this condition the supply air 
temperature can be increased to even higher than 63 °F and results in an even larger 
decrease in cooling consumption. Also, there is a much larger chance and available 
opportunity for utilizing the economizer cycle for this system due to the higher 
 possibility of outdoor air temperature meeting the economizer cycle acceptable 
requirements. Another energy saving opportunity appears as the result of lower con-
sumed energy by the air handling unit fan, due to lower pressure loss in the system 
compare to the traditional systems with extensive duct network. In addition it is 

  Fig. 8.11    Under-fl oor air distribution CV       
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likely that people feel more comfortable with using this system because of a simpler 
access to the diffusers on the fl oor instead of over-head diffusers, and a better air 
quality due to its immediate arrival of air to people breathing zone. On the other 
hand the main disadvantages and concerns about this system are lack of enough 
designer experience with this new system, diffi culty of using these systems in 
existing buildings and higher cost for raised fl oor construction. 

 Bauman in his book (Bauman  2003 ) provides an in depth evaluation and pro-
vides design guidelines for designing under-fl oor air distribution systems. 

 The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power, electric preheat 
strip (if it is used for freeze protection instead of hot water coil) in air handling unit 
and baseboard electric units (if it is used). Ductwork (between the air handling unit 
and the under-fl oor plenum) air leakage, heat transfer from ducts, and effi ciency 
loss in water coils are other sources that can indirectly increase the energy con-
sumption of the system. The small energy consumed by low-voltage power pro-
vided for control valves and dampers is the other source of energy consumption.  

8.13.2     Under-Floor Air Distribution Parallel 
Fan-Powered VAV 

 This system (Fig.  8.12 ) is similar to a parallel fan-powered variable air volume system 
except that (1) instead of using the duct for air delivery, it uses the under-fl oor 
plenum space, (2) there is an additional return-air bypass arrangement which is used 
to bypass return air to upstream of the fan in order to provide suffi cient dehumidifi -
cation when it is needed, without the need for a reheat coil, and (3) space heating is 
delivered through an under-fl oor parallel variable air volume terminal unit that 
draws air from the room rather than the ceiling plenum.

   Utilizing this system similar to the previous system not only results in saving 
energy by delivering air with a higher temperature than what is usually used in 
traditional cooling systems, but also creates higher occupant comfort by delivering 
air with lower speed than what is used in traditional systems, and where it is most 
effective. The sources of energy consumption in this type of systems are the air 
handling unit supply fan motor input power, return fan motor input power, terminal 
unit fan motor input power, electric preheat strip (if it is used for freeze protection 
instead of hot water coil) in air handling unit and electric reheat strip (if it is used 
for dehumidifi cation or heating instead of hot water coil) in terminal unit. 

 Duct air leakage, heat transfer from ducts connecting air handling unit to the 
under fl oor plenum, and effi ciency loss in water coils are other sources that can 
indirectly increase the energy consumption of the system. The small energy con-
sumed by low voltage power provided for control valves and dampers, and the 
power input to the variable frequency drives for supply and return fans that can be 
factored in supply and return fan consumption itself are the other sources of energy 
consumption.  
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8.13.3     Under-Floor Air Distribution Series Fan-Powered VAV 

 This system (Fig.  8.13 ) is similar to a series fan-powered variable air volume sys-
tem, except that (1) instead of using the duct for air delivery, it uses the under-fl oor 
plenum space, (2) there is an additional return-air bypass arrangement which is used 
to by-pass return air to upstream of the fan in order to provide suffi cient dehumidi-
fi cation when it is needed, without the need for a reheat coil, and (3) space heating 
is produced by an under-fl oor series fan-powered terminal unit that draws air from 
the room rather than the ceiling plenum. Utilizing this system similar to the previous 
system not only results in saving energy by delivering air with a higher temperature 
than what is usually used in traditional cooling systems, but also creates higher 
occupant comfort by delivering air with lower speed than what is used in traditional 
systems, and where it is most effective.

   The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power, terminal unit fan 
motor input power, electric preheat strip (if it is used for freeze protection instead 
of hot water coil) in air handling unit and electric reheat strip (if it is used for 
dehumidifi cation or heating instead of hot water coil). Duct air leakage, heat trans-
fer from ducts connecting air handling unit to the under fl oor plenum, and effi ciency 

  Fig. 8.12    Under-fl oor air distribution parallel fan-powered VAV       
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loss in water coils are other sources that can indirectly increase the energy con-
sumption of the system. The small energy consumed by low voltage power provided 
for control valves and dampers, and the power input to the variable frequency drives 
for supply and return fans that can be factored in supply and return fan consumption 
itself are the other sources of energy consumption.  

8.13.4     UFAD VAV w/ Baseboard Heating 

 This system is similar to a variable air volume system with baseboard heaters except 
that (1) instead of using the duct for air delivery, it uses the under-fl oor plenum 
space, (2) there is an additional return-air bypass arrangement which is used to 
bypass return air to upstream of the fan in order to provide suffi cient dehumidifi ca-
tion when it is needed, without the need for a reheat coil. 

 Utilizing this system similar to the previous system not only results in saving 
energy by delivering air with a higher temperature than what is usually used in 
 traditional cooling systems, but also creates higher occupant comfort by deliver-
ing air with lower speed than what is used in traditional systems, and where it is 
most effective. 

  Fig. 8.13    Under-fl oor air distribution series, fan-powered VAV       
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 The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power, electric preheat 
strip (if it is used for freeze protection instead of hot water coil) in air handling unit 
and electric baseboard reheat unit (if it is used for dehumidifi cation or heating 
instead of hot water coil). Duct air leakage, heat transfer from ducts connecting air 
handling unit to the under fl oor plenum, and effi ciency loss in water coils are other 
sources that can indirectly increase the energy consumption of the system. The 
small energy consumed by low voltage power provided for control valves and 
dampers, and the power input to the variable frequency drives for supply and return 
fans that can be factored in supply and return fan consumption itself are the other 
sources of energy consumption.  

8.13.5     Displacement Ventilation CV 

 Displacement ventilation originally was invented for industrial purposes such as 
using in welding industry in late 1970s. Since then its use has been increased in 
other industries and also in commercial and institutional in order to provide good 
indoor air quality along with means of saving energy. Utilizing this system similar 
to the under fl oor system not only results in saving energy by delivering air with a 
higher temperature than what is usually used in traditional cooling systems, but also 
creates higher occupant comfort by delivering air where it is most effective. In this 
system (Fig.  8.14 ) as low velocity air moves across the fl oor and as it gets in touch 
with heat sources (people, equipment, etc.) warms up and as a result of this higher 
temperature similar to what happens in the under fl oor system moves up by natural 
buoyancy and convection. Similar to under fl oor systems, when the room sensible 
load decreases the supply air temperature can be increased to even higher than 63 °F 
and therefore cooling consumption decreases even more.

   Chen and Glicksman in their book (Chen and Glicksman  2003 ) represented the 
results of a CFD modeling for displacement ventilation system suitable for the US 
weather climate and showed with proper design these units can be utilized for cool-
ing buildings with up to 40 Btu/h ft 2  cooling load. 

 The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power, electric preheat 
strip (if it is used for freeze protection instead of hot water coil) in air handling unit 
and electric baseboard reheat unit (if it is used for dehumidifi cation or heating 
instead of hot water coil). Duct air leakage, heat transfer from ducts connecting air 
handling unit to the sidewall diffuser, and effi ciency loss in water coils are other 
sources that can indirectly increase the energy consumption of the system. The 
small energy consumed by low-voltage power provided for control valves and 
dampers is the other sources of energy consumption.  
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8.13.6     Displacement Ventilation VAV 

 This system (Fig.  8.15 ) is similar to a variable air volume system with baseboard 
heaters except that (1) instead of above the ceiling ducts the supply air is delivered 
via a large sidewall outlet near fl oor and (2) a return-air bypass arrangement is used 
to bypass return air to upstream of the fan in order to provide suffi cient dehumidifi -
cation when it is needed and without the need for reheat coil,

   Utilizing this system similar to the previous system not only results in saving 
energy by delivering air with a higher temperature than what is usually used in tra-
ditional cooling systems, but also creates higher occupant comfort by delivering air 
where it is most effective. The terminal unit modulating damper controls the air 
entrance to the room based on the need specifi ed by the room temperature sensor. 

 The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power, electric preheat 
strip (if it is used for freeze protection instead of hot water coil) in air handling unit 
and electric baseboard reheat unit (if it is used for dehumidifi cation or heating 
instead of hot water coil). Duct air leakage, heat transfer from ducts connecting air 
handling unit to the variable air volume unit and sidewall diffuser, and effi ciency 
loss in water coils are other sources that can indirectly increase the energy con-
sumption of the system. The small energy consumed by low voltage power provided 

  Fig. 8.14    Displacement ventilation CV       
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for control valves and dampers, and the power input to the variable frequency drives 
for supply and return fans that can be factored in supply and return fan consumption 
itself are the other sources of energy consumption.  

8.13.7     Displacement Ventilation w/ Passive Chilled Beams 

 In cooling mode, supply air through large side wall devices will be introduced to the 
room with a higher temperature (usually around 63 °F instead of normally 55 °F in 
regular systems). Air is introduced to the room as the space temperature sensor calls 
for cooling. If still there is need for further cooling, passive chilled beams in the 
ceiling will pick up the rest of the load. A return air bypass arrangement helps to 
provide dehumidifi cation without the need for reheat. 

 The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power, electric preheat 
strip (if it is used for freeze protection instead of hot water coil) in air handling unit 
and electric baseboard reheat unit (if it is used for dehumidifi cation or heating 
instead of hot water coil). Duct air leakage, heat transfer from ducts connecting air 
handling unit to the sidewall diffuser, and effi ciency loss in water coils are other 

  Fig. 8.15    Displacement ventilation VAV       
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sources that can indirectly increase the energy consumption of the system. The 
small energy consumed by low-voltage power provided for control valves and 
dampers, and the power input to the variable frequency drives for supply and return 
fans that can be factored in supply and return fan consumption itself are the other 
sources of energy consumption.  

8.13.8     Active Chilled Beams 

 Chilled beam systems are usually used for cooling and ventilating spaces. Active 
chilled beams (Fig.  8.16 ) include a heat exchanger for cooling that can be used for 
heating if needed as well. If the internal humidity load of the space is not high, 
Chilled beam systems are very effective. Active chilled beams are connected to both 
the air handling supply air ductwork, and the chilled water system. The air handling 
unit supplies primary air into the various rooms through the chilled beams. As air 
supply is forced to the room through the chilled beam diffusers, it causes the induc-
tion of the room air back through the heat exchanger of the chilled beam. Two 
streams of the air then mix together, and the mixture goes over an auxiliary cooling 

  Fig. 8.16    Active chilled beams       
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coil (only if the main cooling is not suffi cient) in the chilled beam and then enters 
the room to offset the room sensible load.

   The chilled beam system provides excellent thermal comfort, energy conserva-
tion and effi cient use of space due to high heat capacity of water used as heat trans-
fer medium (Virta et al.  2003 ). 

 The sources of energy consumption in this type of systems are the air handling 
unit supply fan motor input power, return fan motor input power (if it is required), 
electric preheat strip (if it is used for freeze protection instead of hot water coil) in 
air handling unit and electric baseboard reheat unit (if it is used for dehumidifi cation 
or heating instead of hot water coil). 

 Duct air leakage, heat transfer from ducts connecting air handling unit to the 
chilled beams, and effi ciency loss in water coils are other sources that can indirectly 
increase the energy consumption of the system. The small energy consumed by low 
voltage power provided for control valves and dampers, and the power input to the 
variable frequency drives for supply and return fans that can be factored in supply 
and return fan consumption itself are the other sources of energy consumption.  

8.13.9     Hybrid Ventilation 

 A hybrid ventilation system is a system that it is designed and has the potential to be 
switched between the mechanical and natural ventilation modes. Before going any 
further, it should be comprehended that the effectiveness of a hybrid system has 
close dependency on the outdoor climate surrounding the building. Therefore 
selecting the proper locations for installing a hybrid ventilation system is one of the 
most important prerequisites of a successful project. 

 The obvious difference between a mechanical ventilation system and a natural 
ventilation system is the use of a mechanically operating device (usually a fan) that 
facilitates the fl ow of the required outdoor air into and out of the building in case of 
the mechanical ventilation system. In case of the natural ventilation system, build-
ing relies solely on means of directing the outdoor air into and out of the building, 
such as operable windows. 

 The important point to remember is that in a hybrid system as a support to the 
shortfalls of the natural ventilation system a mechanical ventilation system can be 
supplemented any time during or after the original design was done. To the contrary 
it is not simply possible to enhance an existing mechanically ventilated building 
with natural ventilation supporting system. A successful natural ventilation system 
demands utilization of envelope elements such as openings and construction masses 
which are part of the structure of the building that are not simply reconfi gurable 
after the original design is completed. Therefore to design a successful hybrid ven-
tilated system it is crucial to design the (hybrid) ventilation system as part of the 
original building design itself. 

 In general, natural ventilation systems can be categorized into two types of wind- 
driven and buoyancy-driven systems. As it appears from the names of these two 
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types, the fi rst natural ventilation system relies on the wind effects to create the 
required ventilation inside the building, while the second natural ventilation system 
relies on the temperature difference between the inside and outdoor air which cre-
ates the resultant air movement inside the building. 

 Most of the hybrid ventilated building designs fall into one of the following three 
categories: independent natural and mechanical systems (Fig.  8.17 ), mechanically 
assisted natural ventilation systems (Fig.  8.18 ), and naturally assisted mechanical 
systems (Fig.  8.19 ).

     In an independent natural and mechanical system the building has two com-
pletely independent systems. The control system either utilizes one system for a task 
in the building and the other system for another task in the building (e.g., mechanical 
ventilation system for the summer and winter seasons and natural ventilation system 
for spring and fall seasons), or switches between the modes in different occasions 
for the same task in the building (e.g., mechanical ventilation system for occupied 
hours and natural ventilation system for unoccupied hours in same day). 

 In a mechanically assisted natural ventilation system, the basic system which is 
serving the building is a natural ventilation system. During the periods of time that 
only by natural ventilation the required results are not achievable a mechanical sys-
tem (usually a supply or exhaust fan) improves the required pressure difference to 
facilitate proper ventilation. 

 Finally a naturally assisted mechanical ventilation system is designed based on a 
main mechanical ventilation system with very low pressure drop, where stack 
effects inside or wind effects outside of the building can assist the ventilation pro-
cess by generating the majority of the required pressure for the air movement. 

  Fig. 8.17    Independent natural and mechanical ventilation       
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  Fig. 8.18    Fan assisted natural ventilation       

  Fig. 8.19    Naturally assisted mechanical ventilation       

 The following conditions in the building generally decrease the chances of 
efficiently utilizing the natural ventilation mode in a hybrid ventilation system. 
(1) sub-standard envelope construction, tightness, insulation and thermal bridges, 
(2) considerable sources of pollution inside or outside of the building, (3) outdoor 
noise pollution, (4) undesirable wind effects, and (5) very large interior spaces. 
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 And the following conditions in the building generally increase the chances of 
effi ciently utilizing the natural ventilation mode in a hybrid ventilation system: (1) 
larger rooms with high ceilings, (2) available clean outdoor air, (3) possibility of use 
of outdoor air openings without risking the security of the building or increasing the 
noise pollution risk, (4) and exposed thermal mass in the building structure. 

 A thorough discussion about advanced hybrid ventilation technologies along 
with useful case studies can be found in Heiselberg’s research “Principles of Hybrid 
Ventilation” (Heiselberg  2002 ).   

8.14     HVAC System Selection 

 Selecting the proper system for the application in hand has been subject of many 
discussions, and different methods have been proposed to improve the potential of 
the best possible system selection in the industry. Relying on expertise of the expe-
rienced engineers in the fi rms has been the fi rst source of infl uence on selection of 
the proper system for designing the projects since early years of modern building 
system design in different engineering fi rms. In this method the most experienced 
engineer of the design team due to his/her experience suggests the proper system 
that could satisfy the required conditions for the application. The main problem 
with this method is that each experienced engineer and for that reason each design-
ing fi rm has its own expertise in design of some specifi c type of systems, which 
tends to infl uence how the proper system has been selected for the application. This 
helps to avoid extra time and money required for research, learning and execution to 
the perfection of the other possible systems. Of course this method may results in a 
very high quality building system design that in exchange will protect the design 
team from the possible mal-operation of the building HVAC system and therefore 
the possible future lawsuits. But the negative side of using this method can be the 
missing opportunity for designing of even better and more effi cient systems and 
saving money and energy that could come from a better system choice. 

 Creating matrices that compare and grade the positive and negative effects of 
important characteristics of each alternative system has been offered by different 
resources as well. 

 This procedure usually starts with the design engineer selection of two or three 
proper systems for the design application. His next step is to create a list of the fac-
tors that may have signifi cant importance on his decision for selecting the proper 
system, and assign two numeric values (usually between 1–10 and 1–100) to each 
factor regarding each alternative system and its degree of importance based on his/
her judgment. Finally a weighted average of all these factors will represent the over-
all best alternative system to be selected as the system type. 

 This method has its obvious advantages over the previous method since it gener-
ates a comparison among the possible alternatives, and provides the designer with a 
quantitative measure for this evaluation and comparison. Another important benefi t 
of this method is that it can force the designer to think about important parameters 
and factors that could affect the fi nal product in advance. 
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 In past two decades ASHRAE standard 90.1 (ASHRAE  2013 ) has presented a 
comparison method mostly based on energy modeling simulation results to enhance 
the system selection procedure. This standard represents a base system for each type 
of building application and the designer has to perform two separate energy con-
sumption simulations and then compare the results of his design simulation against 
the base system simulation. If the design building/system energy consumption 
shows to be lower than the one from the base building/system, then the selected 
system is acceptable from the energy standard point of view. The outcome of this 
exercise is the ground for gaining points in building energy effi ciency scoring sys-
tems such as LEED. 

 A possible alternative method (I have described the structure of such method in 
Chap.   13    ) can be defi ned as performing multiple simulations for larger numbers of 
systems and evaluation of the results in a risk based methodology. In this method the 
designer should perform multiple risk-based simulations (not a basic deterministic 
type simulation) and compares the results before selection of the most energy con-
scious system for the design application. By utilizing such system one can present the 
advantages and disadvantages of each possible system in a probabilistic language.     
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    Chapter 9   
 Building Automatic Controls 

9.1                        Importance of Building Automatic Controls 

 Along with proper system selection, a well-planned control system is one of the 
most effective design elements that can contribute to proper functioning and also 
saving energy during the building operations. A well-planned control system can 
make all the building system elements to function close to their highest possible 
effi ciency level when they are supposed to, and preserve energy when there is an 
opportunity for energy saving in the system throughout the time. If the building 
control system is designed properly it acts as a knowledgeable and strong brain and 
nerve network that receives messages, thinks through them, and selects the proper 
responses and informs the targeted muscles (element) to act properly and in a timely 
manner according to the selected response. Therefore understanding the structure of 
the building control system and also recognizing the important role that automatic 
control and proper use of this effective tool can have, will be essential for satisfying 
the building energy saving goals. In this section after a short introduction about how 
a communication network is structured and works, I will briefl y describe the neces-
sary elements and duties of the building automatic control system components. I 
will also discuss the importance of a properly written sequence of operation for the 
building equipment later in this chapter. For a thorough discussion about specifying 
direct digital control system refer to ASHRAE Guideline—Specifying Direct 
Digital Control Systems.  

9.2     A Brief Overview of Communication Systems 

 In networking environment, an open system interconnection (OSI) model is a frame 
that is used for standardization of functions of communication systems. Therefore 
to understand how a network communication works, it is necessary to understand 
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the concepts and functions defi ned in OSI model. Under OSI model, a typical 
networking system is defi ned to be built from seven major layers. These layers in 
order from bottom to top are (1) physical layer, (2) data link layer, (3) network layer, 
(4) transport layer, (5) session layer, (6) presentation layer, and (7) application layer. 
Network structure is built in such manner that each layer and its components serve 
the layers above it and being served by layers below it. First three layers (physical, 
data link, and network) are known as media layers and their data units are, bit, frame 
and packet (datagram) respectively. Last four layers are host layers (transport, ses-
sion, presentation, and application) and the types of their data units are segments 
(transport), and data (session, presentation, and application). Starting from bottom 
level, function of the fi rst layer is signal and binary transmission, while the second 
layer function is physical addressing or what it usually is known as switching. The 
physical layer defi nes the electrical and physical specifi cations for devices such as 
fi ber optical cables that are responsible for transmission of data through this physi-
cal medium to the destination physical layer. The data link layer defi nes the proce-
dural method of data transferring between elements in the (same) network. This 
layer (data link layer) is the layer that transfers data between nodes in a wide area 
network (WAN) or local area network (LAN). This layer is subdivided to two sub- 
layers of logic link control (LLC) and media access control (MAC). In building 
controls operation the network address of each sensor or actuator operating in the 
building resides in (MAC) layer, and therefore this layer is responsible for receiving 
and sending signals from and to the sensors and actuators in the system with indi-
vidual network addresses. 

 Function of the third layer (network layer) is logical addressing. This layer 
provides the means of transferring data between a host on one network to destina-
tion host on a different network. Function of the fourth layer (transport layer) is the 
data fl ow control. The main responsibility of this layer is controlling reliability and 
providing an error-free data transfer between the end users. Responsibility of the 
fi fth layer (session layer) is managing sessions between the applications, and 
responsibility of the sixth layer (presentation) is data presentation and converting 
machine dependent information to machine independent information. Finally the 
seventh layer (application) interacts with software applications to defi ne functions 
such as identifying and synchronizing communication. 

 As an example the data exchange between two network systems (network one 
and network two) each made of its own OSI defi ned seven layers should basically 
follow the proceeding path. The operator at network one via a key board and inter-
face at application layer generates a data that will travel down the seven layers on 
network one and at each layer the required formatting and addressing data will be 
added to the data until at the lowest level or layer one of network one it is ready to 
be delivered to network two. Respectively, network two will receive the data through 
its lowest layer and send the data up through its OSI defi ned seven layers in which 
at each layer formatting and addressing data added in network one will be read and 
as a result directs the fi nal data correctly to the top layer (application layer) at net-
work two. At this time the operator at network two is able to see the data as it was 
sent by the operator at network one, and then provide his own response through a 
similar path. 
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 Somewhat similar to this process in a typical building control system, each sen-
sor which has its own specifi c network address generates a signal sensed from the 
fi eld and sends it to data link layer at MAC sub layer of the building control system. 
MAC sub-layer receives the data and sends it up through the different layers to the 
application layer where the direct digital control software is resides. In application 
layer, the received signal from MAC layer will be compared against a prepro-
grammed desired quantity (set point) and based on the degree of deviation of the 
received data from the preprogrammed set point data a command will be generated 
that will travel down the network layers and to the MAC layer. MAC layer then 
directs the response to the proper actuator (proper address) and cause an adjustment 
at a control device such as a damper or a valve in which as a result attempts to pro-
vide the proper condition in the space in which the original data was sensed via 
local sensor. 

 Another communication protocol which is more useful in connecting hosts to 
internet is called Transmission Control Protocol/Internet Protocol (TCP/IP). This 
protocol generally is used by Internet applications to connect different devices to a 
common network (Internet). The difference in structure of TCP/IP model and OSI 
model is that in TCP/IP a four layer model instead of the seven layer model devel-
oped in OSI model is used. TCP/IP layers are (1) link layer (similar to physical and 
data link layers in OSI model), Internet layer (similar to network layer in OSI 
model), transport layer (similar to transport layer in OSI model), and application 
layer (similar to session, presentation, and application layers in OSI model). It 
should be noted that OSI model is basically a theoretical reference model, while 
TCP/IP is a practical model that is developed around the Internet functions.  

9.3     Control Algorithms 

 Control algorithms generally are defi ned to be one of proportional (P), proportional 
plus integral (PI), and proportional, plus integral plus derivative (PID). To better 
understand how each of these logics act, imagine you are driving your car on a road 
with a speed of 45 miles per hour, which is your desired speed (set point) as well. 
Originally you are satisfi ed with the car speed, until you reach an uphill section of 
the road, and your car speed drops to 40 miles per hour. At the moment you recog-
nize that your speed has dropped you push more on the gas pedal which increases 
your speed which after some time reaches to 47 miles per hour. Since you want to 
keep the set point (45 miles per hour) speed, you will decrease the pressure on the 
gas pedal and the car speed drops to 44 miles per hour. You will continue this 
increasing and decreasing pressure on the gas pedal until you reach the desired 45 
miles per hour again. 

 In each instant you are fi ghting to overcome the discrepancies from the desired 
speed set point with your controlling actions. Discrepancies at each instance are the 
sum of (1) how much the real speed deviates from the set point (proportional), (2) a 
weighted average of the undesired speeds and the time spent in these speeds from 
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the last time at set point (integrated), and (3) how fast (steep) you are approaching 
or going away from the set point (derivative). 

 If you imagine your brain is similar with the direct digital controller of the HVAC 
system, the combination of your foot and the gas pedal as the actuator, the odometer 
as the sensor, and the car speed with any one of HVAC system characteristics, such 
as temperature or pressure, you can relate to and understand how the HVAC control 
logic works. For example as due to additional load in the space, the room tempera-
ture deviates from the set point of 75 °F sensed by the temperature sensor, the direct 
digital controller issues a command that modulates the chilled water valve on the 
cooling coil of the air handling unit. This action generates some cooling that after a 
few times repeating of this routine of measuring the temperature and modulating the 
cooling valve position, brings the space air temperature back to 75 °F again. Here 
the discrepancies at each instance are the sum of (1) how much the real temperature 
deviates from the set point (proportional), (2) a weighted average of the undesired 
temperatures and the time spent in these temperatures form the last time at set point 
(integrated), and (3) how fast (steep) the system is approaching or going away from 
the set point (derivative). 

 In HVAC industry, most of the controls that are utilized are capable of perform-
ing all three algorithms, but due to nature of the systems and lack of need for very 
fast response, usually the derivate logic is not going to be used (ASHRAE  2011 ).  

9.4     Direct Digital Control 

 The basic and yet the most important benefi t of a Direct Digital Control (DDC) 
system in a building is its capability to optimize the operation of the HVAC system 
by conducting the system elements to perform in harmony and near their highest 
possible effi ciency levels and also directing the different system components to 
operate only when they are needed to do so. This has a major impact on the level of 
energy effi ciency of the building and therefore prevents energy wasting during the 
system operations. In addition since the DDC system is a programmable system, it 
not only provides the capability of recording the environment and system data, and 
changing the components and set points of the system if the recorded trend shows 
the presence of abnormality in the past, but also provides programming change 
capability if the desired condition of the targeted venue changes later on. A sample 
of the fi rst condition is when an owner by referring to and reviewing the recorded 
temperature log in a specifi c room fi gures out that specifi c space is continuously 
slightly hotter than the expected temperature set-point and after investigation fi nds 
out the terminal unit damper serving that space is not functioning properly, and 
therefore attempts to fi x the problem. On the other hand a sample of the second 
condition could be seen when the owner of a museum decides to change the func-
tion of a space from a function requiring little to no humidity control to a space that 
requires tight humidity control such as changing the function of an offi ce space in 
the museum to a storage space for storing artwork. 
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 Another contribution of a DDC system in addition to controlling the HVAC 
system operation is that a DDC system can also facilitate controlling non-HVAC 
systems in the building such as lighting system. 

 Generally the building DDC system is a combination of software and hardware 
(micro-processor-based controllers and electronic sensors) that is capable of 
continuously monitoring and maintaining different spaces desired temperatures, 
pressures, humidity, air quality, energy management, etc. inside the building. A col-
lection of binary (on/off), analog (variable) or pulse accumulation signals from the 
sensors throughout the building and its systems are delivered to the DDC system. 
These delivered data to the direct digital control system are known as DDC system 
inputs. These signals then will be compared against the preprogrammed values for 
each space or location conditions through Proportional, Integral, Derivative (PID) 
algorithms and the binary, analog or tri-state output signals then will be sent to the 
actuators at each part of the HVAC system (or other building systems) to change and 
adjust the current conditions and make the desired conditions at each space or 
location available. 

 Generally the most important control components of a DDC system structure are 
building controllers, custom application controllers, application specifi c controllers, 
communication gateways, system integrator, routers, I(nput)/O(utput) devices, 
auxiliary devices, and operator interfaces. 

 Typically the direct digital control network structure or architecture is the way 
that network components have been arranged in respect to each other and interact 
together. Communication between the network elements is done by wires (physical 
media) and communication buses (data link layer). In building automatic controls, 
communication buses have responsibility to connect workstations together, control-
lers to workstations and fi nally lower level controllers to each other. At the top of the 
structure the building controller is located that is the main programmable general 
purpose controller. This main controller then communicates with a network of lower 
level controllers to manage the building systems operations. The lower level con-
trollers are known as either custom application or application specifi c controllers. 
A custom application controller is a controller that generally controls specifi c com-
plex equipment such as air handling units or chillers, and an application- specifi c 
controller is generally a manufacturer’s preprogrammed controller that is used for 
controlling less complicated equipment such as VAV (variable air volume) boxes 
and other simple equipment. 

 A proprietary network is designed and built by a single manufacture; therefore 
when the size of the DDC system is not large and there is no future plan for the 
system expansion, performs the daily tasks more easily and less costly. On the other 
hand, an open network can be arranged to work with different provider’s systems, 
and therefore more complex systems can be designed and installed. Current pre-
vailing trend of control design is using open systems due to its higher fl exibility. As 
a result the most common case of integration between these two networking 
systems occurs when the existing system is an old system working with a proprie-
tary system, and the new expansion is designed to work with an open network. In 
this case a communication gateway shall be installed to relate two networks together. 
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Communication gateways are the tools that do the translation between two different 
communication protocols. In addition to translation between the proprietary and 
open systems, it also can be used to translate between equipment designed with dif-
ferent manufacturers inside a new open system. The faster and the better this trans-
lation is executed the higher is the interoperability of the communication gateway. 

 Other notable elements in a control network system are local area network (LAN) 
that is a system for sharing information between different DDC systems, system 
integrator that ensures the information exchange between the two networks through 
the communication gateway is being done precisely, and routers that are used to 
convert data link layer protocols and do not require to translate between languages. 

 DDC controllers interact with different elements of the system through inputs 
and outputs signals that receive information from sensors and send command to 
actuators respectively. Auxiliary elements are devices such as control valves and 
dampers, and operator interface is a software package that monitors and controls the 
operation of the system.  

9.5     Sequence of Operation 

 Since the control system designer, system installer, commissioning agent that over-
view the installation of the system and the building engineering staff whom after the 
delivery of the building overviews the daily operation of the building are different 
people, and since controlling the building operation is an ongoing procedure that 
last throughout the life of the building, there is a vital need for the designer to 
clearly describe what his targets of system functionality under different conditions 
and situations are. This helps the control contractor to install the system and pro-
gram it properly, commissioning agent to point out the diversions of the installation 
versus the designer’s plan more easily, and building staff to maintain and trouble-
shoot the system as per designer’s guidelines without need for any kind of guessing. 
This is usually done with a well written sequence of operation and schematic con-
trol diagram as part of the design document, in which the designer depicts and 
describes his expectations of functionality of the system as the building external and 
internal conditions change. 

 In writing a sequence of operation, the designer should be very specifi c and 
detail-oriented, describes all the possible conditions, and answers all the probable 
questions regarding the system operation under different conditions, in order to sim-
plify the understanding and therefore interaction of the other involved individuals as 
described above with the control system. In pursuing this goal the control system 
designers usually divide the whole HVAC system into its smaller entities such as 
chillers, boilers, air handling units, fan coil units, etc., and thoroughly describes 
their expectations of each equipment functionality. Generally the target of a HVAC 
control system is to monitor or control parameters such as temperature, pressure, 
humidity, fl ow, carbon dioxide level, and fi lter pressure drop. Therefore a complete 
set of guidelines should be provided to defi ne the desired set points of each of these 
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parameters at each location, each space, and at each time. Each set point should be 
presented by the acceptable parameter range. A typical sequence of control for a 
space temperature can be written as:    “The control system shall maintain tempera-
ture of the space ‘xyz’ at 75 ± 2 °F at all time” and a typical sequence of control for 
a space carbon dioxide level can be written as: “The control system shall maintain 
carbon dioxide level in space ‘abc’ at a maximum value of 1000 ± 100 parts per mil-
lion (ppm) at all time.” 

 A generic, simple, and step-by-step sequence of operations for a typical variable 
volume air handling unit with water cooling and heating coils can be written as 
follows:

•    Typical sequence of operation for starting and stopping a variable volume air 
handling unit system: The direct digital control system shall automatically start 
and stop the air handling unit whenever the designated operation switch is in the 
automatic position, and allows for manually starting and stopping the air han-
dling unit whenever this switch is in hand position (this allows for both auto-
matic and manual start and stop of the system).  

•   Typical sequence of operation for opening and closing dampers: The direct digi-
tal control system shall open the return, minimum outside air and smoke damp-
ers before the air handling unit fan is started. (This control allows for a safe 
operation of the system so the fan does not operate against dampers that are 
closed, and cause any damage to the ductwork network or fan.)  

•   Typical sequence of operation for morning warm-up: When the system is set for 
morning warm-up mode, the direct digital control system shall run the air han-
dling unit and close the minimum and maximum outside air and relief dampers 
and the air handling unit chilled water valve. The direct digital control system 
shall modulate the terminal units air valves to fully open position, and modulate 
the heating coil valves to provide hot supply air until space temperature rises 
above a warm-up mode set point. (This control allows the space temperature to 
reach an acceptable level before the scheduled time for the occupant’s arrival. 
Therefore when the early crowed enter the building do not feel cold and 
uncomfortable.)  

•   Typical sequence of operation for night low limit mode (NLL): On a request for 
night low limit operation from minimum fi ve VAV zones (adjustable), the direct 
digital control system shall enable the supply fan variable frequency drive (VFD) 
and supply air temperature controls. During NLL mode the direct digital control 
system shall set the supply air temperature set-point to the warm-up supply air 
temperature set-point (e.g. 75 °F, adjustable). When the number of VAV zones 
requesting NLL drops below the minimum required VAV zones, or occupied 
mode becomes active, the direct digital control system shall disable NLL. (This 
control prevents the building temperature during the off hours drops below a 
minimum allowable setting.)  

•   Typical sequence of operation for night high limit mode (NHL): On a request for 
night high limit operation from a minimum fi ve VAV zones (adjustable), the 
direct digital control system shall enable the supply fan VFD and supply air tem-
perature controls. When the number of VAV zones requesting NHL drops below 
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the minimum required VAV zones, or occupied mode becomes active, the direct 
digital control system shall disable NHL. (This control prevents the building 
temperature during the off hours of the building moves above a maximum allow-
able setting.)  

•   Typical sequence of operation for maintaining air handling unit discharge tem-
perature: The direct digital control system shall modulate the chilled water valve 
to maintain air handling unit discharge air temperature set point. The direct digi-
tal control system shall reset the discharge temperature set point upward on a fall 
in space temperature below 70 °F (adjustable) (this control allows the system to 
deliver air at a preset value (typically 55 °F) and when possibility arises, to 
increase this set-point to higher temperatures gradually in order to save energy).  

•   Typical sequence of operation for maintaining duct static pressure: The DDC 
system shall modulate the variable frequency drive to maintain a pre-set duct 
static pressure set point at all time (this control allows the system to run with 
enough capacity in order to keep a pre-set static pressure level in duct and there-
fore proper amount of air be delivered to each space at all time).  

•   Typical sequence of operation for fan high pressure safety: Upon receiving a 
signal of an air pressure of at least 5 in. of water column (adjustable) in supply 
duct, the direct digital control system through a high-pressure switch located in 
the supply air ductwork shall stop the fan (this control prevents the system from 
over-pressuring and damaging the ductwork).  

•   Typical sequence of operation for maintaining mixing plenum static pressure: 
The direct digital control system shall modulate the return air damper to maintain 
mixing plenum static pressure and minimum required outside air quantity. This 
static pressure shall be measured by a static pressure sensor installed inside the 
mixed air plenum and adjusted at time of balancing the system. (A more accurate 
and also more expensive method is installing an air measuring station in the 
minimum outside air path to deliver the exact quantity of required minimum 
outside air at all time.) (This control allows the proper amount of minimum out-
door air at all times be introduced to the system).  

•   Typical sequence of operation for maintaining the preheat coil discharge tem-
perature (freeze protection): The direct digital control system shall modulate the 
preheat coil hot water valve to maintain coil discharge temperature set-point. 
This temperature shall be sensed by an averaging temperature sensor (at all time, 
even during the system shutdown) which is located downstream of the preheat 
coil (this control allows the air temperature leaving the preheat coil and passing 
over the cooling coil maintain enough temperature and therefore prevent freez-
ing of the cooling coil).  

•   Typical sequence of operation for airside economizer mode: The direct digital 
control system shall initiate economizer mode operation when the outdoor air 
temperature (dry bulb) drops below a set point, approximately (65 °F adjustable). 
When the air handling unit is operating in economizer mode, the direct digital 
control system shall modulate the relief and maximum outside air dampers to 
maintain air handling unit discharge air temperature set-point. When the maxi-
mum outside air damper is fully open and the discharge air temperature set point 
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still is not satisfi ed, the direct digital control system shall modulate the chilled 
water valve open to satisfy the space demand. Upon receiving a command from 
a low limit control with averaging element which senses temperature of the air 
entering the coils, the direct digital control system shall override other damper 
controls, and modulate the maximum outside air, and relief dampers to limit 
mixed air temperature to (45 °F adjustable) minimum (this control allows the air 
handling unit takes advantage of cold enough outdoor air when it is available and 
provides a cooling air into the space without need for utilizing cooling coil).  

•   Typical sequence of operation for maintaining air entering cooling coil: The 
direct digital control system shall utilize a separate low limit safety which senses 
the temperature of the air entering the cooling coil and is set at 40 °F (adjustable) 
to stop the fan (this is another control to protect the cooling coil from freezing).  

•   Typical sequence of operation on power interruption: When the power interrupts 
or fan shuts down, the direct digital control system shall close the minimum and 
maximum outside air, relief, smoke and return dampers, and chilled water and 
hot water valves. The direct digital control system also shall stop the terminal 
units and close their associated heating coils valves (this control protects the 
system against unexpected conditions where the power supply to the system is 
interrupted or the system is shut down for maintenance).  

•   Typical sequence of operation for variable volume terminal units: The direct 
digital control system shall modulate the primary air valve of each variable vol-
ume air terminal unit between its designated minimum and maximum quantities 
to maintain space temperature (this control allows proper air delivery and also 
required minimum outdoor air through the primary air valve minimum setting to 
each individual space).  

•   Typical sequence of operation for variable volume-reheat terminal units: The 
direct digital control system shall modulate the primary air valve of each variable 
volume air terminal between its designated minimum and maximum quantities 
to maintain space temperature. When the space temperature drops below a set 
point the direct digital control system shall modulate the primary air valve to its 
minimum setting and shall modulate the hot water control valve to maintain 
space temperature (72 °F adjustable) (this control allows proper air delivery and 
also required minimum outdoor air through the primary air valve minimum set-
ting to each individual space).  

•   Typical sequence of operation for parallel fan powered terminal units: The direct 
digital control system shall modulate the primary air valve of each parallel fan 
powered variable volume air terminal between its designated minimum and max-
imum quantities to maintain space temperature. When the space temperature 
drops below a set-point the direct digital control system shall modulate the pri-
mary air valve down to its minimum setting, start the fan, and modulate the hot 
water control valve to maintain space temperature (72 °F adjustable) (this control 
allows a variable fl ow capacity with proper air temperature delivery to each 
 individual space. This airfl ow will be between the maximum design airfl ow and 
minimum required outdoor airfl ow which is usually called primary air).  
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•   Typical sequence of operation for series fan powered terminal units: The direct 
digital control shall start the fan and shall modulate the primary air valve of each 
series fan powered variable volume air terminal between its designated minimum 
and maximum quantities to maintain space temperature. When the space tem-
perature drops below a set point the direct digital control system shall modulate 
the primary air valve down to its minimum setting, and modulate the hot water 
control valve to maintain space temperature 72 °F (adjustable) (this control 
allows a constant airfl ow with proper air temperature delivery to each individual 
space. This system is usually used for high occupancy spaces such as conference 
rooms in offi ce buildings).  

•   Typical sequence of operation for smoke detectors: If smoke detectors in the sup-
ply and return air ducts sense the heat or smoke presence the direct digital control 
system shall automatically shut down the air handling unit fan (this control pre-
vents the spread of smoke to the different spaces through air handling unit fan).  

•   Typical sequence of operation for fan alarm: The direct digital control system 
shall generate an alarm and display a warning message in operator’s workstation 
if the fan is commanded to operate and status is not proven after more than 15 s 
(this control sends an alarm to warn the operator that a malfunction in the system 
has happened and requires attention).  

•   Typical sequence of operation for supply air temperature alarm: The direct digi-
tal control system shall generate an alarm and display a warning message in 
operator’s workstation if the supply fan is proven running and supply air tem-
perature is 6 °F (adjustable) above or below its set point for at least 15 min (this 
control sends an alarm to warn the operator that a malfunction in the system has 
happened and requires attention).  

•   Typical sequence of operation for heating coil discharge temperature alarm: The 
direct digital control system shall generate an alarm and display a warning mes-
sage in operator’s workstation if the heating coil discharge air temperature is 6 °F 
(adjustable) below its set point for a continuous period of 15 min (this control 
sends an alarm to warn the operator that a malfunction in the system has hap-
pened and requires attention).  

•   Typical sequence of operation for heating valve leak alarm: The direct digital 
control system shall generate an alarm and display a warning message in opera-
tor’s workstation if the heating coil valve is proven closed and the heating coil 
discharge temperature is at least 2 °F (adjustable) above the heating coil intake 
temperature for a period of time of at least 30 min (adjustable) continuously (this 
control sends an alarm to warn the operator that a malfunction in the system has 
happened and requires attention).  

•   Typical sequence of operation for cooling capacity shortage alarm: The direct 
digital control system shall generate an alarm and display a warning message in 
operator’s workstation if the cooling coil valve is in fully open condition continu-
ously for at least 1 h (adjustable) (this control sends an alarm to warn the opera-
tor that a malfunction in the system has happened and requires attention).  

•   Typical sequence of operation for cooling valve leak alarm: The direct digital 
control system shall generate an alarm and display a warning message in operator’s 

9 Building Automatic Controls



101

workstation if the cooling coil is proven closed and the cooling coil discharge 
temperature is at least 2 °F (adjustable) below the cooling coil intake temperature 
for a period of time of at least 30 min (adjustable) continuously (this control 
sends an alarm to warn the operator that a malfunction in the system has hap-
pened and requires attention).    

 In addition to sequence of operation, a well-drawn schematic control diagram and 
an Input/Output summary can help to transfer ideas of the control designer to control 
installers and commissioning agents as well as building engineering personnel. 

 A schematic control diagram (Fig.  9.1 ) depicts the physical location of different 
elements in each one of the equipment in an orderly manner and shows each ele-
ment’s communication with the central direct digital control system. For example a 
typical schematic diagram of an air handling unit should show the path of air move-
ment through the outdoor and return air dampers, fi lter, preheat coil, cooling coil, 
fan, discharge plenum, humidifi er, and space terminal units. In the path from each 
element to the next a group of desired control sensors such as temperature and 
humidity sensors will be shown to be installed which their main responsibility is to 
sense the condition at that specifi c location and communicate that with the direct 
digital control controller. Also location of the actuators which upon receiving com-
mands from the direct digital control central controller will be physically operating 

  Fig. 9.1    Control schematics for an air handling unit       
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to change the fl ow of the medium in elements such as chilled water coil control 
valve, and fan variable frequency drive will be specifi ed.

   Depending on the type and direction of communication with the central direct 
digital control system each element is marked with input and output and types of 
input and output designations such as Analog Input (AI) or Digital Output (DO). 
Any signal entering the direct digital control system controller is an input, and any 
signal that leaves the direct digital control system controller is an output. 

 For a typical variable volume air handling unit with hot water preheat coil and 
chilled water cooling coil a typical list and type of the input and output points (I/O 
Summary) can be described as follows:

   Analog inputs:

•    Air handling unit discharge temperature (temperature; °F)  
•   Cooling coil entering air temperature (temperature; °F)  
•   Cooling coil leaving air temperature (temperature; °F)  
•   Space temperature (temperature; °F)  
•   Space humidity (humidity)  
•   Supply duct static pressure (pressure; inch of water gauge)  
•   Outdoor temperature (temperature; °F)  
•   Outdoor humidity (humidity)  
•   Return air CO 2  level (part per million)  
•   Critical space CO 2  level (part per million)  
•   Chilled water valve actuator position (% of full open)  
•   Preheat hot water valve actuator position (% of full open)  
•   Minimum outside air damper actuator position (% of full open)  
•   Maximum outside air damper actuator position (% of full open)  
•   Relief damper actuator position (% of full open)  
•   Fan variable frequency drive speed (speed; rounds per minute)  
•   System supply airfl ow rate (fl ow; cubic feet per minute)  
•   Terminal unit fl ow rate (fl ow; cubic feet per minute)  
•   Minimum outdoor airfl ow (fl ow; cubic feet per minute)     

  Digital Inputs:

•    Supply fan proof of operation (on-off)  
•   Filter status (clean-dirty)  
•   Humidifi er proof of operation (on-off)  
•   Selector switch status (on-off)  
•   Override switch status (on-off)  
•   Low temperature limit status (yes-no)  
•   Mixing box static safety status (on-off)  
•   Discharge static safety status (on-off)  
•   Return static safety status (on-off)  
•   Power status (on-off)  
•   Preheat hot water pump proof of operation (on-off)  
•   Smoke damper actuator position (on-off)     
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  Analog outputs:

•    Economizer damper command (% of full open)  
•   Relief damper command (% of full open)  
•   Face and bypass damper command (% of full open)  
•   Chilled water valve command (% of full open)  
•   Humidifi er valve command (% of full open)  
•   Variable frequency drive speed command (% of full speed)  
•   Preheat hot water valve command (% of full open)     

  Digital outputs:

•    Supply fan start/stop (on-off)  
•   Variable frequency drive enable/disable (on-off)  
•   Humidifi er shutdown (on-off)  
•   Preheat hot water pump command (on-off)  
•   Power status (on-off)       

 In addition to these inputs and outputs, the direct digital control system will gen-
erate required software alarms and displays them in the operator’s workstation. 

 Similar sequence of operations and input/output summaries need to be generated 
for all other equipment in the system such as chilled water and hot water plants, 
exhaust air system, etc.  

9.6     Advanced Control Strategies for Energy Saving 

9.6.1     Demand Ventilation Control 

 This control allows the system to be capable of operating with a level of outside air 
even less than minimum outdoor air required calculated by governing standards. In 
this design CO 2  sensors that are located strategically throughout the building to 
sense and measure the real time part per million (ppm) of CO 2 , specifi cally in 
crowded spaces of the building, and if this value is below an acceptable threshold, 
allows the direct digital control system to decrease the minimum outdoor air level. 
This strategy is a very effective measure for saving energy.  

9.6.2     Optimum System Start or Stop 

 It is a common practice to set the controls of the building to switch the air condition-
ing system from unoccupied mode to occupied mode earlier than expected occu-
pancy time, in order to provide a comfortable condition for the occupants as they 
arrive to the building early in the morning, or early Monday mornings. Based on 
time of early occupancy of the building, outdoor conditions, and the thermal 
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characteristics of the building construction material a well-designed control system 
can confi gure the latest possible time for switching to the occupied mode in order to 
save energy by not engaging the air conditioning system when it is not required yet. 
Stopping the air conditioning system early enough before the end of scheduled 
occupancy period in the evening in order to save energy without sacrifi cing the 
occupants comfort also falls under the same control strategy.  

9.6.3     Fan-Pressure Optimization for VAV Systems 

 Implementing this control strategy makes the system to continuously monitor all the 
different zones load and decrease the air handling unit fan speed enough to only 
overcome the pressure required for keeping the variable air volume terminal unit 
serving the zone with the highest load fully open.  

9.6.4     Unoccupied Ventilation (Night Purge) 

 Implementing this control strategy during the unoccupied hours (mainly during 
night hours) provides provision of a total building purge during unoccupied hours 
that not only removes large quantities of stalled contaminated air from the building 
in order to provide a higher indoor air quality, but also can help to provide some free 
cooling during these hours that would help to bring the energy consumption of the 
system during the following occupied hours.  

9.6.5     Chilled Water Temperature Reset 

 In order to implement this control strategy, during the part load periods of the chiller 
operation the direct digital control system increases the cooling coil entering chilled 
water temperature incrementally in order to reduce the compressor work and as a 
result reduces the consumed energy by the system.     

    Reference 
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    Chapter 10   
 Energy Modeling 

10.1                        Basics of Load Calculations and Energy Modeling 

 The American Institute of Architects (AIA) in its publication (AIA  2012 ) recognizes 
four types of energy-performance modeling methods. These methods are Design 
Performance Modeling (DPM), Building Operations Modeling (BOM), Project 
Resource Modeling (PRM), and Building Energy Modeling (BEM). 

 Design Performance Modeling is a very introductory, simple, and fast energy 
consumption enhancement evaluation of the building in the early stages of the 
design. In this method designers attempt to roughly evaluate the possible effective-
ness of energy consumption enhancement factors such as day-lighting and natural 
ventilation on the energy effi ciency of their specifi c building. 

 Building Operation Modeling by defi nition requires to be performed after a few 
years of completion of the building. The advantage of this approach is that it is 
done based on the actual utility bills and weather data at the building location. This 
allows designer and the owner of the building to compare the real building energy 
consumption against the design model energy consumption. Such actual results 
can help to study, recognize, and target the causes of any possible defi ciencies in 
the building and its systems and therefore creates an opportunity to improve the 
building performance to and even above the level which its original design was 
intended to be. 

 Project Resource Modeling is an extensive form of modeling that not only 
includes studying of the building consumed energy, but also is included of evaluat-
ing other factors such as material selection, site resources, resources that are brought 
to the site, and waste material use. 

 Finally Building Energy Modeling is the common tool for predicting the build-
ing energy consumption during the design phase. This model is regularly used in 
different stages of the design, and therefore requires more attention. Due to its 
importance, in the remaining of this chapter I will discuss BEM in more detail. 
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 Different commercial energy modeling software such as Trane Trace 700 and 
e-Quest are designed to assist the energy modeler to perform energy analysis for 
the buildings. A large number of building energy modeling and load calculations 
software are available in the market, each with its own weaknesses and strengths. 
For an extensive list of these software and their specifi cations refer to the depart-
ment of energy web site.   http://apps1.eere.energy.gov/buildings/tools_directory/
alpha_list.cfm    . 

 Let’s continue with a brief discussion on how software such as Trane Trace 700 
or e-Quest works. Trane Trace 700 is a load calculation and energy modeling soft-
ware that is very popular among the HVAC professional community not only due to 
its ease of use and available comprehensive help documents, but also because Trane 
is one of the main equipment and controls manufacturers in the world as well. Trane 
Trace 700 help document not only assists the users to perform the desired building 
load calculations and energy modeling, but also provides a very thorough and infor-
mative guidance for describing the systems and advance controls. It also has the 
capability of customizing libraries and templates for different scheduling models. 

 Subsequently e-Quest is an energy modeling specifi c software with visual pre-
sentation capability of the modeled buildings. When a modeler uses e-Quest for 
modeling a multistory building, the software provides the capability to divide the 
whole building into only three sections. With e-Quest the modeler can model the 
lowest level and top level of the building separately and model the rest of the middle 
fl oors as one section. This approach is proven to be a very good estimate of how a 
multistory building consumes energy. Software is free and available for down load 
from the internet. 

 The main target of any energy modeling software is to provide predictions of the 
yearly energy consumption (cost) of the buildings. These predictions are made 
based on the calculated consumed quantity and cost of different utilized energy 
resources which are responsible for delivering cooling or heating (or other energy 
consumers in the building) to the building throughout the year. This process in 
general is similar to process of using load calculation software to select proper 
cooling and heating systems based on the calculated required cooling and heating 
loads in the building. The difference here is that in load calculation process the 
designer’s target is solely calculating the building maximum required cooling and 
heating when it faces the most extreme conditions. Based on these results the 
designer will select the proper equipment sizes (capacity) that would be installed in 
the building. Such selection helps the system to be capable to offset the cooling or 
heating loads even when the worst conditions both in the outdoor environment and 
internal conditions happen simultaneously. On the other hand in energy modeling 
process the focus of the designer is not the worst instant condition, but it is the 
complete hourly load profi les and therefore the energy consumption (cost) through-
out the whole year. 

 In order to perform energy analysis, multiple levels of information and data have 
to be entered to the software as the simulation inputs. 

 Even though the confi guration and structure of the input information to these 
software may be somehow different from each other, but the underlying idea and 
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basic information that are required to be fed to the different software is basically 
similar. Since almost all of software can generate some sort of output based on any 
type of input, it is important that only people who have suffi cient degree of knowl-
edge about the building, its systems and the logic of the software perform the 
energy modeling. Otherwise the reported results might be completely unreal and 
even useless. 

 Some software are designed only to be used for load calculations such as HCCV, 
and some are designed to be only used for energy modeling such as e-Quest. Some 
specifi c software such as Trane Trace 700 can be used for both purposes of load 
calculations and energy modeling. In the following paragraphs, I will describe the 
common required structure of any typical software that can be used for both goals 
of load calculations and energy modeling. 

 All these software generally have designated input spaces available for including 
the name and other general information about the project with some useful descrip-
tions. These places can be used to describe the name and address of the project, 
name and address of the engineering fi rm that performs the load calculations or 
energy modeling, and any other general information that can be used for better iden-
tifi cation of the project. 

 The next group of input information which should be entered to the software is 
usually the geographical location and the associated weather data for the specifi c 
project location. Most of the software is designed with a relatively large bank of 
weather data for many specifi c locations already built in it. In some cases simple 
tools for generating or entering the weather data for some specifi c locations that are 
not part of the general data storage of the software have been provided. Designer 
can either generate or simply import the proper weather data to the software where 
it is applicable. This weather data later will be used to calculate the cooling and 
heating capacity for the system to offset the effects of the outdoor environment on 
the inside of the building. 

 The next step usually is generating models for describing the different occupant 
densities, types of occupant functions (in order to create people sensible and latent 
loads), different lighting densities, and appliance densities. This type information 
helps the software to calculate what in general is called the internal load for each 
space within the building envelope. For example the inputs for a typical offi ce build-
ing can be in the following format: (type of function: offi ce area; occupant density: 
70 square foot per person; people sensible load: 250 Btu per hour; people latent 
load: 200 Btu per hour; type of lighting: recessed fl uorescent with a heat gain of 
1.1 W per square foot; and type and density of appliances: 10 computers at 120 W 
each). Software always provides provisions for specifying the daily schedules for 
how each of these internal loads must be mapped in the calculations. For example 
the designer can specify the occupancy of the space in the following manner. From 
midnight to 7:00 A.M. 0 %, from 7:00 A.M. to 5:00 P.M. 100 %, and from 5:00 P.M. 
to Midnight 30 % of designated occupant density shall be considered for the people 
generated load in the calculations. 

 The next step generally is to set up the required outdoor airfl ow, thermostat, 
humidistat, and CO 2  level settings for each specifi c space. Relevant standards such as 
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ASHRAE Standard (ASHRAE  2013a ) are generally being used to allocate proper 
minimum outdoor air required for each space. Other provisions such as expected 
infi ltrated air, assigned exhaust air or other airfl ow settings along with the desired 
temperature, humidity and CO 2  level are being added to the calculations in this place. 

 The next step is to specify the characteristics of the construction material. Those 
characteristics are such as type, typical size and heating characteristics of different 
partitions, walls, roofs, slabs, skylights, windows, and doors. The heating character-
istics of windows and skylights (glazing) are usually represented in form of U-values 
and shading coeffi cient, while the other construction materials are mainly specifi ed 
only by their U-values, which is indicator of resistance of the construction material 
against heat transfer. 

 After these basic primary inputs, designer shall input a detail description of each 
specifi c space in the building. Depending on the size of the building, this step could 
be the most time consuming procedure, since all the different spaces of the building, 
their associated construction element maps, and designation of the internal loads 
shall be specifi ed and added to the calculations at this time. 

 By the end of this step a relatively accurate physical model of the building and 
its different spaces have been built into the calculations and the next step logically 
is to defi ne the type and characteristics of the HVAC air systems and equipment 
which will be used to air condition the building. This can include provisions such as 
defi ning system types (e.g., fan-powered terminal unit with reheat, chilled beams, 
fan coils); defi ning spaces with dedicated and/or supplemental cooling/heating 
(e.g., fan-coils, split systems, unit heaters); ventilation airfl ow rates; dedicated out-
door air system (DOAS) vs. mixed-air unit; building pressurization; ventilation 
schedule; infi ltration; design vs. minimum air change rates; supply air schedule; 
exhaust air schedule; minimum terminal unit airfl ows; exhaust requirements; supply 
fan type, CFM, total static pressure, brake horsepower; return fan type, CFM, total 
static pressure, brake horsepower; motor effi ciencies; return air path (plenum, 
ducted, room); supply air temperature heating, cooling; energy recovery, type, 
effectiveness; auxiliary HVAC, type (e.g., under fl oor radiant heating); humidifi ca-
tion, type; system-specifi c requirements (e.g., chilled beam capacity). 

 The designer then shall defi ne the cooling and heating plant equipment and con-
fi gurations such as district plant; chiller or boiler type, number; pumping arrange-
ment, type(s), full load energy rate, equipment curve; design chilled and hot water 
delta-T; chilled and hot water temperature reset, schedule; pump pressure optimiza-
tion; waterside economizer, schedule; heat recovery, parameters; cooling towers; 
etc. Each air handling systems then should be assigned to the appropriate cooling 
and heating plants. Minimum effi ciency of the different equipment, equipment 
schedules, and desirable applicable controls such as thermostat set-point(s), drift, 
schedules; humidistat set-point(s), drift, schedules; CO 2  sensors, set-point; airside 
economizer, type; demand control ventilation; supply air temperature reset; fan 
static pressure reset; pump head pressure reset; fan cycling; schedule (none, 
occupancy- based, load-based); night purge; morning warm-up; and optimum start, 
stop schedule shall be added to the calculation software at this time as well. 

 In addition, energy consumption rate of the different equipment and applicable 
utility rates and other necessary economic data such as utility rate schedule(s); elevator 
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input power, schedule; domestic hot water system confi guration, effi ciency, capac-
ity, schedule, hot water use reduction; site lighting power, and schedule shall also be 
added to the calculations at this time. When the target is energy modeling an alter-
native model similar to the design model shall be generated as well. The representa-
tive factors in this alternative shall be selected to matches the minimum requirements 
defi ned by ASHRAE standard (ASHRAE  2013b ). 

 To summarize these steps, an energy modeling process uses the data delivered to 
the software regarding some important factors and generates the estimated building 
energy consumption and costs over a specifi c time period (usually one full year). 
Most important factors as it has been described earlier here are weather data, build-
ing orientation and geometry, building envelope, occupancy, lighting, miscellaneous 
equipment, HVAC systems. Other important factors that are required to be noted are 
service hot water, on-site power generation, operational schedules, and utility rate 
structures. 

 The fi nal step is to run the simulation program and let the software to calculate 
the maximum required cooling and heating (in case of load calculations), and to 
depict a comparison of energy consumption (cost) between the design model and 
the alternative model which usually is called base building (in case of energy 
modeling). 

 At the end of this chapter, it should be reemphasized that building designers actu-
ally through an energy modeling exercise attempt to estimate the quantity of the 
consumed energy and its associated cost. Regardless of how good the designer is 
and how well the energy modeling software is developed, there are always condi-
tions that would cause deviation of the results of the simulation from how much 
energy is really going to be consumed (or cost) when the actual building is fi nally 
built and is under operation. A few samples of these conditions can be named as 
variation in occupancy, variations in controls, variation in maintenance, change in 
energy rates and the most important variation in weather conditions. Therefore it 
should be clearly understood that the result of the energy modeling is not expected 
to show the exact energy consumption level or cost of the real building when it is 
built, but it is only a measure for differentiation between the design building and a 
baseline (imaginary) building both performed under similar conditions, with similar 
software, but different systems.     
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    Chapter 11   
 Sustainability and Energy Conservation 
Scoring Systems 

                    Human technical advancements during the industrial age have led to many inventions 
in different fi elds. In building industry inventions such as utilization of refrigerants 
like chlorofl uorocarbon (CFC), and hydro-chlorofl uorocarbon (HCFC) in manufac-
turing buildings air conditioning systems, using Halon (a compound made of bro-
mide, fl uorine and carbon) in building fi re distinguishing systems, and using 
carbon-based fuels in the forms of burning wood, coal, oil, natural gas, or any other 
sub-product of these materials for electricity generation in power plants have 
changed the face of the industry drastically. Even though these are some of the 
major contributors to the advancement of the buildings and building technologies 
during these years, unfortunately the advancement of the building technologies is 
not these items sole effect. These innovations had also been proven to create some 
notable negative consequences for both people and the environment. 

 Halons, CFCs and similar refrigerant agents usually remain very stable while 
they are near the ground. They have a good potential to stay on ground level after 
breaking out of their systems, e.g. refrigerant leak from the refrigerant system, and 
they will remain there until the climate activities such as wind push them to higher 
elevations, while they are still stable. They stay stable until they reach the ozone 
layer that is approximately 10–25 miles above the earth surface. When these 
refrigerants reach the ozone (O 3 ) layer the condition will change. Due to the higher 
intensity of the ultraviolet radiation in this layer, these compounds break apart and 
release agents of chlorine and bromide. Chlorine and bromide have great potential 
for rapidly interact with O 3 . These interactions force one atom of O to separate from 
the O 3  molecule, and due to the rapid rate of interaction the amount of O 3  molecules 
in ozone layer intensively decrease. This event when continuously happens will 
deplete the ozone layer which reduces the earth protective shield against sun ultra-
violet radiation. As ozone layer depletes larger quantity of sun radiation can reach 
the earth. This higher degree level of radiation can cause different complications 
such as people skin cancer. It also can generate additional warming effect on the 
earth which as a consequence will contribute to global warming phenomenon. 
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 As the sun radiation hits the earth and objects and people on it, some of this 
radiation absorbs and increases the temperature of earth and objects on its surface. 
This effect causes the earth and objects located on its surface generate infrared 
thermal radiation and send it back up towards the atmosphere. 

 Ozone, water vapor, nitrous oxide, methane and many other gases, which exist in 
the earth atmosphere and are known as greenhouse gases, have the capability of 
absorbing the defl ected infrared thermal radiation of the earth and other object on its 
surface. One of the major greenhouse gases is CO 2  that is after-production of 
carbon- based fuels as source of energy generation. CFCs, HCFCs, HFCs, and vola-
tile organic compounds (VOCs) act as greenhouse gases as well. The specifi c attri-
bute of the greenhouse gases which is their capability to refl ect the absorbed thermal 
radiation in all directions, causes some of the heat that was on its way to leave the 
earth atmosphere refl ects back towards the earth. When this function repeatedly is 
done, creates additional heat near ground that causes the earth temperature to rise. 
This effect is known as global warming, which is known to be responsible for cli-
mate change and some extreme tsunamis or earth poles ice melting in the recent 
years. Top human generated greenhouse gases that contribute to global warming are 
CO 2 , CH 4  and N 2 O. Even though these greenhouse gases which also naturally occur 
in the atmosphere but based on a report by Intergovernmental Panel on Climate 
Change (IPCC) and National Oceanic & Atmospheric Administration (NOAA) the 
atmospheric concentration of these greenhouse gasses in the past 250 years (indus-
trial era) have increased by 39 %, 158 %, and 18 %, respectively. 

 Ozone depletion and global warming are the most critical one–two punches that 
the industrial age and as a major component of it, the building construction industry 
has hit the people, the earth and its environment with. For more information on this 
subject see (  http://www.epa.gov/    ). 

 As extreme usage of refrigerants in chillers and other machines and consequently 
its leakage has endangered the atmosphere by depleting the ozone layer, and as 
uncontrolled consumption of energy sources has endangered the easy access to 
energy resources, different protocols and committees have diverted their attention to 
higher effi ciency systems with lower damage to the environment and use of sustain-
able energy sources. Designers that their main goal was to design for the occupant’s 
comfort, faced other more critical criteria to comply with, such as sustainability and 
design to the highest effi ciency levels with no damaging effect to the environment. 

 One of the most internationally infl uential organizations in this fi eld is American 
Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) 
which was founded in 1894 at a meeting of engineers in New York City. ASHRAE 
publishes a monthly journal, a set of four handbooks every year (once in 4 years 
each), and performs multiple meetings throughout the year. Its four handbooks of 
Refrigeration (ASHRAE  2014 ), Fundamentals (ASHRAE  2013b ), HVAC Systems 
and Equipment (ASHRAE  2012 ), and HVAC Applications (ASHRAE  2011b ) that 
are revised and republished every 4 years in order are one of the most valuable 
resources for designers and researchers in HVAC fi eld. ASHRAE also has published 
numerous standards regarding most aspects of design, control, and commissioning 
of HVAC systems. The instructions of ASHRAE Standard 90.1 (ASHRAE  2013a ), 
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sometimes also referred to as energy code, are basically what all the designers shall 
follow to be able to achieve building energy effi ciency compliance evaluation 
throughout the USA (Khazaii  2012 ). 

 Leadership in Energy and Environmental Design (LEED) is an internationally 
recognized green building certifi cation system, which as a third party verifi es 
whether a building is designed and built using proper green and sustainable strate-
gies. This scoring system defi nes provisions for improvement of most aspects of the 
whole building such as energy saving and CO 2  emission. LEED organization was 
established in 1993. From 1994 to 2014, LEED grew from one standard for new 
construction to a comprehensive system of multiple guidelines targeting improve-
ment of the site and building development and construction process. 

 Another sustainability system, the Green Building Initiative (GBI), established 
in 2005, and its target was to ensure that all buildings, regardless of size, type or 
budget, are built and managed in an environmentally-friendly manner. 

 In 2009 and in order to create a labeling system for the different buildings 
ASHRAE members started working on a labeling program that was fully lunched in 
2011. The target of this program is to provide the design and construction commu-
nity with information on the potential and actual (measured) energy use of build-
ings. The ASHRAE Advanced Building Energy Labeling (ABEL) program is based 
on the Building Energy Quotient (bEQ) label, together with a supporting certifi cate. 
The label is pertinent for existing buildings, using the As Operated (Operational) 
Rating, and for new buildings using the As Designed (Asset) Rating. The ratings are 
planned to support regulatory energy use requirements. bEQ Scales the buildings 
from site and source energy, on-site renewable sources and emission stand points 
and provides a grade between smaller or equal to “0” and larger than “145.” There 
are seven layers of scaling with A+ (smaller or equal zero) as the best and F (larger 
than 145) as the worse cases. 

 In 2009 ASHRAE, LEED, and two other signifi cant institutes, American 
National Standard Institute (ANSI) and Illuminating Engineering Society (IES), 
aligned their forces together and published a comprehensive standard named 
“Standard 189.9-2009—Standard for the Design of High-Performance Green 
Buildings-Except Low-Rise Residential Buildings.” The purpose of this standard 
that revised and republished in 2011 (ASHRAE  2011a ) is to depict the minimum 
requirements for the site selection, design, construction, and plan for operation of 
high-performance green buildings with a responsible attitude towards environmen-
tal and resources. As it has been targeted and claimed, it also designed to support the 
goal of development that meets the needs of the present without compromising the 
ability of the future generations to meet their own needs. 

 Prior to these efforts in USA, the European Committee for Standardization 
(CEN) which is a nonprofi t organization and its mission is to advance the European 
economy, improve the welfare of the European citizens and protect the environment 
by providing proper standards and specifi cations, was established in 1961. One of 
the goals of CEN is to provide a unifi ed standard for energy conscious design 
throughout Europe (Khazaii  2012 ). 
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 Meanwhile worldwide movements for standardization of the energy conscious 
design have been working towards sustainable and energy effi cient buildings in 
Canada, the UK, Japan, Qatar, etc. 

 All these efforts show that building design and operation in general and HVAC 
system design and operation as one of the most important energy consumers in the 
buildings have been subjected to more focused energy effi cient design more than 
any other time before. For example, out of a total hundred points available for LEED 
2009 certifi cation for new constructions, in Energy and Environment (EA) section, 
nineteen points are designated for optimizing energy performance and three points 
are designated for measuring and verifying the system different components, and a 
few more credits in Indoor Air Quality (IEQ) section are designated for controlling 
and monitoring preferable condition for indoor air quality. These points are directly 
related to the HVAC system effi ciency and operation e.g. outdoor air delivery moni-
toring and thermal comfort controllability (Khazaii  2012 ). 

 As it shows the design engineers now are expected to select more effi cient sys-
tems for designing buildings and are responsible for wisely consuming energy 
sources without allowing their designs to leave adverse effects on environment, and 
in order to do so they have to satisfy the requirements and regulations developed by 
the different sustainability scoring systems. 

 In the following paragraphs I briefl y introduce some of the important energy 
scoring systems that are more common and are frequently used throughout the 
world as the sustainability evaluating and scoring tools. 

11.1     BREEAM 

 Building Research Establishment Environmental Assessment Method (BREEAM) 
was the fi rst standard in United Kingdom in last decade of past century that was 
developed to advocate sustainable design and has been used to calculate and describe 
the performance of different buildings since then. 

 As it is described in BREEAM offi cial web site “ http://www.breeam.org/ ,” 
BREEAM UK is consisted of BREEAM New Construction, BREEAM Communities, 
BREEAM In-Use, Eco-Homes, BREEAM Refurbishment, and Code for Sustainable 
Homes. BREEAM Europe Commercial can be used to assess offi ce, retail, and 
industrial buildings in any European country, BREEAM International Bespoke can 
be used for assessment of a single building anywhere in the world, and BREEAM 
In-Use can be used for helping managing existing buildings anywhere in the world. 
If a building cannot be categorized under any of the specifi ed standard schemes 
described in BREEAM, then “BREEAM other Buildings” standard can be utilized 
to evaluate that building. The UK, Germany, the Netherlands, Norway, Sweden, and 
Spain are the major countries that use tailored versions of BREEAM systems. Other 
countries can use BREEAM International scheme which is a more general standard 
with less customization. 

 Different levels of classifi cation presented by BREEAM are (1) “pass” for 
qualifying for at least thirty percent of all possible credits, (2) “good” for qualify-
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ing for at least 45 % of all possible credits, (3) “very good” for qualifying for at 
least 55 % of all possible credits, (4) “excellent” for qualifying for at least 70 % of 
all possible credits, and (5) “outstanding” for qualifying for at least 85 % of all 
possible credits. 

 BREEEAM environmental subjects of interest are included of land use and 
ecology, water, energy, material health and wellbeing, transport, waste, pollution, 
management, and innovation. Among these subjects energy, health and wellbeing 
and management have the highest percentage weight. 

 A report “A comparison of BREEAM and LEED environmental Assessment 
methods” prepared for the University of East Anglia in  2011  stated that BREEAM 
as of year 2009 was the most adopted environmental assessment method in the 
world with more than 200,000 certifi ed projects, following by LEED with more 
than 24,000 certifi ed project.  

11.2     HQE ®  

 High Environmental Quality (HQE ® ) was the second system after BREEAM that 
was developed in 1996 to address the effects of the buildings on environment in 
France. HQE ®  standard approaches both organizational (relation between different 
involved parties) and operational aspects of the building. As it is indicated in the 
HQE ®  offi cial web site “ http://assohqe.org/hqe/ ,” the action of this association is 
focused on structures and operational planning for individual housing area, business 
parks, new building renovation, rehabilitation and operation. To comply with HQE ® , 
a building shall meet 14 targets in 4 different categories. These are “Eco- 
construction” such as relation between buildings and their immediate environment, 
“Eco-management” such as management of energy and water, “Comfort” such as 
acoustic and visual comfort and “Health” such as sanitary air and water quality. 

 HQE ®  reviews the building from the above mentioned 14 points of view and 
certifi es the building on a 3 levels performance category base called “Basic”, 
“Good” and “Very good.” 

 Recently has been an ongoing process to bring HQE ®  and BREEAM assessment 
methods together in order to make a unique certifi cation scheme in France consis-
tent and comparable with the other BREEAM certifi cations in Europe.  

11.3     LEED 

 Leadership in Energy and Environmental Design (LEED) was originated in the USA 
by the US Green Building Council (USGBC) in 2000 and has been evolving since 
then. Since its inception the LEED target has been to introduce and implement goals 
of a sustainable and green design, built, control, and monitoring for buildings. 

 As indicated on the LEED website “ http://www.usgbc.org ,” LEED has grown 
from a single document to multiple documents proper for different types of applications. 

11.3 LEED
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These applications currently are LEED for New Construction (and major renova-
tions), for Existing Buildings (operations and maintenance), for Core and Shell 
development, for Schools, for Retail, for Healthcare, for Commercial Interiors, for 
Neighborhood Development and for Homes. 

 In general and similar to other sustainability scoring systems all the different 
LEED standards are targeting subjects such as site sustainability, water use manage-
ment, energy and atmosphere, material election, and indoor air quality. 

 In LEED 2009 for new construction and major renovations achieving a maxi-
mum total of 110 points is possible, which a minimum of 40 points is required for 
certifi cation. Also a minimum of 50, 60, and 80 points are respectively required for 
a silver, gold and platinum level of certifi cation. 

 In site sustainability section means of improving the building by controlling 
effects of functions such as construction activity pollution, public transportation, 
storm water quantity and quality control, heat island effect and light pollution reduc-
tion are discussed. Advocating use of low emitting and fuel-effi cient vehicle, lower-
ing the number of parking space capacity to force public transition, and use of 
maximum open spaces are discussed here as well. In this section 1 prerequisite and 
a total of 26 credit points are possible to be achieved. 

 Subjects of discussions in water effi ciency section are means of reduction of water 
use, innovative wastewater technologies, and process water use reduction. In this sec-
tion one prerequisite and a total of ten credit points are available for achieving. 

 In energy and atmosphere section attention is focused on commissioning of the 
building, minimum energy performance, refrigerant management, on-site renew-
able energy and measurement and verifi cation of the consumed energy. In this sec-
tion 3 prerequisites and a total of 35 credit points are available for achieving. 

 In material selection section directions for using proper material for construction 
is discussed. Storage and collection of recyclables, construction waste management, 
recycled contents, regional materials, rapidly renewable materials and certifi ed 
wood are subjects of discussion in this section. In this section 1 prerequisite and a 
total of 14 credit points are available for achieving. 

 Finally indoor environment quality section is concerned with subjects such as 
minimum indoor air quality, construction indoor air quality management during 
construction and before occupancy, low emitting materials, occupant comfort 
design, controllability and verifi cation, lighting controllability, and daylight. In this 
section 2 prerequisites and a total of 15 credit points are available for achieving. 

 There are also two additional sections of innovation and design process and 
regional priority for a total of ten extra bonus points.  

11.4     CASBEE 

 Comprehensive Assessment System for Built Environment Effi ciency (CASBEE) is 
a measure to promote sustainability that is developed for the state of Japan in 2001. 
As it is indicated on the CASBEE website, “ http://www.ibec.or.jp/CASBEE/
English/index.htm ,” the main concepts that CASBEE has been developed around is 

11 Sustainability and Energy Conservation Scoring Systems



119

advocating construction of superior buildings while maintaining simplicity and 
applicability of the buildings in Japan and Asia. 

 CASBEE is composed of four assessment tools, CASBEE for predesign, for new 
construction, for existing buildings, and for renovation which along with the other 
tools for special purposes are called CASBEE Family. 

 CASBEE for predesign (underdevelopment) assists professionals who are 
involved in planning stage of building to understand issues such as environment 
impacts of the project. It also helps them to evaluate the environmental performance 
of the project at the predesign stage. 

 CASBEE for new construction helps architects and engineers to improve the 
building energy effi ciency by implementing the recommended strategies in this tool 
during its design process. 

 CASBEE for renovation introduces the building managers to methods of provid-
ing building operation monitoring and commissioning for the existing buildings. 

 The other CASBEE tools which are designed for specifi c purposes are CASBEE 
for detached houses, for temporary construction, brief versions, local government 
versions, for heat island effect, for urban development, and for cities. 

 CASBEE system has been developed based on assessment of two distinct cate-
gories of (1) positive impact of the building system inside the boundary of the build-
ing site, and (2) negative effects of the building system outside the building site 
boundary. To evaluate the positive impacts inside the building system boundary, 
CASBEE focuses on quality of the building performance, quality of indoor environ-
ment, quality of service and quality of the outdoor environment at the building site. 
On the other hand to evaluate the negative effects of the building system outside of 
the building system boundary, CASBEE assesses the environmental load, energy 
consumption, use of material and resources and outdoor environment outside the 
building system boundary. 

 CASBEE system uses these two overall assessments to defi ne the indicator of 
Building Environmental Effi ciency (BEE) based on the ratio of the assessment of 
total “Q” to assessment of total “L,” or ratio of the quality of the building to the 
environmental effects of the building. 

 CASBEE ranks the buildings based on one of the following categories of excel-
lent (S), very good (A), good (B+), rather poor (B−), and poor (C). 

 The indicator BEE for a poor building is anything below 0.5, for a rather poor 
building is anything between 0.5 and 1, for a good building is anything between 1 
and 1.5, for a very good building is anything between 1.5 and 3, and for an excellent 
building anything above 3.  

11.5     Other Sustainability Scoring Tools 

 As it was briefl y mentioned earlier in this book in different countries some other 
sustainability scoring tools have been developed which are custom made for the 
countries of interest. Some of these systems and the countries that using these tools 
are Green Globe for Canada, Green Star for Australia, HK-Beam for Hong Kong, 
QSAS for Qatar, etc.     

11.5 Other Sustainability Scoring Tools
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    Chapter 12   
 Renewable Energy and Sum-Zero 
Energy Buildings 

                    In the past few decades the diminishing resources and consequently the higher 
prices of fossil-based energy, and also increasing public awareness and understand-
ing of the massive damages that utilizing the common fossil-based energy resources 
such as coal and gas impose to the environment have made the engineers to inves-
tigate new and clean resources of energy. These new and clean resources mainly are 
known as renewable energy. The renewable energy (sustainable energy) is com-
monly defi ned as resources of energy that can be reused time after time without 
short changing the future generations from reliable resource of energy and would 
not create harmful residuals that can threat the people health and the environment 
cleanness. 

 At the same time architects and engineers attentions have moved towards design-
ing such buildings that from the energy consumption stance are more effi cient, and 
since building industry counts for a very large portion of energy consumption in the 
USA and also the rest of the world, attention has been paid towards designing build-
ings which are even energy self-suffi cient as well. These buildings when are respon-
sible for producing hundred percent of their daily (yearly) energy usage, would be 
called sum-zero energy buildings. 

 In the following section I will briefl y review some of the different available 
types of renewable energy and also some techniques for designing a so called sum-
zero energy building. One of the most valuable resources of information about 
renewable energy types can be found in the US Department of Energy website 
 “http://energy.gov/”, that I referred to that when developing the following section.  
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12.1     Renewable Energy Types 

12.1.1     Geothermal Energy 

 Geothermal energy generation which is using up the energy that is generated and 
stored in earth is not a new technical advancement due to the fact that it has been 
used for power generation since early twentieth century. But recently and not only 
due to importance of energy conservation but also because of high electricity pro-
ducing potential of geothermal systems its utilization has been reconsidered by the 
engineers. 

 Different technologies of utilization of the geothermal energy can be divided into 
four major categories of conventional hydrothermal systems, low-temperature sys-
tems, enhanced geothermal systems, and direct-use systems. 

 In general conventional hydrothermal, low-temperature, and enhanced geother-
mal systems are all used to generate electricity, while the direct-use systems that 
ground source heat pump systems are a major member of this category are used for 
space heating and cooling systems, hot water production, industrial processes, 
agricultural processes, etc. Based on 2008 geothermal technology market report 
(July 2009) the utilization of geothermal direct use energy from year 1990 to 2007 
has grown from 0.0048 to 0.0094 quadrillion Btu (almost twice as much). Also 
based on 2010 geothermal energy international market update, electricity genera-
tion from geothermal resources in the USA has risen from 2,678 MW in 2007 to 
3,086 MW in 2010. 

 To be able to generate electricity from a conventional hydrothermal system in 
addition to earth heat two other resources of hot fl uid (steam or hot water) in an 
underground reservoir and permeability of the earth structure shall be naturally 
available in one place. A production (supply) well will be used as a path for bringing 
the hot fl uid to the power plant and an injection (return) well will be used for return-
ing the low-heat-low-energy fl uid back to the reservoir. High energy fl uid which has 
moved through the production well will be delivered to the power plant turbines. 
Power plant turbines use this energy to run the generators that consequently gener-
ate electricity. Commonly there are three different types (dry steam, fl ash steam, and 
binary cycle) of interactions between the turbine and the working fl uid. In a dry 
steam power plant, the steam out of the production well will be directly introduced 
to the turbine, while in fl ash steam power plant steam enters a fl ashing container 
with much lower pressure to be converted to fl ash steam before entering the turbine. 
In a binary cycle power plant fl uid from the production well introduces to a heat 
exchanger in which the ground heat will be transferred to another closed circuit 
fl uid with a much lower boiling point. This fl uid then is used to run the turbines 
   (Figs.  12.1 ,  12.2 , and  12.3 )

     The difference between a conventional hydrothermal system and an enhanced 
geothermal system is that in the latter the main three elements of reservoir with the 
fl uid, earth heat and permeability are not available naturally in one place, and usually 
additional effort such as increasing the permeability of the earth structure is needed 
to generate the proper environment for utilizing this system. 
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 Traditionally a low temperature geothermal system is known as a system which 
the temperature of geothermal fl uid is below 300 °F. Other than binary cycle sys-
tems that are being utilized for electricity generation, generally the other low- 
temperature geothermal systems are being used as direct systems which have other 
applications than electricity generation. 

  Fig. 12.1    Dry steam geothermal system       

  Fig. 12.2    Flash steam geothermal system       
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 Ground source heat pumps which are categorized and basically cover a majority 
portion of the direct systems, use the relatively constant temperature of the earth 
below its immediate surface in order to generate heating or cooling for residential 
and commercial buildings. For a more detail description of these units refer to types 
of HVAC systems and system selection chapter in this book.   

12.2     Solar Power Technologies 

 A research performed in University of Michigan “  http://css.snre.umich.edu/css_
doc/CSS07-08.pdf    ” shows the world electrical demand is less than 0.2 % of the total 
Sun radiation (1.05 × 10 5  terawatts (TW)) that reaches to the earth surface. Therefore 
fi nding ways to convert this radiation into suitable electricity can be very valuable. 
Two of these methods are utilization of what we call photovoltaic (PV) solar cells 
and concentrating solar power systems. Next two sections are dedicated to discuss 
these two systems in brief. 

12.2.1     Photovoltaic (PV) Technology 

 A photovoltaic (PV) solar panel is a solar panel capable of creating electrical power 
from sunlight. Photovoltaic cells generally are made of multiple layers of semicon-
ductors such as silicon. These panels when are exposed to the Sun light generate a 

  Fig. 12.3    Binary cycle geothermal system       
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direct electrical charge (DC). This direct charge then, through utilization of an 
inverter can be converted to an alternative charge (AC) which would be suitable for 
building electricity needs. 

 Photovoltaic cells main design structures are homo-junction devices, hetero- 
junction devices, p-i-n and n-i-p devices and multi-junction devices. Photovoltaic 
cells have also been categorized under two main types of Crystalline Silicone (wafer 
based) and Thin Film. Subcategories of Crystalline Silicone type are Poly- 
Crystalline and Mono-Crystalline, while subcategories of the Thin Film type are 
Amorphous-Si (a-Si), Tandem (a-Si/microcrystalline), CIGS (Copper Indium 
Gallium Selenite), and CdTe (Cadmium Telluride). 

 Crystalline silicon is a homo-junction device that is made of one single material 
of crystalline silicon in which one side has positive and the other side has negative 
charges. When light absorbs in this material create free electrons. The freed electrons 
move from one side to other and therefore generate an electrical current. In crystal-
line silicone technology single slices of silicone undergoes numerous manufacturing 
processes and then array of these single slices are put together in order to create a 
crystalline silicone panel. These panels then will be located on the roof or other 
building surfaces facing the sunlight to use its energy and generate electricity. 

 Generally crystalline cells are made of pure silicon of one hundred and fi fty to 
two hundred (150–200) microns thick, while the thin fi lms are made by depositing 
semiconductor layers onto glass or other specifi c material (mainly stainless steel). 
Thin fi lm layers are approximately three tenth to two (0.3–2) micrometer thick. 

 In thin-fi lm technology which uses a hetero-junction device the junction is 
formed from different semiconductors, such as copper indium gallium selenite 
(CIGS). Copper Indium Gallium Selenite is a direct bandgap semiconductor mate-
rial that can absorb the sun energy with very high effi ciency level. Due to possibility 
of using different semiconductor as the positive and negative ends, devices that use 
this technology provide higher effi ciency than other devices using homo-junction 
technology. 

 As it was said earlier other thin-fi lm technologies exist as well. An amorphous 
silicon (a-Si) thin-fi lm technology uses a p-i-n (positive a-Si, intrinsic silicon, and 
negative a-Si) structure, while a cadmium telluride (CdTe) uses a n-i-p (negative 
zinc telluride (ZnTe), intrinsic CdTe, and positive cadmium sulfi de (CdS)) structure. 
Each of these devices are made of three layers of semiconductors that each have one 
of the positive, negative and neutral charges, with the neural layer located in the 
middle of the other two layers. 

 Another type of thin-fi lm photovoltaic cells is Multi-junction device. These 
devices also called cascade or tandem and are made of multiple layers of 
 semiconductor junctions, which by capturing different levels of energy of light in 
multiple layers provide higher effi ciency devices. In this structure multiple stacks of 
single junction cells are installed on top of each other. The order of installation from 
top to bottom is from higher to lower band-gap, in which the upper level captures 
the highest energy light photons and the bottom level captures the lowest energy 
light photons. 
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 As per National Energy Foundation website which is based in the UK, “  http://
www.nef.org.uk/renewableenergy/pv-basics.htm    ,” the most effi cient exposure for 
locating the PV panels is on the roofs facing an exposure between southeast and 
southwest. But the most important fact regarding these units is that even a minimal 
amount of shading can reduce the effi ciency of the panels considerably. Common 
effi ciency of these panels depending on the type of the used semiconductor and 
manufacturing technology usually is somewhere between 5 to 15 %. 

 High temperature on the surface of the PV panels can also cause the loss of effi -
ciency of the PV panel. This effi ciency loss can be calculated by multiplying a fac-
tor that is called temperature coeffi cient by the difference between the environment 
temperature and rated temperature of the PV panels. Depending on the type of the 
used technology the temperature coeffi cient can be anywhere between two tenth to 
fi ve tenth percent per one degree of Celsius (0.2–0.5 %/°C). 

 On average for a properly installed panel assembly of 1 kW-peak (maximum 
output), an annual 750 kW h of output can be expected.  

12.2.2     Concentrating Solar Power Systems 

 A Concentrating Solar Power (CSP) is an assembly in which sun light is concen-
trated to heat up a working fl uid. This heated working fl uid then will be utilized to 
run a turbine or an engine which starts a generator in order to generate electricity. 
Main utilized systems for this purpose are Linear Concentrator Systems, Design- 
Engine systems, and Power Tower systems. It is common for these systems to be 
designed with a supplemental thermal storage system in order to make up for the 
periods of time that Sun power is not available. 

 Two popular types of Linear Concentrator systems are Parabolic Trough and 
Linear Fresnel Refl ector systems. In a parabolic trough system (Fig.  12.4 ), para-
bolic refl ectors are installed in a general north–south direction. The control system 
swings these refl ectors in such way to follow the movement of the Sun as much as 
possible.

   These refl ectors direct the maximum possible Sun energy towards a group of 
collector pipes which carry working fl uid. These collector pipes are located in the 
focal point of the parabolic surfaces and their function is to heat up the working 
fl uid inside them using the absorbed Sun energy. The contained heat inside the 
working fl uid then via utilization of a heat exchanger will be transferred to a steam 
generating water cycle. Generated steam in this cycle then will be delivered to a 
turbine. Steam will run the turbine shaft which fi nally will be transferred to an 
 electricity generator for generation of electricity. 

 In a linear Fresnel refl ector system, similar procedure happens through fl at long 
mirrors individually following the movement of the sun and heating up the working 
fl uid inside of the collector pipes located at the focal point of the mirrors (Fig.  12.5 ).

   A Dish-Engine system is a relatively small size electricity generator with an 
electricity generation target of mostly less than 25 kW. It is made of a parabolic dish 
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  Fig. 12.4    Parabolic trough linear concentrator system with direct storage tanks       

  Fig. 12.5    Linear Fresnel refl ector system, with indirect storage tanks       
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made of refl ecting mirrors which will concentrate the Sun light on a power conver-
tor section in the focal point of the dish. Energy transferred to this section usually 
will be used to heat up the working fl uid which moves a reciprocating shaft system 
that then will be used to start and operate an electricity generator unit. 

 Power Towers are another type of concentrating solar power systems. In these 
systems a large number of fl at mirrors track the Sun movement and focus its light 
towards a receiver which is installed on top of a tower. This system like the other 
systems in this category uses the Sun energy to warm up the working fl uid in a 
receiver. The warmer fl uid then will be used to run a turbine and then generates 
electricity by using the mechanical power output of the turbine as the input to an 
electricity generator. 

 As it was mentioned earlier, the main problem with concentrating solar power 
systems is it’s down time. Down time is the result of lack of sun radiation during the 
night and cloudy day times. To overcome this problem storage tanks have been 
designed and are used. Storage tanks hold the additional generated energy during 
the day times and utilize it during the down times. Three popular types of storage 
tanks are two-tank direct, two-tank indirect, and one tank thermo-cline systems. 

 A two-tank direct storage system is contained of two tanks with high and low 
temperatures which utilize the same fl uid as heat exchanger and storage fl uids. Hot 
fl uid from thermal collectors arrives in high temperature tank and from there moves 
to a heat exchanger that generates steam for running the steam turbine, which pro-
vides the mechanical power required for a generator to generate electricity. Cold 
working fl uid from the heat exchanger moves back to the low temperature tank and 
from there returns back to the collectors. 

 The main difference between two-tank direct and two-tank indirect storage 
systems are that in the latter system the heat exchange and storage fl uids are two 
different fl uids. This usually occurs when the heat exchange fl uid is expensive, and 
it is not economical to fi ll both tanks with this fl uid. As a result the system requires 
an additional heat exchanger that separates the heat exchange (collector) fl uid from 
the storage fl uid. In this confi guration the collector fl uid passes through two heat 
exchangers in parallel position. The steam heat exchanger transfers the collector 
fl uid heat to steam generating fl uid which as the result will generate electricity after 
being changed to steam and going through turbine and electricity generator. The 
utilized fl uid in hot and cold storage tanks will be pumped into each other with two 
pumps in reverse direction and as it is defi nes by the need for direction of the fl uid 
between two tanks. During the day time when hot collector fl uid is available, storage 
tank fl uid is pumped from cold tank to hot tank and absorbs heat from collector fl uid 
inside the storage heat exchanger and stores this heat in hot tank. During the down 
time when sun is not available, hot fl uid is pumped from hot tank to cold tank. The 
difference is that in this time collector fl uid absorbs the heat to warm up and further 
get utilized in the steam heat exchanger for generating steam and electricity. 

 One tank thermo-cline system is contained of one tank with three levels of solid 
material with high, medium and low temperatures. High-temperature working fl uid 
enters to high temperature media on top and leaves from the low temperature media 
in the bottom.   
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12.3     Wind Power 

 Wind can be generated as a result of uneven heated earth surfaces, locations pressure 
differences and earth rotation. Wind turbines can be utilized to receive the kinetic 
energy of the wind and transform it to clean renewable electricity by employing 
electricity generators. Generally wind turbines are either horizontal axis or vertical 
axis type, where the earlier type with two or three blades is the most popular one. 
Wind turbines are made of combination of turbine, gear set, generator, and control-
lers that are installed on top of a tall (around 100 ft above ground) tower. As wind 
moves through the aerodynamically designed blades of the turbine, generates two 
different pressure regions in front and back of the blades. This differential pressure 
causes the blades to rotate. Low rounds per minutes (rpm) rotation of the blades 
through the blades shaft and the gear set will be converted to a rotation with high 
rpm. This resultant fast rotation then will be delivered to a generator which as a 
result generates electricity. 

 The main difference between a horizontal and a vertical axis turbines is that the 
fi rst one needs to be directed toward the wind, but the latter one does not need to be 
located towards the wind, but is much slower and requires much higher torque to 
operate. Due to considerable slow rotation of vertical axis turbines they are gener-
ally not suitable for electricity generation. 

 Smaller scale wind turbines can be used for residential buildings which mostly can 
produce only 0.3–10 kW. These wind turbines can be installed either on top of the 
roof, or somewhere on the building site that can catch the available wind at the site.  

12.4     Biomass, Biofuel, and Bio-Power 

12.4.1     Biomass 

 During the day plants and vegetables use Carbon Dioxide (CO 2 ) which is in the air 
along with water and of course sun energy through the photosynthesis process to 
create some sort of sugar inside them that helps them to grow. By-product of this 
function is generation of O 2  which is deposited back to the air, and will be inhaled 
by humans and animals and of course plants and vegetables during the night time. 
The respiration system of humans and animals and plant and vegetables over the 
night hours uses the inhaled O 2  and returns CO 2  to the air through their exhale func-
tion. When humans and animals consume plants and vegetables carbon moves from 
plants and vegetables to humans and animals bodies. That helps them to grow as 
well. Human and animal waste also adds carbon to this process of carbon exchange 
which is called carbon cycle. 

 Carbon existed in long time dead body of humans, animals, and plants and veg-
etables which is buried under the layers of earth, if is deep enough and if stays there 
for a long period of time (million years) will be changed to diamond, coal or other 
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types of fossil fuels that can be burned, generate heat and energy, and release CO 2  to 
the air. On the other hand, biomass material is referred to live or recently dead plants, 
vegetables or plant related material that can be either directly or indirectly (e.g., 
biofuel) used to provide heat and energy. Dedicated energy crops, agricultural crops 
residues, aquatic crops, forestry residues, biomass processing residues, municipal 
wastes, and animal wastes are common different types of biomass resources. 

 Dedicated energy crops are those plants such as Bamboo that offer the advantage 
of being repeatedly regrown from the same roots in a relatively short time cycle. 
These crops therefore reach their full productivity level in a few (usually 2–3) years 
after being harvested and processed. 

 Another biomass type is agricultural crops residues that can further be subdivided 
into two smaller categories of fi eld residues and process residues. The fi eld residues 
are those left in the fi eld after harvesting the crops such as leaves and stems. Process 
residues are what that have left after the crops are processed to fi nal usable resources 
such as seeds and roots. The most important characteristics of residues of agricul-
tural crops is that they are biomass materials that usually other than capability of 
being used as biomass resources have no other commercial application. 

 Two other main types of biomass resources are aquatic crops such as algae, and 
forestry residues such as dead trees. Biomass processing residues are biomass 
resources such as unused sawdust or branches of trees and municipal and animal 
waste biomass resources are post-consumer wastes and animal-processing waste 
respectively. 

 Different technologies can be utilized for breaking down biomass materials in 
order to release the stored sun energy in them. The most important of them are bio- 
fuel and bio-power.  

12.4.2     Biofuels 

 Biofuels can be in either solid, gas, or liquid form. Ethanol and biodiesel are the 
most common biofuels. In the USA generated ethanol is either fermentation ethanol 
(bio-thermal) type (which is either corn base or cellulosic material base) and is 
used as an additive to petroleum-based fuels, or synthetic ethanol type which is 
produced from ethylene and it is mainly used for industrial applications. The most 
signifi cant characteristic of ethanol are its capability to increase the octane of the 
fuel and decrease its air pollution effects. 

 Biodiesel (ethyl or methyl ester) is generated through combining organic oils 
with alcohol in presence of a catalyst. This product can be either used as pure bio-
diesel fuel or as an additive to regular diesel fuels with different percentages. 

 Another category of biofuels are known as Bio-Oils, which are produced 
through the process of fast and fl ash pyrolysis. The generated fuel through this 
process can be the source of energy for some boilers. In a fast and fl ash pyrolysis 
process solid fuel is heated up to about 500 °C for a very short period of time to 
generate bio-oil fuel.  
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12.4.3     Bio-Power 

 Bio-power is the generation of electricity or heat from biomass resources. Main 
technologies that are used for bio-power generation are direct combustion, co- fi ring, 
and anaerobic digestion. 

 In a direct combustion method, which is the most common technology, waste 
wood from agriculture and wood processing industries directly burns in a wood 
burning boiler to generate steam. This steam will be used to spin a turbine which 
spins a generator and therefore can generate electricity. 

 In a co-fi ring system, part of the petroleum based fuel is replaced by biomass, 
which in result can reduce the emission of petroleum based power plants signifi -
cantly. In an anaerobic digestion technology, bacteria are used to decomposes the 
organic waste and produce methane which can be piped and used to produce elec-
tricity or heat.   

12.5     Hydropower 

 Using water in order to provide power for running a machine or to generate electric-
ity is known as hydropower. Hydropower plants can be generally categorized to 
impoundment, diversion, or pumped storage types. 

 In an impoundment system which is the most common type of hydropower 
plants, usually a dam is used to accumulate a river’s water behind it. The stored 
power in this accumulated water would be utilized as the source of power to run a 
turbine. The spinning shaft of the turbine then generates the input power for an 
electricity generator, which fi nally and in exchange generates electricity. 

 In a diversion type facility, a small stream of the river’s water is branched out 
from the main river body of water in a higher elevation. The diverted branch of the 
river’s water will be directed to a turbine in the plant and makes the turbine to rotate. 
Similar to the previous method the spinning shaft of the turbine will be the initial 
power to a generator which in exchange will generate electricity. The diverted water 
in this process then will be redirected back to the main river in a lower elevation. 

 In a pumped storage facility, during the hours that the electricity demand is low, 
the water energy will be stored by pumping water from a lower reservoir to an upper 
reservoir. During the hours that the electricity demand is high, this water will be 
released to the lower reservoir to create electricity, by using a turbine and generator 
assembly, similar to the other discussed methods above.  

12.6     Ocean Energy 

 Ocean energy is so plentiful that some researchers predict energy derived from 
ocean waves alone could generate more than the current world energy demand. 
But most of the technologies that can effi ciently utilize this hidden energy in 
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oceans are still in early stages of development. In some optimistic research reports 
the potential for renewable energy generated from the ocean is estimated to be as 
high as seven thousands E Joules per year (7,000 EJ/year) (   Rogner et al.  2000 ), 
while others predict that it will only be about seven E Joules per year (7 EJ/year) 
(Sims et al.  2007 ). Predictions aside, the records show that at the end of year 2009, 
the worldwide, installed capacity of the ocean generated power has been less than 
300 MW (Lewis et al.  2011 ). 

 Current major conceptual energy extraction technologies from the ocean are the 
use of the ocean waves and currents, vertical (most of the current actual generated 
power is by utilizing this method) and horizontal movement of the ocean water due 
to what is known as tidal effects, ocean thermal conversion, and salinity gradient. 

 When the wind comes in contact with the ocean surface creates two different 
movements on the body of the water. The body of water either is pulled up or pushed 
forward with the wind. The action of water pulling up creates a potential energy in 
water that if it is captured when the water comes back down can be useful for power 
generation. Also the action of pushing water forward can cause utilization of this 
kinetic energy in generation of power. All these kinetic and potential energies can 
be utilized to generate power and electricity if the proper technology is 
implemented. 

 Ocean tides are another energy source that is generated due to the combination 
of the inertial, centrifugal, gravitational and rotational forces acting among the 
Earth, the Moon, and the Sun. When the alignment of the Sun, Earth and Moon 
changes from all being located on the same direction to a condition that direction of 
lines that connect each two of them together are perpendicular to each other, the 
changes in combined forces among them cause the tides height changes between the 
maximum height and the minimum height extremes. This continuous up and down 
movement, in conjunction with the confi guration of the ocean bed near the location 
of the tides, generates another horizontal movement for the body of the ocean water. 
These movements also can be the resources for generating power and electricity by 
utilizing proper technologies. 

 Also due to low thermal conductivity of the sea water almost all of the thermal 
energy received from sun and absorbed with the water stays in the upper layers of 
the ocean water. Very small portion of this heat is transferred to the lower layers of 
the ocean, and therefore this condition creates a differential temperature level 
between the upper and lower layers of the ocean water. With proper technology this 
temperature difference can be utilized for generating power and electricity as well. 

 Finally, salinity gradient (Osmotic power) which is the difference in concentra-
tion of salt in seawater and river (fresh) water can be also used for power and elec-
tricity generation. The potential methods for collecting this energy are reverse 
electrodialysis and pressure retarded osmosis. Both methods are based on potential 
of two fl uids with different level of concentration of salt to come to a balance of 
concentration acting on two sides of a membrane. For a detail discussion on all 
aspects of ocean energy see (Lewis et al.  2011 ).  
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12.7     Sum-Zero Energy Buildings 

 The concept of Sum-Zero Energy Building (SZEB) has been looked at from differ-
ent point of views and has defi ned with dissimilar targets in different literatures. 
For example when the target of the building energy consumption evaluation is to 
provide enough renewable energy on the project site to offset all the site’s yearly 
demand, it is referred to as the whole building site energy consumption, but when 
the target of the evaluation is to include enough renewable energy on the project site 
to offset the total energy used for generation and delivery of the yearly energy 
demand of the building including its site to the site, it is known as the source energy 
consumption. A SZEB also have been referred to a building that the cost of the 
energy for the owner is at least equal to the money that the energy grid provider pays 
to the building owner for the amount of the energy that his building delivers to the 
grid. Finally in some literatures an SZEB has been defi ned as a building that pro-
duces at least enough emission-free renewable energy to cover the emission gener-
ated by its non-renewable energy sources. 

 Before going any further, let’s discuss the difference between the source and site 
energy with a little more detail. As it was said earlier, site energy is basically the 
amount of the energy that has been brought to the site and the source energy is the 
total energy used to produce and transfer the energy to the site. Since each region 
has a different structure for energy delivery and also uses different resources and 
also equipment to generate electricity (as an example), therefore the conversions 
used for calculating the proper multipliers for source energy calculation is different 
in each region. For simplicity and ease of understanding let’s assume the only source 
of energy which is used in a building is electricity and the annual energy consump-
tion of the building is 100,000 kW h. The site energy can be calculated by simply 
converting this 100,000 kW h to its equivalent in terms of kBtu. No matter where in 
the country this building is located, we can use this conversion to calculate its site 
energy (e.g. the site energy for this building will be equal to 100,000 kW h × 3.413 kBtu/
kW h or 341,300 kBtu). 

 Now assume this building is located in a region with a Source Energy Factor 
(SEF) of 8.05. (The electricity source energy factor is defi ned as heat input in 
MMBtu/net generation in MWh, and as it was said earlier is different from one 
region to another due to their different structure for energy delivery and also use of 
different resources and equipment to generate the targeted energy type.) Therefore 
if this building still consumes 100,000 kW h electricity per year, then its source 
energy will be calculated by multiplying the electricity consumption by the source 
energy factor for that region. That will results in 100,000 kW h × 8.05 kBtu/kW h or 
805,000 kBtu. If this building was located in another region with source energy fac-
tor of 6.08, then its source energy could be calculated as 100,000 kW h × 6.08 kBtu/
kW h or 608,000 kBtu. 

 Implementing each of the discussed strategies in defi ning the concept of SZEB 
and therefore calculating the total energy consumption of the building based on that 
specifi c defi nition obviously has its own positive and negative associated issues. 
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The notable characteristics of a site SZEB method are its ease of implementation, 
measurement, and understanding, while there is a lack of accountability for non- 
energy related differences between different fuel types, such as its availability and 
source distance to the site or the quantity of the generated pollution. 

 On the other hand the most notable characteristics of the source SZEB, is that by 
using this method it is possible to include the energy value of different fuel types 
used at site in the calculations, and it is easier to reach zero energy by this method. 

 Typically the cost SZEB is easy to implement and measure, but at the same time 
it is very diffi cult to track the rapid energy source price changes. 

 Finally the emission SZEB requires proper means of emission eliminating tech-
niques that in some cases could add to the cost of the building considerably, while 
it provides easier path of reaching SZEB, and capability of factoring in non-energy 
differences among different fuel types in the energy evaluation of the building. 

 Independent of what defi nition and strategy is chosen to defi ne a SZEB, there are 
always specifi c techniques and strategies to be employed in order to create on site 
renewable energy. These techniques can not only cut the dependency of the building 
on the energy provided to it by the electricity grid or other utility providing resources, 
but also can eliminate the carbon emission of the building as well. Of course all 
these techniques and strategies have a direct relation to the location of the building 
and the available natural sources of energy in that region, such as year around avail-
ability of energy from the Sun, ocean, or wind. 

 A Building capable of providing a yearly energy quantity more than what it uses 
and therefore allows its owner to sell the residuals back to the electricity grid is usu-
ally called energy-plus buildings and a building that is capable of generating energy 
just short of its yearly energy requirement and therefore at least for a few percent of 
its energy is dependent on the electricity grid is called a near zero energy building. 

 It is obvious that designing and operating a sum zero energy house is much sim-
pler than designing and operating a sum zero energy commercial building. A house 
is usually only dependent on energy for a limited number of appliances such as 
heating and cooling units for extreme outdoor conditions. Other energy consuming 
elements in a house are kitchen appliances, lighting throughout the house, televi-
sion, computer, etc. Of course other than losing the functionality of the heating 
equipment in some rare locations and occasions the loss of the functionality of a 
house is not as critical as a loss of functionality of equipment or appliances in a 
commercial building. Some commercial buildings rely on cooling system on a 24 h 
basis during the week for places such as central computer rooms, electrical rooms 
or elevator machine rooms. The whole business profi tability of some manufacturing 
sites depends on year around access to reliable source of energy. Loss of such func-
tions can have a hard negative effect on the businesses in these buildings. Therefore 
even the best sum zero energy commercial buildings should have grid-dependent 
backup source of electricity or other source of energy as it is suitable. Means for 
storing the excessive generated energy should be provided to store the generated 
excess renewable energy and later use it when the original source of energy is not 
available anymore. 
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 Some of the advantages of the SZEB are eliminating the possibility of the future 
energy cost increases for the owner, and improving the energy effi ciency of the 
building and therefore reducing the long term cost of ownership and living. 

 On the other hand some of the disadvantages of SZEB are higher initial cost 
and possibility of dependency on the grid on the same time of the peak demand in 
the grid.    
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    Chapter 13   
 Uncertainty and Risk Management 

13.1                        Probabilistic Versus Deterministic Simulation 

 The primary purpose for performing an energy modeling for a building and its 
systems is to predict the future energy consumption of the building. To perform an 
energy modeling simulation, in addition to the need for keying in all the physical 
dimensions, orientation and constructing elements characteristics of the building, it 
is required to enter almost all the building constructing elements and their thermal 
characteristics, and all the utilized systems and their required enabling power for 
operation and level of effi ciencies, into the model as input. Available commercial 
simulation software uses its underlying mathematical structure and executes proper 
calculations with this information to provide a single estimated output which repre-
sents the total building yearly energy consumption level. 

 The simulation software therefore performs a deterministic procedure, assum-
ing, e.g., all the material that actually will be used in construction of the building has 
the exact heating characteristics, and all the utilized systems in the building hold the 
exact energy effi ciency levels that has been assigned to them by the modeler. To 
some extent these are legitimate assumptions, since to the best of their efforts, the 
architect and engineers supervise the purchasing and installations of all the building 
elements and systems according to the specifi ed specifi cations in building design 
construction document. But is that enough? 

 In reality, when the architect through the building design specifi cations e.g. spec-
ifi es a certain type of stone that has a specifi c heating characteristics ( U -value) to be 
used as one of the building façade constructing elements, even though the suppliers 
provide material with the exact heating characteristic as it was indicated in design 
specifi cations, this does not mean that every single face stone installed in the project 
has the exact same characteristics. Actually it might even be correct to say that 
almost none of the used surface stones have the same exact characteristics as it was 
specifi ed. This is due to lack of complete accuracy in testing condition and testing 
apparatus utilized by the different manufacturers during the production of surface 
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stones. Of course there are many agencies and standards that regulate how and 
under what conditions, manufacturers have to test and represent their product per-
formances to the market. These products then will be labeled as products complying 
with the standard and therefore maintaining reliable performances. 

 But even these regulations cannot guarantee the exact product characteristics as 
what has been advertised due to the allowable tolerances in testing procedures. It is 
customary for all the testing and certifying standard agencies to allow some degree 
of deviation from the represented performance levels. For example assume AHRI 
550 which is the standard for testing vapor compression chilling machines allows a 
test tolerance of 7.5 % for certifi ed tested chillers at full load. Then a chiller manu-
facturer can represent its chillers with a specifi c effi ciency of fi ve tenth of kilowatts 
per ton (0.5 kW/t) (at full load), if they follow the required test procedure and the 
effi ciency of their tested chillers fall within the acceptable range of 7.5 % of the 
advertised performance at full load (similar conditions are true in part load condi-
tions). This means even a chiller with effi ciency of up to 0.53 kW per ton can be 
qualifi ed and labeled as a chiller with 0.5 kW per ton effi ciency. Similar tolerances 
are allowed by different agencies for every other equipment and material utilized in 
the building construction and operation as well. Such deviations from the exact 
characteristics of the used materials and equipment effi ciencies in the building from 
what has been used as input to the energy model provide ground for what is called 
uncertainty in energy modeling simulation output. 

 As I explained earlier one of the early steps in preparing an energy modeling 
simulation for a building is to enter the size and heat transfer characteristics of the 
building different envelope elements into the model, such as  U -values of walls and 
roofs and  U -value and shading coeffi cient of different building glazing elements. Of 
course the  U -value of each wall or roof is calculated by combining the  U -values of 
the material that are used to construct the wall or roof layer by layer, such as bricks, 
sheet rocks, and concrete. This data then along with other input data will be used by 
the energy modeling simulation software to calculate the hourly energy required for 
cooling or heating of the building throughout the year. 

 Since 1980s comprehensive academic efforts have been done to quantify the 
effects of uncertainty in the building energy modeling specifi cally on a ground of 
uncertain envelope element’s heating characteristics of the buildings. 

 In 1990, Clarke, Yaneske, and Pinney in their paper “The harmonization of ther-
mal properties of building materials” (Clarke et al.  1990 ) represented data regarding 
the variations of the building construction material properties with moisture con-
tent, and also the resulted uncertainties in the manufacturer represented characteris-
tics of different building materials. They showed that the range of thermal 
characteristics of the construction material which are really used in construction of 
the building can swing in considerable ranges from what has been selected during 
the design time. For example conductivity of calcium silicate cellular glass with 
density of 136 kg/m 3  when it is tested in different temperatures between 10 °C and 
37.7 °C, can swing in a range of 0.047–0.051 W/m K. and copper conductivity as its 
density changes between 8,600 and 9,000 kg/m 3  changes in a range from 200 to 
384 W/m K. This showed that the characteristics of the ultimately used material in 
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the building can have a considerable deviation from the selected and used material 
characteristics in original energy modeling during the design stage. 

 In 2010, Dominguez-Munoz, Cejudo-Lopez and Carrillo in their paper 
“Uncertainty in peak cooling load calculations” (Dominguez-Munoz et al.  2010 ) 
represented the effects of multiple (more than 25) input components on the overall 
cooling system output. They showed that the peak cooling load uncertainty due to 
effects of the chosen input elements could be as high as    ±15 %. It should be noted 
here that the possibility of occurrence of the peak cooling load below 4 % and above 
96 % of the mean value was shown to be extremely small and almost negligible. 

 Prior to that in 2002, McDonald in his PhD thesis “Quantifying the effects of 
uncertainty in building simulation” (McDonald  2002 ) showed for a specifi c offi ce 
building and based on the defi ned uncertainties (20 %) in input parameters such as 
conductivity of external wall insulation, and conductivity of external wall brick face 
the calculated energy consumption standard deviation was ±7.77 kW h. 

 In 2012, in my PhD thesis “The effects of sub-optimal components in cooling 
systems energy consumption and effi ciency” (Khazaii  2012 ) I showed the envelope 
elements of the building are not the sole sources of uncertainty in energy consump-
tion of the building and other parameters such as testing agencies test tolerances 
allowance for testing the HVAC equipment have considerable impact on the output 
probability distribution of the energy consumption of the whole building. Of course 
there are other uncertain elements that could be added to this process, such as light-
ing power (watt) tolerance allowance, which was missing from my research, and 
could make the results even more considerable. 

 These researches show the importance and need of new approach in energy mod-
eling different from the current industry-wide adopted method, and introduction of 
new revisions to the existing software for building energy modeling simulation to 
make it capable of performing a probabilistic energy modeling instead of current 
deterministic method. The above mentioned researches also show the need for 
emphasizing on the fact that the commercial software writers should get themselves 
familiar with the relevant concepts such as uncertainty and sensitivity and imple-
ment the required provisions in their software.  

13.2     Implementing Uncertainty and Sensitivity Analysis 
in Energy Modeling 

 Uncertainty analysis and sensitivity analysis are two main topics in branch of sci-
ence known as statistics. Unfortunately up to a few years ago these powerful tools 
did not fi nd their ways into the building architecture and HVAC engineering world. 
As it was stated earlier in the past few decades there were some attempts on using 
these tools to disclose the effects of uncertain envelope elements on building energy 
consumption, but I believe very soon these concepts will be developed further and 
will be used more universally in building energy modeling and design. 

13.2 Implementing Uncertainty and Sensitivity Analysis in Energy Modeling
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 For better understanding the concepts that are discussed in this section it is 
necessary to gain an adequate knowledge of the uncertainty and sensitivity con-
cepts. Therefore I will briefl y introduce the main concepts related to uncertainty and 
sensitivity analysis, and then describe how these tools can improve our energy con-
scious building design. For detail discussion on this subject see (Saltelli et al.  2008 ) 
and (Aven  2003 ).  

13.3     Uncertainty and Sensitivity Analysis Defi nitions 

 By defi nition an uncertainty analysis (UA) is a tool that helps the modeler to study 
the changes in the output of his model when he changes the inputs to his model. The 
modeler gains multiple benefi ts from the uncertainty analysis. The most important 
advantage of performing an uncertainty analysis is that it can help the modeler to 
make better decisions by better understanding the system which is under investiga-
tion. This better decision making can be achieved from the fact that uncertainty 
analysis provides proper ground for more informed discussions and communica-
tions among the professionals whom are working on designing or improving a 
system by making quantifi ed output values accessible for them. 

 Sensitivity analysis (SA) on the other hand is a useful method that helps the 
modeler to calculate the uncertain parameters which have the most infl uences on the 
outputs of the model. There are many apparent benefi ts to this type of analysis 
because once the most infl uential parameters in a model (system) are identifi ed 
more attention can be placed on improving the real-life targets by improving the 
most effective elements of the system.  

13.4     Uncertainty Quantifi cation Techniques 

 In general two main approaches for quantifi cation of uncertainty are known to be 
external and internal approaches; both of these rely on statistical techniques.  

13.5     External Methods 

 In an external method approach the mathematical structure of the simulation soft-
ware are assumed to remain unaffected. It means the methodologies that are used to 
calculate different outputs will not change. Instead here the external factors such as 
how does the simulator select the inputs and how does he describe the model are 
assumed to be changed. Therefore this method basically evaluates the effects of 
uncertainty from the outside of the simulation program. It means that in an external 
method in a computer simulation model, the simulator changes the input parameters 
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by ignoring the simulation program’s possible errors and approximations, and his 
goal is to implement and then evaluate the effects of some external changes on the 
model output. 

 The external methods are subdivided into local and global methods. In a local 
method the effects of change of an individual parameter on the uncertainty of the 
output of the model is evaluated, while in a global method the effects of change of 
multiple parameters on the uncertainty of the model is assessed. The notable simi-
larity between the two approaches is that the correlation between the input and 
output for both methods are usually considered to be linear, while the main differ-
ence between the two different approaches is that the input parameters in local 
method are sampled one by one and the target is to understand the partial derivative 
of the output in relationship with the input, but in a global method the input param-
eters are sampled all together at the same time and the target is to understand the 
uncertainty of a specifi c input in relation to the overall outputs. 

13.5.1     Local Methods 

 Local methods can be sub-categorized into differential sensitivity method and facto-
rial method. A differential sensitivity analysis method is usually used to evaluate the 
effects of change of an individual input parameter on the uncertainty of the output. 
In this method generally three sets of simulations (1) with original input value, 
(2) with upper limit of input parameter, and (3) with lower limit of input parameter 
is performed and the results from these three sets of simulations will be analyzed to 
provide a better understanding of the effects of the individual parameter changes on 
the output of the model simulations. This method is easy to perform and interpret 
results, but the weakness of the method is that each input is assumed to be indepen-
dent from all the other inputs. 

 In the factorial method, during the simulations all the uncertain parameters alter 
between either the upper and lower limits of input parameter or among upper limit, 
lower limit and mean value of the uncertain parameters, and then the results will be 
evaluated to provide a better understanding of the effects of the parameter changes 
on the output of the model simulations.  

13.5.2     Global Methods (Sampling-Based Methods) 

 Typically in global methods the uncertainty in input parameters is used to determine 
the probability distribution of the output while all the variables are sampled simul-
taneously. In general the fundamental concept of all the sampling based methods is 
to generate and investigate an overall depiction of relationship between uncertain 
analysis inputs and uncertain analysis results. In another word each of the uncer-
tain analysis results are functions of the uncertain analysis inputs, and uncertainty in 
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uncertain inputs results in a corresponding uncertainty in the analysis outputs. These 
are the main concepts in uncertainty analysis (measuring the uncertainty (probabil-
ity distribution) of  f ( x ) provided the uncertainty in  x ), and sensitivity analysis 
(importance of existing uncertainty in  x  with respect to the uncertainty (probability 
distribution) in  f ( x )). 

 Therefore in order to implement a sampling-based uncertainty and sensitivity 
analysis one should take a few steps. The obvious fi rst step is to defi ne a number of 
uncertain input elements along with their epistemic uncertainty distribution alloca-
tions. The next step is to propagate the input samples and to generate an association 
diagram or formula between the uncertain inputs and the analysis outputs. The fi nal 
two steps would be to generate the uncertainty analysis results and then to investi-
gate the most infl uential uncertain input or performing a sensitivity analysis. 

 Among the described procedure above the most complicated and also important 
one is assigning the proper probability distribution to the epistemic uncertain inputs. 
Proper assignment of these uncertainties not only helps to determine the uncertainty 
(probability distribution) of the outputs more accurately, but also determines the 
sensitivity of outputs to input parameters with higher reliability degree. Therefore it 
is important to spend enough time in order to be able to depict the best distribution 
match possible for each of these uncertain inputs. The time that is spent here is well 
worth and probably the most critical in reaching more reliable results. 

 The most common sample generation techniques are random sampling, impor-
tance sampling, Latin Hypercube Sampling, and Monte Carlo Sampling. Among 
them the most commonly used sampling methods are the Monte Carlo Sampling 
and Latin Hypercube Sampling due to their capability of performing analysis for the 
complicated systems with use of only a small number of sample sizes. 

13.5.2.1     Monte Carlo Method 

 The most famous and widely used method of global category is Monte Carlo 
sampling method. In this method, all the uncertain parameters are perturbed by a 
random quantity before the next iteration is performed. Of course samples are 
more likely to be drawn from sections of the input distribution that are assigned to 
have more chance of occurrence. In this method the number of simulations and 
number of uncertain input parameters are independent from each other and an 
acceptable number of iterations as it is defi ned in different literatures are about 
eighty iterations (McDonald  2002 ). In the Monte Carlo method a risk analysis—
by creating model of possible results based on substitution of the uncertain inputs 
from a range of values (probability distribution)—is performed. Each time a dif-
ferent set of random values are pulled from the different distributions and is put 
into the model, and as a result each time a new outcome is calculated. This process 
continues (based on number of specifi ed iterations) and fi nally a probability distri-
bution for the outcome will be generated (Khazaii  2012 ).  
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13.5.2.2     Latin Hypercube Sampling Method (Stratifi ed Sampling) 

 In this method members of the population are divided into homogeneous segments 
before sampling. Every sample shall be assigned to only one group, and all the 
groups together shall create a whole body of possible samples. Then random sam-
pling applies within each segment (Khazaii  2012 ). 

 Therefore the main difference between this method and Monte Carlo method is 
in their input data selection distribution. Experience shows this method usually 
requires less number of iterations than the Monte Carlo method.  

13.5.2.3     Random Sampling 

 In this method samples are collected from a random collection such as random num-
bers from a database and will be scattered without any specifi c rules inside the sam-
pling fi eld. This method can create clusters (when samples are very close to each 
other) or gaps (when very little number of samples are taken from some regions.)  

13.5.2.4     Screening Method 

 Screening method is a particular case of sampling based methods which deals with 
each input individually. It is also known as once at a time (OAT) method. After all 
the required data sequentially modifi ed the designer evaluates the results and makes 
decision based on the comparison among the outputs.  

13.5.2.5     Variance-Based Method 

 Variance-based methods are sampling-based methods that also depend on the 
computation of conditional variances. They allow a global, quantitative, and model- 
independent sensitivity measure. This method is known to be more complex than 
the other methods.    

13.6     Internal Methods 

 These methods deal with conditions that the uncertainty is considered in the arith-
metical equations of the model. Since these methods are shown to have not particu-
lar use in uncertainty analysis in building energy modeling, we will stop our 
description here.  

13.6 Internal Methods
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13.7     Uncertainty Result Presentation 

 Presentation of uncertainty analysis results is usually simple and is only involved in 
displaying the generated output maps, calculated based on uncertain inputs. Some 
of the common presentation possibilities include means and standard deviations, 
density functions, etc. Displaying the results of a sensitivity analysis is usually more 
time consuming since it requires actual investigation through the maps to fi nd the 
effects of each individual input on simulation output. The followings are a few 
approaches to sensitivity analysis presentations that usually can be seen as the 
representatives of the sensitivity analysis. 

 Scatter-plots: A plot of the points that can show the relationship between models 
inputs and outputs. Despite of the complexity of the system and its need for more 
advance technique for sensitivity analysis, the scatter-plot technique is a very good 
starting point for understanding the relation between model inputs and outputs. 

 Correlation: Correlation is the representative of linear relationship between input 
and output  . Correlation Coeffi cient (CC) has a value between −1 and +1. Positive 
correlation between two factors means that as one increases or decrease the other 
will increase or decrease as well, and a negative correlation between two factors 
means as one increases or decreases, the other will decrease or increase 
accordingly. 

 Some of the other known approaches are regression analysis, partial correlation, 
rank transformations, statistical tests for patterns based on gridding, and top down 
coeffi cient of concordance (TDCC).  

13.8     Types of Probability Distribution 

13.8.1     Discrete Distribution 

 In a discrete distribution (Fig.  13.1 ) each possible choice has an exact possibility of 
occurrence and sum of all these possibilities should be equal to 1. The diffi culty of 
this method is how to specify the exact probability of each choice. The discrete 
distribution can either be parametric or nonparametric but for both cases is bounded 
(i.e., there are a fi nite number of options).

13.8.2        Even Distribution 

 The best choice of distribution when we are working with systematic errors is even 
distribution (Fig.  13.2 ). In this bounded distribution which is a special case of dis-
crete distribution the probability of occurrence of the variable throughout a possible 
range is equal.
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13.8.3        Normal Distribution 

 The best opportunity for using the normal distribution (Fig.  13.3 ) which is an impor-
tant and commonly used distribution is when the modeler purpose is to explain a 
physical data such as distance or temperature. In this method approximately 68 % 
of the probable values that a variable can take are within one standard deviation of 
the mean value, 95 % are within two standard deviations of the mean and 99.5 % 
within 3 standard deviations of the mean.

   When mean value  μ  = 0 and standard deviation value  σ  = 1 (variance value  σ  2  = 1), 
then the distribution is known as standard normal distribution. Usually it is assumed 
that for normally distributed variables, combination of independent normally dis-
tributed random variables also distributed according to the normal distribution. 

 Random number generation for normally distribution function can be done based 
on different methods, e.g., trapezoidal method, polar method, and histogram method 
(McDonald  2002 ). 

 The normal distribution is often called Gaussian distribution or bell curve.  
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13.8.4     Log Normal Distribution 

 This distribution is provided when two or more normally distributed parameters 
being combined to provide a single distribution. The log-normal distribution is the 
combination of two or more variables which are normally distributed. 

 Log-normal distribution (Fig.  13.4 ) is defi ned by two parameters of mean and stan-
dard deviation in log space. Other used names for log-normal distribution are Cobb-
Douglas and anti-log-normal distribution. There are also other types of log-normal 
distributions that are characterized by more than two parameters (McLaughlin  1999 ).

13.8.5        Triangular Distribution 

 This distribution usually is useful when the choices are minimum, maximum and 
most likely value of some occurrence. The triangular distribution (Fig.  13.5 ) is a 
continuous distribution that is often used in fuzzy logic applications.

   In a building simulation context it is a useful distribution because it is described 
by minimum, maximum and most likely values. For example, the typical use light 
in a space can be augmented by a minimum and maximum to characterize the pos-
sible range.  
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13.8.6     Uniform Distribution 

 Uniform distribution (Fig.  13.6 ) is a subcategory of discrete distribution where a 
fi nite number of equally spaced values are equally likely to be observed; in other 
word every one of  n  values has equal probability of occurrence of 1/ n .

   It is most useful in simulation where attention should be given to a poorly defi ned 
parameter, say at the early design stage. The distribution is the most suitable for 
modeling systematic errors as these errors are not random and hence the true value 
is equally probable throughout the given range (McDonald  2002 ).   

13.9     Uncertainty in Energy Modeling 

 When we through an energy modeling exercise attempt to predict the cooling and 
heating systems energy consumption, it implies that we are making assumptions 
about the system components performances. These assumptions derive from our 
lack of knowledge (uncertainty) about how close to our expectations these compo-
nents could actually perform. Therefore quantifying these uncertainties if it is pos-
sible, in fact can be very helpful for almost every group of people who are engaged 
and have role in design and construction of the building industry. Design engineers 
can use these quantifi ed measures to select a better component and system and 
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perform better design, building owners and energy contractors can have a more 
realistic energy cost prediction of their buildings, and code and standard writers can 
use the results in order to set meaningful barriers for achieving buildings energy 
effi ciency goals. 

 As I said earlier, an uncertainty analysis is a procedure that helps the architect 
and engineers to realize the range, probability distribution and fl uctuation of their 
model output (consumed energy) when they change the inputs to the model. They 
gain multiple benefi ts from the uncertainty analysis which among them the two 
most effectives are, making better decisions by better understanding the system and 
opening ground for discussion and communication for system improvement. 

 Also as it was said earlier, a complementary analysis to uncertainty evaluation is 
sensitivity analysis which is a method that helps to pin down the uncertain param-
eters which have the most infl uence on the simulation outputs. The most important 
benefi t of this type of analysis is that after the most infl uential parameters are identi-
fi ed, higher level of attention can be focused on them to improve the outcome of 
model and therefore the design. 

 In past two decades, ASHRAE standard (ASHRAE  2013 ) in its “G” section has 
presented a modeling solution for comparison between a design building and an 
imaginary base-building similar to the design building with pre-determined HVAC 
systems along with other prescribed requirements. To comply with requirements of 
this standard and also in order to achieve LEED points for the design building, the 
energy cost of the design building model should be compared to the energy cost of 
the base-building. The higher the savings or the difference between the two out-
comes is a higher number of LEED points in Energy and Atmosphere (credit 1) 
section will be achieved. In spite of the fact that implementing this solution has 
made an obvious positive impact on the achieved degree of savings on the energy 
consumption of the newly designed buildings, it can be argued that there is still 
room for improving this method for achieving even higher levels of energy savings 
by comprising the uncertainty measures as part of the modeling inputs. It also can 
be conferred that factoring uncertainty in this solution can prevent those buildings 
that are not really designed with effective energy saving measures from being certi-
fi ed as energy compliant buildings, or at least not to record high sustainability and 
effi ciency scores. Of course that itself can be translated to even more net energy 
savings. 

 Generally when energy modelers use commercially available simulation soft-
ware to perform a building energy modeling simulation, they enter numerous inputs 
into both design building and base-building models according to guidelines of 
ASHRAE standard (ASHRAE  2013 ). These inputs cover a wide range of different 
categories such as location of the building, building envelope material sizes and 
heating characteristics, internal loads, and HVAC system. Each of these inputs car-
ries its associated quantity of uncertainty which if it is ignored (as it is being ignored 
in current practice) will reduce the reliability of the outcome of the modeling simu-
lation exercise. To overcome this shortfall, in recent years as it was noted earlier in 
this chapter relatively large number of researchers have attempted to include the 
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uncertainty resides in the building envelope material in modeling simulation and to 
predict its effects on the accuracy of the outcome of building energy consumption. 
In my PhD thesis “Effects of sub-optimal equipment of overall energy consumption 
and effi ciency of the cooling systems” (Khazaii  2012 ) I quantifi ed the effects of the 
allowable test tolerance of the HVAC equipment on the energy consumption of a 
few typical buildings when it uses a number of different HVAC systems. It was done 
on an excel based modeling platform, that I wrote to make the probabilistic simula-
tion possible. In the same research I also presented that “G” section of the ASHRAE 
standard (ASHRAE  2013 ) champions the comparison between a design building 
(a real building subjected to the uncertainties) and a base building (an imaginary 
building and therefore not subjected to the uncertainties) energy consumption 
(cost). It can be argued that it would be a more accurate modeling exercise, if the 
energy modeling software be revised in such manner that it can perform a probabi-
listic simulation (including the uncertainty factors) for the design building, and a 
deterministic simulation (as it is currently done) for the base building, before com-
paring the two simulation results, and making decision regarding compliance of the 
design building with the standard requirements. Without these changes to the soft-
ware and the standard there is always risk of scoring energy saving credits for a 
building (in comparison with the imaginary building) which it is in fact not going to 
be realized in the real world.  

13.10     Risk Management and Decision Making 

 What I have discussed in this fi nal chapter and up to this point could become the 
source of information and therefore basis for multiple new ideas and solutions. Risk 
management and decision making which are the immediate benefi ts of uncertainty 
and sensitivity analyses can be the sources of estimation of the future performance, 
or future energy cost of any building. Of course one may say people all over the 
industry are making decisions every day and as everybody knows every decision 
making naturally involves some level of risk taking. That is correct, but what I mean 
in this chapter is not a simple blind risk involved decision making. It is actually an 
educated risk taking act based on quantifi ed allocated risks to each action. As an 
example, assume the commercial software is fully developed in a manner that 
designer can include the uncertainty of all the aspects of the building accounted into 
the energy model. By doing this the designer can take the results of probabilistic 
energy modeling of his building and use that to predict the probability distribution 
of the energy consumption and cost for that building in any future period of time. 
Such information could be very valuable since it can be communicated with a sim-
ple language containing percentages and numbers. Generally people tend to make 
better decisions when they are given the opportunity of knowing how much risk 
they are asked to take. 

13.10 Risk Management and Decision Making
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 It should be noted here that uncertainty analysis is different from decision analy-
sis that demands its own lengthy attention, which its complete discussion is out of 
our scope here. As it was described earlier, at the end of an uncertainty analysis we 
get a probability distribution of the outcome in question. Different people with dif-
ferent attitudes may make different and still all correct decisions based on a per-
formed uncertainty analysis. In different literatures, there are many different 
proposed methods of decision making under uncertainty, each using their own deci-
sion criteria. Decision criteria such as maximin expected utility, reliability weighted 
expected utility, optimism-pessimism index, etc. Each of these methods rely on 
some kind of utility value that is used to help the decision maker makes his decision 
in selecting the proper option (in our case the system with the lowest energy con-
sumption value). A utility function is a function that relates the level of risk taking 
of a decision maker with his possible gain. 

 Let’s try to see how a typical decision could be made after a probabilistic energy 
modeling has been done by utilizing decision trees and utility functions. A decision 
tree starts with a problem or question as the beginning node or starting point and 
depending on the number and complexity of the decision possibilities develops to a 
multi branch tree. First group of these branches out of the original point represent 
the possible different decisions that could be made and carry the percentages show-
ing the possibility of each decision compared to the rest of the decisions. Therefore 
if there are only two possible options to choose and each option has equal probabil-
ity there will be only two lines at the starting point that each will carry a 50 % pos-
sibility tag and the possible values at the end of each line. Other tree branches will 
be added to the end of each primary branch to show the percentage possibility and 
the value represented by that percentage, and so on. 

 Let’s assume the original question is the cost of an offi ce building (133,600 ft 2  in 
Atlanta) HVAC system and its next 5 years energy consumption, and we have made 
two sets of probabilistic energy modeling for this building based on two different 
HVAC systems. First system a traditional variable air volume system and the second 
system a ground source heat pump system. Also let’s assume the results of the 
probabilistic energy modeling for energy consumption of two systems are shown in 
bell shape distributions that can be simplifi ed in three simple outputs with 16 %, 
68 %, and 16 % chance for 0.83 $/ft 2 /year, 0.93 $/ft 2 /year, and 1.03 $/ft 2 /year and 
0.63 $/ft 2 /year, 0.73 $/ft 2 /year, and 0.83 $/ft 2 /year respectively. Additionally assume 
based on the previous project experiences the fi rst cost for HVAC system installa-
tion for these systems can be defi ned simply as 40 % and 60 % chance for 26 $/ft 2  
and 29 $/ft 2  and 34 $/ft 2  and 37 $/ft 2  respectively. Furthermore assume a yearly 
increase in energy cost for both systems to be identical in 80 and 20 % chance for 
8.5 and 7 %. Using the above information and the following utility function

    

Utility Function Maximum Attribute Selected Attribute

Maxim

= -( ) /

uum Attribute Minimum Attribute-( )   
 ( 13.1 ) 
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  and probability of each option we can calculate the total utility scores of two sys-
tems to select the best possible choice between two selected systems, which of 
course is the system with higher total utility score (see Figs.  13.7  and  13.8 ). {When 
you look at the partial utility score column you can see the maximum and minimum 
costs in total cost column are correspondent with zero and one values, with maxi-
mum cost the least desirable and minimum cost the most desirable conditions. 
Therefore the higher the fi nal utility value the more desirable condition you have}. 
Of course in this case both systems resulted in almost identical utility scores. Now 
assume we have changed the problem target from 5 to 10 years total cost estimate 
(including the fi rst cost) (see Figs.  13.9  and  13.10 ). This time the utility factor of 
ground source heat pump is more clearly higher than traditional variable air volume 
system. It shows when we change our target to a longer time horizon the ground 
source heat pump will become more desirable, due to its lower energy 
consumption cost.

      We have used Eq. ( 13.1 ) because we are working with condition of “economic 
bads” such as energy consumption, energy cost, etc. In conditions that we are deal-
ing with “economic goods” such as environment quality or savings we have to use 
another version of utility function equation. Equation ( 13.2 ) is used for such 
conditions:

    

Utility Function Selected Attribute Minimum Attribute

Maxim

= -( ) /

uum Attribute Minimum Attribute-( )   
 ( 13.2 ) 

   

Equations ( 13.1 ) and ( 13.2 ) are proper when there is no risk tolerance included in 
the decision maker’s decision. Other versions of the utility function can be used for 
conditions that the decision maker has some level of risk tolerance. 

 As the fi nal word I would like to say that there is an obvious need for improving 
the way that building designers perform building energy modeling simulation. The 
current deterministic modeling which is being performed via using the available 
commercial energy modeling simulation software lacks the capability of factoring-
 in the multiple uncertainties in the input elements into the energy consumption out-
put results. As a consequence considerable deviation in calculated energy 
consumption could be translated to inaccurate scoring standards and therefore more 
wasted energy than what it could be if the proper probabilistic calculations was 
done. Therefore the main purpose of this section is to shed light on an important 
missing factor from current energy modeling simulation and rating approaches and 
bring the attention of the HVAC professional community of practice to the necessity 
of making revisions to the current commercial energy modeling simulation software 
based on a factor (uncertainty) which at this time is almost completely ignored from 
their calculations. This approach can improve the process of decision making for 
the design and construction of the buildings which if it is implemented would have 
a considerable energy saving effect throughout the industry.     

13.10 Risk Management and Decision Making
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