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SEVEN DECADES AND A FEW GENERATIONS
have passed since the first edition of Mechanical and
Electrical Equipment for Buildings was published in
1935. At its birth, this book was 429 pages long.
Now, in the 11th edition, the book is more than 1700
pages, an increase of 400%. Many new topics have
been added, and a few have disappeared; computer
simulations are now routinely used in system design;
equipment and distribution systems have undergone
major changes; mechanical cooling has become com-
monplace; fuel choices have shifted (coal has moved
from an on-site to an off-site energy source). In recent
editions, the book has increasingly added discussions
of “why” to its historic focus upon “how-tos.”

Most of the systems presented in this book
involve energy consumption. As North American
society has moved from its early reliance on renew-
able energy sources (wind, water, and horse power)
to today’s seemingly endless addiction to nonre-
newable fossil fuels, it has also added vastly to its
population and increased its per capita energy use.
The resulting environmental degradation (primar-
ily evident in air and water quality) has spurred
efforts to reverse this decline. Governmental regula-
tions are a part of such efforts, but this book empha-
sizes the investigation of alternative fuels and design
approaches that go beyond those minimally accept-
able to society. Designers are encouraged to take a
leadership role in mitigating environmental degra-
dations.

On this note, it is becoming increasingly clear
that global warming is well under way. It may
be less clear to what precise extent our hugely
increased carbon-based energy consumption is
responsible, with its associated heat release and
gaseous additions to the atmosphere. But it is very
clear that the world’s supply of fossil fuel is dimin-
ishing, with future consequences for all buildings
(and their occupants) that today rely so thoroughly
on nonrenewable energy sources.

Preface

The buildings of today contribute to nega-
tive global consequences that will impact future
generations, and our approach to mechanical and
electrical systems must consider how best to mini-
mize and mitigate—if not negate—such negative
environmental impacts. Thus, on-site resources—
daylighting, passive solar heating, passive cooling,
solar water heating, rainwater, wastewater treat-
ment, photovoltaic electricity—share the spot-
light with traditional off-site resources (natural
gas, oil, the electrical grid, water and sewer lines).
On-site processes can be area-intensive and labor-
intensive and can involve increased first costs that
require years to recover through savings in energy,
water, and/or material consumption. Off-site pro-
cesses are usually subsidized by society, often with
substantial environmental costs. On-site energy
use requires us to look beyond the building, to pay
as much attention to a building’s context as to the
mechanical and electrical spaces, equipment, and
systems within.

Throughout the many editions of this book,
another trend has emerged. Society has slowly
moved from systems that centralize the provision
of heating, cooling, water, and electricity toward
those that encourage more localized production and
control. Increased sophistication of digital control
systems has encouraged this trend. Further encour-
agement comes from multipurpose buildings whose
schedules of occupancy are fragmented and from
corporations with varying work schedules that
result in partial occupancy on weekends. Another
factor in this move to decentralization is worker sat-
isfaction; there is increasingly solid evidence that
productivity increases with a sense of individual
control of one’s work environment. Residences are
commonly being used as office work environments.
Expanding communications networks have made
this possible. As residential designs thus become
more complex (with office-quality lighting, zones

XVii
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for heating/cooling, sophisticated communications,
noise control), our nonresidential work environ-
ments become more attractive and individual.

Air and water pollution problems stemming
from buildings (and their systems and occupants)
are widely recognized and generally condemned.
A rapidly increasing interest in green design on the
part of clients and designers may help to mitigate
such problems, although green design is hopefully
just an intermediate step in the journey to truly sus-
tainable solutions.

Another pervasive pollutant affecting our
quality of life is noise. Noise impacts building siting,
space planning, exterior and interior material selec-
tions—even the choice of cooling systems (as with
natural ventilation). Air and water pollution can
result in physical illness, but so can noise pollution,
along with its burden of mental stress.

This book is written primarily for the North
American building design community and has
always emphasized examples from this region. Yet
other areas of the world, some with similar tradi-
tions and fuel sources, have worthy examples of
new strategies for building design utilizing on-site
energy and energy conservation. Thus, some build-
ings from Europe and Asia appear in this 11th edi-
tion, along with many North American examples.
Listings of such buildings (and associated research-
ers and designers) have been included in the index
of this edition.

Building system design is now widely under-
taken using computers, often through proprietary
software that includes hundreds of built-in assump-
tions. This book encourages the designer to take a
rational approach to system design: to verify intui-
tive design moves and assumptions and to use com-
puters as tools to facilitate such verification, but
to use patterns and approximations to point early
design efforts in the right direction. Hand calcula-
tions have the added benefit of exposing all perti-
nent variables and assumptions to the designer.
This in itself is a valuable rationale for conduct-
ing some portion of an analysis manually. Rough

hand-calculated results should point in the same
direction as results obtained with a computer; the
greater the disparity, the greater the need to check
both approaches. This is not to disparage the use of
simulations, which are valuable (if not indispens-
able) in optimizing complex and sometimes coun-
terintuitive systems.

This book is written with the student, the
architect- or engineer-in-training, and the practic-
ing professional in mind. Basic theory, preliminary
design guidelines, and detailed design procedures
allow the book to serve both as an introductory
text for the student and as a more advanced refer-
ence for both professional and student. This work
is intended to be used as a textbook for a range of
courses in architecture, architectural engineering,
and building/construction management.

A “MEEB 11”7 World Wide Web (WWW)
site will provide supporting materials to enhance
learning about and understanding the concepts,
equipment, and systems dealt with in this book.
The opportunity to provide color images via this
medium is truly exciting. As with previous edi-
tions, an Instructor’s Manual has been developed
to provide additional support for this 11th edi-
tion. The manual, prepared by Kristen DiStefano,
Walter Grondzik and Alison Kwok, outlines the
contents and terminology in each chapter; high-
lights concepts of special interest or difficulty; and
provides sample discussion, quiz, and exam ques-
tions. The manual is available to instructors who
have adopted this book for their courses.

Mechanical and Electrical Equipment for Build-
ings continues to serve as a reference for architec-
tural registration examinees in the United States
and Canada. We also hope to have provided a use-
ful reference book for the offices of architects, engi-
neers, construction managers, and other building
professionals.

WaALTER T. GRONDZIK
Atrson G. Kwok
BENjAMIN STEIN

Joun S. REyNoLDS

vist www.wiley.com/go/meeb

for the expanding set of learning resources that accompany this book.
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DESIGN
CONTEXT

ften mechanical and electrical equip-

ment for buildings is not

considered until many important

design decisions have already been

made. In too many cases, such equipment
is considered to have a corrective function,
permitting a building envelope and siting to
“work” in a climate that was

essentially ignored.
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PART | DESIGN CONTEXT

Part | is intended to encourage designers to use the design process to
full advantage and to include both climate and the key design objectives of
comfort and indoor air quality in their earliest design decisions. Chapter 1
discusses the design process and the roles played by factors such as codes,
costs, and verification in shaping a final building design. The critical impor-
tance of clear design intents and criteria is emphasized. Principles to guide
environmentally responsible design are given. Chapter 2 discusses the rela-
tionship of energy, water, and material resources to buildings, from design
through demolition. The concept of environmental footprint is introduced as
the ultimate arbiter of design decision making. Chapter 3 encourages viewing
a building site as a collection of renewable resources, to be used as appro-
priate in the lighting, heating, and cooling of buildings. Chapter 4 discusses
human comfort, the variety of conditions that seem comfortable, and impli-
cations of a more broadly defined comfort zone. It includes an introduction
to design strategies for lighting, heating, and cooling. Chapter 5 introduces
the issue of indoor air quality, which is currently a major concern of build-
ing occupants and the legal profession and an underpinning of green design
efforts.



IN MARCH 1971 VISIONARY ARCHITECT
Malcolm Wells published a watershed article in
Progressive Architecture. It was rather intriguingly
and challengingly titled “The Absolutely Constant
Incontestably Stable Architectural Value Scale.”
In essence, Wells argued that buildings should be
benchmarked (to use a current term) against the
environmentally regenerative capabilities of wilder-
ness (Fig. 1.1). This seemed a radical idea then—and
remains so even now, over 30 years later. Such a set
of values, however, may be just what is called for as
the design professions inevitably move from energy-
efficient to green to sustainable design in the coming
decades. The main problem with Wells’s “Incontest-
ably Stable” benchmark is that most buildings fare
poorly (if not dismally) against the environment-
enhancing characteristics of wilderness. But per-
haps this is more of a wakeup call than a problem.
As we enter the twenty-first century, Progressive
Architecture is no longer in business, Malcolm Wells is
in semiretirement, mechanical and electrical equip-
ment has improved, simulation techniques have rad-
ically advanced, and information exchange has been
revolutionized. In broad terms, however, the design
process has changed little since the early 1970s. This
should not be unexpected, as the design process is
simply a structure within which to develop a solution

Fig. 1.1 Evaluation of a typical project using Malcolm Wells’s
“absolutely constant incontestably stable architectural value
scale.” The value focus was wilderness, today it might well be
sustainability. (© Malcolm Wells. Used with permission from
Malcolm Wells. 1981. Gentle Architecture. McGraw-Hill. New York.)
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4 CHAPTER 1 DESIGN PROCESS

to a problem. The values and philosophy that under-
lie the design process absolutely must change in the
coming decades. The beauty of Wells’s value scale
was its crystal-clear focus upon the values that
accompanied his design solutions—and the explicit
stating of those values. To meet the challenges of the
coming decades, it is critical that designers consider
and adopt values appropriate to the nature of the
problems being confronted—both at the individual
project scale and globally. Nothing less makes sense.

1.1 INTRODUCTION

The design process is an integral part of the larger
and more complex building procurement process
through which an owner defines facility needs,
considers architectural possibilities, contracts for
design and construction services, and uses the
resulting facility. Numerous decisions (literally
thousands) made during the design process will
determine the need for specific mechanical and
electrical systems and equipment, and very often
will determine eventual owner and occupant sat-
isfaction. Discussing selected aspects of the design
process seems a good way to start this book.

A building project typically begins with prede-
sign activities that establish the need for, feasibility
of, and proposed scope for a facility. If a project is
deemed feasible and can be funded, a multiphase
design process follows. The design phases are
typically described as conceptual design, sche-
matic design, and design development. If a project
remains feasible as it progresses, the design pro-
cess is followed by the construction and occupancy
phases of a project. In fast-track approaches (such
as design-build), design efforts and construction
activities may substantially overlap.

Predesign activities may be conducted by the
design team (often under a separate contract), by
the owner, or by a specialized consultant. The prod-
uct of predesign activities should be a clearly defined
scope of work for the design team to act upon. This
product is variously called a program, a project brief,
or the owner’s project requirements. The design pro-
cess converts this statement of the owner’s require-
ments into drawings and specifications that permit
a contractor to convert the owner’s (and designer’s)
wishes into a physical reality.

The various design phases are the primary
arena of concern to the design team. The design

process may span weeks (for a simple building or
system) or years (for a large, complex project). The
design team may consist of a sole practitioner for a
residential project or 100 or more people located in
different offices, cities, or even countries for a large
project. Decisions made during the design process,
especially during the early stages, will affect the
project owner and occupants for many years—
influencing operating costs, maintenance needs,
comfort, enjoyment, and productivity.

The scope of work accomplished during each
of the various design phases varies from firm to firm
and project to project. In many cases, explicit expec-
tations for the phases are described in professional
service contracts between the design team and the
owner. A series of images illustrating the develop-
ment of the Real Goods Solar Living Center (Figs. 1.2
and 1.3) is used to illustrate the various phases of a

Fig. 1.2 The Real Goods Solar Living Center, Hopland, California,
exterior view. (Photo © Bruce Haglund, used with permission.)
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Fig. 1.3 Initial concept sketch for the Real Goods Solar Living
Center, a site analysis. (Drawing by Sim Van der Ryn; reprinted
from A Place in the Sun with permission of Real Goods Trading
Corporation.)
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Fig. 1.4 Conceptual design proposal for the Real Goods Solar Living Center. The general direction of design efforts is suggested in
fairly strong terms (the “first, best moves”), yet details are left to be developed in later design phases. There is a clear focus on rich
Site development even at this stage—a focus that was carried throughout the project. (Drawing by Sim Van der Ryn, reprinted from A
Place in the Sun with permission of Real Goods Trading Corporation.)

building project. (The story of this remarkable proj-
ect, and its design process, is chronicled in Schaeffer
et al., 1997.) Generally, the purpose of conceptual
design (Fig. 1.4) is to outline a general solution to
the owner’s program that meets the budget and

captures the owner’'s imagination so that design
can continue. All fundamental decisions about the
proposed building should be made during concep-
tual design (not that things can’t or won’t change).
During schematic design (Figs. 1.5 and 1.6), the

Fig. 1.5 Schematic design proposal for the Real Goods Solar Living Center. As design thinking and analysis evolve, so does the
specificity of a proposed design. Compare the level of detail provided at this phase with that shown in Fig. 1.4. Site development has
progressed, and the building elements begin to take shape. The essence of the final solution is pretty well locked into place. (Drawing
by David Arkin, reprinted from A Place in the Sun with permission of Real Goods Trading Corporation.)
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Fig. 1.6 Scale model analysis of shading devices for the Real
Goods Solar Living Center. This is the sort of detailed analysis
that would likely occur during schematic design. (Photo, model,
and analysis by Adam Jackaway, reprinted from A Place in the
Sun with permission of Real Goods Trading Corporation.)
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conceptual solution is further developed and refined.
During design development (Fig. 1.7), all decisions
regarding a design solution are finalized, and con-
struction drawings and specifications detailing those
innumerable decisions are prepared.

The construction phase (Fig. 1.8) is primar-
ily in the hands of the contractor, although design
decisions determine what will be built and may
dramatically affect constructability. The building
owner and occupants are the key players during
the occupancy phase (Fig. 1.9). Their experiences
with the building will clearly be influenced by
design decisions and construction quality, as well
as by maintenance and operation practices. A feed-
back loop that allows construction and occupancy
experiences (lessons—both good and bad) to be
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Fig. 1.7 During design development the details that convert an idea into a building evolve. This drawing illustrates the development of
working details for the straw bale wall system used in the Real Goods Solar Living Center. Material usage and dimensions are refined
and necessary design analyses (thermal, structural, economic) completed. (Original drawing by David Arkin; reprinted from A Place in
the Sun with permission of Real Goods Trading Corporation. Redrawn by Erik Winter.)



Fig. 1.8 Construction phase photo of Real Goods Solar Living
Center straw bale walls. Design intent becomes reality during
this phase. (Reprinted from A Place in the Sun with permission of
Real Goods Trading Corporation.)
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used by the design team is essential to good design
practice.

1.2 DESIGN INTENT

Design efforts should generally focus upon achiev-
ing a solution that will meet the expectations of
a well-thought-out and explicitly defined design
intent. Design intent is simply a statement that out-
lines the expected high-level outcomes of the design
process. Making such a fundamental statement is
critical to the success of a design, as it points to the
general direction(s) that the design process must
take to achieve success. Design intent should not try
to capture the totality of a building’s character; this
will come only with the completion of the design.
It should, however, adequately express the defining

Fig. 1.9 The Real Goods Solar Living Center during its occupancy and operations phase. Formal and informal evaluation of the

success of the design solution may (and should) occur. Lessons learned from these evaluations can inform future projects. This photo
was taken during a Vital Signs case study training session held at the Solar Living Center. (© Cris Benton, kite aerial photographer and
professor, University of California—Berkeley; used with permission.)

DESIGN CONTEXT
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characteristics of a proposed building solution.
Example design intents (from among thousands of
possibilities) might include the following:

e The building will provide outstanding comfort
for its occupants.

¢ The design will consider the latest in information
technology.

¢ The building will be green, with a focus on indoor
environmental quality.

¢ The building will be carbon neutral.

¢ The building will provide a high degree of flexibil-
ity for its occupants.

Clear design intents are important because
they set the tone for design efforts, allow all mem-
bers of the design team to understand what is truly
critical to success, provide a general direction for
early design efforts, and put key or unusual design
concerns on the table. Professor Larry Peterson,
former director of the Florida Sustainable Com-
munities Center, has described the earliest deci-
sions in the design process as an attempt to make
the “first, best moves.” Strong design intent will
inform such moves. Weak intent will result in a
weak building. Great moves too late will be futile.
The specificity of the design intent will evolve
throughout the design process. Outstanding com-
fort during conceptual design may become out-
standing thermal, visual, and acoustic comfort during
schematic design.

1.3 DESIGN CRITERIA

Design criteria are the benchmarks against which
success or failure in meeting design intent is mea-
sured. In addition to providing a basis against which
to evaluate success, design criteria will ensure that
all involved parties seriously address the techni-
cal and philosophical issues underlying the design
intent. Setting design criteria demands the clarifi-
cation and definition of many intentionally broad
terms used in design intent statements. For exam-
ple, what is really meant by green, by flexibility, by
comfort? If such terms cannot be benchmarked, then
there is no way for the success of a design to be eval-
uated—essentially anything goes, and all solutions
are potentially equally valid. Fixing design criteria
for qualitative issues (such as exciting, relaxing, or
spacious) can be especially challenging, but equally

important. Design criteria should be established as
early in the design process as possible—certainly
no later than the schematic design phase. As design
criteria will define success or failure in a specific
area of the building design process, they should
be realistic and not subject to whimsical change.
In many cases, design criteria will be used both to
evaluate the success of a design approach or strat-
egy and to evaluate the performance of a system or
component in a completed building. Design criteria
might include the following:

¢ Thermal conditions will meet the requirements
of ASHRAE Standard 55-2004.

¢ The power density of the lighting system will be
no greater than 0.7 W/{t2.

* The building will achieve a Silver LEED® rating.

e Fifty percent of building water consumption will
be provided by rainwater capture.

e Background sound levels in classrooms will not
exceed RC 35.

1.4 METHODS AND TOOLS

Methods and tools are the means through which
design intent is accomplished. They include design
methods and tools, such as a heat loss calculation
procedure or a sun angle calculator. They also
include the components, equipment, and systems
that collectively define a building. It is important
that the right method or tool be used for a partic-
ular purpose. It is also critical that methods and
tools (as means to an end) never be confused with
either design intent (a desired end) or design criteria
(benchmarks).

For any given design situation there are typi-
cally many valid and viable solutions available
to the design team. It is important that none of
these solutions be overlooked or ruled out due to
design process short circuits. Although this may
seem unlikely, methods (such as fire sprinklers,
electric lighting, and sound absorption) are sur-
prisingly often included as part of a design intent
statement. Should this occur, all other possible
(and perhaps desirable) solutions are ruled out
by direct exclusion. This does not serve a client
or occupants well, and is also a disservice to the
design team.

This book is a veritable catalog of design guide-
lines, methods, equipment, and systems that serve
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TABLE 1.1 Relationships between Design Intent, Design Criteria, and Design Tools/Methods

Issue

Design Intent

Possible Design
Criterion

Potential Design
Tools

Potential
Implementation
Method

Thermal comfort

Acceptable thermal
comfort

Compliance with
ASHRAE Standard 55

Standard 55 graphs/
tables or comfort

Passive climate control
and/or active climate

efficiency

requirements of
ASHRAE Standard
90.1 by 25%

simulation software,
manufacturer’s data,
experience

software control
Lighting level Acceptable illuminance  Compliance with Hand calculations or Daylighting and/or
(illuminance) levels recommendations in computer simulations  electric lighting
the IESNA Lighting
Handbook
Energy efficiency Minimal energy Compliance with Handbooks, Envelope strategies
efficiency ASHRAE Standard simulation software, and/or equipment
90.1 manufacturer’s data, strategies
experience
Energy efficiency Outstanding energy Exceed the minimum Handbooks, Envelope strategies

and/or equipment
strategies

Green design

Obtain green building
certification

Meet the requirements
for a LEED gold rating

LEED materials,
handbooks, experience

Any combination of
approved strategies to

obtain sufficient rating
points

as means and methods to desired design ends.
Sorting through this extensive information will
be easier with specific design intent and criteria
in mind. Owner expectations and designer experi-
ences will typically inform design intent. Sections of
the book that address fundamental principles will
provide assistance with establishment of appropri-
ate design criteria. Table 1.1 provides examples of
the relationships between design intent, design cri-
teria, and tools/methods.

1.5 VALIDATION AND EVALUATION

To function as a knowledge-based profession, design
(architecture and engineering) must reflect upon
previous efforts and learn from existing buildings.
Except in surprisingly rare situations, most build-
ing designs are generally unique—comprising a
collection of elements not previously assembled in
precisely the same way. Most buildings are essen-
tially a design team hypothesis—“We believe that
this solution will work for the given situation.”
Unfortunately, the vast majority of buildings exist
as untested hypotheses. Little in the way of perfor-
mance evaluation or structured feedback from the
owner and occupants is typically sought. This is not
to suggest that designers do not learn from their

projects, but rather that little research-quality, pub-
licly shared information is captured for use on other
projects. This is clearly not an ideal model for profes-
sional practice.

(a) Conventional Validation/Evaluation
Approaches

Design validation is very common, although per-
haps more so when dealing with quantitative con-
cerns than with qualitative issues. Many design
validation approaches are employed, including
hand calculations, computer simulations and mod-
eling, physical models (of various scales and com-
plexity), and opinion surveys. Numerous design
validation methods are presented in this book.
Simple design validation methods (such as broad
approximations, lookup tables, or nomographs)
requiring few decisions and little input data are typ-
ically used early in the design process. Later stages
of design see the introduction of more complex
methods (such as computer simulations or multi-
step hand calculations) requiring substantial and
detailed input.

Building validation is much less common than
design validation. Structured evaluations of occu-
pied buildings are rarely carried out. Historically, the
most commonly encountered means of validating
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building performance is the post-occupancy evalu-
ation (POE). Published POEs have typically focused
upon some specific (and often nontechnical) aspect
of building performance, such as way-finding or pro-
ductivity. Building commissioning and case studies
are finding more application as building validation
approaches. Third-party validations, such as the
Leadership in Energy and Environmental Design
(LEED) rating system, are also emerging.

(b) Commissioning

Building commissioning is an emerging approach
to quality assurance. An independent commission-
ing authority (an individual or, more commonly, a
team) verifies that equipment, systems, and design
decisions can meet the owner’s project require-
ments (design intent and criteria). Verification is
accomplished through review of design documents
and detailed testing of equipment and systems
under conditions expected to be encountered with
building use. Historically focused upon mechanical
and electrical systems, commissioning is currently
being applied to numerous building systems—
including envelope, security, fire protection, and
information systems. Active involvement of the
design team is critical to the success of the commis-
sioning process (ASHRAE, 2005; Grondzik, 2009).

(c) Case Studies

Case studies represent another emerging approach
to design/construction validation and evaluation.
The underlying philosophy of a case study is to
capture information from a particular situation
and convey the information in a way that makes it
useful to a broader range of situations. A building
case study attempts to present the lessons learned
from one case in a manner that can benefit other
cases (future designs). In North America, the Vital
Signs and Agents of Change projects have focused
upon disseminating a building performance case
study methodology for design professionals and
students—with an intentional focus upon occu-
pied buildings (a la POEs). The American Institute
of Architects has developed a series of case studies
dealing with design process/practice. In the United
Kingdom, numerous case studies have been con-
ducted under the auspices of the PROBE (post-occu-
pancy review of building engineering) project.

1.6 INFLUENCES ON THE DESIGN
PROCESS

The design process often appears to revolve primar-
ily around the needs of a client and the capabilities
of the design team—as exemplified by the establish-
ment of design intent and criteria. There are several
other notable influences, however, that affect the
conduct and outcome of the building design pro-
cess. Some of these influences are historic and affect
virtually every building project; others represent
emerging trends and affect only selected projects.
Several of these design-influencing factors are dis-
cussed below.

(a) Codes and Standards

The design of virtually every building in North
America will be influenced by codes and standards.
Codes are government-mandated and -enforced
documents that stipulate minimum acceptable
building practices. Designers usually interface with
codes through an entity known as the authority hav-
ing jurisdiction. There may be several such authori-
ties for any given locale or project (fire protection
requirements, for example, may be enforced sepa-
rately from general building construction require-
ments or energy performance requirements). Codes
essentially define the minimum that society deems
acceptable. In no way is code compliance by itself
likely to be adequate to meet the needs of a client.
On the other hand, code compliance is indisputably
necessary.

Codes may be written in prescriptive language
or in performance terms. A prescriptive approach
mandates that something be done in a certain way.
Examples of prescriptive code requirements include
minimum R-values for roof insulation, minimum
pipe sizes for a roof drainage system, and a mini-
mum number of hurricane clips per length of roof.
The majority of codes in the United States are funda-
mentally prescriptive in nature. A prescriptive code
defines means and methods. By contrast, a perfor-
mance code defines intent. A performance approach
states an objective that must be met. Examples of
performance approaches to code requirements
include a maximum permissible design heat flow
through a building envelope, a minimum design
rainfall that can be safely drained from a building
roof, and a defined wind speed that will not damage



a roof construction. Some primarily prescriptive
codes offer performance “options” for compliance.
This is especially true of energy codes and smoke
control requirements in fire protection codes.

Codes in the United States are in transi-
tion. Each jurisdiction (city, county, and/or state,
depending upon legislation) is generally free to
adopt whichever model code it deems most appro-
priate. Some jurisdictions (typically large cities)
use homegrown codes instead of a model code. His-
torically, there were four model codes (the Uniform
Building Code, the Standard Building Code, the Basic
Building Code, and the National Building Code) that
were used in various regions of the country. There
is ongoing movement to development and use of a
single model International Building Code to provide a
more uniform and standardized set of code require-
ments. Canada recently adopted a major revision to
its National Building Code. Knowledge of the current
code requirements for a project is a critical element
of the design process.

Standards are documents that present a set of
minimum requirements for some aspect of building
design that have been developed by a recognized
authority (such as Underwriters Laboratories, the
National Fire Protection Association, or the Ameri-
can Society of Heating, Refrigerating and Air-Con-
ditioning Engineers). Standards do not carry the
weight of government enforcement that codes do,
but they are often incorporated into codes via ref-
erence. Standards play an important role in build-
ing design and are often used by legal authorities
to define the level of care expected of design profes-
sionals. Typically, standards have been developed
under a consensus process with substantial oppor-
tunity for external review and input. Guidelines and
handbooks are less formal than standards, usually
with less review and/or consensus. General prac-
tice, the least formalized basis for design, captures
the norm for a given locale or discipline. Table 1.2
provides examples of codes, standards, and related
design guidance documents.

(b) Costs

Costs are a historic influence on the design process
and are just as pervasive as codes. Typically, one of
the earliest and strictest limits on design flexibility is
the maximum construction budget imposed by the
client. First cost (the cost for an owner to acquire the
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keys to a completed building) is the most commonly
used cost factor. First cost is usually expressed as a
maximum allowable construction cost or as a cost
per unit area. Life-cycle cost (the cost for an owner
to acquire and use a building for some defined period
of time) is generally as important as, or more impor-
tant than, first cost, but is often ignored by owners
and usually not well understood by designers.

Over the life of a building, operating and main-
tenance costs can far exceed the cost to construct or
acquire a building. Thus, whenever feasible, design
decisions should be based upon life-cycle cost
implications and not simply first cost. The math of
life-cycle costing is not difficult. The primary diffi-
culties in implementing life-cycle cost analysis are
estimating future expenses and the uncertainty
naturally associated with projecting future condi-
tions. These are not as difficult as they might seem,
however, and a number of well-developed life-cycle
cost methodologies have been developed. Appen-
dix I provides basic information on life-cycle cost
factors and procedures. The design team may find
life-cycle costing a persuasive ally in the quest to
convince an owner to make important, but appar-
ently expensive, decisions.

(c) Passive and Active Approaches

The distinction between passive and active systems
may mean little to the average building owner,
but it can be critical to the building designer and
occupant. Development of passive systems must
begin early in the design process, and requires
early and continuous attention from the architec-
tural designer. Passive system operation will often
require the earnest cooperation and involvement
of building occupants and users. Table 1.3 summa-
rizes the identifying characteristics of passive and
active systems approaches. These approaches are
conceptually opposite in nature. Individual systems
that embody both active and passive characteristics
are often called hybrid systems. Hybrid systems are
commonly employed as a means of tapping into the
best aspects of both approaches.

The typical building will usually consist of both
passive and active systems. Passive systems may be
used for climate control, fire protection, lighting,
acoustics, circulation, and/or sanitation. Active
systems may also be used for the same purposes and
for electrical distribution.

DESIGN CONTEXT
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TABLE 1.2 Codes, Standards, and Other Design Guidance Documents

Document Type

Characteristics

Examples

Code

Government-mandated and
government-enforced (typically
via the building and occupancy
permit process); may be a
legislatively adopted standard

Florida Building Code; California
Title 24; Chicago Building Code;
International Building Code (when
adopted by a jurisdiction)

Standard

Usually a consensus document
developed by a professional
organization under established
procedures with opportunities
for public review and input

ASHRAE Standard 90.1 (Energy
Standard for Buildings Except
Low-Rise Residential Buildings),
ASTM E413-87 (Classification for
Rating Sound Insulation); ASME
A17.1 (Safety Code for Elevators
and Escalators)

Guideline

Development is typically by a
professional organization, but
within a looser structure and
with less public involvement
than a standard

ASHRAE Guideline 0 (The
Commissioning Process); IESNA
Advanced Lighting Guidelines:
NEMA LSD 12 (Best Practices for
Metal Halide Lighting Systems)

Handbook, design guide

Development can vary
widely—involving formal
committees and peer review
or multiple authors without
external review

IESNA Lighting Handbook;
ASHRAE Handbook—
Fundamentals; NFPA Fire
Protection Handbook

Design guide

STUDID

Development by experienced
practitioners and educators;
offers schematic design
process guidance
implementation consideration,
architectural implications, links
to USGBC LEED checklist

Design guidelines, procedures;
general sizing procedures, green
design strategies, case studies

General practice

The prevailing norm for design
within a given community or
discipline; least formal of all
modes of guidance

System sizing approximations;
generally accepted flashing details

Image Sources: code—used with permission of the International Code Council; standard—used with permission of the American Society
of Heating, Refrigerating and Air-Conditioning Engineers; guideline and handbook—used with permission of the Illuminating Engineering
Society of North America; general practice—used with permission of John Wiley & Sons.

Acronyms: ASHRAE = American Society of Heating, Refrigerating and Air-Conditioning Engineers; ASME = American Society of Mechanical

Engineers; ASTM = ASTM International (previously American Society for Testing and Materials); IESNA = Illuminating Engineering Society of
North America; NEMA = National Electrical Manufacturers Association; NFPA = National Fire Protection Association.

(d) Energy Efficiency

Some level of energy efficiency is a societally
mandated element of the design process in most
developed countries. Code requirements for energy-
efficient building solutions were generally instituted
as a result of the energy crises of the 1970s and

have been updated on a periodic basis since then.
As with all code requirements, mandated energy
efficiency levels represent a minimum performance
level that is considered acceptable—not an opti-
mal performance level. Such acceptable minimum
performance has evolved over time in response to
changes in energy costs and availability, and also in
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TABLE 1.3 Defining the Characteristics of Passive and Active Systems

Characteristic

Passive System

Active System

Energy source

daylighting system

Uses no purchased energy (electricity,
natural gas, fuel oil, etc.)—example:

Uses primarily purchased (and
nonrenewable) energy—example:
electric lighting system

System components

collector/storage

Components play multiple roles

in system and in larger building—
example: concrete floor slab that is furnace
structure, walking surface, and solar

Components are commonly single-
purpose elements—example: gas

System integration

System is usually tightly integrated
(often inseparably) with the overall
building design—example: natural
ventilation system using windows

System is usually not well integrated
with the overall building design, often
seeming an add-on—example: window
air-conditioning unit

active air-conditioning system were turned on instead of the fans.

Passive and active systems represent opposing philosophical concepts. Design is seldom so straightforward as to permit the exclusive
use of one philosophy. Thus, the hybrid system. Hybrid systems are a composite of active and passive approaches, typically leaning
more toward the passive. For example, single-purpose, electricity-consuming (active) ceiling fans might be added to a natural ventilation
(passive) cooling system to extend the performance of the system and thus reduce energy usage that would otherwise occur if a fully

response to changes in the costs and availability of
building technology.

In the United States, ANSI/ASHRAE/IESNA
Standard 90.1 (published by the American
Society of Heating, Refrigerating and Air-
Conditioning Engineers, cosponsored by the Illu-
minating Engineering Society of North America,
and approved by the American National
Standards Institute) is the most commonly
encountered energy efficiency benchmark for
commercial/institutional buildings. Some states
(such as California and Florida) utilize state-spe-
cific energy codes. Residential energy efficiency
requirements are addressed by several model
codes and standards (including the International
Energy Code, the Model Energy Code, and ANSI/
ASHRAE Standard 90.2). Appendix G provides
a sample of energy efficiency requirements from
Standard 90.1.

Energy efficiency requirements for residential
buildings tend to focus upon minimum envelope
(walls, floors, roofs, doors, windows) and mechani-
cal equipment (heating, cooling, domestic hot
water) performance. Energy efficiency require-
ments for commercial/institutional buildings
address virtually every building system (including
lighting and electrical distribution). Most energy
codes present a set of prescriptive minimum require-
ments for individual building elements, with an
option for an alternative means of compliance to
permit innovation and/or a systems-based design
approach.

Technically speaking, efficiency is simply the
ratio of system output to system input. The greater
the output for any given input, the higher the effi-
ciency. This concept plays a large role in energy
efficiency standards through the specification of
minimum efficiencies for many items of mechanical
and electrical equipment for buildings. Energy con-
servation implies saving energy by using less. This
is conceptually different from efficiency but is an
integral part of everyday usage of the term. Energy
efficiency codes and standards include elements
of conservation embodied in equipment control
requirements or insulation levels. Because of nega-
tive connotations some associate with “conserva-
tion” (doing without), the term energy efficiency is
generally used to describe both conservation and
efficiency efforts.

Passive design solutions usually employ
renewable energy resources. Several active design
solutions, however, also utilize renewable energy
forms. Energy conservation and efficiency con-
cerns are typically focused upon minimizing deple-
tion of nonrenewable energy resources. The use of
renewable energy sources (such as solar radiation
and wind) changes the perspective of the design
team and the way compliance with energy effi-
ciency codes/standards is evaluated. The majority
of energy efficiency standards deal solely with on-
site energy usage. Off-site energy consumption (for
example, that required to transport fuel oil or natu-
ral gas, or the losses from electrical generation) is
not addressed. This site-based focus can seriously
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skew thinking about energy efficiency design
strategies.

(e) Green Building Design Strategies

Green design considerations are increasingly becom-
ing a part of the design process for many buildings.
Green design goes well beyond energy-efficient
design in order to address both the local and global
impacts of building energy, water, and materi-
als usage. Energy efficiency is a key, but not self-
sufficient, element of green design. The concept
broadly called “green design” arose from concerns
about the wide-ranging environmental impacts
of design decisions. Although there is no gener-
ally accepted concise definition of green, the term is
typically understood to incorporate concern for the
health and well-being of building occupants/users
and respect for the larger global environment. A
green building should maximize beneficial impacts
on its direct beneficiaries while minimizing negative
impacts on the site, local, regional, national, and
global environments.

Several green design rating systems have found
wide acceptance as benchmarks for design. These
include the U.S. Green Building Council’s LEED sys-
tem, the Green Building Initiative’s Green Globes
Environmental Assessment system, and an inter-
national evaluation methodology entitled GBTool.
Somewhat similar rating systems are in use in the
United Kingdom and Canada. A code-language set
of green building design requirementsis being devel-
oped by a coalition of professional organizations

(@)

under the auspices of ASHRAE Standard 189
(Standard for the Design of High-Performance Green
Buildings Except Low-Rise Residential Buildings). The
LEED system presents a palette of design options
from which the design team can select strategies
appropriate for a particular building (Fig. 1.10) and
its context. Amassing points for selected strategies
provides a means of attaining green building sta-
tus—at one of several levels of achievement, via a
formal certification procedure. Prerequisite design
strategies (including baseline energy efficiency and
acceptable indoor air quality) provide an underpin-
ning for the optional strategies.

The emergence of green building rating systems
has greatly rationalized design intent and design
criteria in this particular area of architecture. Prior
to the advent of LEED (or GBTool), anyone could
claim greenness for his/her designs. Although
green design is entered into voluntarily (no codes
currently require it, although a number of munici-
palities require new public buildings to be green),
there are now generally accepted standards against
which performance can be measured. Appendix G
provides an excerpt from the LEED green building
rating system.

(f) carbon-Neutral Design

Climate change and global warming are growing
concerns in the design community, as evidenced
by the positive response of many professional orga-
nizations to the 2030 Challenge (and the related
2010 Imperative) issued by Architecture 2030

(®)

Fig. 1.10 (a) The Jean Vollum Natural Capital Center, Portland, Oregon. A warehouse from the industrial era was rehabilitated by Ecotrust
to serve as a center for the conservation era. (b) LEED plaque on the front facade of the Vollum Center. The plaque announces the suc-
cess of the design team (and owner) in achieving a key element of their design intent. (Photos © 2004 Alison Kwok; all rights reserved.)



(Architecture 2030). Design to reduce carbon emis-
sions is becoming an issue on many building proj-
ects. The term carbon-neutral design is generally used
to express this concern and accurately represents a
key design intent in a number of innovative proj-
ects. The Aldo Leopold Legacy Center in Baraboo,
Wisconsin, is an exciting example of such a project
(Leopold).

Carbon dioxide (CO,) is amajor greenhouse gas;
methane is another. Greenhouse gases trap heat
below the Earth’s atmosphere in the same way that
glass traps heat from solar radiation in a greenhouse
(or passive solar heating system). This trapping of
heat increases temperatures and leads to climate
change (ASES). Buildings are important contribu-
tors to carbon dioxide emissions and are therefore
logical targets for mitigation in an attempt to reduce
global warming. See Fig. 1.11 for an estimate of the
role buildings play in producing CO, emissions.

Buildings produce carbon dioxide in three
major ways: as a result of vehicle use associated
with building functions and siting; as a result of
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energy consumption for heating, cooling, and
building support operations; and through the dis-
posal of waste organic construction materials that
decompose. Waste produced by a building in opera-
tion can also contribute to CO, production—but
this may be harder to engage as a part of the design
process. Of the three main carbon release mecha-
nisms, energy consumption for building operation
is the largest contributor and the most readily avail-
able target for reductions. Energy use itselfis not the
carbon culprit, but rather the use of fossil fuels to
produce the energy (Kwok).

Options for reducing carbon emissions from
the operation of building systems include: improv-
ing the efficiency of building envelopes and systems
(the ultimate, and unrealistic, goal being a zero-
energy project); using renewable energy to meet the
energy needs that remain after aggressive efficiency
moves (the goal being a net-zero-energy building);
and purchasing or obtaining carbon offsets (or cred-
its) to mitigate the effects of residual carbon emis-
sions not stemmed by efficiency and renewables.

Residential Emissions

Electranics 6% Other 14%

Space

Water Conditioning

13%

Commercial Emissions

Electronics 9% Other 13%

Space
Conditioning
36%

Waler

7%

Fig. 1.11 Contribution of the buildings sector (commercial and residential) to U.S. carbon dioxide emissions (MtC = million metric tons of
carbon dioxide), and the relative impact of various use categories on commercial and residential carbon impacts. (Drawing by Jonathan
Meendering. Source: 2005 Buildings Energy Data Book, U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy.)
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Carbon credits are somewhat controversial, being
akin to buying one’s way out of trouble—but are
an appropriate means of reducing carbon impacts
beyond what can reasonably be achieved by design
solutions.

At this time, there is no code, standard, or
guideline that defines “carbon-neutral” and only
limited formal design guidance to assist in reach-
ing that goal (SBSE). This situation should change
fairly quickly as interest in and demand for carbon-
neutral projects grow.

(g) Design Strategies for Sustainability

Unlike green design, the meaning of “sustain-
ability” in architecture has not yet been rational-
ized. The term sustainable is used freely—and often
mistakenly—to describe a broad range of intents
and performances. This is unfortunate, as it tends to
make sustainability a meaningless term—and sus-
tainability is far too important a concern to be mean-
ingless. For the purposes of this book, sustainability
will be defined as follows (paraphrasing the Brundt-
land Commission): Sustainability involves meeting the
needs of today’s generation without detracting from the
ability of future generations to meet their needs.

Sustainability is essentially long-term sur-
vival. In architectural terms, sustainability involves
the survival of an existing standard of living into
future generations. From an energy, water, and
materials standpoint, sustainability can be argued
to require zero net use of nonrenewable resources.
Any long-term removal of nonrenewable resources
from the environment will surely impair the abil-
ity of future generations to meet their needs (with
fewer resources available, as a result of our actions).
Because sustainability is so important a concept
and objective, the term should not be used lightly.
It is highly unlikely that any single building built in
today’s economic environment can be sustainable
(yielding no net resource depletion). Sustainability
at the community scale is more probable; examples,
however, are rare.

(h) Regenerative Design Strategies

Energy efficiency is an attempt to use less energy to
accomplish a given design objective (such as ther-
mal comfort or adequate lighting). Green design is
an attempt to maximize the positive effects of design

while minimizing the negative ones—with respect
to energy, water, and material resources. Sustain-
able design is an attempt to solve today’s problems
while reserving adequate resources to permit future
generations to solve their problems. Energy effi-
ciency is a constituent of green design. Green design
is a constituent of sustainable design. Regenerative
design steps out beyond sustainability.

The goal of energy efficiency is to reduce net
negative energy impacts. The goal of green design is
to reduce net negative environmental impacts. The
goal of sustainability is to produce no net negative
environmental impacts. The goal of regenerative
design is to produce a net positive environmental
impact—to leave the world better off with respect
to energy, water, and materials. Obviously, if design
for sustainability is difficult, then regenerative
design is even more difficult. Nevertheless, there are
some interesting examples of regenerative design
projects, including the Eden Project in the United
Kingdom and the Center for Regenerative Stud-
ies (Fig. 1.12) in the United States. Both projects
involve substantial site remediation and innovative
design solutions.

1.7 A PHILOSOPHY OF DESIGN

From a design process perspective, the operat-
ing philosophy of this book is that development
of appropriate design intent and criteria is criti-
cal to the successful design of buildings and their
mechanical and electrical systems. Passive systems
should generally be used before active systems (this
in no way denigrates active systems, which will
be necessary features of almost any building); life-
cycle costs should be considered instead of simply
first cost; and green design is a desirable intent that
will ensure energy efficiency and provide a pathway
toward sustainability. Design validation, commis-
sioning, and post-occupancy evaluation should be
aggressively pursued.

John Lyle presented an interesting approach to
design (that elaborates upon this general philoso-
phy) in his book Regenerative Design for Sustainable
Development. The following discussion presents an
overview of his approach. The strategies provide
design teams with varied opportunities to inte-
grate site and building design with components
and processes. Those strategies most applicable to
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Fig. 1.12 (a) The Center for Regenerative Studies (CRS), California Polytechnic State University-Pomona. (b) Site plan for the CRS. It's not
easy being regenerative—the highlighted elements relate only to the water reclamation aspects of the project. (c) Plants provide water
treatment and generate biomass in an aquacultural pond at the Center for Regenerative Studies, Cal Poly-Pomona. (Photos © 2004 Ali-
son Kwok; drawing from John Tillman Lyle. 1994. Regenerative Design for Sustainable Development. John Wiley & Sons, Inc. New York.)

the design of mechanical and electrical systems are
presented here. This approach guided the design of
the Center for Regenerative Studies at the California
Polytechnic State University at Pomona, California
(Fig. 1.12).

(a) Let Nature Do the Work

This principle expresses a preference for natural/
passive processes over mechanical/active pro-
cesses. Designers can usually find ways to use

natural processes on site (Fig. 1.13), where they
occur, in place of dependence upon services from
remote/nonrenewable sources. Smaller buildings
on larger sites are particularly good candidates for
this strategy.

(b) Consider Nature As Both Model
and Context

A look at this book reveals a strong reliance upon
physical laws as a basis for design. Heat flow,

DESIGN CONTEXT
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Fig. 1.13 Letting nature do the work—via daylighting. Mt. Angel
Abbey Library, St. Benedict (Mt. Angel), Oregon, designed by
Alvar Aalto. (Photo by Amanda Clegg.)

water flow, electricity, light, and sound follow rules
described by physics. This principle, however, sug-
gests looking at nature (Fig. 1.12) for biological, in
addition to the classical physical, models for design.
The use of a Living Machine to process building
wastes, as opposed to a conventional sewage treat-
ment plant, is an example of where this strategy
might lead.

o —

= e Y W

(c) Aggregate Rather Than Isolate

This strategy recommends that designs focus upon
systems, and not just upon the parts that make up
a system—in essence, seeing the forest through the
trees. The components of a system should be highly
integrated to ensure workable linkages among the
parts and the success of the whole. An example
would be optimizing the solar heating performance
of a direct-gain system involving glazing, floor slab,
insulation, and shading components, while perhaps
reducing the performance of one or more constitu-
ent parts (Fig. 1.14).

(d) Match Technology to the Need

This strategy seeks to avoid using high-grade
resources for low-grade tasks. For example, it is
obviously wasteful to flush toilets with purified
water, but perhaps less obviously wasteful (but
equally a mismatch) to use electricity (a very-high-
grade energy form) to heat water for bathing. The
corollary to this strategy is to think small, think
simple, and think locally (Fig. 1.15).

(e) Seek Common Solutions to Disparate
Problems

This approach requires breaking out of the box of
categories and classifications. An understanding
of systems should lead to an increased awareness
of systems capabilities—which will often prove to
be multidisciplinary and multifunctional. Making
a design feature (Fig. 1.16) serve multiple tasks

4/} — Turbine ventilators

Roll down shades

Thermal panels

gled louvers

L

®)

Fig. 1.14 Aggregating, not isolating. (a) The Cottage Restaurant, Cottage Grove, Oregon. (b) This section through the restaurant illus-
trates the substantial integration and coordination (aggregation) of elements typical of passive design solutions. (Photo by Lisa Leal;
drawing by Michael Cockram; © 1998 by John S. Reynolds, A.1.A., all rights reserved.)



Fig. 1.15 Match technology to the need. Sometimes it's the
simple things that count. (Photo © 2004 Alison Kwok; all rights
reserved.)

(perhaps mechanical, electrical, and architectural
in nature) is one way to counteract the potential
problem of a higher first cost for green design fea-
tures. Solutions can be as simple and low-tech as
using heat from garden composting to help warm
a greenhouse.

Fig. 1.16 Seek common solutions. The “atrium” of the Hood
River County Library, Hood River, Oregon, provides a central hub
for the library, daylighting, views (Spectacular), and stack ventila-
tion. (Photo © 2004 Alison Kwok; all rights reserved.)
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Fig. 1.17 Shaping the form to the flow. Using a “band of sun”
analysis as a solar form giver (see Chapter 3 for further details).
(Redrawn by Jonathan Meendering.)

(f) Shape the Form to Guide the Flow

The most obvious examples of this strategy are
solar-heated buildings that are shaped (Fig. 1.17) to
gather winter sun, or naturally ventilated buildings
shaped to collect and channel prevailing winds.
Daylighting is another obvious place to apply the
“form follows flow” strategy, which can have a
dramatic impact upon building design efforts and
outcomes.

(g8) Shape the Form to Manifest the Process

This is more than a variation on the adage “If
you've got it, flaunt it.” This strategy asks that a
building inform its users and visitors about how it
works both inside and out (Fig. 1.18). In passive
solar-heated and passively cooled buildings, much
of the thermal performance is evident in the form of
the exterior envelope and the interior space, rather
than hidden in a closet or mechanical penthouse.
Professor David Orr of Oberlin College addresses
this issue succinctly by asking, “What can a build-
ing teach?”

(h) Use Information to Replace Power

This strategy addresses both the design process and
building operations. Knowledge is suggested as a
substitute for brute force (and associated energy
waste). Designs informed by an understanding of
resources, needs, and systems capabilities will tend
to be more effective (successfully meeting intent)

DESIGN CONTEXT
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Fig. 1.18 Shaping the form to the process. Stack effect ventilation is augmented by the building form in this proposal for the EPICenter
project, Bozeman, Montana. (Courtesy of Place Architecture LLC, Bozeman, Montana, and Berkebile Nelson Immenschuh McDowell
Architects, Kansas City, Missouri. Redrawn by Jonathan Meendering.)

and efficient (meeting intent using less energy) unchangeable operating modes. Users of buildings
than uninformed designs. Building operations can play a leading role in this approach by being
informed by feedback and learning (Fig. 1.19) will allowed to make decisions about when to do what
tend to be more effective and efficient than static, in order to maintain desired conditions. Reliance
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Fig. 1.19 Use information to replace power. Section showing intelligent control system components for the proposed EPICenter
project, Bozeman, Montana. (Courtesy of Place Architecture LLC, Bozeman, Montana, and Berkebile Nelson Immenschuh McDowell
Architects, Kansas City, Missouri. Redrawn by Jonathan Meendering.)



on a building’s users is not so much a direct energy
saver—most controls use very little power—as it is
an education. A user who understands how a build-
ing receives and conserves heat in cold weather is
likely to respond by lowering the indoor tempera-
ture and reducing heat leaks. Furthermore, some
studies of worker comfort indicate that with more
personal control (such as operable windows), work-
ers express feelings of comfort across a wider range
of temperatures than with centrally controlled air
conditioning.

(i) Provide Multiple Pathways

This strategy celebrates functional redundancy
as a virtue—for example, providing multiple and
separate fire stairs for emergency egress. There
are many other examples, from backup heating
and cooling systems, to multiple water reser-
voirs and piping pathways for fire sprinklers, to
emergency electrical and lighting systems. This
strategy also applies to climate—site-building
interactions in which one site-based resource
may temporarily weaken and can be replaced by
another (Fig. 1.20).

(j) Manage Storage

Storage is used to help balance needs and resources
across time. Storage appears as an issue throughout
this book. The greater the variations in the resource

O

Fig. 1.20 Providing multiple pathways. Three distinct sources
of electricity are projected in this conceptual diagram for the
proposed EPICenter project, Bozeman, Montana. (Courtesy of
Place Architecture LLC, Bozeman, Montana, and Berkebile Nel-
son Immenschuh McDowell Architects, Kansas City, Missouri.
Redrawn by Jonathan Meendering.)
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Fig. 1.21 Manage storage. A concrete floor and barrels located
high along the north wall provide thermal storage (for both
heating and cooling) in the Cottage Restaurant, Cottage Grove,
Oregon. (Photo by G. Z. Brown.)

supply cycle, the more critical storage management
becomes. Rainwater can be stored in cisterns, bal-
ancing normal daily demands for water against
variable monthly supplies. The high variability of
wind-generated electricity output can be managed
with hydrogen storage, providing a combustible
fuel that can be drawn on at a rate and time inde-
pendent of wind speed.

On sunny winter days, a room’s excess solar
energy can be stored in its thermally massive sur-
faces (Fig. 1.21), to be released at night. On cool
summer nights, coolth (the conceptual opposite of
heat) can be stored in these same surfaces and used
to condition the room by day. Most storage solu-
tions will strongly impact building architecture.

1.8 LESSONS FROM THE FIELD

Bill Bordass, with the Usable Buildings Trust in the
United Kingdom, has occasionally presented the
Society of Building Science Educators (SBSE) list-
serve with summaries of lessons learned through
extensive post-occupancy evaluation (POE) studies
of buildings. This chapter is an appropriate place
to digest some of the design recommendations that
flow from these findings.

Bordass notes that building design features
tend to have four attributes, sometimes possessing
these attributes simultaneously:

¢ Physical: Fit and forget—if the designer and con-
tractor have done a good job, the feature does its
job and users can take it for granted.

DESIGN CONTEXT
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¢ Administrative: Fit and manage—the feature
needs looking after, and the question arises: Are
the vigilance demands clear to the client and the
operator? Often design features turn out to be
more demanding on the operator than is realized
at the time of design.

¢ Behavioral: Implement and internalize—the
users have to understand the feature to make
effective use of it. Often, however, the design
intent is not clear, the feature has not been prop-
erly delivered, how it should be used has not
been explained to the occupants, and use does
not make sense or go with the flow of occupancy,
even if explained.

e Perverse: Risk and freedom—often design fea-
tures have both good and bad effects; it is easy
for designers to get excited by the good ones and
forget about the bad ones.

An intriguing recommendation, based upon
the results of the Usable Buildings Trust POE studies
is: “Keep it simple and do it well, and only after that
begin to be clever.” This guidance can be illustrated

in the following sets of words to guide the wise
designer:

e Process before product—then product and back
to process

e Passive before active

¢ Simple before complicated

o Better before more

e 80 before 20 (use design time wisely)

¢ Robust before fragile

¢ Self-managing before managed

o Efficient before elaborate

o Trickle before boost

o Intelligible before intelligent

e Usable before alienating

¢ Forgiving before demanding

o Assets before nuisances

e Response before provision

o Off before on

o Cellular before open

e Experience before hope

¢ Thought before action

e Horses before carts

1.9 CASE STUDY—DESIGN PROCESS

Gilman Ordway Campus of the Woods Hole Research Center

Prosect Basics

e |Location: Falmouth, Massachusetts, USA

e Latitude: 41.3 N; longitude: 70.4 W; elevation:
near sea level

e Heating degree days: 5426 base 65°F (3014
base 18.3°C); cooling degree days: 2973 base
50°F (1652 base 10°C); annual precipitation:
45.5 in. (1156 mm) (degree day data are for
New Bedford; rainfall is for Woods Hole)

e Building type: Remodeled and new construc-
tion; commercial offices and laboratory

e Building area: 19,200 ft2 (1784 m?); four
occupied stories

e Completed February 2003

e Client: Woods Hole Research Center

e Design team: William McDonough + Partners
(and consultants)

Background. The Gilman Ordway Campus of
the Woods Hole Research Center includes both

new construction and extensive remodeling of a
venerable old house to provide office and labo-
ratory facilities. This recently opened building
has generated a lot of interest. The clients are
quite pleased with the facility and are using it as
a vehicle to promote awareness of the environ-
ment and green design. The Research Center won
an American Institute of Architects/Committee
on the Environment (AIA/COTE) Top Ten Green
Project award and was the site of an Agents of
Change POE training session. (The discussion that
follows was extracted from information provided
by William McDonough + Partners and the Woods
Hole Research Center.)

Context. The work of the Woods Hole Research
Center is focused upon the related issues of
climate change and defending the world’s great
forests. When a new headquarters was con-
sidered, it was decided that the facility should



reflect the Research Center’s core values, support
its research and education mission, and provide
a healthy environment for building occupants
and the outside world. Fund-raising was a major
issue for this project and substantially impacted
the design process and scheduling. Perhaps the
most valuable lesson to be learned from this
project is the inestimable value of perseverance
and the benefit that a clearly enunciated set of
objectives (design intent and criteria) can provide
in seeing a donor-supported project through to
completion.

Design Intent. The Woods Hole Research Center
project sought to demonstrate that a modern
building can “harmonize with a habitable earth”
while providing a healthy, comfortable, and enjoy-
able workplace. Enhanced productivity and job
satisfaction for employees were key intents, as
was far-beyond-code-minimum energy perfor-
mance. In addition, the building was to serve as a
teaching tool, providing an exemplar of a thought-
ful approach to energy production and use, water
quality and conservation, site design, and materi-
als selection.

Design Criteria and Validation. The aggressive
energy performance criteria set by the client and
design team required the use of ENERGY 10 com-
puter simulations and the ongoing services of an
energy systems consultant. Interestingly, this same

Kitchen

CASE STUDY—DESIGN PROCESS 23

=0

Fig. 1.22 Initial concept sketch for the Woods Hole Research
Center (WHRC)—the “leaf.” This is an exceptional example of a
conceptual design phase product. (© William McDonough + Part-
ners, used with permission.)

Offices

Office | Library

Mechanical

Fig. 1.23 Schematic design phase section through WHRC showing spatial organization and photovoltaic array locations. (© William

McDonough + Partners,; used with permission.)

DESIGN CONTEXT



DESIGN CONTEXT

24 CHAPTER 1 DESIGN PROCESS

J
1|

- r,l'—-‘a‘,._ 5 \
RS
S R uﬁ'
i

.

m}j‘:&h‘h:mm

)’
¥l

oOTeonl oo Dese o Deb oo O neeai

o

Fig. 1.24 The site/floor plan of WHRC is representative of the evolution of a project as it moves into and through the design develop-
ment phase. (© William McDonough + Partners; used with permission.)

strong energy-related design intent allowed the
retention of critical mechanical system elements
during an extensive value engineering phase that
cut approximately 15% from the construction bud-
get. The owner retained an independent authority
for building commissioning.

Key Design Features

Extensive daylighting throughout the building
Operable windows throughout the building
An exceptionally tightand carefully detailed build-
ing envelope featuring triple-glazed windows
and Icynene foam insulation (also an air barrier)

(b)

Fig. 1.25 Construction phase photos of WHRC: (a) showing the structure for the new addition and the existing house being
remodeled, (b) showing the merger of new and remodeled parts of the building as the envelope enclosure is finalized. (© William

McDonough + Partners, used with permission.)



Fig. 1.26 Exterior photo of the completed and occupied WHRC.
(Photo © Alison Kwok; all rights reserved.)

e A Ruck wastewater system, 95% on-site
retention of stormwater, and collection of
rainwater for site irrigation

e A ground source heat pump system for heat-
ing and cooling (coupled with a valence deliv-
ery system in office spaces)

e A rooftop, net-metered, photovoltaic array

CASE STUDY—DESIGN PROCESS 25

Post-Occupancy Validation Methods. The client
has installed an extensive energy-monitoring
and -reporting system. Data collected by this sys-
tem are available to the public via the World Wide
Web (see For Further Information, at the end of
this section) and are also being used internally to
optimize systems operations. Soils scientists from
the Center are studying the effectiveness of the
innovative septic system. In addition, the client
has a very open and reflective attitude toward
evaluation of the building and its systems. With
a relatively small number of occupants, informal
exchanges among Research Center users appear
to be proving an effective means of POE.

Performance Data. As this is a case study of design
process as much as of a building, much of the fol-
lowing performance information relates to process
outcomes.
e The building design received an AIA/COTE Top
Ten Green Projects Award (2004).
e Measured data from the first year of occu-
pancy show an energy consumption of about
20,000 Btu/ft? (227,200 kJ/m?) per year; this is

Fig. 1.27 Bird's-eye view of the occupied WHRC building and site. Photovoltaic panels are a prominent feature on the roof. (© Cris
Benton, kite aerial photographer and professor, University of California-Berkeley; used with permission.)
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roughly 25% of the consumption of a typical
office building and a 75% reduction from the
energy density of the Research Center’s previ-
ous facility.

e A grant from the Massachusetts Renewable
Energy Trust allowed installation of a photo-
voltaic array consisting of 88 panels (each at
25 ft?2 [2.3 m?]) that is expected to provide
37,000 kWh annually (about 40% of the
building’s power needs).

e All of the interior finish woodwork is a Forest
Stewardship Council (FSC) certified sustainably
harvested product; exterior wood finishes are
also FSC certified, including cedar shingles and

siding and Brazilian jpé wood for the extensive
porch, deck, and entrance stairway.

e Paints and coatings meet low volatile organic
compound (VOC) criteria; no carpet is used in
the building.

FOR FURTHER INFORMATION

Summary and real-time energy performance data
for the Woods Hole Research Center building can
be accessed at: http:/Awvww.whrc.org/building/

A description of the building and design process

can be found at: http://www.aiatopten.org/hpb/
overview.cfm?ProjectiD=257
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Environmental Resources

THE DESIGNER OF TODAY’'S BUILDINGS
will add or reshape spaces on a planet that has, for
eons, evolved by using renewable energy arriving
from the sun at a generally fixed and limited rate.
Suddenly (in geologic time) our planet is experienc-
ing population growth, nonrenewable resource
depletion, and apparently global warming. Today's
designers have available a vast, yet declining, res-
ervoir of material resources, fossil fuel energy, and
water. The building design professions thrive on a
rapidly increasing population, each person con-
suming more resources than did her/his grandpar-
ents. Eventually, our planet must live within a fixed
budget of renewable energy, water, and material
resources. The question is: How can our present
building designs best move toward this necessary
accommodation with sustainability? How can
building designers be environmentally proactive
instead of simply reactive?

Population growth is both the source of much
of our work as buildings professionals and the
underlying source of our greatest problems. Our
planet did not support a human population of 1
billion until about 1830, at which time the United
States depended almost entirely upon the renew-
able energy sources of fuel wood and work animals;
interior lighting was provided by burning oil or gas.
In less than 200 years, 4 billion more people were
added to our planet, and the United States shifted to
almost total dependence upon nonrenewable fuels:
coal, oil, and natural gas (Fig. 2.1). Another 1 billion
in population is expected around the year 2010.

The building design process plays an active role in
deciding where these people will live and work and
how much of what kinds of resources they will use.
The mechanical and electrical systems that support
our new buildings can be part of a growing problem
or an important start to a solution.

2.1 INTRODUCTION

Buildings depend upon energy and matter for their
very existence and must pay heed to several funda-
mental rules of science. The First Law of Thermody-
namics establishes the conservation of energy and
matter (energy/matter can neither be created nor
destroyed) and essentially states that you cannot get
something for nothing. The Second Law of Thermo-
dynamics expresses the tendency toward disorder
that is part of the normal nature of things. Entropy
is a measure of such disorder; as disorder increases,
so does entropy. The Second Law is a declaration
against perpetual motion, and essentially states that
not only can’t you get something for nothing, you
can't even break even, due to unavoidable losses
(disorder) that contribute to increased entropy.

The construction and operation of buildings
are fundamentally ordering processes. Materials
are mined or harvested, refined or shaped, placed
in manufactured products, transported to a build-
ing site, and assembled. All of these processes
consume energy and materials as the various
building systems are established. The operation
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Fig. 2.1 U.S. fuel sources since 1850, showing a progression from dependence on renewable fuels (wood and work animals) to

fossil fuels (coal, then oil and gas). Wind and water power were shifted from mills to electricity generation between 1890 and the
present. Although not shown here, much fossil fuel is now converted to electricity before use. (Data 1850-1970 are from Fisher, 1974,
data 1970-1980 are from Meyers, 1983; future projections are from Brower, 1990. Drawing by Michael Cockram; © 1998 by John S.

Reynolds, A.L.A.; all rights reserved.)

and maintenance of a building consume further
resources, as conditions (temperatures, light lev-
els, flows of water) are established that would not
otherwise occur under less-ordered natural condi-
tions. Maintaining building materials and systems
over time against the forces of nature requires addi-
tional inputs of energy and materials. Buildings are
inherently antientropic. This is not necessarily bad
(learning and evolving are also antientropic), but
it should be considered during the design process.
As will be seen later in this chapter, buildings have
a substantial collective impact on our patterns of
energy, water, and materials consumption.

The design process should consider various
scales of concern relative to the impacts of build-
ings upon the environment. One such scale is geo-
graphic. Geographic scales of concern include the
micro scale, the site scale, and the macro scale, with
design focus historically being at the site scale. The
terms micro (small) and macro (large) are not abso-
lutely defined but are often referenced to a particular
site. Thus, the area of influence of a microclimate is
smaller than that of a macroclimate—but is usually
also smaller than that of the site scale, often apply-
ing to one part of a site (perhaps with a steeper slope,
lower elevation, or greater shading than other parts).

The site scale is normally self-explanatory, running
from property line to property line. Energy effi-
ciency issues are typically and historically addressed
at the site scale and often ignore (unfortunately)
energy consumption off-site (such as electric power
plant losses or natural gas transportation losses).
Renewable/passive energy systems must consider
microscale effects (such as orientation) in order to be
successful. Nonrenewable/active systems often are
oblivious to any scale of concern.

Time is another, and very interesting, scale
of concern to building design. The scales typically
addressed include now and the future—although the
past is sometimes of concern with adaptive reuse
and historic preservation projects. The concept of
the future is usually left quite nebulous unless life-
cycle costing is undertaken for a project, in which
case the expected lifetimes of systems and equip-
ment are explicitly estimated. It is clear that most
buildings have a useful life of 25, 50, perhaps 100
years (or more). Stuart Brand provides an interest-
ing look at buildings over time in How Buildings
Learn: What Happens After They're Built. The prob-
lem with design for the future is that we don’t know
precisely what it holds. Nevertheless, design for sus-
tainability requires the design team and the design



process to consider the needs of future generations.
This makes sustainability a very challenging con-
cept and highly objective—but no less important
than design for today.

2.2 ENERGY

Energy resources are broadly classified as renew-
able or nonrenewable. Renewable resources are
those that are available indefinitely but are gener-
ally diffuse and arrive at a rate controlled by nature.
For example, the influx of solar energy varies from
day to day, but on average it should be available for-
ever and at a generally predictable rate. Likewise,
a woodlot produces a limited amount of wood per
year but can do so for centuries if properly man-
aged. An analogy for using renewable fuel sources
is living on a fixed annual salary—with no hope for
spectacular annual raises or unexpected bonuses
but with long-term stability if wisely managed.
Nonrenewable energy resources are those that,
once exhausted, cannot be replaced in a time frame
that is meaningful to the human race. Coal, oil, and
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Fig. 2.2 Residential heating: past and present. (a) The house
dependent on fireplaces or wood stoves also depends on
someone to tend the fire. The warmer area near the fire in this
early Oregon farmhouse was used for social purposes; the
colder extremities served as sleeping areas and for storage of
food and fuel. (Based upon a plan drawn by Philip Dole.) (b) The
contemporary suburban home has either a small furnace area
or electric heat built into each room. Heating equipment is no
longer a major influence on building form.
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natural gas are examples of nonrenewable energy
resources. Using nonrenewable fuel sources is anal-
ogous to living off a one-time lottery win that can
be spent in 1 year or over 50 years, depending upon
needs and planning, but that is gone for good when
all spent.

The United States, like other industrialized
countries, has spent the time since the mid-1800s
in an energy transition (Fig. 2.1). This transition
began with renewable energy sources, obtained
locally, that did relatively low-grade work: ani-
mals pulled or pushed, and wood was burned to
provide heated air, water, or steam. Buildings and
people were directly affected by energy sources;
work animals were fed, tended, and housed; fuel
wood was cut nearby and stacked in large sheds
(Fig. 2.2); fireplaces were social centers of build-
ings; and smoke from chimneys indicated activ-
ity inside. The side effects of energy use were also
directly sensed—animal wastes, deforestation,
and polluted air. Fuel use depended upon human
labor. Architects of the era responded to the visual
and spatial organization potentials of fireplaces
and chimneys (Fig. 2.3).

Fig. 2.3 The fireplace and the more efficient wood stove can
inspire architectural form. This chimney symbolizes permanence
as well as protection against the cold. The major social space

of the house is marked both by the arched window and by the
fireplace chimney. (Photo by William Johnston.)
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North America is now almost entirely depen-
dent upon nonrenewable energy resources, an
increasing proportion of which consists of imported
oil and natural gas and electricity transported across
substantial distances (Fig. 2.4). Buildings account
for a good percentage of this energy demand. This
trend is partly due to rapid growth in both popula-
tion and per capita energy consumption. It is also
due to the allure of highly concentrated energy
available from fossil fuels, which encourages the use
of high-quality energy sources such as electricity
and natural gas for buildings and gasoline for trans-
portation. People are now largely oblivious to their
sources of energy: electricity is generated in far-off
power plants; natural gas arrives through buried
pipelines, and fuel oil via supertankers. The experi-
ential impact of energy use on building design and
operation tends to be diluted. Energy consumption
is regulated by automatic controls, and heating and
cooling equipment is hidden from sight. Building
occupants/users—who often do not personally con-
trol a thermostat, see climate control equipment, or
pay a utility bill—have no direct contact with or con-
cern about energy resources. Clients hire architects
to provide for function and comfort. Architects then
pay engineers to design (and usually to successfully
hide) mechanical and electrical equipment. Entropy,
however, continues to increase.

For several reasons, buildings designed for
today are likely to rely heavily upon electricity
(Fig. 2.5), a situation that carries serious implica-
tions for resource depletion and environmental
quality:

1. Consumption of electricity is expected to rise
about twice as fast as overall energy demand,
and we are more often using electricity in place
of other energy forms. Part of the reason for
this is that, for some primary energy sources
(such as coal, heavy fuel oil, or a nuclear reac-
tion), generation of electricity for subsequent
(secondary) distribution to buildings is the only
convenient usage option.

2. Other than daylighting (unfortunately still
rare in today’s buildings), electricity is the only
source for building illumination. Heat pro-
duced by electric lighting may reduce a build-
ing’s need for space heating, but it increases its
need for space cooling—and mechanical cool-
ing is almost universally provided by electric
air-conditioning equipment.

3. Electricity is a convenient and versatile energy
form; it not only serves such high-quality and
highly concentrated (or high-grade) tasks as
lighting and providing drive power via elec-
tric motors, it can also serve such low-quality,
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Fig. 2.4 U.S. energy flow, 2005: sources and end uses. Fuel types and sources are shown to the left and end use sectors to the right.
Note the importance of residential and commercial consumption to total U.S. consumption—and the currently minuscule contribution
of renewable energy sources to the whole. (Drawing by Nathan Majeski using data from the Energy Information Administration, U.S.
Department of Energy, Annual Energy Review, 2005. This data resource is updated on a regular basis, but the general patterns shown

in this figure change slowly.)
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Fig. 2.5 Energy resources as consumed by various end-use
sectors in the United States, 1996. Total: 94.0 quads (1 quad =
1015 Btu). Not included are raw materials used in manufacturing.
(1) Both residential and commercial buildings are included.

(2) Renewables do not include passive solar energy use;
hydroelectricity and PV are included in “electricity.” (3) “Other”
includes fuel oil, liquefied natural gas, coal, kerosene, and

other petroleum products. (Data from U.S. Office of Building
Technologies, Core Databook, 1998. Drawing by Michael
Cockram, © 1998 by John S. Reynolds, A.LA., all rights reserved.)

low-temperature (or low-grade) tasks ascooking,
water heating, and space heating (Table 2.1).
All-electric buildings are commonplace, even
though they are subject to paralysis in black-
outs—as any building dependent upon a single
energy source is vulnerable to disruptions.
As shown in Table 2.1, of a total of 38 quads
used for all building energy requirements, the
primary energy used for electricity generation
was 27 quads, equal to over two-thirds of the
total.

4. Electricity generated by thermal processes
(except for cogeneration) delivers to the end
user less than one-third of the total energy that
goes into its production; more than two-thirds
is usually lost as waste heat at the generat-
ing plant (Fig. 2.6). (In Table 2.1, for every 1
quad of electricity delivered, 3.22 quads were
assumed used in generation.)

As we consume our planet’s resources, includ-
ing fossil fuels, many look to a return to renewable
and sustainable energy. This vision will be partially
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Fig. 2.6 Variations on higher-grade energy and lower-grade
tasks. (a) Natural gas (a fossil fuel) is often burned in furnaces to
provide low-grade space heating. With today’s high-efficiency
furnaces, well over 80% of the energy in the gas is delivered to
the building as space heat. (b) However, when that natural gas is
used instead to generate (higher-grade) electricity, and electric
resistance is used for space heating, the inefficiencies at the
electric power plant cut deeply into the available energy: only
about 27% is delivered to the space as heat. (c) However, when
the electricity generated by natural gas is used to drive a heat
pump and the outdoor air is above freezing, about 71% of the
energy in the gas is delivered as space heat. (Drawing by Michael
Cockram; © 1998 by John S. Reynolds, A.I.A.; all rights reserved.)

implemented by solar energy converted directly to
electricity (through photovoltaics [PV]) on or near
the building requiring the electricity. Solar collec-
tors (some for heating water, others for producing
electricity) will shape the roofs and silhouettes of
buildings. Building design professionals can choose
to ignore or embrace such opportunities.

Hydrogen may be stored and distributed as a
high-grade fuel, produced from water using elec-
tricity generated from renewable resources such as
solar energy and wind. The lifetimes of mechani-
cal and electrical equipment specified today will
probably overlap such a future. In this near future,
lower-tech processes such as biomass conversion
(combustion of wood and waste products) may
develop faster than higher-tech processes such as
PV. PV is growing very rapidly, though; its growth

DESIGN CONTEXT



DESIGN CONTEXT

32 CHAPTER 2 ENVIRONMENTAL RESOURCES

TABLE 2.1 Energy End-Use in U.S. Buildings, by Fuel Type (Quads)?

Natural Fuel Other Renewable On-Site On-Site Primary Primary
End Use Gas Oil> LPG Fuel° Energy? Electric  Total %  Electricc Total %
Space heating’  4.96 1.02 030 0.19 0.40 0.69 7.55 38.6 2.21 9.08 23.7
Space cooling 0.01 1.43 1.45 7.4 4.62 4.63 12.1
Ventilation9 0.31 0.31 1.6 1.01 1.01 2.6
Water heating 1.74 0.19 0.05 0.05 0.55 2.58 13.2 1.77 3.79 9.9
Lighting 2.12 2.12 10.9 6.84 6.84 17.8
Refrigeration” 0.76 0.76 3.9 2.45 2.45 6.4
Cooking 0.47 0.03 0.25 0.75 3.8 0.81 1.31 3.4
Wet clean’ 0.07 0.29 0.36 1.8 0.94 1.01 2.6
Computers 0.20 0.20 1.0 0.65 0.65 1.7
Electronics 0.62 0.62 3.2 2.00 2.00 52
Other/ 0.38 0.02 0.24 0.05 0.10 0.48 1.28 6.5 1.56 2.35 6.1
Adjustmentsk 0.64 0.22 0.73 1.59 8.1 2.34 3.21 8.4
Total 8.27 146 062 0.24 0.54 8.45 19.58 100 27.20 38.33 100

Source: U.S. DOE (2004). Data are for the year 2002.
aQuad = 10"® Btu (1 Ej).

bIncludes distillate fuel oil (1.38 quads) and residual fuel oil (0.08
quad).

‘Kerosene (0.08 quad) and coal (0.11 quad) are assumed to be
attributed to space heating; motor gasoline (0.05 quad) is assumed
to be attributed to “other” end uses.

dpassive solar space heating is not included. It includes wood space
heating (0.39 quad), geothermal space heating (<0.01 quad), solar
water heating (0.05 quad), biomass (0.01 quad), and solar PV
(<0.01 quad).

eSite-to-source electricity conversion = 3.22 due to generation and
transmission losses.

fincludes electric furnace fans (0.25 quad).

9Commercial only (residential fan and pump energy use included
proportionally in space heating and cooling).

curve is as steep as that during the first 15 years
of computer technology. One major oil company’s
energy scenario (in the late 1990s) anticipated 50%
of world energy demand being met by alternatives
to fossil fuels by the year 2050.

Today’s fossil-fueled economy seems so
entrenched as to defy a transition to renewable
energy. A common question is often heard: Is solar
energy adequate for our energy needs? Table 2.2
compares the Earth’s receipt of solar energy at the
surface in a single day with other energy phenom-
ena. There appears to be adequate resource avail-
ability—given the will to move toward renewable
and site-based resources. Energy efficiency efforts
will play a critical role in making such a transition
feasible.

To date, societal focus has been primarily
upon using less energy—energy efficiency. The oil
embargo of the 1970s spurred the development of
energy efficiency standards, which have remained

hMncludes refrigerators (1.37 quads) and freezers (0.43 quad) and
commercial refrigeration.

/Includes clothes washers (0.10 quad), natural gas clothes dryers
(0.07 quad), electric clothes dryers (0.76 quad), and dishwashers
(0.08 quad).

/Includes commercial service station equipment, emergency elec-
tric generators, fuel oil cooking, natural gas-driven pumps, natu-
ral gas lighting, automated teller machines, telecommunications
equipment, medical equipment, residential pool/hot tub heating,
residential small electric devices, outdoor grilles, outdoor natural
gas lighting, and the like.

KEnergy Information Administration (EIA) adjustment to address
discrepancies among data sources. Energy is attributable to the
residential and commercial buildings sector, but not directly to
specific end uses.

a fixture of building design ever since. In general,
such standards seek to reduce building energy
consumption—not to shift energy resources from
nonrenewable to renewable. The green building
design movement has provided momentum for a seri-
ous look at both reduced energy use and the use of
energy from renewable resources (see Appendix G).

2.3 WATER

The building design profession’s efforts toward a
more resource-efficient product have, for the past
30-some years, focused primarily upon energy.
This focus has been warranted by the limits upon
nonrenewable energy sources imposed by the laws
of thermodynamics. There is no option for the reuse
or recycling of fossil fuel energy (as may be done
with water and materials). Water concerns, how-
ever, are at crisis level in many parts of the United
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TABLE 2.2 Daily Arrival of Solar Energy on Earth Compared to Other Energy Quantities

Solar energy received each day

Melting of an average winter’s snow during the spring
A monsoon circulation between ocean and continent

Use of energy by all mankind in a year

A mid-latitude cyclone

A tropical cyclone

Kinetic energy of motion in earth’s general circulation
The first H bomb

A thunderstorm

The first A bomb

The daily output of Boulder Dam

A typical local rain shower

A tornado

Lighting New York City for one night

A squall line containing thunderstorms and perhaps tornados
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% 00

,‘/ % 00

1,000

1/1 0,000

/1 00,000

/W 00,000
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1/1,000 ,000

1/1 00,000,000
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Source: Reprinted by permission from Lowry, W. 1988. Atmospheric Ecology for Designers and Planners. Peavine Publications, McMinnville, OR.

States, and water may well be the emerging limit to
growth and development—especially locally and
regionally—rather than energy.

Concerns about a viable supply of potable
water have dominated politics and civil engineer-
ing in the arid western United States for a century.
Surprisingly, Tampa, Florida, in the heavily rained-
upon Southeast, has a desalination plant to provide
water for an otherwise underresourced region.
Although water is a recyclable resource, it is not
a renewable resource (no new daily supplies are
being delivered to Earth). A quote generally attrib-
uted to National Geographic (October 1993) made
this point succinctly: “All the water that will ever
be is, right now” (UNH, 2004). In addition, where
the water is, is not necessarily where it is wanted.
Periodic water rationing is an unpleasant fact in
many areas. Table 2.3 compares regional water
resources with sustainable water usage capacity;
it is clear that some areas of the United States now
have serious water shortages. Accelerated depletion
of underground water stocks (from aquifers, which
are analogous to fossil fuel reserves) and maxed-out
imports (both hydrologically and politically) sug-
gest more trouble on the way. On a global scale, the
disparities become even greater. Mostafa Tolba, for-
mer executive director of the UN Environment Pro-
gram, speaking of the international picture, notes:
“We used to think that energy and water would
be the critical issues for the next century. Now we
think water will be the critical issue” (UNH, 2004).

As with energy, per capita use of water
involves more than consumption within a building.

In the case of energy, transportation and indus-
trial uses influence per capita consumption; with
water, energy production and agricultural uses
play a role. About half of all U.S. fresh and saline
water withdrawals in 2000 were used in conjunc-
tion with thermoelectric power generation. Most
of this was surface water used for once-through
cooling at power plants. Withdrawals for this use
have been relatively stable since 1985. (In a quirky
turnabout, the California State Water Resources
Control Board estimates that 6.5% of California’s
total electricity use is related to pumping and treat-
ing water.)

Irrigation remains the largest use of freshwa-
ter. Since 1950, irrigation has accounted for about
65% of total water withdrawals, excluding those
for power generation. Historically, more surface
water than groundwater has been used for irriga-
tion. The percentage of total irrigation withdrawals
from groundwater has continued to increase, from
23% in 1950 to 42% in 2000. Irrigated acreage
more than doubled between 1950 and 1980, then
remained constant before increasing nearly 7%
between 1995 and 2000 (USGS, 2004).

Public water supply withdrawals in 1950 were
14 Bgal/day (53 GL/day); in 2000, more than 43
Bgal/day (163 GL/day). During 2000, about 85%
of the U.S. population obtained drinking water from
public suppliers, compared to 62% during 1950.
Surface water provided 63% of the total during
2000, compared to 74% during 1950. Potable
water obtained from a surface source via a public
supply system is becoming the norm; private well
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TABLE 2.3 Comparison of Regional Water Use versus Resources for the Continental United States

Renewable Water

Water Resources Region? Consumptive Use Supply? Ratio (Use/Supply)
New England 0.6 78.4 0.8%
Mid-Atlantic 1.3 80.7 1.5%
South Atlantic/Gulf 6.1 2335 2.6%
Great Lakes 1.9 74.3 2.6%
Ohio 2.3 139.6 1.7%
Tennessee 0.3 41.2 0.7%
Souris-Red-Rainy 0.5 6.5 7.7%
Upper Mississippi 2.3 77.2 3.0%
Lower Mississippi 40.3¢ 484.8 8.3%
Missouri 17.5 52.9 33.1%
Arkansas-White-Red 9.6 68.7 14.0%
Texas Gulf 9.1 33.1 27.5%
Rio Grande 3.5 5.4 64.8%
Upper Colorado 4.2 13.9 30.2%
Lower Colorado 10.6¢ 10.3 103.0%
Great Basin 3.5 10.0 35.0%
Pacific Northwest 1.2 276.2 4.1%
California 25.8 74.6 34.6%

Source: Adapted from United States Geological Survey, 1984, with
1995 updates for water usage: http://water.usgs.gov/watuse/misc/
consuse-renewable.html

aThese are water resource areas generally independent of state
boundaries.

systems are less common than in the past. As with
energy, population increases are increasing overall
consumption, while efficiency efforts provide some
counterbalancing effect.

Water efficiency standards are not nearly as
extensive or ubiquitous as energy efficiency stan-
dards, although most building users are aware
of low-flow toilet requirements, flow restrictors
for showers, and self-closing bathroom faucets in
public facilities. Surprisingly, given the few design
restrictions that exist, per capita water use in the
United States has remained flat for the past several
years—and is currently 25% lower than in the late
1970s. This is partly because overall per capita use
involves important sectors other than buildings
(agriculture and power generation, for example)
and partly due to increasing awareness of the value
of water.

Aswithrenewable energy sources, green build-
ing design efforts have also increased awareness of
and design for water supply savings and alterna-
tives. Part V, “Water and Waste,” discusses many
design alternatives that would likely be used in a
green building. The role of water in the U.S. Green
Building Council’s Leadership in Energy and Envi-
ronmental Design (LEED) rating system is outlined
in Appendix G.

bRenewable water supply represents a long-term sustainable
resource: precipitation plus imports less evaporation, exports,
and water needed to maintain minimal stream flows.

These values are for the entire river system.

2.4 MATERIALS

A global or even countrywide perspective on mate-
rials resources is more difficult to obtain than is the
case for energy and water. In the United States there
appears to be a general upward trend in per capita
consumption of materials. In the early 1900s, per
capita consumption (in metric tons per person) was
around 3.0, about 50% of which was construction
materials; in 1950 about 6.0, with about 60% in
construction materials; and from 1970 to 1990
about 10.0 (with ups and downs), with about 65%
in construction materials.

Given the scarcity of quantitative data, a quali-
tative comparison with water must suffice. Many
materials used in building construction and upkeep
come from a generally fixed resource base. Like
water, materials (at least many) may be recycled,
but there is a fixed quantity of resources available
on Earth. For many materials, what we have now
is what we will have in the future, a marked excep-
tion being those organic materials (such as fiber
products) that are renewable.

Finding adequate material resources for a
building directly on the building site is rare: wood,
straw, and earthen construction systems, for exam-
ple, require large land areas to supply the materials



for even a small building. The most commonly used
construction systems involve materials brought to
a site from some distance. A designer can generally
select between imported renewable or nonrenew-
able materials and between imported virgin or recy-
cled materials. The common thread is imported—not
necessarily from overseas, but from a distance.
Reducing the transportation distance and finding
local materials when available are emerging design
strategies.

Wood is the only renewable construction mate-
rial currently in wide use in North America. It is
easily worked, supports a wide variety of finishes,
has moderate structural strength, requires regular
maintenance for long life, burns easily, and has only
moderate value either as thermal mass or as insula-
tion. This common building material illustrates the
impact a rapidly increasing population can have on
a fixed, even if renewable, resource base. As huge
old trees are harvested to the point of disappearance,
growing demand for wood outstrips the supply
available from younger, smaller trees. New produc-
tion methods are devised (such as laminates, particle
board, and engineered lumber) to allow large wood
members to be constructed from smaller timber. The
value of salvaged older wood members increases.

Nonrenewable materials are by far the most
commonly used materials in mechanical and electri-
cal systems; metals and plastics predominate. Their
advantages include strength, durability, fire resis-
tance, and conductivity or resistivity as required.
Most such materials are obtained, however, at
a significant energy cost to mine/manufacture,
transport, and shape them for our use.

With rapidly increasing demand for both
renewable and nonrenewable materials, how can a
designer on a planet with fixed resources respond?
What are the key materials issues for the design
team to consider?

(a) Embodied Energy

One issue is embodied energy, a complex and there-
fore elusive indicator of how much energy must be
invested to mine/harvest/produce, fabricate, and
transport a unit of building material. Table 2.4
summarizes information on embodied energy for
common units of today’s prevalent construction
materials. Such apparently simple numbers are
complicated by variations in availability of the
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raw resource (more work needed to extract mate-
rials requires more energy), variations in distance
from raw resource to manufacturing locations, and
variations in the fuels used (and their efficiency of
use) in the refining or fabricating processes.

Consider two alternatives for exterior wall
cladding: wood siding and aluminum siding. Wood
has embodied energy from a renewable resource—
the sun. It takes the energy of human beings and
chain saws to cut the trees and fuel to haul them,
perhaps 100 miles (160 km), to a mill. At the mill,
more energy is invested as logs become lumber, and
still more energy is used as lumber becomes fin-
ished siding—which is then transported to a con-
struction site. Aluminum begins as bauxite, which
requires energy to mine, then more energy to ship
great distances to smelters, which use large quan-
tities of electricity in the refining process. Cheap
electricity (as in the Pacific Northwest, with its
once-surplus hydropower) attracts bauxite mined
thousands of miles away. Once aluminum ingots
are formed at the smelter, they are shipped—again,
sometimes thousands of miles—to factories that
make products such as siding; the products are
then transported to a construction site. For a given
surface area of finished siding, the aluminum alter-
native represents about 100 times as much embod-
ied energy as the wood. This, however, is not the
end of the story—as a designer must consider the
impacts of these two siding materials on building
energy consumption and envelope maintenance
and replacement needs and schedules.

(b) Recycled or Virgin Material

It seems paradoxical that, while the world’s popula-
tion is increasing and its raw materials are decreas-
ing, labor costs are growing so much faster than
the costs of raw materials. One consequence is that
labor-intensive practices become less economically
attractive. Recycling is one such labor-intensive
practice (see examples in Chapter 23), whether at
the scale of a household, an office building, or an
entire industry.

Building construction, renovation, and demoli-
tion involve many opportunities for recycling, but
at present these activities represent a major source
of waste. The U.S. Environmental Protection Agen-
cy’s 1998 report Characterization of Building-Related
Construction and Demolition Debris in the United States
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TABLE 2.4 Approximate Total Embodied Energy in Building Materials?

Btu/Unit

Per Volume

| Myrunit

Per Weight

Btu/lb

| Mikg

Building Material

Per Area
Btu/ft?

| My/m?

Btu

Per Unit
M)

MASONRY

1,500,000/yd?
1,700,000/yd?
2,000,000/yd?

43,200/yd?

67,500/yd?
180,225/d3

2,070/m?
2,346/m?3
2,760/m?3

60/m3

93/m3
250/m3

4,000

123
730-960

2,400-4,000

2.2
12,680

3,900

25,400

9.3

0.3
1.7-2.24

5.6-9.3

0.005
295

59

Brick: clay fired®
ceramic glazed®
Adobe: semistabilized?
Concrete block?
Quarry tile®
Ceramic tile?
Concrete
Ready-mix concrete?
3,000 psi
4,000 psi
5,000 psi

Ingredients

Portland cement?
Sand for concrete,
unprocessed?
Sand, washed
Crushed stone, dry,
for concrete?
Slaked lime®
Reinforcing steel:
25 mmé¢
Reinforcing bars®: #2
#8
Welded wire mesh®:
2 X4,14/14
2X12,8/8

51,000
25,160

580
285

14,000/brick

33,400/brick

3,700/block
24,100-31,800/

block

2,600/ft
41,800/ft

14.8/brick

35.2/brick

3.9/block
25.5-33.6/block

0.84/m
13.4/m

METAL FRAMING

19,200

14,060
16,830

44.7

39.1

Steel framing®
Steel shapes®:
W12 X 65, carbon
W12 X 65, alloy
WT6 X 27, carbon
WT6 X 27, alloy
Angles, 50 X 8 mm®
Joists, 203 X 152 X
52 mm (1 kg/m)e
Aluminum shapes©:
818.81
615.10

1,217,800/ft

1,749,200/ft
543,350/ft
780,400/ft

811,800/ft
469,900/ft

390/m
560/m
175/m
250/m

260/m
150/m

WOOD FRAMING

91,620/ft3

160,800/ft3

3,400/m3

6,000/m?3

5,720

Wood framing?
2X 4b

Lumber®

Glue laminated
timbers?

3,750/ft
7,600-9,800/bd ft

13,400/bd ft

1.2/m
8-10.3/bd ft

14.2/bd ft

METAL SHEETS

40,330

138,300

80,800
265,140
105,620

93.8

321.7

188

245

Steel: 22 guage
16 guage
Galvanized®: 22 guage
16 guage
Corrugated galvanized
iron (0.6 mm)¢
Aluminum plate<: %4 in.
1in.
Stainless steel®:
cold rolled
hot rolled
Copper®
Lead®

29,400
58,800
49,800
98,500

420,700
1,680,300




TABLE 2.4 Approximate Total Embodied Energy in Building Materials® (Continued)
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Per Volume Per Weight Per Area Per Unit
Btu/Unit | My/Unit | Btulb | Mikg | Building Material Btu/f? | MJ/m? Btu M)
WOOD PRODUCTS
Shingles® 7,300/bd ft 7.7/bd ft
Plywood: 38 in. 5,000- 56.8—
softwood® 5,800 65.8
Flooring® 10,300- 10.9-15.1/bd ft
14,300/bd ft
Mouldings® 17,900 bd ft 18.9/bd ft
Mineral surface
insulating board® 67,500 766
ROOFING (SEE ALSO WOOD PRODUCTS)
Asphalt shingle®:
self-sealing 29,730 337
regular strip 25,330 288
Rolled roofing® 7,800-11,000( 89-125
13,630 31.7 Saturated felt®
151b 1,840 21
301b 3,680 42
PLASTER AND LATH
Lath board® 2,600 29.5
12,000 27.9 Steel lath?
Gypsum board®
¥ in.c 5,800 60.2
GLASS
6,750~ 15.7- Glassbg
7,500 17.4 Flat glass:
double-strength 15,430 175
tempered 72,600 824
Plate and float glass®:
V8=Ya in. 48,000 545
Laminated plate glass®:
Yain. 212,500 2,412
THERMAL INSULATION
13,000 30.2 Fiberglass?
50,400 117 Polystyrene?
31,000 721 Polyurethane?
Mineral wool, 4 ¥2in.© 8,300 94.2
ACOQUSTICAL CEILING SYSTEMS
19,200 447 Steel suspension
systems?
103,500 241 Aluminum suspension
systems?
FLOORING (SEE ALSO WOOD PRODUCTS)
7,350 17.1 Linoleum?
22,560-27,730| 52.2-64.5 Vinylb
5,900 13.7 Vinyl composition tile®
Modified resin vinyl tile® 68,370 776
FINISHES
33,303 76.8 Water-based paint?
503,670/gal 1,400/L Stains and varnishes?
437,000- 1,220- Paints¢
508,500/gal 1,420/L

2These numbers are rounded in most cases. Due to the quirky nature of many material
dimensions, conversions to-from I-P and SI sizes are not attempted.

bErom American Institute of Architects (1996).

“From Hannon et al. (1977).

9From Construction Technology Laboratories, Martha Van Geem,
P.E. (correspondence, 1997). Metric conversions by the author.

€From Irurah (1997).
fPlaster information not yet available.

9Glass products currently available with 30% less embodied
energy; under development with 60% less embodied energy.
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estimated that 136 million tons per year (123 Mg) of
such material are produced in the United States and
that 65% to 8 5% of that total ends up in landfills.

Consider building demolition. If more of a
demolished building can be recycled, more of the
energy embodied in its material can be recovered,
and fewer virgin materials will be required for some
other project. At present, the recovery of usable
materials from demolition is limited because the
cost of labor is high and the cost of energy and new
products is relatively low. It is currently easier,
quicker, and cheaper to reduce a building to rubble
and haul it to a landfill than to recycle. As landfill
capacity becomes scarce, design regulations con-
cerning recycled material use can be expected.

An Atlantic City, New Jersey, project was able
to recycle 90% of its demolition waste. Of a total of
1583 tons (1400 Mg) of demolition waste, only 152
tons (140 Mg) were nonrecyclable. Concrete and
masonry became crushed aggregate for road build-
ing. Glass became “glasphalt” embedded in road sur-
faces as reflectors. Wood waste became mulch. At
Fort Ord in California, four buildings totaling about
11,000 ft? (1022 m?) were dismantled rather than
demolished, saving roofing boards, framing lumber,
and tongue-and-groove wood flooring. Unpainted
drywall was reclaimed for composting.

Construction recycling opportunities include
crushed wallboard as a replacement for lime in
agriculture, carpet ground up for attic insulation,
plate glass crushed for use in glass fiber insulation,
and pulverized wood as a composting aid at sew-
age sludge treatment facilities. Used acoustic ceiling
tiles can become part of the slurry from which new
acoustic tiles are made. Building materials are now
increasingly being made from recycled materials:

TABLE 2.5 Residential Salvage for Reuse

reinforcing bars from ferrous scrap metal; cellu-
lose insulation from newsprint; parking lot bumper
strips, fence posts, and park benches from recycled
plastics; and nonstructural concrete from incinera-
tor ash. Even plastic yogurt containers, complete
with scraps of aluminum foil, are made into a ter-
razzo-like floor tile.

Architect Pliny Fisk, codirector of the Austin,
Texas-based Center for Maximum Potential Build-
ing Systems, has developed a wide array of such
applications. His “Advanced Green Builder”
home near Austin displays several applications of
“ashcrete,” made with coal fly ash and bottom ash,
producing a 97% recycled-content concrete. This is
used as ferro-cement for columns and beams and is
foamed for hollow wall infill. Numerous other inno-
vative recycled-material applications are show-
cased as well.

The most effective form of recycling involves
reuse of a building or building shell. Audubon House
in New York City is an excellent and well-publi-
cized example of this level of reuse. The next most
effective form of recycling involves the reuse of a
building component as is. A residential demolition-
by-hand salvage project in Portland, Oregon, recov-
ered doors, windows, bathroom fixtures, framing
lumber, plywood, siding, flooring, and bricks. The
energy and economic summary for this project is
shown in Table 2.5.

As with water and renewable energy sources,
much ofthe current interest in lowering the embodied
energy content of construction materials and increas-
ing the recycling and reuse of products is attributable
to green design efforts. The role of LEED in promot-
ing a change in thinking about materials is outlined
in Appendix G. The impact of building materials on

Embodied Energy? Value
Btu/ft? Floor Area
(kJ/m? Floor Area)

U.S. $/ft? Floor Area
(U.S. $/m? Floor Area)

Total for reusable salvage®

Demolition energy consumed®

Value of energy embodied in salvage?
Value of avoided dumping fees

Total energy savings and value

46,890 (532,497)
-3,380 (-38,384)

43,510 (494,112)

4.90 (52.74)

+0.50 (5.38)
+2.70 (29.06)

8.10(87.19)

Source: Joslin et al. (1993).
Based on Stein et al. (1981).
bFraming lumber alone constituted 38% of this embodied energy.

Gasoline for transportation and hauling, plus human labor at
254.6 Btu/h (268.6 kJ/h).

dAssumed at $.04/kWh, very low rate typical of the Pacific
Northwest.



occupant health and well-being is also an emerging
area of concern and interest. There is a direct link
between the selection and maintenance of build-
ing materials and indoor air quality (see Chapter 5).
Although beyond the scope of this book, LEED also
looks at this aspect of materials use, and several ref-
erence texts provide fundamental information on
design for healthy buildings. Many building products
with substantially reduced heath impacts have been
developed and marketed during the past 10 years.

2.5 DESIGN CHALLENGES

The buildings we design today are very likely, over
their lifetimes, to experience major changes in the
way they are used and in their sources of energy
supply. The societal value of water and embodied
materials will also probably change. The resource
perspective of the future is unlikely to be that which
we hold today. This poses some overall challenges
to the designer.

(a) Design for Building Recycling

Designing for the recycling of buildings is a two-part
balancing act. First, the designer should provide
enough flexibility to prolong the useful life of a build-
ing by enabling it to adapt easily to changed usage.
Flexibility, however, can be expensive to implement
physically and can result in a bland “sameness”
throughout a building. The latter characteristic
is easier for the designer to change than the for-
mer. Second, the design can allow for demount-
ing of parts so that the structure can remain safely
intact while reusable materials and components
are removed. This can result, however, in heavier
buildings in which floor systems are not structur-
ally integrated with beams. This approach also dis-
courages integration of mechanical and structural
systems, as discussed in Chapter 10. Furthermore, a
demountable building may be especially subject to
energy leaks, such as from cracks widening around
self-contained components of the facade.

Some initial guidelines for recyclable buildings
are as follows:

1. Design the structure to be separable from
everything else and to be easily disassembled.
Extensive remodeling is then possible without
major structural modifications, and at the end
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of a building’s life, elements of its structure can
be reused elsewhere.

2. Design for “breathing room” where possible:
between a building and itsneighbors or between
major spaces within a building. Some expan-
sion is thus possible without rebuilding. This
could include designing the columns and foot-
ings to support an extra floor or two for vertical
expansion.

3. Maximize the utilization of on-site (natural)
forces such as sun and wind. The less sophis-
ticated the mechanical and electrical equip-
ment, the less obvious will be the obsolescence
of such equipment with the passing of time.

4. Use materials and components distinctly: avoid
combinations that make recycling of these ele-
ments difficult. A steel or plastic pipe embedded
in a concrete slab is neither easily repaired nor
easily recycled; some “sandwiches” (manu-
factured building panels) do not allow metals,
plastics, and other products they contain to be
separated for reuse at the end of the panel’s life.

Although maximum savings of embodied
energy can be realized when a building component
is reused as is, even the crushing and reprocessing
of some (separated) building materials will save
energy compared to their original manufacture
from virgin material (see Chapter 23).

(b) Design for Energy Transition
Two more challenges to designers arise:

1. To design buildings not only to save energy,
but also so that they can eventually be weaned
away from dependence on nonrenewable fuels.
A transition away from electricity from the
utility grid, to site-generated photovoltaic or
fuel-cell electricity, seems easy enough given
appropriate building orientation, collection
surfaces, and equipment spaces.

2. To use energy wisely; to expect only a fair
share of locally available renewable fuels,
recognizing that such resources are limited
even though they are continuously available.
For example, in a high-density setting, it may
be tempting to erect a large solar collector to
intercept sunlight that would otherwise be uti-
lized by a neighboring building. This tempta-
tion grows stronger as a building is designed to
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rely more heavily upon the sun. The concept
of a solar envelope to protect each building's fair
share is discussed in Section 3.6.

(c) Design for the Information Age

Controls for mechanical and electrical systems have
become much more sophisticated, thanks to devel-
opments in information systems and electronics.
With the advent of smart houses, intelligent buildings,
and smart appliances, it is now possible to regulate
an array of building systems collectively and across
great distances to optimize performance and mini-
mize resource consumption. For a building, with
some zones requiring heating and other zones cool-
ing, some zones with available daylight and others
without, an automatic central control system can,
without human intervention, integrate the flow
of fresh air, sunlight through movable shading
devices, and intensity of electric lighting to achieve
maximum use of on-site renewable energy.

The Albany County Airport in New York State
uses automated controls to regulate solar gain

Fig. 2.7 The Albany County (New York) Airport features a central
skylight (a) that provides 40% of the light and 20% of the heat for
the building. (b) The insulated louvers are controlled by computer
to admit or block the sun and to store heat within the building on
winter nights. (Courtesy of Einhorn Yaffee Prescott, Architects,
Albany, NY. Redrawn by Amanda Clegg.)
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where winter heat losses are greatest. Photoelectric
controls turn off electric lighting when daylight is
adequate. The skylight provides 40% of the light-
ing and 20% of the heating needs of this 57,000 ft?
(5295 m?) building.

Information systems promise enormous energy
conservation achievements while using very
small amounts of energy themselves. They also
require one of the least space-consuming distribu-
tion systems, or distribution trees, of all building
service systems, especially compared to air ducts
and plumbing pipes. In return for such agreeable
characteristics, building designers must recognize
that developments in information technology are
so rapid that the nature of these systems is likely to
undergo frequent and dramatic change. Informa-
tion system distribution spaces may be quite small,
but they must be highly accessible. Where informa-
tion can be transmitted without wires or cables, the
impact on building service space demands is even
smaller. Adaptable information systems can make
more feasible the renovation, rather than demo-
lition, of older buildings for new tenants. These
potentials notwithstanding, the need of occupants
to play some role in the use and control of their
environments should not be ignored.
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(d) Design for Transportation

There are clearly links among design decisions at
regional and neighborhood scales (urban plan-
ning and subdivision design), transportation, and
resulting energy use for commuting, shopping,
and recreation. This sphere of concern, however,
is beyond the scope of this book. The link between
transportation systems and building mechanical/
electrical equipment may seem obscure, but con-
sider the impact on buildings of the automobile and
its internal combustion engine. Fresh air intakes at
street level face significant pollution from engine
exhausts. Parking lots below buildings compete for
space with heavy mechanical and electrical equip-
ment such as boilers, chillers, ice storage tanks, and
switchgear and greatly complicate vertical trans-
portation design. Sloped parking floors make future
space use for other purposes quite difficult. Ventilat-
ing parking levels to remove fumes from automo-
biles requires large fans and energy to run them.

In a likely future of electrically powered vehi-
cles, photovoltaic arrays over parking areas can
provide electricity for a building and recharge the bat-
teries of parked cars throughout the day (Fig. 2.8). In
an alternative future of hydrogen fuel cell-powered

Fig. 2.8 "Building” integrated photovoltaics (BIPV) provide shelter, shading, and power for a fueling station/convenience store in
Eugene, Oregon. Note the green roof on the store and the biofuel pumps. (Photo by Nathan Majeski.)
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vehicles, engine discharge consists simply of water.
No fumes are emitted from such cars, saving fan
space and energy. To the extent that cars become
smaller, or are replaced by public transit or bicycles,
significant space may be reclaimed from parking for
other uses. When entire buildings are now built as
single-purpose parking garages, skillful design for
reuse might allow such buildings to be renovated to
serve new functions rather than demolished.

2.6 HOW ARE WE DOING?

From the preceding discussion and that in Chapter
1, it might seem that, environmentally, the building
professions are doing pretty well. There are mini-
mum standards for energy efficiency and plumbing
fixture water consumption that affect virtually
every North American building. Such standards
are also common internationally. There is grow-
ing interest in green buildings, generally fueled by
private sector and government owners seeking to
set an example, which is moving design beyond the
just-acceptable minimum requirements of codes

and standards. Concern for energy consumption,
renewable energy use, water resources and qual-
ity, and materials resources and consumption is an
integral element of the green building movement.
Per capita energy and water use in the United States
appears to be stable and/or decreasing.

From the perspective of yesterday, today’s
building designs (even the worst) are arguably more
resource-efficient and respectful of the environ-
ment (this does not necessarily mean they are bet-
ter designs). The question is: From the perspective of
tomorrow, is today’s good design good enough? The
answer in one context is, unfortunately, no. That
context is the environmental footprint. Environmen-
tal footprints are a concept promoted by Rees and
Wackernagel (1995) that plot the gross resource
demands of a geographic area as a footprint on
the planet. Figure 2.9 provides an illustration of the
environmental footprint concept applied specifically
to water resources. The area in question may be a
city, state or province, or country. If the footprint is
larger than the geographic boundaries of the area in
question, then the area is stepping on someone else’s
environmental toes. Such a city, state/province, or

Mew '-‘-WJ
Y

Fig. 2.9 The effective watershed of the greater Los Angeles area. The area (even if partial) needed to provide water to this
metropolitan area (its water footprint) is vastly greater than the politically defined city limits. (From Design for Human Ecosystems by
John Tillman Lyle. Copyright © 1999 by Harriet Lyle. Reproduced by permission of Island Press, Washington, DC.)



country needs more land to support itself than is
available—thereby surviving through imports from
other places. All is well as long as there are other
places with surpluses; all is not well when surpluses
diminish or disappear. Table 2.6 shows estimated
ecological footprints for several countries. It is clear
that some countries are substantially overstepping
their boundaries, while others are able to accommo-
date that overstep because of their less consumptive
lifestyle. Continuing worldwide population growth
makes the footprint balance tenuous. Table 2.7 pro-
vides similar environmental benchmarking for the
same countries with respect to energy and water use
and carbon dioxide (CO,) emissions. CO, is becom-
ing the key environmental metric in the United
Kingdom and parts of Europe (Roaf, 2004).
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The ecological footprint for the “world”
shown in Table 2.6 should lead to serious reflec-
tion regarding the meaning of sustainability. One
unfortunate offspring of the growing interest in
green design is a seemingly endless stream of one-
upmanship that glibly promotes “sustainable”
this and “sustainable” that—including buildings
(virtually impossible in today’s economic climate),
communities (possible, but rare today), and states
(perhapsnecessary in the future). The term sustain-
able has lost almost any meaning through inces-
sant misuse. This is unfortunate if one believes the
story of the ecological footprint—sustainability
is essentially keeping the Earth’s footprint on the
planet. A good idea, asit is the only planet we have
right now.

TABLE 2.6 Ecological Footprints? for Selected Countries

Footprint Available Capacity Surplus (if +) or
Country 1997 Population (ha/cap)® (ha/cap) Deficit (if -)
Australia 18,550,000 9.0 14.0 5.0
Austria 8,053,000 4.1 3.1 -1.0
Bangladesh 125,898,000 0.5 0.3 -0.2
Brazil 167,046,000 3.1 6.7 3.6
Canada 30,101,000 7.7 9.6 1.9
China 1,247,315,000 1.2 0.8 -04
Egypt 65,445,000 12 0.2 -1.0
Germany 81,845,000 3 1.9 -3.4
India 970,230,000 0.8 0.5 -0.3
United States 268,189,000 10.3 6.7 -3.6
WORLD 5,892,480,000 2.8 2.1 -0.7

Source: http://www.ecouncil.ac.cr/rio/focus/report/english/footprint/
ranking.htm/

2Updated 1997.

bThe ecological footprint, available ecological capacity, and
surplus or deficit capacity are in hectares/capita (multiply hect-
ares by 1.66 to obtain acres).

TABLE 2.7 Per Capita Energy? and Water? Use and CO, Emissions® for Selected Countries

Country 1997 Population Energy Use? Water Use® CO, Emissions’
Australia 18,550,000 5,975 1,250 16.8
Austria 8,053,000 3,790 261 7.9
Bangladesh 125,898,000 145 576 0.2
Brazil 167,046,000 1,064 345 1.8
Canada 30,101,000 8,000 1,494 16.2
China 1,247,315,000 887 494 2.7
Egypt 65,445,000 695 1,013 1.7
Germany 81,845,000 4,264 572 10.2
India 970,230,000 514 635 1.0
United States 268,189,000 7,921 1,682 19.8
WORLD 5,892,480,000 1,631 633 6.1

2Source: World Resources Institute, Earth Trends: The Environmental
Information Portal; http://earthtrends.wri.org/searchable_db/

bSource: World Resources Institute, Earth Trends: The Environmental
Information Portal; http://earthtrends.wri.org/searchable_db/

Source: Nationmaster.com; http://www.nationmaster.com/; from
World Resources Institute. 2003. Carbon Emissions from Energy
Use and Cement Manufacturing, 1850 to 2000. Available online
through the Climate Analysis Indicators Tool (CAIT) at http://cait.wri.
org. Washington, DC: World Resources Institute.

9Units are thousand metric tons of oil equivalent per person
per year. Data are for 2001. World per capita consumption has
been stable over the past 10 years; that of the United States has
increased slightly (7538 in 1990; 7921 in 2001).

€Units are cubic meters of water withdrawals per person per
year. Data are for 2000.

fUnits are thousand metric tons of carbon dioxide per 1000
people per year. Data appear to be for 2000.
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2.7 CASE STUDY—DESIGN PROCESS AND ENVIRONMENTAL RESOURCES

Philip Merrill Environmental Center, Chesapeake Bay Foundation

ProJecT Basics
e Location: Annapolis, Maryland, USA
e latitude: 38.9 N; longitude: 76.5 W, elevation:
near sea level
e Heating degree days: 4707 base 65°F (2615
base 18.3°C); cooling degree days: 3709 base
50°F (2061 base 10°C) for Baltimore, MD;
annual precipitation: 42 in. (1063 mm)
e Building type: New construction; commercial
offices and interpretive center
32,000 ft? (3000 m?); two occupied stories
Completed December 2000
Client: The Chesapeake Bay Foundation
Design team: SmithGroup (and consultants)

Background. The Philip Merrill Environmental Cen-
ter was one of a half-dozen buildings certified as
LEED Platinum at the time this case study was pre-
pared. Platinum is the highest possible LEED rating.
Elements of the design process for the Environmen-
tal Center are presented in the following sections,
in order to emphasize the critical importance of an
appropriate design process to the development
of high-performance buildings. Design team and
client values were important to the success of this
project—and led to the development of explicit
and aggressive green design intent and criteria.
Concern for energy efficiency and water conser-
vation led to much of the distinctive form of the
building—especially the signature water storage
tanks on the entry facade. (The information that
follows was provided by SmithGroup.)

Context. The Chesapeake Bay Foundation (CBF) is
an environmental advocacy, restoration, and edu-
cation organization headquartered in Annapolis,
Maryland. Before the creation of the Philip Merrill
Environmental Center, CBF's facilities included
three properties in Annapolis and a small building
outside of town. The functioning and unity of the
organization suffered from the disparate locations
and consequent separation of departments, justify-
ing the creation of a new headquarters that could
unify and house CBF in an optimum environment.

Design Intent. The new headquarters would
not only house the Foundation, but would also

be a reflection on CBF’s mission. It would serve
as a paragon for the Bay’s watershed region of
sustainable development—"walking the talk,”
“practicing what CBF preaches.” The design was
to emulate the regional vernacular and utilitar-
ian functions of working on the Bay. The building
was to respond to habitats, vegetation, soils, buf-
fer zones, views, solar orientation, topography,
prevailing wind direction, and functional require-
ments. The organization of the elements on the
site would tell the story of CBF’s mission to edu-
cate and involve the public in taking responsibility
for the health of the Bay.
The leading principles behind the design were

as follows:

e Set a precedent for sustainable development
on the Chesapeake Bay.
Provide for the functional needs of CBF.
Create an effective work environment.
Embody a sense of unity and connectiveness.
Push the envelope of green building.
Reflect the utilitarian nature of CBF.
Mesh indoor and outdoor spaces.
Create interactive spaces.
Integrate CBF’s departments while preserving
distinction.
Enhance public service.
e Facilitate an educational experience.

Design Criteria and Validation. The project was
intended to achieve a LEED Platinum rating. At
the time design commenced, LEED was a largely
unknown rating system in its pilot phase of devel-
opment. The LEED system was used both as a
benchmark and as an assessment tool—a way of
validating the design’s sustainability. Energy mod-
eling using Energy 10 software was performed
during the preliminary design phases. The overall
energy modeling during subsequent phases used
Trace software.

Post-Occupancy Validation Methods. A full year of
monitoring and POE was performed by the National
Renewable Energy Laboratory (NREL). NREL pro-
vided the monitoring equipment to measure the
resource consumption (water, electricity, propane)
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of the building and to measure the energy gener-  the building in an effort to evaluate how green
ated by the building. The Department of Energy per-  buildings can not only save energy, but can create a
formed a productivity analysis of the workers inside  healthier and more productive work environment.
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Fig. 2.10 Conceptual design sketch showing the earliest concept of the Philip Merrill Environmental Center and illustrating how
the form of the building was directly related to the environmental goals for the project. This sketch is used by the design team as
an ongoing example of how early goal setting allows designers to shape a building to respond to goals, thus creating an integrated
design. (© SmithGroup, used with permission.)

Fig. 2.11 Schematic design diagram illustrating how the conceptual design idea was refined, and the role that natural ventilation,
passive solar heating, rainwater collection, and daylighting and views played in shaping the building. Energy and water are clearly focal
elements. (© SmithGroup, used with permission.)
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Fig. 2.12 Section through the Philip Merrill Environmental Center developed during the construction documents phase. The water
storage tanks, which are a signature element of the final design, have evolved from concept to buildable artifact. (© SmithGroup, used
with permission.)
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Fig. 2.13 North (inland) fagade of the Philip Merrill Environmental Center showing the visual impact of rainwater collection intent and
solution. Water conservation has informed this facade. (Photo © 2004 Walter Grondzik; all rights reserved.)

Fig. 2.14 South (bay side) facade of the Philip Merrill Environ-
mental Center showing PV panels, daylighting/solar apertures,
and shading elements. Energy collection has informed this
facade. (Photo © 2004 Walter Grondzik, all rights reserved.)

Performance Data. Information available to date
suggests substantial design team success in
“pushing the envelope of green building”—par-
ticularly in the areas of material, water, and energy
conservation:

e The building achieved a LEED Platinum rating.

e All wood was obtained from renewable
resources; more than 50% of building mate-
rials were obtained from within a 300-mile
(480-km) radius of the site.

e There is a projected 90% reduction in water
use compared to that of a comparable (con-
ventional) office building.

e There is a projected annual energy use of
350,000 kWh (90% electricity) with an antici-
pated contribution of 43,000 kWh equivalent
from solar thermal systems and PV; plug loads
account for roughly a third of the energy use,
lighting another third, and climate control the
remaining third.

e The project received a Grand Award, Building
Team Project of the Year, from Building Design
& Construction magazine in 2001.
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e The building was named one of the AIA/COTE
Top Ten Green Projects in 2001 (American
Institute of Architects/Committee on the Envi-
ronment).

FOR FURTHER INFORMATION

High Performance Buildings Database, U.S. Depart-
ment of Energy, Office of Energy Efficiency and
Renewable Energy: http://eere.buildinggreen.com
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Sites and Resources

SITE ANALYSIS TYPICALLY PRECEDES SITE
planning. The purpose of a site analysis is to under-
stand the character of a given site. Such an analy-
sis usually includes the collection of information
on utility availability, noise sources, zoning, views,
solar access, traffic and pedestrian patterns, cli-
mate, and the like. In some cases, long-term statis-
tical data are available as an information resource
(such as for climate, solar position, utility services);
for other variables (such as noise, views, pedes-
trian circulation in an urban area) there is usually
no existing database, and all information must be
collected directly by the designer. To be useful and
successful, a site analysis must do more than simply
catalog information; it must place value on the
collected information in the context of a proposed
project and its design intent. For a given building,
is solar radiation a desirable resource or a problem
to be solved? Is wind a usable design element or an
environmental force to be avoided? Understand-
ing what resources are available for inclusion in
a design solution, and what natural forces are
potential problems to be mitigated by design, is the
essence of site analysis—and a necessary precursor
to green design.

A designer’s early site-planning decisions will,
at a later date, influence available options for a
building’s climate control and lighting systems and
affect a building’s overall consumption of energy.
When the site is seen as a collection of resources
(sun, wind, water, plants) and also as part of the
environment we all share, buildings can greatly

reduce dependence upon nonrenewable fuels. They
can also do this without limiting the availability of
local energy resources for neighboring buildings.
In addition to saving energy, the use of on-site
resources can create outdoor spaces that become
especially pleasant to be in. Such spaces can direct
winter sun to a glass wall while blocking the wind,
or funnel summer breezes through shade to an
open window. Site planning is greatly influenced by
economic considerations, zoning regulations, and
adjacent developments, all of which can interfere
with the design of a site to utilize the sun, the sky,
and the wind. Integration of all these concerns at
the site-planning stage is the first step in adapting a
building to its climate. This chapter looks briefly at
some aspects of site-climate interactions.

3.1 CLIMATES

Climate is a long-term statistically derived picture
of weather. Weather is what happened today or
yesterday, while climate is what happened over
the past 10, 15, or 20 years. Our most famil-
iar names for climates describe their most severe
season, as shown in Fig. 3.1. This is a convenient
means of description, but it can be misleading for
designers. “Cold” climates can have very hot, some-
times humid summer days; hot-arid climates can
have bitterly cold winter conditions. Before design-
ing buildings that will modify exterior conditions
to provide indoor comfort, we should know when
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Fig. 3.1 Regional climate zones of the North American con-
tinent. (From Victor Olgyay, Design with Climate: Bioclimatic
Approach to Architectural Regionalism; © 71963 by Princeton
University Press. Reprinted by permission.)

and how much modifying is appropriate. This is
not necessarily easy, as there are 8760 hours in a
year and several climatic variables of interest for
each hour (temperature, relative humidity, solar
radiation, wind speed, etc.). A graphical means
of portraying all these variables is helpful. A very
useful set of graphic analysis tools for climates
was developed by Olgyay (1963) under the name
bioclimatic design. Bioclimatic design links comfort
and climate. Chapter 4 provides details on ther-
mal comfort, but a discussion here of Olgyay’s
approach will provide an introduction to a few key
issues.

Figure 3.2 shows Olgyay timetables for cit-
ies representative of two of the four climate zones
shown inFig. 3.1. These graphical views of thermal
environmental needs are plotted across an entire
year (the horizontal axis) for all hours of the day (the
vertical axis). Those portions of the year within the
bounds of the bold shading line require shade for
thermal comfort. The darker-shaded (overheated)
zones are bounded by an isoline that corresponds to
atemperature ofabout 78—82°F (26-28°C), depend-
ing upon relative humidity. At higher temperatures,
there is a need for air motion as well as shade to
remain comfortable outdoors. Areas farther within
the overheated zone correspond to thermal comfort
needs for 300 and 700 fpm (1.5 and 3.6 m/s) air
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Fig. 3.2 Timetables of climatic needs for (a) New York City and
(b) Miami, cities representative of two of Olgyay’s North American
regional climate zones. Isolines within the shaded regions repre-
sent air speeds, the lines outside of the shaded areas represent
solar radiation intensity. (From Victor Olgyay, Design with Climate:
Bioclimatic Approach to Architectural Regionalism; © 71963 by
Princeton University Press. Reprinted by permission.)

velocities. An occupancy schedule for a proposed
building can be overlaid on such a timetable, provid-
ing insights into climate/building interactions.

The timetable for New York City (Fig. 3.2a)
shows that about one-fifth of the year requires
shade for outdoor comfort, with most of the hours
from mid-July to mid-August falling in the over-
heated period. Little relief can be expected at night
in summer. Perhaps one-third of the year is “too
cold,” with temperatures too low for shirtsleeve
comfort outdoors and requiring more than 300
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The timetable for Miami, Florida (Fig. 3.2b),
shows that about four-fifths of the year demand
shade for outdoor comfort, and about three-fifths
are in the overheated period. A large portion of the
year needs over 700 fpm (3.6 m/s) wind, with these
hours occurring both during the day and at night.
There is also a need for wind to counteract high
vapor pressure (humidity), independently of high
temperature. Clearly, wind is important to comfort
in Miami in any unconditioned building. There is
no such zone as “too cold” there.

Olgyay’s climatic timetables provide a graphi-
cal view of outdoor conditions relative to thermal
comfort for four key climate regions (Fig. 3.1). Of
these four, the New York timetable suggests an
emphasis on space heating but a need for cooling as
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Fig. 3.3 Urban heat island: a densely occupied area with a temper-
ature distinctly higher than that of the surrounding rural area. (a)
Direct solar radiation is likely to be reflected within the city, thereby
increasing solar heat gain in urban areas. (b) Temperature records
ata rural site (solid line) and in the center of a city (dashed line)
during a typical night and day. The city’s heat-conducting materials
and thin cloud of polluted air acting alone would not change the
average air temperature but would reduce the day-night differ-
ence (the dotted line). In addition, the heat from increased solar
gain and city-specific heat sources (cars, buildings) warms the air
atall hours, producing the observed urban record (dashed line). (c)
Idealized profile of the air temperature difference between urban
and rural areas at times of peak differences—calm, clear nights.
(d) Based upon (c), typical isotherms (lines of equal temperature)
provide a “contour map” of the urban heat island. (e) The urban
heat island can affect the countryside “downstream.” (Reprinted by
permission from Lowry, 1988.)

well. In Miami, the focus is upon shading and cool-
ing. Several design strategies can utilize the ambi-
ent climate as a heat source or sink for heating and
for cooling.

3.2 CLIMATES WITHIN CLIMATES

The climate at a particular site can be quite different
from the climate data that are published as being
representative of an entire region. This is particu-
larly evident when visiting a site where a neighbor-
ing hill blocks wind or winter sun, or an adjacent
lake cools summer breezes or adds a damp chill
to the winter air. Such local variations constitute
microclimates, with some characteristic distinctly
different from those of the larger macroclimate. The
characteristics of a microclimate are influenced by
the interaction of the characteristics of both the site
and the macroclimate:

Site Characteristics Climate Characteristics

Soil type Sun

Ground surface Air temperature
Topography Humidity
Vegetation Precipitation

DESIGN CONTEXT



DESIGN CONTEXT

52 CHAPTER 3 SITES AND RESOURCES

Water bodies/flows Air motion
Views Air quality
Human effects (heat,

noise, etc.)

Most urban sites are under the influence of an
urban subclimate that differs from the conditions of
the surrounding countryside unaffected by urban-
ization. Probably the best-known urban climate
feature is the heat island. Urban heat island effects
are summarized in Table 3.1 and Fig. 3.3. Design-
ers should note that city climatological stations are
often located at nonurban sites, such as an outlying
airport, masking the effects of a heat island.

The most obvious reason for a city’s relative
year-around warmth is its concentration of heat
sources: the air conditioners, furnaces, and elec-
tric lighting in buildings and internal combustion

TABLE 3.1 Average Changes in Climate
Effects Caused by Urbanization?

Comparison with
Effect Rural Environment

Contaminants
Condensation nuclei and
particulates
Gaseous admixtures

10 times more

5 to 25 times more

Cloudiness
Cover 5to 10% more
Fog, winter 100% more
Fog, summer 30% more
Precipitation®
Totals 5to 10% more
Days with less than 2 in. (5 mm) 10% more
Snowfall 5% less
Relative humidity
Winter 2% less
Summer 8% less
Radiation
Global 15 t0 20% less
Ultraviolet, winter 30% less
Ultraviolet, summer 5% less
Sunshine duration 5to 15% less
Temperature
Annual mean 0.91to 1.8°F (0.5 to

1.0°C) higher

Winter minima (average) 1.8 t0 2.6°F (1 to 2°C)

higher
Heating degree days 10% less
Wind speed
Annual mean 20 t0 30% less

Extreme gusts 10 to 20% less
Calms 5 to 20% more

Source: Landsberg (1970).
aThese effects vary from city to city and from day to day.

bResearch since 1970 has shown that it is not at all certain that
urbanization causes increases in precipitation amount within a city.

engines in cars. This urban and industrial heat
production is shown in Table 3.2 and Fig. 3.4. It
appears that cities and industrial regions of the
world release less internal heat per capita as people
live and work closer together—although the heat
density (temperature) is greater. Commercial and
industrial cities release more heat for a given popu-
lation density, and tropical cities release less, while
still conforming to the pattern that greater com-
pactness permits less energy use per capita.

Rain that falls on a city can be an effective
evaporative cooling mechanism, especially as water
evaporates from wet surfaces. Yet streets and build-
ings are usually designed to shed water quickly and
thoroughly, sending rainwater into storm sewers
instead of letting it evaporate slowly in the wind
and sun. As aresult, evaporative cooling from these
surfaces is minimized.

A city also changes the overall cooling action of
the wind by channeling it into narrow streets. The
geometry of high vertical walls and narrow streets
also increases summer heat collection in cities as
the high sun is reflected downward to be absorbed
and then reradiated by the often rocklike streets and
building surfaces. In winter, however, this geome-
try puts most urban surfaces at a solar disadvantage
because the low sun strikes only the upper portion
of south-facing walls. A reduction in radiant heat
loss at night, caused by this lack of access to the sky,
is a key element in the formation of the urban heat
island, as summarized in Fig. 3.5. Sky access is dis-
cussed in more detail in Section 3.6.

A more subtle urban climate influence is con-
taminated air. Small particles in a city’s air can keep
some sunlight from reaching the city, yet can also
help to keep the city’s heat from radiating outward.
These particles also form additional nuclei for fog
droplets. Table 3.1 suggests that fog may occur in
a city in winter up to twice as often as in the sur-
rounding countryside. Trees and greenery, which
can act as crude filters of airborne dust, are not as
available in a city.

The city thus modifies its climate from that
of its surroundings. In winter, the city’s factories,
vehicles, surface materials, and geometry combine
to increase temperature and reduce the amount of
energy needed for heating buildings. The typical
means of providing needed winter heating (fossil
fuel-burning heating equipment and power plants)
contribute to airborne particles and urban fog.



TABLE 3.2 Heat Generated within Cities
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Population Energy Use per Energy Use
Population Density 103/ Capita® per Unit
City or Region? (millions) Area mile? (km?)  mile? (103/km?) (kW/capita) Areal (W/m?)
CITIES AND INDUSTRIALIZED REGIONS
3 Fairbanks® 0.045 30.8 (80) 1.6 (0.6) 10.91 6.55
11 Vancouver 0.6 42.8(111) 14.0 (5.4) 3.55 19.2
12 Brussels 1.3 62.9 (163) 20.7 (8.0) 3.5 28.0
14 West Berlin 2.3 90.7 (235) 25.4(9.8) 2.14 21.0
9 St. Louis 0.75 96.5 (250) 7.8 (3.0 53 15.9
10 Munich 0.9 116 (300) 7.8 (3.0) 3.0 9.0
5 New Jersey 4.7 2355 (6100) 2.1(0.8) 9.1 7.3
suburbs of NYC
1 Los Angeles County 7.0 3860 (10,000) 0.2 (0.07) 10.5 0.74
4 Nordheim-Westfalen? 16.9 13,045 (33,800) 1.3(0.5) 8.0 4.0
2 BosNyWash® 33.0 33,582 (87,000) 1.0 (0.38) 11.2 4.3
COMMERCIAL/INDUSTRIAL CITIES
15 Sheffield 0.5 18.5 (48) 26.9 (10.4) 1.83 19.0
17 Manhattan 1.7 22.8(59) 74.6 (28.8) 5.52 159.0
16 Montreal 1.1 30.1(78) 36.5(14.1) 7.02 99.0
13 Budapest 13 436 (113) 29.8(11.5) 3.74 43.0
8 Cincinnati (summer) 0.6 85.7 (222) 7.0Q2.7) 9.3 25.1
7 Hamburg 1.83 295 (763) 6.2 (2.4) 53 12.7
6 Chicago 3.5 711(1842) 4.9(1.9) 27.2 51.7
TROPICAL
18 Hong Kong 3.9 40.5 (105) 96.1(37.1) 0.88 32.6
19 Singapore 2.1 54.0 (140) 38.9 (15.0) 0.81 12.2

Source: Lowry and Lowry (1995) by permission.
4Index numbers refer to Fig. 3.4.

b0.317 W/m? = 1 Btu/ft?. These columns were not converted to I-P units. The units shown are as presented in the source, but technically
energy should be expressed in kW-h while power is in W.

“Data for Fairbanks, Alaska, include a sparsely populated incorporated area surrounding the central business district.
9Nordheim-Westfalen is the heavily urbanized and industrialized region in the lower Rhine valley near Diisseldorf-Dortmund.
eBosNyWash is the term often used by urbanists to refer to the megalopolis that stretches from Boston through New York to

Washington, DC.
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Fig. 3.5 The urban heat island effect is particularly strong on
calm, clear nights. (a) With a greatly reduced “sky view factor”
(W) to the cold night sky, the walls and floors of urban canyons

(the right part of the sketch) cannot lose heat as readily as can

the open countryside or less dense suburban areas (the left part
of the sketch). (b) The more narrow the ¥, the more pronounced
is the effect (AT) of the urban heat island in cities throughout the
world. (Reprinted by permission from Lowry, 1988.)
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Solar-assisted heating would diminish this pollu-
tion—and with less air pollution, more sun would
reach a solar collector. However, the greater the
population density, the more difficult is access to
winter sun, especially at latitudes farther from the
equator, where winter heating is most needed. High
buildings readily block low sun altitudes.

In summer, the city’s internal heat makes
things worse. Air conditioners add their own pro-
cess heat to the building heat that they pour into the
air; their appetite for electricity taxes power plants,
in turn adding vastly more waste heat. Again, solar
energy can help, this time by generating photovol-
taic (PV) electricity to run air conditioners. High
summer sun angles make solar access much less
problematic. The stronger the sun, the more elec-
tricity is produced for air conditioners and other
loads. PV arrays are currently high in first cost, but
are noiseless, emit no exhaust gases, and add no
internally generated heat to the summer air.

Site- and urban-planning responses to these
urban climate characteristics can sometimes lead in
contradictory directions. For example, the provision
of greenways within cities would bring softer
ground surfaces cooled in summer by shading,
breezes, and evaporation. However, the winter
impact of greenways might be an increase in fog
via evaporation of retained storm water; or per-
haps fog would be discouraged locally by increased
wind speeds in channels formed by the greenways.
The summer impact of a greenway is also mixed;
changes in comfort would depend upon the partic-
ular combination of increased humidity and cooler
temperature a greenway produces. On balance, a
greenway within a city seems to be a positive and
aesthetic step in ameliorating the urban climate.

While considering how the sun, wind, and
other climate elements can be utilized on a site for
the benefit of a building, it is important to remember
the need to protect the access of others to these
same shared resources. In “The Tragedy of the
Commons” (1968), Garrett Hardin writes about the
commons as publicly owned meadows shared by
many herders. Each herder realizes that his personal
wealth willincrease as animals are added to his herd,
so all herders increase their livestock. The meadow
capacity, however, does not increase; overgrazing
occurs, and as a result the commons become unable
to support any animals. The following discussions of
sun, air, and water resources available to a site are

influenced both by the “private” needs of a building
and the “public” patterns of resource availability,
which should remain accessible to all.

3.3 BUILDINGS AND SITES

Buildings are temporary occupants of their sites.
The arrival of a building usually produces rapid
and dramatic changes to the biological systems on
a site, to the microclimate, and often to the surface
geology. Buildings are guests, sites are hosts; a fun-
damental design question is, how can the two most
productively coexist?

A site offers a building earth for support, as
a potential heat source and heat sink, and for the
growth of plants where building density permits.
Sounds on a site depend upon the context, urban
or rural. Water is somewhere below a site, flows
across it, falls on it as rain, and perhaps collects on
its surface. Wind moves erratically across a site.
Solar energy arrives in diurnal and seasonal cycles.
Long-term patterns of sun, wind, and water are
steady and generally predictable, although great
variations can occur over shorter (daily, monthly,
annual) time spans. At some level, an ecosystem of
life is already established.

During construction a building arrives, bring-
ing with it people and vehicles, a flow of materi-
als into and out of the site, sounds of activity, and
imported utility services such as electricity, water,
and natural gas. The building offers the site elec-
tric light by night, a continuous flow of heat (to or
from), a radical change in water flows (both at and
outside of the building envelope), and liquid and
solid wastes (or nutrients, depending upon one’s
viewpoint). In our society, the waste outflows are
most often whisked off for treatment “elsewhere.”

When a site is larger than its building, both
may be designed to improve building performance
and user experiences. Large sites offer smaller build-
ings the opportunity to accept, filter, or block sun,
wind, sound, and rainwater to make effective use
of on-site resources. Vegetation, ground forms, and
orientation, as well as roofs, walls, and floors, can
play a role in this interaction.

When a building fills its site, opportunities
for on-site resource use are more limited. Because
buildings that completely fill sites are often located
in densely built-up areas, less wind is available



around the building walls, and solar radiation may
be blocked. The built-upon earth is less able to act as
a heat sink or absorb water. The building roof often
provides the major opportunity to receive sun and
rain and discharge heat to the wind. It may offer the
only opportunity to grow plants on the site. In dense
urban areas, the future roofscape will be dominated
by climate-building interactions: solar collection,
rain collection, heat rejection, water treatment,
and gardens. Compared to today’s urban roofscape
dominated by horizontal black or gray surfaces
behind parapet walls, this represents a dramatic
design opportunity for aesthetic, social, and techni-
cal change.

3.4 ANALYZING THE SITE

After recognizing the resources that exist on and
around a site, a designer then decides how best to
integrate these resources into the building design
while making the building and site a successful
addition to the larger patterns of the surroundings.
Schematic site plans are typically used as a kind of
inventory; overlaid bubble diagrams can test pos-
sible design arrangements that relate rooms or
functions to their surroundings in the plan view.
Sun and wind conditions (in both summer and win-
ter), noise sources, and water runoff patterns are
often included in a schematic plan. It is particularly
important to identify microclimates on the site, the
places that have special characteristics differing
from the regional climate. Microclimates can present
opportunities for an expanded comfort zone: more
sun in cool periods, more wind in warm periods.
Microclimates can sometimes provide building sites
where less energy is consumed because the winter
is warmer or the summer cooler. Microclimates can
also present problem areas to be avoided for buildings
or outdoor activity, or where special design measures
need to be taken to correct their difficulties.
Microclimates on a site are not limited to those
visible on the surface (in plain view). Conditions
of privacy and accessibility, view, heat, light, air
motion, sound, and water all change with vertical
distance from the surface (Fig. 3.6a). To minimize
energy consumption for constructing and using
buildings and to integrate buildings with their
surroundings, the conditions best suited to vari-
ous functions should approach the characteristics
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of the layer of the site in which they are located.
Consequently, both vertical and horizontal site anal-
yses are needed. A lecture hall, requiring both an
acoustically isolated and a closely controlled environ-
ment, isan obvious candidate for the subsurface layer.
Electrical equipment, which benefits from a cool envi-
ronment, is also suitable for the subsurface layer.

One building whose form responds to these lay-
ers is Boston's City Hall (Fig. 3.6D). Activities with
the most frequent public interaction are located
near the surface, such as the skylit, high-ceilinged
lobby, whereas special ceremonial functions are
elevated to distinctive forms in the near-surface
layer above. The city offices with less frequent pub-
lic contact occupy several floors in the sky layer,
where daylight is plentiful. Storage and mechanical
functions, as well as parking, are in the subsurface
layer. An aesthetic equivalent of this horizontal
layering is architect Louis Sullivan’s concept of a
facade as a “base, body and capital.”

3.5 SITE DESIGN STRATEGIES

Sites can be organized to aid in heating, lighting,
cooling, and controlling noise in buildings. A few of
the most common site strategies are compared with
their seasonal roles by Watson and Labs (1983) in
Fig. 3.7. Later in this chapter, several of these strat-
egies are discussed in more detail. The graphics
in Fig. 3.8 suggest a focus upon housing but also
apply to any function that can utilize an extended
comfort zone.

One example of how the information in Figs.
3.6 and 3.7 can be applied (and manipulated) in
the planning of a building and its site is a house
designed by Frank Lloyd Wright in the 1940s
(Fig. 3.8). The direct gain of solar heat through
its south-facing windows in winter makes this an
early example of passive solar heating. (By contrast,
active solar heating includes collectors and a single-
purpose storage volume for solar heat, such as a
tank of water or a bed of heated rocks.) This house,
known as the Solar Hemicycle, was built in 1948
near Madison, Wisconsin, which lies between the
cool and temperate climate zones. Winter heating
is the dominant thermal influence in this area. The
house stands on a rise in the prairie, particularly
vulnerable to winter winds. During construction,
earth was scooped from in front of the south face
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Fig. 3.6 (a) Characteristics of horizontal layers of a site. (b) Horizontal layers and form: Boston City Hall, 1969. (Kallman, McKinnell and

Knowles, Architects.)
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Fig. 3.7 Generic bioclimatic site design concepts and building strategies. (Reprinted from Passive Cooling by permission of the publisher,

American Solar Energy Society.)

of the house and bermed against the entire curved
north wall, almost to roof level. Only a narrow strip
of second-floor windows separates the berm from
the roof. This berm and curve combination gives
winter wind protection from the northeast to north-
west and provides further insulation for the north
wall. The north wall is made of stone, which absorbs
and stores winter solar radiation (heat) that comes
in through the floor-to-ceiling, southeast-to-south-
west-facing glass. The concrete slab-on-grade first
floor also stores solar heat in winter. The impression
that this house and site are sun collectors is height-
ened by an entrance tunnel in the northeast end of
the house that leads from the parking area through
the berm and onto the sunny, protected south ter-
race overlooking a sunken “sun-trap” circular
lawn. Passage from the cold north side through an
even colder tunnel to the sunny south side prepares
a visitor for the solar-heated interior.

This house plan is shorter in the north-south
and longer in the east-west direction (about a 1:3
ratio). This elongation is typical of passive solar
designs, which are able to store and use winter solar
heat gain, and thus profit from having long south-
facing glass walls to act as passive collectors. Had
these large windows been well insulated at night
and the roof and walls insulated to current stan-
dards, this house would be a very up-to-date case
study of passive solar heating.

In the Solar Hemicycle house, protection from
summer overheating is provided by an overhang
along the south glass walls, as well as by the shaded
and cool thermal mass of the north stone/berm
wall combination. The high windows in both the
north and south walls allow warm air to rise and
escape.

3.6 DIRECT SUN AND DAYLIGHT

The Earth actually receives only a very small per-
centage of the sun’s daily energy output. This small
portion, however, is critically important to life on
Earth. Almost all of today’s energy sources have the
sun as an ancestor. Fossil fuels are solar energy that
has been concentrated by time and geologic conver-
sion. Biomass, hydropower, and wind power repre-
sent shorter-term concentrations of solar energy.
Even without concentration, the renewable solar
resource is often more than adequate for building
heating and lighting.

The amount of solar energy available at any
given site varies both seasonally and daily. Typi-
cally, the closer the sun is to a position directly
overhead, the more solar energy that reaches a hor-
izontal site. Fortunately, sunlight’s embodied heat
energy is not its only resource; direct sun is our most
intense light source. Indirect sun, such as on an
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Fig. 3.8 An early passive solar-heated home, Frank Lloyd Wright's Solar Hemicycle (Jacobs House Il) near Madison, Wisconsin. The
house was designed in the early 1940s and built in 1948. (a) Floor plans. (b) Section-perspective, looking east toward the entry tunnel

in the berm wall.

overcast day or from the clear north sky, is a won-
derfully diffuse and readily utilized light source.

(a) Access to Light and Sun

The value of daylight (and fresh air) to buildings has
long been recognized in zoning laws, which require
that minimum distances (setbacks) be maintained
between a building and the property line in lower-
density areas. Height restrictions often accompany
these setbacks, defining a maximum buildable
volume that a building can fill (Fig. 3.9). As build-

ings become taller and density increases, daylight
reflecting down between buildings is diminished; in
response, the maximum buildable volume becomes
narrower as it rises.

When direct sun in winter is desirable at the
ground floor of all sites, the buildable volume is
sharply reduced in height due to the low angle of the
winter sun in northern latitudes. Protection of this
most-restricted buildable envelope, called the solar
envelope, is at present rarely mandated, but solar
access ordinances have been enacted for residential
zones in some cities. The most restrictive feature of
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Fig. 3.9 Protecting access to light and solar radiation. Three regulatory approaches that compromise between private optima (e.g.,
maximum rentable floor space) and public optima (e.g., daylight at street level). (a) Simple daylight access, residential and low-rise
commercial areas. (b) Daylight access in high-density areas. (c) Access to direct sun for winter heating.

the solar envelope is the low slope of its northern
face, usually corresponding to the altitude of the
sun above the horizontal for about 2 hours before
and after noon on December 21. This feature allows
4 hours of access to direct sun for a neighbor on the
site just to the north, on even the shortest day.

A brief history of daylight and solar access
regulations and an overview of current design
guidelines are given in DeKay (1992). Figure 3.10
shows the application of six variations of regula-
tions on an urban block at 40° N latitude, elongated
east-west. The east-west streets are wider than the
north-south streets. Further development of the
solarenvelopeisshowninFigs. 3.11and 3.12, based

Daylight Daylight Atkinson,

Spacing Angles  Indicators 1912

Envelope

Fig. 3.10 Various approaches to defining maximum allowable
building envelopes for daylight access. These envelopes are
applied to a 200-ft x 400-ft (61-m x 122-m) block at 40° N latitude.
The east-west streets (along the longer side) are 65 ft (20 m)
wide; the north-south streets are 45 ft (14 m) wide. In this case,
“daylight spacing angles” and “daylight indicators” produce
nearly identical envelopes. (From DeKay, 1992, with permission
of the American Solar Energy Society.)

upon the work of Knowles (1981). Clearly, winter
solar access is closely related to maximum density of
development.

For daylight access, building surfaces can be
almost as important as building geometry. The
importance of light reflected from vertical and
horizontal surfaces is apparent in daylighting cal-
culation methodologies. Lighter-colored surfaces
produce more internal daylighting, especially in
crowded urban conditions, where a view of the
sky from windows is not common. An increase
in daylight results for all surfaces on an urban
street if the building and site surfaces have light
colors. This can conflict with the use of planting
for shading and evaporative cooling, although
lighter-colored groundcover plants are available.
Although daylight reflected in a diffused way
from building and ground surfaces is a potential
benefit, harsh specular reflections of direct sun
from mirror surfaces are often unwelcome. See
Section 3.6(f).

(b) Charting the Sun

For site planning, one of the earliest tasks is to deter-
mine when direct sun reaches a building or space—
such as a playground, deck, or courtyard—on a
site. Information on solar geometry is presented in
Chapter 6. Numerical data on sun position and inten-
sity are found in Appendices C and D. Details of how
a building can utilize the sun are found in later chap-
ters on solar space heating, solar water heating, and
daylighting. Effective design for solar utilization, how-
ever, begins with an understanding of the basics.

The chart in Fig. 3.13 shows the sun’s position
for 40° N latitude and also shows, for the 6 hours
of greatest insolation, what percentage of clear-
day insolation is gained each hour by an unshaded
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Fig. 3.11 These solar envelopes are refinements of the solar access “pyramid” of Fig. 3.9. (a) The slope of the solar envelope changes
with latitude. (b) The larger the site, the greater the buildable volume of the solar envelope. (c) Solar envelopes for various individual
site orientations. (Reprinted, by permission of R. Knowles, from Sun, Rhythm, Form; © 1981, MIT Press.)
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Fig. 3.12 Solar envelopes for east-west elongated blocks (left)
and for north-south elongated blocks (right). (Reprinted, by
permission of R. Knowles, from Sun, Rhythm, Form; © 1981, MIT
Press. Redrawn by Nathan Majeski.)

south-facing vertical window. The emphasis on
a southern orientation calls attention to its useful
characteristic of receiving more sun in winter and
less sun in summer than any other orientation. To
convert these percentages to actual heat gains, see
the numerous tables in Appendix C with data for
clear days at a given latitude and the table for an
average day by climate station (January and July
only).

(c) The “Band of Sun”

A Dbuilding section drawing can be a powerful
site analysis tool. A north—south section is drawn
through a proposed building and its site. At three
times of year (each solstice and the equinox),
the noon solar altitude angle is determined, as
in Fig. 3.14. Then the band of sun that strikes the
building and site is drawn, incoming at the noon
altitude. The portion of this available direct radia-
tion that is used by the building and site can then
be analyzed. The more of the band that is unused in
each season, the higher the potential for redesign in
order to better utilize the solar resource. This anal-
ysis helps to show how wintertime solar utilization
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Fig. 3.13 Sun chart for 40° N latitude showing the approximate percentage of clear-day insolation for south-facing windows for each
of the 6 maximum hours of sun each month. (From Edward Mazria and David Winitsky. 197é. Solar Guide and Calculator. Center for

Environmental Research, University of Oregon.)

depends upon lower sun altitudes, and summer-
time uses depend upon higher altitude angles.

(d) Skylines and Winter Sun

The skyline as actually seen from a given location
on a site can be charted to determine access to
direct sun at any time of the year (Fig. 3.15). Such
an obstruction analysis should precede the placing
of any solar collector, whether it is a south-facing
window or a manufactured collector. Seasonal
obstructions within the six “best” collection hours
(9:00 A.Mm. to 3:00 p.m.) are particularly serious and
should be minimized when siting a collector.

At the same time, consideration of neighbors’
access to direct sun is appropriate. This can be
checked by charting another skyline somewhere
along the northern boundary of a site. The outline
of the building being designed should be included
on this skyline, and can then be modified, if neces-
sary, to preserve solar access for the neighbor.

The location charted in Fig. 3.15 is quite a
good one for a summer solar usage, such as a swim-
ming pool heater, or for a PV array that serves
summer loads such as air conditioners. It is also a
possible location for a solar collector for domestic
water heating, which will work well during the six
months from March through September; obstruc-
tions are few within this period. However, it is quite
poor for winter solar collection, allowing only about

one-fifth of the potential solar gain in the November
to January period.

(e) sun and Shadows: Model Techniques

The graphic site analysis techniques just de-
scribed have a limitation: Each graph applies
onlytooneparticularlocation on asite. Tostudy
multiple locations, multiple graphs must be
constructed. By contrast, a three-dimensional
model used in conjunction with a sun shadow
plot (Fig. 3.16) can yield three-dimensional
sun penetration patterns as they change over
time, for any position, indoors or out, in/on the
model. Models are initially time-consuming to
build but can save time when considering alter-
native locations on a site, alternative window
and space combinations, alternative shading
devices, and so on. Perhaps most important to
a designer, models suggest three-dimensional
solutions, because one is testing a volume
rather than merely a plan or section. How-
ever, if obstructions to sun exist far from a site
(such as nearby mountains), it might be better
to rely on graphs rather than trying to include
such large obstructions on a (quickly becoming
huge) model.

A sunpeg chart, correctly attached to a model
of any scale, allows a designer to quickly determine
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Fig. 3.14 The band of sun available to a proposed building is charted at solar noon on a north-south section. (a) The summer solstice,

where most-optimum collecting surfaces are at near-horizontal tilt angles. (b) The equinox. (c) The winter solstice, where most-
optimum collecting surfaces are at near-vertical south-facing tilt angles.
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Fig. 3.15 Charting the skyline from a specific site position. (From Edward Mazria and David Winitsky. 1976. Solar Guide and Calculator.
Center for Environmental Research, University of Oregon.)
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exact sun penetration and shadow patterns at
many times for any date. These plots are one of the
most important tools for a concerned designer, both
early and late in the design process.

In Fig. 3.16, a model is observed at a sun posi-
tion corresponding to 3:00 p.M. on December 21. At
this end of the 6-hour period of best collection, it can
be seen that sun still fills the south-side glazed open-
frame circulation space and enters spaces beyond
through south openings. It can also be seen that
passing from these spaces into the circulation space
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Fig. 3.16 A model of a small building with a glazed open-frame
circulation space on the south side is observed at the sun’s
position at 3:00 r.m. on December 21 through the use of a
sunpeg chart.

might involve considerable glare because the sun is
so low in the sky. In such a case, vertical fins inside
the south glazing would help intercept and diffuse
direct sun while still permitting solar heat gain.

(f) Controlling Solar Reflections

The use of highly reflective (or “mirror”) glass
to reduce envelope heat gain in office buildings
has increased the frequency of annoying solar
reflections from buildings (Fig. 3.17). Large areas

Fig. 3.17 Mirror-glass windows in a newer office building (left) in San Francisco, California, cast strong reflections on the north- and west-
facing walls of an older building next door. Although this reflected radiation/heat might be welcome in winter, the resulting glare can be
intense. In summer, the older building is particularly disadvantaged by additional thermal loads. (© 2009 Alison Kwok; all rights reserved.)
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Fig. 3.18 Selective protection from reflections. (a) The trees standing west of this south window wall do not interfere with solar
access during the best hours for solar collection (around noon), nor do they prevent early morning sun from entering the windows.
Any reflections of the early morning sun are intercepted by the trees before they can annoy those in nearby buildings. (b) The late
afternoon sun is blocked by the trees before either solar gain or reflections can occur.

of nonmirror glazing, such as found on passive
solar-heated buildings, can also cause reflection
problems. The farther the sun’s rays are from being
perpendicular (or normal) to any surface, the more
radiation is reflected, rather than absorbed or
transmitted, by that surface. Thus, the intensity of
reflection is greatest (and the transmission of solar
gain isleast) when the sun’srays are nearly parallel
to a surface.

Fig. 3.19 The “eggcrate” shading devices shown on the south-
west corner of this University of Oregon building reduce solar
heat gains by blocking acute sun angles from either side of the
window. Different shading devices are appropriate for different
facade orientations.

Because the most intense reflections occur
when the sun’s rays are nearly parallel to a wall,
such reflections are fairly easily blocked or inter-
cepted. For example, foliage (Fig. 3.18) can intercept
reflected sunlight from a south-facing window with-
out blocking solar collection during the best hours.
Another common approach is to use external pro-
jections around windows, as in Fig. 3.19. The use of
amodel and a sunpeg chart is a good way to explore
reflections. Using mirrored surfaces to represent
reflective glass on a model will make resulting reflec-
tions evident along their three-dimensional path.

3.7 SOUND AND AIRFLOW

Sound and airflow are considered together here
because they are so difficult to separate. Many build-
ings that could be opened to ventilation or cooling
by breezes rely instead on forced ventilation because
of noise that would accompany breezes through an
open window. Pollution is another potential deter-
rent to natural ventilation. Almost any object or
device that reduces noise will also reduce the veloc-
ity of a breeze, as is true of most filtering devices
used to remove dust particles.

(a) Noise

Any sound that is unwanted becomes noise. The
urban building in Fig. 3.20 is unusual both in pro-
viding an opportunity for wind-driven ventilation—
air moves freely below it as well as around it—and
in the extraordinary intensity of traffic noise that is
borne on the air.
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(a)

Fig. 3.20 Apartment buildings in series Straddle the approach ramps to New York City’s George Washington Bridge. (a) Section along
the freeway. (b) Looking down to the freeway. These buildings were the scene of a study linking noise levels with reading disabilities

for occupants of the apartments. (From Cohen et al., 1973.)

Two characteristics of cities contribute to
increased noise at street level: hard surfaces that
reflect rather than absorb sound and parallel walls
that intensify sound by interreflection rather than
dissipating it. Increasing horizontal and vertical
distances from urban noise sources affect outdoor
noise levels in various ways, as shown in the graphs
of Fig. 3.21. Unfortunately, obtaining much dis-
tance between sound source and receiver in dense
urban areas is quite difficult.

Although building surfaces are generally
made of hard materials for durability in weath-
ering, softer and multiplaned materials (such as
plants) are desirable from a public noise-reduction
viewpoint. Their impact on measured sound levels
may be slight, but visually softer surfaces reinforce
a perception of acoustically softer environments
(much as the sound of running water reinforces our
perception of cool environments). Fountains are
especially useful sources of masking sound; they can
be kept flowing as long as a noise persists, and they
enhance the cooling function of natural ventilation
via evaporative cooling, especially in drier climates.
Not all spaces benefit from masking sound; where a
single sound source is expected to predominate over

all others, masking sound will interfere and become
unwanted “masking noise.”

Where site conditions allow, barriers to street
noise can be installed that cast sound shadows on a
site (Fig. 3.22). Such barriers may do little to reduce
noise levels at upper windows, but surface activi-
ties can be given much lower noise levels, especially
near the barrier. Many cities now require such bar-
riers between new housing developments and high-
ways or railroads.

Another urban noise source is the mechani-
cal equipment of buildings themselves. Many
noise complaints against buildings involve air-
conditioning equipment (the compressive refriger-
ation cycle and its year-round utilization as a heat
pump are described in Chapter 9). When densely
packed buildings are forced to rely upon mechani-
cal cooling, such closeness makes the noise of the
systems even more annoying. Noise is generated
both by the compressor and by the great quantities
of outdoor air that must be rapidly pushed through
outdoor condenser coils. The condenser’s need for
outdoor air is so critical that attempts to surround
it with noise shields can hinder its efficient opera-
tion and shorten its life. Fortunately, more recent
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Fig. 3.21 Predicting noise levels outdoors. (a) Distance as a factor influencing sound pressure level. (b) Building height as a factor in
noise propagation. (From Clifford R. Bragdon. 1971. Noise Pollution: The Unquiet Crisis. University of Pennsylvania Press. Reprinted by

permission.)

energy-efficient equipment is quieter, although
not silent.

In residential neighborhoods, the greater dis-
tance between buildings might be expected to lessen
these difficulties. Yet the much lower ambient (or
background) sound level of residential areas is one
of their more appealing characteristics, and an
intruding compressor on a hot summer night can
irritate neighbors who formerly enjoyed cool—and
quiet—night breezes.

(b) Air Pollution

Problems of global importance are resulting from
air pollution; these are summarized in Table 3.3.
Building construction and operation are among the
contributors to air pollution. The greenhouse effect
(Fig. 3.23) threatens to produce global warming,
a trend most scientists now firmly believe is under
way. The greenhouse effect occurs because gases
that block the outgoing flow of long-wave radiation
(heat) from the Earth’s surface are accumulating
in the atmosphere. Energy production and use

(especially of fossil fuels) are contributing heavily
to these greenhouse gases, which include carbon
dioxide, methane, nitrous oxide, ozone, and chlo-
rofluorocarbons (CFCs). Another serious threat
is stratospheric ozone depletion, with potentially
devastating consequences to ecosystems due to
increased ultraviolet radiation received at the
Earth’s surface.

The designers of buildings can influence these
trends in several ways. First, they can help to greatly
reduce the air pollution caused by electric power
plants and by burning fuel in buildings, by design-
ing for greater energy conservation and by utiliz-
ing clean and renewable energy sources within
buildings. Chapter 8 is concerned largely with this
topic. Second, they can specify materials and equip-
ment that, through their manufacture or opera-
tion, lessen air pollution. This suggests avoiding
fuel combustion (coal, oil, trash, wood, and natural
gas, roughly in descending order of air pollution
threat). This philosophy also encourages selection
of refrigeration equipment that uses environmen-
tally friendly refrigerants, as well as insulation and

DESIGN CONTEXT



DESIGN CONTEXT

68 CHAPTER 3 SITES AND RESOURCES

(&)

Effective height of barrier, H (m)
05 1 2 4 10 20 40

30 g
225 430°1 8
% 20 A //// &1-,9 E

> - w
g A1 ki
515 - /'/ /// 1o 2
8 P st LT ]
8 10 LT T A %’o
2 e o | &
Zz 5 <

0

125 25 5 10 20 40 80 160
Effective height of barrier, H (ft)

(c)

Fig. 3.22 Outdoor noise barriers. (a) A noise barrier abutting a highway in central Oregon. (Photo by Nathan Majeski.) (b) To determine
the approximate noise reduction (in decibels) due to an outdoor barrier, construct a section locating the noise source (N), the solid
barrier (B), and the receiver’s location (R). On this section, determine the effective height (H) of the barrier and the diffraction angle

(B) with the resulting “noise shadow.” Enter graph (c) with H and B, where the lines intersect determines the noise reduction in dBA
(left axis). A reduction of 10 dBA is perceived as half as loud as the original source. Note the perceptible noise reduction from simply
breaking the line of sight (B = 1°). (From Doelle, 1972. Reprinted by permission.) For a more detailed procedure, see Fig. 19.33.
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Gas or Pollutant

Sources

Effects

Carbon monoxide (CO)

Gasoline-powered vehicles, industry
using oil and gas, building heating
using oil and gas, biomass burning

Enters human bloodstream rapidly,
causing nervous system dysfunction
and death at high concentrations;
interferes with self-cleansing of
atmosphere

Carbon dioxide (CO,)

Fossil-fuel combustion, deforestation

Contributes to greenhouse effect

Methane (CHy)

Rice fields, cattle, landfills, fossil-fuel
production

Contributes to greenhouse effect

Sulfur oxides (sulfur dioxide [SO,] and
sulfur trioxide)

Industry using coal and oil; heating
using coal and oil; power plants
using coal, oil, and gas; ore smelting

Acid rain, damaging plants and
attacking building skin materials;
irritates human respiratory tract and
complicates cardiovascular disease;
decreases visibility in atmosphere

Nitrogen oxides (NOy), e.g., nitric oxide
(NO) and nitrogen dioxide (NO,)

Gasoline-powered vehicles, building
heating using oil and gas, industry
and power plants, biomass burning

Acid rain, damaging plants and
attacking building skin materials;
irritates human eyes, nose, and
upper respiratory tract; triggers
development of smog; decreases
visibility in atmosphere

Nitrous oxide (N,0)

Nitrogenous fertilizers, deforestation,
biomass burning

Contributes to greenhouse effect

Hydrocarbons (compounds of hydrogen

Petroleum-powered vehicles, petroleum

Promotes smog; toxic to human beings

and carbon)

refineries, general burning

at high concentrations

Chlorofluorocarbons

Aerosol sprays, refrigerants, foams

Contributes to greenhouse effect and
to stratospheric ozone depletion

Particulates (liquid or solid particles
smaller than 500 micrometers)

Vehicle exhausts, industry, building
heating, general burning, spore- and
pollen-bearing vegetation

Promotes precipitation formation;
some are toxic to human beings;
some pollens and spores cause
allergic reactions in human beings

Sources: Adapted from Marsh (1991) and Graedel and Crutzen (1989).

Fig. 3.23 The greenhouse effect traps heat in the Earth’s upper
atmosphere. Clouds and particles in the atmosphere reflect
about one-fourth of incoming solar radiation while blocking
about two-thirds of the heat that the Earth would otherwise lose
to outer space. Currently, the atmosphere keeps the Earth about
33°C (60°F) warmer than it would be without this heat-trapping
process. Increases in greenhouse gases theoretically will reflect
more incoming solar radiation but block even more outgoing
radiation, resulting in global warming. (Drawing by Amanda
Clegg.)

upholstery products made with non-CFC blowing
agents. Many of these practices are mandated, but
the designer can go further and seek out the most
environmentally benign products.

Buildings are substantial contributors to air
pollution: the fuel combustion within, the power
plants that supply electricity, the incinerators and
landfills that receive waste from buildings. Build-
ings and power plants are major contributors to the
greenhouse effect and the primary causes of acid
rain (sulfur oxides) and smog (nitrogen oxides).
The transportation that takes people to and from
buildings is another major air pollution source.
We design buildings to utilize “fresh” air, whether
by natural or forced ventilation; we must then also
design buildings to preserve our fresh air resource
(see Fig. 1.1). The less energy buildings require, the
cleaner the outdoor air will be.

On site, local sources of air pollution must
be minimized and, as far as possible, isolated.

DESIGN CONTEXT
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CAUTION

TURN OFF
ENGINE

DUE TO BUILDING
VENTILATION INTAKE

Fig. 3.24 Reactive protection of an outdoor air intake. A loading
dock near an intake was a source of indoor air pollution from
truck motor fumes, prompting the installation of a warning sign.

Combustion gases pose a threat, especially where
vehicles approach buildings (Fig. 3.24). Idling truck
motors at loading docks or automobile motors at
drive-up service windows can threaten building
occupants through openings such as doors and
windows; mechanical system fresh air intakes
are particularly vulnerable, because outdoor air
is intentionally drawn into them. Again, consider
the neighboring buildings: will the location of some
activity on your site threaten a neighbor’s fresh air?

(c) wind Control

For most buildings, wind (like sun) changes from
resource to detriment with the change of seasons.
In many locations, wind also changes its prevailing
direction with the seasons. Control of wind often
means utilizing wind-sheltered areas in winter while
encouraging increased wind speeds in summer.
From spring through fall, outdoor spaces might
benefit from this barrier-to-connector changeover
on a daily basis: less wind during cool mornings,
more during hot afternoons. Fortunately, winds are
generally weakest in the early mornings and stron-
gest in the afternoons because of the effect of the
sun’s heating on the surrounding environment.
The generalized patterns of wind flow around
thin windbreaks and thicker buildings (Fig. 3.25)
help us to understand where shelter and increased
airflows occur. These patterns, however, are much
more complicated than they first appear and are
highly influenced by objects upstream, to the sides,

and downstream of the wind-directing object being
analyzed. Wind-tunnel tests using scale models are
far more reliable than these generalized patterns;
unfortunately, such tests are expensive and still
fraught with opportunities for misprediction. Nev-
ertheless, a site can and should be analyzed graphi-
cally for seasonal wind utilization.

Wind ultimately returns to its original flow
pattern after encountering an obstacle such as
a windbreak or a building. Before it reaches the
obstacle, it slows, builds (positive) pressure, and
turns upward or sideways. As it passes the obstacle,
it increases its speed, and reduced (negative) pres-
sure results at the sides of and behind the obstacle.
These pressure differences, flow patterns, and the
size and shape of the wind-protected areas behind
an obstacle are all usable for control of air motion,
both inside a building and outside.

Windbreaks are commonly used to pro-
tect outdoor areas; these can be fences or plants.
Figure 3.26 shows the relative reduction in
wind velocity at the level of a windbreak as wind
approaches and then passes. The distances (horizon-
tal axis) are in units of the height of the windbreak.
Note that the densest windbreak produces the great-
est reduction in wind speed behind it—but that the
wind recovers its full velocity closer to such a bar-
rier, compared to a less-dense windbreak. Thus, the
more dense the windbreak, the greater the reduction
in wind speed but the smaller the area so affected.

Gaps in windbreaks can produce increased
wind speeds through the gaps. Figure 3.27 shows a
small area of wind speeds above a windbreak even
greater than the undiverted wind speed. Although
a gap is a threat to winter wind protection, it is an
opportunity for summer wind speed enhancement.
Given constant prevailing summer wind directions,
a windbreak gap could provide a small area with
above-average air motion.

Wind flow around buildings is a complex mat-
ter; nevertheless, some general patterns for shelter
areas are shown in Fig. 3.25, whereas Figs. 3.28
and 3.29 show wind behavior to be expected in
typical building combinations. Some patterns from
the situations shown in Fig. 3.29 include:

e With the bar effect (a), the downward-spinning
wind behind a building can reach 1.4 times the
speed of the average wind.

e With the Venturi effect (b) and few obstructions
upwind or downwind from the narrow neck of
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l Wind Speed Reduction (%)
D

ensity Average Over First:
} of Belt 50Yd 100Yd 150 Yd 300 ¥d
I
]

Very Open 18 24 25 18

Open 54 48 37 20
Medium 60 56 48 23
Dense 66 55 44 25
Very Dense 66 48 37 20

Tree 30 ft. from Center of Fagade
(d)

Fig. 3.25 Approximate patterns of wind around objects. (a) Effects of different barrier lengths (widths). (b) Reduction in wind speed
due to windbreak density. (c) Effects of different barrier heights. (d) Wind flow through trees and buildings. (Reproduced with the
permission of the American Institute of Architects;, © 1981, AIA. Redrawn by Jonathan Meendering.)
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Fig. 3.26 Wind speed reduction behind windbreaks of varying
permeability. Solid (impermeable) barriers produce the lowest
wind speeds, but these are effective for the shortest distance

beyond the windbreak. Units of distance = heights of windbreak.

(Brown and Gillespie, 1995. Redrawn by Erik Winter.)

a building, wind speeds through the neck can
reach 1.3 times the average, up to heights of
100 ft (30 m), and 1.6 times the average at about
165 ft (50 m) in height.

The gap effect (¢) begins to occur with per-
pendicular winds and buildings of more than
5stories (50ft[15m])in height; by 7 stories, wind
speeds 1.2 times the average can occur through
the gaps; by 60 stories, gap wind speeds can be
1.5 times the average.

For higher buildings (d), increased wind speeds
occur at the corners (localized within a radius
from the corner equal to the width of the build-
ing “d”); where heightis 50 ft (15 m), wind speed
can reach 1.2 times the average; for heights
above 115 ft (35 m), wind speed can be 1.5 times

DESIGN CONTEXT
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Fig. 3.27 Wind speeds accelerate through a gap in a
windbreak. Numbers indicate the percentage of the
incoming (unaffected) wind speed. (From Caborn, J. M. 1957.
Shelterbelts and Microclimate. Edinburgh: H.M. Stationery
Office. Cited in McPherson, 1984.)

the average. Where two towers approach each
other, increased wind around corners and
between the towers can go as high as 2.2 times
the average for towers 330 ft (100 m) high.

¢ Increased wind speed and turbulence within the
wake of buildings (e) can be especially serious for
towers at heights from 16 to 30 stories, where wind
speeds can reach 1.4 to 2.2 times the average.

Beranek (1980) discussed methods for chart-
ing the shelter areas in such building groups.
Localized effects of wind turbulence between
buildings can have a particularly powerful impact
on entryways. People leaving the controlled air
motion of a building lobby are often unprepared for
the speed and turbulence of channeled wind just
beyond the doorway.

Y

(¢

Fig. 3.28 Wind patterns around single buildings. (a) Tall, slender buildings: height greater than 2.5 times the width. (b) Tall, rather wide
buildings, height between 2.5 and 0.6 times the width. (c) Long buildings, height less than 0.6 times the width. (From Beranek, W. J..
“General Rules of the Determination of Wind Environment,” in Wind Engineering, J. E. Cermak [ed.], Vol. 1; © 1980, Pergamon Press

Ltd. Reprinted by permission.)
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(c) Gap effect (d) Corner effect

(e) Wake effect

Fig. 3.29 Wind patterns among building clusters (see text for quantification). (From Gandemer, J. “Wind Environments Around
Buildings: Aerodynamic Concepts,” in Wind Effects on Buildings and Structures, K. J. Eaton [ed.]; © 1977, Cambridge University Press.
Reprinted by permission.)
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Wind flow for the cooling of buildings is dis-
cussed in detail in Chapter 8.
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Outdoor air is introduced to buildings for two dis-
tinct reasons. Ventilation involves the provision of
fresh air to interiors to replenish the oxygen used
by people and to help carry away their by-products
of carbon dioxide (CO,) and body odors. Ventilation
is desirable year-round; recommended minimum

rates of fresh airflow are found in Appendix E. Pas- e

sive cooling (with outdoor air) replaces heated indoor 3 T z 3
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air with cooler outdoor air. Cooling by breezes is ,7////
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a seasonal opportunity, limited to times when the (&

outdoor air temperature is lower than the indoor  gig 3 30 ventilation with and without occupant cooling. The
air temperature, and the outdoor humidity is at  size and position of a window will influence the flow of air within
or below that desired indoors. When outdoor air @ Space. @) Ventilation: the window directs breezes upward,

) o he s . . removing hot air at the ceiling. Airflow has minimum contact with
temperatures are about the same as interior tem- ;e nanis. (b) Space ventilation and people cooling: the window

peratures, breezes might still be useful to increase  directs breezes toward the floor and across occupants and pro-

interior air motion, thus extending the comfort vides a direct people-cooling effect from air motion and fresh air

for th .
zone, as quantified by Olgyay (1963) and discussed orine space

in Chapter 4.

Although airflows for indoor air quality con-
trol and for cooling are both commonly referred
to as “ventilation,” they are not identical design
situations. Building codes/standards typically rig-
idly define ventilation. Airflow for passive cooling
can require far greater quantities of air than air-
flow for control of air quality, and the influence of
such requirements on building siting and window
size and placement is considerable. Figure 3.30
illustrates the differing approaches to these two
uses for airflow and suggests that window position
and human occupants be considered together in
design.

Two examples of contemporary buildings that
use the wind appear in Figs. 3.31 and 3.32. The first
served as a summer exhibition space in Montreal,
Canada, and relied upon prevailing winds (and on
rising hot air) to remove air heated by display light-
ing and crowds of people. The second is a chapel
in a cemetery in the hot, humid climate of Hous-
ton, Texas. The architects intended this shaded,

open-air space as a respite from the sealed, air- ] o ) o )
diti d buildi d lent in H Fig. 3.31 Cooling with the wind. The air inside this exhibition hall is
conditioned buildings and cars prevalent In HOUs-  pogaq by lights and crowds of people. It rises via the stack effect

ton. In this building, a funeral is a time and place  and is sucked out of the large clerestory opening by the prevailing
for reunion with physical phenomena; breezes and winds. Note that winds do not blow into this high opening but create

. . . . a negative pressure outside the opening, encouraging an outward
shade trees provide cooling, rainwater collected in flow of air from the exhibition space. (African Place at EXpo ‘67,

a pool reflects skylight, and a narrow shaft of direct ~ montreal, Canada; John Andrews, architect,)
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Fig. 3.32 The Beth Israel Chapel and Memorial Garden, Houston, Texas. (a) View from the west. The oversized gutter delivers
rainwater to a pond that reflects daylight. Trees on islands in the pond provide evening shade. (b) Plan. Curved walls visually separate
the open south courtyard from the roofed chapel but allow breezes to pass. A narrow triangular roof opening allows a shaft of direct
sunlight to fall along the interior north wall, marking the passing of time. (c) Section, south to north. The curved roof sheds rainwater

to an oversized gutter above the curved walls. Suspended ceiling fans can augment air motion. (Photo by Timothy Hursley. Courtesy of

Solomon Inc., Architecture and Urban Design, San Francisco.)

sun marks its daily path along the rough stone inte-
rior north wall.

A building that relies on prevailing wind
for cooling must be sited with attention to wind
direction. One building should not be erected to
obstruct another building’s access to breeze. As
seen previously, obstacles upstream from intake

openings or downstream near an outlet can
substantially reduce the velocity—and thereby
the cooling effect—of the wind. Wind can cool
people in hot weather (primarily by increasing
evaporation from the skin), yet it can become
an irritant at higher speeds (Tables 3.4 and 4.4).
Manual controls for openings are a necessary

DESIGN CONTEXT
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TABLE 3.4 Beaufort Scale (Lower Speeds Only)

Beaufort Speed 6 m (19.7 ft) Above Ground Description of Effects Outdoors

Number m/s fpm mph On Land Over Water

0 0.3 <88 <1 Smoke rises; Smooth sea
no perceptible
movement

1 0.6-1.7 88-264 1-3 Smoke drift shows Scale-like ripples
wind direction; tree
leaves barely move

2 1.8-3.3 352-616 4-7 Wind felt on face; Small wavelets
leaves rustle

3 3.4-5.2 704-968 8-11 Leaves, twigs in Large wavelets;
constant motion; hair occasional white
is disturbed; wind foam crests
extends light flag

4 53-7.4 1056-1408 12-16 Small branches Small waves become
move; dust rises; hair longer
disarranged

Source: Reprinted from Passive Cooling (1981) by permission of the publisher, American Solar Energy Society, Inc.

part of a natural ventilation design. Finally, the
proper size and placement of openings, with an
unobstructed airflow path through the building,
must be provided.

(e) Wind, Daylight, and Sun

When daylight and wind-driven ventilation are
desired, their design constraints combine to limit
building width. Multistory hotels are an example;
where such hotels fill entire blocks, they are often
arranged around a central atrium, and the sur-
rounding building is only two hotel rooms and
one corridor deep. Multistory office buildings used
to have a similar form, but increasing urban den-
sity and reliance on electric lighting and mechani-
cal cooling have changed their form considerably
(Fig. 3.33). There is now a trend back to arranging
office workspaces closer to daylight openings and,
in Europe, to including operable windows for fresh
air as well.

When wind and sun are combined, they tend
to be influential in opposite seasons. Fresh air, how-
ever, is desirable year-round, so in winter a sup-
ply of tempered fresh air is necessary. Figure 3.34
captures some issues surrounding a design deci-
sion regarding whether to face a clerestory to the
north or south for a given set of seasonal prevailing
winds.

3.8 RAIN AND GROUNDWATER

Most buildings interact with four forms of water:
rainwater and groundwater involve lightly con-
trolled exterior interactions, whereas potable water
and wastewater involve tightly controlled interior
services.

Rain, like solar energy, is a generally diffuse,
intermittent, and often seasonal resource. It is most
often collected on site and used as a source of water
where other water resources are scarce or of poor
quality. Rain, like sun, has an influence on build-
ing design: heavy rains and pitched roofs have long
been found in the same locales. Overhangs may
extend farther beyond walls exposed to storm
winds; gutter and downspout details can become a
design feature, as shown in the chapel in Fig. 3.32
and in several other examples in the book. A build-
ing that reflects the combined influences of day-
light, wind, and rain is shown in Fig. 3.35.

Rainwater’s impact on site design can be
thought of as similar to that of wind. Once on the
surface, it will flow downhill in a wide path (on a
wide plane), and buildings that obstruct this path
must make provisions to divert it. Slight, shallow
ditches called swales are frequently used in such
diversion. The orientation of a building to the slope
can also affect surface water diversion, as shown in
Fig. 3.36.
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Fig. 3.33 In contrast to office building plan (a), which uses daylight and natural ventilation in each office, office building plan

(b) receives cooled, filtered air, is less subject to exterior noise, typically provides both constant light and temperature throughout, and
provides for more rentable floor space on its site. It also allows less daylight to reach the street level, requires much more electricity
(though probably less heating fuel), and thus contributes more heat (and possibly more noise from mechanical equipment) to its

surroundings year-round.

Surface water can be used to advantage in
thermal, acoustic, and daylighting roles. Hot, dry
breezes that pass over water surfaces (and espe-
cially through misty sprays above ponds) gain
substantial moisture while undergoing a drop in
dry-bulb temperature, as a result of the evaporative
cooling process. Such conditioned air can provide
improved comfort in hot, dry conditions. If a water

feature also provides the sound of running water, it
can serve to mask noises such as traffic or conversa-
tions in adjacent rooms.

Surface water plays a more complex role in
daylighting due to the reflection characteristics
of water. The surface of water is highly reflec-
tive to light striking at low angles of incidence;
for example, the reflections of the setting sun
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+ Full solar gain, wide varety of
lignt levels.

» Full impact of storem winds
against glass.

« Glass shaded by overhang.

« Even amount of light
throughout the day.

« Heated air rises and is sucked
out the window-

NORTH-FACING CLERESTCRY 4

« Na solar gain.

+ Even amount of Ight
throughaut the day.

« Glass sheltared from direct
wind, yet heated air at top can
be sucked out by negative
prassure.

+ Glass shaded except for very
early and very late in the day.
« Heated air rises and is pushed

back by breeze.

Fig. 3.34 Some relative advantages of north versus south orientation for a clerestory window/shed roof combination. (a) Winter, with
low sun and southerly storm winds. (b) Summer, with high sun and northerly breezes. (These wind directions are prevalent in the

Pacific Northwest.)

from the small pond will illuminate the ceiling
and east wall of the chapel in Fig. 3.32. On the
coast, reflected sunlight from an infinitely huge
surface can throw a blinding sheet of light across
buildings on the shore. Conversely, sunlight near
noon in summer strikes a water body at high
angles of incidence—nearly perpendicular at
southern U.S. latitudes. Water is highly absorp-
tive and transmissive to radiation at these angles,
thereby reflecting relatively little light. Therefore,

Fig. 3.35 This roof over a covered outdoor tennis facility at

the University of Oregon, Eugene, was designed to ward off
rain-bearing south winds in winter. Direct glare from the sun is
also unwelcome; instead, north skylight is admitted along with
reflected light from roof surfaces. Gutters at the lower edge of
each roof plane carry away rainwater, the courts stay dry for all
but a few days each year. (Unthank Seder Poticha Architects.
Photo by Amanda Clegg.)

water bodies east, south, and west of buildings can
provide increased reflected light on sunny winter
days and somewhat decreased reflected light in
summer, relative to alternative grass surfaces. On
heavily overcast days, however, when the sky is
uniformly gray (and the least amount, but most
glare-free quality, of daylight is available), water
surfaces will not be particularly helpful.

The reflection of sunlight off water tends to be
in sparkling patches of always-changing patterns.
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b Surface runoff

Fig. 3.36 Rain as surface flow. (a) Where buildings intercept surface water, provisions for diversion are necessary. A building sited as
in (b) needs less elaborate provisions, as the form itself is a diverter. (Drawing by Dain Carlson.)

This can provide a fascinating design feature or it
can be annoying (either as glare or as a distraction
from a visual task). Reflected off a matte-finish ceil-
ing, such dancing light might be welcome; reflected
directly into eyes or onto a work surface, it easily
becomes a problem. Sparkle for one viewer may be
glare for another.

Groundwater is generally avoided by design-
ers where possible, as it is a threat to foundations
and below-ground spaces. This avoidance carries
over into site planning; marshy places are usually
unwelcome near buildings and represent an eco-
logically sensitive area as well. In urban areas, dry
soil conditions are intensified as ponds are drained,
streams are piped away, and hard surfaces impede
water percolation into the soil.

Groundwater has interesting thermal poten-
tial as a heat sink, providing a place to discharge
building heat in summer and providing heat from
groundwater for winter building heating. The
quantity of groundwater available to act as a heat
sink varies with geographic location and subsurface
conditions, and little information is readily avail-
able to indicate its potential on a given site. Geo-
thermal systems using groundwater are becoming
very common. As more buildings discharge heat to
and tap heat from this resource, eventually ground-
water temperatures will change, but by how many
degrees and for how long remains unpredictable.
Groundwater pollution is another risk, through
increased handling of groundwater or from refrig-
erants in the mechanical cooling equipment. As a

December
21

June 21

\
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March 21 -

Fig. 3.37 Fixed overhang sun control. This south-facing exterior
corridor in Oregon Is open to the air year-round. Low winter sun
fills the corridor, and some of its heat is stored by the tile floor. In
cold weather, however, the offices connected by the corridor are
disadvantaged by unbuffered exposure to cold air. In summer,
little of the corridor is exposed to sun, improving comfort. Sun
control is identical in the (cool) spring and (warm) fall with such
fixed shading.
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result of such concerns, many localities now strictly
regulate the use of groundwater as a heat sink/
source.

The ready ability of water to conduct and
store heat, which encourages its use as a heat sink,
also makes it a thermal nemesis for heat storage
tanks and bins in solar-heated buildings. There
is little point in storing heat from solar energy in
an underground tank for later use if surrounding
groundwater is allowed to strip the tank of its heat.
Groundwater, however, can help storage tanks
for cooling systems. Such tanks are often used to
provide cooling water to buildings during peak-
load hours on hot days and can greatly lessen the
demand for electricity to run conventional air con-
ditioners.

Snow has special site design implications: it
delays runoff, provides a blanket of thermal insu-
lation, absorbs sound, and reflects more solar
radiation than almost any other naturally occur-
ring surface. Wind patterns can deposit snow
much more thickly in some places, for better or
worse. Snow hampers the movement of exter-
nal control devices such as awnings or thermal
shutters, can collect to excess on external light
shelves, and can create disabling glare if it reflects
low winter sun into windows at eye level.

3.9 PLANTS

Plants play several roles on a building site: They
affect the absorptivity and emissivity of the Earth’s
surface; they are part of both the food and water
cycles; by day they turn carbon dioxide into oxy-
gen; they can provide organic matter suitable for
building materials; and they help people mark time
both by growth and by change with the seasons.
Our associations with plants are mostly pleasant
ones, and they contribute to the enjoyment of the
places where they grow.

Plants are also of immediate practical value
to building design because they enhance privacy,
slow the winter wind, reduce glare from strong day-
light, and/or prevent summer sun from entering
and overheating buildings. In the last role, plants
are particularly noteworthy, because they enhance
a feeling of coolness when breezes rustle or sway
their leaves. Most importantly, they respond more
to cycles of outdoor temperature than to the cycles
of sun position. Unlike fixed-position sunscreens on

(a)

®)

Fig. 3.38 A deciduous tree as a naturally “smart” shading
device. In hot August, the tree is in full, dense leaf, providing
Shade. In cold January, bare branches admit winter sun. These
photographs were taken on the equinox at 4:45 p.m. solar time:
(a) On September 21, the local average temperature is 75°F
(24°C) and the tree functions as a shading device. (b) On March
21, the local average temperature is 53°F (12°C) and the tree has
fortuitously not yet developed its leaves. (From Reynolds, 1976.)
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Fig. 3.39 Deciduous vines, temperature, and sun position. The sun’s path through the sky is identical in late May (a) and late July (b).
Paired—Dbut lower—sun paths occur in late November (c) and late January (d). This deciduous vine responds more to the temperature
of its Oregon climate than to the sun’s position, which makes it particularly useful as a sun control device. (For termite control and wall
longevity, it is best to keep vines on a trellis rather than on the wall surface.) (From Reynolds, 1976.)
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TABLE 3.5 Deciduous Trees for Summer Shading and Winter Solar Collection

Transmissivity®
Range % Mature Height
Botanical Name Common Name Summer Winter Foliation® Defoliation® m ft

Acer platanoides

Acer rubrum

Acer saccharinum

Acer saccharum
Aesculus hippocastanum
Amelanchier canadensis
Betula pendula

Cercis canadensis?
Carya ovata

Catalpa speciosa
Cornus florida?

Fagus sylvatica

Fraxinus pennsylvanica
Gleditsia tricanthos inermis
Juglans nigra
Liquidambar styraciflua®
Liriodendron tulipifera
Platanus acerifolia
Populus detoides
Populus tremuloides
Quercus alba

Quercus palustris?
Quercus rubra

Robinia pseudoacacia®
Tilia cordata

Ulmus americana

Norway maple

Red maple
Silver maple
Sugar maple
Horse chestnut
Serviceberry
European birch
Red bud
Shagbark hickory
Western catalpa
Dogwood
European birch
Green ash
Honey locust
Black walnut
Sweet gum
Tulip tree
London plane tree
Cottonwood
Trembling aspen
White oak

Pin oak

Red oak

Black locust
Littleleaf linden
American elm

5-14 60-75 E M 15-25 50-82
8-22 63-82 M E 20-35 65-115
10-28 60-87 M M 20-35 65-115
16-27 60-80 M E 20-35 65-115
8-27 73 M L 22-30 72-98
20-25 57 L M
14-24 48-88 M M-L 15-30 50-98
62 74 L M 12 40
15-28 66 24-30 78-98
24-30 52-83 L 18-30 60-98
43 53 L E 11 36
7-15 83 L L 18-30 60-98
10-29 70-71 M-L M 18-25 60-82
25-50 50-85 M E 20-30 65-98
9 55-72 L E-M 23-45 75-148
33 47 M L 24 78
10 69-78 M-L M 27-45 88-148
11-17 46-64 M-L 30-35 98-115
10-20 68 E M 23-30 75-98
20-33 E 12-15 40-50
13-38
45 47 L L 23 75
12-23 70-81 M 23-30 75-98
38 40 L E 21 69
7-22 46-70 L E 18-21 60-69
13 63-89 M M 18-24 60-78

Source: Brown and Gillespie (1995), except as noted.

aTransmissivity to solar radiation; varies with instruments used by various researchers.
bFoliation: E = early (before April 30); M = middle (May 1-15); L = late (after May 15).
‘Defoliation: E = early (before November 1); M = middle (November 1-30); L = late (after November 30).
dFrom Montgomery (1987). Transmissivity % = (100% — blockage %).

buildings, plants thus provide their deepest shade in
the hottest weather.

To illustrate this mechanical-horticultural
contrast, a fixed sunscreen (an overhang for south-
facing windows) is shown in Fig. 3.37. Such sun-
screens block the sun for some defined portion of
the year, centered on June 21; that is, maximum
shade is provided at the summer solstice. A typical
approach to such sunscreens in the U.S. temper-
ate zone is to shade at least half of a south window
in a residence (or all of a window in an office with
internal heat loads) from March 21 to September
21 (vernal equinox to autumnal equinox). Yet,
March is (on the average) a colder month than
September; March 21 is the last day of winter,
whereas September 21 is the last day of summer.
Indeed, average monthly temperatures for June
and September can be quite similar. Full solar radi-

ation is more welcome in early spring than in early
fall, yet sun position is identical at these times. In
contrast to fixed sunscreens, deciduous plants do
most of their shading from the middle of June to
early October, giving windows access to solar radi-
ation throughout much of the spring (Figs. 3.38
and 3.39).

Deciduous trees have a potential disadvantage
for solar heating, in that certain species (such as
sweet gum and some oaks) hold on to their leaves
well into the heating season, a tendency increased
by fertilizing or irrigating near a tree. Other trees
have a dense branch structure, blocking a surpris-
ingly high percentage of solar radiation even when
bare (Table 3.5). Agricultural extension services in
most areas can provide information on the hardi-
ness and average dates of defoliation for various
tree species. For solar collection, avoiding trees or
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large shrubs within the area shown in Fig. 3.40 is

recommended. In this protected zone, a deciduous
North vine on a trellis above a south-facing window is a
better planting strategy.

Many large buildings have a relatively short
heating season because they have constant internal
B heat gains. For such internal-load (heat-dominated)
0 buildings, a tree or vine that foliates early in spring,

defoliates late in fall, and has low transmissivity in

summer is advantageous. The choice of trees, shrubs,

This distance is equal to at least twice the ultimate and vines to improve a site and/or building microcli-
height of the frees or shrubs beyond. mate can best be made after a month-by-month anal-

Fig. 3.40 Protecting access to winter sun, given a lawn or terrace ysis of building heating and cooling needs.
of limited size to the south of solar collecting surfaces. Coniferous

and even deciduous plants within the “protected zone” should be
avoided unless they are very low growing or are a reliably early
defoliating species (see Table 3.5). Summer sun protection for such
south-facing windows is best provided by flexible architectural
controls such as awnings or hanging screens.

3.10 CASE STUDY—SITE AND RESOURCE DESIGN

Aldo Leopold Legacy Center, Baraboo, Wisconsin

ProJect Basics e Heating degree days: 7673 base 65°F (4263
o Location: Baraboo, Wisconsin base 18.3°C); cooling degree days: 2389 base
e Latitude: 43.52 N; longitude: 89.46 W; eleva- 50°F (1327 base 10°C) at Madison airport;

tion: 974 ft (297 m) annual precipitation 33.8 in. (858 mm)

g | P

Fig. 3.41 The Aldo Leopold Legacy Center in Baraboo, Wisconsin (north of Madison), which attained LEED Platinum certification.
(© The Kubala Washatko Architects, Inc.; used with permission.)

DESIGN CONTEXT
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Fig. 3.42 Site plan of the Aldo Leopold Legacy Center showing elongated buildings and southern orientation around a courtyard.
(© The Kubala Washatko Architects, Inc.; used with permission.)

e Building type: New construction; offices,
meeting rooms, exhibit area

e 13,000 ft? (1208 m?) [8644 ft? (803 m?)
conditioned space]

e Completed Spring 2007

e Client: Aldo Leopold Foundation

e Design team: The Kubala Washatko Archi-
tects, Inc. and consultants

Background. The Aldo Leopold Legacy Center is a
Leadership in Energy and Environmental Design
(LEED) Platinum certified project, the first ever earn-
ing 61 of 69 possible points and the first to earn
a point for being a net-zero carbon-neutral build-
ing. Site and resource design were integral com-
ponents in achieving this aggressive goal, which
will be discussed in the following sections to dem-
onstrate the opportunities and resources that are
on-site, free, and ready to be captured. The Aldo
Leopold Foundation’s (ALF) mission is to uphold
the land ethic, and this unwavering goal helped to
motivate the design team to exemplify the found-
ing principles of the Foundation through innova-
tion and sustainability. The Aldo Leopold Legacy

Center utilizes a number of passive strategies and
is constructed with local materials not traveling
more than an average of 100 miles per pound
(359 km per kg).

Context. The Aldo Leopold Legacy Center (ALLC)
is an organization dedicated to promoting Aldo
Leopold’s land ethic. Leopold, author of the
Sand County Almanac, developed a land ethic
and belief that the term “community” should
expand to include elements such as the “soils,
waters, plants and animals, or collectively: the
land.” His writing set the stage for the modern
conservation movement in terms of our current
ecological thinking. The original building, called
the “Leopold shack” served as a retreat as well
as a center for ecological research. Formerly a
chicken coop, the shack was built primarily of
found materials, used passive strategies for
daylighting and ventilation, and required no
electricity. Design of the new center retained
the same ethic of conservation present in the
shack, even with increased occupancy, energy
demands, and building functions.
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Fig. 3.43 Administrative center of the Aldo Leopold Legacy Center, with clerestories and daylight zoning throughout the building—
strategies that helped to reduce the use of electric lighting. (© The Kubala Washatko Architects, Inc.; used with permission.)

Design Intent. The ALLC is a direct reflection of
Aldo Leopold's values. The leading principles
(intent) behind the design included:

e Respect Aldo Leopold's land ethicin all aspects
of design.

e All occupied zones are perimeter zones
designed for daylight and natural ventilation.

e Minimize electric lighting use during occu-
pancy.

e Minimize HVAC systems use during occu-
pancy.

e Minimize motive power in all piping and
ductwork systems.

e Achieve a building energy demand goal of
17,000 kBtu per square foot of floor area per
year (0.46 kWh per m? per year).

e Generate energy on site from solar radiation
and biomass.

e Achieve carbon-neutral building operation.

o Utilize on-site wood resources in the building.

The Center was built on land that was previ-
ously used for housing; hence no new land was
built upon. Ninety-thousand board feet (27,400
board-meters) of wood harvested from nearby

forests, including many red and white pines
planted by Aldo Leopold himself in the 1930s,
were used in the building. The smaller trees were
kept “in the round,” which allowed the sapwood,
the strongest part of the wood, to remain intact.
Each selectively harvested tree from the site was
measured and its use accounted for within the
building. Natural ventilation, daylighting, and pas-
sive solar strategies helped the center reach the
carbon-neutral benchmark, although active sys-
tems are needed to meet the occupants’ comfort
needs during very cold and hot and humid con-
ditions. Energy sources for the building include
on-site photovoltaics, solar hot water panels, and
wood-burning heat. Radiant floors meet heating
and cooling loads in the offices and exhibit space.
Required ventilation air is tempered by earth tubes.
Additional energy, if needed, is purchased from
wind power providers. On a net annual basis, the
ALLC is designed to produce 110% of the energy
that is required for its operation.

Design Criteria and Validation. The project achieved
a LEED Platinum rating, with the highest number
of LEED points earned to date in the certification

DESIGN CONTEXT
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Fig. 3.44 Building section showing strategies for lighting, heating, cooling, and ventilation. (© The Kubala Washatko Architects, Inc.;

used with permission.)

process. The project also earned a point in the
Innovation and Design category for achieving car-
bon neutrality in building operation. To develop an
appropriate energy use goal for the building, the
design team researched energy consumption and
production of other buildings of similar size and
function, and also calculated the amount of solar
radiation available to the site to find the potential
for solar energy use. The team took a unigue design
approach by first establishing a solar budget by using
the available roof area of 3000 ftZ (278.7 m?) for a
photovoltaic array that would provide 50,000 kWh
per year of energy. The design team then set a maxi-
mum building energy demand to fall within the solar
budget: approximately 8600 ft? (799 m?) of condi-
tioned building area resulting in 5.7 kWh per square
foot (0.46 kWh per square meter) per year.

Post-Occupancy Validation Methods. Energy mod-
eling using the TRNSYS software integrated with
the CONTAM program was performed during the
preliminary design phases. Performance monitor-
ing over a 12-month period is currently being per-
formed by Michael Utzinger of the University of
Wisconsin-Milwaukee.

The design model suggested that the build-
ing would generate approximately 3100 Btu per
square foot per year (35,216 klJ/m2) more energy
from on-site renewable energy than the building

would require for operation. In its first year of
operation, the building has required approximately
4300 Btu per square foot per year (48,848 kJ/m?)
more than the renewable energy generation. A
colder than normal winter, record annual snowfall
(covering the PV array in January and February),
and some system operation errors are assumed
to cause the performance shortfall. The building
operations are currently being modified for the
second year of occupancy.

Performance Data. Information available to date
suggests that the design team succeeded in
upholding the Leopold legacy by utilizing on-site
energy and resources:

e The building achieved a LEED Platinum rating.

e Total emissions: 45.3 metric tons of CO,/yr.

e Offset from renewable energies: —20.8 metric
tons of CO,/yr.

e Forest sequestration: —29.1 metric tons of
COy/yr.

e Net result: —4.6 metric tons of CO,/yr.

¢ Half of all wood used in the building, 90,000
board feet (27,400 board-meters), was har-
vested on site and milled 70 miles (112 km)
away.

e The building materials on average only trav-
eled 100 miles per pound (359 km per kg) to
the site.
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Fig. 3.45 The carbon emissions diagram showing carbon
neutrality: a balance of emissions versus offsets. (© The Kubala
Washatko Architects, Inc.; used with permission.)

e More than 95% of construction waste was
recycled.

e The project is designed to meet the goals of
the 2030 Challenge.

e The building uses 70% less energy than a typi-
cal building its size.

e The building was named an AIA COTE Top
Ten Building for 2008.

FOR FURTHER INFORMATION

The Aldo Leopold Foundation:
http://www.aldoleopold.org/

Aldo Leopold Legacy Center:
http://www.aldoleopold.org/legacycenter/
Boehland, Jessica. “Building on Aldo Leopold’s
Legacy.” Green Source, April 2008. pp. 80-85.
The Kubala Washatko Architects, Inc.:
http://www.tkwa.com/
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Fig. 3.46 (a) Trees selectively harvested from the site. (b) Account-
ing for each tree and placement of each board within the building.
(© The Kubala Washatko Architects, Inc.; used with permission.)

Chapa, Jorge. 2007. “First LEED Platinum Carbon
Neutral Building!” Inhabitat:
http:/Awww.inhabitat.com/2007/11/08/first-leed-
platinum-carbon-neutral-building/

Wisconsin Green Building Alliance:
http://www.wgba.org/artman/publish/article_583
shtml
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Comfort and Design Strategies

ONE OF THE EARLIEST REASONS FOR
building was to create shelter from the climate and
to enhance thermal comfort. This chapter is about
the interrelationship among bodies, buildings, and
climate. It begins by discussing bodily heat flow,
then thermal comfort, and then design strategies
that are appropriate to various climates.

4.1 THE BODY

Because we are alive, we are always generating
body heat. Because the body’s core must stay within
a narrow temperature range, we nearly always
need to lose this internally generated heat to our
environment. The rate at which we produce heat
changes frequently, as does the environment'’s abil-
ity to accept heat. To regulate our body’s heat loss,
we have available three common layers between
our body cores and the environment: a first skin,
which is our own; a second skin, our clothing; and
a third skin, a building.

(a) Metabolism

The rate at which we generate heat (our metabolic
rate) depends mostly upon our level of muscular
activity, partly upon what we eat and drink (and
when), and partly on where we are in our nor-
mal daily cycle. Our heat production is measured
in metabolic (MET) units (Table 4.1). One MET is
defined as 50 kcal/h m? (equal to 18.4 Btu/h ft? or

58.2 W/m?). One MET is the energy produced per
unit of surface area by a seated person at rest. Under
these conditions, the total heat produced by a nor-
mal adult is about 360 Btu/h (106 W). The more
active we are, the more heat we produce, and our
own (first) skin becomes the most important regula-
tor of heat flow.

Of the many interactions between our skin
and the rest of our body, consider these three:
touch, blood, and water. The sensation of touch
includes pressure and pain as well as heat and
cold. The sensations of heat and cold are produced
by contact with surfaces or moving air as well
as by radiation. They are frequently our signals
for shifts in body heat regulation, which is con-
trolled by the thermostat in our brains, called the
hypothalamus.

In response to signals from our skin surface
and to changes in our core temperature, the hypo-
thalamus calls for changes in our blood distribu-
tion system. If we are too cold, we need to decrease
our rate of heat loss, so the flow of blood from our
core toward the surface of our skin decreases.
Blood carries heat (in heating, ventilating, and air-
conditioning [HVAC] terms, we are an “all-water”
system): the less exposure to cool air at the skin sur-
face, the less heat is lost. This decreased blood flow
toward the surface is called vasoconstriction, and
is triggered in part by cold signals from our skin.
In this condition, less water is forced to the skin
surface by our sweat glands, which reduces evapo-
ration and therefore heat loss.

89
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TABLE 4.1 Metabolic Rates for Typical Tasks

Metabolic Rate?
MET
Activity Units® Btu/h ft2  W/m?
Resting
Sleeping 0.7 13 40
Reclining 0.8 15 45
Seated, quiet 1.0 18 60
Standing, relaxed 1.2 22 70
Walking (on the level)
2 mph (0.9 m/s) 2.0 37 115
3 mph (1.2 m/s) 2.6 48 150
4 mph (1.8 m/s) 3.8 70 220
Office activities
Reading, seated 1.0 18 60
Writing 1.0 18 60
Typing 1.1 20 65
Filing, seated 1.2 22 70
Filing, standing 1.4 26 80
Walking about 1.7 31 100
Lifting, packing 2.1 39 120
Driving/flying
Car 1.0-2.0 18-37 60-115
Aircraft, routine 1.2 22 70
Aircraft, instrument 1.8 33 105
landing
Aircraft, combat 2.4 44 140
Heavy vehicle 3.2 59 185
Miscellaneous
occupational activities
Cooking 1.6-2.0 29-37 95-115
House cleaning 2.0-3.4 37-63 115-200
Seated, heavy limb 2.2 41 130
movement
Handling 110-Ib (50-kg) 4.0 74 235
bags
Pick and shovel work 4.0-4.8 74-88 235-280
Machine work
Sawing (table saw) 1.8 33 105
Light (electrical industry) 2.0-2.4  37-44  115-140
Heavy 4.0 74 235
Miscellaneous leisure
activities
Dancing, social 24-4.4  44-81 140-255
Calisthenics/exercise 3.0-40 55-74 175-235
Tennis, singles 3.6-4.0 66-74 210-270
Basketball 5.0-7.6  90-140 290-440
Wrestling, competitive 7.0-8.7 130-160 410-505

Source: Reprinted with permission of the American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Inc. From
1997 ASHRAE Handbook—Fundamentals.

aFor average adult with a body surface area of 19.6 t? (1.8 m?). For
whole-body average heat production, see also Table F.8.

bOne MET = 18.4 Btu/h ft2 = 58.2 W/m2.

Note the implications of this zoning within the
body. We strive to maintain, at all costs, a nearly
constant core temperature for our vital organs.
This most protected zone takes thermal precedence
over the less vital zone of our extremities, such as
the arms and legs; next in priority are our fingers
and toes. The farther from our central body mass
(fingers and toes) and the greater the surface area

(ears), the faster the temperature will drop in cold
conditions. The most variable thermal zone of all is
our skin surface.

When cold conditions worsen, we get goose-
bumps, symptoms of our skin's unsuccessful
attempt to create insulation by fluffing up our body
hair. Because we cannot add insulation this way,
we soon increase our metabolic rate, or burn more
fuel, by shivering, muscular tension, or increased
muscular activity. At the point where shivering
incapacitates us, we may reach 6 MET. Before this
point, we seek help from our second and then our
third skins of clothing and buildings.

The opposite occurs when we are too hot: first,
blood flow toward the skin surface increases (vaso-
dilation), triggered primarily by warm signals from
our core. The sweat glands greatly increase their
secretion of water and salt to the skin surfaces. This
increases heat loss by evaporation (although salt
accumulations impede evaporation by lowering the
vapor pressure of water).

(b) Heat Flow

Once blood and water transport our surplus heat
to the skin surface, we have four ways to pass it to
the environment: convection (air molecules contact
our body, absorbing heat), conduction (we touch
cooler surfaces, and heat is transferred), radiation
(when our skin surface is hotter than other sur-
faces “seen” but not touched, heat is radiated to
these cooler surfaces, and vice versa when other
surfaces are hotter than our skin surface), and
evaporation (a liquid can evaporate only by remov-
ing large quantities of heat from the surface it is
leaving). The amount of heat we lose by each of
these four methods depends upon the interac-
tions among our metabolism, our clothing, and
our environment. Figure 4.1 illustrates the typical
situation of a person at rest as environmental con-
ditions change.

As air and surface temperatures approach
our own body temperature, we lose the options of
convection, conduction, and radiation. Evapora-
tion becomes essential, so access to dry, moving air
is greatly appreciated. As air and surface tempera-
tures fall, evaporation decreases while convection,
conduction, and particularly radiation increase.
Under the normally comfortable temperature in
Fig. 4.1 of about 70°F (18°C), the proportions of
body heat loss per hour are as follows:
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Fig. 4.1 Heat generated and lost (approximate) by a person at rest (RH fixed at 45%).

Radiation, convection, and conduction: 72%
Evaporation
From skin surface: 15%
From lungs (exhaled air): 7%
Warming of air inhaled to lungs: 3%
Heat expelled in feces and urine: 3%
(c) Clothing

Usually clothing acts as an insulating layer and
is particularly effective at retarding radiation,
convection, and conduction. As air and surface
temperatures in our environment fall well below
our body’s temperature, we adjust this second skin
to provide increased insulation. However, in a hot,
humid environment, our first skin needs exposure
to moving air to encourage heat loss, yet needs
protection from the sun’s radiant heat. We need
a simple second skin that acts as a sunshade. In a
hot, arid environment, our second skin may keep
us from losing too much valuable water while also
performing the vital role of shading.

The insulating value of clothing is measured
in CLO units, 1 CLO being equivalent to the typical

American man'’s business suit in 1941, when the
concept of CLO was developed (1 CLO is equal to
0.88 ft? h °F/Btu [0.155 m? K/W]). The total CLO
of what you are now wearing can be estimated by
assuming 0.15 CLO/Ib (0.35 CLO/kg) of clothing
weight. The total CLO of your attire may also be
estimated by simply adding the CLO of each item
from Table 4.2; this total will be a bit higher than
the actual CLO value of the ensemble. Sometimes
the position of clothing is as important as its CLO
value; consider the role of socks as they separate our
feet from contact with a cold floor.

Our second skin is just as likely as our third
(building) skin to be more dominated by con-
siderations of style than of thermal regulation;
we cannot always count on our clothing—or
buildings—to increase our thermal comfort.

4.2 THERMAL COMFORT

A positive definition of comfort is “a feeling of well-
being.” The more common experience of comfort
is simply a lack of discomfort—thermally, of being
unconscious of how you are losing heat to your
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TABLE 4.2 Typical Insulation Values for
Clothing Ensembles

Ensemble Description? cLob
Walking shorts, short-sleeve shirt 0.36
Trousers, short-sleeve shirt 0.57
Trousers, long-sleeve shirt 0.61
Same as above, plus suit jacket 0.96
Same as above, plus vest and T-shirt 1.14
Trousers, long-sleeve shirt, long-sleeve 1.01
sweater, T-shirt
Same as above, plus suit jacket and long 1.30
underwear bottoms
Sweatpants, sweatshirt 0.74
Long-sleeve pajama top, long pajama trousers, 0.96

short 3/4-sleeve robe, slippers (no socks)
Knee-length skirt, short-sleeve shirt, pantyhose, 0.54
sandals

Knee-length skirt, long-sleeve shirt, full slip, 0.67
pantyhose

Knee-length skirt, long-sleeve shirt, half slip, 1.10
pantyhose, long-sleeve sweater
Same as above; replace sweater with suit 1.04
jacket

Ankle-length skirt, long-sleeve shirt, suit jacket, 1.10
pantyhose

Long-sleeve coveralls, T-shirt 0.72

Overalls, long-sleeve shirt, T-shirt 0.89

Insulated coveralls, long-sleeve thermal 1.37

underwear, long underwear bottoms

Source: Based on ASHRAE (1997).

2All ensembles include shoes and briefs or panties. All ensembles
except those with pantyhose include socks, unless otherwise
noted.

bOne CLO = 0.88 ft? h °F/Btu = 0.155 m?K/W.

environment. ASHRAE (2004) defines thermal
comfort as “that condition of mind which expresses
satisfaction with the thermal environment....”
There are three categories of factors that affect
comfort: personal, measurable environmental, and
psychological. Most personal factors are under your
control: your metabolism and your clothing, as well
as various adaptations such as migration to a more
comfortable place, or drinking or eating warm or
cold foods. Measurable environmental factors are the
familiar tools of the designer: air temperature, sur-
face temperature, air motion, and humidity. Psy-
chological factors are also familiar designers’ tools,
but they are difficult to quantify for comfort: color,
texture, sound, light, movement, and aroma. These
factors are often overlooked as we strive to meet the
numerical (therefore calculable) physical criteria
for thermal comfort. However, our primary design
intent is to make people comfortable, and all aspects
of buildings are our means to that end.

Fig. 4.2 Indicators of coolness in a courtyard include run-
ning water and shade from vines that move with the breeze.
The senses of sight, sound, touch, smell, and taste all may be
involved in a perception of coolness.

Consider the courtyard in a hot, dry climate
(Fig. 4.2). Its fountain suggests coolness in the color
and texture of its water; running water provides
splashing sounds and sparkles of light and may
generate some air motion. Vines provide shade, and
their leaves sway in the slightest breeze, evidence
of at least some air motion. Blossoms of flowering
plants yield a cool fragrance that blends with the
aroma of moistened surfaces in hot, dry surround-
ings. The measured coolness of such a courtyard
may be but a slight improvement over the environ-
ment beyond, but it seems cool.

Then consider a fireplace in a cold climate
(Fig. 4.3). The fire’s color is intensely warm, and it
dances and casts a flickering light; it crackles, and it
yields a smoky aroma (not appreciated by all). Few
textures seem hotter than that of glowing coals.
Yet a fireplace might add but slightly to the overall
warmth of a room, because it draws in cold air to
replace the air that passes up the chimney. We seek
a place near the fire for the real radiant warmth, but
also for the psychological comfort the fire offers.

In our society, designers are encouraged to
take numerical data quite literally. The measurable
environmental factors have been tested extensively
in laboratories—but exclude other factors. A holis-
tic view of designing for comfort considers num-
bers as a nonabsolute guide; common sense and a
designer’s own thermal experience play important
roles as well. Lisa Heschong’s Thermal Delight in
Architecture (1979) is an excellent expression of
these points of view.



Fig. 4.3 The open fire seems the very spirit of warmth, despite
the heat lost by large quantities of exhaust air up the chimney.
The senses of sight, sound, touch, and smell all may be involved
in a perception of warmth, wrapped in this red brick environment.
(Courtesy of the architect and photographer, Edward Allen.)

Ultimately, our buildings will be expected to
demonstrate success with regard to the measurable
environmental factors of comfort, so it is necessary
to understand how air and surface temperatures, air
motion, and humidity are related to heat transfer.

Heat Primarily

Transferred by: Dependent upon:

Conduction Surface temperature

Convection Air temperature, air
motion, humidity

Radiation Surface temperature,
orientation to the body

Evaporation Humidity, air motion, air

temperature

From this comparison, it is evident that humid-
ity is relatively unimportant in cold conditions,
where heat loss by convection, radiation, and
conduction is dominant. However, humidity is of
primary importance in hot conditions, dominated
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by evaporative heat loss. This is further evident in
comfort studies, which show that skin temperature
is an important factor in cold conditions, whereas
skin wettedness (percentage covered by water) is
most important in hot conditions.

(a) Comfort Standards

The ASHRAE comfort zone (Fig. 4.5) represents com-
binations of air temperature and relative humidity
that most often produce comfort for a seated North
American adult in shirtsleeves (total 0.6 CLO) in
the shade and without noticeable air motion. The
concept of a comfort zone is diagrammed in Fig.
4.4, where surface temperatures are assumed to be
not markedly different from air temperatures. Mov-
ing to the left of this zone, at lower air temperatures,
comfort is still attainable if added radiant heat is
provided—such as by increasing surface tempera-
tures or providing exposure to the sun. Higher
activity and more clothing would also help achieve
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Fig. 4.4 Comfort zone defined by relative humidity and air
temperature.
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Fig. 4.5 (a, b) ANSI/ASHRAE Standard 55-2004 comfort zone. (Redrawn by Nathan Majeski; reprinted with permission of the American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., from ANSI/ASHRAE Standard 55-2004, Thermal Environmental
Conditions for Human Occupancy.) (¢) Relationships between increasing air speeds and temperature relative to thermal comfort.
(Reprinted with permission of the American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., from ANSI/ASHRAE
Standard 55-2004, Thermal Environmental Conditions for Human Occupancy.)
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Fig. 4.5 (Continued)

comfort. Similarly, by moving to the right of the
comfort zone (at higher air temperatures), comfort
is still attainable by increasing air motion (such as
exposure to wind), lowering the activity level, and
removing clothing. In both directions limits are
soon reached, but the important point is that the
basic comfort zone can be expanded by changing
environmental variables and/or human behavior.

The human thermal response, perceived as
thermal comfort or discomfort, is shaped by four
environmental parameters: dry-bulb air tempera-
ture, relative humidity, radiant temperature, and
air speed. These variables can be measured directly
or derived from other measurements (using a psy-
chrometric chart where physical properties of
moist air and related thermodynamic processes are
graphically expressed). Two nonenvironmental
parameters, clothing and metabolism, are key per-
sonal variables.

Figure 4.5 (parts a and b) shows the thermal
comfort zone as defined by the American Society
of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE), where acceptable ranges of
operative temperatures (T,,) and relative humid-
ity are given for sedentary (1.0—1.3 MET) persons
wearing typical clothing (between 0.5 and 1.0 CLO
of thermal insulation). Figure 4.5 specifies the com-
fort zone parameters where there should be 80%
occupant acceptability for the range of operative

temperature and relative humidity, and where air
speeds are not greater than 40 ft/min (0.20 m/s).
Two zones are shown—one for 0.5 CLO of clothing
insulation (assumed worn when the outdoor envi-
ronment is warm) and one for 1.0 CLO of insula-
tion (for when the outdoor environment is cool).
Figure 4.5¢ suggests the effect of increased air
speeds on thermal comfort. The thermal comfort
variables used here are defined as follows:

Dry-Bulb (DB) Temperature. DB temperature is the
ambient air temperature as measured by a stan-
dard thermometer, thermocouple, or resistance
temperature device. DB temperature can be used
in combination with globe temperature and air
velocity to calculate mean radiant temperature.
Temperature affects comfort in a number of ways
and, in combination with the other parameters
described in this section, is a key factor in our
energy balance, thermal sensation, comfort, dis-
comfort, and perception of air quality.

Operative Temperature. This is the average of the dry-
bulb temperature and the mean radiant tem-
perature (MRT).

Wet-Bulb (WB) Temperature. WB temperature is
measured by a thermometer with a wetted bulb
rotated rapidly in the air to cause evaporation
of its moisture—as with the sling psychrom-
eter shown in Fig. 4.6. In dry air the moisture
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readily evaporates and draws heat out of the
thermometer to produce a lower temperature
reading, called the wet-bulb depression (the dif-
ference between DB and WB temperatures).
A large depression is indicative of low relative
humidity (RH). Lower evaporation, as when
the air is already moisture-laden, results in a
small wet-bulb depression and indicates high
RH. Note that at 100% RH, DB and WB tem-
peratures are equal.

Relative Humidity may be measured directly or
derived from DB and WB temperatures, and is
the ratio of the actual density of water vapor in
air to the maximum density of water vapor that
such air could contain, at the same temperature,
if it were 100% saturated.

Mean Radiant Temperature (MRT). The radiant tem-
peratures of surrounding surfaces influence
human comfort. With respect to the human
body at a particular location, mean radiant tem-
peratureisdefined as the uniform temperature of
an imaginary surrounding enclosure in which
radiant transfer from the human body would
equal the radiant heat transfer in the actual
nonuniform enclosure (ASHRAE 2001). MRT
is a calculated variable and cannot be directly
measured. One calculation approach involves
using a globe thermometer, which can be

Dry bulb
thermometer /*~

Wet bulb
thermometer

Moist cloth
surrounds bulb

Fig. 4.6 Sling psychrometer and its usage. Air motion encour-
ages evaporation from the moist cloth, lowering the wet-bulb
temperature below the surrounding air temperature, whereas the
dry-bulb temperature stays constant at the surrounding air tem-
perature. (At 100% RH, WB and DB temperatures will be equal.)

easily constructed using a hollow sphere (e.g.,
a Ping Pong ball) with a thermocouple or ther-
mometer bulb at its center. Equation 4.1, for
determining MR temperature from globe tem-
perature, is as follows (ASHRAE, 2001):

I-P units: t,=
0.25
{(tg 460" +%&7Vém(t9 - ta)] -460
@.1)
Slunits: t,=
{(tg +273)4+W<%—5)TZS_273
where

t, = mean radiant temperature, °F (°C)
ty = globe temperature, °F (°C)
V, = air velocity, fpom (m/s)

t, = air temperature, °F (°C)

D = globe diameter, ft (m)

€ = globe emissivity (dimensionless)

Another calculation approach involves the
geometry of the room relative to a specific point and
uses Equation 4.2 (Egan, 1975):

Y ta

360

_ tioy+hon +os+. 10,
- 360

I-P or Sl units ¢,

(4.2)

where
t, = mean radiant temperature, °F (°C)

o = surface exposure angle (relative to the occupant)
in degrees

DB air temperature by itself is usually not an ade-
quate comfort indicator, especially in passively
solar-heated or passively cooled spaces where radi-
ant temperature or air motion may be more influ-
ential than air temperature.

The comfort zone in Fig. 4.5 purports to apply
to both genders, any age, and any national origin;
research by ASHRAE supports such a view. High
humidity is avoided (to avoid mold and mildew as
well as discomfort), and air motion is assumed to
be unnoticeable. Occupants of naturally ventilated
buildings, however, seem to find comfortable a
combination of higher temperature and RH than
do occupants of sealed, air-conditioned buildings.



Figure 4.7 shows a much higher incidence of these
warmer, more humid environments in Hawaiian
naturally ventilated classrooms than in similar
air-conditioned classrooms. Yet, the majority of
students and teachers in these Hawaiian schools
voted these conditions as acceptable. These obser-
vations were made in both hot and cool seasons
(see Kwok, 1998).

Does long-term acclimatization influence the
sensation of thermal comfort? Researchers disagree.
ASHRAE Standard 55 recognizes only two seasonal
comfort zones, influenced by activity and clothing.
Givoni (1998) advocates a higher-temperature,
higher-humidity limit for “hot-developing” coun-
tries (Fig. 4.8), based upon a combination of tradi-
tional and economic factors. In Fig. 4.8, an interior
air speed of 2 m/s (about 5 mph) is assumed.

An adaptive model of comfort recognizes accli-
matization's influence as well as personal actions to
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influence one’s own comfort. ASHRAE Standard 55
recognizes that people can be comfortable in a wide
range of temperatures and provides an optional
method for determining acceptable thermal condi-
tions for naturally conditioned spaces. Humphreys
and Nicol (1998) elaborate on this approach, with
occupant behaviors summarized in Table 4.3. They
present a formula to determine the indoor com-
fort temperature, T,, relative to an exponentially
weighted running average of outdoor temperature,
and applicable to free-running buildings (without
mechanically—narrowly—controlled indoor tem-
peratures):

T, =0.534 Tyo + 12.9 (°C) 4.3)

where Ty, is in °C and represents the mean outdoor
air temperature during a period of hot weather.
Note that relative humidity is not included in this
relationship. Using this equation, with Phoenix,
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Fig. 4.7 Natural ventilation and comfort. Measured conditions compared to the ASHRAE summer comfort zone for naturally ventilated
(NV) and air-conditioned (AC) classrooms in Hawaii. The majority of the occupants voted these conditions acceptable. A higher tem-
perature and humidity comfort zone for naturally ventilated buildings is supported by studies such as this (Kwok, 1998). (Reprinted
with permission of the American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. from ASHRAE Transactions,
1998, Vol. 104, Number 1. Note that the comfort zone shown herein has been modified to conform to ASHRAE Standard 55-2004.)
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Fig. 4.8 Suggested boundaries of outdoor air temperature and humidity within which indoor comfort can be provided by natural
ventilation. Assumed air speed is 2 m/s (4.5 mph). The higher limits for “hot-developing countries” assume acclimatization by those

cultures. (Based upon Givoni, 1998.)

Arizona’s, average July—August temperature of
32.3°C(90.2°F) (to approximate Ty,, an exponen-
tially weighted running average):

7,=0.534(32.3)+129=17.25+129
=30.1°C (86.2°F)

Figure 4.5 specifies comfort zone boundar-
ies for environments that meet specific operative
temperature criteria, where the air speeds are not
greater than 40 fpm (0.20 m/s), based upon speci-
fied clothing insulation values. Air speeds greater
than 40 fpm (0.20 m/s) may be used to increase the
upper operative temperature limit of the comfort
zone in certain circumstances. For example, the bor-
ders of the summer comfort zone may be raised 1°F
foreach 30 fpm (1°Cforeach 0.275 m/s) increase in
air motion up to a limit of 82.45°F at 160 fpm (28°C
at 0.8 m/s). At this air speed, loose paper, hair, and
other objects might start to be blown about (how-
ever, see Table 4.4). Note: Optimum summer opera-
tive temperature is 76°F (24.4°C). For each 0.1 CLO

decrease in clothing, an increase of 1°F (0.6°C) is
allowed in the borders of the summer comfort zone.
The upper and lower borders for relative humid-
ity are based upon less precise data, but in general,
the lower limit seeks to avoid problems such as
coughs, nosebleeds, static electricity, and dust
mites from excessively dry air; the upper limit tries
to keep skin wettedness within acceptable levels, as
well as discourage the growth of mold and mildew.

(b) Passive Building Comfort Standards

A somewhat different approach to comfort stan-
dards has been proposed for buildings that take a
passive approach to heating and cooling in areas
where acceptable humidity can be maintained. In
these buildings, direct sun might add significantly
to body warming in winter; strong air currents
might be expected as a part of summer body cooling.
These tend to be the kind of free-running buildings
mentioned earlier as candidates for the adaptive
model of comfort prediction.
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TABLE 4.3 Adaptive Behavior for Thermal Comfort

Response Category

Actions in Response to Cold

Actions in Response to Heat

generation shivering

Regulating the rate of body heat
loss the surface tissues)

surface area)
Adding some clothing

Regulating the thermal
environment

Lighting a fire

temperature)

stripping
Selecting a different thermal
environment to bed)

Building a new home

comfort conditions

Regulating the rate of internal heat  Increasing muscle tension and

Vasoconstriction (reduces blood flow to Vasodilation (increases blood flow to the

Curling or cuddling up (reduces exposed  Adopting an open posture (increases

Turning up the thermostat

Complaining to management (so
that someone else will raise the

Insulating a loft or wall cavities
Improving windows or doors, weather-

Finding a warmer spot (such as going

Visiting a friend (with a warmer place)
Visiting a heated public building

Emigrating: a long-term solution

Modifying the body’s physiological ~ Acclimatizing, letting the body and mind  Acclimatizing, letting the body and mind
become more resistant to cold stress

Reducing one’s level of activity

Drinking cold liquids (induces sweating)

Drinking hot liquids (induces sweating)

Eating less

Adopting the siesta routine (matching
activity to the thermal environment)

surface tissues)

exposed surface area)
Taking off some clothing

Turning on the air conditioner
Switching on a fan

Opening a window

Shading a window from the sun

Finding a cooler spot

Visiting a friend (with a cooler place)

Visiting a cooled public building (or going
swimming)

Building a new home

Emigrating: a long-term solution

adjust so that heat is less stressful

Source: Based on Humphreys and Nicol (1998).

Arens et al. (1980) demonstrated a wider range
of comfort conditions and considerably more toler-
ance for summer air motion than ASHRAE (1995).
A summary of these results is shown graphically in
Fig. 4.9. Such graphs are called bioclimatic charts
because of their interrelation of climate and human

TABLE 4.4 Indoor Air Velocity and Comfort

comfort factors. Where the users of buildings are
expected to adjust to the wider temperature swings
associated with passive buildings, these guidelines
may be used. Some differences in the basic assump-
tions of Arens et al. from those of ASHRAE (1995)
should be noted:

Possible Lower-Temperature
Comfort Sensation (Between 80°F and
90°F; Larger Numbers Correspond to

100-200 fpm (0.51-1.02 m/s)

200-300 fpm (1.02-1.52 m/s)
Above 300 fpm (1.52 m/s)

Air Velocity High-Humidity Areas) Probable Impact
Up to 50 fpm (0.25 m/s) No change in comfort sensation Unnoticed
50-100 fpm (0.25-0.51 m/s) 2-3F° lower (1.1-1.7C°) Pleasant

4-5F° lower (2.2-2.8C°)

5-7F° lower (2.8-3.9C°)
More than 5-7F° lower (2.8-3.9C°)

Generally pleasant but causing
a constant awareness of air
movement

From slightly to annoyingly drafty

Requires corrective measures if work is
to be efficient and health secured

Source: Adapted from Victor Olgyay, Design with Climate: Bioclimatic Approach to Architectural Regionalism, Copyright © 1963, Princeton

University Press. Reprinted by permission.
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Fig. 4.9 Comfort zones that encourage passively heated and cooled buildings. The “winter” (0.8 CLO) comfort zone (a) and the
“summer” (0.4 CLO) comfort zone (b) are combined for the year-round zone shown in (c). (Based upon Arens et al., 1980.)
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Fig. 4.9 (Continued)

Activity: 1.3 MET (ASHRAE, 1.2 MET)
Winter: 0.8 CLO (ASHRAE, 1.0 CLO)
Summer: 0.4 CLO (ASHRAE, 0.5 CLO)

Note particularly that rather than operative
temperature, ordinary air temperature (DB tem-
perature) is used in Fig. 4.9. Added radiant heat for
conditions below the shading line can be utilized
to extend the comfort zone to lower temperatures;
added air motion above the nearly still air line can
extend the comfort zone to higher temperatures.
Radiant heat to be added to a lower-extended com-
fort zone is shown in Fig. 4.9 using two quantities:
The effective radiant field (ERF) is a measure of the
net radiant heat flux to the body from all surfaces

at temperatures other than air temperature. A
more convenient quantity for designers may be the
total solar radiation (or insolation) on a horizon-
tal surface, termed I, Insolation values are more
readily available, and the added-radiation lines of
Fig. 4.9 represent I, converted to its approximate
radiant impact on a human body’s surface area
when the sun is at an altitude of 45°. Arens et al.
(1980) give further details on the effects of solar
radiation on comfort at other sun altitudes, activity
levels, and clothing combinations.

Added air motion is shown in Fig. 4.9 for quite
a wide range of velocities. Table 4.4 indicates that
people easily tolerate air motion outdoors up to
about 600 fpm (3 m/s), but indoor studies have
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indicated that about 400 fpm (2 m/s) is the maxi-

mum tolerable air speed from overhead fans.
Caution is still advised when relative humidity

is above 70% or below 20% for reasons cited earlier.

(c) Localized Comfort

How can comfort be ensured at each workstation
in an office or wherever people spend a lot of time?
The location of heating, cooling, and ventilating
components is an important detail. The human
body is most affected by the thermal environment
in its thermally sensitive places. Although we sweat
and are sensitive to heat or cold over nearly all of
our skin surface, we are most thermally sensitive in
these places:

Heat receptors: fingertips, nose, elbows
Cold receptors: upper lip, nose, chin, chest, fingers

So, on a hot, humid day, cool air moving across
the face is a particularly strong promise of comfort,
whereas on a cold day, a burst of heat (such as radi-
ant heat from a window, a heater, or a cup of coffee)
to the face and fingers is quickly effective.
Regarding our sense of touch: our fingertips
are most sensitive to the rate at which heat is being
conducted to colder objects or from hotter objects.
The temperature of our skin at the fingertips under
ordinary conditions is in the high 80s°F (high
20s°C), so our sense of touch works against many
passively heated surfaces in winter, which feel
cool even though they are warmer than room air

temperature. These surfaces are made of materi-
als that conduct heat rapidly so that they can soak
up solar radiation without overheating the room.
This high conductivity makes them eager to accept
human warmth as well, and persuades us as we
touch them that they are cooler than, in fact, they
are. Anyone who has walked barefoot from a rug
to an unheated tile floor will sense that the tile is
colder, even when both have exactly the same sur-
face temperature. This same characteristic works
for passively cooled surfaces in summer.

Excessive air motion is called a draft and results
in an undesirable local cooling of the body. It is a
particularly serious threat in winter, yet summer
drafts from very cool conditioned air are also both-
ersome. Figure 4.10 shows the percentage of people
dissatisfied due to a perceptible draft on their head,
neck, shoulders, and back. Again, this applies to
sedentary people wearing normal indoor clothing.
Note the influence of air temperature: the lower the
temperature, the higher the dissatisfaction. Many
air-conditioning systems deliver summer supply air
at temperatures as low as 55°F (13°C), well below
the lowest temperature shown here. The standard
summer 50 fpm (0.25 m/s) air speed at such sup-
ply air temperatures seems to threaten more than
40% dissatisfaction from drafts. However, ceiling
fans with the same air speed, for comfort at higher
temperatures such as 80°F (27°C), should cause
less than 15% dissatisfaction.

Another comfort factoris radiant asymmetry, the
difference between the temperatures of two opposite
surfaces as experienced by a body seated between
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them when one of these surfaces is markedly
different in temperature from all other surfaces
within a space. Figure 4.11 shows that the greatest
dissatisfaction arises from “warm ceilings” (typical
of radiantly heated ceilings in winter)—almost half
of the experimental subjects experienced discomfort
with ceilings 27°F (15°C) warmer than a space’s
average temperature. Less serious were “cool walls”
(typical of a cold window in winter). Less than 10%
dissatisfaction resulted from “cool ceilings” (such
as radiant cooling panels in summer) and even less

Radiant temperature asymmetry

from “warm walls” (typical of a sunny window in
summer or a passively heated mass wall in winter).
Because warm air is less dense than cold air, it
rises; therefore, in most building spaces, air temper-
ature is somewhat higher at the ceiling than at the
floor, regardless of the season. Figure 4.12 shows
experimental results of dissatisfaction with a verti-
cal air temperature difference between the head at
43 in. (1.1 m) and the feet at 4 in. (0.1 m). (When
the head level was cooler than the floor, much
greater temperature differences were tolerated.)
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Fig. 4.12 Percentage of people dissatisfied as a func- Q s
tion of the vertical air temperature difference between &
the head (higher temperature) and ankles (lower
temperature). A cold floor proved uncomfortable. 3
(Reprinted with permission of the American Society
of Heating, Refrigerating and Air-Conditioning ' 2 i . - s
[+ 4 8 12 18 20

Engineers, Inc., from the 1997 ASHRAE Handbook—
Fundamentals.)
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Fig. 4.13 Passive cooling design Strategies by climate. After plotting the outdoor climate data on this chart, consider how that
information would affect a design strategy. (Based upon Milne and Givoni, 1979.)

4.3 DESIGN STRATEGIES FOR COOLING

The chart in Fig. 4.13 is a guide to various
approaches to passive cooling in temperate cli-
mates. It is based on the building bioclimatic chart
developed by Milne and Givoni (1979). It helps
to assess the suitability of four approaches to

passive cooling under summer conditions. Aver-
age monthly climate data (as in Table 4.5) are now
available from software and various websites (see
Appendix M). Such climate data can be plotted
on this chart. If they do not exceed the “boundar-
ies” of a strategy zone, then a match is indicated
between the climate and that strategy. Although

TABLE 4.5 Normal Data from Annual Summary of Local Climatological Data for Dodge City,

Kansas?
Daily Temperatures °F (°C) Relative Humidity (%) at
Normal Extreme® Hour Wind
Mean
Speed Prevailing
Month Max Min Max Min 00 06 12 18 mph (km/h) Direction
June 86.0(30.0)0 61.4(16.3) 108(42.2) 41(5.0) 63 75 44 38 14.4 (23.2) South
July 91.4(33.00 66.9(19.4) 109(42.8) 47(83) 66 78 46 42 12.9 (20.8) South
August 90.4 (32.4) 65.7 (18.7) 107 (41.7) 47 (8.3) 71 80 50 46 12.7 (20.5) South

@Records as of 1979.
bExtremes do not occur on the same day or series of days.



the edges of each strategy zone are drawn as lines,
these boundaries are more broad and vague than
the lines suggest. When a climate surpasses the
boundaries of all four strategy zones, conventional
air conditioning is almost certainly desirable. The
similarity between Figs. 4.9 and 4.13 is evident: the
comfort zones include somewhat warmer conditions
for naturally ventilated buildings.

To plot average monthly conditions for a cli-
mate on this strategy chart, assemble information
such as that shown in Table 4.5. This is available
for every climatological station maintained by the
National Oceanic and Atmospheric Administra-
tion (NOAA) of the U.S. Department of Commerce.
These climate summaries, often called LCDs (Local
Climate Data), are available from the National Cli-
matic Data Center (Federal Building, Asheville, NC
28801). Many libraries also carry such summaries
in publications such as Climates of the States.

In addition to a typical hot summer day, it is
useful to check for the design condition, that statisti-
cally relevant condition for which engineers would
design a building’s mechanical cooling equipment.
The design condition shows the climate near its
worst, while avoiding the freakish conditions of
extreme temperatures listed in the NOAA data.
Summer (and winter) design data are available in
Appendix B (along with discussion of the nature of
the data).

EXAMPLE 4.1 Plot the typical day of the hottest
month for Dodge City, Kansas.

SOLUTION

By inspection of Table 4.5, the hottest month is
July, but August is close and sun angles are lower
(more gain through windows). To chart the typical
August day, find the approximate RH for the coldest
and hottest hours. Because RH is listed only at four
times, first select the highest RH, occurring here at
6:00 a.m.: this will coincide approximately with the
coldest hour. Thus, one end of the linear climate
plot for August in Dodge City will be at the combi-
nation of 80% RH and 65.7°F (18.7°C). The other
end of the plot will be at the lowest RH and the
hottest hour, in this case at 6:00 p.m., a combination
of 46% RH and 90.4°F (32.4°C). The line between
these points is shown in Fig. 4.14.

From Fig. 4.14 one passive cooling strategy—
high mass with night ventilation—appears clearly
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adequate to meet the needs of the typical August
day in Dodge City. (Using this strategy, the low-
temperature end of the line is also important
and should be below the comfort zone for best
results.) Another strategy, high mass, appears just
barely adequate. Two other strategies, natural
ventilation and evaporative cooling, appear inad-
equate because the highest temperature/lowest
RH combination falls outside their boundaries—
slightly so for natural ventilation, but greatly so
for evaporation.

Using design climate data corresponding to the
values in Table 4.5, the summer DB and mean coin-
cident WB temperature is 97/69°F (36.1°C/20.6°C);
this combination is shown as a circle around the
point in Fig. 4.14. The 97°F (36.1°C) DB tempera-
ture is plotted on the corresponding vertical line; the
69°F (20.6°C) WB temperature is found by first locat-
ing the 69°F (20.6°C) DB vertical line and following
that line up to 100% RH, where 69°F (20.6°C) DB
and WB are coincident. Then follow downward to
the right along the constant WB line to its intersec-
tion with 97°F (36.1°C) DB.

The design condition point falls just outside the
zone of high-mass cooling and just within the zone
of evaporative cooling. Because the design condi-
tion falls well within the zone of high mass with
night ventilation, this strategy is thus confirmed as
clearly the best of the passive cooling strategies for
Dodge City. |

(a) Natural Ventilation Cooling

This is the most obvious strategy suggested by the
comfort charts presented earlier, in which higher
air temperatures were offset by increased air
motion. It may be the only passive strategy avail-
able in humid, hot climates in which temperatures
are only slightly lower by night than by day. Build-
ings should be very open to breezes while simulta-
neously closed to direct sun. They may be thermally
lightweight as well, because night air is not cool
enough to remove much stored daytime heat. Very
high humidity may be avoided only by sealing and
air-conditioning buildings.

Natural ventilation has two variations: cross-
ventilation and stack ventilation. Cross-ventilation
is driven by wind and is accomplished with win-
dows. It relies upon rather narrow plans with large
ventilation openings on either side. Thus, it is natu-
rally compatible with daylighting. Stack ventilation
depends upon very low openings to admit outside
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Fig. 4.14 Hot-month daily ranges and the summer design condition for Dodge City, Kansas, superimposed on the design strategy

chart of Fig. 4.13.

air and very high openings to exhaust air; it is driven
by the principle that hot air rises. Stack ventilation
is generally weaker than cross-ventilation—except
when there is no wind at all. Design guidelines for siz-
ing apertures for ventilation are found in Chapter 8.

(b) High-Mass Cooling

This strategy is for warm, dry summers, when the
extremes of hot days are tempered by the still-cool
thermal mass of a building. Cool nights then slowly
drain away the heat that such mass accumulates
during the day. The thermal mass can be in floors,
walls, or roofs but will need a sink to which it can
reject its heat by night. The roof has the advan-
tage of radiating to the cold night sky, but it should
be protected from exposure to sun by day. The
masonry courtyard-type buildings of the Mediterra-
nean are indigenous examples of this passive cool-
ing strategy; their courtyard floors and roofs can be
protected with movable shading devices (toldos) by
day, then opened to night-sky radiation.

Roof ponds are a form of high-mass cooling for
one- and two-story buildings. Because they require
only the roof to be massive, they allow for consider-
able design freedom in walls and fenestration. Where
cooling is the only objective, this approach uses
water that is stored between the metal ceiling and
the roof insulation; by night, the water is pumped
(and/or sprayed) over the exposed roof surface and
allowed to trickle back through the insulation to the
storage pond. At lower latitudes (with high winter
sun altitudes), roof ponds can be used for passive
solar heating as well. This strategy uses sliding pan-
els of insulation over bags of water; the panels slide
open on winter days to collect sun, and open on
summer nights to radiate heat to the sky. A design
guideline sizing procedure is found in Chapter 8.

Another variation on high-mass cooling
depends upon earth contact. The earth acts as a
heat sink, keeping walls and floors (even roofs
when earth-covered) cool. However, if the earth is
allowed to continue to act as a heat sink in winter,
heating needs could be greatly increased. Thus, a



strategy for summer contact and winter isolation
might be appropriate.

(c) High-Mass Cooling with Night
Ventilation

This hot-dry summer design strategy must use out-
side air at subcomfortable nighttime temperatures
to flush away heat stored during the daytime. The
fewer the subcomfortable night hours, the greater
the area of thermally massive surface that must be
provided to store the day’s heat. Also, because there
are more hours of daylight and fewer of nighttime,
the ventilation must occur quickly and thoroughly,
probably using fans. (Nightly wind velocities are
typically lower than daytime velocities, because
summer wind is often driven by regional solar over-
heating of the ground.) The building switches from
a thermally closed condition by day (to exclude
sun and hot outdoor air) to an open condition at
night (to allow ventilation to cool the mass). Note:
Nighttime temperatures must be cooler than the

DESIGN STRATEGIES FOR COOLING 107

comfort zone temperature if this strategy is to be
effective. Figure 4.15 shows the need to inspect
both ends of the typical day's plot for this strategy.

This cooling strategy is highly compatible with
passive solar heating strategies that rely on large
areas of thermal mass, such as direct gain (Section
4.4a).Itis suitable for large, high buildings, particu-
larly those that have concrete (thermally massive)
structural systems. A design guideline sizing proce-
dure is found in Chapter 8.

(d) Evaporative Cooling

This design strategy relies on the principle that
when moisture is added to air, relative humidity
increases while dry-bulb temperature decreases.
(On the bioclimatic chart, this pattern exactly fol-
lows the constant wet-bulb line, upward and to the
left.) In conditions that are more uncomfortably dry
than uncomfortably hot, higher humidity is gladly
exchanged for lower air temperature. However,
large quantities of both water and outdoor air are
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Fig. 4.15 Strategy chart segment for night ventilation of thermal mass. This Strategy is most successful when cool nighttime tempera-
tures are available, preferably below comfort zone temperatures for several hours.
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needed; fan-driven evaporative coolers are the most
common way to provide this kind of cooling.

Evaporative cooling imposes few constraints
on designers because the equipment resembles
conventional HVAC systems. Rather high indoor
air velocities and their associated sounds are typi-
cal of these systems, and the aroma of the wetted
material of the cooler is often noticeable. The cool-
est air will be in the vicinity of the air inlet to the
space, the warmest air at the outlet from the space.
Design guideline sizing procedures are found in
Chapter 8 for fan-driven coolers and for passive
cooltowers. Indirect evaporative cooling, involv-
ing mechanical equipment, is first discussed in
Chapter 5.

4.4 DESIGN STRATEGIES FOR HEATING

Figure 4.16 indicates how greatly solar space heat-
ing may contribute to a building in the winter
months. To use these charts, refer to Table C.15.
For your location, find the average January ambi-
ent (DB) air temperature, called TA, and the average
January daily solar radiation on a vertical south-
facing surface, called VS. On each chart, find these
two data points to determine the approximate per-
centage contribution that solar energy can make
to your building’s winter seasonal fuel needs. In
Fig. 4.16a, these points of TA and VS are plotted for
seven North American cities. Sunny and cold Den-
ver, Colorado, contrasts sharply with cloudy and
cool Portland, Oregon. Yet, the subsequent charts
show that even in Portland, solar energy can con-
tribute to space heating.

The remainder of Fig. 4.16 compares two
building envelope types with three common solar
heating strategies. The left column (Fig. 4.16b,
d, f) assumes a building with insulation at code-
required minimums and some south-facing glass
(unshaded in winter). For this modestly solar build-
ing type, the seasonal fuel bill will be reduced, but
rarely more than 40%, by using solar energy. The
right column (Fig. 4.16¢, ¢, g) assumes a building
that exceeds minimum insulation requirements
and is designed with much greater areas of south-
facing glass unshaded in winter. For this seriously
solar building type, the seasonal fuel bill will be
reduced by about twice as much as its modest
counterpart.

The three solar heating strategies are direct
gain (let sunlight into the space, where it warms
exposed thermally massive surfaces), indirect gain
(sun strikes the thermal mass first and is then
passed only as heat to the space behind), and iso-
lated gain (a sunspace or greenhouse heated greatly
by the sun that then passes some of its heat to the
space behind). Direct-gain systems carry the sym-
bol DG; indirect-gain systems, TW (for Trombe
wall); and isolated-gain systems, SS (for sunspace).
For more details, see Appendix H. All the systems
in this figure assume double-glazed windows (and
for the direct and indirect ones, low-€, argon-filled
windows), but none uses night insulation over
windows. The direct gain is system type DGB2, the
indirect gain is a vented TWD2, and the isolated
gain is SSE1.

(a) Direct Gain

Almost any building with some south-facing glass
could claim to be a direct-gain building. The sun is
admitted to the space to be heated, striking furnish-
ings and room surfaces. In a well-designed direct-
gain space, there are ample thermally massive
surfaces (such as concrete slab; concrete block; or
brick, quarry, or ceramic tile) that directly receive
much of this incoming sun. Such massive surfaces
should have at least three times the area of south-
facing glass in order to keep the space from over-
heating in sunny hours. The mass should be thick
enough, typically at least 4 in. (100 mm), to absorb
and later reradiate a winter day’s dosage of direct
sun. In Chapter 8 and Appendix H, variations on
direct-gain approaches involve glazing types, rela-
tive mass areas and thickness, and whether night
insulation is used over windows.

Direct gain is popular because of its simplic-
ity and its ample daylight and view to the south.
Relative to the other passive solar approaches,
it has problems of glare, overheating on sunny
days, large radiant heat losses to glass areas by
night (and thus a large diurnal difference in inte-
rior temperature), and fading of furnishings in
direct sunlight. This winter heating approach is
well matched with the summer cooling strategy
of night ventilation of mass; both systems depend
on large areas of internal exposed thermal mass,
so such an investment pays off in both winter and
summer.
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Fig. 4.16 Early assessment of passive solar heating potential. (a) From Tables C.19 and C.20, the January TA (average air temperature)
and January VS (daily solar radiation on a vertical surface) are plotted for Atlanta, Georgia; Boston, Massachusetts; Denver, Colorado,
Dodge City, Kansas, Madison, Wisconsin, Phoenix, Arizona, and Portland, Oregon. The Solar Savings Fraction (SSF), the percentage
reduction in heating fuel achieved by a passive solar design, is approximated for modestly solar “LCR 100" (smaller south windows,
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is approximately 6% higher than that shown on the graph for these locations: in California: Fresno, Mt. Shasta, Sacramento, and San
Francisco, in Idaho: Boise and Pocatello; in Montana: Helena and Missoula, and in Nevada: Reno.) (b) Direct-gain Systems in modestly
solar and (c) seriously solar buildings (LCR 30). (d) Indirect-gain systems in modestly solar and (e) seriously solar buildings. (f) Isolated-
gain systems in modestly solar and (g) seriously solar buildings.
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Fig. 4.16 (Continued)

(b) Indirect Gain

This is the passive solar approach encountered least
often, perhaps because a sheet of glass covering an
opaque wall seems such a denial of “window.” The
mass wall behind the glass is usually 8 to 12 in.
(200 to 300 mm) thick, and should be of a dense
and highly conductive material such as standard-
weight concrete or dense brick. Water in contain-
ers is also an option. An air space between the
glass and the mass allows for the option to “vent”
the mass wall, where cool air from the heated
space behind the wall enters at the bottom, rises
with solar heating, and then exits into the space
behind near the ceiling. Sometimes this air space is
made wide enough to admit a person for cleaning
the inside surface of the glass, but operable case-
ment or awning-type glazings are other cleanable
options. The back surface of the mass (facing the
heated space) should be kept clear of hangings or
large furniture, to facilitate radiant heat transfer to
the space. In Chapter 8 and Appendix H, variations
on indirect-gain approaches involve mass charac-
teristics (water or masonry), thickness, and surface
treatments; whether masonry walls are vented;
glazing types; and whether night insulation is used
behind the glazing.

Indirect gain is less popular than direct gain
because it admits much less daylight and lacks a view
to the south. Yet, relative to the other passive solar
approaches, it has advantages of less glare, signifi-
cantly less overheating on sunny days, and no fading
of furnishings in direct sunlight. Another advantage
is its large radiant heat contributions in the evening

after sunny days. Many applications of indirect gain
incorporate a smaller area of direct gain (window)
within the larger indirect-gain wall surface.

(c) Isolated Gain

This is a popular passive solar approach because it
provides a uniquely sunny habitable space, alter-
nately called a sunspace, greenhouse, sun room, or
winter garden. This space experiences great varia-
tions in temperature—hot in the afternoon, cold
before dawn—in order that the space behind it can
be kept reasonably comfortable with solar heating
delivered as needed. The sunspace usually has both
south-facing vertical glazing and inclined glazing,
increasing insolation in both winter and summer.
In Chapter 8 and Appendix H, variations on iso-
lated-gain approaches involve configurations of the
glazings; whether the sunspace is surrounded by
the building or is added on; whether the common
wall between sunspace and building is masonry or
insulated frame; whether the sunspace’s end walls
(facing east and west) are glazed or insulated; glaz-
ing types; and whether night insulation is used
behind the glazing.

Chapter 8 presents much more detail on build-
ing insulation standards, south-facing window
areas, thermal mass, and options for movable win-
dow insulation. This introduction to passive solar
heating design is intended to help the designer find
combinations of daylighting, passive cooling, and
passive solar heating design approaches that are
feasible in a given climate.



4.5 COMBINING STRATEGIES

Renewable sources of on-site energy for lighting,
heating, and cooling allow a building to function
with less need for imported energy sources. As
building designs are shaped by the use of on-site
sources, they become more regional in appearance.
This works against the one-design-fits-all approach
common to chain retailing (such as video stores
or fast-food outlets), but works for the subtle inte-
gration of a building into its regional climate and
culture while reducing the economic and environ-
mental costs of imported energy.

(a) Daylighting

This may be the most obvious and commonly used
of all on-site energy sources. Two approaches are
sidelighting, using windows in walls, and toplighting,
using skylights in roofs. A hybrid approach is the
clerestory window in very high walls; depending
upon the clerestory window’s relation to the floor
plan, it could be considered either sidelighting or
toplighting.

Sidelighting not only admits light but allows for
a view of the exterior (and of the interior, especially
at night). Sidelighting varies substantially by ori-
entation and season, and direct sun can pour large
quantities of heat through unshaded windows.
With windows that face east and west, daylight-
ing problems can occur due to the low sun altitudes
in morning and evening that result in glare and
unwanted summer heat gain.

Toplighting admits more light per unit area
than does sidelighting, as skylights are directly
exposed to the bright sky dome as well as direct sun-
light. Toplighting less often results in glare prob-
lems because the light source is high in the space,
unlike a sunny window that is in one’s field of
view. However, direct sun passing through a clear
skylight may strike interior surfaces, with conse-
quent glare and fading. Moreover, unshaded sky-
lights (more than unshaded windows) are exposed
to summer sun by day and to the cold winter sky.
Although more efficient as admitters of light, they
can represent a significant thermal penalty. There-
fore, seasonal controls on skylights are even more
important than on windows. Design guidelines for
the sizing of windows and skylights are found in
Chapter 14.
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(b) Daylighting, Cooling, and Heating

Although the relationships among these three
aspects of environmental control are quite com-
plex, in general the decision to extensively daylight
a building tends to decrease its need for electricity
and cooling and increase its need for heating. This
is due to the influence of the large glass areas associ-
ated with daylighting. In summer, properly shaded
daylighting openings contribute less heat gain than
the electric lights that the daylight is replacing. This
reduces the need for both electricity and cooling. In
winter, some solar gain through daylight openings
assists with heating (especially with south-facing
windows), but the daylight still replaces electric
lights that would otherwise be additional sources
of heat. Thus, compared to a conventional building
of the same size and function, the daylit building
is likely to use more heating energy (unless pas-
sive solar heating is emphasized), less electricity for
lighting, and less cooling energy.

The matrix of design strategies in Fig. 4.17
illustrates some opportunities for a simple one-
space building across a range of on-site energy
sources. Ventilative cooling strategies depend upon
the air as a heat sink; evaporative/radiative cooling
strategies depend upon both sky and air as heat
sinks; earth coupling cooling strategies depend upon
the earth as a heat sink. For a more extensive treat-
ment of combined strategies by region for daylight-
ing, cooling, and heating, see Lechner (2008) for
17 U.S. climate zones with bioclimatic charts of
monthly conditions, vernacular design approaches,
and recommended climate design priorities.

4.6 VISUAL AND ACOUSTICAL COMFORT

The state of being comfortable includes several envi-
ronmental qualities—thermal, visual, and acoustic
conditions that contribute to our health and well-
being. As discussed in this chapter, thermal comfort
isrepresented by a fairly unified theory in which the
interrelationships of environmental and personal
variables are defined and quantified. Visual and
acoustical comfort variables are not so well devel-
oped or researched. The visual and acoustical com-
fort pictures are complex: If one variable changes,
the impact on other variables is unclear and there
are no guarantees of comfort. For example, if
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daylight and electric light are integrated, is glare
necessarily eliminated by adequate illuminance and
color rendering? Visual comfort can also mean pro-
viding a connection to the outdoors and visual stim-
ulation through the use of view windows. Acoustic

comfort in a classroom may mean that teachers and
students can hear one another, and external noises
are prevented from reaching the classroom; or class-
rooms may simply have good reverberation time so
that students can hear the teacher.
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This chapter focused upon thermal comfort
because of the highly developed state of thermal
comfort information and standards. A focus on
visual and acoustical comfort is no less important
to building design, but the information available to
the designer is not as well integrated or standard-
ized. The designer can begin to understand the
complexities of these issues by examining issues
individually and then integrating concerns via the
design process.
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CcH AP TER

Indoor Air Quality

SINCE THE ADVENT OF MODERN HVAC
systems, ventilation has generally been addressed
via heating and cooling system design efforts. In cen-
turies past, however, there were special systems to
provide outside air to buildings, even at the residen-
tial scale. Banham (1969) describes both large and
small buildings where outside air was deliberately
introduced. In the home that Dr. John Hayward
built for his family in 1867, the Octagon in Liver-
pool, England (Fig. 5.1), outdoor air was brought
into the basement, slowed down to precipitate some
particulates, then heated to help it rise throughout
the four-story building. Ceiling vents just above gas
lights drew “vitiated” air from each room, which
was then vented to a “foul air chamber” in the attic.
From there, a large shaft functioned using a com-
bined siphon and stack effect. Powered at its low
point by ever-present heat from the kitchen cooking
range, it drew the foul air down, then up a very high
chimney to discharge.

Fig. 5.1 Fresh air intake, stale air exhaust at the Octagon, Grove
Street, Liverpool, 1867. Dr. John Hayward built this exhaust
system. Dirty air outside (coal-fired industries and buildings
were common) and inside (gas lamps) probably produced an
IAQ considerably worse than today’s norms. 1. Fresh air intake;
2. Settling chamber in the basement; 3. Heating coils, 4. Air
passages in lobby floors, 5. Air passages in the cornice; é. Extract
above a gas lamp; 7. Foul air chamber; 8. Foul air down a duct;
9. Foul air chimney; 10. Flue from a kitchen range. (Reprinted by
permission from Banham, Reyner. 1969. The Architecture of the
Well-Tempered Environment. The Architectural Press. London.)
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5.1 INDOOR AIR QUALITY
AND BUILDING DESIGN

Several trends have combined to bring indoor air
quality (IAQ) concerns back into prominence.
First, an increasingly large percentage of people’s
time is now spent indoors, and in more tightly con-
trolled environments, as a service-based economy
overtakes a manufacturing-based one. Second, the
oil embargo of 1973 raised the world’s conscious-
ness regarding finite energy sources, producing
a sudden and powerful rush toward energy-con-
serving designs. This, in turn, encouraged design-
ers to limit the introduction of outdoor air that
required cooling in summer and heating in winter.
Third, a proliferation of chemicals in our environ-
ment has produced a vast array of potential air
pollutants—from synthetic products permanently
installed within buildings, from equipment used
indoors, and from cleaning fluids used in mainte-
nance. With more time spent in less fresh air and
surrounded by more pollution sources, increasing
numbers of buildings have seen experiences with
sick building syndrome (SBS). SBS (by one defini-
tion) is a situation wherein more than 20% of the
occupants complain of symptoms associated with
SBS—such as headaches, upper respiratory irrita-
tion, and irritations of the eyes, among others. If
these symptoms disappear after occupants leave
the workplace (weekends are especially good peri-
ods of contrast), SBS is strongly indicated.

The building designer has an elusive task
when air quality is at issue, because so little can be
accurately predicted. Heat flow rates, occupancy
schedules, and typical weather patterns can be
combined to estimate with some confidence how
much energy will be consumed by a building; con-
struction types can then be altered in the design
stage toyield predictably different results. Designers
have few tables that provide rates of outgassing for
various materials at given temperatures and no
well-established data on design conditions for the
quality of local or regional outdoor (fresh) air, even
though there is readily available and reliable infor-
mation for air temperature and humidity.

Controlling the quality of indoor air may be
as important to building occupants as controlling
for thermal or acoustical comfort. Designers know
that saving energy for heating and cooling lowers
the cost of maintaining a building; employers know

that lost productivity from either on-the-job ill-
ness or sick leave can result in much greater costs.
One estimate for a large office building compared
the cost of increasing ventilation and improv-
ing air filtration to the value of projected health
and productivity benefits. Initial improvements
yielded estimated benefit-to-cost ratios of 50 to 1
(increased ventilation) and 20 to 1 (improved fil-
tration). Acceptable thermal conditions and accept-
able IAQ are not synonymous. Buildings that are
thermally comfortable can still cause SBS when
pollutants are sufficiently numerous.

ASHRAE (Standard 62.1, 2007) has defined
acceptable indoor air quality as: “air in which
there are no known contaminants at harmful con-
centrations as determined by cognizant authori-
ties and with which a substantial majority (80%
or more) of the people exposed do not express
dissatisfaction.” There are two components to
this definition—a comfort response and a health
benchmark. Providing acceptable IAQ depends
upon four major considerations, three of which
depend largely on the designer:

1. Limiting pollution at the source (choosing
materials and equipment carefully)

2. Isolating unavoidable sources of pollution

3. Providing for an adequate supply and filtering
of fresh air (and recirculated air)

4. Maintaining a building and its equipment in a
clean condition

Dealing with indoor pollution at its source,
by choosing materials and equipment with care
whenever possible, rather than increasing outdoor
airflow rates (and related energy consumption) is
the most rational IAQ strategy. The designer can
further provide for improved IAQ by carefully
locating a building on its site; zoning to isolate pol-
lutant sources; and providing clean, adequate, and
well-distributed outdoor air, air-cleaning devices,
and building commissioning. Providing a flush
mode following completion of construction might
be considered. It is up to a building’s managers to
maintain IAQ by means of a regular equipment
maintenance program, regular interior clean-
ing, and a careful selection of cleaning agents.
Furthermore, a flush of the building after every
unoccupied weekend or holiday period is helpful
in removing pollutants accumulated from finishes
and furnishings.



5.2 POLLUTANT SOURCES AND IMPACTS

Indoor air pollution can be described both in terms
of the types of contaminants (gaseous, organic, or
particulate) and the types of effects (odors, irritants,
toxic substances) involved. People not only inhale
contaminants, but also absorb and ingest some—
the nose is not the only pollutant receptor/sensor.
Table 5.1 summarizes some common indoor air
pollutants, their effects, and simple strategies to
ameliorate them. For some contaminants, the only
method of avoidance is to design for their exclu-
sion; equipment will not remove them, although
increased ventilation can reduce their impact.
Examples are asbestos, radon, and pesticides.

(a) Odors

One of the most immediate indicators of IAQ prob-
lems is odor. People are sensitive to odors over an
extraordinary range, whereas equipment to detect
and classify odors is woefully lacking. Odors are
perceived most strongly on initial encounter; then
“fatigue” occurs and perception fades. Thus, visitors
are more likely to detect odors than are the long-
term inhabitants of a space. Odors may be simply
unpleasant, with psychological consequences, or
may be indicators of a more serious TAQ problem
with physiological consequences. When an unfa-
miliar odor is detected, our reactions are positive,
neutral, or negative, depending upon whether we
perceive a threat or enjoyment through the odor.

Sometimes odors are directly traceable to a
source, but in office environments odors are usually
more complex. A typical office environment odor
blend may include body odors, grooming products
(perfumes, colognes), copy machines, food products,
cleaning fluids, and outgassing from materials. More
rarely, in a decreasing number of locales, tobacco
smoke may also be present. This complexity pro-
duces an interesting reaction; people tend to become
less sensitive to each of the component odors, with
a resulting overall masking. However, an architec-
turally imposed masking approach—the deliberate
introduction of a “perfume” to cover offending odors—
israrely successful. (Sweet-and-sour may work nicely
for the palate, but olfactorily it can be uniquely nause-
ating.) Conversely, as the indoor environment is freed
of multiple odors, people become more sensitive to the
one or two odors that remain.
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Often a simple measurement of carbon dioxide
(CO,) concentration is used as a first indicator (a
surrogate) of potential IAQ problems related to occu-
pancy, because the CO, concentration indoors is
generally proportional to the human concentration.

Filtering odors from indoor air is usually
accomplished with electronic or activated char-
coal filters, described in Section 5.6.

(b) Irritants

Unlike odors, which are immediately perceived
and fade with prolonged exposure, irritants are
often imperceptible at first but cause increasing
distress over time. Symptoms of irritants include
itching or burning eyes, sneezing, coughing, dry
nose and throat, sore throat, and tightness of the
chest. Most irritants are present in the form of par-
ticles and gas dispersoids (Table 5.2).

Sources of irritants typically include the build-
ing itself and the equipment and occupants within.
New and newly renovated buildings are particu-
larly prone to problems from outgassing of paints,
adhesives, sealants, office furniture, carpeting, and
vinyl wall coverings. Volatile organic compounds
(VOCs) are chemicals containing carbon molecules
that are volatile; that is, they off-gas or evaporate
from material surfaces at room temperatures. The
VOClist is long: methane, ethane, methylene chlo-
ride, trichloroethane, chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), hydrofluoro-
carbons (HFCs), formaldehyde, and hydrocarbons
such as styrene, benzene, and alcohols. All are
now found frequently in new buildings.

Long-term occupancy brings other irri-
tants. Ozone, valuable in the upper atmosphere
but a smog component below, is produced by
copy machines, high-voltage electrical equip-
ment, and—ironically—electrostatic air clean-
ers. Mineral fibrous particles can be produced by
the breakdown of duct liner/insulation and fire-
proofing. Hydrocarbon compounds come from
copy machines and copy papers. Tobacco smoke
is a mixture of gases and fine particles especially
irritating to many individuals. Low humidity can
exacerbate problems with irritants, producing
symptoms similar to those from chemicals. Carpet
shampooing yields organic solvents and ammo-
nia; nighttime cleaning coinciding with reduced or
nonexistent ventilation is especially problematic.

DESIGN CONTEXT
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TABLE 5.1 Common Air Pollutants

Pollutant

Sources

Effects

Control Strategies

Excess moisture?

Cooking (heating open liquids),

washing, exhaling

Increases growth of fungi,
bacteria, and dust mites

Exhaust ventilation at source;
dehumidification

Carbon dioxide
(COy)

Human respiration

Minor discomfort at high
concentrations; “stuffiness”

CO, is a good indicator of the
ventilation rate in tightly enclosed
spaces or where occupancy is high

Carbon monoxide
(CO)

Incomplete combustion:
furnaces, stoves, fireplaces;

motor vehicle exhaust

Headaches, dizziness, sleepiness,
muscle weakness, potentially
lethal

Sealed combustion burners,
adequate combustion air, safe
exhaust flues

Nitrogen oxides

High-temperature combustion

Irritation, possible immune
suppression

Safe exhaust flues, sealed
combustion burners

Sulfur oxides

Combustion fuels containing

sulfur (oil, coal)

Potential irritant, burning eyes,
reduces lung function

Alternative fuels, safe exhaust
flues, sealed combustion burners

small motors, electronic air

cleaners

wheezing and shortness of breath,
dizziness, asthma attacks

Polynuclear Smoking, combustion of wood | Irritants and carcinogens Prohibit smoking, lower

aromatic or coal, barbecuing, burnt food temperature in cooking, use clean

hydrocarbons fuels, burn wood in enclosed
firebox with adequate oxygen
supply

Ozone Laser printers, photocopiers, Inflammation of bronchia, Remove sources or exhaust at

source, maintain electronic air
cleaners

Volatile organic
compounds (VOCs)

Particle board, interior

laminated panels, glues, fabric

Burning eyes and nose, skin rash,
shortness of breath, headaches,

Use alternative materials, seal
particle board if used, ventilate

pipes and solder, dust and
soil near roads (residue from

leaded gas)

by young children; learning
disabilities, nausea, trembling,
numbness of extremities

Formaldehyde treatments, paints nausea, dizziness, fatigue

Others Paints, solvents, carpets, soft Intoxication, burning eyes and Use alternative materials, age
plastics, adhesives, caulkings, | nose, shortness of breath, materials before installing, ventilate
softwoods, paper products, headaches, nausea, dizziness, loss
cleaning and maintenance of judgment, panic
products

Lead Pre-1970s paint, pre-1985 Neurotoxic, especially if ingested | Identify and remove or seal old

paint, replace pipes and solder,
avoid foods grown by roadside

Pesticide residues?

Treated basements and
foundations, treated ceiling
and wall cavities, treated
cabinets and closets, treated
soil outside foundation

Neurotoxic or long-term risk of
liver, kidney, and other diseases,
including cancers

Identification and removal by
expert if history known, sealing in
pesticide if possible

Asbestos fiber

Pre-1975 steam pipe and duct
insulation, furnace and furnace
parts, pre-1980 reinforced vinyl
floor tile, and fiber cement

shingles and siding

Long-term cancer risk from
inhaling fibers

Leave material undisturbed, get
expert identification and removal if
required, seal with special sealant
and cover with sheet metal if not
crumbling

Mineral and glass
fiber

Thermal insulation, pipe
insulation, fire-resistant
acoustic tile and fabrics

Potential irritant, burning eyes,
itching skin, long-term risk of lung
damage and cancer

Handle only with respirator and
gloves, seal and enclose, do not
disturb in place

Fungus particles,
dust mites

Grow in basements, damp
carpet, bedding, fabrics, walls

and ceilings, closets

Very allergenic, burning eyes

and nose, sneezing, skin rash,
congestion, and shortness of

breath

Keep surfaces dry and clean, cover
bedding and upholstery with
barrier cloth, ventilate, use borax
treatments to retard fungus

Hazardous bacteria
(e.g., Legionella)

Standing warm water,

untreated hot tubs, air-
conditioning drain pans,

humidifier reservoirs

Severe respiratory illness,
potentially lethal

Prevent standing water, clean and
treat tubs and reservoirs

Radon gas

Natural radioactivity in soils

Increased lifetime lung cancer risk

Seal foundation and floor drains,
ventilate subsoil

Methane and other
soil gases

Decomposing garbage in
landfills, leaking sewage lines,

toxic waste

Possibly explosive or toxic,
nuisance odors

Know site history before building,
remove soil if necessary, seal
foundation and floor drains,
ventilate subsoil

Source: Adapted from Rousseau and Wasley (1997).
aToo little moisture also adversely affects health.

bpre-1980s treatments are more likely to leave residues and be toxic.
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In contrast, night maintenance with increased ven-
tilation rates—as with cooling by night ventilation
of thermal mass—can reduce this threat.

As with odors, the impacts of irritants can
be reduced with an increased outdoor air supply.
Filters for the removal of irritants usually consist
of particulate filters; less common are gaseous-
removal filters, air washers, and electronic air
cleaners. These are discussed in Section 5.6.

(c) Toxic Particulate Substances

At the top of this list is asbestos, widely used in
buildings until its toxicity was realized in the
1970s. Asbestos in tightly bound form is encoun-
tered as asbestos-cement and in vinyl-asbestos
floor tiles, and in loosely bound form as sprayed-
on asbestos insulation. The latter is particularly
dangerous, readily releasing toxic asbestos fibers
over the life of the material. With asbestos, neither
increased ventilation nor filtering is acceptable; it
must be either removed under stringent isolation
controls or sealed and left in place.

Some of the respirable particles (see Table 5.2)
that result from incomplete combustion are toxic.
Incomplete combustion can occur from tobacco
smoking, in woodstoves, fireplaces, and gasranges,
and from unvented gas or kerosene space heaters.
Lacking control of combustion at its source, the
remedies are to isolate the source insofar as pos-
sible, exhaust air from the immediate vicinity,
increase the outdoor air supply to the area, and
utilize particle filtering.

(d) Biological Contaminants

Because living things inhabit both buildings and
outdoor air, there will be biological contaminants
such as bacteria, fungi, viruses, algae, insect parts,
and dust within buildings. Moisture encourages
both the retention and growth of these contami-
nants; standing water (which may occur in HVAC
system components) and moist interior surfaces are
likely trouble sites. Allergic reactions and infectious
and noninfectious diseases can result. Outbreaks of
Legionnaire’s disease have occurred when improp-
erly maintained HVAC systems incubated and
then distributed disease-causing microorganisms.
Now residential humidifiers, dehumidifiers, and
air-conditioner drain pans are suspect.

Remedies for biological contaminants begin
with good design and end with vigilant mainte-
nance. Although exposure to ultraviolet radiation
is sometimes used as a control strategy, filters are
rarely an effective solution for these contaminants.

(e) Radon and Soil Gases

Radon is a radioactive gas that decays rapidly,
releasing radiation at each stage. It is colorless
and odorless, and thus is undetectable by human
sense. If we inhale radon, radiation release in the
lungs can cause lung cancer. Other soil gases
include methane (usually odiferous) and some
pesticides that can volatize and enter buildings
with soil gases. Effects on human beings are not
likely to be beneficial.

In many buildings with high levels of radon,
the problem has been traced to exposure to soil.
Radon penetrates through floor and wall cracks
and openings around plumbing pipes; thus,
below-ground spaces are particularly at risk. Pen-
etrations of below-grade walls and floors should be
both minimized and well sealed; under-slab ven-
tilation (Section 5.5c¢) may be appropriate, espe-
cially in areas of high radon risk.

5.3 PREDICTING INDOOR AIR QUALITY

Assuming that pollutant sources have been mini-
mized, designers essentially need to know how
much outdoor air and what extent of filtering will
produce acceptable indoor air quality. These ques-
tions are difficult to answer.

(a) Ventilation Rate

The most common remedy for SBS (after con-
trolling pollution sources) is to increase the rate
of outdoor air ventilation. Recommended rates
of ventilation are found in Tables E.25 (nonresi-
dential) and E.26 (residential). Although very
small amounts of outdoor air will provide suf-
ficient oxygen, and although human body odor
control is usually achievable at a rate of from 6
to 9 cfm (cubic feet per minute) (3 to 4.5 L/s) of
outdoor air per occupant, outdoor air has more to
do than provide oxygen and control odors. Defin-
ing minimum outdoor air supply rates has proven



to be a controversial task. The current ASHRAE
ventilation standard (Standard 62.1-2007—for
other than low-rise residential buildings) estab-
lishes minimum rates (Table E.25) on the basis of
an occupancy component and a building compo-
nent in recognition of these distinct contaminant
sources. Some feel that the outdoor air require-
ments are too high, others that they are too low.

Two units have been proposed to integrate
the various indoor air pollutants in the same way
that they are perceived by human beings. The olf
is a unit of pollution (1 olf = the bioeffluents pro-
duced by the average person); the decipol is a unit
of perceived air quality. These are related in this
proposed comfort formula:

G
G -G,

Q=10
where
Q = ventilation rate, L/s
G = total pollution sources, olf
C; = perceived indoor air quality, decipol
C, = perceived outdoor air quality, decipol

At present, C; is recommended to be set at 1.4
decipol, which represents an expectation of 80%
of occupants satisfied with TAQ. C, and G may be
roughly estimated from Table 5.3. These proposals
are discussed in more detail in Fanger (1989).

The concept of replacance affects the design of
ventilation systems. Table 5.4 shows that at the
rate of 1 air change per hour (ACH) of outdoor air,
an indoor space would have only 63% “new” air
after 1 hour; about 8 hours at this rate is required
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TABLE 5.3 Estimating Indoor Air Quality

PART A. PERCEIVED OUTDOOR AIR QUALITY, C,

During smog episodes >1 decipol
In cities with moderate air pollution 0.05-0.3 decipol
On mountains or at sea 0.01 decipol

PART B. ESTIMATED OLF LOADS IN OFFICES
PER m? of FLOOR AREA

Pollution Source olf/m?

Occupants (10 m? per person)

Bioeffluents B

Additional load from 20% smokers 0.1

40% 0.2

60% 0.3
Materials and ventilation system

Average in existing buildings® 0.4

Low-olf buildings? 0.1
Total load in office buildings

Average in existing buildings (40% smokers) 0.7

Low-olf buildings (nonsmoking) 0.2

Source: Fanger (1989). Reprinted by permission from the ASHRAE
Journal, © 1989 by the American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Inc., Atlanta, GA.

aBased upon field studies of 15 randomly selected buildings in
Copenhagen.

bDesigned to contain low-outgassing materials and a frequently
maintained ventilating system.

for all the “old” air to be exhausted. There is, then,
a difference between the fresh air input rate (ACH)
and the replacance—the fraction of air molecules
at one specified time that was not in the indoor
space at an earlier reference time. This relation-
ship, along with details of air pollutants (and of
heat exchanger design for energy conservation), is
thoroughly discussed in Shurcliff (1981).

The campus for the Environmental Protection
Agency (EPA) in Research Triangle Park, North

TABLE 5.4 Air Replacance Compared to Input Air Changes per Hour (ACH)

Note: Mixing is considered continuous and vigorous—as would be obtained in a forced-ventilation system.

Time from Rate of

Repl. %
Start of Air Input eplacance (%)
Run (h) (ACH): 0.06 0.12 0.25 0.5 1 2 4 8 16
Ye 0.4 0.8 1.6 3.1 6.1 11.7 22.1 39.3 63.2
A 0.8 1.6 3.1 6.1 11.7 22.1 39.3 63.2 86.5
A 16 3.1 6.1 1.7 22.1 39.3 63.2 86.5 98.2
% 3.1 6.1 11.7 22.1 39.3 63.2 86.5 98.2 99.9
1 6.1 11.7 22.1 393 63.2 86.5 98.2 99.9 100
2 11.7 22.1 39.3 63.2 86.5 98.2 99.9 100 100
4 22.1 39.3 63.2 86.5 90.2 99.9 100 100 100
8 39.3 63.2 86.5 98.2 99.9 100 100 100 100
16 63.2 86.5 98.2 99.9 100 100 100 100 100

Source: Shurcliff (1981). Reprinted by permission.
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Carolina, was designed with special emphasis on TAQ
(Fig. 5.2). The designers considered several alterna-
tives for fresh air provision, deciding that a simple
variable air volume (VAV) system, set at a minimum
of 3 ACH (of combined fresh and recycled air) would
be acceptable. If the system had been designed with a
typical minimum, only 1 ACH would have resulted
during periods when neither heating nor cooling
was required (typical spring and fall conditions).
A 6 ACH alternative, on the other hand, would have
dramatically increased energy consumption.

(b) Testing

When a client is especially interested in IAQ,
full-scale time tests can be used. At the new EPA
campus (Fig. 5.2), the contractor was given a
target for allowable contaminant concentra-
tions (Table 5.5, Part B). Any material assembly
deemed likely to contribute more than one-third of
these allowable concentrations, and used in large
quantities, was to be tested before acceptance. One
desirable outcome of such testing and associated
materials specifications is the possible avoidance
(or shortening) of an anticipated flush-out of a
completed building before occupancy.

5.4 ZONING FOR IAQ

After pollution controlisimplemented at the source
(cleaner equipment, prohibiting smoking, careful

material choices, etc.), remaining unavoidable
pollutant sources should be identified. Then more
sensitive building areas should be isolated from the
key contaminators. This is sometimes difficult, as
in “open offices” where walls are unwelcome but
copying machines are essential. In such cases, the
method is to erect as much of a barrier as possible
around an offender, then task ventilate to remove
the contaminated air immediately. Sometimes air
pollution sources also produce unwanted sound,
in which case the argument for a more complete
barrier may become more compelling.

Many health-care and laboratory buildings
have “clean” and “dirty” zones, and even sepa-
rate circulation pathways. Differential air pres-
sures are often maintained to discourage air flow
from dirty to clean zones—with higher pressure in
clean areas, lower pressure in dirty areas. Lower-
pressure areas can be created simply by exhaust-
ing air from such spaces, as well as by limiting the
volume of supply air. Higher-pressure areas can
be created by installing makeup air equipment, as
well as increasing the volume of supply air from
the HVAC system.

On a site-planning scale, try to locate air
intakes upwind from pollution sources. Because
winds frequently change direction, this may be
more a matter of adequate separation distance
than direction. The most obvious example is a
major air intake for a central HVAC system, which
should be as far as possible from parking areas,

Fig. 5.2 The campus of the

U.S. Environmental Protection
Agency at Research Triangle
Park, North Carolina, features
concentrated parking separate
from the buildings. High exhaust
stacks disperse air from labo-
ratories; intakes are kept well
away from exhaust. (Courtesy of
Hellmuth, Obata + Kassabaum,
Washington, DC.)



TABLE 5.5 Air Quality Standards
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PART A. NATIONAL AMBIENT-AIR QUALITY STANDARDS FOR OUTDOOR AIR

Long-Term Short-Term

Concentration Averaging Concentration Averaging
Contaminant ug/m3 ppm ug/m3 ppm
Sulfur dioxide 80 0.03 1 year 365 0.14 24 hours
Total particulate 752 — 1 year 260 — 24 hours
Carbon monoxide 40,000 35 1 hour
Carbon monoxide 10,000 9 8 hours
Oxidants (Ozone) 2350 0.12P 1 hour
Nitrogen dioxide 100 0.055 1 year
Lead 1.5 — 3 months®

Source: U.S. Environmental Protection Agency.

PART B. MAXIMUM INDOOR AIR CONCENTRATION STANDARDS AT EPA CAMPUS

Indoor Contaminants

Allowable Air Concentration Levels?

Carbon monoxide (CO)
Carbon dioxide (CO,)
Airborne mold and mildew
Formaldehyde

Total VOC

4 Phenyl cyclohexene (4-PC)¢
Total particulates

Regulated pollutants

Other pollutants

<9 ppm

<800 ppm

Simultaneous indoor and outdoor readings

<20 pg/m? above outside air

<200 pg/m?3 above outside air

<3 ug/m?

<20 ug/m?

<National Ambient-Air Quality Standards (see Part A)
<5% of TLV-TWA'

Source: Hellmuth, Obata + Kassabaum (2001).
2Arithmetic mean.

bThe standard is attained when the expected number of days per calendar year with maximum hourly average concentrations above 0.12

ppm (235 pg/m3) is equal to or less than 1.
¢A 3-month period is a calendar quarter.

9These levels must be achieved prior to acceptance of building. They do not account for contributions from office furniture, occupants,

and occupant activity.

€4-PC is an odorous contaminant constituent in carpets with styrene-butadiene-latex rubber (SBR).

TLV-TWA is threshold limit value, time-weighted average.

delivery docks, and streets—and from the exhaust
outlets from that same HVAC system or outlets
from other building systems. Even exhaust outlets
should be located carefully, because there is a pos-
sibility that at times outdoor air can be drawn into
these exhaust openings. A mechanical equipment
room is the typical location for both intake and
exhaust; energy conservation devices such as heat
exchangers benefit from close proximity of intake
and exhaust. Most animals use the same “ducts”
to breathe in and exhale, obviously inviting air
reentrainment. For a building, however, separa-
tion of these openings is prudent design.

The campus for the EPA (Fig. 5.2) is an
example of predesign planning for IAQ. This is a
1,000,000-ft> (92,900-m?) building complex
serving a population of more than 2000 on 133
acres (54 hectares) of farm land that has reverted
to second-growth hardwoods. Table 5.6 gives a

summary of design decisions and their impact on
IAQ. Some of the more visible design consequences
are the separation of parking and building, the con-
centration of parking in a structure (less impact
on the existing landscape, more control of vehicle
fumes), and the height of the exhaust stacks from
the laboratories. Many other design decisions are
hidden within the building’s materials and HVAC
system, as detailed in Table 5.6.

The topic of zoning includes decisions about
local versus central equipment. Should individ-
ual exhaust fans be installed (creating selective
lower-pressure areas) or a central exhaust fan
(that can discharge up a very tall stack)? Should
air cleaners be installed locally, where they can
be selected according to the degree of pollution,
or centrally, where they can be more easily and
regularly maintained? What about heat exchang-
ers for tempering incoming air: many smaller

DESIGN CONTEXT
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TABLE 5.6 Design Decisions and Impacts: EPA Campus, Research Triangle Park

Item Decision Impact on IAQ
Siting of building Locate exhaust downwind from air intakes, Minimizes reentrainment of laboratory exhaust
separate by >100 ft (30 m) air at air intakes
Maximize separation between parking areas | Reduces the potential for vehicular exhaust
and air intakes entering building
Location of parking Locate parking structure away from the Reduces the potential for vehicular exhaust
garages building entering building
Laboratory exhaust stacks |Increase stack height to 30 ft (9 m) based on | Minimizes reentrainment of laboratory exhausts
wind tunnel testing into air intakes
Radon Site-specific testing confirmed low levels of Confirmed that radon levels are safe
radon
Delivery/loading zone Maintain negative pressure in loading area, Eliminates entrainment of delivery vehicle
positive pressure in building exhaust
Landscaping Low-maintenance and nonsporulating plants | Intake of spores, fertilizer, or chemicals entering
selected building is reduced
Plants used as a barrier to vehicle exhaust Minimizes entrainment of delivery vehicle exhaust
Laboratory fume hoods Install flow gauges and alarms Provides warning of air contaminants present in
laboratory areas due to loss of flow
Acoustic insulation of Ductwork increased in size to reduce need for | Minimizes release of fibers into the airstream and
ducts acoustical insulation; in select areas, mylar- possible contamination of the HVAC system
coated duct silencers are used as ductwork (duct liners are difficult to monitor or to clean
transitions out of equipment rooms and can be sites of microbial growth)
Moisture accumulation Install drain pans pitched toward drain pipe Reduces moisture, which could result in

introduction of bacterial contamination into
HVAC system

Humidity control No moisture carryover into system Minimizes moisture in HVAC system and
resultant bacterial contaminants due to
moisture

Corrosion inhibitors Inhibitors do not contain volatile amines Eliminates exposure to certain air contaminants

System maintenance Provide access panels at ductwork Maximizes ease of maintaining HVAC system

appurtenances and ample clearance around
equipment
Outside ventilation rate 100% outdoor air in laboratories; 20 ¢fm (10 | Maximizes occupant comfort and removal of air
L/s) per person in offices contaminants
Flexibility to increase ventilation rate 20% for | Minimizes possible occupant exposure to
unexpected sources contaminants
Airflow efficiency Minimum airflow rate set at 3 ACH for VAV | Increases air movement and ventilation
system in office areas effectiveness
Flexible connections to room diffusers in open | Facilitates modifications to enhance airflow as
office areas necessary

Air cleaning ASHRAE 30% efficiency pre-filters with 85% | Minimizes dust and other aerosols entering

final filters indoor air via the HVAC system
Flexibility to add scrubbers to laboratory Minimizes release of contaminants to ambient air
exhaust Eliminates bird droppings and possible
Use bird-proofing mesh screen microorganism infection in the HVAC system
Thermal control Building automated control system Provides optimum control of temperature and
Fixed windows pressure

Prevents unconditioned air from entering
building; maintains positive pressure in

laboratories
Exhaust system 100% exhaust for photocopying rooms, Eliminates potential to recirculate contaminants
laboratories, food preparation areas and odors through the building via the HVAC
Photocopiers located within 10 ft (3 m) of system
exhaust vent Controls potential source of air contaminants;
recirculated air is filtered prior to its return
Smoking Designate building as nonsmoking Eliminates exposure to secondhand smoke and
recirculation of tobacco smoke via the HVAC
system
Building materials, Materials selected to minimize release of Minimize occupant exposure to contaminants as
finishes, furnishings contaminants from products a result of off-gassing from building materials,

finishes, furnishings

Source: Hellmuth, Obata + Kassabaum, Architects, Washington, DC. This material was produced with U.S. government sponsorship
through Order #70-2124-NTLX.
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ones or one large one? The larger and more
complex a building is, the more likely the devel-
opment of a mix of local, specialized zones and a
large, more general zone that is centrally served.
Figure 5.3 explores the issue of the location of an
office copier: at the edge, where task ventilation
is easy, but plentiful daylight and a view may be
“wasted” on this function, or away from the edge,
where a central exhaust system is more likely to
be utilized.

5.5 PASSIVE AND LOW-ENERGY
APPROACHES FOR CONTROL OF IAQ

This section deals with passive ventilation for con-
trol ofindoor air quality. Ventilation is an approach
that assumes that “the solution to pollution is dilu-
tion.” Another TAQ strategy, air cleaning, almost
always involves forcing air through various filter-
ing devices using active systems. Filters and other
equipment associated with active approaches to
both ventilation and air cleaning are discussed in
a following section.

(a) Windows

Operable windows are one of the oldest and most
common “switches” of all. Passive ventilation
through windows and skylights is influenced by
the position of the open window; if wind strikes the
glass surface in its open position, it will be deflected.
The direction of the wind approaching the window
is generally unpredictable. Also, whereas for sim-
ple ventilation (without cooling) it is usually desir-
able to keep wind away from people, for cooling at
temperatures above the standard comfort zone,
wind across the body is helpful (see Fig. 3.30). For
these reasons, a window that can be opened in a
variety of positions can be useful; some examples
are shown in Fig. 5.4.

Perhaps the best aspect of operable windows
is that they give the building occupants some con-
trol over the source of outdoor air. Perhaps the
worst aspect is that they rarely offer any means of
filtering this incoming air. They also can confound
attempts by a central HVAC system to regulate
airflow and the resulting pressure. Sometimes
they admit air (windward side); at other times,
they exhaust it (leeward side). Note that the EPA

(b)

Fig. 5.3 Zoning for IAQ: the office copier. This notorious source
of VOCs can be located at the perimeter (a), where access to
fresh air and direct exhaust is simple, however, perimeter space
is prime real estate for daylight and views. If the copier is located
in less-desirable interior space (b), exhaust air can create nega-
tive air pressure, drawing air from adjacent offices and contain-
ing the VOCS, longer runs of exhaust ducts are required.

Campus (Fig. 5.2) elected to install fixed, not oper-
able, windows.

Some windows offer more free area of open-
ing than others of the same size. Figure 5.5 com-
pares some common window types. The pattern
of incoming flow is also highly influenced by the
way in which these windows open. The outward
flow is somewhat affected as well. Insect screens
will reduce the flow of air. Details of windows and
screens are discussed in Chandra et al. (1986).
Estimating wind-driven airflow through window
openings is discussed in Chapter 8.

Windows work best in the presence of wind. In
calm conditions, they may still admit—or exhaust—
air due to the stack effect. The taller the building,
the more pronounced this effect. Operable windows
in very tall buildings have been shunned by design-
ers until recently. The Commerzbank in Frankfurt,
Germany, is a 56-story tower. Each office’s exterior
window (Fig. 5.6) is operable in temperate weather,
and the occupant decides the degree of openness; a
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(a)

single-hung

casement 90%

double-hung

(D)

Jalousie /5%

sliding 45%

Fig. 5.4 A window that can open in more
than one position can enhance ventilation
performance. (a) The window tilts from the
top, directing the incoming air toward the
ceiling; fresh air does not directly encounter
workers within the space. (b) The window
swings inward, allowing incoming air to move
across people, enhancing warm-weather
cooling. (Courtesy of Three Rivers Aluminum
Company, Inc.)

awning 75%

hopper 453

Fig. 5.5 The percentage of actual openable area varies with the window type. (Reprinted by permission from Moore, Fuller. 1994.
Environmental Control Systems: Heating, Cooling, Lighting. McGraw-Hill Company. New York.)
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lock-out is controlled by a building management
system (BMS). The full-height office window's outer
skin consists of fixed single-glazed safety glass, with
5-in. (125-mm) ventilation slots all across the top
and bottom. These serve the 8-in. (200-mm) wide
cavity between the outer and inner window skins.
The inner window is double-glazed, hinged at floor
level, and has a motor-operated tilt-in mechanism
at the top. Motorized blinds for solar shading are
located within the cavity between the window skins.
A central atrium provides a stack effect so that an
open window is usually a source of incoming rather
than exhaust air, although the top and bottom slots
allow for a slight stack effect at each window.

(b) Stack Effect

Several applications of the principle that hot air
rises are applicable to IAQ. Estimating airflow
due to the stack effect is discussed in Chapter 8,
along with more detailed calculations. Devices
can be used to enhance the stack effect by creat-

Fig. 5.7 Two wind-gravity (turbine) ventilators accent the skyline of the
addition to Barton Hall at the University of New Hampshire. These draw hot
exhaust air from the auditorium, cool outdoor air is admitted through low
windows and shutters in the auditorium’s north wall. (Courtesy of Banwell

White Arnold Hemberger & Partners, Inc., Hanover, NH.)

/>
S0 %

Fig. 5.6 The Commerzbank is a recent addition to Frankfurt,
Germany's, skyline. Operable windows in this 56-story tower are
tilted in from the top by occupants, while a fixed outer pane with
continuous venting slots at the top and bottom keeps air cur-
rents under control. Shown here in exhaust mode, the window
can also supply fresh air to the office. Under adverse outdoor
conditions, the building management system (BMS) locks the
inner window in the closed position.

ing suction when wind blows across the top of a
stack. Probably the most common (available in
chain-store catalogs) are wind gravity or turbine
ventilators (Fig. 5.7); typical performance char-
acteristics are listed in Table 5.7. This is probably
not the most effective topping device, however.
Figure 5.8 compares volumetric airflow results for
a turbine and several other ventilators with those
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TABLE 5.7 Turbine Ventilator Performance

Note: The combination of wind suction and stack effect produces the following exhaust capacities (in cfm) for various throat diameters and
stack heights of turbine ventilators. Recommended spacing between ventilators is 20 ft.

IP UNITS

Outdoor Wind
Velocity: mph

AT, indoors-
outdoors °F

Height
Turbine Above
Throat Intake
Diameter ft

10 114 125 130 210 221 226 314 325 330 426 437 442 534 545 550
20 122 135 144 218 231 240 322 335 344 434 447 456 542 555 564
30 129 144 156 225 240 252 329 344 356 441 456 468 549 564 576
40 135 152 166 231 248 262 335 352 366 447 464 478 555 572 586
10 209 222 274 370 383 435 545 558 610 728 741 793 915 928 980
20 234 269 301 395 430 462 570 605 637 753 788 820 940 975 1007

107 20 30 (10 20 30| 10 20 30 | 10 20 30 10 20 30

Exhaust Capacity (cfm)

6”

10 30 254 301 328 415 462 489 590 637 664 773 820 847 960 1007 1034
40 269 318 355 430 479 516 605 654 691 788 837 874 975 1024 1061

10 333 383 422 558 608 647 804 854 893 1062 1112 1151 1324 1374 1413

., 20 376 444 496 601 669 721 847 915 967 1105 1173 1225 1367 1435 1487
14 30 413 496 560 638 721 785 884 967 1031 1142 1225 1289 1404 1487 1551
40 444 539 614 669 764 839 915 1010 1085 1173 1268 1343 1435 1530 1605

10 476 564 623 755 843 902 1071 1159 1218 1399 1487 1546 1737 1825 1884

L 20 549 662 747 828 941 1026 1144 1257 1342 1472 1585 1670 1810 1923 2008
18 30 611 747 853 890 1026 1132 1206 1342 1448 1534 1670 1776 1872 2008 2114
40 662 819 941 941 1098 1220 1257 1414 1536 1585 1742 1864 1923 2080 2202

10 716 874 978 1101 1259 1363 1522 1680 1784 1963 2121 2225 2412 2570 2674

., 20 844 1046 1196 1229 1431 1581 1650 1852 2002 2091 2293 2443 2540 2742 2892
24 30 954 1196 1384 1339 1581 1769 1760 2002 2190 2201 2443 2631 2650 2892 3080
40 1046 1324 1542 1431 1709 1927 1852 2130 2348 2293 2571 2789 2742 3020 3238

10 1139 1385 1545 1719 1965 2125 2379 2625 2785 3068 3314 3474 3769 4015 4175

307 20 1342 1655 1890 1922 2235 2470 2582 2895 3130 3271 3584 3819 3972 4285 4520
30 1514 1890 2185 2094 2470 2765 2754 3130 3425 3443 3819 4114 4144 4520 4815

40 1655 2090 2430 2235 2670 3010 2895 3330 3670 3584 4019 4359 4285 4720 5060

10 1613 1967 2201 2475 2829 3063 3418 3772 4006 4414 4768 5002 5428 5782 6016

367 20 1901 2354 2692 2763 3216 3554 3706 4159 4497 4702 5155 5493 5716 6169 6507
30 2148 2692 3115 3010 3554 3977 3953 4497 4920 4949 5493 5916 5963 6507 6930

40 2354 2981 3470 3216 3843 4332 4159 4786 5275 5155 5782 6271 6169 6796 7285

10 2183 2663 2998 3350 3835 4170 4645 5125 5460 6000 6480 6815 7365 7845 8180

427 20 2588 3203 3668 3760 4375 4840 5050 5665 6130 6405 7020 7485 7770 8385 8850
30 2928 3668 4243 4100 4840 5415 5390 6130 6705 6745 7485 8060 8110 8850 9425

40 3203 4058 4723 4375 5230 5895 5665 6520 7185 7020 7875 8540 8385 9240 9905

10 2868 3500 3925 4412 5044 5469 6078 6710 7135 7843 8475 8900 9638 10270 10695

48" 20 3378 4185 4785 4922 5729 6329 6588 7395 7995 8353 9160 9760 10148 10955 11555

30 3817 4785 5535 5361 6329 7079 7027 7995 8745 8792 9760 10510 10587 11555 12305
40 4185 5300 6175 5729 6844 7719 7395 8510 9385 9160 10275 11150 10955 12070 12945




PASSIVE AND LOW-ENERGY APPROACHES FOR CONTROL OF IAQ 129

TABLE 5.7 Turbine Ventilator Performance (Continued)

Note: The combination of wind suction and stack effect produces the following exhaust capacities (L/s) for various throat diameters and
stack heights of turbine ventilators. Recommended spacing between ventilators is 6 m.

SI UNITS
Outdoor Wind
Velocity: m/s 0.9 1.8 2.7 3.6 4.5
AT, indoors- 56 11.1 16.7| 56 111 167 | 56 11.1 167| 56 111 167 | 56 11.1 16.7
outdoors °C

Turbine Height

-I;li‘ar;aetter ?nbt:"’(: Exhaust Capacity (L/s)
mm mm
3 54 59 61 99 104 107 148 153 156 201 206 209 252 257 260
6 58 64 68 103 109 113 152 158 162 205 211 215 256 262 266
150 9 61 68 74 106 113 119 155 162 168 208 215 221 259 266 272
12 64 72 78 109 117 124 158 166 173 211 219 226 262 270 277
3 99 105 129 175 181 205 257 263 288 344 350 374 432 438 463
6 110 127 142 186 203 218 269 286 301 355 372 387 444 460 475
220 9 120 142 155 196 218 231 278 301 313 365 387 400 453 475 488
12 127 150 168 203 226 244 286 309 326 372 395 412 460 483 501
3 157 181 199 263 287 305 379 403 421 501 525 543 625 648 667
6 177 210 234 284 316 340 400 432 456 522 554 578 645 677 702
320 9 195 234 264 301 340 370 417 456 487 539 578 608 663 702 732
12 210 254 290 316 361 396 432 477 512 554 598 634 677 722 757
3 225 266 294 356 398 426 505 547 575 660 702 730 820 861 889
6 259 312 353 391 444 484 540 593 633 695 748 788 854 908 948
450 9 288 353 403 420 484 534 569 633 683 724 788 838 883 948 998
12 312 387 444 444 518 576 593 667 725 748 822 880 908 982 1039
3 338 412 462 520 594 643 718 793 842 926 1001 1050 1138 1213 1262
6 398 494 564 580 675 746 779 874 945 987 1082 1153 1199 1294 1365
610 9 450 564 653 632 746 835 831 945 1034 1039 1153 1242 1251 1365 1454
12 494 625 728 675 807 909 874 1005 1108 1082 1213 1316 1294 1425 1528
3 538 654 729 811 927 1003 1123 1239 1314 1448 1564 1639 1779 1895 1970
6 633 781 892 907 1055 1166 1219 1366 1477 1544 1691 1802 1874 2022 2133
760 9 715 892 1031 983 1166 1305 1300 1477 1616 1625 1802 1941 1956 2133 2272
12 781 986 1147 1055 1260 1420 1366 1571 1732 1691 1897 2057 2022 2227 2388
3 761 928 1038 1168 1335 1445 1613 1780 1890 2083 2250 2360 2562 2729 2839
6 897 1111 1270 1304 1518 1677 1749 1963 2122 2219 2433 2592 2697 2911 3071
910 9 1014 1270 1489 1420 1677 1877 1865 2122 2322 2335 2592 2792 2814 3071 3270
12 1111 1407 1638 1518 1814 2044 1963 2259 2489 2433 2729 2959 2911 3207 3438
3 1030 1257 1415 1581 1810 1968 2192 2419 2577 2831 3058 3216 3476 3702 3860
6 1221 1512 1731 1774 2065 2284 2383 2673 2893 3023 3313 3532 3667 3957 4176
1070 9 1382 1731 2002 1935 2284 2555 2544 2893 3164 3183 3532 3804 3827 4176 4448
12 1512 1915 2229 2065 2468 2782 2673 3077 3391 3313 3716 4030 3957 4360 4674
3 1353 1652 1852 2082 2380 2581 2868 3167 3367 3701 3999 4200 4548 4846 5047
6 1594 1975 2258 2323 2704 2987 3109 3490 3773 3942 4323 4606 4789 5170 5453
1220 9 1802 2258 2612 2530 2987 3341 3316 3773 4127 4149 4606 4960 4996 5453 5807
12 1975 2501 2914 2704 3230 3643 3490 4016 4429 4323 4849 5262 5170 5696 6109

Source: Reprinted courtesy of Western Ventilating Equipment, Inc., Los Angeles. SI units appended by authors of this book (they are not
part of original source).
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Fig. 5.8 Performance of some passive ventilators compared to a simple open stack. The popular turbine ventilator is identified as #1
but is outperformed by many other devices. (From the work of R. P. Schubert and Philip Hahn, reprinted from Progress in Passive Solar
Energy Systems; © 1983. By permission of the publisher, American Solar Energy Society, Boulder, CO.)

for a simple open stack. The tests were done in a
wind tunnel at the Virginia Polytechnic Institute.

Because the stack effect works more force-
fully with increased height, intakes should be as
low as possible. When these openings are near the
ground, precooling of summer intake air is possible.
The Cottage Restaurant in Oregon (see Fig. 1.14)
took some advantage of this principle. The Olivier
Theatre at the Bedales School in rural Hampshire,
England (Fig. 5.9), uses a gently sloping site to
similar advantage. The tightly packed audience
of a theater generates considerable heat, as do the
lights. For this theater, the maximum acceptable
temperature around the audience is about 77°F
(25°C); the heat produced by people and lights
provides a temperature increase of about 12.6°F
(7°C). Therefore, whenever the outdoor tempera-
ture is about 64.4°F (18°C), cooling of the incom-
ing air is needed.

In this theater, air is introduced to an “under-
croft” (crawl space) with a concrete floor, on
which are built many concrete block walls, form-
ing an indirect path for the incoming air. This
undercroft is cooled by night ventilation, and thus
is made ready for the next event’s heat gains. The
inlet openings are 5% of the theater floor area; the

surface area of the undercroft is 32 ft* (3 m?) per
person. The audience of 270 people is ventilated
and cooled by the air rising from this undercroft,
through openings that total 3.5% of the floor
area. Gaining heat, the air rises toward the cen-
tral cupola, aided when necessary by a “punkah”
fan (see Fig. 9.4), and exits through four louvered
sides of the cupola, with a total outlet area of 6% of
the floor area. The overall height of this stack is 51
ft (15.5 m); a maximum of 15 ACH is expected at
around 5°F (3°C) difference (warmer inside than
outside). This ventilation-cooling system is silent
and utilizes no refrigerant. In the heating season
at partial occupancy, the stack outlets are closed,
and the fan can be run in reverse to send collected
warm air downward to the floor.

(c) Under-slab Ventilation

Although the theater uses the ground’s coolth
to advantage, there are some places where the
ground contains radon (or other soil gases). A map
of the United States (Fig. 5.10) shows the rela-
tive risk from radon, a long-term harmful gas, on
a county-by-county basis. Buildings on former
industrial sites or landfills could be threatened by
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Fig. 5.9 Stack ventilation caps the Olivier Theatre at the Bedales School in rural Hampshire, England. (a) View from the east. (Photo by
VIEW/Dennis Gilbert.) (b) Section shows the openings that admit outdoor air to the concrete “undercroft,” where it is cooled, then admit-
ted below seats to the auditorium; gaining heat, it rises (assisted when necessary by a punkah fan) and exits out the four-sided damp-
ered openings in the cupola. (Designed by Fielden Clegg Architects, Bath, Avon, engineering by Max Fordham and Partners, London.)

other dangerous soil gases. Even ordinary sites can
be threatened by methane gas from a leaking sewer
line. A precaution against soil gas is to design for a
passive subslab depressurization system. This involves
atleast one 4-in. (100-mm) pipe open at both ends.
The lower end is set into a layer of clean, crushed
rock at least 4 in. (100 mm) thick that lies immedi-

ately below the floor slab. The object is to allow air
within this rock layer to enter the open end of the
pipe. The slab is poured and carefully sealed around
the pipe, and the pipe is extended (through interior
walls) through the roof, where it can vent radon
and other soil gases to a safer place. Heat from the
building drives the stack effect within this pipe.
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Fig. 5.10 Relative risks of high radon levels in the soil by county in the United States. The darker the zone, the higher the risk (zone 1,
for example, presents more risk than zone 2). (Courtesy U.S. Environmental Protection Agency. From A Guide to Radon. Environmental

Health Center, National Safety Council. Washington, DC. 1996.)

(d) Preheating Ventilation Air

Fresh air brought directly into a space during the
winter will improve TAQ, but at the expense of ther-
mal comfort. Several passive or low-energy strate-
gies to mitigate this problem are available. The
office building in Fig. 5.11 is surrounded by a 4-ft-
wide (1.2-m) cavity between the inner and outer
glass surfaces. Air within this cavity is heated, both
by the sun and by indoor heat sources, and rises
out of a damper-controlled opening. Although this
building does not utilize such heated air for ven-
tilation, it demonstrates the possibility of such an
approach. See the Comstock Center (Fig. 10.63) as
another example.

The use of a south-facing wall as a winter
preheating device with an (unglazed) transpired
collector (available as Solarwall) is illustrated in
Fig. 5.12. Aluminum sheeting, specially finished
for solar absorption and penetrated by thousands
of tiny holes, is the exterior surface. Behind this
is a cavity kept under negative pressure by a fan.
Outdoor air is drawn through the holes, heated
by the dark outer surface, and drawn up the cav-
ity to the fan and then on to the space. Insulation
and the interior surface complete the south wall.

Thus, heat loss from the building through the
south wall is recaptured by the inflowing outside
air. In summer, a fan draws air directly from the
outside, bypassing the solar cavity. The holes at
the top of the wall serve as outlets for the stack
effect produced by the solar gains through the
outer surface. There are numerous installations
around the world—one of the largest, at 108,000
ft2 (10,034 m?), is for an aircraft manufacturer
in Quebec, Canada. For the design procedure, see
NREL (1988).

Another approach to both residential winter
ventilation and heat exchange is the breathable wall
combined with an exhaust air heat pump. This sys-
tem depends upon a house being under negative
pressure, which is ensured by forced exhaust air. A
heat pump then takes heat from the exhaust air and
delivers that heat either for space heating or domes-
tic water heating. The fresh air to replace that being
expelled is drawn in through the outside walls by a
unique combination of fiberglass lap siding board,
fiberglass insulation batts, breathable sheathing,
and no vapor barrier. This allows a slow, steady
stream of cold air to enter, be warmed by the insula-
tion, then enter the house. More information is avail-
able from the National Research Council Canada.
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Fig. 5.11 The Occidental Chemical Corporate Office Building, Niagara Falls, New York. (Architects: Cannon Design, Inc.) (a) Fully
exposed to sun and wind despite its downtown site, the building appears as a conventional curtainwall box. (b) An ordinary-looking
plan with a central core and suspended ceilings. (c) On all four sides, a 4-ft (1.2-m) cavity allows for maintenance of movable daylight
louvers and window washing, as well as for ample natural ventilation by the stack effect. Although cavity airflow is released at the
roof, it could be utilized during winter as tempered fresh air to the interior.

5.6 ACTIVE APPROACHES FOR
CONTROL OF IAQ

This section concerns equipment that moves,
heats or cools, humidifies or dehumidifies, and
cleans air. A large range of capacities is involved,
from room-sized to central whole-building air

handling. A general note about heating and cool-
ing system choice: Acceptable IAQ will be easier to
achieve if the heating and cooling systems utilize
forced-air motion, because some filtering is built
into the air-handling equipment. However, sepa-
rate air-cleaning systems are becoming increas-
ingly common, so radiant heating systems with

DESIGN CONTEXT
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Distribution ducting

Heat loss through wall
captured by incoming air

Outside air is heated
passing through
perforated absorber

Distribution ducting

Fig. 5.12 Winter preheating of fresh air on a south wall using an unglazed transpired collector (a). Tiny holes in the aluminum skin admit
air to a cavity outside the wall’s insulation, where it is preheated by sun on the dark aluminum, as well as by heat escaping through the
insulation. A fan draws this air to a supply plenum, after which it is distributed to the space. In summer (b), the fan draws directly from
the outside, and the collector is self-ventilated by the stack effect. (Courtesy of the National Renewable Energy Laboratory.)

separate forced-air cleaning can yield high TAQ
(given adequate outdoor air). For cooling, an econ-
omizer cycle (see Fig. 10.36) provides up to 100%
outdoor air at times, and cooling by night ventila-
tion of thermal mass provides many complete air
changes during the nightly building maintenance
activities that are so fume-producing. Evaporative
cooling (see Chapter 8) provides a continuous flow
of outdoor air.

(a) Exhaust Fans

Exhaust fans remove air that is odorous and/or
excessively humid before it can spread beyond
bathrooms, kitchens, or process areas, creating a

negatively pressured area that further limits the
spread of undesirable air. In buildings with heat-
ing systems without air motion (radiant heating),
exhaust fans are often the only built-in devices
for moving air. They are often very noisy, which
is sometimes useful for covering noises associ-
ated with bathrooms, but also noisy enough to
discourage their use over long periods of time.
In its most simple application, the exhaust fan
is a stand-alone device, with no thought about
where the replacement air will be drawn from,
and rarely much concern about where this
unwanted air will be discharged to. (Discharge
into attics, basements, or crawl spaces is prohib-
ited by code.)



ANSI/ASHRAE Standard 62.2-2007, Venti-
lation and Acceptable Indoor Air Quality in Low-Rise
Residential Buildings, requires intermittent (user-
controlled) exhaust fans of at least 50-cfm (25-L/s)
capacity for bathrooms and 100 cfm (50 L/s) for
kitchens. The intakes for these fans should be as
close to the source of polluted air as possible so as
not to drag such air across other locations before it
leaves the space. In kitchens, this is directly above
the range (grease, odors, and water vapor); in bath-
rooms, in the ceiling above the toilet (and shower)
in order to remove the most moist air. Some options
are shown in Fig. 5.13.
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A more comprehensive approach in a resi-
dence includes the addition of a principal exhaust
fan, which should be centrally located (drawing
from the greatest space), quiet, and suitable for
continuous use. Its exhaust capacity should be at
least 50% of the entire system'’s capacity. In turn,
this entire capacity is typically no less than 0.3
ACH. When this principal exhaust fan is operat-
ing, outdoor air must be brought in, tempered, and
circulated throughout the residence. The temper-
ing can be done by mixing with indoor air or by
heating. Figure 5.14 shows two approaches to
whole-house exhaust, one for forced-air systems
and one without forced-air motion.

This additional continuous exhaust capacity
may cause problems of inadequate air for, or spill-
age of fumes from, combustion equipment. Such
equipment (furnaces, stove-top barbecues, etc.)
with a net exhaust greater than 150 cfm (75 L/s)
must be provided with a makeup air fan that turns
on/off with the equipment.

(b) Heating/Cooling of Makeup Air

Where climates are mild and/or energy is inex-
pensive, special equipment (Fig. 5.15) other
than heat exchangers can be used to heat and/
or cool a particularly large quantity of makeup

Exhaust
softiit
above
we Infrared
lamp
| Odors
\J exhausted

()

Fig. 5.13 Options for exhaust air from toilet rooms: (a) Daylight
enters from the sides, incoming air from the lower window

picks up heat and moisture near the ceiling and exits through a
high clerestory. (b) Two skylights admit daylight; one exhausts
hot, moist air at the ceiling. Makeup air will be needed from the
adjacent rooms. (¢) Adding an exhaust fan will ensure negative
pressure in the bathroom, isolating moisture and odors from the
adjacent rooms. (d) In public toilet rooms, exhaust directly above
toilets is desirable. In cold weather, small radiant heat lamps with
timer switches could add task heat and light.
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Fig. 5.14 Ensured ventilation for residences. (a) Ventilation system with forced-air heat. (b) Partially distributed exhaust system with a
vent. (Based upon Canadian Research Council studies.)

Indoor model can handle
same building if desired

Typical rooftop installation
of outdoor model

. Exhaust
Y 8
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Fig. 5.15 Makeup air heaters/coolers. (a) Distributed on a factory roof, these units prevent negative indoor air pressures by providing
replacement (makeup) air for the air that is exhausted from processes indoors. Often, a separate heating/cooling system will be used
for gains or losses through the building skin. (b) Heat recovery ventilator, utilizing a cross-flow core, serves from 200 to 900 cfm (100
to 450 L/s), with supply air entering at a temperature 0.6 to 0.8 that of exhaust air temperature. (© Conservation Energy Systems,

Minneapolis, MN.)



air. Especially common in factories or laboratory
buildings with high exhaust air requirements,
these simple devices often supplement the build-
ing’s main heating/cooling system, which deals
primarily with heat gains/losses through the
building skin. In warm, dry climates, evaporative
coolers are often used for makeup air because
they are already designed to utilize 100% out-
door air. Even in hot and more humid climates,
indirect evaporative cooling can help lower the
temperature of makeup air. In Fig. 5.16, out-
door air is at 104°F (40°C) and 10% RH (point
A). Two streams of outdoor air are involved. An
evaporative cooler cools one air stream along a
constant wet-bulb temperature line to point B,
where it is now 70% RH but considerably cooler
at 73°F (23°C): in the comfort zone, but warm
and humid. At this point, it enters an air-to-air
heat exchanger (see Section 5.6¢). The other out-
door airstream enters the other side of this heat
exchanger, again at point A conditions. As the
two streams exchange heat, they move toward
the same temperature: the evaporatively cooled
stream moves from point B to point C, about 8 6°F
(30°C) and 42% RH and is then exhausted. On
the other side, outdoor air moves from point A
to point D, about 91°F (33°C) and 16% RH. This
second airstream is indirectly evaporatively cooled.
Although it is still well above the comfort zone,
it can then be either cooled by typical refrigerant
systems or evaporatively cooled until it reaches
the comfort zone.

Fig. 5.16 Indirect evaporative
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(c) Heat Exchangers

As the tightness of construction increases and
fewer air changes per hour (ACH) occur from infil-
tration (unintended air leaks), forced ventilation
becomes more attractive as a means of reducing
indoor air pollution. When a heat exchanger is
used, it is possible to maintain an adequate supply
of fresh air without severe energy consumption
consequences. Figure 5.17 illustrates the basic
principle of a simple air-to-air heat exchanger
that is becoming increasingly common for tightly
built small buildings. Note that the outgoing and
incoming airstreams must be adjacent.

Some commercially available heat exchangers
are capable of extracting 70% or more of the heat
from exhaust air. The lower the volume of airflow,
the higher the efficiency. Table 5.8, Part A, shows
representative sizes, airflows, and efficiencies for
these devices. For the best diffusion of incoming
fresh air through a building, the heat exchanger
should be incorporated at the central forced-air fan
(Fig. 5.17b). When a central forced-air system is not
available, heat exchangers can be placed at various
points in a building; typically, each heat exchanger
is then equipped with its own fan. These may serve
as makeup air units that are more energy efficient
than the devices discussed in Section 5.6(b).

Some cautions about air-to-air heat exchangers:

1. Avoid using them on exhaust airstreams that
are contaminated with grease, lint, or excessive
moisture (through cooking and clothes drying

cooling can precool fresh air. The
psychromettrics of the process.
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Fig. 5.17 Air-to-air heat exchangers are particularly help-

ful in cold weather. (a) The basic principle of operation. (b) A
superinsulated home is heated by coils fed from the domestic
water heater, plus a heat exchanger to preheat incoming cold
air. (Reprinted by permission of Alberta Agriculture, Home and
Community Design Branch, Low Energy Home Designs; © 1983
by Brick House Publishing Co.) (c) Fan-powered heat exchanger
utilizing a heat/moisture exchange wheel (see also Fig. 5.20).
This model is adjustable from 70 to 200 cfm (35 to 100 L/s), can
be ceiling-, wall-, or floor-mounted, and operates at 75% to 80%
thermal efficiency. (Courtesy of Air Xchange, Inc., Rockland, MA.)

TABLE 5.8 Representative Heat Exchanger Data for Smaller Buildings

PART A. AIR-TO-AIR SENSIBLE HEAT EXCHANGERS

Approximate Size? Temperature
LXWXH Airflow Range Recovery at 32°F
in. mm cfm L/s (0°0)
21X 13X 25 535 X 330 X 630 50-120 25-60 70%
34X 17 X 21 865 X 435 X 530 75-225 35-110 80%
53X 17 X 21 1335 X 435 X 530 75-225 35-110 93%
47 X 20 X 37 1195 X 505 X 940 350-700 165-330 65%
Source: Conservation Energy Systems, Inc., Saskatoon and Minneapolis.
PART B. AIR-TO-AIR SENSIBLE + LATENT HEAT EXCHANGERS
Approximate Size® Wheel
LXWXH Airflow Range Efficiency
in. mm cfm L/s
46 X 32 X 24 1170 X 815X 610 500-1000 235-470 84-82%
54 X 48 X 34 1375 X 1220 X 865 600-1600 285-760 87-80%
1600-2300 760-1090 75-70%
67 X 67 X 43 1705 X 1705 X 1095 1750-3250 830-1535 85-80%
3000-4500 1420-2125 76-71%
124 X 84 X 60¢ 3150 X 2135 X 1525 3500-6500 1660-3070 85-80%
6000-9000 2835-4250 76-71%

Source: Greenheck Fan Corporation, Schofield, WI.
2Access to one face (L X W) is needed for servicing.

bSeveral arrangements (interior and rooftop) are available; dimensions do not include service clearance access, supply hoods, or exhaust

hoods.
This unit contains two wheels.



in particular) because clogging, frosting, and
fire hazard problems can develop.

2. In colder winter conditions, a built-in defroster,
which will consume energy, will be needed.

3. Carefully locate the outdoor fresh air intake.
Keep this intake as far as possible from the
exhaust air outlet to avoid drawing contami-
nated exhaust air back into the building. Keep
the intake away from pollution sources such
as vehicle exhaust, furnace flues, dryer and
exhaust fan vents, and plumbing vents.

A student housing complex in Greensboro,
North Carolina, utilizes heat exchangers on the
exhaust air from bathrooms (Fig. 5.18). These
exhaust devices are called energy recovery ventila-
tors (ERVs). Each floor of the three-story complex
has four apartments, each with 1078-ft? (100-m?)
floor area and 8-ft (2-m) ceilings. Each apartment
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has its own air-to-air ERV that accepts air from
the two small bathrooms in the apartment. Con-
trol is by individual switches in the bathrooms.
Prefiltered outdoor air is drawn into the ERV,
exchanging heat with the outgoing exhaust air.
This fresh air is then fed directly into the air han-
dler for each apartment’s heat pump, adjacent to
the ERV. Thus, the bathrooms are under nega-
tive pressure relative to the rest of the apartment.
Outside, the fresh air intake is located high on the
wall, the exhaust outlet lower. Intake and outlet
locations on the walls are separated by a mini-
mum of 8 ft (2 m).

A heat pipe (Fig. 5.19) also transfers sensible
heat between adjacent airstreams. Within the heat
pipe, a charge of refrigerant spends its life alter-
nately evaporating, condensing, and migrating by
capillary action through a porous wick. Because
the only thing that moves is the refrigerant and it
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Fig. 5.18 Energy recovery ventilator (ERV) serves two small bathrooms (a) in a student housing complex in Greensboro, North

Carolina. The ERV is activated by switches in either bathroom. Air
85% efficiency) with incoming fresh air. This tempered fresh air is
a heat pump (b) located above the ERV. The supply air is then fed

is drawn out beside the water closet and exchanges heat (at about
then mixed with some return air and fed directly to the indoor unit of
to other rooms, ensuring a negative pressure in the bathroom while

the ERV operates. Each of 16 apartments has its own ERV and heat pump. (Design by Harry John Boody, Jamestown, NC.)
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Fig. 5.18 (Continued)

is self-contained, no maintenance and long life are
likely. Efficiency ranges from 50% to 70%; modu-
lar sizes are available to 54 in. X 138 in. X 8 rows
deep (1.4 X 3.5 m).

Heat pipes can assist in the dehumidification
and cooling of incoming air. The typical cooling
process using cooling coils is shown in Chap-
ter 8. This potentially energy-intensive process
often overcools the air to “wring out” (condense)
water, then reheats the air. The heat pipe pre-
cools the air (subtracting heat) before the cooling
coil, then warms it (adding heat) after the cool-

ing coil. No energy input is required. A configu-
ration of the heat pipe for this task is shown in
Fig. 5.19b.

Energy transfer wheels (Fig. 5.20) go further
than the two preceding devices in that they trans-
fer latent as well as sensible heat. In winter, they
recover both sensible and latent heat from exhaust
air; in summer, they both cool and dehumidify the
incoming fresh air. Seals and laminar flow of air
through the wheels prevent mixing of exhaust air
and incoming air. A further precaution in the pro-
cess purges each sector of the wheel briefly, using
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Fig. 5.19 The heat pipe is a self-contained device with no moving parts. (a) It silently transfers sensible heat between adjacent fresh-
air intake and stale-air exhaust airstreams. (From AIA: Ramsey and Sleeper, Architectural Graphic Standards, 9th ed.; © 1994 by

John Wiley & Sons, Inc. Reprinted with permission of John Wiley & Sons, Inc.) (b) The heat pipe can increase moisture removal by first
precooling incoming hot air before it reaches the cooling coils. Then the heat is returned to the cooled air, bringing it to a temperature-
humidity combination acceptable for supply air to a space. (Courtesy of Heat Pipe Technologies, Inc., and Environmental Building

News.)

fresh air to blow away any unpleasant residual
effects of the exhaust air on the wheel surfaces.
Carryover of exhaust air qualities, except those of
heat and moisture, is between 4% and 8% without
purging and less than 1% with purging. Efficiency
ranges from 70% to 80%, and available sizes range
up to 144 in. (3.6 m) in diameter. Table 5.8, Part
B, shows some representative sizes, airflows, and
efficiencies. A smaller example of this device is
shown in Fig. 5.17c.

(d) Desiccant Cooling

Another rotating-wheel process involves desic-
cant cooling. Desiccant cooling systems (Fig. 5.21)
are attractive because they use no refrigerants
(that may contain CFCs), and they lower humid-
ity without having to overcool the air. The desic-
cants (such as silica gel, activated alumina, or
synthetic polymers) in an active system must be
heated to drive out the moisture they remove from
the incoming air; at present, natural gas is typi-
cally used, but solar energy is a promising substi-
tute due to its plentiful summer availability. Waste
heat from other mechanical systems may also
be used. In a passive desiccant system, heat from

a building’s exhaust air is enough to release and
vent the moisture removed from incoming air.

Research on materials suitable for desiccant
cooling and solar-driven regeneration should
produce improvements in the types available as
well as their performance. For an extended discus-
sion of both solid- and liquid-based desiccant sys-
tems, see Grondzik (2007).

(e) Task Dehumidification and
Humidification

Humidity affects comfort; for a sedentary person, a
30% RH change will produce about the same com-
fort sensation as a 2°F (1°C) change in tempera-
ture. Higher humidity adds to hot air discomfort,
making evaporation more difficult, increasing skin
wettedness, and increasing the friction between
skin and clothing or furniture surfaces. As RH
exceeds 60%, problems with TAQ increase due to
mold and mildew growth. Lower humidity pro-
duces cooler and drier sensations, but too-low
humidity can irritate the skin.

For spaces that need only dehumidifica-
tion rather than mechanical cooling, refriger-
ant dehumidifiers are commercially available
(Fig. 5.22). Their advantage over desiccant
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Fig. 5.20 Energy transfer wheels. The wheel surface is impregnated with lithium chloride (or similar material), which absorbs moisture
and transfers it to the other airstream. The wheel delivers moist air in winter (a) and dry air in summer (b). Cross section (c) through
the wheel and the two airstreams it serves. Exhaust air may be filtered to help keep the wheel clean. (d) Multiple-unit installation.
Room exhaust air passes through the upper chambers, and incoming fresh air passes through the lower chambers. Wheels rotate at 8
to 10 rpm. (e) Rooftop unit supplies up to 1000 cfm (500 L/s). (Courtesy of Air Xchange, Inc., Rockland, MA.)
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Fig. 5.20 (Continued)
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Fig. 5.21 Desiccant cooling utilizes a rotating wheel impregnated with either silica gel or another desiccant material. The wheel
removes moisture from incoming hot outdoor air and delivers some of it to outgoing exhaust air. The remaining moisture must be
driven from the wheel by a heat source: natural gas or, ideally, solar energy. (National Renewable Energy Laboratory.)

dehumidifiers is that the air temperature
remains essentially unchanged during dehu-
midification (desiccant dehumidifiers raise the
temperature of the dried air). These devices
consume energy to run the refrigeration cycle,
however, and this energy is added, as heat, to
the space. Accumulated water must periodically

be removed from these units and, if untended,
could become a source of disease. Most refriger-
ant dehumidifiers encounter operating difficul-
ties at air temperatures below 65°F (18°C), at
which point frost forms on their cooling coils.
This could cause problems in a tightly enclosed
residence in winter.

Condenser~,
Humidity sensor -, - _—Evaporator
& +Q_Mnislair in
Dry air o~~~ ‘
out ‘
- ——— -
o —
—~— =
Water
container
compressor
Typical Performance Data
Walts 290 450 465 630
Pints per day® 14 20 25 30
Unit dimensions (in.)
Height 20" 20V2 212 21z
Width, 1134
Depth, 16%
“Average" room size served 20" x 32’ 35' x 40' 40" = 48’ 40' x 60’

“For air at 80 'F. 60% RH.

Fig. 5.22 Refrigerant dehumidifiers typically are installed as free-standing units in smaller buildings.
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Task humidifiers are widely available and often
used to relieve symptoms of respiratory illnesses.
Again, the problem of bacterial and mold growth
in water reservoirs arises; some products add an
ultraviolet (UV) lamp to counteract this threat.

(f) Filters

There is a wide variety of particle air pollutants,
as described in Table 5.2. The larger particulates
are the easiest to remove, but much smaller respi-
rable particles pose a greater threat to health. Not
all pollutants can be removed by filters. Figure
5.23 compares filter groups and testing methods
with associated filter efficiencies. Groups I, II, and
IIT are widely used and are generally illustrated in
Fig. 5.24. The highest-efficiency filter, the high-
efficiency particulate arrestance (HEPA), is most
often found in special air cleaners for unusually
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---------- 97 —
08—

8T Fig. 5.23 Air filter efficiencies. Meth-

ods of determining efficiency vary, the
Arrestance Method can be used across
all groups, while the Atmospheric
(Dust-Spot) Method should be used for
medium- and high-performance filters.
) The Detection Operational Program

L (DOP) Method is a military standard.
(From D. Rousseau and J. Wasley. 1997.
Healthy by Design. Hartley & Marks.
Point Roberts, WA.)
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polluted or IAQ-demanding environments. Air fil-
ter characteristics are summarized in Table 5.9. See
ASHRAE Standards 52.1-1992 and 52.2-2007
for further details on air filter ratings. Specialists
recommend using dust collectors rather than fil-
ters when the dust loading equals or exceeds 10
mg/m?. Again, it is wisest to remove pollutants at
the source.

Particulate Filters. Particulate filters are very
common and come in several guises. Panel filters
are furnished with HVAC equipment and func-
tion mainly to protect the fans from large particles
of lint or dust. Because they are relatively crude,
they are not really considered to be air-cleaning
equipment. Media filters are much finer, using
highly efficient pleated filter paper within a frame.
They function both by straining and impaction.
The larger particles are strained out by the closely
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Fig. 5.24 Several air filter types (a, b, ¢); not shown are pleated and roll types.

spaced filter fibers, while some of the smaller parti-
cles that would otherwise pass through are pushed
into the fibers due to air turbulence. Particulate fil-
ters need regular maintenance, especially media
filters, which can become blocked and cause dam-
age to HVAC equipment and increased energy con-
sumption if not replaced frequently enough. Media
filters of high quality are expected to perform at an

TABLE 5.9 Air Filter Characteristics

efficiency of 90% (minimum) and are typically at
least 6 in. (150 mm) deep; this is for a six-month
minimum life cycle.

Adsorption Filters. Adsorption filters are for
gaseous contaminant removal and vary accord-
ing to the pollutant in question. Activated-
charcoal filters are the most common of these
types, absorbing materials with high molecular

Media and Type Atmospheric Dust
Dry panel, throwaway 15-30
Viscous panel, throwaway 20-35
Dry panel, cleanable 15-20
Viscous panel, cleanable 15-25
Mat panel, renewable 10-90
Roll mat, renewable 10-90
Roll oil bath 15-25
Close pleat mat panel NA
High-efficiency particulate NA
Membrane NA
Electrostatic with mat 80-98

Percent Efficiency Range

Dust-Holding Airflow Resistance
Small Particles Capacity in. water (Pa)?
NA Excellent 0.1-0.5 (25-125)
NA Good 0.1-0.5 (25-125)
NA Superior 0.08-0.5 (20-125)
NA Superior 0.08-0.5 (20-125)
0-60 Good to superior 0.15-1.0 (37-250)
0-55 Good to superior 0.15-0.65 (37-162)
NA Superior 0.3-0.5 (75-125)
85-95 Varies 0.4-1.0 (100-250)
95-99.9 Varies 1.0-3.0 (250-745)
to 100 NA NA
NA Varies 0.15-1.25 (37-310)

Source: Reprinted by permission from AIA: Ramsey and Sleeper, Architectural Graphic Standards, 9th ed., © 1994 by John Wiley & Sons.

2Higher airflow resistance values will require increased fan energy.




weights but allowing those of lower weights to
pass. Other adsorption filters use porous pellets
impregnated with active chemicals such as potas-
sium permanganate; the chemicals react with
contaminants, reducing their harmful effects.
Adsorption filters must be regularly regenerated
or replaced.

High-quality adsorption filters contain gas
adsorbers and/or oxidizers with sufficient capac-
ity to remain active over a full service cycle of 6
months at 24 hours per day, 7 days per week.
Air velocity should be such as to allow the air to
remain in the filter for about 0.06 second.

Air Washers. Air washers are sometimes used
to control humidity and bacterial growth. The
moisture involved can pose a threat if these devices
are not well maintained.

Electronic Air Cleaners. Electronic air cleaners
can pose a different threat due to ozone production,
but have the advantage of demanding less main-
tenance. Static electricity is produced in the self-
charging mechanical filter by air rushing through
it; larger particles thus cling to the filter. The more
humid and/or higher the air velocity, the lower
the filtering efficiency. In a charged media filter,
an electrostatic field is created by applying a high
dc voltage to the dielectric material of the filter.
Many particles are not polarized, however, due to
an insufficiently strong field. A two-stage electronic
air cleaner first passes dirty air between ionizing
wires of a high-voltage power supply. Electrons are
stripped from the particulate contaminants, leaving
them positively charged. Then these ionized particles
pass between collector plates that are closely spaced
and oppositely charged. The particles are simultane-
ously repelled by the positive plates and attracted to
the negative plates, where they are collected.

(g) Locating Air-Cleaning Equipment

Before the advent of IAQ concerns, buildings
were often designed with rather crude panel fil-
ters located only at the HVAC equipment; they
were primarily intended to intercept materials
that might adversely affect combustion or heat
exchange. In addition to these equipment-pro-
tecting devices, a building requiring high TAQ will
now have a combination of high-efficiency particle
filters and adsorption filters.
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The panel filters provided with HVAC equip-
ment are usually located upstream from the unit
fan. High-efficiency particle and adsorption filter-
ing systems should be located downstream from the
HVAC cooling coils and drain pans to ensure that
any microbiological contaminants from those wet
surfaces are removed rather than being distributed
throughout the building.

In buildings where a filtering system must be
integrated with a central HVAC system (typical
of small buildings), the HVAC system should be
capable of continuously circulating air at the rate
of 6 to 10 times per hour and of operating against
the considerable static pressure that results from
high-efficiency filters.

(h) Ultraviolet (UV) Radiation

Since early in the twentieth century, UV radia-
tion in the C band (200-280 nm wavelength)
has been used to kill harmful microorganisms,
but under tightly controlled conditions. Now
there are UV lamp units that work within HVAC
systems, promising to control fungi, prevent the
development and spread of bacteria, and reduce
the spread of viruses. As an additional benefit,
cooling coils and drain pans stay cleaner. The ger-
micidal output of these lamps is somewhat higher
at room temperatures (and above) than at lower
temperatures. These devices take up very little
space (they are placed within ductwork) and gen-
erate no ozone or other chemicals. They are even
more effective when installed in a UV-reflective
duct interior: aluminum seems to be the best UV
reflector commonly available. UV lamp life is 5000
to 7500 hours.

UV radiation also looks promising as a treat-
ment for VOCs. The National Renewable Energy
Laboratory is helping to develop a process that
bombards polluted air with UV radiation in the
presence of special catalysts. Pollutants including
cigarette smoke, formaldehyde, and toluene are
quickly broken down into molecules of water and
carbon dioxide.

(i) Individual Space Air Cleansing

Energy conservation considerations have reduced
the air circulation rate in many central air-
handling systems; moving less air reduces the
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Fig. 5.25 A stand-alone electrostatic air filter operates independently of the central HVAC system; no ductwork is required. Airflow
rates vary; the slower the flow, the more efficient the filtering. Flush-mount (recessed in suspended ceiling), ceiling surface-mount,
wall-mount, and portable models are available. (Courtesy of Tectronic Products Co. Inc., East Syracuse, NY.)

energy used by fans. One result can be low distri-
bution efficiency, which causes poorly mixed air
within the occupied spaces. With local (individual
space) air-filtering equipment, both a high circu-
lation rate and proper air mixing are achievable.
Each such unit has its own fan that can operate
either with or without the central HVAC fan. An

example of an independent electrostatic air filter is
shown in Fig. 5.25.

Air circulation through these filters should
occur at rates between 6 and 10 times per hour.
The air is then ducted to diffusers, hence circulat-
ing in a sweeping pattern across a space to return
air intakes on the opposite side.
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Fig. 5.26 This air-cleaning system uses a combination of high-voltage dc and high-frequency ac. The supply air emerges with greatly
reduced submicron particles, which have coagulated into larger particles more easily carried by air currents. As this air moves through
the occupied space, it picks up submicron particles and is either exhausted or returned to the equipment, where it is filtered to
remove the larger particles. (Courtesy of CRS Industries Inc., Tampa, FL.)



A variation on electrostatic air cleaning is
shown in Fig. 5.26. In this equipment, a mix-
ture of outdoor and indoor air is passed through
a complex electrical field produced by both high-
voltage dc and high-frequency ac. This supply air
emerges with greatly reduced submicron particles
that have coagulated into larger particles more
easily carried by air currents. As this air moves
through the occupied space, it picks up submicron
particles and is returned to the equipment (some is
exhausted), where it is filtered to remove the larger
particles.

Portable air cleaners abound. One more
elaborate model combines UV germicidal radia-
tion with carbon/oxidizing media and HEPA. Tt is
a counter-height rolling device about 15 in. (380
mm) square that emits cleansed air from the top.
It claims to purify air in a space of about 12,000
ft3 (340 m?).

(j) controls for IAQ

A large number of air quality-monitoring devices
are now available, some of which can control the
operation of TAQ-related equipment. One of the
oldest and simplest devices measures the concen-
tration of CO, in parts per million (ppm). Wher-
ever there are indoor concentrations of people,
elevated levels of CO, can be expected. Thus, CO,
becomes a kind of “canary in the coal mine,” an
early indicator of pollutant buildups due to occu-
pancy. In the Bedales School theater (Fig. 5.9),
the operation of the exhaust air dampers in the
cupola is controlled by a building management
system. Under ordinary conditions, damper open-
ing is regulated by information from the CO,
monitor. This can be overridden by indoor and
outdoor temperatures (summer night ventilation
is encouraged), air velocity monitors below the
seats (too much draft could produce discomfort),
the presence of wind and rain (openings limited),
or a fire alarm (damper fully open to aid in smoke
extraction).

Where contaminants are expected from
sources in addition to human beings (typically
the case), monitors may be installed to detect
carbon monoxide, or combinations of VOCs, or
fuels such as propane, butane, or natural gas—
or even for depletion of oxygen. These monitors
can be installed as stand-alone alarms or with
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additional relays that activate equipment. They
are about the size of a programmable thermostat;
the mounting height depends upon which gas is to
be monitored.

Such devices can regulate ventilating heat
exchangers, such as the ERV (shown in Fig. 5.18).
This could be especially useful during unoccupied
periods, holidays, and weekends. Many HVAC sys-
tems are shut off during such extended periods;
VOCs from finishes and furnishings continue to
accumulate, however. Periodic flushing from
ERVs, controlled by VOC monitors, will help main-
tain acceptable air quality and could eliminate (or
greatly reduce) the need for a Monday morning
preflush.

5.7 IAQ, MATERIALS, AND HEALTH

The effect of IAQ on occupant health and produc-
tivity seems to be an emerging building design
issue. This concern stems partly from increas-
ing interest in green design (with its focus upon
environmental quality and the resulting impact
on materials choices) and partly from continu-
ing stories about the adverse health impacts of
poor TAQ (especially cases involving mold and
mildew).

(a) Multiple Chemical Sensitivity

This is an unusual (and sometimes controversial)
condition, also known as environmental illness.
The controversy arises because the causes of this
condition are poorly understood and likely involve
numerous factors. When causes are mysterious,
establishing targeted remedies becomes difficult.
People with multiple chemical sensitivity are likely
to see the provision of outstanding TAQ as a pri-
mary intent of the design process. People with this
condition avoid environments with any known
environmental risk factors.

Ecology House (in San Rafael, California) is an
apartment complex for people with multiple chem-
ical sensitivity. Its construction avoided plywood,
using Douglas fir sheathing instead; the floors are
tile instead of wall-to-wall carpet; cabinets are
metal, not plywood or oriented strand board; the
heating system is radiant hot water, not forced
air. Barbecues and fireplaces are absent, painted
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surfaces are minimized, and any window cover-
ings are alternatives to curtains. There is even an
“airing room” where, for example, newspapers can
be hung before they are read in order to evaporate
ink odors.

(b) Materials and 1AQ

There is a rapidly growing availability of environ-
mentally responsible building materials. Many
such products address the issue of outgassing via
low-VOC formulations. Others provide alterna-
tive materials to replace less-benign products in
common use. Even so, quantitative data are hard
to find. Manufacturers of building materials are
required to provide Material Safety Data Sheets
(MSDS). These reports list all chemical constitu-
ents that make up at least 1% of a material (and
are not deemed proprietary). Unfortunately, this
information does not predict pollutant emission
rates. A designer is left with the suspicion that the
higher the percentage content of a chemical, the
more likely its outgassing.

(c) Green Design and IAQ

The U.S. Green Building Council’s LEED rating
system has helped to improve the visibility of
acceptable TAQ as a design objective. LEED for new
construction and major renovations, for example,
establishes compliance with ASHRAE Standard
62 and control of tobacco smoke as prerequisites
for LEED certification. Beyond these minimums,
designers may choose to address CO, monitoring,
low-emitting materials, or pollutant source control
strategies (among others) to achieve rating points.
See Appendix G.2 for further information.
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PART ||

THERMAL
CONTROL

he next five chapters deal with solar
geometry, heat flow fundamentals, and
climate control systems for a range

of building types and sizes. The underlying
design intent is the comfort of people, for
whom we heat, ventilate, and cool buildings,
and the provision of acceptable indoor air
quality. Thermal comfort criteria are dis-
cussed in Chapter 4 and indoor air quality in
Chapter 5.
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PART I THERMAL CONTROL

Chapter 6 presents information on solar geometry, a concern with direct
impact upon the design of climate control and daylighting systems. Chapter
7 discusses the basic theory of heat flow; whether calculating heat gain in
summer or heat loss in winter, the analysis process is based upon the same
principles of heat flow. Chapter 8 presents extensive criteria and procedures
for design and analysis of building climate control and associated daylighting
systems. Initially, numerous strategies are presented as design guidelines,
followed later by more detailed design and verification procedures.

Chapter 9 addresses heating and cooling equipment for smaller buildings,
and Chapter 10 deals with larger buildings and groups of buildings.



CH AP TER

Solar Geometry

and Shading Devices

AN UNDERSTANDING OF THE SUN’S
position during the day is critical to site planning,
daylighting design, passive solar design, and con-
trolling unwanted heat gains. In early civilizations,
most cultures revered the sun as a deity and under-
stood its patterns and importance in the cycle of
life. Today, such understanding is just as impor-
tant when considering the relationships between
the environment and technology in the design of
buildings. We can no longer afford the resources to
sustain the construction and operation of buildings
with poorly designed glazed areas habitable only
through the use of active climate control systems.
We can rely on the patterns of the sun as a constant
in the design process and create environments
that work with these patterns, climate, and well-
considered design intents.

6.1 THE SUN AND ITS POSITION

The sun is a giant star and the largest object in
the solar system. The sun'’s energy is produced by
nuclear fusion that occurs at temperatures in the
range of 18-25 million °F (10-14 million °C). The
energy from thermonuclear fusion at the sun’s
surface is released as electromagnetic radiation at
approximately 10 million °F (5.6 million °C). The
solar spectrum (Fig. 6.1) consists of approximately
5% ultraviolet (shortwave) radiation (less than 350
nm), 46% light—what we see—(350 to 750 nm),
and 49% infrared (longwave) radiation (greater

than 750 nm). Though 93 million miles from Earth,
the amount of the sun’s radiation (heat energy)
reaching the Earth’s outer atmosphere is relatively
stable and is called the solar constant—433 Btu/ft?
hr (1.37 kW/m?). Some annual variation in the
solar constant occurs because of the elliptical orbit
of the Earth around the sun, but it is so small that
it has little effect on building design. The length of
radiation’s path through the atmosphere is the most
important factor in determining how much radia-
tion reaches the surface of the Earth. This received
radiation is termed insolation.

"\
%+
- "j_':../-
A 2
1
A "."||J-'”1"l"|.
Ir.' ||I i
I — - Solar Constant

(in space)

Energy Intensity per pm

_'..|+
Wavelength

; (um)
Wrawiolel  Visible Infrared

Fig. 6.1 At the Earth’s surface the solar radiation spectrum con-
sists of ultraviolet radiation, visible radiation (light), and infrared
radiation. (Drawing by Erik Winter; © 2004 Alison Kwok; all rights
reserved.)
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(a) Earth’s Rotation and Tilt

The Earth’s axis of rotation is tilted at 23.5° (pre-
cisely, 23.47°), also known as its declination. The
Earth travels in the plane of the ecliptic (Fig. 6.2)
in its orbit around the sun. The tilt of the Earth is
toward the sun (June +23.5°) or away from the
sun (December —23.5°). This tilt is responsible for
the seasons. In the northern hemisphere in June,
the sun’s direct radiation is perpendicular to the
Earth’s surface; in December, there are fewer hours
of sun, and the radiation passes through a longer,
nonperpendicular, length of atmosphere to reach
the Earth. The rotation of the Earth (once every
24 hours) and its tilt determine the length of atmo-
sphere that solar radiation passes through and
consequently how much energy the Earth’s surface
receives.
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Fig. 6.2 (a) The ecliptic is the annual path of the Earth around
the sun. (b) The tilt of the Earth’s axis in the plane of the ecliptic
results in the seasonal variations. In the northern hemisphere
the Earth tilts away from the sun in December (-23.5°), resulting
in winter’s low sun altitude and cold weather. In June the effect
is reversed.

(b) Altitude and Azimuth

The position of the sun at any instant with respect
to an observer on the ground is defined by its alti-
tude angle and its azimuth angle. The altitude of the
sun is the angle between the horizon and the sun’s
position above the horizon. The altitude varies dur-
ing the day, beginning and ending at 0° at sunrise
and sunset and reaching a daily maximum at solar
noon. The altitude angle at noon varies from day to
day, reaching a yearly maximum on June 21 (the
summer solstice), a minimum on December 21
(the winter solstice), and a point halfway between
the two on the vernal and autumnal equinoxes
(March 21 and September 21). The azimuth (also
called the solar bearing angle) is the angle along
the horizon between the projected position of the
sun and true (solar) south. Note that the azimuth
is referenced from south herein, whereas in other
sources it is sometimes referenced from north; there
is no clear consensus on this issue. Refer to Fig. 6.3
and Tables C.11 to C.18 for solar position and inso-
lation information.

Referring to the graphic relationships in
Fig. 6.2, the height of the sun in the sky (altitude
angle) depends upon the observer’s position on the
Earth (the latitude) and the seasonal changes (the
tilt of the Earth). This can be expressed in Equation
6.1, as follows:

altitude angle at solar noon =
90° — latitude + declination (6.1)
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Fig. 6.3 Altitude and azimuth angles. (Drawing by Erik Winter;
© 2004 Alison Kwok; all rights reserved.)



For example, the solar altitude for Minneapolis
(44.9°N) for various seasons at solar noon is:

Maximum (June 21): = 90° — ~45° + 23.5° = 68.5°
Equinox (Mar/Sept 21) = 90° — ~45° — 0° = 45°
Minimum (Dec 21) = 90° — ~45° — 23.5°=21.5°

These relations are shown graphically in Fig. 6.4.
The azimuth angle during its path from sun-
rise to sunset changes with the season. On the
equinoxes (March 21 and September 21) the sun
rises due east and sets due west. In the northern

Azimuth
angle
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hemisphere, the sun rises north of east and sets
north of west between March 22 and September
20. This is shown graphically in Fig. 6.5 for one
specific latitude (32°N). Sunrise on June 21 is 28.5°
north of east, and sunset is correspondingly 28.5°
north of west. On December 21 sunrise and sunset
are 28.5° south of east and west.

A designer can use three basic solar pattern
concepts when designing with the sun:

1. The altitude of the sun is highest in summer,
lowest in winter, and in between in spring and
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Fig. 6.4 (a) The position of the sun is expressed in terms of vertical angle above the horizon (altitude) and horizontal angle (azimuth,
measured from the south). (b) Approximate position of the sun in each of the seasons at a mid-northern latitude (approximately 45°.
Note that the altitude angle is maximum in summer, minimum in winter, and in between in spring and fall. (c) Maximum sun altitude at

various latitudes for both solstices and equinoxes.
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Fig. 6.5 A diagram of the sun’s azimuth path from sunrise to
sunset projected on a horizontal plane for solstices and equi-

noxes at latitude 32° N (Jerusalem, Savannah, Tucson). The sun’s

azimuth angle, like its altitude, varies with the time of day and
the date.

fall for all latitudes. The maximum difference
in altitude angle between summer and winter

solstices is about 47°.

2. The daily maximum altitude of the sun increases
as a location approaches the equator (low lati-
tudes, either north or south). The seasonal
altitude variation, however, is the same for all
latitudes (except at those extreme north and
south latitudes where the sun is above or below
the horizon for extended time periods). This
factor not only has a pronounced effect on the
design and efficacy of sun-shading devices, but
also affects exterior daylight illuminance levels.

3. The azimuth angle of the sun is dictated by the
time of day and by the season. The sun by defini-
tion traverses the sky between sunrise and sun-
set and in the northern hemisphere rises north
of east during the summer, due east on the
equinoxes, and south of east during the winter.
The principal significance of the azimuth angle
is its role as an important consideration when
orienting a building on a site, establishing build-

ing exposures, and analyzing shading angles.

6.2 SOLAR VERSUS CLOCK TIME

The basis of all timekeeping is the length of the solar
day, that is, one full rotation of the Earth on its axis.

The Earth’s motion on the ecliptic is not uniform—
it moves more rapidly when farther from the sun.
As a result, the actual length of a solar day varies.
Since it is impractical to use timepieces that need
daily adjustment, we use an average, or mean solar
day, as the basis for timekeeping. There are three
reasons for the difference between solar time and
clock time:

1. Location within a time zone. The 360° circumfer-
enceoftheEarthisdividedinto 24 one-hourtime
zones, each with a width of approximately 15° of
longitude, which corresponds to approximately
1000 miles (1610 km). An observer located
at any point other than directly on a standard
time zone reference longitude (normally in the
center of a time zone) must make a time cor-
rection for his/her distance from the reference
longitude. (In some countries, a reference lon-
gitude is more than 30 minutes from time zone
extremes. In such places, the time correction
for longitude plus the equation of time can total
well over an hour. This situation does not exist
in the continental United States.)

2. Equation of time. The speed of the Earth in its
orbit around the sun is nonuniform; it moves
more rapidly when farther from the sun. As a
result, the actual length of the solar day var-
ies as defined by the equation of time (Fig. 6.6a).
The extent of this variation can be determined
from a curve called the analemma (Fig. 6.6b) or
from tabulations in various sources. The ana-
lemma is the shape that results if the sun’s posi-
tion in the sky is recorded at the same time of
day throughout the year.

3. Daylight saving time (DST). During DST, clocks
are moved forward one hour to effectively give
(from the morning) one more hour of daylight
in the evening during the summer months.
(Note: The official term is daylight saving time,
not daylight savings time.) The purpose of DST
is to make better use of daylight. In most of the
United States (except Arizona and Hawaii),
DST begins at 2:00 a.m. on the second Sunday
of March and reverts back to standard time on
the first Sunday in November. In the European
Union, Summer Time begins at 1:00 A.m.
Universal Time (Greenwich Mean Time) on the
last Sunday in March and ends the last Sunday
in October.
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Fig. 6.6 (a) Equation of time. (b) The analemma is a miniature
almanac where the vertical coordinates of the path represent
the sun’s declination on a particular day of the year, while the
horizontal coordinates tell how much the sun is ahead of or
behind clock time on that day. (Drawings by Erik Winter; © 2004
Alison Kwok; all rights reserved.)

Unless otherwise clearly noted, most solar
position tables and charts (including sunpath dia-
grams) are based upon solar time, not clock time.
This must be considered when solar-driven loads
are being added to clock-driven loads (for example,
the heat gain from the western sun is being added
to the heat gain from office occupants to deter-
mine the total load). Such an addition must use
coincident values, and solar and clock times are
rarely coincident.

6.3 TRUE SOUTH AND MAGNETIC
DEVIATION

Working from a “true south” or “solar south” ori-
entation (opposite of “true north,” location of the
Earth’s axis of rotation) is the starting point in the
planning and design of a building, particularly for
passive solar strategies. When a compass is used
on a building site to find north, the compass yields
a reading toward magnetic north, determined by
the Earth’s internal magnetic field. This is usually
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Norin Geographic Pole

Fig. 6.7 The concept of magnetic deviation (from true north),
illustrated for Phoenix, Arizona (12° easterly) and Washington, DC
(13° westerly). (Drawing by Erik Winter; © 2004 Walter Grondzik;
all rights reserved.)

(depending upon the locale) not the same as true
north. Figure 6.7 illustrates this phenomenon. To
correct between magnetic north (compass) and
true north (solar), a magnetic deviation is applied
to the compass reading. Depending upon the loca-
tion on the Earth’s surface, the deviation may be as
large as 50°—but in most locations this is not the
case. It should be noted that the magnetic field is
not uniform, stationary, or perfectly aligned with
the Earth’s poles; thus, magnetic deviations can
change and have changed over time.

6.4 SUNPATH PROJECTIONS

Design tools such as sunpath projection charts can
be used to assess site conditions, orient a building,
or provide information critical for passive solar
design. Sunpath charts represent the sun'’s posi-
tion throughout the year. There are two funda-
mental types of sunpath projections: vertical and
horizontal. Horizontal projections are more com-
monly encountered. The basic idea behind the hori-
zontal projection is shown in Fig. 6.8. The sky vault
isrepresented as a hemisphere that projects as a cir-
cle, the center of which is the zenith. The observer
looks down onto the hemispherical sky vault and
projects the sunpaths from the vault onto the two-
dimensional projected circle. The basic difference
between the various horizontal projections is in the
spacing between circles of equal altitude. Vertical
projection charts are also available.

Four of the more common sunpath projections
are (1) gnomonic, (2) equidistant, (3) rectilinear,
and (4) stereographic.
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Actual
sunpath

*\\
Projected
sunpaths

m

Fig. 6.8 (a) The sky vault is represented as a
hemisphere, which projects as a circle (b) on a
projection plane. The exact shape of the sunpath
chart depends upon the projection method. The
hour points on the sunpath chart are connected
to form hour lines that are useful for interpolation.

1. The gnomonic projection (used with sundials and
sunpeg charts) is derived from the sundial. The
observer is at the center of the projection; there-
fore, low sun angles (sunrise, sunset) extend to
infinity. For this reason, this method is rarely
used for solar charts but is easily applied to build-
ing shadow studies. Sunpeg charts for specific
latitudes (see Fig. 6.9 and Appendix D.2) will
show the exact position of sun penetration and
shadow on a model of any scale, on any date,
at any time of day between shortly after sun-
rise and shortly before sunset. Use of the sun-
peg chart is explained in the following outline
(reprinted by permission from Brown, Reynolds,

PM AM

S
®)

and Ubbelohde, Inside Out: Design Procedures for
Passive Environmental Technologies, John Wiley
& Sons, © 1982) and shown in Fig. 6.10.

o Find the sunpeg chart corresponding to the near-
est latitude for a site.

Make a copy of this chart. If the copier changes
the chart size, the peg height line will also change;
there should be no problem.

Construct a “peg” (gnomon) whose finished
height above the chart surface corresponds
exactly to the “peg height” shown on the copy of
the chart. This peg must stand and remain per-
fectly vertical relative to the model and not be
bumped out of vertical alignment.
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Dec 21

Mount vertical
peg here

Peg height

Jun2l

Fig. 6.9 Sunpeg chart for 44° N latitude.

e Mount the copy of the chart on the model to be
tested. The chart must be perfectly horizontal
over its entire surface, and the north arrow on
the chart must correspond to true (solar) north
on the model.

o Choose a test time and date. Take the model out
into direct sunlight. (With a small model, a
camera tripod might serve as a mount.) Tilt the
model until the shadow of the peg points toward

Fig. 6.10 A sunpeg chart attached to the base of a scale model

to study solar access and shadow patterns in and about a
building. (Photo by Jonathan Meendering, © 2004 Alison Kwok;
all rights reserved.)

the intersection of the chosen time line and the
chosen date curve. When the end of the peg’s
shadow touches this intersection, the model will
show the same sun-shadow patterns as would
occur on the time and date chosen.

. The equidistant projection (horizontal, polar) is

used almost exclusively in the United States
because of the ready availability and wide
acceptance of the sunpath charts provided in
the Pilkington (formerly Libbey Owens Ford)
Sun Angle Calculator. The observer moves
around the skydome, like the sun’s view to the
Earth. Figure 6.11 shows a sample equidistant
projection sunpath diagram. A full set of equi-
distant projections is provided in Appendix D.3.
This projection method is equally applicable to
all latitudes, and a latitude-specific sunpath is
needed for a location under study. The Pilking-
ton Sun Angle Calculator sunpath diagrams
are available in steps of 4° of latitude between
24° and 52° latitudes.

. The rectilinear projection (vertical, cylindrical) is

a two-dimensional graph of the sun’s position
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44°N LATITUDE

in Cartesian coordinates. Azimuth is plotted
along the horizontal axis and altitude on the
vertical axis. The development of this type of
chart is shown in Fig. 6.12. These charts are
actually graphs superimposed on the eye of an
observer. At the vertical center of each chart,
the observer is looking due south. The horizon
(a horizontal plane at the observer’s eye level)
is the line at the bottom of the chart. A set of
rectilinear charts for several latitudes (from
Mazria, 1979) is found in Appendix D.4.

These charts may also be used to easily
determine the number of hours of greatest inso-
lation, that is, what percentage of clear-day
insolation is gained each hour by an unshaded
south-facing vertical window (Fig. 6.13). This
emphasis on south orientation calls attention
to its useful characteristic of receiving more
sun in winter and less sun in summer than any
other orientation. To convert these percentages
to actual heat gains, see Tables C.1 to C.10 (for
clear days at a given latitude) or Tables C.19

Fig. 6.11 Equidistant (horizontal, polar)
Sunpath diagram for 44° N latitude.
(Reprinted with permission from Archi-
tectural Graphic Standards, 8th ed..
1988. John Wiley & Sons, Publishers.)

and C.20 for average day data by climate station
(January and July only).

. The stereographic projection (circular, equal

spacing) also represents the sun’'s changing
position in the sky throughout the day and
year. The format is like a fish-eye photograph
of the sky pointed to the zenith directly above.
The various paths of the sun throughout the
year can be projected onto the sky, then “flat-
tened.” The principal advantage of this projec-
tion is that it is very simple to draw sunpaths at
any scale and for any latitude without having
to rely on published sunpaths. Thus, for any
serious sunshading design, a designer can pre-
pare a large-scale sunpath chart at the exact
latitude of a project and do accurate graphi-
cal analysis. For a detailed description of the
method of preparing these charts, see Szokolay
(1980).

The design of sunshading devices necessitates

projecting the three-dimensional solar path onto a
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() Altitude

Two coordinates are used to locate the
position of the sun in the sky. They are
called the altitude and the azimuth {aiso
callad the bearing angle).

Solar altitude is the angle, above the
harizon, of the position of the sun mea-
sured from the horizan, The horizontal
lines on the chart represent altitude
angies in 10° incremants above the
harizan.

{4 Azimuth

Solar azimuth 15 the angla, along the
harizon, of the position af the siin
mewured to the east or wast from
true south,

() Skydome

The grid on the chart thus represents
vertical and horizontal angles of the
whole skydome, It is as if there was
a chear dome around the observer, and
then the chart was peeled off this
dome and laid flat.

e} Sun Position

With the altitude and azimuth angles,
the sun can be located ot any paint
in the ski.

Fig. 6.12 lllustrations (a) through (g) describe the development of the rectilinear sunpath chart. (From Edward Mazria and David
Winitsky. 1976. Solar Guide and Calculator. Center for Environmental Research, University of Oregon.) (h) U.S. map showing cities along

similar latitudes.
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(¢) Sun Path

By connecting the points of the location
of the sun throughout various times of
the day, the sun’s path for that day can
be drawn.

(/) Seasonal Paths

Thus, we can plot the sun's path for

any day of the year. Those paths shown
represent summer, fall/spring, and winter,
The sun path is greatest during the summer
when it reaches its highest altitude and
rises and sets with the widest azimuth angle
from true south, During winter, the sun is
much lower in the sky and rises and sets
with the narrowest azimuth angles from
true south.

(2) Times of Day

Finally, if we connect the hour lines an
each path, we get the heavy dotted line
which represents the hours of the day.
This completes the sun chart. NOTE:
The times on the sun chart are for solar
time. This may vary from standard time
as much as an hour and fifteen minutes
for different locations and different times
of the year. This is adequate for

most practical uses of the sun chart.

It is important to remember to at
least use standard time when using

the charts,
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Fig. 6.13 Sunpath charts for three latitudes (32°, 40°, 48°) show the approximate percentage of clear-day insolation for south-facing
windows for each of the maximum hours of sun each month.
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two-dimensional surface. Stereographic and equi-
distant projections are the most popular for sun-
shading analysis.

6.5 SHADING

Shading windows from solar heat gain is a key
design strategy for passive cooling and to reduce
cooling loads on active HVAC systems. Shading
the opaque building envelope is also important, but
since thermal resistance is usually greater through
such elements than through glazing, the discussion
in this section refers primarily to design strategies
for shading windows oriented south, east, and west.
Northern windows often also need shading devices,
contrary to the myth that the north facade never
receives direct beam radiation.

(a) Shading for Orientation

Because of the high altitude of the sun, the most
effective shading device for south-facing windows
during the summer is a horizontal overhang. On
east- and west-facing windows, a horizontal over-
hang is somewhat effective when the sun is at high
positionsin the sky but is not effective at low-altitude

angles. A variety of shading devices are illustrated
by the diagrams and examples in Figs. 6.14—6.18.

Direct solar gain through east- and west-facing
windows can be an extraordinary heat gain liability
and produce thermal and visual discomfort. During
the early design stages, it is best to orient spaces to
face north or south to avoid the east/west sun’s low
angle. If this is not possible, vertical fins are an effec-
tive strategy for east and west orientations. Eggcrate
shading devices (a combination of overhangs and
fins) provide optimal shading particularly in hot
climates (Fig. 6.19). North-facing windows receive
direct solar radiation in the summer in the early
morning and near sunset, when the altitude of the
sun is very low. For shading on the north side at
these times, vertical fins are most effective.

(b) Operable Shading Devices

Operable exterior shading devices are useful
because they respond to daily and seasonal varia-
tions in solar and weather patterns in ways that
fixed shading devices simply cannot do. The opera-
tion of a movable shading device can be as simple
as twice-a-year adjustment—for example, manu-
ally extending roller shades, awnings, rotating
fins, or louvers at the beginning of summer and

(@)

®)

Fig. 6.14 (a) Overhang with horizontal louvers. (b) Horizontal louvers allow free air movement—office building in Honolulu, Hawaii.
(Drawing by Erik Winter, photo by Alison Kwok; © 2004 Alison Kwok; all rights reserved.)
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Fig. 6.15 (a) Overhang using a series of vertical panels. (b) Application of horizontal overhangs at the IBM Tower in Kuala Lumpur,
Malaysia. (Drawing by Erik Winter, photo by Alison Kwok, © 2004 Alison Kwok; all rights reserved.)

retracting the shade after the hot season has ended
(in fall). These devices are very effective at blocking
low sun angles from the east or west. More com-
plex movable devices are typically on automated
daily and seasonal programs. Although many

(@

facility managers are of the opinion that movable
exterior shading devices require high maintenance
and are prone to malfunctioning, the designer can
apply appropriate technology to provide a low-
maintenance solution.

®)

Fig. 6.16 (a) Vertical fins. (b) Fixed vertical fins on a government building in Honolulu, Hawaii. (Drawing by Erik Winter, photo by Alison

Kwok; © 2004 Alison Kwok; all rights reserved.)
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Fig. 6.17 (a) Movable fins. (b) Movable fins are positioned according to the sun’s position at the Ala Moana office building in Honolulu,
Hawaii. These effective shading devices were removed when the building was remodeled to make it look more contemporary.
(Drawing by Erik Winter, photo by Alison Kwok; © 2004 Alison Kwok; all rights reserved.)

(a) @)

Fig. 6.18 (a) Eggcrate shading device. (b) Modified eggcrate to allow air movement and lighter structure at the Board of Water Supply
in Honolulu, Hawaii. (Drawing by Erik Winter, photo by Alison Kwok; © 2004 Alison Kwok; all rights reserved.)
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()

Fig. 6.19 Integration of eggcrate shading devices into the envelope at (a) the Hawaii Medical Services Association building in
Honolulu, Hawaii, and (b) the University of Arizona library in Tucson. (Photos by Alison Kwok; © 2004 Alison Kwok; all rights reserved.)

Fig. 6.20 Vines grow on an exterior structure at the Finnish
Embassy in Washington, DC. (Photo by Alison Kwok; © 2004
Alison Kwok; all rights reserved.)

Designers can also situate deciduous trees and
vines at key locations around a building, which
will act as natural shading devices with a natural
cycle for shade in the summer and loss of leaves
in the winter (Fig. 6.20). Plants have the advan-
tages of costing little, reducing glare, providing an
attractive connection to nature, and reducing exte-
rior surface (wall and ground) temperatures.

6.6 SHADOW ANGLES AND SHADING
MASKS

Altitude and azimuth angles are very useful in
understanding solar position and sunpath dia-
grams, but are much less useful in defining the
shadow angles cast by a projection on a wall

exposed to the sun. More angles come into play
with shading device design.

(a) Shadow Angles

When designing shading devices, the geometry of
the device itself and its relationship to the face of
a building produce a number of angles relative to
the desired shadow being cast. Since there is no
universal nomenclature for these relationships, the
angles involved in the design of shading devices will
be very carefully defined. Refer to Fig. 6.21, which
shows the shadow cast by a horizontal overhang
on a wall exposed to sunlight. Note that the shadow
is defined by two angles: the vertical shadow angle
(VSA), which indicates the position of the leading
edge of the shadow as defined from the leading edge
of the overhang, and the horizontal shadow angle
(HSA), which defines the leading edge of a shadow
cast by a vertical element (indicated by a dashed
line) as defined with respect to that element’s lead-
ing edge. The terms vertical shadow angle and hori-
zontal shadow angle are in use throughout the world,
although in the United States the vertical shadow
angle is also known widely as the profile angle
because it is so designated on the Pilkington Sun
Angle Calculator.

Figure 6.22 shows the same information in
slightly different form; line DA is the shadow cast by
line DE, which is the intersection between a horizon-
tal projection and a vertical projection. This line is
particularly important in determining the required
extent of a shading element, as will be shown in the
following sections.
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!
dPosition of vertical element

Fig. 6.21 The shadow cast by a horizontal overhang is best defined by the vertical shadow angle (VSA) and the horizontal shadow
angle (HSA). The VSA is also known as the profile angle in the United States.

VSA = vertical shadow angle
HSA = horizontal shadow angle
AL = altitude angle
DA = shadow of line DE

- AB _ AB
tan HSA = BC = DE

_ DB _ tanAL
tan VSA = 35 = s 054

Fig. 6.22 The shadow DA cast by the intersection line DE between a horizontal and a vertical shading element defines the edge of
each of these shadows. DE can also be thought of as a pin, normal to and extending from the wall, casting a shadow, DA, on the wall.
The location and size of line DA are best defined in terms of angles VSA and HSA.



(b) Shading Masks

A shading mask is a sunpath chart (horizontal
projection) that shows the shadow cast by a par-
ticular shading device, as shown in Fig. 6.23. For
a horizontal shading device, the leading edge of the
shadow cast by all horizontal elements with the
same VSA (profile angle) projects as a segmental
line, and when plotted on the sunpath chart, it is
shown as a segmental mask. To draw this segment,
a protractor is required. The Pilkington Sun Angle
Calculator includes a profile angle protractor (an
overlay to the sunpath chart) to draw the required
segment. With no shading, there is no shadow, the
VSA is 90°, and no segment exists. With a very deep
overhang, the VSA approaches 0° and the unshaded
area shrinks.

For vertical shading elements, such as fins (Fig.
6.23D), the leading edge of vertical shading ele-
ments forms a shadow, shown as radii projecting
from the center, which forms an angle HSA, from
a line normal to the wall. These radial lines can be
drawn with the assistance of an ordinary protractor
or by use of the protractor in Fig. 6.2 3¢. The full seg-
ments and full radial lines of the shading masks are
of infinitely long elements, which, of course, do not
actually exist. Shading masks that appear in the
literature (Olgyay and Olgyay, 1951; AIA, 1981)
are frequently drawn as if for infinite elements, and
the masks must be truncated for real-world shading
design.

(c) Use of Shading Masks

A shading mask is drawn on some transparent
medium (e.g., paper or plastic sheet) and laid on
top of a sunpath diagram for the proper latitude
drawn to the same scale (see Fig. 6.24, which illus-
trates the placement of a shading mask). Its center
point is placed on the center point of the sunpath
diagram, and it is rotated until its facing direction
(the direction normal to the wall) is aligned with the
appropriate azimuth line on the sunpath diagram.
Assuming that the shading mask has been correctly
drawn to provide shading for the window (typically
50% or 100% coverage), the shaded hours for the
window and device in question can then be read
directly from the underlying sunpath diagram as
summarized in Table 6.1. (This is why the shading
mask must be drawn on a transparent medium.)
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It is extremely important to note that a hori-
zontal overhang shading element the same width
as a window can provide full shade for the window
only when the sun is exactly opposite the win-
dow (when the solar-window azimuth is 0°). This
situation occurs for only an instant (Fig. 6.25).
At all other times, some part of the window will
be exposed to the sun. To provide full shading for
more than an instant with a horizontal element
and no vertical (side) elements, an overhang must
extend beyond the sides of the window. The amount
of such an extension can be determined both
graphically and analytically. Since graphic solu-
tions are amply treated in the literature (Harkness
and Mehta, 1978; Limet al., 1979; Cowan, 1980),
the focus here is the analytic solution. In review-
ing this discussion, keep in mind the requirement
that shading masks for 100% coverage must be
prepared so that the extremities of the opening are
shaded.

(d) Designing Finite Horizontal
Shading Devices

Although any percentage of window shading cov-
erage is possible, most shading devices are designed
to give either 50% or 100% coverage. Deciding
upon shading coverage is the first step in design.
The second step is to establish the required depth
of the shading device (the distance it projects from
the wall). Figure 6.26 shows how the required
depth and the corresponding segmental mask are
determined. At times, because of window areas left
unshaded by the original overhang, it is necessary
to determine the required side extensions beyond
the window’s edges.

Due to the symmetry of solar motion about
the ecliptic, the position of the sun is symmetrical
on both sides of its maximum/minimum positions,
that is, the solstices. Thus, the sun’s position on
May 21 is the same as on July 21, since both dates
are 1 month from the summer solstice. As a result,
any fixed shading device will give the same shade in
the spring (before 21 June) as in the summer (after
21 June). Since in many locations spring is cool,
desired late summer shading will produce spring
shading that may not be desirable. Solutions to this
apparent dilemma are either to use a movable or
a variable-size fixed shading device or to compro-
mise on the amount of shading, that is, to design for
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Horizontal element Vertical elernent
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Shading mask protractor
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Fig. 6.23 A shading mask is the horizontal projection of the shadow cast by the elements with the same VSA or HSA. Thus, any
infinitely long horizontal element with the VSA shown in (a-1) will have a shading mask, as shown in (a-3). Similarly, any infinitely
high vertical elements with the HSA shown in (b-1) will have the shading mask shown in (b-3). A protractor (c) is required to draw the
segmental horizontal element mask properly.



Sunpath diagram
for 36°N latitude.
Equidistant
projection.

Area within dotted

outline represents I
time during which =
the entire window
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Base line of shading
1700 mask corresponds to
building waltl.

Segmental mask line
corresponding to an
infinitely long horizontal
shading element.

Limits for a typical finite
horizontal element. Drawn
as segmental section

> normal to wall, at vertical
angle between edge of

Points on month and hour
lines at which the time
of complete shading can
be read. Interpolation is
usually necessary.

36°N Latitude

E overhang and bottom
edge of window.

Direction of normal to the
wall; here—SE.

Fig. 6.24 A shading mask for a typical horizontal overhang on a window is laid over a sunpath diagram to permit determination of

the shaded hours. The mask is drawn to provide 100% shading for the entire window. The hours during which the entire window is
shaded are determined by the intersection of the mask perimeter with the date/hour lines of the sunpath diagram, and are tabulated
in Table 6.1. Only during the hours falling within the dotted area is a window fully shaded by an overhang element that is as wide as
the window. The shading element shown here is not symmetrical about the center, indicating that an extension to the left was used to
provide a larger shade period after noon. This is typical for east-facing windows and is reversed for western exposures.

TABLE 6.1 Time of Day When Window
Is Fully Shaded

With Element
With Required Same Width
Overhang Extensions As Window
Date From To Time
21 June 0900 1240 1115
21 July/May 0850 1250 1100
21 Aug./Apr. 0845 1330 1035
21 Sept./Mar. 0940 1400 0955
21 Oct./Feb. 1040 1410 —
21 Nov./Jan. 12N 1300 —
21 Dec. 1230 —

50% shading for late summer (and early spring) and
100% shading for early summer (and late spring).

(e) Design Approaches

In addition to the approach just described, design
might start with conceptual sketches of an

appropriate shading device. As the sketches are
developed into scaled drawings, a sectional draw-
ing will show the geometry of the building. The VSA
for 100% shading would be an angle from the win-
dowsill to the outer edge of the overhang. Once the
VSA is established, a shading mask can be created
and overlaid onto the appropriate sunpath chart
to determine whether there is adequate shading
during specific times of the day and year. A more
detailed description of this design process is found in
Olgyay and Olgyay (1951).

Shading devices can greatly enrich the aes-
thetics of a building as well as improve perfor-
mance. Examples of shading device models for
various orientations (Fig. 6.27) show a range of
shading design solutions for a building in a temper-
ate climate.
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Required extension

S 4 / Horizontal overhang

Shade extends
beyond window

Window protrudes

Point for Unshaded area with from wall
full shading original length overhang
Limit of new shading mask Shading “mask” for 100% shading

of the entire window, of original
element (i.e., a single line)

]

of extended overhang. Drawn
as segment normal to wall,
at angle (VSAja
between lower

edge of window

and end of extension

Shading mask of
an infinitely long
elemnent of depth
shown

Fig. 6.25 A horizontal overhang with sufficient depth to provide 100% shading can provide full shading only when the sun is exactly
opposite a window. At any other time, part of the window will be exposed to the sun. Full shading from low early morning or late
afternoon sun is not possible with horizontal elements.

Overhang required for:
50% shading
100% shading

Limits of finite segment
as determined by
shading requirements

! /

VSA Window
centerline

2
S
c
L « VSA
/

Bottom of window

(sill)

(a) (&

Fig. 6.26 One way to find the required depth of a horizontal overhang is to establish the required segmental shading mask (a) and
read the VSA (profile angle) off the protractor that corresponds to the segment. Draw a wall section (b) to scale with the VSA. The VSA
can be drawn for 50% shading coverage, 100% coverage, or any other value. The depth of the overhang can be measured directly
from the section. Alternatively, if the overhang depth is known, the segment can be drawn.
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Fig. 6.27 Examples of shading device models (a—f) illustrate a variety of design responses to orientation, shading requirements, and
view for a university building located at 44° N latitude. (Photos by Fumiko Docker; © 2004 Alison Kwok; all rights reserved.)
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UNDERSTANDING HEAT FLOW IS
fundamental to all aspects of climate control.
Chapter 4 addresses heat flows to and from the body
that affect thermal comfort. Chapters 8, 9, and 10
deal in part with heat flows to, from, and within var-
ious elements of active and passive climate control
systems. This chapter deals with heat flows through
building envelopes, both through the materials of
the building skin and by way of outdoor air that
replaces conditioned indoor air. Basic concepts and
calculations of heat flow are presented in this chap-
ter, whereas applications of these concepts (pas-
sive solar heating, passive cooling, active HVAC
system/equipment sizing, seasonal energy usage)
are found in subsequent chapters. Numerous data
tables that accompany this chapter are presented in
Appendix E.

7.1 THE BUILDING ENVELOPE

From a building science perspective, the exterior
enclosure (or envelope) of a building consists of
numerous materials and components that are
assembled on site to meet the intents of the owner
and the design team. A building envelope typically
includes some prefabricated components (such as
windows and doors) that are available off the shelf
and have well-defined and tested thermal perfor-
mance characteristics. The typical envelope also
includes materials in a variety of forms (sheets,
blocks, bulk products, membranes, etc.) that have
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been site-assembled to meet design requirements.
These components and materials may be assem-
bled into commonly used configurations with
generally understood performance or into config-
urations unique to a given project and of uncer-
tain performance. The job of envelope thermal
analysis is to ensure that a proposed envelope
will meet the design intent and criteria (includ-
ing building codes).

From a functional perspective, the envelope of
a building is not merely a two-dimensional exte-
rior surface; it is a three-dimensional transition
space—a theater where the interactions between
outdoor forces and indoor conditions occur under
the command of materials and geometries. Sun
and daylight are admitted or rejected; breezes
and sounds are channeled or deflected; and rain
is repelled or collected. This transition space is
where people indoors can experience something of
what the outdoors is like at the moment, as well
as where people outside can get a glimpse of the
functions within. Figure 7.1 shows an example of
an envelope that is a transitional space, not merely
a surface. The more suited the outdoors is to com-
fort, the more easily indoor activity can move into
this transition space. At building entries, a person
will be especially aware of the difference between
indoors and outdoors during the passage between
the two conditions.

The envelope has a fourth dimension: it
changes with time. Seasonal changes have a
marked effect on the facade shown in Fig. 7.1 and
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Fig. 7.1 The envelope is more than a surface. This south-
facing office facade in Oregon forms a microclimate zone that
buffers the transition between indoor and outdoor conditions.
Groundcover plants at eye level for seated occupants and
deciduous vines overhead give a seasonally changing view

to the outdoors through a facade that also admits winter

sun, year-round daylight, and summer breeze. (Photo by
Amanda Clegg.)

a more subtle effect on the east-facing balconies of
the apartments in Fig. 7.2. The year-round usable
volume of these apartments is increased by mak-
ing the balcony into a sun porch. This allows sun
to enter while blocking the wind—a response to
Oregon’s long, mildly cold winter. The more that
users are involved in decisions about how much of
the outside to bring inside, the more changeable the
building envelope will be. Not all buildings encour-
age such flexibility and individual expression; an
unchanging envelope can be a symbol of stability
and may be considered appropriate for some gov-
ernmental and religious monuments.

7.2 BUILDING ENVELOPE DESIGN
INTENTIONS

Called by their familiar names, the basic compo-
nents of a building envelope include windows,
doors, floors, walls, and roofs. On closer inspec-
tion, windows can include skylights, clerestories,
screens, shutters, drapes, blinds, diffusing glass,
and reflecting glass—an array of components that
determines how the envelope does its job of making
the transition between inside and outside. Norberg-
Schulz (1965) suggests that a component can more
fundamentally be thought of in terms of its design
intent relative to the exchange of energies: as a
filter, connector, barrier, or switch:

In general, we define a connector as a means to
establish a direct connection, a filter as a means
to make the connection indirect (controlled),
a switch as a regulating connector, and a bar-
rier as a separating element. ... An opaque wall
thus serves as a filter to heat and cold, and as
a barrier to light. Doors and windows have the
character of switches, because they can stop or
connect at will. (p. 113)

In addition to these historic envelope intents,
a new option is emerging: the transformer. A trans-
former is intended to convert an environmental
force (such as solar radiation) directly into a differ-
ent and desirable energy form (such as electricity).
A photovoltaic roof shingle is an example of a trans-
former.

The fundamental range of choices surround-
ing envelope intent and components can be illus-
trated by two opposite design concepts: the open
frame and the closed shell. In harsh climates (or
where unwanted external influences such as noise
or visual clutter abound), the designer frequently
conceives of the building envelope as a closed
shell and proceeds to selectively punch holes in it
to make limited and special contacts with the out-
doors. Such an approach might be called barrier-
dominated. When external conditions are very close
to the desired internal ones, the envelope often
begins as an open structural frame, with pieces of
building skin selectively added to modify only a few
outdoor forces. Such an approach might be called
connector-dominated. (Note that a connector, filter,
or barrier for one natural force may change its role
for another force: glazing may be a connector to
daylight but a barrier to wind.) The open-frame
or the closed-shell approach to envelope design,
when combined with material availability and the
influence of local culture, can produce a distinct
regional architecture, as shown in Fig. 7.3.

With a wide range of energy sources, building
materials, and mechanical equipment available,
it is possible to build connector-dominated build-
ings anywhere, regardless of the climate. The con-
sequences of the resulting energy consumption can
be severe. In contrast, if defending against outdoor
conditions becomes an overriding consideration,
barrier-dominated envelopes may be appropriate
in any climate. The designer’s use of connectors,
filters, and barriers is basic to the design of building
exteriors. With the addition of switches that allow
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Fig. 7.2 Envelopes change with time. This east-facing Oregon building facade changes by season and over the years. (a) December
morning sun floods unshaded balconies in the building’s early years. (b) Months later, June morning sun is blocked by shading devices
on some balconies. (c) Years later, many balconies have been enclosed for greater winter comfort. (Cascade Manor, Eugene, OR; John
Graham & Associates, Architects.)
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Hot Humid Climate: To the open frame, a barrier
roof of local plant materials is added to reject
rain and sun. A raised floor avoids damp earth
and its creatures and allows breezes to pass
over and under its users.

vy Seminole

a
Open %
Frame
Closed
Shell

Crow

Temperate Climate: This open frame is wrapped in
light-filtering animal skin, doubled near the
ground. Wind and rain are rejected; protection
against cold is provided by users’ clothing
(blankets) more than by the envelope. The
switch at the crown controls smoke. Portability
of shelter is a cultural factor here.

Arid Climate: The closed shell of mud block is a
barrier to wind and sunlight; it filters heat
by both delaying and reducing its impact on
the interior. Some light and heat are admitted
directly by small connectors: the door and
window, typically south-facing.
By early morning, the cold interiors are

Pueblo abandoned in favor of rapidly warming

south terraces.

Cold Climate: The igloo’s closed shell of ice
is a filter to light and heat, a barrier to
wind. Holes for entry and for smoke are
allowed, but sparingly. Fur-bearing hides

Eskimo hung inside can increase thermal comfort

for users.

Fig. 7.3 Open frame (Seminole and Crow) and closed shell (Pueblo and Eskimo) envelope approaches are influenced by climate,
materials, and culture. The influence of climate is dramatic, but material availability and cultural expectations also influence the enve-

lope design solutions in these examples. (Drawing by Dain Carlson.)

the envelope to respond to changing conditions and
transformers that respond to building needs and site
resources, a liveliness can result that makes a build-
ing an attractive addition to its environs.

Switches are a designer’'s way of having an
envelope respond in a variable manner and/or
giving building occupants some control of their
own environment. Seasons and functions change;

people are unpredictable. If the designer has care-
fully considered the range of choices that a switch
will provide, successful user control of that switch
is possible. Building skins plentifully supplied with
switches become demonstrations that architecture
is a performing art, not simply static sculpture.
Figure 7.4 shows a remarkably integrated switch-
dominated envelope in vernacular architecture.
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Fig. 7.4 Thermal switches on the Great Plains. (a) With an interior fire, smoke flaps at the top are adjusted to vent the smoke, and

an interior liner forces the cold combustion air entering at ground level to first rise along the sides of the tipi, gaining some warmth,
before it moves across the occupants on its way to the fire. Six adjustments to the lightweight, translucent, and portable tipi are
shown: the tipis in these diagrams are facing east, with their backs to the prevailing westerly winds. (b) In severe rainstorms, the
smoke flaps at the top can be closed. (c) For ordinary conditions of west wind, the smoke flaps block the wind, thus creating suc-

tion to draw out the smoke. (d) In hot weather, breezes are admitted under the cover at the ground. (€) In extremely cold weather, a
temporary windbreak can be added. (f) For the unusual wind or (g) southwest wind, the smoke flaps are manipulated to block wind,
again encouraging smoke draw-out, as in (c). (Parts b-g from The Indian Tipi: Its History, Construction, and Use by Reginald and Gladys
Laubin. Copyright 1957 by the University of Oklahoma Press.)
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Daylighting/solar control devices are perhaps
the most common and visible switches. Awnings
block direct sun at some times and admit it at oth-
ers. Opaque drapes can expose all of a window to
incoming daylight on dark days or block out day-
light entirely when desired. Translucent curtains
can change bright sun into a diffuse light for the
interior, or be drawn back to allow strong direct sun
and shadow to be cast inside a room. Passive solar
heating systems rely on switches to control the
incoming sun on warmer days, as seen in Fig. 7.2b.
Operable windows are a commonly used thermal
switch. Ventilating switches may be separate from
windows.

Visually, switches are a particularly promis-
ing source of three- and four-dimensional interest
on a building’s exterior. For the office buildings in
Fig. 7.5, on which facade would the daily and sea-
sonal changes be most visually evident? Ifit is easier
to imagine human beings working behind the win-
dows of one building than of the other, might that
suggest a more satisfactory work environment?
Might more personal control of a window promote
greater comfort?

Switches encourage interaction between users
and their environments. This is usually satisfying to
the users, who are able to select the desired expo-
sure to the climate at a given moment. Yet without
automation, supervision, or training in their use,
switches can also be detrimental to system perfor-
mance. Examples include a thermal shade left to
cover a passive solar-collecting window on a cold,
sunny morning; a vent left open during the hottest
hours in a high-mass, night-ventilated building; or
an awning rolled up to expose a window to sum-
mer sun. People in buildings often use switches as
they feel appropriate, as demonstrated in Fig. 7.6.
Conventionally air-conditioned buildings typically
do away with user-operated ventilating switches
(operable windows) so that the system will instead
function with a closely and automatically controlled
flow of filtered outdoor air. Thermally efficient as
this practice may be, it can also be a source of wide-
spread dissatisfaction with air-conditioned spaces.
Sealed windows greatly curtail people’s contact
with sounds, smells, and breezes from the outdoors.
This is frequently beneficial in urban areas, yet on
beautiful days it can be very frustrating. A lack of
switches can contribute to a feeling of helplessness
about one’s personal environment.

Passive heating and cooling systems are espe-
cially reliant upon switches, hence on the knowl-
edge and cooperation of their users. These users
often must base their actions in manipulating ther-
mal switches at some point in time on what effect
will be needed at a later time. This practice, called
thermal sailing, is similar to the actions of outdoor
workers in the far north, who learn to unbutton
their coats in the cold early hours of the workday
before they begin to sweat. Sweat would soak their
insulating clothing, with harmful results later in
the day as temperatures fall rapidly near dusk.

Misjudgments in passively solar-heated resi-
dences can result in extraordinarily high tempera-
tures on a sunny day or uncomfortably cold nights
without stored solar heat. For a building closely
connected to its climate, the design of switches is
also the design of an educational process for the
users. The challenge is to involve, but not bind, the
users in the management of their environment.
Automated controls are a partial answer to this
challenge; switches that are easy, fun, and obvious
to use are another.

7.3 SENSIBLE HEAT FLOW THROUGH
OPAQUE WALLS AND ROOFS

The flow of heat through a building envelope varies
both by season (heat generally flows from a build-
ing in winter and to a building in summer) and by
the path of the heat (through the materials of a
building’s skin or by way of outdoor air entering
the interior through intentional and unintentional
pathways). These complexities must be considered
by a designer who intends to deliver comfort and
energy efficiency. The following discussion of heat
flow will focus first upon the building skin (opaque
elements, then transparent elements), followed by
heat flow via air exchange.

In the 1970s, designers began placing increas-
ing emphasis on thermal performance of the build-
ing skin to conserve energy in the wake of energy
scarcity. Tighter building envelopes resulted in
decreased air leakage, leading to ongoing concerns
about indoor air quality and “sick building syn-
drome.” Itislikely that today’s building code require-
ments strike a fair balance between envelope energy
efficiency and air quality requirements. Buildings
have changed as a result of this balance. Today’s
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Fig. 7.5 Sun control for Boston offices. (a) Shading switches both inside the glass (blinds) and outside the glass (awnings) are evident,
and the windows themselves are operable. Awning use varies with window location and occupant needs and desires. (New England
Merchants’ Bank, Shepley Rutan & Coolidge, Architects, demolished 1966.) (b) Three-dimensional filters (overhangs) dominate the
south facade (right) of this building at Boston University; the adjacent west windows (where overhangs are less effective) have only
internal switches (blinds) deployed in a variety of positions. (Law and Education Building; Sert, Jackson and Gourley, Architects). (c) A
two-dimensional filter of reflective glass equally sheathes all faces of this office tower, sending reflected sunlight to the neighborhood
below. The “switches” in this case are thermostats; variability is removed from the envelope, and users are not involved in defining the
outside—-inside relationship. (John Hancock Headquarters, I.M. Pei and Partners, Architects, photo by Stephen Tang.)
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Fig. 7.6 Which is spring, which is summer? The awnings for this south-facing office in Eugene, Oregon, are teamed with overhangs
and side walls (or fins) to provide sun control for windows. (a) The altitude of the spring sun is low enough to threaten glare in the
lower windows and cause awning deployment. (b) The summer sun, at a higher altitude, is readily blocked by the overhangs, and the
awnings can be rolled up with less risk of glare. (Moreland-Unruh-Smith, Architects.)

typical new North American building loses some-
what more winter heat via incoming fresh air than it
loses through its skin. In summer it gains somewhat
more heat through its skin than it does via incom-
ing fresh air (although this is climate-dependent).
This pattern is due in part to solar radiation being so
important to envelope heat gains in summer, and in

part to the design outdoor-indoor temperature dif-
ference being much greater in winter than in sum-
mer (in most North American locations).

Sensible heat is a form of energy that flows
whenever there is a temperature difference and
that manifests itself as an internal energy of atomic
vibration within all materials. Temperature is an
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indication of the extent of such vibration, essentially
the “density” of heat within a material. Other forms
of energy (such as solar radiation or sound) can be
converted to heat and vice versa (within limits).
Latent heat is sensible heat used to change the state
of (evaporate or condense) water. Power refers to
the instantaneous flow of energy (at a given time).
In buildings, energy refers to power usage over time.
Table 7.1 lists commonly encountered terms related
to energy, power (the rate of energy use), and heat
flow. Admittedly, some of the units used to quan-
tify heat, power, and energy are quirky. Neverthe-
less, time spent understanding these units may be
rewarded.

(a) Static versus Dynamic; Sensible
versus Latent

Although the general principles remain the same,
analysis of heat flow under dynamic (rapidly chang-
ing) conditions is more complex than under static
or steady-state (fairly stable over time) conditions.
The effects of heat storage within materials become
a greater concern under dynamic conditions than
under static conditions. A static analysis requires
consideration of fewer variables than a dynamic
analysis and is therefore simpler. The key determi-
nant of steady-state heat flow is thermal resistance.
An analysis of heat flow under dynamic conditions
involves more variables—including thermal capaci-
tance. The following discussion begins with steady-
state assumptions and then looks at the dynamic
situation.

Heat flows are of two forms—sensible heat and
latent heat. Sensible heat flow results in a change in
temperature. Latent heat flow results in a change in
moisture content (often humidity of the air). Total
heat flow is the sum of sensible and latent flows.
Materials react differently to sensible and latent
heat flows; as such, the discussion that follows
begins with sensible heat flow and then deals with
latent heat flows.

(b) Heat Flow Processes

Whenever an object is at a temperature different
from its surroundings, heat flows from the hotter
to the colder. Likewise, moisture flows from areas of
greater concentration to areas of lesser concentra-
tion. Buildings, like bodies, experience sensible heat

loss to, and gain from, the environment in three
principal ways. In convection, heat is exchanged
between a fluid (typically air) and a solid, with
motion of the fluid due to heating or cooling playing
a critical role in the extent of heat transfer. In con-
duction, heat is transferred directly from molecule to
molecule, within or between materials, with prox-
imity of molecules (material density) playing a criti-
cal role in the extent of heat transfer. In radiation,
heat flows via electromagnetic waves from hotter
surfaces to detached, colder ones—across empty
space and potentially great distances. Evaporation
can also be involved in envelope heat loss, carrying
heat away from wet surfaces, but this is much less
influential for most buildings than for our bodies.
Moisture flow through envelope assemblies and via
air leakage are the principal means of latent heat
gain (or loss).

The combination of sensible heat flow by
convection, conduction, and radiation through
some typical combinations of materials is shown in
Fig. 7.7. Heat flow through the various components
of a building skin involves both heat flow through
solids and heat flow through layers of air. Multiple
air spaces and reflective surfaces are useful and inex-
pensive ways to slow the flow of heat via radiation
from hot spaces where temperature differences are
large. Some of the most effective insulating materi-
als, therefo