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  P re face

 Purpose and evolution of Sun, Wind & Light

The purposes of this third edition of Sun, Wind & Light 
(SWL) are aligned with those outlined in the fi rst edi-
tion preface: to help architectural designers who are not 
energy experts understand the energy consequences of 
their most basic design decisions. With this information 
they can then use energy issues to generate form rather 
than seeing them simply as limits that must be accommo-
dated. Furthermore, this new edition is meant to   provide 
designers with the preliminary design tools and strategies 
to meet and exceed the Architecture 2030 energy and car-
bon targets. 

SWL has expanded in this edition from 109 to 150 Anal-
ysis Techniques and Design Strategies. It helps architects 
to design net-zero energy buildings by assisting them in 
creating sustainable designs based on site forces of sun, 
wind and light. SWL addresses issues of how to heat with 
the sun, cool with the wind and earth, light with the sky 
and make power with renewable energy. SWL serves both 
design professionals and students of design.

The new edition is not simply an update. Instead, it is 
a complete redesign and a mapping of the knowledge of 
preliminary phase net-zero energy design. Key to this new 
approach are three new methods: 

1)  The Design Strategy Map method, which allows us 
to map existing design strategies, identify missing 
strategies and reveal their hierarchical ‘vertical’ scalar 
structure. 

2)  The method of Strategy Bundles reveals the 
synergistic interrelationships among the strategies 
and issues. 

3)  A third approach, the Design Decision Chart, uses a 
design question-driven method for selecting design 
strategies and linking them together into Bundles. 

Finally, we combine all these methods and resources into a 
searchable electronic resource,  SWL Electronic, acces-
sible in numerous ways not possible in print. 

In addition to the new knowledge structure and new 
ways of navigating and representing the knowledge, we 
have also added 9 new bundle spreads, 7 synergies, 15 
new design strategies, 4 new  analysis techniques, 6 high-
performance building assessment techniques, numerous 
concise design strategies and favorite design tools. Each 
has an average of 5 illustrations for approximately 225 
new illustrations.

Sun, Wind & Light is one of the only sources to funda-
mentally integrate the formal language of architectural 
design with the discipline of building science. Climatic 
forces are important in architecture because a building’s 
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response to climate is directly related to its energy con-
sumption, and because climate is a powerful local context 
giving designers a means of regional expression and place 
making. We are delighted that SWL has become a stan-
dard in courses on sustainable or low-energy design across 
the world. Uniquely among its peers, it bridges the worlds 
of engineering and architecture by connecting form and 
energy fl ows. 

Organizational  changes in the third edition

Veteran SWL users will notice that the work has been 
radically reorganized. The entire contents of the second 
edition is now located on the companion  SWL Elec-
tronic. The printed  book, which we will refer to in the 
text as SWL Printed, is almost entirely new material, with 
the addition of selections and condensations of some of 
our favorite design strategies and design tools. The Anal-
ysis Techniques, which came fi rst in SWL2, have been 
moved to the back of the sequence, partly to emphasize 
the importance of design thinking and strategies. The 
work now moves in SWL Printed from more general systems 
of navigation to the energy design process to associa-
tions of strategies in the bundles and fi nishes with new 
techniques for net-zero and carbon-neutral buildings. In 

 SWL Electronic the sequence moves from large- to small-
scale design strategies, and fi nally to the detailed, more 
quantitative analysis techniques. Gone is the separate sec-
tion for “Strategies for Supplementing Passive Systems.” 

In general the distinction between passive and active sys-
tems is more useful conceptually than in practice, where 
most buildings are a combination of the two. Therefore 
the “supplemental” strategies have been folded into their 
appropriate sequence within the 'design strategies' sec-
tion. Most of these more mechanically-oriented strategies 
fall into the scale of building parts. 

A new  intention:  reversing building emissions

In addition to the general purpose outlined above, this 
third edition's intent is focused on the potential impact 
of this work for one of the most signifi cant issues of our 
time. As we have gained experience as authors, teachers 
and design consultants, we have become even more com-
mitted to sustainable design, more aware of the urgency 
of its discipline and more radical in our ambitions for 
architecture. 

This new edition sets out two additional purposes:
1)  To map the knowledge base of preliminary climatic 

design via new theoretical frameworks
2)  To provide accessible methods for  net-zero energy 

design with the intent of contributing to the 
massive effort by the building community to reduce 
greenhouse gas emissions from the building sector to 
pre-1990 levels by 2030.

The  Architecture 2030 organization has made it 
unmistakably clear that the building community has a 
historic opportunity to turn around the North American 
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contribution to global climate change by meeting tar-
gets for fossil fuel reduction (and thus greenhouse gas 
reductions) leading to all new buildings being designed 
to  carbon-neutral performance standards by the year 2030. 
Beyond this is the more ambitious goal of a site net-zero 
energy building, one which produces as much renewable 
energy on site as it consumes. Therefore, this edition sets 
as its task to help designers effectively begin the net-zero 
energy design process by selecting strategies that use site 
energy resources to reduce energy loads and produce green 
power, the two sides of the net-zero equation. 

Building on SWL's precedent of quick tools for sche-
matic and preliminary design, strategic tools have been 
created that help the designer identify networks of related 
design strategies in support of net-zero design, along with 
quick calculation methods that can be done in a matter of 
minutes without expensive expert energy consultants. As 
in the previous editions, whenever possible these quan-
titative techniques have been presented in graphic ways 
that visually reveal (the audience is architects after all) 
the relationships among the most important variables and 
those variables that most infl uence architectural form. 

In the second edition introduction, it was noted that 
while fossil fuel resources are fi nite, the capability of nat-
ural systems to absorb society's wastes may be an even 
more stringent limit:

While saving energy has a high social benefi t because it 

slows the depletion of fi nite reserves of fossil fuels, it is 
equally important in reducing the pollution caused by 
the extraction and burning of these fuels, and therefore 
in reducing acid rain, the potential for global climate 
change, and the localized ecological impact of practices 
such as strip coal mining. (SWL2)

The three graphs from Architecture 2030 (previous 
page) show the signifi cant contribution that buildings 
make to energy use and carbon emissions. Buildings are 
responsible for 49% of  U.S. Energy Consumption by Sec-
tor, a dramatic 77% of  U.S. Electricity Consumption by 
Sector and 47% of  U.S. Carbon Dioxide Emissions by 
Sector. Globally, these percentages for buildings are even 
greater. According to Architecture 2030:

By the year 2035, approximately three-quarters (75%) 
of the built environment will be either new or reno-
vated. This transformation over the next 30 years 
represents an historic opportunity for the architecture 
and building community to make the changes necessary 
to avoid dangerous climate change. (Architecture 2030, 
2011)

The graph of U.S. Building Sector CO2 Emissions 
(previous page) shows projections for two paths. In the 
“business as usual” scenario, buildings continue current 
energy use and fossil fuel trends and become an increas-
ing part of the global climate change problem. In the 
second, “The 2030 Challenge” scenario, radically reduced 
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fossil fuel targets are aggressively implemented, buildings 
reverse their CO2 emissions to pre-1990 levels by 2030 and 
continue to reduce overall CO2 emissions into the second 
half of the 21st century, even when accounting for pro-
jected growth in the building stock.  This trend would have 
the effect of eliminating the need for all coal-fi red power 
plants in the U.S., a dramatic impact on the country's 
responsibility for climate change! 

Buildings built today outlive their  energy sources

The graph of Building Sector Energy Consumption by 
Fuel Type shows the mix of fuels used in 2010 by build-
ings in the U.S. (Architecture 2030, 2011). Fossil fuels 
combine to provide 76% of building energy. Not only 
is the burning of these fuels responsible for producing 
greenhouse gases, but each of the three fossil fuels is pre-
dicted to reach its peak production and begin to decline 
by 2030 or before, both raising architecture's contribution 
to climate change and requiring a dramatic society-wide 
shift to alternative sources of energy.

 Peak oil is the date when maximum global petroleum 
extraction was reached, after which production declines. 
U.S. oil production peaked in 1970. Since the 1970's, total 

new oil and gas discoveries have declined every year and 
domestic production has declined every year. Globally, the 
world's crude oil production peaked in 2004 (Inman, 2010; 
IEA, 2010).

US  peak natural gas production was in 1973; new dis-
coveries have raised production in recent years, but prices 
have risen as a result of increased demand for natural gas 
for electricity production. Most new power plants burn 
natural gas and relatively few new coal plants have been 
built in recent years. One-third of global energy comes 
from natural gas and demand is rising steadily. Estimates 
on global peak natural gas vary from the present to 2030.

In contrast to earlier predications of centuries-long 
supplies of coal, predictions are now much less optimistic 
for the date of peak coal. In 2007, the German think tank 
Energy Watch Group analyzed each country's coal reserves 
and production, concluding “global coal production [will] 
peak around 2025 at 30% above present production in the 
best case”(Energy Watch Group, 2001).

Paul Chefurka (2007) has done an excellent job of 
assembling projections of various fuel sources, as shown 
in the graph of  World Energy Production, which predicts 
world peak energy (for all fuels) occurs somewhere around 
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2020 and declines in all fossil fuels over the rest of the 
century.

If we continue on the business-as-usual path for energy 
use in buildings, then the most likely scenario is for oil 
use in buildings (only 9% currently) to decline, while fi rst 
natural gas and then coal-fi red energy use in buildings 
will increase, exacerbating current greenhouse gas and cli-
mate change trends. 

However, there is a clear alternative to ongoing increases 
in demand and fossil fuel use for the building industry: the 
path of design. 

The   design path can radically reduce energy consump-
tion by buildings and end our dependency on fossil fuels 
for buildings. Using current knowledge and available 
technologies, ASHRAE has produced a series of High-per-
formance Building Design Guides with targets of 30% and 
now 50% reduction from their own energy performance 
standards. These are prescriptive guides for different 
building types, with requirements varying by climate, 
which do not even employ passive design strategies. Such 
prescriptive requirements depend on specifi cations for effi -
ciency of the building envelope and mechanical systems. 
Such effi ciency measures are out of order in two ways:
• They miss the critical early steps toward net-zero 

energy buildings that architectural design provides. 
They focus only on what engineers do and miss what 
architects do.

• They are necessary but not suffi cient to reach a 
responsible net-zero energy building that does not 
depend on high levels of renewable energy. 

Sun, Wind & Light takes the approach that green power 
systems, such as photovoltaics and wind generation, are 
the most expensive and appropriately the last stage in a 
sequence of the    Hierarchy  of Strategies for Net-Zero  
Building Design, as shown in the diagram. The design 
strategies in SWL3 run across these stages, but are cen-
tered in the lower three levels where the design of 
buildings drives performance. The diagram shows fi ve levels 
of consideration. Each can be thought of as engaging Cli-
mate, Use, Design and Systems—fundamental perspectives 
that we will introduce later in Part II's section on “Build-
ings and Energy Use.” 

Although these levels can be thought of in a sequence, 
and some design processes may proceed from larger ques-
tions to more detailed decisions, or from more formal to 
more technological questions, the sequence of consider-
ation may be varied and the pyramid is not intended to 
imply a strict sequence. Instead, the way to think of these 
levels of concern is that each higher level depends on the 
lower level. For example, while it is conceptually possible 
to have a huge PV system (producing a high level of green 
power) to supply a poorly designed building with large 
energy loads, it is neither prudent nor rationally elegant. 
In the early days of the passive movement in architec-
ture, proponents debated “mass and glass” vs. “light and 
tight” or “passive” vs. “active” approaches. The hierar-
chy of strategies transcends these polarities with a way 
of thinking and designing that integrates them while also 
providing a linkage between architecture and engineering 
logics. 

The hierarchy suggests solving the energy design prob-
lem with the lowest level of technology possible and the 
least cost strategies, while also substituting embodied 
intelligence in architectural form for hardware.

The net-zero energy equation in a building can be 
solved in many different ways, however there are ele-
gant and inelegant ways to reach net zero. There are ways 
that give all of the power and profi ts to utilities, green 
power equipment corporations, HVAC manufacturers and 
engineers, and there are ways that employ the power of 
architectural design to reduce the need and magnitude 
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of these other players. Ethical distinctions of signifi cant 
degree characterize these various approaches. 

The hierarchy says that it is better to use site design 
to reduce the environmental stresses on buildings and to 
provide access to desired climatic resources to solve a por-
tion of the energy problem before using building design 
to overcome what the building does not need to do. There 
is no point in designing a solar-heated or naturally ven-
tilated building unless it is a low-load building to begin 
with. The hierarchy calls us to design effective passive 
systems for heating, cooling and lighting to radically 
reduce loads before designing and specifying a highly effi -
cient HVAC system. Essentially, an effi cient heating system 
with 25% of the load is better than an effi cient system 
that has to be four times as big or run four times as many 
hours per year. When the fi rst three levels are done well, 
the conventional heating or cooling system can sometimes 
be completely eliminated (such as in the PassiveHaus), 
what the Rocky Mountain Institute refers to as “tunnelling 
through the cost barrier.” The hierarchy says that after 
loads are thoroughly minimized by considering Design, 
Climate and Use at levels 1–3, then high-performance Sys-
tems become appropriate and a careful consideration of 
their integration with the passive systems can minimize 
the net loads of the building. Only then does making one's 
own electricity on-site make sense. 

This bucks some current trends toward large surface 
areas of glass, double envelope buildings that attempt to 
reclaim the morality of the Miesian aesthetic, and wildly 
expensive demonstration projects covered in photovolta-
ics, looking forward to a time of cheap power-producing 
building surfacing. Such projects are bought at a high 
fi nancial price, a high cost in embodied energy and carbon 
and in overall environmental impact. PVs, while yielding 
no emissions in producing their energy, do not come with-
out an environmental cost. Indeed, even high-tech glass 
window walls with their metal frames have similar issues. 

Perhaps the best argument for reclaiming the path of 
architectural design as the essential core of the energy 
design process is that it results in simpler buildings 
affordable to more of the world's burgeoning population. 
High-performance, high-technology buildings that ignore 

the fundamental levels of the net-zero energy design hier-
archy are expensive, even when the technology used is 
“green.”  

Over the decades, as buildings have become more 
complex, architects have ceded much of their responsi-
bility over energy use in buildings to energy consultants 
or engineers. For a series of reasons, design and perfor-
mance, what Lance Lavine calls, “mechanics and meaning 
in architecture,” in his book of the same name, have been 
isolated into separate professions, logics and methods. 
While architects defi nitely have a role in the upper two 
levels, and these levels have signifi cant design implica-
tions for buildings, it is in the lower three levels where 
architects fi nd their voice as those who confi gure space 
and form. 

When architects claim the power of the design path in 
shaping the form of sustainable high-performance build-
ings, then rich human experiences of nature and its forces 
of sun, wind, light, earth, water and living things will be 
present. Further, when the entire spectrum of the hier-
archy is passionately engaged by designers, these rich 
experiences have the potential to develop into meaningful 
cultural communications, into a symbolic language that 
places us into relationship with nature. Frank Lloyd Wright 
often spoke of the integral nature of design, the inter-
connection of forms, ideas and expression from the site 
to the details, as for example, embodied in Unity Temple. 
By engaging all fi ve levels of this hierarchy, designers can 
aspire to a similar kind of continuity of expression about 
the relationship between humans and their designed 
artifacts, along with their context in Nature. The wide-
spread cultural adoption of net-zero design may ultimately 
depend on such an aesthetic and cultural expression that 
only competent and conscious designers can manifest. 

 Level  of Archetypes

The level of archetypes is the level of basic architectural 
design where issues of siting, orientation, location, shape, 
proportion and surface to volume ratio are considered, 
along with the neighborhood or urban fabric context of 
building groups that set the pattern for access to sun, 
wind and light. This third edition introduces a new set of 
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neighborhood-scale design strategy bundles (confi gura-
tions of strategies) that includes COOLING NEIGHBORHOOD, 
SOLAR NEIGHBORHOOD, NEIGHBORHOOD OF LIGHT and INTE-
GRATED URBAN PATTERN. These are considerations nowhere 
to be found in any high-performance building standards. 
In SWL3, many of the design strategies address these 
archetypes, such as SHARED SHADE, SOLAR ENVELOPES, 
BREEZY OR CALM STREETS, MIGRATION, EAST–WEST PLAN, 
DEEP SUN and ROOMS FACING THE SUN AND WIND. Addition-
ally, at this fundamental level designers consider a range 
of zoning and room organization strategies that set the 
possibilities for what comes next. These include strategies 
such as DAYLIGHT ZONES, COOLING ZONES, HEATING ZONES, 
BORROWED DAYLIGHT, BUFFER ZONES, and so on.

This fi rst level insures access to sun, wind and light, 
the formation of favorable outdoor microclimates, a good 
bioclimatic site location, and a preliminary building 
organizations that will work well for energy when more 
detailed and complex strategies are employed. 

 Level  of Efficient Technology

The level of effi cient technology is a prerequisite to the 
design of passive systems. For example, the European 
PassiveHaus standard is essentially a heating season 
envelope performance standard driven by effi cient 
envelope technology. To use the relatively low grade 
(temperature difference) energy of the sun as a winter 
heat source, the building must have a low rate of heat 
loss so that a small supply of heat can meet the load. 
Similarly, in summer, a building with a high rate of heat 
gain from its internal loads and through the building skin 
will be diffi cult if not impossible to cool with natural 
forces. Consider the analogy of a bathtub in which the 
water level can be kept high with the drain open or 
closed. The open drain is like a building with high heat 
loads; it requires a large supply, with the tap wide open. 
When the drain is closed, the tap can be closed with only 
an occasional need to add small amounts of hot water to 
offset the trickle that escapes the imperfect drain seal. 
This is like a solar building with a tight envelope and a 
low heat loss rate; it can be heated with a relative trickle 
of energy from the sun.

 SWL3 addresses this need for effi cient buildings with 
strategies and analysis techniques such as EQUIPMENT 
HEAT GAIN, ELECTRIC LIGHTING HEAT GAIN, VENTILATION OR 
INFILTRATION GAIN AND LOSS, SKIN THICKNESS, WINDOW 
AND GLASS TYPES, EXTERIOR SURFACE COLOR and EXTERIOR 
SHADES. Also introduced in this edition is the strategy 
bundle RESPONSIVE ENVELOPE, which helps to sort out the 
complexities present when designing high-performance 
envelopes. Prescriptive envelope standards are often good 
at improving performance using this level. Although many 
of the decisions about envelope performance are detailed, 
and thus tend to come later in the design process, SWL3 
helps the designer make general typological choices up 
front about the performance needed even if the specifi c 
choice about the actual elements specifi ed comes later. 

 Level  of Passive Design

Much of Sun, Wind & Light helps designers with the level 
of passive design, in which the building is confi gured to 
consciously heat itself with the sun, light itself with the 
sky and cool itself with the wind and other natural forces. 
Given neighborhood, site and building massing solutions 
addressed at level one of archetypes and given an effi cient 
envelope that reduces heat gain and loss insured by level 
two effi cient technology, passive design becomes possible. 

This is the level in which the designer can engage the 
various passive solar heating systems, such as DIRECT GAIN 
ROOMS, SUNSPACES, THERMAL STORAGE WALLS and so on, 
along with the details of these systems, such as THERMAL 
MASS, SOLAR APERTURES and MASS SURFACE ABSORPTANCE. 
This edition also introduces whole-building scale bun-
dles including PASSIVE SOLAR BUILDING, PASSIVELY COOLED 
BUILDING, DAYLIGHT BUILDING and OUTDOOR MICROCLIMATE.

With respect to daylighting, the passive design level 
engages a series of strategies that bring light supplied by 
the design decisions made at previous levels to the scale 
of rooms and building parts, such as DAYLIGHT ROOM GEOM-
ETRY, SIDELIGHT ROOM DEPTH, DAYLIGHT APERTURES and 
DAYLIGHT REFLECTING SURFACES. Similarly, passive cooling 
systems can be selected and designed at this level. Exam-
ples include CROSS-VENTILATION ROOMS, STACK-VENTILATION 
ROOMS, NIGHT-COOLED MASS, EVAPORATIVE COOLING TOWERS, 
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VENTILATION APERTURES and DOUBLE SKIN MATERIALS.
SWL3 deals less with the two upper levels in the hier-

archy, both because it focuses on preliminary design and 
because it focuses more on architectural issues than on 
engineering issues. SWL does, however, address these 
levels as they intersect preliminary design and assump-
tions needed for preliminary phase estimation of net-zero 
performance. 

 Level  of High-Performance 

The level of high-performance engages both sophisticated 
and effi cient HVAC systems and their integration with 
architectural design and with passive systems. Strategies 
include ELECTRIC LIGHTING ZONES, MIXED MODE BUILDINGS, 
HEAT PUMPS, MANUAL OR AUTOMATED CONTROLS, MECHANICAL 
SPACE VENTILATION and so on. 

 Level of Green Power  

In the current edition, we address the level of green power 
in strategies for PHOTOVOLTAIC WALLS AND ROOFS and for 
SOLAR HOT WATER, along with their associated analy-
sis techniques. Both of these upper levels and the whole 
hierarchy of strategies for net-zero buildings are sup-
ported by a set of high-performance buildings assessment 
techniques designed to help users design and evalu-
ate net-zero and carbon-neutral buildings. These include 
ENERGY TARGETS, ANNUAL ENERGY USE, NET-ZERO ENERGY 
BALANCE, ENERGY USE INTENSITY, EMISSIONS TARGETS and 
CARBON-NEUTRAL BUILDINGS.

 New content in the  third edition

In terms used by Paul Erlich, environmental impact in 
the form of greenhouse gas emissions is driven by energy 
use, and energy use is driven by energy demand. Energy 
demand can be thought of as being driven by three 
factors:
• Population (which continues on its exponential 

increase, passing 7 billion this year)
• Affl uence, which is the volume of goods and services 

that a person or society expects (such as how many 
miles we drive or how many square feet we live in)

• Technology, which is the effi ciency with which a given 

good or service is delivered (such as how much energy 
it takes us to stay warm or how much material it 
takes to span a roof)

Of these three drivers, design affects population lit-
tle, if at all. However, design does impact both affl uence 
and technology. Design is responsive to the demands and 
expectations of culture, but it is also in a dialogue with 
culture. Design can follow demand or create demand. It 
can be seen as a mere service, shifting responsibility to 
the client for its magnitude, such as the size of a building, 
or the comfort criteria expected. Consider a given need 
like a library that might be housed with a large building, 
or, with more effective design thought, could be accom-
modated in a much smaller building; a designer may take 
a proactive role with clients defi ning comfort criteria, 
occupancy schedules and so on, in the context of energy 
and environmental consequences. Particularly in its pro-
gramming and pre-design stages, design reaches deep into 
the assumptions that drive culture and the variable of 
affl uence.

A colleague who is a sustainability architect-analyst 
once told of a client who came to him and wanted to 
make sure that the 18,000 ft2 (1672 m2) house he had 
planned would use 50% less energy than conventional 
design. The architect said, “That's easy, why don't you 
simply build a 9,000 ft2 house?” Nowhere in LEED or any 
other high-performance green guidelines or criteria will 
you fi nd criteria for building size. According to the codes 
and standards, if you want to build 9,000 ft2 (836 m2) 
per person in your new house, that is fi ne, so long as you 
meet the energy criteria on a per unit area basis. When 
design meets environmental ethics such cultural insanity 
can be overcome. 

New analysis techniques have been added to address 
some of these embedded assumptions in the process of 
building design. New techniques such as ADAPTIVE COM-
FORT CRITERIA, ENERGY PROGRAMMING and LOAD-RESPONSIVE 
SCHEDULING, along with new Synergies, including ENERGY 
CONSCIOUS OCCUPANTS. Some of the simplest and most 
cost effective strategies involve lowering the thermostat, 
turning on a ceiling fan to allow a higher summer temper-
ature, scheduling to avoid peak cooling hours or changing 
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the corporate dress code to respond to the seasons. These 
may seem like nonnegotiable cultural practices, but they 
have real fi nancial and environmental impacts, and as it 
turns out, they are practices we have collectively created 
only relatively recently. 

Much of this book is bout the relationship between 
energy use and architectural form at a range of scales. 
This edition fi lls in some of the holes in SWL as a knowl-
edge base, thanks to students and clients.

New building groups scale content can be found in 
strategies to support a NEIGHBORHOOD OF LIGHT in the form 
of DAYLIGHT DENSITY and DAYLIGHT BLOCKS. The CLIMATIC 
ENVELOPES Strategy helps designers create building mass-
ing that admits both winter sun and daylight all year, and 
in some cases creates summer shade with the help of the 
SHADOW UMBRELLA strategy.

The older SWL2 strategy BALANCED URBAN PATTERNS, 
which addressed combinations of strategies for heating 
and cooling issues in different climates, has been incor-
porated into a new strategy bundle, INTEGRATED URBAN 
PATTERNS. 

Two zoning strategies have been added: PERIODIC 
TRANSFORMATIONS, in which space is “switched” depending 
on seasonal or daily conditions (such as when a “thermal 
enclave” is created); and MIXED MODE COOLING, a strat-
egy that recognizes the hybrid nature of many buildings 
as using both passive and mechanical strategies. The 
older strategy HEAT-PRODUCING ZONES has become HEATING 
ZONES to cover a wider range of rooms and activities that 
impacts heating. This is paired with the related COOLING 
ZONES, for designing to meet the overheated season.

SWL3 adds several new daylighting design strategies 
and makes several modifi cations to previous ones. The 
older ATRIUM has become ATRIUM BUILDING to address the 
planning and design options for a building's organization, 
while the sizing tools for the atrium itself have been spun 
off into a new TOPLIGHT ROOM strategy. SKYLIGHT BUILDING 
helps the designer with single-story rooms lighted with 
skylights, an issue not addressed in SWL2. DAYLIGHT ROOM 
GEOMETRY treats the room design as a lighting fi xture.

Strategies at the scale of building parts for OPEN ROOF 
STRUCTURE and DAYLIGHT ROOF address how to bring more 
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light through the roof assembly and roof structure, along 
with how to confi gure clerestories and monitors in roof 
systems. Guidance for the effect of arranging daylight 
apertures on daylight distribution is developed in the WIN-
DOW PLACEMENT strategy.

Revisions to the ventilation strategies have updated 
the SWL2 strategies of CROSS-VENTILATION and STACK-
VENTILATION to become CROSS-VENTILATION ROOMS and 
STACK-VENTILATION ROOMS, which aligns them better with 
other room-scale design strategies that focus on room 
characteristics for a given issue. The aperture sizing tools 
previously found in these strategies are now located in a 
single VENTILATION APERTURES strategy that parallels the 
related SOLAR APERTURES and DAYLIGHT APERTURES.

Strategies for thermal or fresh air and distribution 
fi ll gaps from the second edition. Two strategies have 
been added to address the need to store heat or to use 
radiation as a means of delivering heat or cool. MOVING 
HEAT TO COLD ROOMS is useful when the designer needs to 
move heat from where it is collected (usually rooms with 
an equatorial orientation) to rooms that cannot collect 
their own heat. When rooms are adjacent, the CONVECTIVE 
LOOPS strategy helps insure the passive air distribution 
will work properly. In many buildings, MECHANICAL HEAT 
DISTRIBUTION is helpful in distributing passively generated 
heating or cooling, and can be used with both passive 
and active sources. Preliminary design guidance for the 
critical issue of controls is given in MANUAL OR AUTOMATED 
CONTROLS.

An expanded treatment of thermal storage and radi-
ant distribution can be found in the signifi cant expansion 
of the THERMAL MASS strategy to include sizing for not 
only direct masonry and water thermal mass in the room, 
but also remote and indirect masonry thermal mass cou-
pled by convection, along with new sizing for phase 
change materials. A relatively detailed strategy on MASS 
ARRANGEMENT has been added to address where to put 
mass to be most effective for heating or cooling.

A series of new analysis techniques fi ll in a few holes 
and add an entire section called High-Performance Assess-
ments. To design for daylighting, one can now begin with 
DAYLIGHT DESIGN FACTOR to set design targets.
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The emphasis on net-zero  energy design in this cur-

rent edition has necessitated a series of six additional 
analysis techniques. These begin with setting ENERGY 
TARGETS AND EMISSIONS TARGETS. One request received 
from users on numerous occasions is for a simple ANNUAL 
ENERGY USE calculation technique. Therefore, in this edi-
tion there are techniques for calculating the building's 
ENERGY USE INTENSITY and comparing it to targets. Finally, 
the new techniques are completed with NET-ZERO ENERGY 
BUILDINGS and CARBON-NEUTRAL BUILDINGS evaluation.
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  I n t roduc t ion

  Premise

A basic premise of this book is that most decisions that 
affect a building’s energy use occur during the pre-
design, schematic or preliminary design stages of the proj-
ect as the diagram,  Front Loaded Sustainable Design 
indicates. Furthermore, the effort required to implement 
those decisions at the beginning of the design process 
is small compared to the effort that would be necessary 
later on. Therefore, if energy issues are going to receive 
an appropriate level of consideration at the beginning 
of the design process, an effective strategy is to present 
them in a way that is useful to the designer and fi ts with 
other things the designer is considering at that time. At 
fi rst, the designer works primarily in a synthesis mode, 
bringing ideas together, rater than in an analysis mode. 
Therefore, information and problem analysis in SWL is pre-
sented in a way that is generative of architectural form 
and that helps the designer understand how the forms 
generated by energy concerns fi t with forms generated by 
other architectural issues. The schematic design stage is 
one in which things proceed very rapidly, involving exper-
imentation with many ideas and combinations of ideas. 
The considerations are broad and conceptual rather than 
detailed and fi ne. Therefore, information in SWL is acces-
sible and quick to use.

The authors anticipate that the users of this book will 
have some background in energy issues and techniques, 
so the book is not meant to be a complete, self-suf-
fi cient reference or textbook; nor is it meant to be a 
primer that is read from cover to cover. These consider-
ations have had a profound effect on the character of this 
book. The information presented is at a rule-of-thumb or 
design guideline level. Its intention is to give only gen-
eral ideas about architectural elements and their size and 
relationship to other elements. Precision of the informa-
tion is sacrifi ced somewhat so that speed of use may be 
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increased. The approximation methods are founded on cer-
tain assumptions about the elements under consideration. 
Make sure to read carefully the text that accompanies each 
tool and identifi es its assumptions. If those assumptions 
do not apply to the considerations of the moment, then 
the approximations probably won't either. So, along with 
the speed of use comes a certain need for caution, though 
no more so than with many of the other concerns in the 
schematic stage. It is important to realize that to develop 
and detail a design based on the ideas in this book, the 
designer must also go to other sources and use more 
sophisticated tools.

Most of the ideas in this book are presented in a format 
of a few pages. Each spread contains a statement of the 
idea, a brief explanation of the phenomenon and its archi-
tectural implications, and an illustration of how the idea 
has been used elegantly by other architects. The brevity is 
aimed at increasing speed of use, and the illustrations are 
a means of helping the designer translate ideas into archi-
tectural form.

Limits of   scope

Readers will understand that this book deals primarily, 
though not exclusively, with mixed heating and cooling 
climates like those within the contiguous United States. 
Many of the design strategies will be useful in other 
climates, but there is a distinct bias towards those that 
address the changing nature of mixed climates rather 
than the more consistent needs of extremely hot or cold 
regions. However, beginning with the second edition, the 
range of coverage has been extended wherever possible 
to cover latitudes from the equator to the poles, and 
coverage of topics applicable to Canada and Alaska has 
been added in many strategies.

The strategies often use language for northern latitude 
sun positions, with southern latitude references given 
parenthetically, for example, “( N in SH)” means north 
in the Southern Hemisphere. Alternatively, we use the 
terms  equator-facing and  polar-facing (or simply equato-
rial or polar) to apply to both sites in both hemispheres. 
Many of the strategies assume a sun position to the south 
of the building that stays low in the winter sky. These 

assumptions may be inappropriate for regions near the 
equator, so, use with caution.

Some strategies address an important consideration of 
how passive design strategies are best integrated with 
more conventional electrical and mechanical systems in 
buildings. This integration is complex, especially in large 
buildings, and could easily fi ll a book by itself. The inten-
tion is to identify recurring considerations, like how to 
extend the heat storage capacity of passive systems, and 
to explain their potential architectural impact, not to give 
detailed methods for designing or sizing HVAC systems.

 Organization of the SWL resources

This edition of SWL is organized in two complementary 
parts:
1)  SWL Printed, which offers multiple navigation tools, 

describes how to use SWL and presents the energy 
design process, including the new Design Decision 
Charts, along with the spreads for the new Strategy 
Bundles and new High-Performance Buildings 
techniques.

2)  SWL Electronic includes all of the SWL Printed content, 
the Detailed Design Strategies and Detailed Analysis 
Techniques, plus a rich collection of appendices, 
including extensive climate data and the SWL Tools 
zero-energy spreadsheet.

While Part VIII and Part IX are found only in SWL Elec-
tronic, SWL Printed is organized into Part I, “Navigation”; 
Part II, “Using Sun, Wind & Light”; Part III, “Syner-
gies”; Part IV, “Bundles”; Part V, “Favorite Design Tools, 
condensed”; and Part VI, “Favorite Design Strategies, 
condensed.” 

In Part I, “Navigation,” SWL Printed is organized in 
several ways to help the user fi nd a particular piece of 
information. First, there are  several tables of contents: a 
short and a long version for both SWL Printed and for SWL 
Electronic. The short “Abbreviated Contents” list all of the 
synergies, bundles, techniques and design strategy names 
for quick reference. These are most useful when one is 
already familiar with the book. In addition to the names, 
the “Detailed Contents” give action statements under their 
major headings and subheadings so that in a few minutes 
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one can get a feeling for what is covered in the entire 
book. 

New to SWL is the “Alphabetical Contents,” which is 
a speedy way to fi nd the location of a synergy, bundle, 
strategy or technique if you already know its name. The 
“Navigation Matrix” is a graphic way to select and locate 
strategies by a combination of scale and energy topic 
(heating, cooling, lighting, ventilation or power). 

The tool, “Navigation by Design Strategy Maps,” helps 
identify strategies that may be related to a strategy the 
designer is already using or considering. It is organized by 
a nine-level system of increasing complexity. The knowl-
edge structure of the Design Strategy Maps is covered in 
greater detail in the “Navigation” section. 

The book is indexed in multiple ways: using a conven-
tional “Subject Index,” identifying the designers of the 
examples and the examples themselves in the “Design-
ers and Precedents Index,” and indexing selected tables 
and graphs in the “Design Tools Index.” After you’ve read 
about an idea it will be easy to retrieve.

SWL Electronic reproduces the 8.5 x 11 landscape format 
pages, now printable, from SWL2 with corrections, updates 
and many new strategies and techniques. It is divided into 
two main parts: Part VIII, “Detailed Design Strategies,” 
and Part IX, “Detailed Analysis Techniques.”

Part VIII, “Detailed Design Strategies” is the heart of 
SWL Electronic content. It is the section that designers 
will fi nd the most useful while formulating concepts for 
a project. The design strategies are organized into sec-
tions fi rst in terms of scale: Building Groups, Buildings 
and Building Parts. This helps a designer understand a 
particular principle, like sun movement, at a scale of con-
sideration that is similar to the project. 

Part IX, “Detailed Analysis Techniques,” plays a cru-
cial but supporting role to the fi rst part. These techniques 
serve the designer in three ways:
•  Defi ning the context of the problem by understanding 

the sun, wind and light resources of a particular site 
and climate

• Understanding the nature of the design problem itself: 
Are the issues about heating, cooling or daylighting? 
How do the problems change over the day and 

from season to season, and how are they affected 
by changes in the building’s form and envelope 
construction? With this information the designer can 
form an idea of what kinds of strategies are likely to 
be important.

• Evaluating the success of the design at meeting net-
zero energy, lighting or emissions targets

The “Glossary” section provides defi nitions for technical 
terms used in the text. All of the appendices are located 
in SWL Electronic and “Appendix A” includes climate data 
organized by city and keyed to the technique or strategy 
where the data is needed. That way, most of the informa-
tion required to design in a particular place can be found 
in one location. The appendices also include more general 
climate data that is not specifi c to a particular city, such 
as data in the form of maps. 

The  multiple organizations of design knowledge 

For many years researchers have been exploring how to 
organize design knowledge and, in particular, how to orga-
nize knowledge about designing with energy. It turns out 
that there is no one perfect organizational system that 
suits every purpose and every individual's orientation. 
While print requires that a particular linear organization 
be used, SWL also provides many ways via contents and 
indices, Design Strategy Maps, the Design Decision Chart 
and Strategy Bundles to arrive at which strategies to use 
and how to access them. Locating the bulk of the content 
on SWL Electronic also allows searching functions not pos-
sible in the printed book. 

Organization  by  scale and   complexity. As in SWL1 and 
SWL2, the primary organization of strategies is by three 
scale groupings: Groups of Buildings (anything larger than 
a single building), Buildings and Building Parts. These can 
be extended from an architecture-centric logic to include 
the domain of landscape architecture. Thus, the scale of 
Groups of Buildings also includes the scale of Site and the 
space between and around building groups and complexes, 
whatever it may be called. The scale of Buildings 
includes the land and site, the scale of the Grounds of 
an individual building, while the scale of Building Parts 
includes landscape and living elements, termed the scale 



16

of Planting. In this edition each grouping is subdivided 
into three subcategories to form a nine-level hierarchical 
spectrum of complexity. The logic of this system are 
explained in detail in Part I, “Navigation.” Essentially, 
following systems theory, elements or strategies at any 
lower level help to build strategies at the next higher 
level. For example, Level 2 Elements such as windows, 
are made of Level 1 Materials like glass and wood. Level 

2 windows combine with other elements to make Level 3 
walls, while combinations of Level 3 walls, fl oors and roofs 
combine to make a Level 4 Room and so on. The compete 
sequence is shown in the table Elements of the SWL 
 Knowledge Structure. Within the scalar organization, 
which is also an organization based on complexity, the 
strategies are organized by architectural elements, such 
as streets, blocks, rooms, windows and walls, and by their 

IN
TR

O
D

U
CT

IO
N

SCALE  DESIGN  COMPONENTS

Groups of Buildings / Sites

L9  Neighborhoods
L8  Urban Fabric
L7  Urban Elements

•  Streets
  Parking 
  Transit
  Roads
  Bikeways 
  Walks
•  Buildings
•  Open spaces
  Shaped Space (plazas, squares)
   Green Space (parks, habitat,  

 conservation land)
•  Landform (topography)
•  Water
•  Infrastructure

Buildings / Grounds

L6  Whole Building
L5  Room Organizations
L4  The Room

•  Rooms
  Subspaces (alcoves, 

 activity areas)
  Cores (serving spaces)
•  Courtyards (outdoor rooms, 
 gardens, porches)
•  Circulation (paths, indoor streets, 

corridors, stairs)
•  Transitional Space (in-between 

space, entrances, arcades)

Building Parts / Planting

L3  Building Systems
L2  Elements
L1  Materials

•  Walls (including partitions)
•  Floors
•  Roofs
•  Windows
•  Foundations  
•  Trees
•  Vines
•  Ground cover
•  Systems
• Distribution
•  Controls
•  Lighting
•  Machines 

DESIGN  CHARACTERISTICS

•  Size
•  Shape
•  Enclosure
•  Orientation
•  Increment
•  Location
•  Edges
•  Use/Occupancy
•  Linkages
•  Layers
•  Type
•  Color
•  Texture
•  Material
•  Switching
•  Cycles
•  Confi guration
•  Organizations, Open

•  Organizations, Modular
•  Organizations, Stacked
•  Organizations, Staggered
•  Organizations, Radial
•  Organizations, Gridded
•  Organizations, Combined
•  Organizations, Sectional
•  Organizations, Differential
•  Organizations, Thin
•  Organizations, Thick 
•  Organizations, Zoned
•  Organizations, Elongated
•  Organizations, Networked
•  Organizations, Nodal
•  Organizations, Compact
•  Organizations, Clustered
•  Organizations, Dispersed
•  Organizations, Hierarchical
•  Organizations, Interwoven

DESIGN  ISSUES

•  Heating
•  Cooling

•  Ventilation
•  Daylighting

•  Emissions
•  Power

EçÜéÜèïî o• tâÜ SWL Kèê∂´ÜÖàÊ SïìñˇïñìÜ
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design characteristics and the relationships among those 
elements, such as size, shape, layers and zones. Every 
design strategy is defi ned by a relationship among its 
elements. This approach was used because architectural 
elements are the common denominator of the issues 
under consideration at the scheming stage. They are what 
the designer manipulates to develop a design concept. 
For example, when considering the role of windows, 
the designer can fi nd heating, cooling and daylighting 
strategies organized together under the categories of 
window orientation, size, location and shape. These 
strategies can be considered together and with other non-
energy window considerations, such as view or display.

At the scale of building groups, the elements of streets, 
buildings and open spaces are primarily used. In a com-
plete set of design elements for neighborhood and urban 
design a longer list that includes all the major elements 
present in a site plan is required. Streets are allowed to 
stand in for all circulation at this scale. For issues beyond 
energy and climate, more distinctions are required, but the 
basic framework is still valid and expandable, as shown in 
the table.

At the scale of buildings, the primary elements are 
rooms and courtyards. For simplicity, rooms cover all types 
of rooms and courtyards stand for all types of outdoor 
occupied spaces. Massing and volume are not elements 
in themselves; in this way of thinking, they are patterns 
resulting from the organization of the elements, rooms 
and courtyards. Although not found necessary for the 
issues in SWL3, the components at this scale also include 
circulation, because a basic pattern of room organiza-
tion most often consists of rooms served by circulation 
and the space of circulation itself. The basic distinction is 
between rooms as indoor space and courtyards as outdoor 
space, but it seems evident that transitional space is pres-
ent in many buildings and plays an increasingly important 
climatic role in both cold climates and hot climates. While 
each category can be further differentiated, the current 
framework is shown in the table.

At the scale of building parts, the architectural compo-
nents used in SWL3 are primarily walls, fl oors, roofs and 

windows, but also ducts and plenums, machines, stor-
age elements, etc. If the issues of this work were more 
structural in nature, such elements might be expanded to 
include columns, beams, footing and trusses. For land-
scape strategies, the elements become trees, vines, 
ground cover, etc. A partial list of design components at 
this scale is given in the table.

Organization  by design characteristics. If a design strat-
egy is defi ned by the relationship among its constituent 
design components, as are listed in the table Elements of 
the SWL Knowledge Structure for different scales, then 
the design characteristics specify the nature of the rela-
tionship among the elements. Often this relationship has 
a magnitude expressed in terms of size or proportion. At 
other times the relationships are patterns of organization 
that might occur in the same confi guration but at differ-
ent scales. Relationships can express either quantity or 
pattern or both.

Each strategy in Sun, Wind & Light is located at a par-
ticular scale and level of complexity; it is also expressed 
in terms of the components it addresses and how these 
components are related to each other in terms of specifi c 
characteristics. The list of the characteristics that are used 
is by no means exhaustive and will expand over time as 
needed.  

Organization  by design issue. Each strategy in SWL3 is 
also categorized by its impact on an energy issue or topic. 
In the scope of this work, the issues are heating, cooling, 
daylighting, ventilation, emissions and power. Ventilation, 
by which is meant the provision of fresh ventilation air 
to building interiors (in contrast to ventilation with out-
door air for space cooling) is new to this edition. Some 
strategies, such as SOLAR APERTURES or DAYLIGHT ENVELOPE 
address a single issue, while others such as CLIMATIC ENVE-
LOPE and SEPARATED OR COMBINED OPENINGS address several 
or even all of the issues simultaneously. 

As a general framework for design knowledge these 
issues could be expanded to a wider range of objective 
issues (material resources, pollution, water, air qual-
ity, habitat, etc.) for both environmental issues and IN
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non-environmental issues. Conceivably there is also 
no reason that the issues and intentions might  not be 
expanded to include subjective issues of beauty and 
human experience, thus linking pleasure and performance. 
The issues within the scope of SWL3 are given in the 
table.

 Anatomy of a Sun, Wind & Light design strategy

The organizational structure described in the preceding 
pages is embedded in the header of each design strategy. 
For example, the header for the ATRIUM BUILDING design 
strategy looks like this:

Rooms and Courtyards: Shape and Enclosure

33 An ATRIUM BUILDING with a glazed or unglazed 
light court within can provide light to 
surrounding interior rooms. [daylighting]

The scale/level of complexity, given in the contents and 
page footer is Buildings/Level 5, Room Organizations. The  
design components in this case are Rooms and Courtyards. 
The design characteristics are Shape and Enclosure, which 
are also given in the footer. The name of the strategy, 
Atrium Building, is formatted in all caps, italicized and 
made a part of the bold formatted action statement. Each 

strategy's action statement is followed by a design issue 
that it concerns, shown in brackets; in this case the issue 
is daylighting.

Each design strategy is intended to support design-
ers at making important schematic-level design decisions 
about the form or organization of building groups, sites, 
buildings or building elements. Each gives the following:
•  a short statement of the strategy in the header 
•  a paragraph or more of explanation of its energy-

related phenomenon 
•  an example of how the strategy has been used in an 

elegant way by another architect in buildings of high 
design quality 

•  a tool that helps to make a design decision such as 
size, shape, organization, color, material, etc. 

Within the strategy statements, the discussion of the 
illustration, such as the Larkin Building by Frank Lloyd 
Wright, is given in bold type and the sizing rule-of-thumb 
or other design guideline or instruction are highlighted in 
bold italics so that they can be easily found. Within the 
text, sources that contain a more detailed explanation of 
the idea or the example are identifi ed by author and date 
in the form of: (Author, date). These sources frequently 
aren’t the original source but are a convenient place to 
fi nd more information. A complete citation for all sources 
mentioned in the text can be found in the bibliography.
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The knowledge contained in Sun, Wind & Light can be 
accessed in many ways. Because it is structured in a mod-
ular way (as Synergies, Bundles, Design Strategies and 
Techniques) and because there are many  ways that these 
“parts” can be related to each other and combined into 
larger design patterns, there are several means offered to 
access the content and to determine which components 
the designer wants to employ. 

One can take any of several perspectives on the knowl-
edge contained in SWL. The design strategies can be 
accessed in terms of name, scale, complexity, design com-
ponents, energy issue or climate. Each reveals or discloses 
something that a different viewpoint does not. Each per-
spective also conceals something that a different view 
may not. No approach to access, structure or navigation is 
necessarily better or worse. Each may appeal to a different 
individual designer's learning style, temperament, design 
process or worldview. Each approach to organization has 
its strengths and weaknesses, so in this edition, designers 
can select which is appropriate for his or her uses.  

In previous editions, the contents were organized only 

by scale and architectural element, a means that made 
sense to the authors because we thought that it was 
important to emphasize the relationship among heating, 
cooling and daylighting at the scale of particular design 
components, such as windows. All of the design strategies 
for windows were grouped together, and if the designer's 
concern that day was designing windows, everything in 
the book about windows was located on adjacent pages. 
The drawback to this organizational method was that if 
a designer was interested in only one issue, such as day-
lighting, considered across a range of scales and design 
components, it was more diffi cult to fi nd the applicable 
design strategies. 

Because there is so much content, most of the new 
information is in SWL Printed and all the new information, 
including what is printed here plus over 700 additional 
new and revised pages, is located in SWL Electronic. Sev-
eral kinds of tables of contents are included. In  SWL 
Electronic, one will fi nd reproduced all of these navigation 
instruments from the printed book, plus searchable and 
printable electronic versions of all of the content.
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• Navigation  Matrix by Scale and Energy Topic 37
 Synergies, Bundles, Strategies and Techniques 

are categorized by heating, cooling, lighting, 
ventilation, power and combinations of these, 
and by the scales of building groups, buildings 
and building parts. 

• Navigation  by Design Strategy Maps 41
 Uses the nine levels of complexity to organize 

Bundles and Strategies and defi ne nested 
relationships where lower order strategies help 
build higher order strategies. 

• Navigation  by Climate 52
 Helps identify the Strategies applicable to all 

climates and those useful when designing in a 
particular climate.

For additional ways to fi nd what you need in Sun, Wind 
& Light, see:

• Appendix A: SWL Printed Contents, detailed 309
 Contents detailing each Synergy, Bundle, 

Design Strategy and Technique in the printed 
book with categories and action statements 
for each.

• Appendix B:  SWL Electronic Contents, 
detailed    315

 Contents detailing each Synergy, Strategy 
Bundle, Design Strategy and Technique in the 
printed book with categories and action 
statements for each.

Sun, Wind & Light also contains multiple indices. Each 
index directs the reader to content in both SWL Printed 
and  SWL Electronic.

• Subject Index  355
 A thorough conventional alphabetical subject 

index 
• Designer and Precedent Index  405
 Helps fi nd designers and built examples.
• Design Tools Index 422
 Helps fi nd rules of thumb, design guidelines, 

charts and graphs.
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The Navigation Matrix on the following pages organizes 
all of the Synergies, Bundles, Design Strategies and Tech-
niques in Sun, Wind & Light by scale and energy topic. 
Find on the vertical axis the three scale groupings, Groups 
of Buildings, Buildings and Building Parts, which apply to 
the bundles and design strategies, plus the category of 
Analysis & Evaluation [Techniques], which often relates 
to multiple scales. On the horizontal axis are the catego-
ries of energy topics that the Synergy, Bundle, Strategy or 
Technique helps the designer consider. The topics include, 
Heating, Cooling, Ventilation, Daylighting and Power and 
combinations of these.

Each of the knowledge modules in SWL is listed with 
its sequential number. Synergies are designated S1, S2, 
S3, etc. Bundles are listed as B1, B2, etc. Both are shown 
in bold type. Design Strategies are listed as 1, 2, 3, etc. 
Analysis Techniques are numbered A1, A2, A3, etc. and 
the new High-Performance Buildings assessment meth-
ods are labeled P1, P2, P3, etc. This follows the naming 
conventions in the text and in the other navigation 
instruments.

  Navigation   Matrix 
by Scale and Energy Topic

Strengths
•  Useful for fi nding the strategies or bundles that 

operate at a particular scale
• Helpful for fi nding design guidance on a particular 

energy topic, such as daylighting
• Useful for fi nding strategies that may be related 

by scale and topic(s) to a strategy the designer is 
already considering

• Helps understand the range of strategies that apply to 
particular topics

Weakness 
• Does not reveal the scalar or complexity of 

relationships among strategies
• Implies but does not specify the relationships 

between energy topics
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HEATING COOLING
COOLING & 

VENTLILATION
HEATING &
COOLING

A16 Occupancy Heat Gain
A17 Electric Lighting 

  Heat Gain
A18 Equipment Heat Gain
A21 Skin Heat Flow
A22 Window Solar Gain
A24 Bioclimatic Chart
A25 Earth Contact
A27 Total Heat Gains &   

  Losses

 7 Loose/Dense Urban 
Patterns

21 Wind Breaks 

40 Stratification Zones
52 Roof Ponds
58 Breezy/Calm 

Courtyards

89 Movable Insulation
94 Rock Beds
95 Mechanical Mass 

Ventilation
100 Heat Pumps
104 Exterior Surface Color

A3 Solar Radiation

B3 Solar Neighborhood
  8  Gradual Height 

Transitions
11 Winter Courts 
12 Neighborhood 

Sunshine
15 Solar Envelopes
18 Tall Building 

Currents
20 East-West Elongated

Building Groups

B7 Passive Solar  
Building

28 Heating Zones
36 East-West Plan
37 Deep Sun
39 Moving Heat to Cold 

Rooms
42 Convective Loops
48 Direct Gain Rooms
49 Sunspaces
50 Thermal Storage Wall
51 Thermal Collectors

70 Well Placed Windows
80 Breathing Walls*
81 Solar Reflectors
84 Solar Apertures
102 Mass Surface      

Absorptance
 

*Heating & Ventilation

B2 Cooling Neighborhood 
  2 Shared Shade
  9 Interwoven 
    Buildings & Planting
10 Interwoven 
    Buildings & Water
16 Shadow Umbrella
22 Green Edges 
23 Overhead Shades

A26 Shading Calendar

B6 Passively Cooled 
Building

54 Night Cooled Mass
59 Shady Courtyards 

61 Water Edges
63 Layer of Shades
91 External Shading
92 Internal & 
 In-between Shading
105 Double Skin 

Materials

  A1 Sundial 
  A2 Sun Path Diagram
  A4 Wind Rose
  A5 Wind Square
  A6 Air Movement 

  Principles
  A7 Site Microclimates
A13 Adaptive Comfort 

  Criteria

  3 Topographic  
Microclimates 

    
  

  1 Converging 
Ventilation Corridors

19 Dispersed Buildings

26 Cooling Zones
27 Mixed Mode Cooling
30 Permeable Buildings
44 Cross-Ventilation 

Rooms
45 Wind Catchers
46 Evaporative Cooling 

Towers
53 Stack-Ventilation 

Rooms

69 Ventilation   
Openings 
Arrangement

86 Ventilation 
    Apertures
96 Mechanical Space   

Ventilation

B8 Outdoor 
Microclimates

S5  Thermal Sailing
24 Migration
29 Buffer Zones
32 Locating Outdoor 

Rooms
34 Clustered Rooms

60 Mass Arrangement
62 Insulation Outside
74 Skin Thickness
75 Thermal Mass
76 Earth Edges
77 Radiant Surfaces

ANALYSIS &
EVALUATION

BUILDING 
GROUPS

BUILDING 
PARTS

BUILDINGS 

L7-L9 

L4-L6 

L1-L3 
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COOLING & 
DAYLIGHTING

HEATING, COOLING  
& DAYLIGHTING

HEATING, COOLING  
& VENTILATION DAYLIGHTING POWER

A12 Temperature & 
  Humidity

A23 Vent./Infiltration 
  Gain & Loss

A28 Balance Point 
  Temperature

A29 Balance Point 
  Profile

S1 Climate Resources
S2 Occupants Behaviors
A14 Energy Conscious 

  Programming
A15 Load-Responsive 

  Scheduling
A32 Energy Use    

  Intensity
A33 Emissions Targets*

A8   Sky Cover
A9   Daylight Availability
A10 Daylight 

  Obstructions
A11 Design Daylight 

  Factor

78 Photovoltaic Walls & 
Roofs

79 Solar Hot Water

A19 Electric Loads
A20 Hot Water Loads
A30 Energy & Pollution 

  Targets
A31 Annual Energy Use
A34 Net-Zero Energy 

  Balance
A35 Carbon-Neutral 

  Building*

B1 Neighborhood of Light 
  4 Daylight Density
  6 Glazed Streets 
13 Daylight Blocks
14 Daylight Envelopes 

 

B5 Daylight Building
31 Borrowed Daylight
33 Atrium Building 
35 Thin Plan
38 Skylight Building
41 Daylight Zones 
47 Toplight Room
55 Daylight Rm Geometry
56 Glare-Free Rooms
57 Sidelight Room Depth

43 Rooms facing the 
Sun and the Wind

 

71 Sympathetic HVAC
72 Mechanical Heat       

Distribution
97 Ducts & Plenums
98 Earth–Air Heat 
 Exchangers
99 Air–Air Heat 
  Exchangers

64 Reflected Sunlight 
65 Open Roof Structure
66 Daylight Roof
68 Window Placement
73 Electric Light Zones
82 Low Contrast
83 Skylight Wells
85 Daylight Apertures
93 Task Lightning
103 Daylight Reflecting 

Surfaces

B4 Integrated Urban  
Patterns

S3 Resource-Rich 
Environments

  5 Climatic Envelopes

B9 Responsive Envelope
S6 Multivalent Design
S7 Active Tailored 

System
67 Separated or 
    Combined Openings
87 Air Flow Windows
106 Window & Glass 

Types
101 Man/Auto Controls

88 Light Shelves
90 Daylight Enhancing 

Shades

ANALYSIS &
EVALUATION

BUILDING 
GROUPS

BUILDING 
PARTS

BUILDINGS 
S4 Spatial Zoning
25 Periodic 

Transformations

 

17 Breezy/Calm Streets

*also Emissions *also Emissions

L7-L9 

L4-L6 

L1-L3 
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  Navigation by
 Design Strategy Maps

Key Points
• Strategies are organized in levels of complexity.
• Less complex/smaller scale strategies help build 

larger strategies.
• Every strategy has a context.
• More complex/larger strategies organize patterns of 

smaller strategies.
• A full range of complexity levels is necessary for a 

whole and complete environment.

Strengths
• Helps identify relationships and link strategies across 

scales
• Helps designers look vertically at the set of strategies 

needed to be effective
• Identifi es strategies that may be critical to the 

success of another strategy or upon which a given 
strategy may depend

• Provides a graphic overview of the whole knowledge 
base of SWL

Weaknesses
• Only really helpful if the designer knows the essence 

of several strategies already
• Best for advanced users; may be opaque for beginners
• Requires user to understand the rules for relationships 

among strategies that are behind the graphics

The nested hierarchy  of the Design Strategy Maps

The Design Strategy Maps are one way to look at the 
structure  of the knowledge base of net-zero energy design 
and climatic design. They show the relationships latent 
in the many design strategies in Sun, Wind & Light. They 
organize the design strategies into a nested, lattice-like 
hierarchical network.

The organization of the Design Strategy Maps is based 
on the idea that each strategy is both a whole and a part. 
Each strategy organizes and is made up of strategies at a 
lower order of complexity and a smaller  scale. Each strat-
egy also has a context, which is another larger, more 
complex strategy.1 

The second idea embodied in the Design Strategy 
Maps is that this nesting of strategies within strategies 
can be associated with levels of scale, where each larger 
scale exhibits an increase in complexity. The spectrum of 
complexity is organized in a system of  nine levels, from 
materials to regions, as shown in Levels of Complexity 
for Design Strategy Maps. 

1  The structure of the maps is based on observations about the relationships 
of parts and wholes fi rst formally identifi ed in general systems theory and later in 
 ecological hierarchy theory. An informal version was employed by Alexander, et 
al, in A Pattern Language (1977). Wilber (2000) articulated the logics of such sys-
tems structures that apply to many knowledge domains in what he calls “the twenty 
tenets.” 
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Using this logic of parts and wholes, an architectural 
Element [L2], such as a window, is made up of and cannot 
exist without its constituent Materials [L1], such as glass 
and wood. L2 Elements help to build larger, more com-
plex strategies at the level of L3 Building Systems, such 
as walls, roofs and fl oors. In turn, L3 Building Systems 
are confi gurations of L2 Elements. Similarly, L4 Rooms are 
confi gurations of L3 Building Systems; while L5 Room Orga-
nizations are made up of L4 Rooms, and L6 Whole Buildings 
are combinations of L5 Room Organizations. Each increase 
in complexity proceeds in this way, a nested hierarchy of 
spatial order. 

Of course, this is only one way to look at the order of 
parts and wholes. One could generate a system with more 
fi ne gradations or one with fewer levels. However, this is a 
system that seems to fi t the common logics that designers 
use and the ways the profession speaks of the compo-
nents and scales in buildings, such as the way rooms and 
courtyards are organized to make buildings and the way 
materials are organized into building assemblies like walls 
and roofs. It is about the simplest system of levels that 
accounts for all of the physical elements of design and 
how one can empirically observe parts combining to form 
larger patterns. 

The hypothesis of this ordering system is that these 
relationships among scales are necessary for a whole 
and complete built environment and that, in most cases, 

strategies at several scales are needed for a particular 
strategy to function well and for the building as a sys-
tem to work. Without this kind of scalar continuity of 
the strategies used in a building design, an entire archi-
tectural idea, such as the idea of a building as a lighting 
fi xture for daylight, may break down and fail.

The  example of daylighting

One route (there could be many) through the full hier-
archy for a building and context designed for daylight is 
shown in the above Levels of Complexity: examples at 
each level for SWL daylighting strategies. 

As an example, the SIDELIGHT ROOM DEPTH [L4] strat-
egy says that the depth of a room with windows on only 
one side should be no more than 2.5 times the height 
of the window head to achieve an acceptable ratio of 
light between the windows and the back of the room. 
It is based on the confi guration of relationships among 
sun, sky, window, room geometry, surface refl ectance and 
human visual perception. If this pattern is extended to 
a consideration of a building plan, it generates another 
strategy, called THIN PLAN [L5]. By this pattern, the plan 
thickness of any part of a sidelighted building should not 
exceed 6–7 times the window head height (if an internal 
electrically lighted zone for circulation is allowed) or 5 
times the window head height if good daylight is to reach 
to every room. N
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L9 Neighborhoods: NEIGHBORHOOD OF LIGHT

L8 Urban Fabrics: CLIMATIC ENVELOPES

L7 Urban Elements: DAYLIGHT ENVELOPES

L6 Whole Buildings: DAYLIGHT BUILDING

L5 Room Organizations: THIN PLAN

L4 The Room: SIDELIGHT ROOM DEPTH

L3 Building Systems: WINDOW PLACEMENT

L2 Elements: DAYLIGHT APERTURES

L1 Materials: WINDOW & GLASS TYPES

LÜó§çî o• Cê¨ëçÜôäÀïö: eôÇéëçÜî aï eÇˇâ lÜó§ç fê± 
SWL dÇöÌäÀàÈïäÀèà sïìÇïÜàÍÀÜî(one possible example)

GROUPS OF BUILDINGS [Sites]
L9 Neighborhood
L8 Urban Fabric
L7 Urban Elements 

BUILDINGS [Grounds]
L6 Whole Buildings [Plot]
L5 Room Organizations 
L4 The Room [Garden]

BUILDING PARTS [Landscape Parts]
L3 Building Systems [Landscape Systems]
L2 Elements [Plantings]
L1 Materials

LÜó§çî o• Cê¨ëçÜôäÀïö fê± DÜîäÀàÔ SïìÇïÜà˙ MÇëî
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If we then jump to the neighborhood scale, a simi-
lar pattern emerges when we intersect these articulated 
thin plan buildings with a city grid, DAYLIGHT BLOCKS 
[L7], which helps build DAYLIGHT DENSITY [L8] (For 
more complete relationships, see the Design Strategy 
Map: Building Group Scale). The NEIGHBORHOOD OF LIGHT 
strategy, at level 9, helps to organize the smaller level 
8 patterns of DAYLIGHT DENSITY and CLIMATIC ENVELOPES, 
which, in turn, organizes both DAYLIGHT ENVELOPES and 
SOLAR ENVELOPES at level 7, strategies that guide urban 
building massing to insure access to light and sun. 

It is also easy to demonstrate that poor daylighting will 
result if a building lacks all strategies at a particular level. 
For example, in the case daylight example, if the WINDOW 
AND GLASS TYPE [L1] is not transmissive enough, or the 
DAYLIGHT APERTURES [L2] too small, the WINDOW PLACE-
MENT [L3] too concentrated or unilateral, the ROOM DEPTH 
[L4] too deep or the plan too thick (not a L5 THIN PLAN), 
daylight goals cannot be met. Similarly, if the large-scale 
strategies do not create the synergy necessary to bring 
suffi cient daylight to the edge of the building, daylight 
design success at the building scale is highly improbable. 

Like all the tools in SWL, the maps don't specify exactly 

what form to design or exactly what strategies to com-
bine. What the Design Strategy Maps do suggest is a way 
to touch all the bases and check whether or not an impor-
tant strategy has been overlooked. A successful design for 
a DAYLIGHTED BUILDING in a context that makes daylighting 
possible will employ one or more of the SWL daylighting 
design strategies at each of these levels of complexity. 
Most often, there are several strategies available at each 
level. Of course, not every building will typically employ 
every possible strategy. 

What the   links and levels mean

Consider for example two strategies, A and B, as shown in 
Diagrammatic  Relationships Among Strategies  in the 
Design Strategy Maps. In general, if Strategy A is shown 
above Strategy B in the Design Strategy Maps, then the 
following relationships are usually observed in the form 
given in the statements, but not vice versa. These are 
multiple ways to say the same thing:

•  A is the whole of which B is a part.
•  A helps to organize B or the pattern of Bs.
•  A enfolds or contains or includes B.
•  A is an immediate context of B. B is nested within A.
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•  B can exist without A, but A cannot exist without 
B (or some B; not all possible Bs are identifi ed in 
SWL3). So, if all the Bs are destroyed, A is also 
destroyed. A needs B (or at least one B) to exist.

•  A is enhanced by B.
•  The character of A is the confi guration of relationships 

between Bs.
•  A transcends but includes B.
•  The deeper the A (more nested levels), the lower its 

population. There are more Bs in the world than As. 
•  A is more complex than B.
•  B can usually participate in multiple As.

An A design strategy can then be considered to be a 

higher, more inclusive, deeper design strategy than B. The 
principles above hold generally to be true, although every 
variation of the list may not seem to apply to an individ-
ual strategy. 

An excerpt from the map 

To see the structure with more clarity, an excerpt from 
the maps is shown in the graphic  Sunspace Strategy and 
Linked Strategies of Lower Complexity. A sunspace is a 
type of solar heating system in which the collection and 
storage for the building or a zone of the building are con-
centrated in one space. The SUNSPACE can be thought of as 
a confi guration of a conserving envelope, a concentrated 
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amount of thermal mass and glazing properly located and 
sized. The diagram suggests that four L3 Building Sys-
tem strategies, when confi gured properly, are needed to 
generate the larger strategy SUNSPACE. Without windows, 
mass and an insulated envelope, the room will not be a 
sunspace. 

In a typical sunspace design, the heat is collected via 
windows, which are concentrated on the equatorial fa-
cade while smaller glazing is placed on other orientations 
to reduce heat loss [WELL-PLACED WINDOWS]. These sun-
collecting windows can serve the single purpose of heat 
collection, but most often, some will have to also serve 
for ventilation [SEPARATED OR COMBINED OPENINGS]. Simi-
larly, the openings in the interior mass wall can serve the 
single purpose of ventilation between the sunspace and 
the adjacent rooms, or they may also be enlarged to admit 
light to the rooms. The mass and its location [MASS AR-
RANGEMENT] are critical to the sunspace's success. It works 
best with a mass fl oor, a masonry wall dividing the suns-
pace and the heated rooms, and often, either additional 
thermal storage in the form of water containers in the 
space or as remote storage. The mass then has to be lo-
cated with its surfaces exposed to the sunspace interior 
and with its INSULATION ON THE OUTSIDE to keep from los-
ing the captured heat. If a designer is working on creating 
a sunspace, the links between the sunspace and the L3 
strategies help remind the designer to consider these criti-
cal elements.

Each L3 Building Systems strategy is linked to one or 
more L2 Elements strategies. For example, the mass ar-
rangement strategy helps fi nd the best locations for 
THERMAL MASS and NIGHT-COOLED MASS. The sunspace de-
signer might be thinking only of winter heating when 
deciding on the size and location of the mass, but the 
links remind him to also consider the summer night-
cooled mass. The MASS ARRANGEMENT strategy confi gures 
the elements of thermal storage. Similarly, the INSULA-
TION OUTSIDE strategy confi gures the insulation in SKIN 
THICKNESS and the thermal mass in the wall or roof. It is 
composed of them. If INSULATION OUTSIDE is an A level 
strategy, then THERMAL MASS and SKIN THICKNESS are 
its Bs. 

Remember that the Design Strategy Maps show poten-
tial linkages and a large set of strategies from which the 
designer can select. All the strategies will not be used in 
one building. The sunspace, for example, will in all likeli-
hood, not use all of the strategies that are linked to it at 
lower levels. For example, both EXTERNAL SHADING and IN-
TERNAL OR IN-BETWEEN SHADING are linked to SEPARATED OR 
COMBINED OPENINGS and from there to SUNSPACE. The sun-
space might use only one of these. Some strategies, such 
as SOLAR REFLECTORS and AIR FLOW WINDOWS, can be con-
sidered optional refi ning strategies. Some designs may use 
them and others will not. 

Thinking in terms of both  analysis and context

Form is often conventionally understood in architectural 
terms as the pattern that confi gures parts within the 
whole. Many, if not most, ways of understanding these 
formal patterns involve techniques of analysis that break 
down, dissect or deconstruct the larger whole into its con-
stituent elements or their fundamental arrangements and 
relationships. The  analytic method is a valid approach, 
from which one can learn much about buildings. It can be 
thought of as moving from higher to lower levels of com-
plexity in the maps. Analysis is true and correct in that it 
describes one portion or aspect of design, however, alone 
it is incomplete and insuffi cient in two ways:
1)  The emergent qualities unique to the whole are never 

found via analysis, only those qualities found in the 
parts.

2)  Atomistic analysis misses how the whole is 
simultaneously a part of something larger.

The yin of analysis’s yang is  holism and  contextualism. To 
understand anything as a whole, one has to look for what 
is unique to the whole and not found in the parts. The 
contextual method looks for the larger whole to which a 
part contributes. One way this is often done in design is 
by mapping the pattern that defi nes the whole, that is 
representing the relationships among the parts. In addi-
tion to breaking it down, one can understand the whole 
by placing it within its larger, containing context where it 
becomes a part of a whole larger than itself. N
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In architectural terms, designers can think of a build-
ing’s form as both a product of its constituent parts, the 
internal “order within” and at the same time, as a product 
of its external context-based order, the “order without.” 
This logic applies at every scale of design. Instead of form 
alone, consider thinking of the more inclusive idea of 
“place-form,” which is a multitiered nesting of part, whole 
and context. From this perspective, every whole at every 
level is made up of parts. Such things with their whole/
part nature are known in systems theory as holons. A hier-
archy of nested  holons is a  holarchy. SWL3 terms these 
spatial holons “design strategies.”  

The Design Strategy Maps reveal the most signifi cant 
of these nested complexity relationships among the design 
strategies in Sun, Wind & Light, though more connec-
tions could, of course, be drawn and more strategies could 
be added. At the scales of Building Parts, there are defi -
nitely important relationships not revealed in this edition 
of the maps. The  Design Strategy Maps address only one 
very signifi cant kind of relationship and make no attempt 
to illustrate all possible relationships among strategies. 
Finally, it is clear that the SWL collection of strategies is 
incomplete and that the knowledge base keeps expanding! 
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one you might design using SWL. The ILD building will act 
like a building in a hotter climate and have greater needs 
for shading, cooling, etc. Similarly, because it has no en-
velope and no internal gains, an outdoor space will have 
conditioning needs more like a climate a step cooler than 
that of a SLD building.

The table’s “center of gravity” assigns the basic climate 
types to an SLD building in a climate as typically per-
ceived. For example, the table shows the Cold climate (C) 
in a cold, heating-dominated climate, like Duluth, Minne-
sota, Zone 6A and a Hot-Humid climate (H–hu) in a hot 
humid, cooling-dominated climate, like Miami, Florida, 
Zone 1A. For climate zone designations, see the  Maps of 
 International Climate  Zones (following spread and larger 
versions in Appendix D). 

The designation “H2” or “C2” means that the ba-
sic climate type conditions are exacerbated and that the 
dominant heating or cooling emphasis drives the climatic 
design responses even more than a condition with a des-
ignation of H or C. For example, an SLD building in a cold 
climate has a climate type designation of C. An outdoor 
room, which is more subject to the outdoor condition and 
has no internal loads, shifts to a C2 designation, meaning 
that it has a more intense cold condition to address. Sim-
ilarly, an ILD building with large internal gains in a hot 

 Bundle  variations based on climate 

One fundamental context used in SWL is the building's 
climatic region. Except for daylighting, most design 
strategies can be divided into heating or cooling or 
both heating and cooling; a few are only applicable to 
hot-humid or hot-arid conditions. All of the daylighting 
strategies can be used to some degree in any climate. 
Three basic climate categories are designated for strate-
gies and bundles of strategies:

• Cold (C)

• Hot–Humid (H–hu) 

• Hot–Arid (H–ar)
A combination of climate and internal gains can 

account for much in determining appropriate ener-
gy strategies for preliminary design. The table Bundle 
Variations by Climate and  Internal Gains shows how 
the three fundamental climate variations can be adapt-
ed to cover a wide variety of building situations. In 
general, a building with high internal gains, known as 
internal-load-dominated (ILD), such as a conventional 
sealed offi ce building that does not make signifi cant use 
of daylighting, has a lower balance point and more need 
for cooling than a similar building with low internal 
gains, known as skin-load-dominated (SLD), such as the 
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arid (H–ar) climate may need cooling all the time. (H2–ar)
Most climates in North America are mixed climates, 

that is, their buildings require both heating and cool-
ing for some periods of the year. For buildings with some 
combination of heating and cooling, the designer can 
use design strategies or bundles from both the Cold and 

one of the Hot climate groups. Remember that it is not 
just the climate that determines the need for heating or 
cooling but rather the combination of Climate + Use + De-
sign (for more on this, see “Buildings and Energy Use” in 
Part II). This combination of factors drives the building’s 
BALANCE POINT TEMPERATURE and BALANCE POINT PROFILE. 

CLIMATE PERCEIVED CLIMATIC 

CONDITION

ILD/THICK BUILDING SLD/THIN BUILDING OUTDOOR ROOMS

COLD Heating Dominated C + H-hu
C + H-ar

C C2

MIXED Combined 
Heating & Cooling

H–hu
H–ar

C + H–hu
C + H–ar

C

HOT HUMID Cooling Dominated: 
Humid

H2–hu H–hu C + H–hu

HOT ARID Cooling Dominated: 
Arid

H2–ar H–ar C + H–ar

HIGH INTERNAL GAINS LOW INTERNAL GAINS NO INTERNAL GAINS

BñèÖçÜ VÇìäÀÇïäÀê≠î b∏ CçäÀéÇïÜ aèÖ IèïÜìèÇç GÇäÀèî
ILD = IèïÜìèÇç-Lê†Ö-Dê¨äÀèÇïÜÖ;  SLD = SåäÀè-Lê†Ö-Dê¨äÀèÇïÜÖ;  C = Cêld BñèÖçÜ;  H = Hot BñèÖçÜ;  aì = aìäÀÖ;  hu = hñéäÀÖ 
H2 = very hot, hÜÇó®Àçö Cooling dê¨äÀèÇïÜÖ;  C2 = very cold, hÜÇó®Àçö heating dê¨äÀèÇïÜÖ
TâäÀˇå BñäÀçÖäÀèà = a b¥äÀçÖäÀèà w®Àïâ a lê∂ pÜìˇÜèïÇàÊ o• pÇîîäÀó§ zê≠Üî (sÜÜ tÜôï)
TâäÀè BñäÀçÖäÀèà = a b¥äÀçÖäÀèà w®Àïâ a häÀàÈ pÜìˇÜèïÇàÊ o• pÇîîäÀó§ zê≠Üî (sÜÜ tÜôï)
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  IèïÜìèÇï äÀê≠Çç CçäÀéÇïÜ Zê≠Üî, UèäÀ ïÜÖ SïÇïÜî
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 Marine (C) definition: Locations meeting all four of the following criteria:

1.  Mean temperature of the coldest month between 27°F (-3°C)

2.  Warmest month mean < 72°F (22°C)

3.  At least four months with mean  temperatures over 50°F (10°C)

4.  Dry season in summer. The month with the heaviest precipitation in the cold 

season has at least three times as much precipitation as the month with the 

least precipitation in the rest of the year. The cold season is October through 

march in the Northern Hemisphere and April through September in the 

Southern Hemisphere.

Note: Larger versions of these maps are located in Appendix D of SWL Electronic

 Dry (B) definition: Locations meeting the following criteria:

1.  Not marine and

2. P < 0.44 x (T − 19.5)  [IP units]

3. P < 2.0 x (T + 7)  [SI units] 

        where:

 P = annual precipitation in inches (cm) and 

 T = annual mean temperature in °F (°C).

 Moist (A) definition: Locations that are not marine and not dry.

(ASHRAE, 2007, Appendix B)
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CLIMATE ZONE IP Units, DD ºF SI Units, DD ºC

VERY HOT

Humid 1A

> 9000 CDD50 > 5000 CDD10

Dry 1B

HOT 

Humid 2A

6300–9000 CDD50 3500–5000 CDD10

Dry 2B

 WARM

Humid 3A

4500–6300 CDD50 2500–3500 CDD10

Dry 3B

Marine 3C < 4500 CDD50 and < 3600 HDD65 < 2500 CDD10 and < 2000 HDD18

MIXED

Humid 4A

< 4500 CDD50 and 3600-5400 HDD65 < 2500 CDD10 and 2000-3000 HDD18

Dry 4B

Marine 4C 3600–5400 HDD65 2000–3000 HDD18

COOL

Humid 5A

5400–7200 HDD65 3000–4000 HDD18Dry 5B

Marine 5C

COLD

Humid 6A

7200–9000 HDD65 4000–5000 HDD18

Dry 6B

VERY COLD 7 9000–10800 HDD65 5000–6000 HDD18

SEVERE COLD 7.5 10800–12600 HDD65 6000–7000 HDD18

   SUBARCTIC 8 12600–14400 HDD65 7000–8000 HDD18

 ARCTIC 9 > 14400 HDD65 > 8000 HDD18

IèïÜìèÇï äÀê≠Çç CçäÀéÇïÜ Zê≠Üî, dÜáäÀèäÀïäÀê≠î
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Outdoor conditions that drive envelope and solar loads 
are determined by the Climate. See CLIMATE RESOURCES. 
The Use factors set internal comfort criteria, occupancy 
schedules and rates of internal heat gain. See OCCUPANT 
BEHAVIORS. The building’s form regulates envelope heat 
loss and gain, the amount of sun collected through win-
dows or blocked by shading and so on.

The table shows the basic climate categories used to 
classify strategies in SWL. Individual design strategies are 
all too broad to be associated with a single climate zone. 
Many are too broad to be limited even to one of the 3 ba-
sic climate types. Instead, many strategies address a range 
of conditions from mild to extreme. For example, the tools 
in SOLAR APERTURES relate sun-facing solar glazing to an-
nual solar savings fraction (SSF) for a range of climates 
from hot-humid climates like Zone 1A, Miami, Florida—
which still has a short heating season—to very cold 
climates like Zone 7B Edmonton, Alberta. 

The climate zone numbers in the maps and diagrams 
are from the International Climate Zones defi nitions, and 
representative cities are for the climate zones in the Unit-
ed States. Cities in Zones 1–7 and 8 are those that have 
been selected by the U.S. Department of Energy based on 
where the most people live in that zone; therefore, they 
are not always the cities with statistically typical climate 
conditions within the zone itself. Zone 7.5 has been add-
ed to SWL as a subdivision of Zone 7. This follows zones 
proposed by Canada. Zones 9 and 10 are subdivisions of 
Zone 8 because the heating degree day variation in Zone 
8 as defi ned by ASHRAE is actually equivalent to several 
other zones combined. Zones 7.5, 9 and 10 are exclusive 
to SWL.

To    select strategies and bundles appropriate to a 
building's climate:
1) Find the climate zone for your building site using 

the Maps of International Climate Zones (United 
States, Alaska or Canada). 

2) Select the base climate condition from Climate 
Zones and Their Priorities for Heating and Cooling 
Strategies (next spread).

3) Modify your base climate zone using the table of 
Bundle Variations by   Climate and Internal Gains, 
(two spreads back), if required, depending on whether 
you are designing an ILD building, an SLD building or 
an outdoor room.

4)  Select a new equivalent climate zone, if you are 
designing an ILD building or an outdoor room. From 
your base climate zone condition, if required, move 
in the Hot direction (left) or the Cold direction 
(right). From the diagram,  Climate Zones and Their 
 Priorities for Heating and Cooling Strategies, (next 
spread) read the recommended weighting of Hot 
(cooling) vs. Cold (heating) strategies.

5)  Select appropriate Synergies, Design Strategies 
and Analysis Techniques. Using these weightings as 
priorities, refer to Strategies  by Climate and Energy 
Intentions (two spreads forward). 

Of course, not every strategy on the list must be used 
and an energy intention may still be achieved by 
employing various combinations.

6)  Use the weightings to create custom bundles from a 
mix of strategies drawn from hot and cold variations. 
See the section, “Making Your Own Bundles” in 
Part IV, “Bundles.” Some strategy bundles are 
differentiated by climate. When selecting among 
them, use the same steps above to determine your 
equivalent climate zone.
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 CçäÀéÇïÜ Zê≠Üî aèÖ TâÜäÀì PìäÀê±äÀïäÀÜî fê± HÜÇïäÀèà aèÖ CêÆ´äÀèà SïìÇïÜàÍÀÜî
(1) Fê± SLD / TâäÀè PçÇè BñäÀçÖäÀèàÙ, OñïÖêÆ± RêÆ¨î (nê iÀèïÜìèÇç g‚äÀèî), o± ILD / TâäÀˇå BñäÀçÖäÀèàÙ pìäÀê±äÀïäÀÜî w®Àçç sâäÀáï. SÜÜ “BñèÖçÜ 

VÇìäÀÇïäÀê≠î b∏ CçäÀéÇïÜ aèÖ IèïÜìèÇç GÇäÀèî.”
(2) SÜÜ IèïÜìèÇïäÀê≠Çç CçäÀéÇïÜ Zê≠Ü MÇëî fê± UèäÀïÜÖ SïÇïÜî, AçÇîåÇ, aèÖ CÇèÇÖÇ.

HOT MIXED–HUMID MIXED–ARID

Representative 
Cities

International 
Climate Zones (2)

Weighting

      Hot Climate
      Strategies
      (cooling)

      Cold Climate
      Strategies
      (heating)

Base Condition 
Climate Types (1)
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The table of Strategies by Climate Type and Energy 
 Intentions on the following pages divides strategies into 
groups based on their potential  applicability to All Cli-
mates, or to the climate  conditions of Cold, All Hot, 
Hot–Humid, or Hot–Arid. Each climate type has a set of 
energy intentions relative to Sun, Wind, Daylight, Tem-
perature, Moisture, or combinations of these (Multiple 
Forces). Daylighting strategies apply to all climates. 
Within each of these climate force categories the table 

shows a series of energy intentions  designated as S1, S2, 
S3, etc. for Sun; M1, M2, M3, etc. for Moisture, and so on. 
Beneath each bold intention statement are strategies 
that can be used to address its issue.

Some strategies help to achieve more than one energy 
intention, so the user will fi nd these repeated. Like all of 
the SWL navigation aids, the advice is general and dif-
ferent strategies or combination of strategies can often 
achieve the same end.
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  MARINE COLD

Representative 
Cities

International 
Climate Zones (2)

Weighting

      Hot Climate
      Strategies
      (cooling)

      Cold Climate
      Strategies
      (heating)

Base Condition 
Climate Types (1)
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 S t ra teg ies  by   C l imate  Type  and  Ene rgy  In tent ions

ALL CLIMATES

p1  Performance targets.
A30 Energy Targets
A33 Emissions Targets
A11 Design Layout Factor
84 Solar Apertures
p2  Assess energy performance
A27 Total Heat Gains &    

Losses
A31 Annual Energy Use
A32 Energy Use Intensity
A34 Net-Zero Energy Balance
p3 Assess emissions perform.
A35 Carbon-Neutral Building

d4 Admit reflected or 
diffuse light to reduce 
heat gains.

A1 Sundial
A2 Sun Path Diagram
A26 Shading Calendar
64 Reflected Sunlight
88 Light Shelves
90 Daylight Enhancing Shades
106 Window and Glass Types
d5 Provide a range of 

lighting conditions.
A14 Energy Programming
25 Periodic Transformations
31 Borrowed Daylight
41 Daylight Zones
95 Task Lighting
101 Manual or Automated 

Controls
d6 Control glare.
56 Glare-Free Rooms [SWL4]
64 Reflected Sunlight
82 Low Contrast
88 Light Sleeves
106 Window and Glass Types
d7 Integrate daylight and 

electric light.
41 Daylight Zones
73 Electric Light Zones
93 Task Lighting
101 Manual or Automated 

Controls

HIGH- 
PERFORMANCE
METRICS

 
B1 Neighborhood of Light
B4 Integrated Urban Patterns
B5 Daylight Building
B7 Outdoor Microclimates
B9 Responsive Envelope

d1 Preserve daylight access on 
the site.

A9 Daylight Availability
A10 Daylight Obstructions
4 Daylight Density 
13 Daylight Blocks
14 Daylight Envelopes 
d2 Capture daylight 

architecturally.
A8 Sky Cover
A11 Design Daylight Factor
6 Glazed Streets
31 Borrowed Daylight
33 Atrium Building
35 Thin Plan
38 Skylight Building
47 Toplight Room
55 Daylight Room Geometry
66 Daylight Roof
67 Separated or Combined 

Openings 
68 Window Placement
85 Daylight Apertures
d3 Reflect daylight deep into 

interiors.
57 Sidelight Room Depth
65 Open Roof Structure
66 Daylight Roof
83 Skylight Wells
88 Light Shelves
103 Daylight Reflecting Surfaces 

DAYLIGHT

w1 Control infiltration.
A4 Wind Rose
A23 Ventilation/Infiltration Gain 

and Loss
21 Windbreaks
76 Earth Edges
70 Well-Placed Windows
w2 Admit controlled fresh air 

ventilation.
A23 Ventilation/Infiltration Gain 

and Loss
67 Separated or Combined 

Openings
80 Breathing Walls
87 Air Flow Windows
98 Earth–Air Heat Exchangers
99 Air–Air Heat Exchangers

WIND

 
S1 Climate Resources
S2 Occupant Behaviors
S3 Resource-Rich Environment
S4 Spatial Zoning
S5 Thermal Sailing
S6 Multivalent Design
S7 Tailored Active Systems

m1 Allow vapor to dry 
inward/outward.

m2 Remove excess moisture 
by ventilation.

A12 Temperature and humidity 
[SWL4]

A24 Bioclimatic Chart
44 Cross-Ventilation Rooms
53 Stack-Ventilation Rooms
69 Ventilation Openings 

Arrangement
86 Ventilation Apertures
96 Mechanical Space 

Ventilation

MOISTURE

f1 Preserve access to on-site 
resources.

A7 Site Microclimates
5 Climatic Envelopes
f1 Provide a range of 

thermal conditions.
A14 Energy Programming
24 Migration
25 Periodic Transformations
26 Cooling Zones
27 Mixed Mode Cooling
28 Heating Zones
40 Stratification Zones
f3 Passive design; use 

efficient equipment.
71 Symphatic HVAC [SWL4]
100 Heat Pumps [SWL4]
101 Manual or Automated 

Controls
26 Cooling Zones
27 Mixed Mode Cooling
28 Heating Zones

MULTIPLE
FORCES

s1 Collect sun for service hot 
water.

A20 Hot Water Loads
79 Solar Hot Water
s2 Collect sun for producing 

electricity.
A19 Electric Loads
78 Photolotaic Walls/Roofs

SUN

BUNDLESSYNERGIES
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B3 Passive Solar 

Neighborhood
B7 Outdoor Microclimates
B8 Passive Solar Building
 

s3 Preserve site solar 
access.

A7 Site Microclimates
12 Neighborhood Sunshine
15 Solar Envelopes
18 East–West Elongated 

Building Groups
s4 Admit sun when there’s 

a heating load at night.
A3 Solar Radiation
A29 Balance Point Profile
36 East–West Plan
37 Deep Sun
43  Rooms Facing Sun/Wind
48  Direct Gain Rooms
49  Sunspaces
50 Thermal Storage Wall
51 Thermal Collector Walls 

and Roofs
52   Roof Ponds
67 Separated or Combined 

Openings
82  Solar Reflectors
84   Solar Apertures
106 Window and Glass Types 
s5 After passive design, 

collect sun for active 
heating.

51 Thermal Collector Walls 
and Roofs

f4 Create a warmer outdoor 
microclimate. 

A7 Site Microclimates
3 Topographic Microclimates
7 Loose/Dense Urban 

Patterns
8 Gradual Height Transitions
11  Winter Courts
18  Tall Building Currents
21  Wind Breaks
24 Migration
32 Locating Outdoor Rooms
58 Breezy/Calm Courtyards

w2 Admit controlled fresh 
air ventilation.

89 Breathing Walls
w3 Block cold wind.
A4 Wind Rose
A5 Wind Square
A6 Air Movement 
3 Topographic 

Microclimates
7 Loose/Dense Urban 

Patterns
11 Winter Courts
21 Windbreaks
34 Clustered Rooms
76 Earth Edges
70 Well-Placed Windows
w4 Decrease interior air 

velocity.
75 Thermal Mass
77 Radiant Surfaces [SWL4]

COLD CLIMATES

SUN MULTIPLE
FORCES

t1 Decrease allowable 
interior temperature.

A13 Adaptive Comfort Criteria
A14 Energy Programming
A16 Occupancy Heat Gains
A24 Bioclimatic Chart
24 Migration
29 Buffer Zones
40 Stratification Zones
t2 Shift schedules to avoid 

peak cold.
A15 Load Responsive 

Scheduling
t3 Increase/concentrate 

internal heat generation.
A18 Equipment Heat Gain
A16 Occupancy Heat Gain
A17 Electric Light Heat Gain
28 Heating Zones
t4 Block heat loss through 

the envelope.
A21 Skin Heat Flow
A25 Earth Contact
A27 Total Heat Gains/Losses
21 Windbreaks
29 Buffer Zones
34 Clustered Rooms
70 Well-Placed Windows
74 Skin Thickness
76 Earth Edges
89 Movable Insulation  
104 Exterior Service Color
106 Window and Glass Types

t5 Store daytime heat for 
use at night. 

50 Thermal Storage Wall
52 Roof Ponds
60 Mass Arrangement
62 Insulation Outside
75 Thermal Mass
77 Radiant Surfaces [SWL4]
94 Rock Beds
102 Mass Surface 

Absorptance
t6 Move heat to storage 

or where needed.
39 Moving Heat to Cold 

Rooms
42 Convective Loops
72 Mechanical Heat 

Distribution
97 Ducts and Plenums
95 Mechanical Mass 

Ventilation

TEMPERATURE

BUNDLES

WIND
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ALL HOT CLIMATES
B2 Cooling Neighborhood
B6 Passively Cooled Building
B7 Outdoor Microclimates

t7 Increase allowable interior 
temperature. 

A24 Bioclimatic Chart
A13 Adaptive Comfort Criteria
A14 Energy Programming
A16 Occupancy Heat Gains
24 Migration
29 Buffer Zones
40   Stratification Zones
96 Mechanical Space Ventilation
t8 Shift schedules to avoid 

peak heat. 
 See daylight strategies (All 

Climates)
A14 Energy Programming
A15 Load-Responsive Scheduling
t9 Decrease/isolate/disperse 

internal heat genneration 
A18 Equipment Heat Gains
A16 Occupancy Heat Gains
A17 Electic Lighting Heat Gain
26 Cooling Zones
t10 Block heat gain and allow 

heat loss through envelope 
when indoors is hotter 
than outdoors.

A21 Skin Heat Flow
A25 Earth Contact
29   Buffer Zones
74   Skin Thickness
76   Earth Edges
89   Movable Insulation
104 Exterior Surface Color
106 Window and Glass Types

s6 Block sun when outside 
temp. is above the 
balance point. 

A1  Sundial
A2 Sun Path Diagram
A22  Window Solar Heat Gain
A26 Shading Calendar
A29 Balance Point Profile
2 Shared Shade
29   Buffer Zones
63   Layer of Shades
59   Shady Courtyards
90  Daylight Enhancing 

Shades
91   External Shades
92   Internal and In-Between 

Shades
106 Window and Glass Types
105 Double Skin Materials
s7 Use sun to enhance 

stack-ventilation. 
53 Stack-Ventilation Rooms

f5 Create a cooler outdoor 
microclimate. 

A7 Site Microclimates
A24 Bioclimatic Chart
9 Interwoven Buildings 

and Planting
10 Interwoven Buildings 

and Water
16 Shadow Umbrella
22 Green Edges
23  Overhead Shades
24 Migration
32 Locating Outdoor Rooms
58 Breezy/Calm Courtyards
59 Shady Courtyards

t11 Store heat when it’s too 
hot to ventilate.

A24 Bioclimatic Chart
A25 Earth Contact
A27 Total Heat Gains and Losses
52   Roof Ponds
54  Night-Cooled Mass
60  Mass Arrangement
62   Insulation Outside
75   Thermal Mass
77 Radiant Surfaces [SWL4]
76   Earth Edges
94  Rock Beds
95 Mechanical Mass Ventilation
t12 Move coolth to storage or 

to where it is needed. 
72 Mechanical Heat 

Distribution
97 Ducts and Plenums
95 Mechanical Mass Ventilation

SUN

MULTIPLE
FORCES

w5 Preserve wind access on 
the site. 

A4 Wind Rose
5 Wind Square
A6  Air Movement Principles
1 Converging Ventilation 

Corridors
3 Topographic Microclimates
7 Loose/Dense Urban 

Patterns
17 Breeezy Streets
19 Dispersed Buildings
w6 Admit outside air when 

it’s not too hot for 
cooling.  

A4  Wind Rose
A24 Bioclimatic Chart
A27 Total Heat Gains and 

Losses
26 Cooling Zones
27 Mixed Mode Cooling
30   Permeable Buildings
43  Rooms Facing Sun and 

Wind
44 Cross-ventilation Rooms
45   Wind Catchers
53 Stack Ventilation Rooms
58   Breezy Courtyards
67   Separated or Combined 

Openings 
69 Ventilation Openings 

Arrangement
86 Ventilation Apertures
96 Mechanical Space 

Ventilation
w7 Block wind when it's too 

hot for cooling.
21  Windbreaks
58 Breezy/Calm Courtyards
w8 Increase interior air 

velocity. 
69 Ventilation Openings 

Arrangement
86 Ventilation Apertures
96 Mechanical Space 

Ventilation
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HOT–ARID CLIMATES

MOISTURE MOISTURE

HOT–HUMID CLIMATES

m6 Remove moisture from 
indoor air. 

71 Sympathetic HVAC 
[SWL4]

m7 Remove moisture from 
ventilation air. 

99  Air–Air Heat Exchangers
m8 Avoid creating 

additional humidity.
 Avoid these strategies:
10 Interwoven Buildings 

and Water
46   Evaporative Cooling 

Towers
61  Water Edges

m3 Add moisture to indoor 
air (humidify). 

46   Evaporative Cooling 
Towers

71 Sympathetic HVAC 
[SWL4]

m4 Add moisture to 
ventilation air. 

99  Air–Air Heat Exchangers
98 Earth–Air Heat 

Exchangers
m5  Use evaporative 

cooling when it’s too 
hot for other cooling 
strategies. 

10 Interwoven Buildings 
and Water

46   Evaporative Cooling 
Towers

34 Clustered Rooms
61  Water Edges
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 Part II
USING SUN,  WIND & LIGHT
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Designers seeking to produce net-zero and peak-zero, 
net-positive energy buildings require an understanding 
of what causes buildings to use energy as well as how to 
harness the energy design process by integrating multiple 
design strategies. 

The fi rst section of Part II, “Using Sun, Wind & Light,” 
illustrates and explains the basic components and rela-
tionships of an integrated design process for “Buildings 
and Energy Use.” 
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The second section introduces the  Design Deci-
sion Chart for Net-Zero and Peak-Zero, Net-Positive 
Buildings. This chart guides designers through a decision-
making process that leads to seven generalized Synergies, 
which are in turn supported by a range of design Strat-
egies and Bundles of strategies that can help buildings 
achieve maximum performance. An overview of the chart's 
structure is given fi rst, followed by the chart itself, then 
an example and fi nally, suggestions for remembering seven 
synergies that answer each question set in the chart.

II
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  Buildings and  Energy Use
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Building loads and energy use

Modern buildings use energy to power equipment and pro-
vide occupants with comfortable conditions. Over half of 
the energy consumed by buildings is used to meet heat-
ing, cooling, ventilation and lighting loads (U.S. DOE, 
2012). The diagram Influence of Climate, Use and 
Design (next spread) shows the primary determinants of 
these loads. 

   Climate is the set of external factors (temperature, rela-
tive humidity, radiation, wind patterns, etc.) that affect 
building loads. 

 Use comprises the operational characteristics associated 
with a building’s program and occupants. How a build-
ing is used is critical to the magnitude and timing of the 
loads, since loads tend to follow people.

 Design includes all aspects of a building's form, orga-
nization, parts and materials over which a designer has 
control.

Load reduction strategies

In the effort to save energy, the fi rst conventional 
response is often to improve the effi ciency of the mechan-
ical and electric lighting systems (e.g., changing from 
T-12, a historically common fl uorescent lamp, to more 

effi cient T-8 lamps). However, if the loads are reduced 
with passive strategies before the systems effi ciency 
is improved, greater reductions in energy use can be 
achieved, along with a reduction in the size and initial 
cost of the  systems. This is shown in the diagram Load 
Reductions Minimize Energy Produced (next spread). 

Interactions among Climate, Use and Design provide 
key opportunities for load reduction strategies. For exam-
ple, NIGHT-COOLED MASS is a passive Design strategy used 
to reduce or eliminate cooling loads. It works most effec-
tively in climates where nighttime temperatures drop 
below the upper limit of the occupant comfort zone and 
when the internal gains created by the Climate and Use of 
the building are small enough to be absorbed by the ther-
mal mass.

Reducing loads to a minimum makes it possible to use 
on-site energy production strategies to meet the remain-
ing demands of any necessary mechanical, lighting or 
electrical systems, resulting in a net-zero or  peak-zero, 
net-positive building.

 Net-zero and  net-positive EUI buildings

 Energy use intensity (EUI) is a common metric used to 
quantify and compare the operational energy consumed 
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by buildings. The EUI measures the amount of energy 
required by a building on a per unit area basis and is cal-
culated by dividing the total annual energy use by the 
total fl oor area of the building. The EUI can be weighed 
against a building's  energy production intensity (EPI), an 
estimate of the energy that is generated within the site's 
boundaries based on available climate resources for pho-
tovoltaic panels, wind turbines or other renewable power 
generation methods employed in the design. Regardless of 
the power generation method used or fuel type consumed, 
all production units are converted to annual kBtu/ft2 (or 
annual kWh/m2) so that equivalent comparisons can be 
made between buildings and across different fuel types. 
Using these two metrics, we can view the energy demand 
versus energy production as a spectrum where an  energy 
balance index (EBI) is equal to EPI minus EUI:

Energy Balance Index = 
Energy Production Intensity − Energy Use Intensity 

Conventional buildings have a negative EBI value, since 
they draw power from off-site in order to satisfy thermal, 
lighting and plug loads. A zero value for EBI means that 
demand equals supply, indicating a building that is net 
zero. A net-zero energy building is defi ned as one that pro-
duces as much energy as it consumes during a given time 
period (Torcellini et al., 2006), usually calculated on an 
annual basis. In SWL, “net zero” always refers to a site 
net-zero building [see defi nitions in NET-ZERO ENERGY BAL-
ANCE]. An even more effi cient building would produce at 
least as much energy as it consumes at any point in time 
(including at its peak load hour), resulting in more energy 
generation than consumption at all other off-peak times; 
it would have a positive value on the EBI scale. This 

USE

DESIGN

CLIMATE

SYSTEMSL O A D S ENERGY

Ièá çñÜèˇÜ o• CçäÀéÇïÜ, UîÜ aèÖ DÜîäÀàÔ
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would be referred to as a peak-zero, net-positive build-
ing. Other buildings might have an annual positive EBI 
and therefore be considered net-positive, yet still import 
energy to handle their peaks.

 Integrated design  

Integrated design is both a theoretical approach to cre-
ating more sustainable buildings and a practical method 
for the actual work of designing and constructing build-
ings: “In the creation of the built environment, integrated 
design is the synthesis of climate, use loads and systems 
to achieve a more comfortable and productive environ-
ment for the occupants, and a building that is more 
energy-effi cient than current best practices” (Brown and 
Cole, 2006). At its heart, integrated design is an itera-
tive search for synergies between two or more aspects 
of a project that can create benefi ts greater than the 

sum of those resulting from individual design decisions. 
Integrated design occurs in the context of the many con-
siderations that are part of any design project—including 
structural systems, project budget, security and code 
requirements—and provides a lens through which to view 
these factors. Collaboration among project stakeholders 
throughout the design and construction process increases 
the likelihood that synergies will be found and imple-
mented in the project.

Lê†Ö RÜÖñˇïä Àê≠î MäÀèä ÀéäÀõÜ EèÜìà˙ Produced



56

Consider 
USE

 schedules & 
comfort criteria 

as malleable

Design
efficient

SYSTEMS

Find climate, use, 
design and sytems

 SYNERGIES

Use building 
DESIGN

 to create small 
loads

Use
CLIMATE 
resources

IèïÜàÛÇïÜÖ DÜîäÀàÔ P ìê¢Üîî

The   Integrated Design Process diagram reorganizes 
the components of preceding diagrams to show the itera-
tive nature of the design   process and it defi nes the lens 
through which each component can be viewed. Climate, 
for example, could be considered either a positive or neg-
ative infl uence on the project. The integrated design 
lens urges designers to view Climate as a resource. Like-
wise, the Use of the building (e.g., schedules and comfort 
criteria) could be viewed either as a fi xed requirement 

or, according to the integrated design lens, as a mal-
leable element that can  be infl uenced by the building 
design. The diagram also groups the components accord-
ing to conceptual similarities. Climate and Use are paired 
together because they are the two aspects of the design 
process that defi ne the problems and opportunities of the 
project. They also share the attribute of being “unbuilt,” 
or lacking a physical form, in contrast to both Design and 
Systems, which constitute the designer's “built” responses 
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to the Climate and Use pair. The outermost arrows repre-
sent the iterative process of viewing opportunities and 
designing responses, while the inner circular arrows show 
the iterative search for synergies among two or more of 
the components.

Using  synergies to achieve net-zero and peak-zero, 
net-positive performance

Since certain characteristics are common to most build-
ings—they exist within a climate, they are  designed, 
they get used, they create an indoor environment and 
they have structure—a handful of cardinal concepts can 
be distilled that constitute synergies in the relationships 
among Climate, Use, Design and Systems. The seven Syn-
ergies presented in the next section can serve to guide 
the designer from the beginning of each project towards 
specifi c strategies that take advantage of these synergies, 
ultimately making it  easier to achieve net-zero and peak-
zero, net-positive buildings.

For example, a synergy that exists between Use and Cli-
mate is that energy-conscious occupant behaviors can 
reduce peak heating, cooling and lighting loads. A spe-
cifi c instance of this synergy is the high level of climate 
responsiveness exhibited by occupants of Pueblo Acoma, 
near Albuquerque, New Mexico, where MIGRATION within 
the building occurs according to outdoor conditions. In 
contrast, many conventional buildings are operated in 
ways that directly confl ict with climate, such as offi ces in 
warm climates that have peak occupancy and solar and 
equipment loads during periods of high temperature.
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 Des ign  Dec i s ion  Cha r t 
for Net-Zero and Peak-Zero, Net-Positive Buildings

The Design Decision Chart for Net-Zero and Peak-Zero, Net-
Positive Buildings helps designers make decisions early 
in the design process. It provides a method for linking a 
small number of memorable design concepts, or Synergies, 
with Bundles and individual Strategies.

Synergies, as described in the previous section, are fun-
damental concepts based on relationships among Climate, 
Use, Design and Systems. They are designated in the chart 
and in the table of contents by a capital letter S preced-
ing each synergy number.

Bundles are sets of related strategies that work together 
to resolve commonly occurring design problems. They are 
defi ned and detailed further in Part IV, “Bundles,” where 
“Some Fundamental Bundles” are offered. Bundles are des-
ignated in the chart and in the table of contents by a 
capital letter B preceding each bundle number.

Design Strategies are generalized solutions to recurring 
design problems that connect architectural form to perfor-
mance in ways that allow for design fl exibility. All of the 
Strategies can be found in SWL Electronic, and a few of 
the most commonly used Strategies are located in Part V, 
“Favorite Design Tools,” and in Part VI, “Favorite Design 
Strategies.” Strategies are designated in the chart and 
table of contents simply by a number and capital letter 
preceding it.
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Analysis Techniques enable the designer to under-
stand, before the building is designed, how the building 
is likely to use energy, what the climate is like and which 
architectural design strategies are appropriate. They are 
designated in the chart and in the table of contents by a 
capital letter A preceding each Analysis Technique num-
ber. All of the  Analysis Techniques can be found in  SWL 
Electronic.

High-Performance Buildings Techniques provide tools 
to set targets for energy use and building emissions and 
to evaluate net-zero energy and carbon-neutral build-
ing performance. They are designated in the chart and in 
the table of contents by a capital letter P preceding each 
High-Performance Building Technique number. All of these 
techniques can be found in Part VII, “High Performance 
Building,” and are also supported by the SWL Tools spread-
sheet found in  SWL Electronic.

The Design Decision Chart  Overview Diagram pro-
vides a summary of the structure and logic of the Design 
Decision Chart found on the following pages. The chart is 
horizontally divided into two main parts that correspond 
to the Opportunities and Responses, or Unbuilt and Built, 
pairs described previously in the “Integrated Design” sec-
tion of “Buildings and Energy Use.” In the Opportunities 
part of the decision chart, question sets 1 and 2 deal with 
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DÜîäÀàÔ DÜˇäÀîäÀê≠ CâÇìï Oó§ìó®ÀÜò DäÀÇàÛÇé

OPPORTUNITIES RESPONSES

• Impact on design freedom and 
ability to achieve energy goals.

NO
CL

IM
AT

E Resources1
YES

U
SE Use2

BU
IL

D
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Apertures6

 Neighborhood Access3a

 Site Microclimate3b

 Morphology4a

 Zoning4b

 Pathways4c

 Thermal Storage5a

 Envelope5b

SY
ST

EM
S

 Systems7a

 Controls7b

 Generation7c

CLIMATE
RESOURCE

BUNDLES & STRATEGIESDESIGN QUESTIONS SYNERGIES

OCCUPANT
BEHAVIOR

MULTI-
VALENT
DESIGN

THERMAL 
SAILING

SPATIAL
ZONING

RESOURCE-
RICH

TAILORED 
SYSTEMS
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environmental and occupant variables, which fall into the 
Climate and Use categories, respectively, while question 
sets 3 through 7 pertain to Design and Systems, the built 
Responses.

A negative answer to any question leads to an expla-
nation of the relative design importance of each answer 
both in terms of achieving net-zero or peak-zero, net-
positive buildings and in terms of the constraints it may 
place on design freedom. Affi rmative answers lead to the 
Synergy that applies to each question set and to the asso-
ciated Bundles and Strategies on the right-hand side of 
the chart. Each Synergy diagram highlights its focus of 
with black shading, while the remaining parts of the icon 
appear white.

The questions can be addressed nonsequentially, and 
questions that are not applicable to a particular project 
can be skipped.

 Conceptual breakdown of questions and synergies

Net-zero and peak-zero, net-positive buildings can be 
achieved at different scales and in multiple ways. The 
greater the number of possible solutions, the more free-
dom the designer has to make a high-performance 
building that also accomplishes other architectural goals. 
Some of the questions listed in the chart have greater 
potential impact on design freedom than others.

Question 1 [ Resources] and the related CLIMATE AS A 
RESOURCE synergy are intended to help the designer think 
about the climate resources available on the site and their 
relationship to the potential building loads. In climates 
characterized by extreme heat, cold or lack of sunlight 
it becomes critical to trim building loads to a minimum. 
However, some aspects of even the most extreme climates 
can be viewed as opportunities; for example, in hot desert 
climates the plentiful sunlight can be converted to power 
and used for supplemental cooling. The Strategies listed 
on the right-hand side of the chart can help determine 
important climate variables and load profi les.

Question 2 [ Use] points out occupancy patterns and 
behaviors as elements that can be infl uenced by design 
and that have a large impact on building energy use. The 

associated ENERGY-CONSCIOUS OCCUPANT BEHAVIORS syn-
ergy suggests ways to design buildings that encourage 
energy-saving occupant behaviors or that take advantage 
of physiological traits, such as adaptation to thermal or 
lighting levels, to reduce loads. The four related Strategies 
show specifi c examples of how to harness occupant behav-
iors to minimize energy use.

Question 3 [ Neighborhood Access and  Site Microcli-
mate], which has two parts, addresses outdoor spaces and 
access to climate resources at the neighborhood or urban 
scale. Both parts of the question emphasize the impor-
tance of access to sun, wind and light over the possible 
utility of blocking access to the resources at this scale, so 
that in most climates and sites the choice of admitting or 
blocking resources is preserved at the scale of the build-
ing or its parts. Outdoor comfort; access to site resources 
of sun, wind and light; and power generation are the pri-
orities of this question set and its synergy, RESOURCE-RICH 
ENVIRONMENTS. A number of neighborhood scale strategy 
bundles, NEIGHBORHOOD OF LIGHT, COOLING NEIGHBOR-
HOOD, SOLAR NEIGHBORHOOD, INTEGRATED URBAN PATTERN, 
along with associated strategies are suggested to help 
users optimize the arrangement of building groups and 
landscape elements, primarily for purposes of insuring 
access to on-site energy resources for passive design and 
renewable energy production. The OUTDOOR MICROCLIMATES 
bundle and several design strategies help confi gure space 
to improve outdoor conditions and improve the climate 
around and between buildings.

Question 4 [ Morphology,  Zoning and  Pathways ], 
which has three parts, focuses on design decisions deal-
ing with the morphology of the building and its interior 
organization. This question and the SPATIAL ZONING syn-
ergy highlight the need to think about climate and use 
considerations together when seeking to optimize zon-
ing and spatial relationships for energy use reductions 
and occupant comfort. The bundles at the whole building 
scale, DAYLIGHT BUILDING, PASSIVELY COOLED BUILDING and 
PASSIVE SOLAR BUILDING, along with strategies they help 
organize, identify building scale methods for ensuring 
access to resources for all spaces. [continued on p. 86]
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SI  VIEW CLIMATE AS A RESOURCE fê± lê†Ö    
  rÜÖñˇïäÀê≠ aèÖ pê∂§ì gÊèÜìÇïäÀê≠.

Are site resources suffi cient to meet 
heating, cooling, lighting, ventilation 
and power needs?

1

Net-zero or peak-zero, net-positive buildings cannot be 
achieved unless loads can be met with site resources. It 
may be possible to substitute one resource for another, or 
to stockpile resources from one time to another.

NO

YES

S2  ENERGY-CONSCIOUS OCCUPANT BEHAVIORS rÜÖñˇÜ  
  pÜÇå hÜÇïäÀèà, cêÆ´äÀèà, ventilation aèÖ läÀàÈïäÀèà lê†Öî.

Can schedules, comfort criteria or occupant 

behavior be changed to avoid or reduce 

peak loads?
2

Design freedom, or the range of strategies available 
to reduce loads, is highly constrained and therefore 
achieving a net-zero or net-positive building becomes 
much more diffi cult. Breaking the building into parts 
based on the malleability of schedules or comfort criteria 
may allow some of the parts to be net-zero or peak-zero, 
net-positive.

NO

YES

O
PP

O
RT

U
N

IT
IE

S

RESOURCES?

USE?
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A11 DÜîäÀàÔ 
DÇöÌä ÀàÈï FÇˇïê±

A13 AÖÇëïäÀó§
Cê¨áê±ï

24 MäÀàÛÇïäÀê≠A15 Lê†Ö-
RÜîëê≠îÜ
SˇâÜÖules

CL
IM

AT
E

U
SE

A5 WäÀèÖ
SíñÇìÜ

A2 Sñè PÇïâ
DäÀÇàÛÇé

A1 SñèÖäÀÇç A3 Sê´Çì
RÇÖäÀÇïä Àê≠

A4 WäÀèÖ 
Rê≤Ü

A10 DÇöÌä ÀàÈï
OÉ≤ïìñˇïä Àê≠î

A8 Såö Cêμ§ìA6 AäÀìMêμ§éÜèï
PìäÀèˇä ÀëçÜî

A7 SäÀïÜ
MäÀˇìê¢çä ÀéÇïÜî

A9 DÇöÌä ÀàÈï
Aó†äÀçÇÉ®Àçä Àïö

A22 WäÀèÖê∂
Sê´Çì GÇäÀè

A16 OˇˇñëÇèˇö
HÜÇï GÇäÀè

A17 EçÜˇïìä Àˇ 
LäÀàÈï GÇäÀè

A19 EçÜˇïìä Àˇ
Lê†Öî

A20 Hê≥
WÇïÜì Lê†Öî

A23 VÜèï./IèáäÀçï.
GÇäÀè/Lê≤î

A18 EíñäÀëéÜèï
HÜÇï GÇäÀè

A21 SåäÀè
HÜÇï Fçê∂

A26 SâÇÖäÀèà
CÇçÜèÖÇì

A28 BÇçÇèˇÜ
Pê®Àèï TÜéë.

A27 Tê≥Çç HÜÇï
GÇäÀèî/Lê≤îÜî

A24 BäÀê¢çä ÀéÇïäÀˇ 
CâÇìï

A29 BÇçÇèˇÜ
Pê®Àèï Pìê•äÀçÜî

A25 EÇìïâ
Cê≠ïÇˇï

P 3 NÜï-ZÜìê
EèÜìà˙ BÇçÇèˇÜ

P 1 EèÜìà˙
TÇìàÊïî
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S3  Fê±é aèÖ o±à‚èäÀõÜ b¥äÀçÖäÀèàÙ aèÖ oØÜè sëÇˇÜî tê cìÜÇïÜ 
   RESOURCE-RICH ENVIRONMENTS tâÇï pìêμ®ÀÖÜ läÀó†É´Ü   
   o¥ïÖêÆ± sëÇˇÜ aèÖ aˇˇÜîî tê säÀïÜ rÜîê¥ìˇÜî.

If the project includes multiple buildings, 
can they be arranged to allow access to 
fresh air and sunlight throughout the site?

3a
YES

This decision will greatly affect the ability of the 
individual buildings to achieve net-zero or peak-zero, 
net-positive. One solution is to zone the site into areas 
that have different degrees of access to resources and 
then match buildings with fewer resource requirements 
to areas that have less access to resources and buildings 
with higher requirements to areas with greater access to 
resources.

NO

Can the site design enhance access to desir-
able resources while mitigating unwanted 
resources for part or all of the year?

3b

Design freedom will be constrained on sites that lack 
access to sun, wind and light; creating a net-zero or peak-
zero, net-positive building becomes very diffi cult. If the 
site has limited access to necessary resources, one option 
is to seek a different site where resources better match 
the building's needs. 

NO

YES

RE
SP

O
N

SE
S

NEIGHBORHOOD ACCESS?

SITE MICROCLIMATE?
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B2 CêÆ´äÀèà 
NÜäÀàÈÉÆ±âêÆ£

B3 Sê´Çì 
NÜäÀàÈÉÆ±âêÆ£

B1 NÜäÀàÈÉÆ±âêÆ£ o• 
LäÀàÈï

3 TêØê¶ÛÇëâäÀˇ 
MäÀˇìê¢çä ÀéÇïÜî

7 Loose/Dense 
Urban Patterns

2 SâÇìÜÖ
SâÇÖÜ

13 DÇöÌä ÀàÈï
Bçê¢åî

4 DÇöÌä ÀàÈï
DÜèîäÀïö

14 DÇöÌä ÀàÈï 
Eèó§çêØÜî

5 CçäÀéÇïäÀˇ 
Eèó§çêØÜî

20 East/West 
Bldg Groups

19 DäÀîëÜìîÜÖ 
BñäÀçÖäÀèàÙ

17 Breezy or
Calm Streets

1 Cê≠ó§ìàÍÀèà
VÜèï Cê±ìäÀÖê±î

6 Glazed
Streets

15 Solar
Envelopes

58 Breezy/
Calm Courtyards

8 GìÇÖñÇç
Ht TìÇèîäÀïä Àê≠î

18 TÇçç Bldg. 
Currents

B4. IèïÜàÛÇïÜÖ 
UìÉ†è PÇïïÜìè

B6 OñïÖêÆ± 
MäÀˇìê¢çä ÀéÇïÜî

21 WäÀèÖ-
bìÜÇåî

12 NÜäÀàÈÉÆ±âêÆ£ 
SñèîâäÀèÜ

11 WäÀèïÜì
Cê¥ìïî

16 Shadow
Umbrella

23 Overhead
Shades

22 Green 
Edges

9 Interwoven
Bldgs & Plants

10 Interwoven
Bldgs & Water

32 Lê¢ÇïäÀèà 
Outdoor Rms

61 Water
Edges

63 Layer of
Shades

59 Shady
Courtyards

BU
IL

D
IN

G 
&

 S
IT

E 
D

ES
IG

N



66

U
SI

N
G 

   S
W

L:
 D

es
ig

n 
D

ec
is

io
n 

Ch
ar

t

S4  IèïÜàÛÇïäÀèà cçäÀéÇïÜ aèÖ uîÜ v†ìäÀÇÉ´Üî yÍÀÜçÖî oØëê±ïñèäÀïäÀÜî    
   fê± SPATIAL ZONING aˇˇê±ÖäÀèà tê “b§îï-fäÀï” pÇîîäÀó§ 
   dÜîäÀàÔ sïìÇïÜàÍÀÜî.

Can the building form and orientation al-
low access to sun, wind and light for most 
internal and external spaces?

4a
YES

Achieving net-zero or peak-zero, net-positive is 
moderately to highly diffi cult if buildings have an 
unfavorable form or orientation, especially in demanding 
climates or when internal loads are high. The design may 
be driven towards a “thermos” approach, in which the 
building is isolated from the climate.

NO

Can spaces with similar heating, cooling, 
ventilation and lighting requirements be 
grouped together?

4b

Design freedom is slightly to moderately constrained. It 
may still be possible to achieve net-zero or peak-zero, 
net-positive if similar spaces are grouped together and 
the remainder are served by mechanical systems suited to 
their individual needs.

NO

YES

Can the design accommodate unobstructed 
pathways, allowing sun, wind and light to be 
distributed throughout the entire building?

4c

Achieving net-zero or peak-zero, net-positive becomes 
very diffi cult, and whole building solutions are nearly 
impossible. A “NO” answer here pushes the design 
towards a mechanical distribution method, which in turn 
increases the importance of sizing the mechanical systems 
accurately.

NO

YES

RE
SP

O
N

SE
S

MORPHOLOGY?

ZONING?

PATHWAYS?
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B8 PÇîîäÀó§ Sê´Çì 
BñäÀçÖäÀèà

B7 PÇîîäÀó§çö 
CêÆ´ÜÖ BñäÀçÖäÀèà

B5 DÇöÌä ÀàÈï
BñäÀçÖäÀèà

33 PÇîîäÀó§ Sê´Çì 
BñäÀçÖäÀèà

35 TâäÀè PçÇè 43 RêÆ¨î FÇˇä Àèà
Sñè & WäÀèÖ

70 WÜçç-PçÇˇÜÖ 
WäÀèÖê∂≤

45 WäÀèÖ
CÇïˇâÜìî

46 Eó†ëê±ÇïäÀó§
CêÆ´äÀèà Tê∂§ìî

36 East-West
Plan

38 SåöÌä ÀàÈï
BñäÀçÖäÀèà

81 Solar
Reflectors

64 RÜáçÜˇïÜÖ
Sñèçä ÀàÈï

A14 EèÜìà˙ 
Pìê¶ÛÇééäÀèà

41 DÇöÌä ÀàÈï 
Zê≠Üî

28 HÜÇïäÀèà
Zê≠Üî

29 Buffer
Zones

34 Clustered
Rooms

40 SïìÇïäÀáˇÇïäÀê≠ 
Zê≠Üî

26 CêÆ´äÀèà 
Zê≠Üî

57 SäÀÖÜçä ÀàÈï 
RêÆ¨ DÜëïâ

65 Open Roof 
Structure

31 Bê±ìê∂§Ö
DÇöÌäÀàÈï

30 PÜìéÜÇÉ´Ü
BñäÀçÖäÀèàÙ

69 VÜèï OëÜèäÀèà
AììÇèàÊéÜèï

42 Cê≠ó§ˇïä Àó§
LêÆØî

37 DÜÜë Sñè 39 Mêμ® Àèà HÜÇï
tê Cê´Ö Réî

51 Thermal 
Collectors

83 SåöÌä ÀàÈï
WÜççî

44 Cìê≤î-
VÜèïäÀçÇïä Àê≠ Rms
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S5  A b¥äÀçÖäÀèà dÜîäÀàÔÜÖ fê± THERMAL SAILING uîÜî tâÜìéÇç  
      sïê±ÇàÊ aèÖ a rÜîëê≠säÀó§ eèó§çêØÜ tê rÜàˆçÇïÜ cê¨áê±ï and

  eèÜìà˙ uîÜ b∏ eôëçê®ÀïäÀèà câÇèàÍÀèà pÇïïÜìèî o• sñè, w®ÀèÖ & läÀàÈï.

Can the design include thermal mass, and 
do daily temperature swings and radiation 
levels promote storage strategies?

5a
YES

Depending on climate and internal loads, design freedom 
becomes moderately to severely constrained. When 
resource availability and resource need do not coincide 
(for example, a need for solar gain at night) and the 
resource cannot be stored, a non-passive source must be 
used. The design will likely be driven towards a highly 
insulated envelope with minimal glazing and an effi cient 
mechanical system.

NO

Can the envelope be designed to resist or 
allow convective, conductive and radiative 
heat transfer when desirable?

5b

The likelihood of achieving net-zero or peak-zero, net-
positive will be highly dependent on climate and use 
factors. In climates with large diurnal and seasonal 
variation or high internal loads, a net-zero or peak-
zero, net-positive building will be extremely diffi cult to 
achieve.

NO

YES

S6  MULTIVALENT DESIGN cê¨É®ÀèÜî tòÆ o± mê±Ü fñèˇïäÀê≠î w®ÀïâäÀè 
   a säÀèàÌÜ b¥äÀçÖäÀèà eçÜéÜèï.

Can apertures be designed to admit 
resources without adverse effects such as 
overheating or glare?

6

Design freedom will be constrained by the necessity to 
either block the desired resource (e.g., allow fewer and 
smaller apertures, if any) or mitigate the associated 
problems through strategies that do not involve the 
aperture design (e.g., provide more cooling if solar gain 
cannot be excluded in the window design).

NO

YES

RE
SP

O
N

SE
S

THERMAL STORAGE?

ENVELOPE?

APERTURES?
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54 NäÀàÈï-CêÆ´ÜÖ 
MÇîî

75 Thermal 
Mass

60 Mass 
Arangement

48 DäÀìÜˇï GÇäÀè 
RêÆ¨î

102 Mass Surf 
Absorptance

50 Thermal 
Storage Walls

49 Sunspaces

94 Rock
Beds

52 Roof
Ponds

76 Earth
Edges

85 DÇöÌä ÀàÈï
AëÜìïñìÜî

84 Solar 
Apertures

55 DÇöÌä ÀàÈï
R¨. GÜê¨etry

106 WäÀèÖê∂ &
Glass Types

86 VÜèïäÀçÇïä Àê≠ 
AëÜìïñìÜî

53 SïÇˇå-
VÜèïäÀçÇïä Àê≠ R¨î

90 DÇöÌä ÀàÈï 
EèâÇèˇÜ SâÇÖÜ

67 SÜë./Cê¨É. 
OëÜèäÀèàÙ

47 TêØçä ÀàÈï
RêÆ¨

92 Internal/In-
btw Shade

68 WäÀèÖê∂ 
PçÇˇÜéÜèï

82 Lê∂ 
Cê≠ïìÇîï

88 LäÀàÈï
SâÜçó§î

103 DÇöÌä ÀàÈï 
RÜáçÜˇï Sñìá

87 AäÀì Fçê∂ 
WäÀèÖê∂≤

104 EôïÜìäÀê± 
SñìáÇˇÜ Cê´ê±

105 Dê¥É´Ü
SåäÀè MÇïÜìäÀÇçî

80 BìÜÇïâäÀèà 
WÇççî

89 Mêμ†É´Ü 
IèîñçÇïäÀê≠

74 SåäÀè 
TâäÀˇåèÜîî

25 PÜìäÀê£äÀˇ 
TìÇèîáê±éÇïäÀê≠î

91 EôïÜìèÇç 
SâÇÖäÀèà

62 IèîñçÇïäÀê≠ 
OñïîäÀÖÜ

B9 RÜîëê≠îäÀó§ Eèó§çêØÜ
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S7  WâÜè açç aó†äÀçÇÉ´Ü lê†Ö rÜÖñˇïäÀê≠ sïìÇïÜàÍÀÜî aèÖ tâÜäÀì  
      cê≠tìê´î hÇó§ b§Üè eôëçê®ÀïÜÖ, meet tâÜ rÜéÇäÀèäÀèà lê†Ö  

   with aè ACTIVE TAILORED SYSTEM tâÇï fäÀïî tâÜ lê†Ö 
   câÇìÇˇïÜìäÀîïäÀˇî.

RE
SP

O
N

SE
S

If needed, are mechanical and/or electrical 
systems selected and sized appropriately to 
supplement passive strategies?

7a
YES

A net-zero or peak-zero, net-positive building is more 
diffi cult to achieve if mechanical systems are not tailored 
to the building load characteristics. If performance 
uncertainty has resulted in too large a safety margin and 
systems that are too extensive or large, consider making 
the building or parts of it HVAC-ready.

NO

SYSTEMS?

Can manual controls be used reliably given 
the program and climate context?

7b

Automatic controls are expensive and decrease people's 
understanding of building operation. Consider training the 
occupants in the proper use of manual controls, or add 
building operation as a job requirement.

NO

YES

CONTROLS?

Are power generation systems sized appro-
priately to provide power when needed?

7c

Without adequate on-site power production, net-zero or 
peak-zero, net-positive cannot be achieved. It may still 
be possible to design a very energy-effi cient building, and 
environmentally benign off-site power can be purchased.

NO

YES

GENERATION?
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99 AäÀì-AäÀì HÜÇï 
EôˇâÇèàÊì

97 Ducts & 
Plenums

98 EÇìïâ-AäÀì
HÜÇï EôˇâÇèàÊì

95 MÜˇâ MÇîî 
VÜèïäÀçÇïä Àê≠

72 MÜˇâ HÜÇï 
DäÀîïìäÀÉ¥ïäÀê≠

96 MÜˇâ SëÇˇÜ 
VÜèïäÀçÇïä Àê≠

27 MäÀôÜÖ Mê£Ü 
CêÆ´äÀèà

101 Manual/
Auto. Controls

93 TÇîå
LäÀàÈïäÀèà

73 EçÜˇïìä Àˇ
LäÀàÈï Zê≠Üî

78 PV Roofs
& Walls

79 Solar
Hot Water

P2 Annual 
Energy Use

93 TÇîå
LäÀàÈïäÀèà

P5 EéäÀîîäÀê≠î 
TÇìàÊïî

P6 CÇìÉÆ≠-NÜñïìÇç 
BñäÀçÖäÀèà
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LÇèÜ Cê¨éñèäÀïö Cê´çÜàÊ Dê∂≠ïê∂≠ CÇéëñî, EñàÊèÜ, OìÜà≠, 2012
Rê°§ìïîê≠ SâÜìòÆÆ£ aèÖ SRG PÇìïèÜìîâäÀë, aìˇâäÀïÜˇïî

Shady Courtyard

Thin Plan

East-West Plan

Daylight Zones

Sidelight Room Depth
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Question 5 [Thermal Storage and  Envelope], which 
has two parts, addresses the  integration of thermal stor-
age and responsive envelopes in buildings to create a 
system that interacts positively with temporal variations 
in sun, wind and light resources. The associated THERMAL 
SAILING synergy suggests a dynamic building that incor-
porates the bundle RESPONSIVE ENVELOPE, which has three 
climatic variations, as well as design Strategies that sup-
port designing for thermal mass.

Question 6 [Apertures] and its  associated MULTIVALENT 

DESIGN synergy concentrate on some of the complex con-
siderations involved in designing  apertures and other 
multi-use elements. Sizing methods and other pertinent 
information are given by the design Strategies on the 
right side of the chart.

Question 7 [Systems,    Controls and Generation], 
which has three parts, constitutes the stage of design 
decision-making when mechanical systems, controls and 
on-site power generation systems are selected. The pri-
mary message of this question set and its corresponding 
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LÇèÜ Cê¨éñèäÀïö Cê´çÜàÊ Dê∂≠ïê∂≠ CÇéëñî

Atrium Building

Solar Hot Water

External Shades
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ACTIVE TAILORED SYSTEMS synergy is to tailor the systems 
as precisely as possible to the size and timing of the peak 
heating, cooling, ventilation and lighting loads. Several 
design Strategies are suggested to help identify appropri-
ate energy use targets and select effi cient mechanical and 
lighting systems, if needed.

  Example of Design Decision Chart use

The Lane Community College Downtown Campus in 
Eugene, Oregon, was chosen as an example of using the 

Design Decision Chart for several reasons: One of the 
authors of SWL3 had intimate knowledge and involve-
ment during the design phase of the project; the use of 
the Integrated Design Process was a vehicle for early 
communication between design team members; and all 
project stakeholders were committed to achieving a “net-
zero-ready” building. For this project, the use of the term 
“net-zero-ready” indicated a desire to reduce building 
loads to the point that they could be met entirely by pas-
sive strategies and on-site power generation when funding 
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for suffi cient photovoltaic panels became available.
Although Eugene has a heating-dominated climate, 

cooling was the condition that required the most problem 
solving and design manipulation, since the requirements 
for a PASSIVELY COOLED BUILDING bundle using NIGHT-
COOLED MASS span the entire gamut of architectural 
considerations, including structural, mechanical, electri-
cal, lighting and acoustical systems; occupant scheduling, 
comfort criteria and security; climate patterns; and exist-
ing site or code constraints. In addition, while the mass 
was sized for cooling, it also functions as storage for 
the high internal gain and solar gain during the heat-
ing season. Daylighting was also considered an imperative 
objective, as it is recommended in most climate and pro-
gram combinations, due to the high level of electricity 
used for electric lighting, the productivity and health 
improvements that have been observed in well-daylighted 
buildings and the high visual quality of natural lighting. 

A step-by-step review of the design decision-making 
process, numbered according to the Design Decision Chart, 
follows below.

Question 1—YES.
The design team used WIND ROSE, SOLAR RADIATION, 

DAYLIGHT AVAILABILITY, DAYLIGHT OBSTRUCTIONS, SKY COVER 
and temperature and relative humidity information from 
TMY3 weather data from the National Solar Radiation 
Data Base (NREL, 2005). Based on potential load profi les 
determined from BIOCLIMATIC CHART, TOTAL HEAT GAINS 
AND LOSSES, HOT WATER LOADS and ELECTRIC LOADS, the 
team concluded that a net-zero or peak-zero, net-positive 
building was possible, given the climate and program.

Question 2—YES.
Using a combination of ADAPTIVE COMFORT CRITERIA, 

LOAD-RESPONSIVE SCHEDULING and close scrutiny of DESIGN 
DAYLIGHT FACTORS, the designers seized an opportunity to 
reduce occupant-associated loads.

Questions 3a and 3b—N/A and YES.
While the urban infi ll site was constrained by lot 

size and surrounding context, GREEN EDGES along the 
stepped-back south side of the site and SHADY COURTYARDS 
were used to create a comfortable OUTDOOR MICROCLI-
MATE without reducing the desired area for on-site power 
generation.

Questions 4a, 4b and 4c—YES, SOMEWHAT and MAYBE.
As outlined in the DAYLIGHT BUILDING bundle, this 

solution is a combination of thin and thick building strat-
egies. To make a THIN PLAN that allows access to sun and 
wind, while still fi tting on the site and housing all of the 
required program elements, the building was split into two 
L-shaped pieces that wrap a central courtyard. The long 
legs of the L are oriented to form an EAST–WEST PLAN, and 
ATRIUM BUILDING was used to both bring light into the 
central space and to provide ventilation inlets and out-
lets. Spaces needing higher light levels were strategically 
placed in the DAYLIGHT ZONES and SIDELIGHT ROOM DEPTH 
maintained appropriate lighting distribution throughout 
the classrooms. PERMEABLE BUILDINGS and STACK-VENTI-
LATION ROOMS were used to ensure adequate openings and 
unobstructed pathways for cooling and ventilation of all 
spaces.

Questions 5a and 5b—YES and YES.
THERMAL MASS was incorporated into the design of the 

building from the inception of the project, used primar-
ily for NIGHT-COOLED MASS but also for DIRECT GAIN ROOMS. 
MASS ARRANGEMENT called for exposed concrete fl oors that 
also provide the ceiling of the space below and concrete 
masonry walls to accommodate the mass surface area that 
was required. The RESPONSIVE ENVELOPE bundle, which 
includes EXTERNAL SHADES, SKIN THICKNESS and EXTERIOR 
SURFACE COLOR, is illustrated by the façade design and 
exterior wall section. Innovative design strategies such as 
MOVABLE INSULATION and PERIODIC TRANSFORMATIONS were 
also considered but were not implemented.
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USE
 SYNERGIES

DESIGN

SYSTEMS

CLIMATE 

SöÔÜìàÍÀÜî aèÖ tâÜ EçÜéÜèïî o• IèïÜàÛÇïÜÖ DÜîäÀàÔ
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Question 6—YES.
External glazing design used SEPARATED OR COMBINED 

OPENINGS to accommodate the multiple functions of win-
dows, lightwells and skylights. Proper sizing was achieved 
with VENTILATION APERTURES and DAYLIGHT APERTURES. The 
large windows allow for INTERNAL/IN-BETWEEN SHADES and 
LIGHT SHELVES to control glare and heat gain and distrib-
ute light without falling below minimum daylight levels.

Questions 7a, 7b and 7c—YES, SOMEWHAT and 
SOMEWHAT.

The mechanical systems were selected and sized appro-
priately. Both AIR–AIR HEAT EXCHANGERS and EARTH-AIR 
HEAT EXCHANGERS were used, along with MECHANICAL HEAT 
DISTRIBUTION and DUCTS AND PLENUMS. ELECTRIC LIGHT 
ZONES and TASK LIGHTING were used in concert with MAN-
UAL OR AUTOMATIC CONTROLS to provide combinations of 
controls that would work reliably in different program 
scenarios. Overall, the site area constraints do not allow 

for suffi cient PHOTOVOLTAIC ROOFS AND WALLS to achieve 
net-zero energy use at its current projected ENERGY USE 
INTENSITY. However, the SOLAR HOT WATER system does pro-
vide a signifi cant energy contribution by supplying most 
of the academic hot water needs.

  Remembering the Synergies

Design is a complex task. The process of designing net-
zero and peak-zero, net-positive buildings has been sim-
plifi ed into seven sets of questions for your consideration. 
The diagram Synergies and the Elements of Integrated 
Design, is offered as an aid to help remember the syner-
gies that correspond to these question sets.

The diagram shows the four primary elements (Climate, 
Use, Design and Systems) of integrated design, each of 
which has one associated synergy, except for the Design 
component, which has four synergies that apply to differ-
ent scales (Building Groups, Buildings and Building Parts).



78

 Part III
SYNERGIES

This Part describes seven Synergies, or key design con-
cepts, that if  implemented properly, can help designers  
create net-zero and peak-zero, net-positive buildings. As 
explained in Part IV, each of the synergies primarily ad-
dresses one of the four aspects of integrated design: one 
synergy each for the Climate, Use and Systems compo-
nents and four synergies for the Design component that 
covers the range of scales from building groups to build-
ings to building parts.

The primary integrated design component is listed 
in bold above each synergy title, along with any sec-
ondary components. As an additional cue, the relevant 
question(s) from the Design Decision Chart are reiterated 
at the beginning of each synergy description.

PA
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CLIMATE

S1 VIEW CLIMATE AS A RESOURCE for load 
reduction and power generation. 94

USE

S2 ENERGY-CONSCIOUS OCCUPANT BEHAVIORS 
reduce peak heating, cooling, ventilation and 
lighting loads. 96

DESIGN

S3 Form and organize buildings and open spaces to 
create RESOURCE-RICH ENVIRONMENTS that 
provide livable outdoor space and access to 
site resources. 98

S4 Integrating climate and use variables yields 
opportunities for SPATIAL ZONING according 
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S5 A building designed for THERMAL SAILING 
integrates thermal storage and a responsive 
envelope that exploit changing patterns of 
sun, wind and light to regulate comfort and 
energy use. 102
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functions within a single building element. 104

SYSTEMS

S7 When all available load reduction strategies and 
their controls have been exploited, meet the 
remaining load with an ACTIVE TAILORED 
SYSTEM that fi ts the load characteristics. 106
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Then assess the anticipated building loads with TOTAL 
HEAT GAINS AND LOSSES, ELECTRIC LOADS and HOT WATER 
LOADS and compare them to the previously determined 
climatic resources. Based on this information, identify 
opportunities for creating synergies with the building 
design and program to reduce loads. 

After implementing load reducing strategies, use the 
climate resources to generate on-site power.

The graph of   Photovoltaic Area Required for Net-
Zero can be used to estimate the area of PHOTOVOLTAIC 
WALLS AND ROOFS needed to satisfy the target building 
Energy Use Intensity (EUI) for several example climates. 

To use the nomograph, enter on the right-hand side 
at the target EUI value. Move vertically to intersect 
the desired Energy  Balance Index (EBI) performance, 
and then move horizontally to intersect an appropriate 
climate line and drop to the lower left axis to read the 
ratio of PV area to fl oor area. 

EBI = 0 is a net-zero building. EBI > 0 is a net-positive 
building. EBI < 0 is an energy consuming building. It is 
also possible to begin from the PV area/fl oor area ratio or 
from the vertical Energy Production  Intensity (EPI) axis, 
depending on which values are known or prioritized. The 
following assumptions were used for PV panel area cal-
culations: weather based on TMY2 data, fi xed axis panels 
facing south, tilt equal to latitude and an overall DC to AC 
derate factor of 0.77. 

For a more detailed look at loads versus on-site produc-
tion, see NET-ZERO ENERGY BALANCE. PV sizing is covered 
in PHOTOVOLTAIC WALLS AND ROOFS. EUI targets can be 
evaluated in ENERGY USE INTENSITY. 

EUI is an annual energy use rate that doesn't address 
the amount of energy used on a daily or hourly basis, 
which may vary signifi cantly. A building may have a low 

CLIMATE + DESIGN

 S1   VIEW CLIMATE AS A RESOURCE for load reduction 
and power generation.

This synergy addresses Question 1 in the Design Decision 
Chart for Net-Zero and Peak-Zero, Net-Positive Buildings:

The physical location of a given building site defi nes a 
set of climatic conditions that will infl uence the energy 
use of the building. Key climate variables include tem-
perature and relative humidity, the  position and intensity 
of the sun, the speed and direction of the wind and the 
dominant sky conditions, or cloudiness, which infl uences 
the quality and quantity of light. More important than 
simply analyzing the climate resources is an ability to rec-
ognize the architectural implications of certain climatic 
conditions. 

Net-zero and peak-zero, net-positive buildings strike a 
balance between resource supply and demand. A climate 
with optimal sun, wind and light resources coupled with 
a building program that introduces relatively few addi-
tional loads allows the designer latitude in implementing 
passive strategies. At the opposite end of the spectrum, 
an extreme climate coupled with high internal loads 
requires more careful consideration of each design deci-
sion. Designers are advised to address early in the design 
process the potential confl icts between building loads and 
climatic resource availability over time, since the size and 
timing of the various loads determine whether they can be 
met with on-site climatic resources. 

First analyze the climatic conditions of the site, in-
cluding temperature, relative humidity, wind, daylight and 
solar radiation using design strategies such as BIOCLIMATIC 
CHART, WIND ROSE, DAYLIGHT AVAILABILITY and SOLAR RA-
DIATION.

1 Are site resources suffi cient to meet heating, cooling, 
lighting, ventilation and power needs?
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EUI but still have a high peak load or have most of its 
energy use in one season or another. Two questions arise: 
1) Does the generating capacity equal the annual EUI or 
the peak demand? 2) Does the highest generation coincide 
with the peak demand? The nomograph does not answer 
either question, but rather allows the designer to estimate 
the area needed to accommodate suffi cient PV panels 
(which can be sizable) to satisfy the energy demand in 
the absence of peaks.

Assuming that the building loads have been reduced 
as much as possible, peaks can occur when climate and 
occupancy factors align. The cooling peak occurs when 
the outdoor temperature is highest and often the greatest 

number of occupants are present. By contrast, the heat-
ing peak occurs when it is coldest, generally at night, and 
when, in nonresidential buildings, fewer people tend to be 
present. A low peak is desirable since equipment is often 
sized based on peak loads, and higher capacity equipment 
is both more expensive to purchase and less effi cient to 
run during low demand. When resource availability does 
not coincide with the need for heating, cooling and light-
ing, the energy must be stored for later use, for example, 
in batteries or pumped water. The effi ciency of the stor-
age system will affect the amount of power generation 
required.
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USE + CLIMATE + DESIGN

 S2   ENERGY-CONSCIOUS OCCUPANT BEHAVIORS reduce 
peak heating, cooling, ventilation and lighting 
loads. 

This synergy addresses Question 2 in the Design Decision 
Chart for Net-Zero and Peak-Zero, Net-Positive Buildings:

2 Can schedules, comfort criteria or  occupant behavior 
be changed to avoid or reduce  peak loads?

The primary purpose of the built environment is to pro-
vide places for humans to work, play and live. According 
to the 2011 Buildings Energy Data Book (DOE, 2012, Table 
3.1.4), a large percentage of the energy used in buildings 
is expended to keep thermal and visual conditions within 
fi xed ranges. For example, in 2010 almost 60% of the pri-
mary energy used in commercial buildings was spent on 
lighting, thermal conditioning and ventilation. Because 
building loads tend to follow users, signifi cant progress 
towards net-zero or peak-zero, net-positive buildings can 
be made by coupling occupant habits to climatic con-
ditions and minimizing the periods when those habits 
exacerbate climate peaks.

It is important to recognize the different roles played 
by people and by climate in driving peak building loads. 
While climate conditions can contribute to either a heat-
ing or cooling peak, human  occupants are always heat 
sources (and often turn on additional heat sources) and 
thus may increase the climate-driven cooling peak or may 
decrease the climate-driven heating peak. 

When occupants are allowed the fl exibility to adapt 
to environmental conditions (either spatially, temporally 
or behaviorally), their ability to be comfortable indoors 
is increased. Occupants are    spatially fl exible if they can 
migrate to areas that they fi nd most comfortable at dif-
ferent times of the day and year, for example, to sunny 
east-facing spaces on cold winter mornings [see MIGRA-
TION]. Temporal fl exibility means that occupants can 

shift their schedules, either as a group or individually, 
according to seasonal conditions [see LOAD-RESPONSIVE 
SCHEDULING]. Behavioral fl exibility describes the physical 
and psychological adjustments that occupants can make 
in order to adapt to their surroundings. These behavioral 
adaptations include changing the amount and type of 
clothing, drinking warm or cold beverages and doing light 
exercise [see ADAPTIVE COMFORT CRITERIA]. How fl exible 
occupants can be is partly determined by the building's 
type and use.

Spaces that encourage  climate-responsive use patterns 
can infl uence operational energy use. For example, peo-
ple turn on lights in rooms if they perceive the room to be 
dark relative to other rooms. The diagram Designing Well-
Lighted Primary Spaces shows a daylighting strategy for 
ensuring that a double-loaded corridor has lower illumi-
nance than the classrooms it serves. The apertures into 
the corridor are smaller than those for the classrooms, 
allowing less daylight into the corridor while the majority 
is refl ected into the classroom. Since the perceived bright-
ness of any space is infl uenced by the light level of the 
most recently occupied space, people entering a classroom 
from the hallway will perceive it to be brightly lighted 

DÜîäÀàÔäÀèà WÜçç-LäÀàÈïÜÖ PìäÀéÇìö SëÇˇÜî
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because their eyes have adapted to the lower light level of 
the hallway. They will then be less inclined to turn on the 
lights in the classroom. To set lighting criteria see DESIGN 
DAYLIGHT FACTOR. 

Design internal building spaces that allow occupants 
opportunities to adjust their comfort  criteria,  schedules, 
or  behavior patterns in a way that minimizes energy 
use. 

Conscious behavioral patterns can also be harnessed 
to reduce loads and energy use. Oak Alley Plantation in 
Vacherie, Louisiana, is a traditional-style plantation house 
that employs a responsive envelope to modulate indoor 
conditions throughout the year and relies on the building 
users to operate the building effectively. The variety of 
thermal and luminous conditions characterizing the house 
allows occupants to consciously seek out more pleasur-
able spaces [MIGRATION]. The house is divided into two 

distinct zones: an outdoor gallery shaded by the parasol 
roof and an indoor thermal enclave operating by PERIODIC 
TRANSFORMATIONS that can be closed or open depending 
on season and occupant preferences. During the summer, 
people tend to occupy the outer gallery under the LAYER 
OF SHADES, while during the winter they are more likely to 
use the thermal enclave. In the spring and fall, the enve-
lope of the interior thermal enclave can be opened up to 
make the space behave more like the outdoor gallery or 
kept closed to exterior conditions. Occupants can also 
alter their behaviors within a diurnal time frame: they can 
choose to stay outside under the shelter of the parasol all 
day and night, moving furniture out to the gallery when 
it is more comfortable, or they can choose to inhabit the 
thermal enclave at night, while opening the windows to 
make it more like the outdoor conditions.

OÇå AççÜö PçÇèïÇïäÀê≠, VÇˇâÜìäÀÜ, Lê¥äÀîä ÀÇèÇ, 1830's, aìˇâäÀïÜˇï uèåèê∂≠

SY
N

ER
G

IE
S:

 S
2 

O
cc

up
an

t 
B

eh
av

io
rs



84

DESIGN + CLIMATE

 S3  Form and organize buildings and open spaces 
to create  RESOURCE-RICH ENVIRONMENTS that provide 
livable outdoor space and access to site resources.

This synergy addresses Questions 3a and 3b in the Design 
Decision Chart for Net-Zero and Peak-Zero, Net-Positive 
Buildings:

Urban outdoor spaces, including plazas,  sidewalks, streets 
and parks, constitute the majority of a city's land use. 
Together they form important meeting and resting places, 
and their character largely determines the image of the 
city. Using site energy to produce  thermally comfortable 
conditions extends the occupancy period of these spaces. 
Habitable outdoor rooms can result in less conditioned 
indoor area and therefore reduce energy consumption. An 
energy-conscious city provides human habitat with less 
energy, cost and environmental impact.

Microclimate conditions change throughout both the 
day and the year. Design strategies that manifest con-
currently or that involve a time lag can promote outdoor 
comfort during different seasons or periods of the day. 
Microclimates also have qualities that can be character-
ized as either static or dynamic depending on whether 
they alter their state over time. In the diagram  Static 
Versus Dynamic Strategies, the tree represents both con-
current and dynamic strategies in that it does not store 
heat or coolth over time, but it does drop its leaves to 
admit the sun during the winter and leafs out to provide 
shade during the summer. The masonry wall stores heat 
that it collects from the sun during the day and releases it 
gradually after the sun goes down, and thus is static with 

3a
If the project includes multiple buildings, can they 
be arranged to allow access to fresh air and sunlight 
throughout the site?

3b
Can the site design enhance access to desirable 
resources while mitigating unwanted resources for 
part or all of the year?

a temporal lag.
When designing outdoor microclimates, ensure that 

outdoor spaces and neighboring buildings have ad-
equate access to climatic resources, because sun and 
wind can be blocked at smaller scales, but cannot be 
created if they are not present [see bundles NEIGHBOR-
HOOD OF LIGHT, COOLING NEIGHBORHOOD and SOLAR NEIGH-
BORHOOD]. 

Once resource access is established, site organization 
and elements can be used to create localized conditions 
of variation in sun, shade, wind and lee [see bundles IN-
TEGRATED URBAN PATTERN and OUTDOOR MICROCLIMATES].

In the North Macadam Greenway Microclimate Study 
for Portland, Oregon, the patterns of sun, shade, wind 
and lee are determined by the confi guration of the build-
ings and vary by season and time of day. The diagram 
illustrates the shading impact of buildings built to the 
maximum zoned heights of 125' (38 m) at a 25' (7.6 m) 
setback and 250' (76 m) at a 50' (15.2 m) setback dur-
ing the months of February and June at noon and 3:00 
PM. In February, the greenway adjacent to the river is 
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3 pm

12 pm

February June

Nê±ïâ MÇˇÇÖÇé GìÜÜèò†ö MäÀˇìê¢çä ÀéÇïÜ SïñÖö, Pê±ïçÇèÖ, OìÜà≠, 2000, ESBL

signifi cantly shaded by buildings in both height zones at 
3 PM, although shading is undesirable at this time of year. 
In June, shade is desirable at noon and at 3 PM, but the 
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sñè pê≤ä Àïä Àê≠ 
DÜˇ. 21

Fñçç Sñè aèÖ WäÀèÖ: mÇîîäÀèà pìêμ® ÀÖÜî fñçç aˇˇÜîî fê± pÇîîäÀó§ 
dÜîäÀàÔ aèÖ gÛÜÜè pê∂§ì, wßäÀçÜ aˇâäÀÜó®Àèà mäÀˇìê¢çä ÀéÇïÜs uîäÀèà 
v§àÊïÇïäÀê≠ o± séÇçç-sˇÇçÜ fê±éî.

CçäÀéÇïÜ Séê±à‚îÉÆ±Ö: a v†ìäÀÜïö o• sâÇÖÜ aèÖ w®ÀèÖ cê≠ÖäÀïä Àê≠î, 
uîäÀèà b¥äÀçÖäÀèà fê±é, sê sê¨Ü sëÇˇÜ iÀî açò†öÙ cê¨áê±ïÇÉ´Ü 

MäÀˇìê¢çä ÀéÇïÜ-SâÇëäÀèà SˇÜèÇìäÀê≤

greenway is not signifi cantly shaded by the buildings at 
any time. Other options are shown by the Microclimate-
Shaping Scenarios.
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DESIGN + CLIMATE + USE

 S4  Integrating climate and use variables yields 
opportunities for SPATIAL ZONING   according to 
"best-fit" passive design strategies.

This synergy addresses Questions 4a, 4b and 4c in the 
Design Decision Chart for Net-Zero and Peak-Zero, 
Net-Positive Buildings:

Initial decisions about building form, orientation and 
organization set the stage for patterns of sun, wind and 
light interaction that vary with changing climatic condi-
tions over the course of days and seasons. The building 
design modulates sunlight and wind resources by control-
ling their access and distribution throughout the building. 

Building form determines which internal spaces have 
direct access to sun, wind and light [DEEP SUN, SKYLIGHT 
BUILDING]; one of the primary drivers of building form is 
the desirability of spaces along the skin of the building 
[THIN PLAN; EAST–WEST PLAN]. 

Orientation infl uences the quantity and quality of the 
resources that enter the building, as well as the degree to 
which admission can be controlled, as observed in south-
facing glazing, which permits the best access to solar 
radiation during winter months while also being the easi-
est to shade during summer months [ROOMS FACING THE 
SUN AND WIND, LOCATING OUTDOOR ROOMS].

Internal organization groups together spaces with sim-
ilar needs   [HEATING ZONES,  COOLING ZONES,  DAYLIGHTING 

ZONES,  ELECTRIC LIGHT ZONES,  STRATIFICATION ZONES].
The Building Form and Subdivisions Matrix shows 

the four primary building form categories—short and fat, 
short and thin, tall and fat, or tall and thin—and four 
possibilities for subdivisions of internal spaces. Of the 
four form types, the tall and fat building has the least 
amount of surface area relative to fl oor area, and thus its 
internal spaces have the least access to sun, wind and 
light resources. The short and thin building has the great-
est amount of surface area relative to fl oor area and the 
best access to resources.

Internal spaces can be organized in a number of ways. 
In plan, for example, a double-loaded corridor might be 
divided into different zones lengthwise, transversely, or 
from the middle core out, as illustrated by the Spatial 

4a Can the building form and  orientation allow access to 
sun, wind and light resources for most internal and 
external spaces?

4b Can spaces with similar heating, cooling, ventilation 
and lighting requirements be grouped together?

4c
Can the design accommodate unobstructed pathways 
that allow sun, wind and light to be distributed 
throughout the entire building?

BñäÀçÖäÀèà Fê±é aèÖ SñÉ£äÀó® Àîä Àê≠î MÇïìäÀô
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building. The building is divided into two parts for the 
purpose of night cooling the thermal mass. A sliding door 
located in the central hallway is closed at night to ensure 
that ventilation air travels the planned route through each 
separate zone of the building so that the thermal mass in 
each zone receives adequate night ventilation to remove 
heat collected during daytime use.

Zoning in Section and in Plan diagram. Additionally, it 
shows how the building can also be divided into zones 
sectionally, by fl oor or by orientation. The subdivision 
of internal spaces affects distribution pathways through 
the building. Air fl ow and daylight are particularly sensi-
tive to internal partitioning [PERMEABLE BUILDINGS] and in 
thick buildings may require MOVING HEAT TO COLD ROOMS or 
methods for getting daylight deep into the building, such 
as DEEP SUN, ATRIUM BUILDING, BORROWED LIGHT or SKY-
LIGHT WELLS, to achieve the desired distribution to interior 
rooms.

Design buildings to provide access to sun, wind and 
light for as many of the interior spaces as possible [see 
DAYLIGHT BUILDING, PASSIVELY COOLED BUILDING and PAS-
SIVE SOLAR BUILDING]. Often this means that buildings 
will be thin (either literally or functionally, e.g., courtyard 
buildings)

Use  ENERGY PROGRAMMING to identify the degree to 
which different types of spaces require different levels 
of heating, cooling, lighting and ventilation. Use the 
many zoning strategies in SWL to organize, locate and 
orient groups of spaces with similar needs.

The Lane Community College Health and Wellness 
Building in Eugene, Oregon, by SRG Partnership is an 
example of using zoning principles and distribution path-
ways to achieve a primarily daylit and naturally ventilated 

LÇèÜ Cê¨éñèäÀïö Cê´çÜàÊ HÜÇçïâ aèÖ WÜççèÜîî BñäÀçÖäÀèà, EñàÊèÜ, OìÜà≠, 2010, SRG PÇìïèÜìîâäÀë

WäÀïâ sçä ÀÖäÀèà dêÆ±WäÀïâê¥ï sçä ÀÖäÀèà dêÆ±

SëÇïäÀÇç Zê≠ä Àèà iÀè SÜˇïä Àê≠ aèÖ iÀè P çÇè
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DESIGN + USE + CLIMATE

 S5  A building designed  for THERMAL SAILING 
integrates thermal storage and a responsive 
envelope that exploit changing patterns of sun, 
wind and light to regulate comfort and energy use. 

This Synergy addresses Questions 5a and 5b in the Design 
Decision Chart for Net-Zero and Peak-Zero, Net-Positive 
Buildings: 

Designers of net-zero or peak- zero, net-positive buildings 
are attuned to the pulse of climatic patterns. Similarly, 
building operators can adjust building controls to harvest, 
reject or modulate climatic forces. Examples of building 
elements (both active and passive) that can be combined 
to form a RESPONSIVE ENVELOPE bundle include: INTERNAL 
AND IN-BETWEEN SHADES, EXTERNAL SHADES, operable VENTI-
LATION APERTURES and MOVABLE INSULATION panels.

Integrating THERMAL MASS into the building design 
helps modulate temperature swings, resulting in greater 
thermal comfort and less energy use. To realize these 
potential benefi ts, designers can consider not only the 
gross area and thickness but also other details that affect 
mass performance, such as the provision of INSULATION 
OUTSIDE the THERMAL MASS and the different pathways 
and sources for heat loss and gain. Many other fac-
tors play a role in the effectiveness of thermal storage 
strategies. MASS ARRANGEMENT, for example, affects its 
access to either warm or cool air and its ability for radi-
ant exchange. The surface refl ectivity and MASS SURFACE 
ABSORPTANCE also infl uences how much heat is gained or 
lost through radiation. 

During the cooling season when it is desirable to reject 
heat gain while promoting heat loss in a masonry storage 
system, exterior or interior shades can be used to prevent 
direct radiation from entering the space and VENTILATION 
OPENINGS ARRANGEMENT provides a pathway for cool night 
air to fl ow across the mass. In the heating season, an 
opposite strategy applies: solar gain is encouraged during 
the daytime, and MOVABLE INSULATION is used to prevent 
heat loss at night. It is worth noting that selectively 
applying insulation to some high-loss areas of external 
walls, such as window apertures, has more impact on the 
overall wall R-value than increasing the level of insula-
tion in the wall area itself. For example, a wall insulated 
to R-30 with a 30% glazing fraction has an overall wall 
R-value of 7.79 using windows with 0.35 U-factor, but the 
same wall has an overall wall R-value of 18.75 when R-10 
shutters are used.

To design a building for THERMAL SAILING, fi rst deter-
mine whether the exterior envelope elements are to act 
as a connector, barrier, fi lter or switch, or combinations 
of these (Norberg-Schulz, 1965) based on prevailing cli-
matic conditions and indoor comfort criteria. 

A fi xed window acts as a barrier to air movement, 
and as a connector for sunlight and daylight. An oper-
able window acts as a switch in terms of air fl ow, while 
an electrochromic window and operable shades act as 
switches for sunlight. Switches and fi lters are more adapt-
able to varying conditions than barriers or connectors 
alone.

Consider the following general principles for a mixed 
climate with heating and cooling needs:
• During overheated periods, when the indoor 

temperature is above the outdoor temperature, 
VENTILATION APERTURES may be opened to allow 

5a
Can the design include thermal mass, and do daily 
temperature swings and radiation levels promote 
storage strategies?

5b
Can the envelope be designed to resist or allow 
convective, conductive and radiative heat transfer 
when desirable?
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SUMMER
    MäÀÖèäÀàÈï: VÜèïî aèÖ näÀàÈï iÀèîñçÇïäÀê≠ aìÜ oØÜè. CêÆ´ näÀàÈï 
aäÀì cäÀìˇñçÇïÜî tâìê¥àÈ tâÜ mÜÜïäÀèà hÇçç, cêÆ´ä Àèà tâÜ tìê¨É§ 
w†çç, mÇîê≠ìö iÀèïÜìäÀê± w†ççî aèÖ fçêÆ±.
    SñèìäÀîÜ: VÜèïî aèÖ näÀàÈï iÀèîñçÇïäÀê≠ aìÜ oØÜè, aççê∂® Àèà 
b±ÜÜõÜî. SâÇÖÜî aèÖ eôïÜìäÀê± lê¥ó§ìî pìÜó§èï däÀìÜˇï sñè 
fìê¨ hÜÇïäÀèà tâÜ cêÆ´ mÇîî.
   NêÆ≠: Aî iÀï gÊïî têÆ hê≥ o¥ï, v§èïî aèÖ w®ÀèÖê∂≤ aìÜ 
cçê≤ÜÖ aèÖ cÇè b§ cêμ§ìÜÖ w®Àïâ tâÜ iÀèîñçÇïäÀê≠ tê kÜÜë tâÜ 
mÜÜïäÀèà hÇçç cêÆ´. SâÇÖäÀèà iÀî uîÜÖ tê eôˇçñÖÜ däÀìÜˇï sñè, aèÖ 
tâÜ näÀàÈï-cêÆ´ÜÖ mÇîî kÜÜëî iÀèïÜìäÀê± tÜéëÜìÇïñìÜî dê∂≠.
   SñèîÜï: VÜèïî, w®ÀèÖê∂≤ aèÖ näÀàÈï iÀèîñçÇïäÀê≠ aìÜ oØÜèÜÖ
aî tâÜ o¥ïîäÀÖÜ aäÀì cêÆ´î o•á. IèïÜìäÀê± w†ççî, fçêÆ± aèÖ tìê¨É§ 
w†çç rÜéÇäÀè w§çç-sâÇÖÜÖ.

WINTER
   MäÀÖèäÀàÈï: VÜèïî, w®ÀèÖê∂≤ aèÖ näÀàÈï iÀèîñçÇïäÀê≠ aìÜ cçê≤ÜÖ tê 
kÜÜë w†ìéïâ iÀèîäÀÖÜ. TâÜ mÇîê≠ìö w†ççî aèÖ fçêÆ±î w†ìéÜÖ b∏ 
yÊîïÜìÖÇö'î sñè rÇÖäÀÇïÜ hÜÇï tâìê¥àÈê¥ï tâÜ b¥äÀçÖäÀèà.
   NêÆ≠: VÜèïî aèÖ w®ÀèÖê∂≤ aìÜ kÜëï sâñï. NäÀàÈï iÀèîñçÇïäÀê≠ iÀî 
oØÜèÜÖ tê aÖéäÀï däÀìÜˇï sñè wßäÀˇâ hÜÇïî tâÜ tìê¨É§ w†çç aèÖ 
mÇîê≠ìö fçêÆ±î aèÖ w†ççî, aî w§çç aî tâÜ pÜêØçÜ.
   SñèîÜï: NäÀàÈï iÀèîñçÇïäÀê≠ iÀî cçê≤ÜÖ aáïÜì sñèîÜï. TâÜ tâÜìéÇç 
mÇîî rÇÖäÀÇïÜî hÜÇï cê´çÜˇïÜÖ dñìäÀèà tâÜ dÇö.

DÜÇÖòÆÆ£ CìÜÜå Cê¨éñèäÀïö CÜèïÜì, DÜÇÖòÆÆ£, 
OìÜà≠, 1980, EíñäÀèê∑ DÜîäÀàÔ, Ièˇ.

natural ventilation for cooling. 
• If the outdoor temperature is warmer than the upper 

limit of the comfort range, close apertures to retard 
excess heat gain. 

• If NIGHT-COOLED MASS is employed, open apertures 
at night once the outdoor temperature has dropped 
below the indoor temperature. 

• Organizing occupancy patterns in LOAD-RESPONSIVE 
SCHEDULES so that occupant-associated heat gains do 
not exceed the rate at which the THERMAL MASS can 
absorb heat will increase the ability of the mass to 
provide cooling throughout the day. 

• During the cooling season, shade all glazing from 
direct radiation. Employ MOVABLE INSULATION as a 
barrier against heat gain during the daytime, so long 
as suffi cient glazing area for daylight is maintained, 
or in the case of unoccupied rooms.

• During underheated periods, open INTERNAL SHADES 

and operable EXTERNAL SHADES to admit sun. 
• Organize occupancy patterns using MIGRATION so 

that the parts of the building that warm up fi rst, 
such as those with east-facing glazing and those 
on upper levels, are occupied early in the day. As 
spaces become unoccupied and lose access to direct 
solar radiation, employ MOVABLE INSULATION over the 
glazing to reduce heat loss. 

• All glazing can use MOVABLE INSULATION at night when 
windows are the main source of heat loss.

In the Deadwood Creek Community Center, in Dead-
wood, Oregon, by Equinox Design, night insulation and 
THERMAL MASS in a trombe wall [THERMAL STORAGE WALL], 
as well as in masonry walls and fl oor, passively condition 
the space throughout the year. Users proactively operate 
the MOVABLE INSULATION, ventilation openings and oper-
able shading devices to keep the building comfortable 
while using a minimum of off-site energy.
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DESIGN + USE

 S6  MULTIVALENT DESIGN combines two or more 
functions within a single building element. 

This synergy addresses Question 6 in the  Design Decision 
Chart for Net-Zero and Peak-Zero, Net-Positive Buildings:

Some building elements, such as windows, can be 
designed to perform multiple functions , often simulta-
neously. These elements are important loci for synergies 
among heating, cooling, lighting and ventilation strate-
gies, but can introduce problems when designed poorly. 
For example, a well-designed window can provide views 
in and/or out, sitting places and visual modulation of the 
wall, all possible sources of sensory pleasure. It can also 
contribute to a high-performance building. However, win-
dows can also present problems: they can reduce privacy, 
increase heating and cooling loads, create potential for 
glare, demand sizing for different needs, introduce secu-
rity issues, or require appropriate operation. 

When designing multivalent elements, create a table 
like the example for vertical windows given in the Multi-
valent Elements Table, which lists the functions of each 
element and the potential confl icts or problems. Fill in 
possible design strategy solutions for each problem and 
then look for strategies that fulfi ll multiple functions. 

When aperture sizing confl icts arise between two or 
more of the needs for heating, cooling, daylighting and 
ventilation, consult  SEPARATED OR COMBINED OPENINGS for 
alternatives. If SOLAR APERTURES present glare issues or 

6 Can apertures be designed to admit resources without 
adverse effects, such as overheating and glare?

seem too large, collection openings for DIRECT GAIN ROOMS 
can be combined with other solar heating systems, such 
as THERMAL STORAGE WALLS, SUNSPACES, or THERMAL COL-
LECTOR WALLS AND ROOFS to provide heat with less daylight 
and glare, as outlined in the RESPONSIVE ENVELOPE bundle. 

For the Lane Community College Health and Well-
ness Building, in Salem, Oregon, the SRG Partnership 
designed window apertures and lightwells to fulfi l multi-
ple functions. Apertures in the exterior wall are sectioned 
into distinct parts that permit views, daylighting and ven-
tilation. The VENTILATION APERTURES provide inlets for 
CROSS VENTILATION ROOMS and STACK-VENTILATION ROOMS, 
used both to supply outside air requirements and for 
cooling. The DAYLIGHT APERTURES are equipped with EXTER-
NAL SHADING louvers which allow a high percentage of 
refl ected light to enter while minimizing unwanted solar 
gain when the sun is at a high angle, thus serving as 
DAYLIGHT ENHANCING SHADES. Central SKYLIGHT WELLS are 
used to provide daylight and become STACK-VENTILATION 
ROOMS with exhaust outlets for ventilation air. Automati-
cally actuated glazing in the vertical south-facing side of 
the lightwells opens at night to allow suffi cient nighttime 
air to fl ow through the building for NIGHT-COOLED MASS. 
Translucent panels separate the classrooms from the light-
wells, allowing additional BORROWED DAYLIGHT to enter the 
rooms.
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Element

Function & 

Prime 

Strategy        Potential Problems        Possible Solutions

Vertical 

Windows

Daylight:

DAYLIGHT APERTURES

• Glare and uneven light distribution
• Heat gain and loss from radiation 

and conduction
• Inadequate privacy, appropriate operation

• LIGHT SHELVES; DAYLIGHT ENHANCING SHADES; LOW CONTRAST; 
WINDOW PLACEMENT; DAYLIGHT REFLECTING SURFACES

• EXTERNAL SHADING; INTERNAL AND IN-BETWEEN SHADES; 
WINDOW AND GLASS TYPES

• MANUAL OR AUTOMATIC CONTROLS

Ventilation:

VENTILATION APERTURES

• Heat gain/loss from ventilation and infi ltration
• Security, pollution
• Appropriate operation

• AIR FLOW WINDOWS; WINDOW AND GLASS TYPES

• SEPARATED OR COMBINED OPENINGS

• MANUAL OR AUTOMATIC CONTROLS

Cooling:

VENTILATION APERTURES

• Heat gain from conduction
• Security, pollution
• Appropriate operation

• WINDOW AND GLASS TYPES; MOVABLE INSULATION

• MANUAL OR AUTOMATIC CONTROLS; SEPARATED OR COMBINED 
OPENINGS

Heating:

SOLAR

APERTURES

• Glare
• Heat loss from conduction and radiation
• Appropriate operation

• WELL-PLACED WINDOWS; SOLAR REFLECTORS

• MOVABLE INSULATION; WINDOW AND GLASS TYPES

• MANUAL OR AUTOMATIC CONTROLS

Other Design 

Considerations 

(structure, views, etc.)

• Confl icts with structural system
• Increased cost
• Increased design time and expertise needed

• Integrated design process

MñçïäÀó†çÜèï EçÜéÜèïî TÇÉ´Ü

LÇèÜ Cê¨éñèäÀïö Cê´çÜàÊ HÜÇçïâ aèÖ WÜççèÜîî BñäÀçÖäÀèà, EñàÊèÜ, OìÜà≠, 2010, SRG PÇìïèÜìîâäÀë
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SYSTEMS + DESIGN + CLIMATE + USE

S7  When all available load reduction strategies 
and their controls have been  exploited, meet the 
remaining load with an  ACTIVE TAILORED SYSTEM that 
fits the load characteristics.

This synergy addresses Questions 7a, 7b and 7c in the 
Design Decision Chart for  Net-Zero  and Peak-Zero, Net-
Positive Buildings:

Net-zero and peak-    zero, net-positive buildings are most 
effectively achieved by reducing building loads to a 
minimum through design and use strategies before deter-
mining mechanical system requirements and on-site power 
generation capacity. Building loads can be evaluated using 
ANNUAL ENERGY USE and then be compared to the on-site 
generation potential using NET-ZERO ENERGY BALANCE.

Many buildings have a generally consistent and moder-
ate load with occasional extreme peaks when climatic and 
occupancy conditions coincide. These peak loads compli-
cate sizing mechanical systems. Should they be sized for 
the peak, making equipment less effi cient during average 
conditions, or should a variable or two-component system 
be used that can adapt its output to fi t load profi les? 

Machinery runs most effi ciently at its designed load 
and continuously, but that is not how systems operate in 
actual buildings. Building loads change minute to minute 
as occupants come and go, equipment runs or not, and 
the climate changes. In an ideal world for building sys-
tems, loads would be level, without peaks by the hour, day 
or season. Designers can use load reduction strategies to 

make energy demands more level and smaller so that there 
is less difference between average and peak loads. 

Assuming load reduction strategies have already been 
applied to the degree possible, consider the following 
principles for tailoring active systems to building loads:
• See the architectural fabric and the mechanical and 

electrical systems as an integrated whole. 
• Segregate the heating, cooling, ventilation and 

lighting systems so that each can be sized and 
effi ciently controlled for its own load; systems are 
effi cient at constant operation levels.

• Condition spaces only where and when they are 
occupied. In other words, use mechanical and 
electrical systems for the benefi t of people rather 

7b Can manual controls be used reliably given the pro-
gram and climate?

7c Are power generation systems sized appropriately to 
provide power when needed?

7a
If needed, are mechanical and electrical systems se-
lected and sized appropriately to supplement load 
reduction strategies?

LäÀççä Àî BñîäÀèÜîî Cê¨ëçÜô, UèäÀó§ìîäÀïö o• OìÜà≠, 
EñàÊèÜ, OìÜà≠, 2003, SRG PÇìïèÜìîâäÀë
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than the spaces alone.
• Give people control of their thermal and visual 

environments; use a combination of MANUAL AND 
AUTOMATIC CONTROLS to optimize energy use and 
occupant comfort.

• Use a spectrum of task/ambient heating, cooling and 
lighting systems matched to occupants' needs. Allow 
the potential for variety in thermal and luminous 
conditions [TASK LIGHTING, ADAPTIVE COMFORT].

• Generate renewable energy during peaks, and use it 
for supplemental heating/cooling or store the energy 
for later use.

One method that can be used to tailor active systems 
more precisely to building loads is to design modular 
spaces that have separate systems sized to meet only the 
demands of each space. In this way, rooms can be oper-
ated independently according to occupancy levels and use, 
reducing overall building energy consumption. The Mount 
Angel Abbey Annunciation Academic Center in St. 

Mê¥èï AèàÊç AÉ°§ö Aèèñèˇä ÀÇïä Àê≠ AˇÇÖÜéäÀˇ 
CÜèïÜì, SRG PÇìïèÜìîâäÀë (2006)
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Benedict, Oregon, by SRG Partnership, uses load reduction 
strategies to eliminate the need for mechanical cooling 
systems and relies on hydronic baseboard radiant heaters 
to supply heating and AIR–AIR HEAT EXCHANGERS to temper 
ventilation air, all sized and operated independently for 
each classroom. Heating, lighting and ventilation systems 
within the classrooms use a mix of MANUAL OR AUTOMATIC 
CONTROLS. The baseboard heaters are operated automati-
cally by the building control system; the electric lighting 
systems are controlled by photosensors, but can be manu-
ally overridden; outside air vents use automatic controls 
for night ventilation and manual controls for increased 
ventilation. 

In the Lillis Business Complex at the University of 
Oregon, in Eugene, Oregon, by SRG, photovoltaics are 
integrated into the building envelope [PHOTOVOLTAIC ROOFS 
AND WALLS]. The building employs key load reduction 
strategies, including THERMAL MASS used to store both 
heat and coolth; solar gain allowed in the winter when 
needed and excluded in the summer; ceiling fans used 
to expand the comfort zone; lights automatically turned 
on or off depending on ambient lighting conditions and 
temperature; and windows opened for natural ventila-
tion when outdoor temperature is 2–3 ºF (1–1.7 ºC) below 
indoor temperature [MIXED MODE COOLING]. Overall the 
building uses 41% less energy than Oregon code requires.
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The fi rst section of this part, “Bundles  Explained,” intro-
duces strategy Bundles in more detail as  sets of related 
design strategies that work     together synergistically to 
solve common problems encountered  when designing 
high-performance buildings. It explains the principles that 
defi ne a bundle and their graphic representation in the 
bundle diagrams used throughout the bundle spreads in 
the last section, “Some Fundamental Bundles.” 

The second section of Part IV is “Making Your Own 
Bundles,” which offers the reader a step-by-step process 
for creating  customized bundles for a particular building 
project or for adding new bundles to the  repertoire beyond 
those fundamental bundles presented in SWL. Bundles 
offer a fl exible and creative conceptual framework that 
is only begun in this edition. The number of potential 
bundles and their variations equals that of the recurring 
problems and situations encountered in high-performance 
building design. 

 Part IV
BUNDLES
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The fi nal section, “Some Fundamental Bundles,” 
presents nine bundles: four at the L9 Neighborhoods 
scale, four at the L6 Whole Buildings scale and one at 
the L4 Rooms scale.

L9 NEIGHBORHOODS

B1 A NEIGHBORHOOD OF LIGHT confi gures urban 
fabric in response to climate to provide 
daylight access for all buildings and the 
spaces between. [daylighting] 124

B2 A COOLING NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote 
passive cooling for all buildings and the 
spaces between. [cooling] 132

B3 A SOLAR NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote the 
use of solar power and heating of all buildings 
and the spaces between. [heating] 142

B4 INTEGRATED URBAN PATTERNS of streets and 
blocks can be organized to integrate concerns 
for light, sun and shade according to the 
priorities of the climate. [heating, cooling 
and daylighting]   152

L6 WHOLE BUILDINGS

B5 A DAYLIGHT BUILDING is organized to light 
itself with the sky using a family of strategies 
fi t to place and purpose. [daylighting] 162

B6 A PASSIVELY COOLED BUILDING is organized 
to cool itself with site resources using a 
family of strategies fi t to place and purpose. 
[cooling] 170

B7 A PASSIVE SOLAR BUILDING is organized to 
heat itself with the sun using a family of 
strategies fi t to place and purpose. [heating] 180

B8 Comfortable OUTDOOR MICROCLIMATES 
adjacent to buildings use a family of 
strategies fi t to place and outdoor use. 
[heating and cooling] 190

L4 ROOMS

B9 A RESPONSIVE ENVELOPE regulates comfort 
and energy use by adapting to changing 
patterns of sun, light and air movement. 
[cooling, heating, lighting, ventilation 
and power] 198
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 Bundles  Explained 
Relationships Among Strategies

Birth of the  Bundle

The second edition of Sun, Wind & Light included 109 
techniques and design strategies across a range of scales. 
These strategies addressed issues of heating, cooling, 
lighting and power. The bundle was born in part as a 
result of fi nding three challenges that surfaced in over a 
decade using the second edition:
1 Diffi culty in knowing which strategies to use for a 

particular design situation, such as designing the 
building envelope, especially for novice passive 
designers.

2 Identifying how the strategies were related to each 
other—or not related—was sometimes implied but 
often opaque and required substantial practical 
experience.

3 Also hard to fi nd in the text was knowing how major 
variables, like climate type, changed which strategies 
to employ or emphasize. 

The concept of bundles attempts to address these chal-
lenges. Additionally, two other observations are crucial to 
understanding the purpose of bundles:

Strategies are related to each other across a range of 
scales, often in nested and hierarchical ways, as described 
in the section “Navigation by Design Strategy Maps.” 
This new navigation tool is another basis for organizing 

strategies into bundles. 
A strategy that addresses one energy issue, such as heat-

ing, often has impacts on other  energy issues, such as 
lighting or cooling. Because designers think about energy 
issues in more than one way, some bundles address multi-
ple issues and others focus on a single energy issue.

Bundles   as generalized solution types to
recurring problems

A bundle proposes a set of the almost always required 
strategies that come together to form solutions to design 
situations encountered repeatedly in buildings. Some 
design situations are recurring, such as the problem of 
how to bring in light through a roof or how to use the 
building to collect and store heat from the sun in a cold 
climate. When one is able to generalize about these design 
situations, one can also generalize about the solutions 
and the characteristics of these solutions that seem to be 
workable across a variety of conditions. If a problem is 
encountered thousands of times in buildings, the building 
community develops particular solution types from which 
designers can learn. In many cases, researchers turn their 
attention to the common and perennial problems of design 
to verify or improve upon the informally developed solu-
tions of builders and designers. SWL attempts to capture 
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this kind of wisdom in the individual design strategies and 
now, in the bundles, as associations of related strategies.

What is a Bundle?

A Bundle in Sun, Wind & Light is a set of related strategies 
working together to resolve commonly  occurring design 
problems. A bundle may address a single energy issue or it 
may address two or more energy topics (heating, cooling, 
daylighting, ventilation or power. In general, a bundle 
has the following characteristics, as illustrated in the 
diagram The  Structure of a Bundle.
• A Bundle covers two or more  scales in the hierarchical 

system for levels  of complexity (such as L1 Elements 
and L2 Building Systems). Most of the fundamental 
bundles cover three levels (the gray bars). The black 
lines connecting the squares represent a particular 
kind of relationship among the strategies of lower and 
higher complexity. The levels function to make clear 
how lower complexity strategies help to build higher 
complexity strategies.

• A Bundle has 3–5 invariant  core strategies (the solid 
black squares) that can always be used in the given 
design situation. Core strategies are recognized as 
those that apply to all the bundle's variations.

• A Bundle has two or more  situational variations, each 
with its own bundle diagram. These adapt the bundle 

to a major variable commonly present (such as the 
difference between designing in a cool versus a hot-
arid climate) by the addition of situational strategies 
(hollow squares inside the dashed line) beyond the 
core strategies. Again, remember that core strategies 
are common to all of the situational variations. If it is 
a core strategy, it will be present in all variations as 
an important strategy.

• A Bundle may also identify  refi ner strategies (squares 
in the lower grey bars outside the dashed line), which 
are related to the bundle and are recommended to be 
considered as the design develops to greater levels of 
detail. 

Because each strategy has a range of variables and can 
be adapted to variations in its context, the particular 
combination of strategies suggested for a bundle can yield 
thousands of formal outcomes. Similarly, the relationship 
of one strategy to another in a bundle will infl uence 
the way in which each strategy is applied. The designer 
fi ts one strategy to the others in the network of design 
strategies that forms the bundle.

How to read a  bundle diagram

The example bundle diagram for a  Passive Solar Building: 
Thick Plan Bundle, one of its two variations, illustrates 
these four organizational principles of a bundle. 

The bundle organizes design strategies at multiple scales, 
covering three levels of complexity, from lower complexity 
L3 Building Systems, to L4 Rooms, to higher complex-
ity L5 Room Organizations. This is shown in the range of 
grey bars on the diagram. Typically, the is also a range 
from smaller parts to larger wholes. The scale of L6 Whole 
Buildings is the contextual scale for this bundle and is 
the level where its particular emergent characteristics are 
evident. 

The gray lines connecting the squares represent a par-
ticular kind of relationship between the strategies of lower 
and higher complexity. For example, the less complex 
strategies of SUNSPACES, ROOMS FACING THE SUN AND WIND 
and THERMAL COLLECTORS are all strategies for designing 
at the L4 Rooms scale; they help to build the more com-
plex strategy MOVING HEAT TO COLD ROOMS, which operates 
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at the more complex scale of L5 Room Organizations to 
orchestrate heat distribution between rooms that collect 
heat and those that do not. SUNSPACES helps build MOVING 
HEAT TO COLD ROOMS, while the higher, deeper, larger strat-
egy also depends on the lower, less deep, smaller strategy 
and its associates. 

Note that, for simplicity, the relationship lines for 
refi ner strategies are not shown in the diagrams, but they 
can be seen on the Design Strategy Maps. Also bear in 
mind that the bundles represent the most important asso-
ciations of strategies, and that many additional strategies 

may be used. For more details of these relationships and 
their graphic depictions, see the section “Navigation by 
Design Strategy Maps.”

Each graphic icon represents an individual design strat-
egy in Sun, Wind & Light. The  core strategies are shown 
with a bold outline: HEATING ZONES, ROOMS FACING THE 
SUN AND WIND, DIRECT GAIN ROOMS, MASS ARRANGEMENT 
and WELL-PLACED WINDOWS. These strategies will apply to 
almost all passive solar buildings of both variations.

The bundle has two situational variations, one for a 
thick plan building (shown in the diagram), in which a 

PASSIVE SOLAR BUILDING: TâäÀˇå PçÇè BñèÖçÜ
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signifi cant portion of rooms do not face the sun, and one 
for a thin plan building, in which access to the sun by 
each room is easier. The  situational strategies are located 
within the bundle boundary (bold dashed line); their icons 
have no border, for example: CLUSTERED ROOMS, SUNSPACES 
and MECHANICAL HEAT DISTRIBUTION. These design strate-
gies will typically apply to one of the bundle variations, 
but not to all of the variations. The situational strategies 
are appropriate almost all of the time, yet not every strat-
egy will be used on every project. For example, most thick 
plan buildings will need MECHANICAL HEAT DISTRIBUTION to 
move heat from rooms or surfaces that collect solar heat 
to remote rooms without direct access to solar heat, but 
a thin plan building can usually use passive radiation or 
local passive CONVECTIVE LOOPS to distribute heat. 

 Refi ner strategies are less critical to the bundle's success 
or have less impact on architectural form than core or sit-
uational strategies. However, they may still have a large 
impact on performance, depending on the situation. The 
refi ner strategies are located outside the bundle bound-
ary (bold dashed line) and their icons have no borders: 
ATRIUM BUILDING, INSULATION OUTSIDE and SEPARATED OR 
COMBINED OPENINGS. For example, in a thick plan PASSIVE 
SOLAR BUILDING, a light court may be used in an ATRIUM 
BUILDING arrangement; the atrium may also double as a 
SUNSPACE to collect heat if its roof or one wall has SOLAR 
APERTURES oriented to the sun. This refi ner strategy will 
not apply to all buildings, but if used, could improve the 
performance of the bundle.

Two broad  types of Bundles

Bundles can be thought of in two main ways:
Topically focused Bundles are composed of strategies 

that are primarily related by their association with a par-
ticular climatic design issue, such as the way a daylighted 
building needs strategies that cross a range of scales. 
Bundles of this type include:
 NEIGHBORHOOD OF LIGHT

 SOLAR NEIGHBORHOOD

 COOLING NEIGHBORHOOD

 DAYLIGHT BUILDING

 PASSIVELY COOLED BUILDING

 PASSIVE SOLAR BUILDING

Topically integrated Bundles are related across multiple 
topics, such as the way the building envelope can address 
heating, ventilation, cooling and daylighting. Bundles of 
this type include:
 OUTDOOR MICROCLIMATES

 RESPONSIVE ENVELOPE 

 Situational variations 

In theory, a bundle can have situational variations based 
on any variable that signifi cantly changes the design-
er’s response because of a relatively large change in the 
design situation. These could relate to the following situ-
ational factors, among others:
• Different climates (cold/hot, humid/arid, low/high 

altitude or continental/marine)
• Rates of internal gains (high lighting, people and 

equipment density vs. low density) 
• Occupancy schedules (no summer use vs. buildings 

used all year, no weekends vs. seven days a week) 
• Morphological alternatives (short/tall and thick/thin 

buildings, etc.) 
• Energy goals (such as site net-zero energy buildings/

net-positive energy buildings, etc.) 
Bundle variations could also be based on combinations 

of these and other variables. The point is that when the 
situation changes signifi cantly, the strategy family that is 
appropriate may also change. 

It is also important for the user to remember that many 
of the SWL strategies already have built-in recommenda-
tions for differences in design response based some of the 
variables mentioned above. Therefore, in some cases, one 
strategy will apply to all situations. This is the root of the 
core strategies found in the bundle variations based on 
climate. As covered in greater depth in “Navigation by Cli-
mate” in Part II, one fundamental context for design used 
in SWL is the building's climatic region. Some bundles use 
climate as a situational differentiator. When using these 
bundles, refer to the basic climate types and guidance on 
their selection and/or combination found in “Navigation 
by Climate.”B

U
N

D
LE

S:
 E

xp
la

in
ed



101

Bundles  in the design process

When  Bundles are used in a design process, they are a way 
of touching the bases to make sure that critical strategies 
in the network of the design have not been left out. This 
usually takes two forms:
1 The designer checks for the presence of the family of 

strategies needed for the success of one system, such 
as a solar-heated building, and that, at a minimum, 
nothing critical has been left out. 

2 The designer checks that the major common 
implications of that system are accounted for, such as 
the extra attention to shading and glare needed when 
using large, sun-facing windows for collecting solar 
heat.

The  fundamental bundles included in this edition 

are simply examples and not intended to represent an 
exhaustive list. However, they are based on decades of 
experience with designing and thinking about the best 
way to design climate-responsive buildings that use very 
little energy. Two things are certain in this regard: First, 
additional important bundles can and will be defi ned in 
the future, whether by the SWL authors or others. Hope-
fully, you will create your own bundles that work in your 
practice, climate and projects. Second, the details of each 
bundle could be written or defi ned in different ways. SWL 
takes a particular perspective and defi nes the design situ-
ation in a broad and generalized way so that the bundle 
might be widely applicable in a variety of building design 
situations. If you have a specifi c situation that calls for 
adaptation, by all means, adapt away!
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  Making Your Own Bundles  

There are several ways to select bundles in SWL. First, the 
Design Decision Chart in Part II suggests a set of broad, 
topically integrated synergies  that apply to almost all 
buildings almost all the time. The seven sets of questions 
there identify the bundles that help the designer explore 
design schemes based on the questions' themes.

Second, each bundle  is listed in the other naviga-
tion methods in Part 1, “Navigation”; so if the designer is 
working at a particular scale or is investigating a particu-
lar issue, such as cooling or daylighting, then the bundles 
most related to these concerns can be easily identifi ed.

Third, designers oriented toward what works in a cer-
tain climate will fi nd the “Navigation by Climate” section 
helpful in identifying bundles and their climatic variants 
that are most appropriate. Sometimes the fundamental 
bundles defi ned in this edition may not work for a par-
ticular project and the designer will want to construct 
a custom bundle or a set of custom bundles. A common 
example would be the custom bundle constructed for a 
mixed climate having both heating and cooling needs. 
The call for custom, make-your-own bundles is espe-
cially apparent in these mixed climates for two reasons: 
First, the hot climate strategies are further differentiated 
by arid vs. humid summers. And second, the weighting 
between heating and cooling concerns in mixed climates 

varies between about 5:2 and about 1:6; that is, from a 
heavy weighting toward cooling, with minor concern for 
heating, such as in Atlanta, Georgia, Zone 2A, to a heavy 
weighting towards heating with minor concern for cool-
ing, such as in Minneapolis, Minnesota, Zone 6A. In such 
cases, fi rst determine the weighted mix for the building in 
“Navigation by Climate.” 

Other combinations or hybrids of the bundle varia-
tions are possible and often appropriate. An example is 
the variations of SOLAR NEIGHBORHOOD, which are “Low 
Density Urban Fabric” and “High Density Urban Fabric.” 
Clearly there can also be a “medium density urban fabric” 
between the two ends of the spectrum, calling for a cus-
tom bundle variation. In other cases, the designer may 
wish to invent new bundles or to add strategies not cur-
rently defi ned in SWL. On one hand, constructing custom 
bundles is an advanced art requiring substantial experi-
ence; on the other hand, it is a process done informally in 
every building design.

To construct your own custom design strategy bundle:

1) Defi ne the  design situation that the bundle addresses, 
usually a recurring problem in architectural design. This 
will be related to the “Forces” section of the fundamental 
bundles. For example in DAYLIGHT BUILDING, the situation 
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is to design a building that maintains the geometric rela-
tionships between building and sky. 

2) Name the bundle and write an   action statement. Use 
the bold header statements in the SWL bundles as a guide. 
The action statement also captures the intention of the 
bundle. A bundle that cannot be named will not be mem-
orable and may suggest that the design idea is not clear 
enough or powerful enough to have a signifi cant infl u-
ence on design. An example of an action statement is, “A 
DAYLIGHT BUILDING is organized to light itself with the sky 
using a family of strategies fi t to place and purpose.”

3) Defi ne the situational  variations. One bundle will 
rarely if ever address all situations with a fi xed set of 
strategies. Explore the range of variables that infl uence 
the context of the design problem and the  strategies that 
one might use. From your own experience and viewpoint, 
select the one situational variable that has the greatest 
architectural form impact. Alternatively, choose the situ-
ational variable that is likely to have the greatest impact 
on energy or emissions performance—or on an issue 
defi ned by the designer. For example, the DAYLIGHT BUILD-
ING bundle focuses on strategies that work best with thin 

L5
 R

O
O

M
 

O
RG

A
N

IZ
A

TI
O

N
S

L4
 R

O
O

M
S

L3
 B

U
IL

D
IN

G
 

SY
ST

EM
S

L6
 W

H
O

LE
  

B
U

IL
D

IN
G

S

DAYLIGHT BUILDING: TâäÀè PçÇè BñèÖçÜ

B
U

N
D

LE
S:

 M
ak

in
g 

Yo
ur

 O
w

n 



105

buildings, which can use primarily sidelight, and thick 
buildings, which most often require toplight.

4) Beginning with the blank  Bundle Diagram Form, 
determine the scales at play in the bundle. The form is 
found on the following page. Any three scales in the nine-
level system may be  chosen. Write in the three scales that 
make up your bundle and the scale of the bundle itself 
(top band). For example, the DAYLIGHT BUILDING bundle 
organizes strategies at L3 Buildings Systems, L4 Rooms 
and L5 Room Organizations. The bundle itself is located at 
L6 Whole Buildings.

5) Fill in the square on the top level with the name of 
your bundle(s).

6) Make a copy of the Bundle Diagram Form for the 
other variation(s) you have identifi ed. For example, the 
DAYLIGHT BUILDING bundle has a bundle diagram for each 
of two situational variations: “Thin Plan” bundle (shown 
on previous page) and “Thick Plan” bundle (see the B5 
bundle spread). Fill in the blank on each form with the 
situation name. 

7) Complete the bundle in one of several ways. Depend-
ing on the designer, the route to bundle defi nition could 
be more or less linear. Some designers begin with the 
strategies that are already known and will most likely be 
used in the design. For example, in the Thin Plan varia-
tion on DAYLIGHT BUILDING, the THIN PLAN strategy is a 
given, see Daylight Building: Thin Plan Bundle. So this 
is a good place to start. Some strategies may be prese-
lected; for example, the engineer may wish to use ELECTRIC 
LIGHT ZONES along with daylight as a way to save energy. 
Another designer may begin with a strategy that to her 
seems most essential to the success of the bundle. In any 
case, it is easiest to begin somewhere where the strategy 
is more known.

8) Now ask three kinds of questions: 
• What other strategies are essential to this bundle? 

For example, from experience, it was known that 
DAYLIGHT ZONES applies to most buildings and would 
likely be helpful in the Thin Plan variation.

• What smaller strategies does this strategy help to 
organize, or what lower level strategies does it help to 
organize, confi gure or relate?
For example, the THIN PLAN strategy depends on 
an appropriate SIDELIGHT ROOM DEPTH and a good 
DAYLIGHT ROOM GEOMETRY to establish room size and 
shapes that are organized into a plan.

• What other strategies does this strategy help to build? 
Or what higher level strategies depend on it? 
For example, proper WINDOW PLACEMENT, ideally on 
multiple orientations, helps build a GLARE-FREE ROOM.

9) Work on two or three variations of the bundle dia-
gram simultaneously. As you add strategies related to 
one another, look for those strategies that occur in each 
and every situational bundle. These are candidates for  core 
strategies. As these Core Strategies become clear, move 
them to the center of the diagram into the bold squares. 
For example, in the DAYLIGHT BUILDING bundle, fi ve strat-
egies will work in both the “Thin Plan” and the “Thick 
Plan” variations. Signifi ed by the bold borders in the dia-
gram, they are: DAYLIGHT ZONES, DAYLIGHT ROOM GEOMETRY, 
GLARE-FREE ROOMS, ELECTRIC LIGHT ZONES and WINDOW 
PLACEMENT. The Bundle Diagram Form provides space 
for these Core Strategies with at least one at each scale. 
Look for about 3–5 Core Strategies. If you fi nd more than 
three—and this is common—add a bold border to the 
squares that contain them in a position adjacent to the 
printed central core square on that level.

10) Fill in the  links between strategies. Consult the 
Design Strategy Maps in Part I for possible important 
linkages. Linkage lines in the SWL bundle diagrams defi ne 
their nested relationships as outlined in “Navigation 
by Design Strategy Maps” in Part I, “Navigation.” Many 
other kinds of relatedness are possible, including hori-
zontal relationships within a level. Feel free to improvise 
on top of the structure provided and identify other kinds 
of relationships or associations and to represent these 
graphically. For example, conditional or impact relation-
ships might be represented with directional arrows. In 
the largest sense, since bundles are simply confi gurations B
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of relationships among strategies, the designer is free 
to defi ne both the set of strategies and their signifi cant 
relationships.

11) Look for ways to simplify the bundle. Can some 
strategies that are less important be moved to the  refi ner 
strategy squares or eliminated entirely? Do your Core 
Strategies work in all the bundle's variations? For example, 
when writing the DAYLIGHT BUILDING bundle, there were 
initially variations for “Clear Skies” and “Overcast Skies.” 
It became apparent that very few of the daylighting strat-
egies applied to only one sky condition and that many 
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strategies applied to both or were a matter of degree. One 
strategy, REFLECTED SUNLIGHT, was primarily applicable to 
clear skies, it was moved to a Refi ner Strategy status.

12) Share your draft custom bundles with your knowl-
edgeable colleagues for feedback on what may be missing. 
Determine whether they agree with the core strategies 
you have chosen. Inquire into how they would propose to 
solve the problem that the bundle addresses. The funda-
mental bundles included in this edition were signifi cantly 
improved and refi ned by peer input. Have fun improvising 
and inventing! 
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Bundles may combine strategies for multiple integrated 
  topical issues (heating, cooling, lighting, ventilation or 
power) into associations that help the designer resolve 
the relationships among the issues. Often the relation-
ships take the form of a context of confl icting forces. Such 
confl icting forces generate recurring questions for design-
ers, some of which rise to what can be called “perennial 
questions,” or concerns that are present over and over 
again in buildings. 

In addition, bundles may combine strategies organized 
around a single topical issue (heating, cooling, lighting, 
ventilation or power) that are  linked across  multiple scales 
into associations that help the designer resolve the rela-
tionships among the issues. 

Bundles answer the primary design questions: 
•  How do smaller and less complex strategies help to 

build larger and more complex strategies?
•  How do larger, more complex strategies help or organize 

groups of smaller, less complex strategies?
•  What strategies are critical at each scale for the 

building or neighborhood to work as a system with 
regard to the particular energy topic?

Traced for each of these bundles is the “fl ow” of the 
forces from where it arrives at the urban scale, down 
through a series of smaller scales to where it is used for 
heating, cooling, lighting or ventilation.
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 Some Fundamental Bundles

Each scale of design has a role to play in employing 
the forces of climate for human use. For example, in con-
sidering the neighborhood bundles it becomes clear that 
when the form of buildings blocks access to the sun, wind 
or light resources at any point before it reaches the pho-
tovoltaic array, the solar hot water collector, passive solar 
aperture, daylight aperture or ventilation aperture, the 
passive strategy at the building will fail. In this way, the 
levels of complexity are like the links in a chain. 

Included on the pages that follow are these fundamen-
tal bundles, a few of the many possible: 

L9 Neighborhoods

B1 A NEIGHBORHOOD OF LIGHT confi gures the 
urban fabric in response to climate to provide 
daylight access for all buildings and the 
spaces between. [daylighting] 124

B2 A COOLING NEIGHBORHOOD confi gures the 
urban fabric in response to climate to promote 
passive cooling for all buildings and the 
spaces between. [cooling] 132

B3 A SOLAR NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote solar 
power and heating of all buildings and the 
spaces between. [heating and power] 142

B4 INTEGRATED URBAN PATTERNS of streets and 
blocks can be oriented and sized to integrate 
concerns for light, sun and shade according 
to the priorities of the climate. [heating, 
cooling and daylighting]  152

L6 Buildings

B5 A DAYLIGHT BUILDING is organized to light 
itself with the sky using a family of strategies 
fi t to place and purpose. [daylighting] 162

B6 A PASSIVELY COOLED BUILDING is organized 
to cool itself with wind, sky and earth using 
a family of strategies fi t to place and purpose. 
[cooling] 170

B7 A PASSIVE SOLAR BUILDING is organized to 
heat itself with the sun using a family of 
strategies fi t to place and purpose. [heating] 180

B8 Comfortable OUTDOOR MICROCLIMATES 
adjacent to buildings are organized using a 
family of strategies fi t to place and outdoor 
use. [heating and cooling] 190

L4 Rooms

B9 A RESPONSIVE ENVELOPE regulates comfort and 
energy use by adapting to changing patterns of 
sun, light and air movement. [cooling, 
heating, lighting, ventilation and power] 198
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NEIGHBORHOODS ➔ URBAN FABRICS ➔ 
URBAN ELEMENTS

 B1  A NEIGHBORHOOD  OF LIGHT configures the 
urban fabric in response to climate to provide 
daylight access for all buildings and the spaces 
between. [daylighting]

KEY POINTS 

•    Urban pattern can insure that  daylight reaches each 
building.

•   Open space proportions are the key daylight access 
variable.

•   Daylight is closely connected to solar  access and 
shading; thus, variations are driven by climate type.

CONTEXT 

Each bundle helps build one or more larger strategies at 
the next scale of complexity. In our system of complex-
ity, the scales above the neighborhood are truly urban and 
beyond the scope of the current book; these are the scales 
of Urban Quarter (a confi guration of neighborhoods), City, 
Metro and Region. The design strategies for light at these 
more complex scales are yet to be defi ned. Speculatively, 
they might include strategies such as those to support 
clean air and reduce urban clouds or fog. 

FORCES 

In the USA, buildings are responsible for 70% of electric-
ity use and an even greater proportion  of peak energy use. 
The single most cost-effective way to reduce energy use 
in nonresidential buildings is the replacement of electric 
light, which constitutes about one-third of commercial 
building energy use, with daylight. 

For any building to use  daylight, it fi rst needs access 
to daylight. This means that windows must be able to 
“see” enough of the sky, a simple idea that has enor-
mous implications for neighborhood design.

What would the form of our neighborhoods and urban 
districts be like if we were to take seriously the provision 
of free daylight to all buildings? Light has a behavior and 
a geometry; it has a logic and a rhythm. Built form has all 

these, too; the intersection of these logics—of light and 
form —creates a  NEIGHBORHOOD OF LIGHT.

Light arrives to buildings from both the sun and the sky 
and from light refl ected in the spaces between and around 
buildings. This geometry of window and sky in dense set-
tings is driven by the proportions of the spaces between 
buildings. The design criterion, which  varies with climate 
and the project's goals for indoor daylight, is to keep an 
appropriate sector of the sky dome visible to apertures. 
This can be done prescriptively, like the  DAYLIGHT ENVE-
LOPE, or performative ways, such as Boston's BRADA tool. 

Sky exposure planes and daylight envelopes are the 
basis of almost all urban daylight planning regulations and 
zoning rules (DeKay, 1992). They limit heights of build-
ings along streets and, when based on rational criteria, 
tend to drive buildings to cover more of the site, so there 
is distance from building to the street. Buildings in a 
NEIGHBORHOOD OF LIGHT will tend to have strong relation-
ships to the street and create pleasant, climate-moderated 
and active streets and public spaces. Regulating develop-
ment for daylight access produces buildings of fi ner grain 
than does conventional development regulations, a pat-
tern more prevalent in inner historic city districts prior to 
fl uorescent lighting.

RECOMMENDATIONS

•   Lay out  neighborhoods by proportioning blocks, 
streets alleys and buildings to preserve the sky view 
from the building facade.

•   In colder climates, combine      daylight access with 
solar access.

•   In hotter climates, combine daylight access 
with daylight-enhancing shading and refl ection 
strategies.
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HöÒê≥âÜïäÀˇÇç DÇöÌä ÀàÈï DÜó§çêØéÜèï iÀè CâÇïïÇèêÆ¶‚, TÜèèÜîîÜÜ, GìÜÜèVäÀîä Àê≠ SïñÖäÀê, 2006
VäÀÜò fìê¨ sê¥ïâÜÇîï (lêÆ™äÀèà tê∂†ìÖî nê±ïâò§îï)

EXAMPLE 

The Climatic Neighborhoods Study of   Chattanooga Ten-
nessee's Downtown Plan by GreenVision Studio (DeKay 
and Moir-McClean, 2003) shows that substantial increase 
in density is possible while protecting each street facade's 
access to daylight. The drawings in Hypothetical Daylight 
Development in Chattanooga show possible  DAYLIGHT 
BUILDING massing confi gurations, generated by students, 
that satisfy composite CLIMATIC  ENVELOPES (for both solar 
and daylight) and follow several daylighting design strate-
gies, allowing good natural lighting for most rooms, while 
attempting to maximize development potential (DeKay, 
2010).

Within the DAYLIGHT  ENVELOPE, buildings can be taller 
on the wider streets. Relatively tall buildings, up to 14 
stories, are possible along Broad St., while cross streets 
allow for 6 stories. The large parcels and the wide right-
of-way along the highway (left side) create tall peaks on 
the district’s western edge, so this is a good place for tall 

buildings. Buildings follow one of two patterns: buildings 
with THIN  PLANS of 50–70 ft thick or ATRIUM  BUILDINGS 
where the size of DAYLIGHT  BLOCKS allow. The envelope 
peaks have been cut off where the size of the fl oor under 
the envelope was too small to be practically occupied. 
Light courts are shown without roofs, but in many cases, 
could be a  TOPLIGHT ROOM covered in a glazed or partially 
glazed OPEN ROOF STRUCTURE. Often, though not always, 
we have located light courts with an open side to the 
south. This allows an occupied roof garden to be a sunny 
and wind-protected WINTER COURT. If the southern side 
of an atrium is lower than the north side it also works 
better as a solar heated SUNSPACE. Finally, students were 
instructed to add a certain amount of randomness, based 
in part on the underlying parcel sizes and confi gurations 
and on the patterns of existing development. Some blocks 
were treated as a single large building, others as two large 
sites, and some as composed of several smaller parcels. 

In creating this speculative downtown NEIGHBORHOOD 



112

OF LIGHT, students attempted to maximize fl oor area ratio 
(FAR) within the development envelopes. Density analysis 
of the project is discussed in DAYLIGHT DENSITY.

CORE STRATEGIES 

The core strategies apply to almost all neigh-
borhoods and groups of buildings where the 

designer or planner has control over more than a single 
building. The daylighting-specifi c strategies are written 
to cover a wide range of variables for different climates; 
however, because heating or cooling strategies can affect 
lighting, there are two variations based on “Cold Climate” 
and “Hot Climate.”

 CLIMATIC ENVELOPE combines DAYLIGHT ENVELOPE with 
SOLAR ENVELOPE (cold climate) or SHADOW UMBRELLA (hot 
climate) or with both (temperate climate) to propose 
development envelopes that balance site resources.  

DAYLIGHT DENSITY helps the designer confi gure streets, 
blocks and buildings to support light to each building. It 
demonstrates that while daylighting design may generate 
urban forms different from those  generated by rules that 
ignore daylight, high density development is indeed possi-
ble. It combines DAYLIGHT BLOCKS and DAYLIGHT ENVELOPES 
into a composite pattern.

 DAYLIGHT BLOCKS helps the designer determine block 

sizes based on daylighted building form or, conversely, to 
fi t appropriate daylight massing of buildings to existing 
block dimensions.

DAYLIGHT ENVELOPES  is perhaps the most critical 
strategy in this bundle. It creates a three-dimensional 
development envelope that, if building massing is kept 
within it, insures that all surrounding buildings will get 
adequate access to daylight. It can be applied at the 
building or block scale, depending on which adjacent 
facades are being protected.

 DAYLIGHT BUILDING is itself a bundle of numerous strat-
egies in the sequence from sky to interior surfaces. Each 
scale along the way is critical to effective daylighting. It 
offers combinations of strategies for THIN PLAN and thick 
plan buildings [ATRIUM BUILDING and TOPLIGHT BUILDING].

SITUATIONAL STRATEGIES 
Variations Based on Hot and Cold Climates 

Depending on the climate, access to daylight has to be 
balanced against access to sun, which on some orien-
tations may be more restrictive, and against needs for 
shade, which for some geometries can reduce the available 
daylight. For this reason, and perhaps counterintuitively, 
we have selected hot and cold climates for the variations, 
rather than clear and overcast skies.

HöÒê≥âÜïäÀˇÇç BñäÀçÖäÀèàÙ UèÖÜì Eèó§çêØÜî, EÇîï-W§îï SÜˇïäÀê≠ LêÆ™äÀèà Nê±ïâ

DÇöÌäÀàÈï Eèó§çêØÜî, EÇîï-W§îï SÜˇïäÀê≠ LêÆ™äÀèà Nê±ïâ

HöÒê≥âÜïäÀˇÇç DÇöÌä ÀàÈï DÜó§çêØéÜèï iÀè CâÇïïÇèêÆ¶‚, TÜèèÜîîÜÜ, GìÜÜèVäÀîä Àê≠ SïñÖäÀê, 2006
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Urban scale research on daylighting design is not well 
developed. Most studies use overcast conditions. Clear 
sky cities are still able to use the strategies given here 
because, “without the sun,” illuminance from the clear sky 
is similar to that of overcast skies at the same latitude; 
however, the distribution of that light over the sky dome 
is different [see DAYLIGHT AVAILABILITY and SKY COVER]. 
The clear sky makes for uneven and changing light, a pat-
tern to which the building envelope scale can respond. 

In terms of design, a clear sky climate often has very 
bright, glare-inducing outdoor light, so many of the 

shading strategies in COOL NEIGHBORHOOD are appropri-
ate, as they also reduce daylight levels. In warm clear sky 
climates, consider    OVERHEAD SHADES and SHARED SHADE. 
However, take care not to reduce the light to the daylight 
apertures too much by shading strategies at any scale 
[DAYLIGHT ENHANCING SHADES]. 

1. Hot  Climate NEIGHBORHOOD OF LIGHT 
  Bundle

Designing for access to light in a hot climate 
tends to limit building height along the street edges. This 
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NEIGHBORHOOD OF LIGHT: Hê≥ CçäÀéÇïÜ Bundle
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is good if winter solar access is desired, but care must be 
taken not to be overprotective of daylight at the expense 
of shade.

Hot Climate Situational Strategies 

SHARED SHADE helps designers size height to width (H/W) 
ratios for shading streets and adjacent buildings in hot 
climates. Compare the H/W needed for DAYLIGHT ENVELOPES 
with the H/W needed for shading criteria. DAYLIGHT APER-
TURES facing shaded streets can be enlarged to account for 
less daylight availability. 

NEIGHBORHOOD OF LIGHT: Cê´d CçäÀéÇïÜ Bundle
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SHADOW UMBRELLA provides building massing strategies 
for shading open spaces . Open spaces, such as courtyards 
help bring light to rooms on  the interior of a site. Remem-
ber that the same principles of daylight access can be 
applied to open spaces as those applied to streets.

OVERHEAD SHADES are elements in the horizontal plane 
for shading high sun in the middle of the day. When H/W 
is small and space between buildings large, ample light is 
provided, but overhead shade is often required. Consider 
this strategy along south facades and for pedestrian circu-
lation along the north side of streets.
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2. Cold Climate  NEIGHBORHOOD OF LIGHT 
  Bundle

Cold climate neighborhoods have to provide 
access to both daylight and direct-beam sunlight. This sit-
uational bundle adds three strategies.

Cold Climate Situational Strategies

GLAZED STREETS in cold climates provide wind protected 
BUFFER ZONES for buildings and function like a linear 
atrium [ATRIUM BUILDING] that will be hotter than outside. 
They are generally not appropriate for hot climates as they 
perform these same functions in summer.

SOLAR ENVELOPES regulate building massing to protect 
the neighboring buildings' access to winter sun and in 
some cases, year-round for PV and solar hot water. Since 
DAYLIGHT ENVELOPES are orientation neutral and SOLAR 
ENVELOPES are solar orientation specifi c, this relationship 
is resolved by CLIMATIC ENVELOPES.

Cold Climate Example 

The Martin Center at Cambridge University conducted mor-
phology studies for the Nottingham City Center Urban 
Design Guide (Urbanism, Environment and Design, 2009). 
They analyzed the existing urban fabric for  sky view factor 
(SVF) and for passive zones. 

The images in Nottingham City Center Analyses 
shows sky view factor mapping and passive zones based 
on analyses from 3D  digital models using image analysis 
techniques. The sky view factor indicates how much sky is 
visible from each street. According to the Martin Center 
“A low SVF creates a feeling of density and enclosure and 
a sheltered microclimate, but reduces natural daylight-
ing and solar gain so increasing energy usage.” Higher 
sky view factors allow more light and sun to buildings 
and streets and reduce the need for electric lighting and 
mechanical heating. Higher SVFs can also increase both 
summer and winter winds and reduce urban shade, a ben-
efi t in winter, but a liability in summer. For more on SVF, 
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Nê±ïâÜìè CäÀïö CÜèïÜì: nÜò§ì cê†ìîÜ gÛÇäÀè b¥äÀçÖäÀèàÙ w®Àïâ lÜäÀîñìÜ aèÖ eÖñˇÇïäÀê≠Çç uîÜî

Nê≥ïä ÀèàÈÇé CäÀïö CÜèïÜì Analyses: Såö VäÀÜò FÇˇïê± MÇëëäÀèà (lÜáï) and PÇîîäÀó§ Zê≠Üî (räÀàÈï)

SVF EíñäÀó. H/W RÇïäÀê
0.4  = 1:1.125
0.3  = 1:1
0.2  = 1:0.75
0.1  = 1:0.5

SVF EíñäÀó. H/W RÇïäÀê
0.8 =  oØÜè sëÇˇÜ o± rêÆ•
0.7 =  1.2
0.6 =  1:1.75
0.5 =  1:1.15

PÇîîäÀó§ zê≠Üs (läÀàÈï gÛÇö) < 6 m fìê¨ fÇˇÇÖÜ
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HäÀîïê±äÀˇ Cê±Ü: fäÀèÜ gìÇäÀè b¥äÀçÖäÀèàÙ w®Àïâ rÜïÇäÀç/fêÆ£ aìÜÇî

Nê≥ïä ÀèàÈÇé CäÀïö CÜèïÜì Analyses: Såö VäÀÜò FÇˇïê± MÇëëäÀèà (lÜáï) and PÇîîäÀó§ Zê≠Üî (räÀàÈï)

SVF EíñäÀó. H/W RÇïäÀê
0.4  = 1:1.125
0.3  = 1:1
0.2  = 1:0.75
0.1  = 1:0.5

SVF EíñäÀó. H/W RÇïäÀê
0.8 =  oØÜè sëÇˇÜ o± rêÆ•
0.7 =  1.2
0.6 =  1:1.75
0.5 =  1:1.15

PÇîîäÀó§ zê≠Üs (läÀàÈï gÛÇö) < 6 m fìê¨ fÇˇÇÖÜ
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see the COOLING NEIGHBORHOOD bundle, and the DAYLIGHT 
ENVELOPES and DAYLIGHT APERTURES strategies.

Passive zones are defi ned in Nottingham as “the propor-
tion of a building’s fl oor area that can be naturally daylit, 
heated or ventilated,” identifi ed as fl oor areas within 6 
m (20 ft) from the facades. Deep plan buildings with low 
ceilings require more electric lighting [  DAYLIGHT ROOM 
DEPTH] and typically, more mechanical heating [unless 
designed for DEEP SUN] and more mechanical cooling 
[unless designed as PERMEABLE BUILDINGS], signifi cantly 
increasing their energy use. The passive zone analysis 
shows how the historic core works far better for passive 
strategies than the large buildings in the northern part of 
the city center.

In response to this analysis, Nottingham's urban design 
guide addresses both passive design and traditional urban 

design issues. Building heights are limited to 5–8 stories 
for residential and 4–6 stories for commercial buildings. 
Their desired sense of street enclosure further limits build-
ings heights along streets in proportion to their width 
(H/W ratio). These range from 1:0.5 (H/W = 2) on alley-
ways to 1:2 (H/W = 0.5) on multilane arterials. High 
(commercial) streets are limited to 1:1 (H/W = 1). This 
has the effect of preserving better SVF. Design rules call 
for commercial buildings limited to 12 m (39 ft) deep 
for single story spaces with windows on both sides and 
8 m (26 ft) deep if lighted from one side or on narrower 
streets. Single exposure residential occupancies are lim-
ited to 6 m (20 ft) depth and are prohibited on northerly 
facing streets. Minimum glazing ratios for daylight are set 
at 30–50% of the elevation, depending on orientation. 
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NEIGHBORHOODS ➔ URBAN FABRICS ➔ 
URBAN ELEMENTS

 B2  A COOLING NEIGHBORHOOD configures the 
urban fabric in response to  climate to promote 
passive cooling for all buildings and the spaces 
between. [cooling]

KEY POINTS

•   Both minimizing solar gains and  maximizing night sky 
exposure are important to    urban cooling.

•   Arid climates can benefi t from urban water strategies 
while humid climates may not.

•   Trees and colonnades can improve cooling in most 
urban fabrics.

CONTEXT 

Each bundle helps to build one or more larger strategies 
at the next scale of complexity. In our system of complex-
ity, the scales above the neighborhood are truly urban and 
beyond our scope; these are the scales of Urban Quarter (a 
confi guration of neighborhoods), City, Metro and Region. 
The design strategies for cooling at these more complex 
scales are yet to be defi ned. Speculatively, they might 
include strategies such as those to support clean air, 
reduce anthropogenic heat sources, preserve regional tree 
cover, intersperse neighborhoods with larger parks and 
locate tall building districts downwind from lower height 
districts.

FORCES 

If buildings are to be passively cooled, they need max-
imum summer shade and access to cool outside air, 
whether that is wind for cross-ventilation or clean, 
cool outdoor air to feed stack-ventilation. At night, 
outdoor surfaces need a way to be cooled; in the day, 
pedestrians require cool microclimates.

The design of urban neighborhoods can either make the 
outdoor climate more intense and uncomfortable or more 
moderate and comfortable. The effect of urban design on 
microclimate can make air quality worse and buildings 
more expensive to operate, or it can help clean the air and 

help buildings be more energy effi cient. In many places, 
urban development replaces vegetation with asphalt and 
buildings. Cool, transpiring green surfaces are replaced 
with heat-absorbing dark surfaces and heat-storing mas-
sive surfaces such as concrete. Taller buildings in the 
inner city block the wind, create more friction and reduce 
the ability of other buildings to lose heat to the night 
sky. This causes the urban heat  island effect in which cen-
tral city temperatures are signifi cantly hotter than the 
surrounding countryside. Higher summer temperatures 
increase energy costs and health risks. 

RECOMMENDATIONS 

Integrated effects. Building form,  particularly the roof 
area and east and west wall areas exposed to the sun, 
affect the cooling load in summer. 

An urban fabric that uses taller buildings (thus less 
roof area) organized in  EAST–WEST ELONGATED BUILD-
ING GROUPS and with buildings having EAST–WEST PLANS 
(less east and west wall area) reduces summer solar 
gains and increases winter gains. This is particularly 
important in mixed climates. 

On the other hand, if winter heat gain is not a pri-
ority, and if the  height to width ratio (H/W) is large 
enough, narrow north–south streets can create SHARED 
SHADE such that longer east and west facades are much 
less a heat gain liability. 

This variation is more appropriate at tropical latitudes 
or where cooling is needed year round. One of the con-
fl icts in designing COOLING NEIGHBORHOODS in both humid 
and arid climates is the tension between low building 
height to width ratios (H/W), which increase the sky view 
factor and are good for daylighting and  radiant cooling, 
vs. high H/W ratios (taller buildings with narrower spaces 
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between), which are good for reducing solar gain. In gen-
eral, larger H/W creates more shade, cooler daytime street 
temperatures, less solar gain, lower wind speeds, less day-
light access, greater  increases in the night time  urban 
heat island, and less night sky cooling. A smaller H/W 
ratio will have the opposite characteristics. 

The combination of effi cient building form that 
minimizes solar exposure and building-to-building rela-
tionships with open sky view factors that encourage night 
cooling and promote wind fl ows are the fundamental 

urban morphology variables for a COOLING NEIGHBORHOOD. 
Similar results can be achieved with different combina-
tions of these two factors.

The graphs of Solar Intercept Factor vs. Sky View Fac-
tor for Building Groups (Mills, 1997) demonstrates the 
relative cooling potential of a range of different organi-
zations. The study compares different building shapes for 
the same total volume, combined with a range of build-
ing spacings. On the  solar intercept factor (SIF) scale, 
lower values mean less sun on the building surfaces and 
less solar heat for the cooling load. On the sky view factor 
(SVF) scale, lower values mean less view of the sky, thus 
less daylight and less night sky radiant cooling. Both of 
these factors are signifi cant indicators for cooling urban 
neighborhoods. 

In a hot climate, a building group fabric with a com-
bination of high cooling potential (high SVF) and low 
solar load (low SIF) is ideal. Confi gurations on the 
upper left of the chart perform best.

CORE STRATEGIES 

There are four strategies that form the core of 
both variations on this bundle. 

 LOOSE OR DENSE URBAN PATTERNS sets the basic wind 
regime in the fabric for streets parallel to the wind. The 
blockage ratio is a function of the height of buildings, the 
area of their faces to the prevailing wind, and the width of 
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streets. Wider streets, lower buildings and narrower faces 
to the wind create more wind in the streets. This is espe-
cially signifi cant for the windward edge of building groups, 
which can be designed to allow winds to pass into the 
fabric of the neighborhood. This strategy is modifi ed by 
BREEZY OR CALM STREETS and by the concerns for H/W and 
building form covered below. Good air movement through 
streets is important in all hot climates.

 OVERHEAD SHADES is a particularly  important strategy 

for shading of pedestrian   circulation, of smaller open 
spaces and of  buildings where H/W  admits signifi cant sun, 
such as the south facade (N in SH). Both built shade, such 
as arcades, and vegetation such as street trees, cool the 
afternoon air; but as the urban canyon (H/W) increases, 
the cooling effect diminishes. 

PASSIVELY COOLED  BUILDINGS are both the benefactors 
of a cooling neighborhood and help to create its pat-
tern. It is its own bundle of smaller strategies for cooling 
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COOLING NEIGHBORHOOD: Hê≥-HñéäÀÖ CçäÀéÇïÜ Bundle
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areas to drain toward the more built-up areas creating a 
kind of urban stack effect where polluted hot air rises. 
Large green source areas draining to green corridors and 
wide avenues are required.

INTERWOVEN BUILDINGS AND PLANTS has two compo-
nents: green areas concentrated, such as in parks, and 
distributed, such as street trees. Plants cool by shading 
and by evaporation.

BREEZY OR CALM STREETS help designers confi gure and 
orient streets to either promote or retard air movement 
This is important to cool the spaces between buildings 
and to provide air to buildings for natural ventilation. 

DISPERSED BUILDINGS help preserve each building's 
access to breezes. Combined with breezy streets it makes a 
composite pattern.

Hot–Humid Example 

The Mount Peter Tropical Urbanism Study developed 
design guidelines for urban development in the hot–humid 
tropics of  Cairns, Queensland, in northern Australia (DPZ 
Pacifi c and Seth Harry, 2010). The study draws heavily on 
strategies from Sun, Wind & Light, 2nd edition. The exam-
ple application of the guidelines shown above combines 
BREEZY  STREETS orientation with wide streets for wind 
fl ow [LOOSE URBAN  PATTERNS] with shady sidewalks [over-
head shades]. Wind brings cool air from undeveloped land 

buildings in both humid and arid situations. 
OUTDOOR MICROCLIMATES benefi t from the larger cooling 

neighborhood strategies that form its context and block or 
admit forces of sun, wind and light. It is also a bundle of 
smaller strategies that shapes outdoor comfort. 

SITUATIONAL STRATEGIES
Variations Based on Hot–Arid and Hot–Humid Climates

This bundle may be varied by whether the neighborhood 
is located in a “Hot–Arid” or a “Hot–Humid” climate. In 
composite humid–arid climates, such as in west India, 
which shift seasonally dry to wet with the monsoon, the 
designer will need to construct a project-specifi c bundle 
using both. In mixed heating and cooling climates (the 
majority of the United States), COOLING NEIGHBORHOODS 
are balanced by concerns in SOLAR NEIGHBORHOOD. Also see 
INTEGRATED URBAN NEIGHBORHOOD for advice on multiple 
urban climatic issues. 

1.  Hot–Humid COOLING NEIGHBORHOOD Bundle

The hot-humid bundle focuses on reducing 
solar gain and ventilating. 

Hot-Humid Situational Strategies

 CONVERGING VENTILATION CORRIDORS is a topographic 
strategy encouraging cooler air from upslope and outlying 

Mê¥èï PÜïÜì TìêØäÀˇÇç UìÉ†èäÀîé, CÇäÀìèî, QñÜÜèîçÇèÖ, AñîïìÇçäÀÇ, DPZ PÇˇä ÀáäÀˇ aèÖ SÜïâ HÇììö Aîîê¢., 2010
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NäÀàÈï fçê∂ fìê¨ gÛÜÜè sçêØÜî cêÆ´î dê∂≠ïê∂≠

Dê∂n≥ê∂≠ CêÆ´äÀèà PçÇè fê± CâÇïïÇèêÆ¶‚, TN, GìÜÜèVäÀîä Àê≠ SïñÖäÀê, 2006

down wide avenues, similar to  CONVERGING VENTILATION 
CORRIDORS. Blocks are oriented  so that buildings’ short 
sides face east and west [EAST–WEST  ELONGATED  BUILDING 
GROUPS] and are interspersed with greens of different sizes 
[INTERWOVEN BUILDINGS AND  PLANTING]. Buildings are stag-
gered on lots so as to direct air fl ow across the fabric and 
courts are wide [ BREEZY COURTYARDS], while building types 
are selected to facilitate PERMEABLE BUILDINGS.

B
U

N
D

LE
S:

 B
2 

Co
ol

in
g 

N
ei

gh
bo

rh
oo

d



123

climate-sensitive urban form and culturally adapted build-
ing typologies for reduced heating and cooling in the 
Hashtgerd New Town in the Tehran province of Iran 
(Young Cities, 2011; Seelig, 2011). Like traditional towns 
in the region, the quarter takes on a compact  DENSE URBAN 
PATTERN, as shown in the Neighborhood Cluster drawing, 
where 29 compact neighborhood clusters are organized 
along north–south primary roads with each cluster defi ned 
by a central SHADY  COURTYARD of 15 m x 30 m (49 ft x 98 
ft) and surrounded by four building groups. See also the 
Site Plan, Hashtgerd New Town on the next spread. Nar-
row 6 m (20 ft) wide streets, running N–S connect the 
courts, giving SHARED SHADE. The arrangement of build-
ings blocks the prevailing western/northwestern winds 
and the hot, dusty southeast summer winds while admit-
ting cooler north–south winds from the Alborz Mountains. 
Solar exposure is minimized by longer south facades 
[EAST–WEST  ELONGATED BUILDING GROUPS], giving each unit 
winter solar access.  INTERWOVEN BUILDINGS AND PLANTING 
is achieved by a variety of green spaces and tree planting, 
including constructed wetlands for waste water recycling.

Hot-Arid Situational Strategies

INTERWOVEN BUILDINGS AND WATER can reduce air temper-
atures if the water is either very large, such as a large lake 

Mixed–Humid Example 

The Downtown Cooling Plan for Chattanooga by Green-
Vision Studio (DeKay and Moir-McClean, 2006) shows an 
integration of numerous urban design strategies to adapt 
the existing urban fabric to create a cooler summer OUT-
DOOR  MICROCLIMATE and to help distribute winds to more 
PASSIVELY COOLED BUILDINGS. There are fi ve basic ideas to 
this approach: 
1  Heavily plant the western undeveloped slopes with 

open understory trees [ GREEN EDGES] for night 
fl ow from green slopes to  CONVERGING VENTILATION 
CORRIDORS.

2  Cool the downtown district by increasing dispersed 
vegetation [INTERWOVEN BUILDINGS AND PLANTS], 
which takes the form of street trees, urban forests and 
green squares and parks. 

3  Disperse wind throughout the urban fabric by creating 
passages in the middle of blocks and in-between 
buildings [ DISPERSED BUILDINGS] and by encouraging 
a “densify and withdraw” pattern over time that 
opens the southwest corners of blocks to help redirect 
breezes. [LOOSE OR DENSE URBAN PATTERNS]

4  Disperse wind throughout the urban fabric by using 
landscaping and open space patterns to direct wind 
to cross streets. [BREEZY  AND CALM STREETS]

5  Build on and extend the pattern of cross-block 
pedestrian mews, providing  OVERHEAD SHADES and 
north–south alleyways that provide  SHARED SHADE. 

2. Hot–Arid COOLING NEIGHBORHOOD Bundle

As in hot-humid climates, shading is important 
in hot-arid climates, but the skies are clearer 

and the sun often more intense. Similarly, wind access is 
important, but the air can be very hot at times and dust-
laden. These factors combine to shift the strategies more 
toward shade and less toward ventilation. Evaporative 
cooling strategies also become available in arid climates. 

 Hot–Arid Example 

The German-Iranian research project, Young Cities, devel-
oped a master plan for a 35 ha (87 ac) area, applying 

NÜäÀàÈÉÆ±âêÆ£ CçñîïÜì, HÇîâïàÊìÖ NÜò Tê∂≠
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or ocean with winds blowing over it, or if it is located 
within semi-enclosed spaces, such as courtyards.

SHARED SHADE helps designers confi gure buildings to 
shade each other, particularly on north-south streets.

SHADING UMBRELLA works similarly to shared shade, but 
on a smaller scale by providing shade to particular open 
spaces or courts by shaping surrounding buildings and 
edges to cast shadows.

GREEN EDGES of vegetation can cool incoming breezes if 
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COOLING NEIGHBORHOOD: Hê≥-AìäÀÖ CçäÀéÇïÜ Bundle

relatively large and especially if irrigated and/or shaded. 
When located leeward of the built neighborhood, the 
green edges can also help to remove dust. 

RECOMMENDATIONS

Integrated Cooling Effects. A more sophisticated mea-
sure than H/W ratio was developed by Shashua-Bar, et al 
(2006) and is defi ned as the  envelope ratio.  It is the ratio 
of the ground area between buildings to the total surface 
area of the  ground and walls, including any articulations 
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such as with colonnades. 
Design for low envelope ratios on N–S streets, but 

balance with daylight access criteria. On E–W use low 
envelope ratios (0.1–0.3) in hot climates. In mixed 
climates, use medium envelope ratios (> 0.3) but 
remember to limit these ratios to ensure winter solar 
access. In all cooling climates, use colonnades along 
street edges and/or trees for shade, especially for built 
form envelope ratios greater than 0.4.

The graphs of Cooling Effects from Built Form and 
Cooling Effects from Trees and  Colonnades (next page) 
illustrate the    effectiveness of this morphological char-
acteristic at explaining urban cooling for different 
confi gurations. The study is for a hot-humid city at 32º N 
latitude for the extreme temperature conditions of 3 PM in 

July, 30.2 ºC (86.4 ºF)/60% RH under clear skies (adapted 
from Shashua-Bar et al, 2006).

 Built Form Effect is given relative to the temperature for 
an envelope ratio of 0.3 (set at 0 degrees C temperature 
difference). From the left graph, note that as envelope 
ratio gets smaller than the 0.3 reference value, the rela-
tive cooling effect increases and the air temperature falls. 
As envelope ratio increases, the cooling effect is less and 
the temperature rises relative to the reference condition. 

The right graph, Cooling  Effects from Trees and Col-
onnades, demonstrates that both trees and colonnades 
have an additional cooling effect that can be added to 
that of the urban form effect. The largest cooling effect 
from trees or colonnades comes when the envelope ratio is 
larger (wider, more open confi guration.) As the envelope 

SäÀïÜ PçÇè, HÇîâïàÊìÖ NÜò Tê∂≠, IìÇè, Yê¥èà CäÀïä ÀÜî Pìê©Êˇï, 2011
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ratio decreases, so does the effect of these additional 
strategies. For example, for the 70% tree cover (measured 
at noon) studied, the maximum cooling effect of 2.8 ºC 
(5 ºF) is seen in shallow confi gurations. The graph's axis 

“ Trees Effect and Colonnade Effect” show the differences in 
air temperature between the same confi guration with and 
without 70% ground cover shaded by trees or with colon-
nades at the edges.

CêÆ´äÀèà EááÜˇïî fìê¨ BñäÀçï Fê±é
eèó§çêØÜ rÇïäÀê = gÛê¥èÖ aìÜÇ / (gÛê¥èÖ aìÜÇ + w†çç aìÜÇ)
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CêÆ´äÀèà EááÜˇïs Fìê¨ Trees and Colonnades
envelope ratio = ground area / (ground area + wall area)
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NEIGHBORHOODS ➔ URBAN FABRICS ➔ 
URBAN ELEMENTS

    B3  A SOLAR NEIGHBORHOOD configures the urban 
fabric in response to  climate to promote solar 
power and heating of all  buildings and the spaces 
between. [heating and power]

KEY POINTS 

•  Buildings, streets and open spaces work together to 
bring sun to each building and reduce energy use.

•  Urban patterns can make outdoor climates more 
intense or more moderate. 

•    Taller building heights increase density but decrease 
surface area per dwelling for solar collection. 

CONTEXT

Each bundle helps build one or more larger strategies 
at the next scale of complexity. The scales above the 
Neighborhood—Urban Quarter (a confi guration of neigh-
borhoods), City, Metro and Region—are truly urban and 
beyond our scope. The design strategies for solar heat and 
power at these more complex scales are yet to be defi ned. 
Speculatively, they might include strategies such as those 
to support clean air; increase solar gain; create urban 
shelter belts; promote development based on topography 
and solar aspect; develop 3-D, form-based solar zon-
ing, create sheltered pedestrian networks; and locate tall 
building districts.

FORCES 

If buildings are to be solar heated, they need access to 
the winter sun, as do solar collectors for making elec-
tricity and hot water. As  density increases in urban and 
even in suburban settings, buildings create shade on 
each other and on solar collectors. Pedestrians require 
warm microclimates. Excessive winter winds cool build-
ings and make outdoor spaces uninhabitable. 

Sun and wind are both scalable phenomena; that is 
they operate at every scale from the region to the building 
parts. Because the direct sun has to reach the solar aper-
tures or collectors, its access has to be considered and 

maintained at each scale of design. Similarly, wind can be 
blocked at a number of different design scales. However, 
because the effect of windbreaks is proportional to their 
height, the blocking of wind becomes a pattern that needs 
to be repeated throughout the urban fabric. The combina-
tion of these two fundamentals—providing access to sun, 

RÜˇê≠îïìñˇïä Àê≠ o• a Pìê≤ïÇî Hê¥îÜ, PìäÀÜèÜ, 
TñìåÜö, 4tâ c. BC
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which calls for more space between buildings, and block-
ing cold winds, which argues for tighter  and more dense 
confi gurations—is the essential climatic tension to be 
resolved by the SOLAR NEIGHBORHOOD.

Solar neighborhood planning goes back perhaps three 
thousand years in Greece. An example of such a solar city 
is the ancient Greek Town of Priene, Turkey, where east-
west residential blocks contained rowhouses, each with a 
south-facing courtyard and portico, insuring winter sun 
reaches each house, as shown in the Reconstruction of a 

Prostas House (Whitley, 2001), a house type thought to 
have developed during a  fi rewood shortage (Butti and Per-
lin, 1980). 

CORE STRATEGIES 

There are fi ve     strategies common to all well-
 designed SOLAR NEIGHBORHOODS. 

LOOSE OR DENSE URBAN PATTERNS sets the basic wind 
regime for streets parallel to the wind. The wind block-
age ratio is a function of  the height of buildings, the area 
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of their faces to the prevailing wind and the width of 
streets. Wider streets, lower buildings and narrower faces 
to the wind create more wind in the streets. This is signif-
icant especially for the windward edge of building groups, 
which can be designed to block winds from passing into 
the fabric of the neighborhood. This strategy is modi-
fi ed by BREEZY  OR CALM STREETS. Taken to the extreme by 
eliminating all spaces between buildings on the leeward 
edge of a cluster or neighborhood, buildings function as 
continuous  WINDBREAKS and the strategy becomes  WINTER 
COURTS.

EAST–WEST ELONGATED BUILDING GROUPS create long 
sun-facing winter facades and space buildings in the 
north–south direction so that these long facades get 
access to winter sun. This is critical in winter heating 
climates because the radiation available from the lower 
winter sun arrives mostly in the midday hours when the 
sun is in the southern sky (N in SH). The urban impli-
cation is for east–west elongated blocks with shorter 
east and west faces and midblock open spaces. In many 
neighborhood confi gurations, some east- and west-fac-
ing buildings are inevitable. In that case, building design 
using DEEP SUN sections and rooftop SOLAR APERTURES can 
solve the solar access problem.

SOLAR ENVELOPES is a fl exible tool that uses solar 
access criteria to defi ne a maximum development enve-
lope so that one building or group of buildings does not 
block solar access to the neighboring buildings. It can be 
applied at the parcel or block level and to provide sun to 
passive SOLAR APERTURES, PHOTOVOLTAIC WALLS AND ROOFS, 
BREATHING WALLS and to SOLAR HOT WATER collectors. 

PASSIVE SOLAR BUILDING both benefi ts from a solar 
neighborhood and helps to create its pattern. It is its own 
bundle of smaller strategies for heating buildings in both 
low and high density situations. 

OUTDOOR MICROCLIMATES benefi ts from the larger solar 
neighborhood strategies that form its context and block or 
admit forces of sun, wind and light. It is also a bundle of 
smaller strategies that shapes outdoor comfort.

SITUATIONAL STRATEGIES
Variations Based on Low and High Density Fabric

The basic requirements for this bundle are the same for 
most situations. Signifi cant variables include latitude, 
which affects sun angles; severity of the winter climate, 
which affects the length of the heating season; and sky 
cover in the climate, which can affect orientation and 
available radiation. The solar heating strategies in SWL 
typically account for the range of these variables. From 
a design standpoint, perhaps the greatest impact on 
this bundle is whether the neighborhood is low or high 
density. The bundle diagrams show two variations: Low 
Density Fabric and High Density Fabric.

1.   Low Density Fabric SOLAR NEIGHBORHOOD 
  Bundle (see diagram, previous page)

Low density fabrics have shorter buildings that 
tend to be more detached, with more space between. This 
gives fl exibility for arrangement of individual small build-
ings on larger sites so that winter overshadowing can 
mostly be avoided. However, the problem is not always a 
simple one, especially because the high surface to volume 
ratio (S/V) of freestanding buildings, and their residential 
uses with low internal gains, contribute to maximizing the 
heating loads and season. Additionally, their loose organi-
zation is less conducive to blocking winter winds.

Low Density Situational Strategies

In addition to the fi ve core strategies applicable to 
all neighborhoods, this variation on the bundle adds 
these strategies that will apply to most lower density 
neighborhoods.

 TOPOGRAPHIC MICROCLIMATES can be used to locate 
building groups in any climate and at any density; how-
ever, new development with a choice of topographic 
location is much more common at lower density. Locations 
on south-facing (N in SH) slopes that avoid cool valley 
pockets and windy ridge tops are best. Steeper sun-facing 
slopes can promote solar access with increased density. 
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GÜê≤ NÜï-ZÜìê EèÜìà˙ MäÀôÜÖ-UîÜ NÜäÀàÈÉÆ±âêÆ£, Aìó†ÖÇ, Cê´ê±ÇÖê, 2006, MäÀˇâÇÜç TÇó§l AìˇâäÀïÜˇïs 
and DÇó®ÀÖ KÇâè SïñÖäÀê

 NEIGHBORHOOD SUNSHINE helps the designer fi nd 
combinations of street orientation, parcel size and confi g-
uration and building placement that provide solar access 
to all buildings. This strategy applies in situations where 
building location is not fi xed, as it can be in dense urban 
settings where buildings are large relative to their site.

 WINDBREAKS at the site scale are more important in low 
density settings because the fabric as a whole is looser 
and the more DISPERSED BUILDINGS allow more wind to 
pass. Therefore, combinations of buildings, walls and veg-
etation can be employed to both reduce the convective 
heat loss of buildings caused by winds and to improve the 
comfort of OUTDOOR MICROCLIMATES.

Low Density Fabric Example

The Geos Net-Zero Energy Mixed Use Neighborhood 
in Arvada, Colorado, by Michael Tavel Architects and 
David Kahn Studio, a 25 ac (10 ha) development, is a 
good example of the low density fabric bundle (Kracauer, 
2007; McCornick, 2008; Tavel, 2010). The project com-
bines contemporary urbanism approaches, expanded by 
solar orientation, high-effi ciency building design (Pas-
sivehaus) and renewable energy power systems. It uses 
what the designers call a “checkerboard plan” to increase 
net density up 20 dwelling units per acre while providing 
 NEIGHBORHOOD SUNSHINE to each unit. Alternating PASSIVE 
SOLAR  BUILDINGS are set back from the N–S streets and 
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accessed by alleys so their longer south faces are in the 
sun in EAST–WEST ELONGATED BUILDING  GROUPS. Half the 
units have porches on the street with a courtyard behind, 
and half have porches facing a courtyard that fronts the 
street. Outdoor spaces around homes are treated like rela-
tively CALM  COURTYARDS where the buildings and landscape 
elements serve as  WINDBREAKS to shield from the prevail-
ing north winds in a relatively DENSE URBAN  PATTERN. Each 
unit has a front and back outdoor room that can receive 
winter sun. Winter sun is also provided to common spaces 
as the homes open onto common greens [WINTER  COURTS] 
that will receive full midday sun in winter. In summer 
 MIGRATION between different seasonal  OUTDOOR MICROCLI-
MATES is supported by the shady private courts. 

The diagrams of Staggered Arrangements for Solar 
Access in the Geos Neighborhood show the fi nal selected 
study of massing for solar access. The designers used 
extensive shadow analyses to calibrate building place-
ments on lots such that urban density was optimized for 
each building type with excellent passive solar access for 
south walls and active solar access on roofs. Planting is 
arranged and selected to insure year-round 100% solar 

access to south-facing roofs, avoiding any shading from 
trees, for PV and potential solar hot water collectors.

2.   High Density Fabric SOLAR NEIGHBORHOOD 
  Bundle

Higher density fabrics are even more challeng-
ing for solar access, particularly as latitude increases and 
winter sun is lower. On the positive side, dense urban pat-
terns and more continuous buildings yield calmer streets 
and open spaces.  

High Density Fabric Situational Strategies 

In addition to the fi ve core strategies applicable to all 
neighborhoods, this variation on the bundle adds strate-
gies that can apply to most higher density neighborhoods.

 GRADUAL HEIGHT TRANSITIONS reduce downwash wind 
effects when there are changes in allowable height 
between one neighborhood and another. Abrupt height 
changes between a lower leeward row of buildings and a 
taller downwind row can signifi cantly increase wind veloc-
ity and discomfort in the streets. 

 TALL BUILDING CURRENTS can be used to positive effect 
in hot-humid climates, but their effects are better reduced 

SïÇàËÊìÜÖ AììÇèàÊéÜèïî fê± Sê´Çì AˇˇÜîî iÀè tâÜ GÜê≤ NÜäÀàh°Æ±âêÆ£
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SOLAR NEIGHBORHOOD: HäÀàÈ DÜèîäÀïö FÇÉ±äÀˇ Bundle

in heating climates. As buildings become larger, the effect 
an individual building can have on the OUTDOOR MICROCLI-
MATE is more pronounced.

GLAZED STREETS  offer a unique option in cold climates 
to both create a thermal buffer zone outside buildings, 
thus reducing heat loss from the envelope, and the poten-
tial to capture solar gain in an urban scale SUNSPACE. This 

shared and concentrated solar collection can supply solar 
heat to buildings that lack winter solar access. 

 WINTER COURTS are the urban scale version of a sunny 
CALM COURTYARD and incorporate the strategies for admit-
ting sun and blocking wind. As density increases and 
private outdoor space decreases, providing comfortable 
public outdoor space becomes more important. 
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SñéÜìîÜï PÇìåîäÀÖÜ Hê¥îäÀèà, SÇˇìaéÜèïê, CÇçäÀáê±èäÀÇ, 1984, VÇè dÜì RöÔ, CÇçïâê±ëÜ and MÇïïâÜò≤

Examples

Numerous solar neighborhoods have been designed around 
the world; examples from Sun, Wind & Light, include 
Pueblo Acoma, in New Mexico, and Solar City Pich-
ling, in Austria [both in EAST–WEST ELONGATED BUILDING 
GROUPS]; Solar Village 3 in Athens [SOLAR HOT WATER]; 
and Resolute Bay, in Canada [WINTER COURTS].

3.5 sïê±ö 
aëÇìïéÜèïî

PVî
pÇìåäÀèà

High Density Fabric Example

In the urban core of Sacramento, California, architects 
Van der Ryn, Calthorpe and Matthews designed 107 units 
at Somerset Parkside Housing covering a full 2.5 ac (1 
ha) city block at 43 units/acre (107 units/hectare), which 
approaches the maximum density possible with full solar 
access at the 38º latitude (Woodbridge, 1984; Van der Ryn 
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SñéÜìîÜï PÇìåîäÀÖÜ Hê¥îäÀèà, SÇˇìaéÜèïê, 
CÇçäÀáê±èäÀÇ, 1984, VÇè dÜì RöÔ, CÇçïâê±ëÜ and 
MÇïïâÜò≤

and Calthorpe, 1986). The project is outstanding for its 
low-rise, high-density, context-sensitive and socially con-
scious mixed size and income approach to a fabric that 
supports PASSIVE SOLAR  BUILDINGS. Apartment size is mod-
est, ranging from 584 ft2 (54 m2)  one-bedroom units to 
1116 ft2 (104 m2) three-bedroom units. The designers 
created buildings that support and reinforce street activi-
ties and spatial defi nition. At the same time, the project 
creates a protected interior zone for social life and chil-
dren and a wide variety of open space and outdoor room 
types, including both  WINTER COURTS and shaded summer 
retreats. The plan shows an   organization of EAST–WEST 
BUILDING  GROUPS; in the N–S section, the scheme cre-
ates a fi ne-grained GRADUAL  HEIGHT TRANSITION from taller 
commercial context on the north, where its 3.5-story 
mixed-use buildings are placed, to the 2-story detached 
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BñäÀçÖäÀèà HÜäÀàÈï v≤. DÜèîäÀïö fê± Sê´Çì AˇˇÜîî

52

48
44

40

36
32

28

24

LÇïäÀïñÖÜ

60

50

40

30

20

10

0
0           5           10          15          20         25         30

NñéÉ§ì o• Sïê±äÀÜî, 12 fï (3.7 m) eÇˇâ

14
0 

m
2 

Dò
§ç

çäÀè
às

 p
Üì

 H
Üˇ

ïÇ
ìÜ

 (
d.

u.
/h

a)

15
00

 f
ï2

 D
ò§

ççäÀè
àÙ

 p
Üì

 A
ˇì

Ü 
(d

.u
./

aˇ
)

140

120

80

60

40

20

100

Hê¥îäÀèà uèäÀï = 1500 sá (140 m2)

apartments on the south edge, compatible with the 
duplexes across the street. Although Sacramento has a rel-
atively mild winter climate, each unit receives full winter 
sun. It demonstrates that passive solar design is com-
patible with urban density. The technologies are simple: 
south-facing DIRECT  GAIN ROOMS, balcony overhangs and 
movable canvas  EXTERNAL SHADING, insulating drapery for 
MOVABLE  INSULATION and 1 in (2.5 cm) plaster throughout 
as  THERMAL MASS. Summer and winter winds are both from 
the south, and Sacramento has warm summers and cool 
winters, so the project rightly admits winds along a per-
meable south edge, while providing migration options for 
winter wind protection. As a low rise complex, TALL BUILD-
ING CURRENTS are not an issue. Somerset Parkside also uses 

a variety of shading and ventilation techniques to func-
tion also as a COOLING  NEIGHBORHOOD.

RECOMMENDATIONS

Density that supports solar access has an upper limit at 
each latitude; Calthorpe's Studies of Housing Form and 
Density for Solar Access (previous page) (Van der Ryn 
and Calthorpe, 1986)  demonstrate that for a given solar 
access criteria and latitude, many different confi gurations 
and building types are possible. The table shows an upper 
limit at 38º latitude of about 42 du/ac (104 du/ha), for 
units averaging 1500 ft2 (140 m2), a density similar to the 
old quarters of Savannah, Georgia, which can support a 
rich urban life. 

As building height increases, so does the spac-
ing between buildings, as shown in EAST-WEST BUILDING 
GROUPS.  The graph of  Building Height vs.   Density for 
Solar Access shows that up to a  point, increasing building 
height while maintaining a profi le angle for spacing also 
increases development density. 

Therefore, to maximize density while preserving solar 
access at midlatitudes, limit building heights to 5–6 
stories. At high latitudes, limit building heights to 2–3 
stories and at low latitudes, 6–8 stories. 

At higher latitudes, the maximum density for solar 
access decreases. The graph of  Solar Collection Sur-
face Area & Building Height indicates that, as building 
heights increase and  roof area stays constant, the total 
surface area of walls and roof available for solar energy 
collection surface per unit of fl oor area decreases rapidly. 
The graph applies to all latitudes. 

Building heights of 5–6 stories maximum is a good 
design guideline to keep enough south wall (N in SH) 
and roof surface area for passive solar heating and 
active solar conversion. For a more detailed approach, 
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Sê´Çì Cê´çÜˇïä Àê≠ SñìáÇˇÜ AìÜa & BñäÀçÖäÀèà HÜäÀàÈï
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fi nd the area of  SOLAR APERTURE required per unit of 
fl oor area and select heights and density from the 
graphs that preserve this amount of collection surface.

 Perhaps the critical factor to consider is the neigh-
borhood fabric that will provide solar access while best 
promoting the urban effect of walkable pedestrian-ori-
ented, safe, vibrant and active streets. This suggests 
relatively narrow streets in a low-rise, high-density 
pattern.
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NEIGHBORHOODS ➔ URBAN FABRICS ➔ 
URBAN ELEMENTS

 B4   INTEGRATED URBAN PATTERNS of streets and 
blocks can be oriented and sized to integrate 
concerns for light, sun, wind   and shade according to 
the priorities of the climate. [heating, cooling and 
daylighting]

KEY POINTS

•  Integrated urban patterns balance needs for heating, 
cooling and daylighting based on the variables of Use 
and Climate. 

• The pattern of streets and buildings sets    the stage for 
the possibility of passive strategies at the building 
scale.

• The orientation and layout of streets, combined with 
the spacing of buildings, has a sig nifi   cant effect 
on the mi cro cli mate around build ings and on the 
blocking of or ac cess to sun and wind for use in 
build ings.

FORCES 

Different combinations of Use and Climate call for vary-
ing weightings of priorities for heating and cooling, as 
described in the chapter “Navigation by Climate.” The mix 
of heating and cooling needs translates to criteria for the 
urban pattern to admit sun and block wind (cold climate), 
to admit wind and block  sun (hot climate), or to accom-
modate some mix of both needs (mixed climate). 

In energy terms, one of the jobs of the neighbor-
hood pattern is to admit desirable site resources and 
when possible to block the undesirable resources. 
However, especially in mixed climates, these criteria 
may be at odds. The second major tension in neigh-
borhood layout is the need for compactness versus the 
need to disperse buildings for access to winter sun or 
summer wind.

Greater compactness and density is correlated with 
increased urbanity, walkability and transit effectiveness. 
It also generally decreases energy for both transporta-
tion and buildings. Compact cities are pedestrian friendly 

and energy effi cient. On the other hand, buildings spaced 
too closely can make solar heat and power ineffective, 
and buildings can block each other's access to the cooling 
potential of breezes. 

RECOMMENDATIONS 

Several phenomena can be observed, and the successful 
neighborhood pattern will combine these effectively. 
• Wider east–west streets give better winter solar 

ac cess [EAST–WEST ELONGATED BUILDING GROUPS] 
• Wider streets in the di rec tion of prevailing wind fl ows 

promote bet ter wind move ment through the city 
[BREEZY STREETS].  

• Wind speeds can be decreased or increased depending 
on whether the neighborhood is designed as a LOOSE 
OR DENSE URBAN PATTERN.

• At high lat i tudes the sun position and therefore 
winter radiation is more equatorial-dominant (S 
in NH and N in SH), while at tem per ate lat i tudes, 
more fl ex i bil i ty in ori en ta tion for solar heat ing is 
per mis si ble with out se vere pen al ties in the amount 
of ra di a tion col lect ed [ROOMS FACING THE SUN AND 
WIND]. 

• Nar row north–south streets can cre ate shade from one 
build ing to the next [SHARED SHADE].

Depending on the climate and heat  load of build ings, dif-
ferent com bi na tions of strategies may be ap pro pri ate. 
The diagrams show Some Recommended Neighbor-
hood Patterns in Different Climates as po ten tial generic 
so lu tions. 
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SïìÜÜï OìäÀÜèïÇïäÀê≠ aèÖ LÇö¥ï b∏ CçäÀéÇïäÀÑ PìäÀê±äÀïö

BUILDING TYPE RESPONSE

Internal

Loaded

Buildings

Skin

Loaded

Building 1st Priority 2nd Priority COMMENTS

Very Cold Cold Lee Sun

• Strict cardinal orientation for sun. 

• Discontinuous streets in direction of winter winds.  

• Space E–W streets for solar access for spring and fall.

Cold Cool Sun Lee

• Cardinal orientation for sun. 

• Discontinuous streets in direction of winter winds.

• Space E–W streets for solar access at solstice.

Cool Mixed
Winter Sun;

Summer Wind

Winter Lee;

Summer Shade

• Orient +/- 30 degrees from cardinal for sun.

• Adjust orientation 20–30º oblique to summer wind.

• Space E–W streets for solar access. Elongate blocks E–W.

Mixed-

Arid
Hot-Arid Summer Shade

Summer Wind;

Winter Sun

• Narrow N–S streets for shade.

• Rotate from cardinal to increase street shading.

• Space E–W streets for solar access, if needed. Elongate blocks E–W.

Mixed-

Humid
Hot-Humid Summer Wind

Summer Shade;

Winter Sun

• Orient streets 20–30º oblique to summer wind.

• Modify orientation by rotating from cardinal to increase street shading.

• Space E–W streets for solar access if needed. Elongate blocks E–W.

• Wide streets for wind fl ow.

Hot-Arid &

Tropical-Arid
Tropical-Arid

Shade all 

seasons

Night Wind;

Day Lee

• Narrow N–S streets for shade.

• Elongate block N–S, If E–W facades shaded.

• Wider auto streets run E–W.

Hot-Humid &

Tropical-Humid
Tropical-Humid Wind all seasons Shade

• Orient streets 20–30º oblique to predominant wind.

• Respond to secondary wind direction.

• Maximize street right-of-ways for wind fl ow, but not paving.

Refer to the table of   Street Ori en ta tion and Lay out 
by Climatic Priority for spe cifi  c rec om men da tions by 
climate. 

See the method in “Navigation by Climate” to assess 
the balance between heating and  cooling in mixed cli-
mates. Note that, because in ter nal-load-dominated (ILD) 
buildings have a great er re quire ment for cooling than 
skin-load-dominated (SLD)  build ings, the ef fect on the B
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rec om men da tions is to shift these build ings to the next 
hotter climate type. For related recommendations that 
vary by Climate and Use, see SITE MICROCLIMATE and SHAD-
ING CALENDAR.

The diagrams of Summer Solstice Shad ows as a Func-
tion of Street Orientation show the ef fect of dif fer ent 
street ori en ta tions on sum mer sol stice sun and shad ing 
pat terns at dif fer ent  lat i tudes. Orientation and building 
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SñééÜì Sê´îïäÀÑÜ SâÇÖê∂≤ aî a FñèÑïäÀê≠ o• SïìÜÜï OìäÀÜèïÇïäÀê≠
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of streets has little effect, in di cat ing that south-fac ing 
facades (N in SH) should be shad ed at the element scale 
[DAYLIGHT-ENHANCING SHADES, EXTERNAL SHADING, and 
INTERNAL AND IN-BETWEEN SHADING] and that streets, open 
spac es and out door rooms must be shad ed in the over head 
plane [OVERHEAD SHADES].

The 22.5° rotation plans show in crease street shad ing 
while meeting so lar ori en ta tion criteria and may be ap pro-
 pri ate for a temperate climate. As ro ta tion in creas es away 
from cardinal, shadows reach op po site build ings less and 
thus buildings must provide more self-shad ing.

CORE STRATEGIES: 

Of the fi ve strategies that apply to and 
enhance the design and energy performance of 

urban fabrics in all climates, two give guidance on wind 
and three on light.  The strategies for daylight apply to all 
climates, since most buildings in all climates require  light-
ing and daylight strategies allow for a range of available 
light levels. The two wind strategies   apply to all climates, 
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spacing can be selected based on the building's mix of 
needs for heating or cooling.

They rep re sent four-story build ings on 60 ft (18 m) 
right-of-way streets. Car di nal ori en ta tions give more sun 
to the south fa cades in win ter, where as ro tat ed or ga ni-
 za tions tend to re duce win ter gains and in crease sum mer 
gains, es pe cial ly on east er ly and west er ly fa cades. How-
 ev er, for build ings that do not re quire win ter sun for 
heat ing, ro tat ed or ga ni za tions give more even ly dis trib-
 ut ed sun to more fa cades. 

A cardinal orientation will generally cast more 
shad ow on buildings facing north–south streets than a 
ro tat ed organization, and thus does a better job at shad-
 ing buildings. In con trast, rotated orientations pro vide 
more shade on the streets during more of the day. A car-
 di nal orientation will have one shady street, while cross 
streets will be sunny. In contrast, ro tat ed ori en ta tions will 
provide shade on at least one side of the street for most 
of the day. Note that during mid day, when the sun is high, 
buildings cast quite small shad ows and the ori en ta tion 



142

L8
 U

RB
A

N
FA

B
RI

C
L7

 U
RB

A
N

 
EL

EM
EN

TS
L6

 W
H

O
LE

B
U

IL
D

IN
G

L9
 

N
EI

G
H

B
O

RH
O

O
D

S

INTEGRATED URBAN PATTERN: Hot-CçäÀéÇïÜ BñèÖçÜ

but in hot and cold climates they are used differently. 
LOOSE OR DENSE URBAN    PATTERNS sets the basic wind 

regime in the fabric for streets parallel to the wind. Wider 
streets, lower buildings and narrower faces to the wind 
create more wind in the streets. This is especially signifi -
cant for the windward edge of building groups, which can 
be designed to allow winds to pass into the neighborhood. 
This strategy is modifi ed by BREEZY OR CALM STREETS. Good 
air movement in streets is important in all hot climates.

BREEZY OR CALM STREETS helps designers confi gure and 
orient streets to either promote or retard air movement 
This is important to cool the spaces between   buildings 
and to provide air to buildings for natural ventilation. 

DAYLIGHT DENSITY helps the designer confi gure streets, 
blocks and buildings to support light to each    building. It 
demonstrates that, while daylighting design may gener-
ate urban forms different from those generated by rules 
that ignore daylight, high density development is indeed 
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possible. It combines DAYLIGHT BLOCKS and DAYLIGHT ENVE-
LOPES into a composite pattern.

DAYLIGHT BLOCKS helps the designer determine block 
sizes based on daylighted building form or, conversely, to 
fi t appropriate daylight massing of buildings to existing 
block dimensions.

Two bundles at the L6 Whole Building scale are common 
to all its variations. The DAYLIGHT BUILDING and OUTDOOR 
MICROCLIMATE bundles help build the strategies at the L7 
Urban Elements level because buildings are one of the 
components at that level. Conversely, these bundles are 
enhanced by and become more possible with a successful 
INTEGRATED URBAN PATTERN.

DAYLIGHT BUILDING is itself a bundle of numerous strat-
egies in the  sequence from sky to interior surfaces. Each 
scale along the way is critical to effective daylighting. It 
offers combinations of strategies for THIN PLAN and thick 
plan buildings [ATRIUM BUILDING and TOPLIGHT BUILDING].

OUTDOOR MICROCLIMATES benefi ts from the larger heat-
ing  and cooling neighborhood strategies that form its 
context and block or admit forces of sun, wind and light. 
It is also a bundle of smaller strategies that shapes out-
door comfort at smaller scales. 

SITUATIONAL STRATEGIES: Variations Based On 
Hot and Cold Climates 

The bundle is varied by “Hot Climate” and “Cold Climate” 
situations, which have opposing priorities for both sun 
and wind, or a combination of both may be used.

1.   Hot Climate INTEGRATED URBAN PATTERN 
Bundle

The Hot Climate bundle variation focuses on 
and biases toward reducing solar gain and promoting ven-
tilation while preserving daylight access.

Hot Climate Situational Strategies 

INTERWOVEN BUILDINGS AND PLANTING has two compo-
nents: green areas concentrated, such as in parks, and 
distributed, such as street trees. Plants cool by shading 
and by evaporation.

SHARED SHADE helps designers confi gure buildings to 

shade each other, particularly on north-south streets.
DAYLIGHT ENVELOPES guides designers to create a 

three-dimensional development envelope that, if build-
ing massing is kept within it, insures that all surrounding 
buildings will get adequate access to daylight. It can be 
applied at the building or block scale, depending on which 
adjacent facades are being protected.

SHADING UMBRELLA works similarly to shared shade, but 
at a smaller scale, by providing shade to particular open 
spaces or courts by shaping surrounding buildings and 
edges to cast shadows.

OVERHEAD SHADES is a particularly important strat-
egy for shading of pedestrian circulation, of smaller open 
spaces and of buildings where the height to width ratio 
(H/W) admits signifi cant sun, such as the south facade 
(N in SH). Both built shade, such as arcades, and veg-
etation, such as street trees, cool the afternoon air, but 
as the urban canyon (H/W) increases, the cooling effect 
diminishes. 

PASSIVELY COOLED BUILDINGS are both the benefac-
tors of an INTEGRATED URBAN PATTERN and help to create 
its pattern. This bundle helps build the strategies at the 
L7 Urban Elements level because buildings are one of 

SâÇÖÜÖ PÜÖÜîïìäÀÇè AççÜö, NÜó§-ZäÀè 
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the components at that level. Conversely, this bundle is 
enhanced by and becomes more possible with a successful 
INTEGRATED URBAN PATTERN. It is its own bundle of smaller 
strategies for cooling buildings in both humid and arid 
situations. 

MIXED ARID CLIMATE EXAMPLE

Located at 31º north latitude, the 78-lot Neve-Zin Neigh-
borhood in Sde-Boqer, Israel, designed by the Desert 
Architecture Unit of Ben-Gurion University, is set in a 
mixed-arid climate with hot summers and cool winters, 
requiring both heating and cooling (Etzion, 1989, 1992; 
Pearlmutter, 2000; Erell et al, 2011). As housing, it falls 
into the skin-load-dominated (SLD) and mixed climate 
category of the table Street Orientation and Layout by 
Climatic Priority (two spreads back). Summer day tem-
perature ranges from 15–32 ºC (59–90 ºF) and winter lows 
average 3 ºC (37 ºF) with ample sunshine.

The neighborhood's orientation is 17º west of south 
and was set by existing road and topography, but fi ts 
with the guidelines of ROOMS  FACING THE SUN AND WIND. 
This orientation gives the primary streets an orientation 
that is 28º from the northwest prevailing winds from the 

Mediterranean Sea, fi tting neatly within the 20–30º guide-
line set in BREEZY  STREETS.  

Circulation is organized into two main types, mixed 
traffi c woonerfs and a separate system of Shaded Pedes-
trian Alleys (previous spread). The woonerfs are 8 m (26 
ft) wide, primarily in the east-west direction, allowing 
solar access to south-facing facades, as recommended in 
EAST–WEST  ELONGATED BUILDING GROUPS. Narrow shaded 
pedestrian alleys run perpendicular to the woonerf sys-
tem where east and west building facades create SHARED 
SHADE. Development rules require up to two-thirds of the 
alley length to be covered with  OVERHEAD SHADES consist-
ing of trellises and vines. 

This combination moderate grid rotation, wider E–W 
streets for solar access and narrower N–S lanes for shade 
follows the general pattern for a hot-arid climate as 
outlined in the diagrams of Some Recommended Neigh-
borhood Patterns in Different Climates (located earlier 
in this bundle).

Solar Access Protection and shading are facilitated 
by development regulation of building placement and 
a solar protection plane. Building lots are arranged in 
sets of four, and each lot has a required perimeter point 
along its setback line (P-point) where the building foot-
print is required to touch at its corner. This simple move 
forced buildings to be located close to the roads and 
alleys, providing pedestrian shade, and keeps the center 
of the lots open for usable open space and solar access 
to houses with their south side facing the backyard. The 
pattern creates the potential for  INTERWOVEN BUILDINGS 
AND PLANTING. Garages and fences are allowed to break 
the setback line and be placed at the lot lines, further 
enhancing the climatic goals. Setback lines are shallow 
along the streets and deeper in the back yards to pro-
mote good solar access. Finally, a solar protection plane 
creates a simplifi ed  SOLAR ENVELOPE that limits building 
heights. Given the scale of these buildings, all 8 m (26 
ft) tall or less, and given that the solar access protections 
are stricter than the patterns required for daylight access, 
then access to light is also protected and would not be a 
problem. 

Sê´Çì AˇˇÜîî Pìê≥Üˇïä Àê≠,
NÜó§-ZäÀè NÜäÀàÈÉÆ±âêÆ£, SÖÜ-Bê∞Üì, IîìÇÜç
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INTEGRATED URBAN PATTERN: Cold-CçäÀéÇïÜ BñèÖçÜ
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2. Cold Climate INTEGRATED URBAN PATTERN 
Bundle

The Cold Climate bundle variation focuses on 
and biases toward collecting solar gain and blocking cold 
winds while preserving daylight access.

Cold Climate Situational Strategies 

CLIMATIC ENVELOPE combines DAYLIGHT ENVELOPE with 
SOLAR ENVELOPE (cold climate) or SHADOW UMBRELLA (hot 
climate) or potentially with both (mixed climate) to gen-
erate development envelopes that balance site resources. 

WINTER COURTS can be used at the scale of a single 
outdoor room, for a complex of buildings, or for a town. 
This strategy helps the designer shape and orient build-
ings to block wind and create a warm, sunny protected 
area. WINTER COURTS help build places of MIGRATION. The 
strategy LOCATING OUTDOOR ROOMS helps defi ne the loca-
tion of the WINTER COURT and its accompanying outdoor 
rooms in other seasons.

EAST-WEST ELONGATED BUILDING GROUPS create long 
sun-facing winter facades and space buildings in the 
north-south direction so that these long facades get 
access to winter sun. This is critical in winter heating 
climates because the radiation available from the lower 
winter sun arrives mostly in the midday hours when the 
sun is in the southern sky (N in SH). The urban impli-
cation is for east-west elongated blocks with shorter 
east and west faces and midblock open spaces. In many 
neighborhood confi gurations, some east- and west-fac-
ing buildings are inevitable. In that case, building design 
using DEEP SUN sections and rooftop SOLAR APERTURES can 
solve the solar access problem.

SOLAR ENVELOPES regulate building massing to protect 
the neighboring buildings' access to winter sun and in 
some cases, year-round for PV and solar hot water. Since 
DAYLIGHT ENVELOPES are orientation-neutral and SOLAR 
ENVELOPES are solar-orientation specifi c, this relationship 
is resolved by CLIMATIC ENVELOPES.
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KEY POINTS

•   Room design and room organization  are keys to 
making use of  daylight admitted through the 
envelope.

•   Effective daylight design requires strategies at several 
scales.

•   Many building massing alternatives can be effectively 
daylighted.

CONTEXT 

Each bundle helps build one or more larger strategies at 
the next scale of complexity. The core strategies of this 
bundle help build the whole building scale strategy of 
DAYLIGHT BUILDING, which in turn helps build the larger 
daylighting strategy at the scale of urban elements, DAY-
LIGHT ENVELOPE. 

FORCES 

Unlike heat, which can be stored, or cooling, which can 
be induced by evaporation or stack effect, daylight is 
available moment to moment during the daytime. It 
depends heavily on a geometric relationship between 
building and sky. 

The practical questions for the designer are about how 
to get access to light, how  to bring it to every room, 
how to place openings to admit light, how to shape the 
rooms to distribute the light, how to avoid glare and how 
to integrate electric light when daylight is not strong 
enough. 

Designing a building for daylight can seem like a sim-
ple task, yet a complex, interrelated series of strategies at 
multiple scales are needed to bring the desired quantity 
and quality of light to rooms. If light is blocked or dimin-
ished too much along the way, daylighting design can fail.

ROOM ORGANIZATIONS ➔ ROOMS ➔ 
BUILDING SYSTEMS

 B5  A DAYLIGHT  BUILDING is organized to light 
itself with the sky using a family of strategies fit to 
place and purpose. [daylighting]

RECOMMENDATIONS

•  Refer to NEIGHBORHOOD OF LIGHT and using 
strategies found there,  determine the building's 
daylight access context. 

•  Design at the scales of this bundle to preserve 
daylight access to each room. 

•  Select the “Thin Plan” or “Thick Plan” bundle 
variation, or a combination of thick and thin. See 
the illustration Daylight Planning Strategies and 
Building Form. 

•  If the climate has predominantly clear skies, design 
for REFLECTED SUNLIGHT whenever possible.

At a basic level, buildings can be thought of as short 
or tall, thick or thin, or some combination of these. The 
graphics in  Daylight  Planning Strategies and Building 
Form show a few possible massing typologies and how 

OááäÀˇÜ, NÇïäÀê≠Çç PÇìçä ÀÇéÜèï BñäÀçÖäÀèà o• 
LäÀÜˇâïÜèîïÜäÀè, 2010, HÇèîã Ã±à GêÃ±ä Àïõ 
AìˇâäÀïÜåïñìîïñÖäÀê
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Sâê±ï/FÇï Sâê±ï/TâäÀè TÇçç/FÇï TÇçç/TâäÀè

M
A

S
S
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G

(TêØçäÀàÈï)
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨

(SäÀÖÜçäÀàÈï)
 - TâäÀè PçÇè
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ

(AïìäÀñé)
 - AïìäÀñé BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨

(SäÀÖÜçäÀàÈï)
 - TâäÀè PçÇè
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ
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Sâê±ï/TâäÀè aï PÜìäÀéÜïÜì
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ

Sâê±ï/FÇï o≠ TêØ + TÇçç/TâäÀè aï 
PÜìäÀéÜïÜì
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - AïìäÀñé BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨

TÇçç/TâäÀˇå + TÇçç/TâäÀè aï 
PÜìäÀéÜïÜì
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - TâäÀè PçÇè
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ

TÇçç/TâäÀè + Sâê±ï/FÇï o≠ TêØ
 - AïìäÀñé BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ
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Sâê±ï/TâäÀè
 - TâäÀè PçÇè
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ
 - RÜáçÜˇïÜÖ SñèçäÀàÈï

TÇçç/TâäÀè + Sâê±ï/ FÇï o≠ TêØ 
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨
 - TâäÀè PçÇè
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ
 - RÜáçÜˇïÜÖ SñèçäÀàÈï

Sâê±ï/FÇï + Sâê±ï/TâäÀè aï PÜìäÀéÜïÜì
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨
 - TâäÀè PçÇè
 - SäÀÖÜçäÀàÈï RêÆ¨ DÜëïâ
 - RÜáçÜˇïÜÖ SñèçäÀàÈï

Sâê±ï/FÇï
 - SåöÌäÀàÈï BñäÀçÖäÀèà
 - TêØçäÀàÈï RêÆ¨
 - RÜáçÜˇïÜÖ SñèçäÀàÈï
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DAYLIGHT BUILDING: TâäÀè PçÇè BñèÖçÜ

each might make use of different daylight design strate-
gies. Short/Fat buildings can be toplighted and do not 
require sidelight. Thin buildings can be sidelighted. The 
top fl oor of all tall buildings  can be treated like a Short/
Fat building by toplighting. Tall/Fat forms need to have 
a hole cut in the form of an open light court or glazed  
ATRIUM. Many buildings are combinations of thick and thin 
forms and strategies. In clear sky climates, REFLECTED SUN-
LIGHT is most useful. The diagrams show a few schematic 
alternatives. 

CORE STRATEGIES 

There are four strategies that can apply to 
almost any building designed for daylight. In 

contemporary practice, most American buildings have 
rather poor daylighting. Such   fundamental mistakes could 
be avoided by paying design attention to each of these 
four strategies.

 DAYLIGHT ZONES: Light is  more accessible at the edges 
of buildings, and in some sites, on upper fl oors. The 
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essence of this strategy is to put spaces that need the 
most light near the sources of the light, and to group 
spaces with similar needs together so their needs can be 
met with similar architectural solutions. This is a funda-
mental building order.

DAYLIGHT ROOM GEOMETRY: One of the most overlooked 
strategies is to shape the room to become a lighting 
fi xture such that the light is redistributed from the aper-
tures to desired patterns of distribution within the room. 
The room geometry may differ depending on its daylight 
zone.

GLARE-FREE ROOMS helps the designer avoid high con-
trast ratios in a daylighted room by using refl ection 
strategies and obscuring bright window surfaces. 

WINDOW PLACEMENT   helps the designer place windows 
to admit light and direct it to refl ecting surfaces within 
the room. It helps build a daylighted room. The effects 
of alternative window locations on light distribution and 
intensity are poorly understood by many designers.

ELECTRIC LIGHT ZONES establishes the pattern of elec-
tric light placement and switching based on the patterns 
of daylight distribution within the room. If energy sav-
ings are to be gained from daylight design, the electric 
lighting system has to be synchronized spatially and tem-
porally to the pattern and rhythms of daylight.

SITUATIONAL STRATEGIES 
Variations Based on Thin and Thick Plans

The sky condition of a climate is often taken as the start-
ing point for daylight building design. While the nature 
of the sky is an important variable, in SWL, most of the 
design strategies allow for the variation of sky cover or 
daylight intensity based on climate. The strategies are, 
with one exception (and there can be exceptions to that, 
too), applicable to many climates and to both clear and 
overcast conditions. Instead, this bundle focuses on the 
strategies that work best with thin buildings, which can 
use primarily sidelight, and thick buildings, which most 
often require toplight.

This bundle may be varied by whether the building 
is  thick or thin in plan. A particular daylight building 

may be understood as thin, thick, or a combination of 
thick and thin. In practice, many buildings are some com-
bination. For example, a large toplighted room may be 
surrounded by a thin wrapper of sidelighted rooms [see 
Kahn's First Unitarian Church example in TOPLIGHT ROOM]. 
The effect is a thick building that uses a combination of 
think and thin strategies. Similarly, an ATRIUM BUILDING 
may be thick, but the exterior rooms are most often side-
lighted with thin building strategies. 

In both thick and thin buildings we recommend 
REFLECTED SUNLIGHT as a refi ner strategy for clear sky dom-
inated climates. This strategy can also be used to avoid 
glare from low angle sun at high latitudes or on east and 
west orientations in all climates, or when space is tight. 
Both of the examples given here make use of use refl ected 
light, although neither is from a clear sky dominated 
climate.

1. Thin Plan DAYLIGHT BUILDING Bundle

The Thin Plan bundle focuses on sidelight-
ing, so building dimensions are driven by how 

deeply light can penetrate from the exterior walls. 

Thin Plan Situational Strategies 

In addition to the fi ve core strategies applicable to all 
buildings, this situational bundle adds these strategies 
that will apply to most thin plan buildings or sidelighted 
rooms:

THIN PLAN is the fl oor plan implication of the sectional 
relationship expressed in SIDELIGHT ROOM DEPTH. Recog-
nizing that sidelight has limited penetration generates a 
fundamental planning module. 

SIDELIGHT ROOM DEPTH establishes a critical ratio 
between window head height and room depth in rooms 
with unilateral lighting. Depths can be increased in a vari-
ety of ways.

Thin Plan Example 

The National Parliament Building of Liechtenstein (see 
previous spread and next page), by the Hansjörg Göritz 
Architekturstudio is an elegant example of a well-day-
lighted building (ArchDaily, 2011; Weckesser, 2008). It is 

B
U

N
D

LE
S:

 L
6 

W
ho

le
 B

ui
ld

in
gs



152

retaining wall bounces REFLECTED  SUNLIGHT to the service 
side of the plan. The service elements alternate with glaz-
ing to provide daylight to the corridor, which itself has a 
fully glazed wall that provides a secondary source of light 
to the offi ces. 

The WINDOW  PLACEMENT organizes vertically propor-
tioned windows that extend full height, alternating with 
light-colored brick piers extending like fi ns, providing day-
light refl ection and shading while preserving view. The 
GLARE-FREE ROOM environment is promoted by a gradient 
of brightness on the fi ns from inside to out, and by the 

composed as a THIN  PLAN three-story offi ce wing (known 
as the Long House) married to a tall toplighted meeting 
house (see section in TOPLIGHT ROOM). 

The rooms of the Long House are organized by  DAY-
LIGHT ZONING, placing the offi ces near the wall that faces 
the public square, while the service spaces and circulation 
are located along the back wall. Occupied rooms with less 
critical lighting needs, such as the lounge, are located in 
the joint of the building at the north end, where they can 
use  BORROWED LIGHT from the entry hall. 

Built against a steep rock cliff, a light-colored concrete 

LÜó§ç 1 pçÇè, NÇïäÀê≠Çç PÇìçä ÀÇéÜèï BñäÀçÖäÀèà o• LäÀÜˇâïÜèîïÜäÀè, 2010, HÇèîã Ã±à GêÃ±ä Àïõ AìˇâäÀïÜåïñìîïñÖäÀê
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bilateral lighting that keeps contrast ratios close.
The window height is a shallow 3 m (9.8 ft); offi ce 

depth is 8 m (26.2 ft) [ SIDELIGHT ROOM DEPTH]. The DAY-
LIGHT ROOM  GEOMETRY benefi ts from partitions, desks and 
shelving organized perpendicular to the window wall.

The electric lights are organized in strips perpendicular 
to the windows and are fl ush with the ceiling, eliminat-
ing any daylight blockage. The  ELECTRIC LIGHT ZONES allow 
electric light to be switched off by automated controls in 
the zone closest to the windows in response to changing 
daylight levels outside.

2. Thick Plan DAYLIGHT BUILDING Bundle

The Thick Plan bundle variation focuses on top-
lighting in the  form of either ATRIUM BUILDING 

or SKYLIGHT BUILDING. In this situational bundle, one can 
use one or the other, or both.   The distinction is between 
thick buildings driven by cutting holes for light, which are 
often more than one or two stories, and those that are 
one or two stories high and can be daylighted by skylights 
through the roof or lightwells that penetrate the top fl oor. 
The top fl oor of any building can be treated as a skylight 
building. 
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DAYLIGHT BUILDING: TâäÀˇå PçÇè Bundle
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Thick Plan Situational Strategies 

In addition to the fi ve Core Strategies applicable to all 
buildings, this situational bundle adds these strategies 
that will apply to most thick plan buildings or toplighted 
rooms:

ATRIUM BUILDING organizes rooms around light courts, 
glazed or unglazed, while TOPLIGHT BUILDING brings light 
through the roof to short buildings. 

TOPLIGHT ROOM offers the designer ways to shape the 
room to help distribute light from above. TOPLIGHT ROOF 
provides options for how to shape and organize the roof 
openings and the roof shape to bring light where the 
designer intends.

Thick Plan Example 

The Bagsvaerd Church, near  Copenhagen, by Jørn Utzon, 
is one of the preeminent examples of daylight design 

(Futagawa, 1981; Weston and Schwartz, 2006). It can be 
understood as a single story  SKYLIGHT BUILDING, as the 
daylight of each room is either from the top or from the 
side facing courts. The pattern of rooms organized around 
courtyards can be also seen as an  ATRIUM BUILDING. 

Christian Norberg-Schultz (1988) identifi es the main 
sanctuary as a metaphor for the existential condition 
of man situated between the clouds of heaven and the 
solid earth. A large west-facing clerestory casts light 
onto undulating white concrete structural vaults to dis-
tribute and diffuse light creating an ethereal TOPLIGHT 
ROOM. The extra-tall corridors with no windows, topped 
with a gabled, glassed  DAYLIGHT ROOF, form an enclosed 
compound. Rooms are internally focused, most shar-
ing borrowed light from the corridor skylights and views 
onto the courtyards through wooden screens. The Danish 
sun is low in the sky and can be a great source of glare. 

BÇàÙóªìÖ Câñìˇâ, nÜÇì CêØÜèâÇàÊè, DÜèéÇìå, 1976, Jê √±è Uïõê≠, aìˇâäÀïÜˇï
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BÇàÙóªìÖ Câñìˇâ, nÜÇì CêØÜèâÇàÊè, DÜèéÇìå, 1976, Jê √±è Uïõê≠, aìˇâäÀïÜˇï

GLARE-FREE ROOMS are created by placement of the sanc-
tuary and corridor skylights high above the fi eld of view, 
by multiple refl ections on whitish concrete and painted 
surfaces, and by facing sidelight openings toward walled 
courts. In this way, all the light becomes indirect such 
that strong patterns of light and shade are limited to the 
upper portions of the walls or ceilings.
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ROOM ORGANIZATIONS ➔ ROOMS ➔ 
BUILDING SYSTEMS

 B6  A PASSIVELY COOLED BUILDING is  organized to 
cool itself with wind, sky and earth using a family 
of strategies fit  to place and  purpose. [cooling]

KEY POINTS

•   Follow a design process hierarchy for passive cooling
•   Arid climates can benefi t from evaporative cooling 

strategies, but moisture makes hot-humid conditions 
worse.

CONTEXT 

Each bundle helps build one or more larger strategies at 
the next scale of complexity. The core strategies of this 
bundle help build the whole building scale strategy we 
call PASSIVELY COOLED BUILDING, which in turn helps build 
fi ve cooling strategies at the scale of urban elements: DIS-
PERSED BUILDINGS, OVERHEAD SHADES, GREEN EDGES, BREEZY 
OR CALM STREETS and SHADING UMBRELLA. 

FORCES 

One of the challenges for designers of passively cooled 
buildings is the selection of appropriate  cooling strat-
egies that are effective in the building’s climate. 

The BIOCLIMATIC CHART shows a basic  distinction in 
cooling options between a hot-humid climate in which 
natural ventilation is the primary approach and a hot-arid 
climate in which many more options are available.  

A second challenge is that cooling forces during hot 
periods tend to be weak and dispersed. Passive cooling 
can be effective for a building only where the heat gains 
have been minimized. 

These two challenges mean that a combination of 
passive cooling approaches must often be used, each 
effective within a particular range of climate and use 
conditions. 

RECOMMENDATIONS

Take a prioritized and tiered design approach: 
1)  Drastically reduce the  cooling loads fi rst. 
2)  Then meet the remaining loads with good passive 

design when possible. 
3)   Supplement with mechanical assistance, such as 

fans or  evaporative coolers. 
4)  Then use effi cient mechanical  cooling systems for 

any remaining loads.
5)  Select combinations of strategies based on the 

matrix criteria. 

The table Climate  Criteria for Cooling  Strategies (next 
spread) gives guidelines for selecting cooling strategies. 
In most buildings, a few strategies will be used. A sin-
gle strategy is rarely effective in all situations throughout 
the day or in all seasons. The guidelines are general, and 
exceptions to most of them are possible. Outside tem-
perature is a limit to some  passive cooling strategies as 
natural and cross-ventilation require temperatures lower 
than those indoors. The sizing tools in  VENTILATION APER-
TURES assume that the outdoor air is 3 ºF (5.5 ºC) cooler 
than indoor temperature. This places an upper limit on 
outdoor temperature at which natural  ventilation alone for 
cooling is effective, depending on comfort criteria. Indoor 
temperatures can be cooled by 3–4 ºF (5.5–7 ºC) by the 
use of ceiling fans. Higher temperatures require the build-
ing to be closed for part of the day when it is too hot 
for ventilation. Heat gains during these closed hours can 
be stored in THERMAL MASS. NIGHT-COOLED MASS depends 
on low night temperatures, ideally below the comfort 
zone, to cool mass after outside temperatures fall. When 
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temperatures are more extreme, the effects of using NIGHT 
COOLED MASS will often be limited. ROOF PONDS work best 
when night skies are  clear and can cool single-story build-
ings in extreme climates. If the   climate is dry,  EVAPORATIVE 
COOLING TOWERS work  well, including under extreme heat. 
EARTH EDGES can provide some  cooling under most outdoor 
conditions but should not be used  if heating outweighs 
cooling. Similarly,  EARTH–AIR  HEAT EXCHANGERS can temper 
incoming ventilation air even in  hot conditions. Typically, 
neither of the ground-based strategies will provide for the 
entire cooling load.

CORE STRATEGIES 

Many factors contribute to TOTAL HEAT GAINS 
in buildings. In this bundle, strategies at the 

scales that tend to drive the building’s parti are addressed. 
It is assumed that the designer will pay close attention 
to other important strategies at the material and element 
scales [see RESPONSIVE ENVELOPE] and that internal gains 
from lights, people and equipment are carefully addressed. 

There are fi ve strategies that are considered invari-
ants in all passively cooled buildings. While one of 

PASSIVELY COOLED BUILDING: Hê≥-HñéäÀÖ CçäÀéÇïÜ Bundle
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158 CçäÀéÇïÜ CìäÀïÜìäÀÇ fê± CêÆ´äÀèà SïìÇïÜàÍÀÜî
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BäÀê¢çä ÀéÇïäÀˇ CâÇìï

BäÀê¢çä ÀéÇïäÀˇ CâÇìï

BäÀê¢çä ÀéÇïäÀˇ CâÇìï

WäÀèÖ SíñÇìÜ

Såö Cêver

BäÀê¢çä ÀéÇïäÀˇ CâÇìï

BÇçÇèˇÜ Pê®Àèï Pìê•äÀçÜî

EÇìïâ Cê≠ïÇˇï

BäÀê¢çä ÀéÇïäÀˇ CâÇìï

UîÜ iÀá aèîò§ì iÀî YES CìäÀïä ÀˇÇç cìäÀïÜìäÀÇ fê± 
sïìÇïÜà˙ (YES)

UîÜ iÀá aèîò§ì iÀî NO
SïÇˇå VÜèï

RêÆ¨î
Cìê≤î-VÜèï

RêÆ¨î
MÜˇâÇèäÀˇÇç 

SëÇˇÜ 
VÜèïäÀçÇïä Àê≠

WäÀèÖ 
CÇïˇâÜìîTâÜîÜ sïìÇïÜàÍÀÜî aìÜ eááÜˇïä Àó§ o≠ˇÜ tâÜ fÇˇïî rÜà‚ìÖäÀèà 

cìäÀïÜìäÀÇ b§çê∂ aìÜ dÜïÜìéäÀèÜÖ.

CçäÀéÇïäÀˇ CìäÀïÜìäÀÇ fê± CêÆ´äÀèà SïìÇïÜàÍÀÜî

A
èÇ

çö
Ùä

Àî 
TÜ
ˇâ

èä
Àíñ

Üî

o¥ïîäÀÖÜ tÜéëÜìÇïñìÜ iÀî lê∂§ì 
tâÇè iÀèîäÀÖÜ tÜéëÜìÇïñìÜ

o¥ïîäÀÖÜ tÜéëÜìÇïñìÜ iÀî häÀàÈÜì 
tâÇè iÀèîäÀÖÜ tÜéëÜìÇïñìÜ

o¥ïîäÀÖÜ tÜéëÜìÇïñìÜ iÀî häÀàÈÜì 
tâÇè iÀèîäÀÖÜ tÜéëÜìÇïñìÜ and 

the cê¨áê±ï zê≠Ü mÇô.

lê∂ tÜéëÜìÇïñìÜ aï näÀàÈï 
< 720 F (22 0C)

w®ÀèÖ sëÜÜÖ @ b¥äÀçÖäÀèà > 3 mëâ 
(1.3 é/s); % cÇçé < 10%

o¥ïÖêÆ± aäÀì i Àî dñîïö, pê´çñïÜÖ
(cê¨É®ÀèÜ w®Àïâ fäÀçïìÇïäÀê≠ o± häÀàÈ iÀèçÜïî)

såö cê≠ÖäÀïä Àê≠ aï näÀàÈï 
> 50% cçÜÇì

cêÆ´äÀèà sÜÇîê≠ iÀî aìäÀÖ o± sÜéäÀ-
aìäÀÖ. oμ§ìâÜÇïÜÖ hê¥ìî < 50% RH

cêÆ´äÀèà iÀî mê±Ü säÀàÔäÀáä ÀˇÇèï tâÇè 
hÜÇïäÀèà; HDD @ Tb < CDD80oF 

(CCDD 270C) ( açîê sÜÜ DD dÇïÇ)

gÛê¥èÖ tÜéëÜìÇïñìÜ 50 F (2.80 C) 
< cê¨áê±ï zê≠Ü mÇô
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BäÀê¢çä ÀéÇïäÀˇ CâÇìï

WäÀèÖ SíñÇìÜ

Såö Cêver

BäÀê¢çä ÀéÇïäÀˇ CâÇìï

BÇçÇèˇÜ Pê®Àèï Pìê•äÀçÜî

EÇìïâ Cê≠ïÇˇï

BäÀê¢çä ÀéÇïäÀˇ CâÇìï

NäÀàÈï-CêÆ´ÜÖ 
MÇîî

RêÆ• Pê≠Öî Eó†ëê±ÇïäÀó§ 
CêÆ´äÀèà 
Tê∂§ìî

EÇìïâ-AäÀì
HÜÇï 

EôˇâÇèàÊìî

AäÀì-AäÀì
HÜÇï 

EôˇâÇèàÊìî

MÜˇâÇèäÀˇÇç 
MÇîî 

VÜèïäÀçÇïä Àê≠

w®Àçç wÆ±å
uë tê 50F 
(2.80C)
< T éÇô 
iÀèÖêÆ±

cìê≤î 
v§èïäÀçÇïäÀê≠

i Àá mÜˇâ. 
v§èïäÀçÇïed

eó†ëê±ÇïäÀó§
pê≠Ö

mê±Ü cçê¥Öö 
= mê±Ü w†ïÜì

mÜÜïî
pÇìïäÀÇç 
lê†Ö

(UèäÀèîñçÇïÜÖ)
EÇìïâ EÖàÊî
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these strategies might be left out or its function carried 
out by an alternate strategy, all passively cooled buildings 
will benefi t from each of these fi ve strategies, whether the 
climate is arid or humid.

 LOCATING OUTDOOR ROOMS: Outdoor rooms expand the 
living space and allow places for MIGRATION. They may 
support associated occupied fl oor areas inside the enve-
lope. Designers can ask, What spaces (such as circulation 
or morning meeting) can happen in unconditioned out-
door spaces? This strategy directs the designer to consider 
the combination of wind and sun directions when locat-
ing outdoor rooms. For example, in a hot climate, when 
the summer sun and wind come from the same direction, 
admitting the breeze rules, and the designer must admit 
wind fi rst and provide structured or landscaped shade to 
minimize harsh sun.

 BUFFER ZONES: Some rooms can tolerate temperature 
swings and can be located between the more protected 
rooms and undesired heat sources, often the eastern or 
western sun, or the roof. These spaces can be used as 
thermal buffer zones between the more extreme outside 
conditions and spaces that need somewhat more careful 
temperature control. 

COOLING ZONES: If parts of the building can be 
cooled  during only a portion of the day, or with a pas-
sive strategy or with a low-energy cooling system such 
as evaporative cooling, then the overall energy for cool-
ing will be signifi cantly reduced. This strategy directs 
the designer to consider arranging spaces that have sim-
ilar cooling needs and occupant schedules together in 
zones of the plan or section. Its consideration begins with 
ENERGY PROGRAMMING. If these spaces are in the same 
zone they can employ the same energy effi cient design 
strategies to maintain the space’s comfort. In ENERGY 
PROGRAMMING, spaces are categorized by allowable tem-
perature range, internal rate of gain and occupant density. 

STACK-VENTILATION  ROOMS: In almost all climates natu-
ral ventilation will provide some or all of the cooling for 
some portion of the cooling season or for some portion 
of the day. It is like throwing money away not to employ 
it. In a signifi cant number of climates, the wind is calm 

for portions of the day, so CROSS-VENTILATION, while effec-
tive when the wind blows, does not always work. In most 
cooling climates, temperatures during the summer after-
noon will be too hot for the outside air to provide much 
cooling. In such cases, NIGHT-COOLED MASS strategies will 
often work well, but winds tend to be most calm at night. 
For all these reasons, we recommend stack-ventilation for 
almost all passively cooled buildings. This strategy directs 
the designer to consider the sectional quality of the build-
ing to enhance this gravity-driven ventilation system. In 
a room cooled by stack-ventilation, warm air rises, exits 
through openings at the top of the room, and is replaced 
by cooler air entering low in the room. 

LAYER OF SHADES: One of the greatest design oppor-
tunities in hot climates is to expand the idea of the 
envelope from a thin construction (conceptually a line) to 
a broader spatial  zone of elements. Solar heat gain on the 
roof is greatest in the middle of the day, when the sun is 
overhead in summer. In most hot climates, the sun is high 
enough in the sky for much of the day that a horizon-
tal structure of overhead elements is effective at shading 
outdoor spaces, roofs, or entire buildings (except in the 
early morning and evening, where vertical shades or adja-
cent buildings [SHARED SHADE] would be more effective). 
This strategy gives recommendations for the size and loca-
tion of overhead shades. On east and west walls in very 
hot climates, consider the related DOUBLE SKIN MATERIALS 
strategy.

SITUATIONAL STRATEGIES 
Variations Based on Hot-Humid and Hot-Arid Climates

This bundle may be varied by the climatic context of arid-
ity or humidity. To select which bundle variation to use 
for your combination of climate and use, refer to the table 
for Bundle Variations by Climate and Internal Gains 
in the chapter “Bundles Explained: Relationships Among 
Strategies.” 

1.  Hot-Humid PASSIVELY COOLED BUILDING 
  Bundle (diagram, opening spread)

The hot-humid bundle focuses on reducing 
solar gain and maximizing ventilation across all scales. 
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VÜèïÜÖ WÇçç + Roof SöÙïÜé, PÇçéÜïïê Hê¥îÜ

NIGHT-COOLED MASS will be effective in many situations 
for some portions of the year and should be carefully 
evaluated.  

Hot-Humid Situational Strategies 

In addition to the fi ve core strategies applicable to all 
buildings, this bundle variation adds these situational 
strategies that will apply to most buildings in hot-humid 
climates:

 PERMEABLE BUILDINGS: Because humid climates depend 
so greatly on ventilation for cooling, it is critical to pro-
mote both cross- and stack-ventilation by making plans 
and sections open as a pathway for air.

CROSS-VENTILATION ROOMS: More than arid climates, 
humid climates  can use wind-driven cross-ventilation 
when the wind is available. Wind driven ventilation is, in 
general, more effective than stack-ventilation. However, 
because the wind is not always available, most humid-
climate buildings should also design for STACK-VENTILATION 
ROOM.

ROOMS FACING THE SUN AND WIND: To support cross-
ventilation, face inlets towards the prevailing breezes and 
be aware of secondary wind directions [WIND ROSE]. Cross-
ventilation outlets and stack ventilation outlets should 
face away from  the prevailing wind.

 BREEZY COURTYARDS: A fully enclosed courtyard is one 
of the least comfortable outdoor spaces in a humid cli-
mate. It cannot be cooled by the breeze and air becomes 
stagnant. Therefore, like indoor rooms, outdoor rooms and 
courts used in the hot season can be designed with shade 
and partial enclosure that promotes good ventilation.

 VENTILATION OPENINGS ARRANGEMENT: A good cross-
vented plan only works if the ventilation apertures are 
placed so that all of the fl oor space is cooled by moving 
air and there are no dead air zones. Similarly, an elegant 
stack-ventilation section can not work for cooling if the 
openings are misplaced for a full-coverage air fl ow path 
through each space.

 SEPARATED OR COMBINED OPENINGS: Because ventilation 
apertures may be larger than solar or daylight apertures, 
and because there are so many places they are required to 

be, consider whether in some cases, ventilation openings 
may be handled separately, thus avoiding overlighting or 
overheating from glazed apertures.

Hot-Humid Example

The elegant Palmetto House in Redland, Florida, by Jer-
sey Devil Design/Build, near the Everglades, is a fi ne 
example of a passively cooled building in a hot-humid B
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PASSIVELY COOLED BUILDING: Hê≥-AìäÀÖ CçäÀéÇïÜ BñèÖçÜ
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climate (Piedmont-Palladino and Branch, 1997; Badanes, 
1989). Raised off the ground to catch breezes [ROOMS ORI-
ENTED TO THE SUN AND  WIND], it uses a double skin  Vented 
Wall and Roof System with radiant barriers [DOUBLE 
SKIN  MATERIALS] to reduce solar gains. On the main (sec-
ond) level, it is designed with shaded screened porches 
[LOCATING  OUTDOOR ROOMS] at both ends [ MIGRATION,  BUF-
FER ZONES]. The house is zoned vertically with a ground 
fl oor professional woodworking shop in the shadiest zone 
[ COOLING ZONES] and the more sedentary writing offi ce 

on the top fl oor. Designed as a PERMEABLE  BUILDING, the 
main fl oor is a large single room with partitions less than 
ceiling height and a metal grated ceiling, allowing for 
STACK- VENTILATION, which can exit  though even higher 
outlets in the long cupola. The plan is one room thick, 
promoting CROSS-  VENTILATION.  VENTILATION APERTURES are 
plentiful and opposite each other to maximize cross fl ow 
[VENTILATION OPENINGS     ARRANGEMENT].  The large overhang-
ing porches and extensive overhangs and roofs create a 
 LAYER OF SHADES for outdoor patio and work spaces. B
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2. Hot-Arid PASSIVELY COOLED BUILDING 
  Bundle

The hot-arid bundle focuses on reducing solar 
gain and exploiting a range of strategies orchestrated to 
address the often extreme temperatures. Arid climates 
open the possibility of evaporative cooling and large daily 
temperature swings align very well with NIGHT-COOLED 
MASS. 

Hot-Arid Situational Strategies 

In addition to the fi ve core strategies applicable to all 
buildings, this situational bundle adds these strategies 
that will apply to most buildings in hot-arid climates:

SHADY COURTYARDS offer a respite from intense sun. 
Their proportions are biased toward shade rather than 
wind, as in hot-humid climates. 

EVAPORATIVE COOLING TOWERS, not a viable option in 
an already humid climate, work well in arid conditions by 
using gravity to drive air fl ow without wind or fans and to 
cool and humidify air. They can cool when the air is much 
too hot for natural ventilation cooling alone. Substantial 
new research is available to guide designers (Ford et al, 
2010).

NIGHT-COOLED MASS ROOMS are a great fi t in arid cli-
mates where temperature ranges tend to be high and 
straddle the comfort zone. This is a good combination 
with evaporative cooling, which can be used to sup-
plement mass cooling or can be used during the day, 
depending on conditions.

MASS ARRANGEMENT assures that thermal mass for cool-
ing is located where it can absorb the most heat during 
the day and give that heat up to ventilation air during the 
night. The location of massive and nonmassive elements 
can be a major driver of building order.

Hot-Arid Example 

Mario Cucinella Architects designed a prototype design 
for an Experimental Offi ce Building in Catania, Sicily, 
as part of the EU's Passive Downdraft Evaporative Cooling 
(PDEC) research project (Ford et al,  2010). The building is 
organized into cooling zones with spaces clustered around 
a series of central cylindrical, glazed Downdraft Evapora-
tive Cooling Towers that function when the air is too hot 
outside for natural ventilation (see also EVAPORATIVE  COOL-
ING TOWERS strategy). The shape of the towers is derived 

EôëÜìäÀéÜèïÇç OááäÀˇÜ BñäÀçÖäÀèà, CÇïÇèäÀÇ, SäÀˇä À çö, MÇìäÀê Cñˇä ÀèÜççÇ AìˇâäÀïÜˇïî (MCA), 1998

sâÇÖäÀèà w±ÇëëÜì aÉÆμ§ aèÖ 
sâÇÖÜ g‚ìÖÜè b§èÜÇïâ

dê∂≠ÖìÇáï eó†ëê±ÇïäÀó§ cêÆ´äÀèà näÀàÈï-cêÆ´ÜÖ mÇîî w®Àïâ 
sïÇˇå v§èïäÀçÇïäÀê≠
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Dê∂≠ÖìÇáï Eó†ëê±ÇïäÀó§ CêÆ´äÀèà Tê∂§ìî, 
EôëÜìäÀéÜèïÇç OááäÀˇÜ BñäÀçÖäÀèà, CÇïÇèäÀÇ, SäÀˇä À çö, 
MÇìäÀê Cñˇä ÀèÜççÇ AìˇâäÀïÜˇïî (MCA), 1998

from the form of the cool air plume. The cooling towers 
can also operate as updraft shafts for STACK-VENTILATION  
ROOMS during the day when outside air is cooler than 
inside or at night while employing NIGHT- COOLED MASS. 

The building's MASS ARRANGEMENT is in the form of 
concrete fl oors and ceilings. The  VENTILATION OPENINGS 
ARRANGEMENT was carefully studied with predictive models 
to provide the proper and controllable amount of cool-
ing to each fl oor and zone. A LAYER OF  SHADES over the 
entire building reduces solar gain to the roof and provides 
a shady/breezy roof terrace [ LOCATING OUTDOOR ROOMS], 
while the raised building provides a shady cooled gar-
den below [SHADY  COURTYARDS]. The building is predicted 
to use only 15% of the cooling energy of a conventional 
offi ce building (Cucinella et al, 2004; Cucinella, 1998).
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ROOM ORGANIZATIONS ➔ ROOMS ➔ 
BUILDING SYSTEMS

  B7  A PASSIVE SOLAR BUILDING is organized to heat 
itself with the sun using a family of strategies fit 
to place and purpose. [heating]

KEY POINTS

•   Creative design in section and of heat distribution 
can solar heat even  thick building plans.

•   A combination of solar heating   systems  is usually 
better than employing a single approach.

•   All solar heating systems combine collection, storage 
and distribution.

CONTEXT 

Each bundle helps build one or more larger strategies at 
the next scale of complexity. The core strategies of this 
bundle help build the whole  building scale strategy SOLAR 
HEATED BUILDING, which in turn helps build three heating 
strategies at the scale of urban elements: SOLAR ENVE-
LOPE, EAST–WEST BUILDING GROUPS, which set the context 
for solar access to buildings (yours and others), and 
WINDBREAKS, which reduces convective heat loss and infi l-
tration to buildings. 

FORCES

Whereas a mechanical system shapes the climate to fi t 
the building, a passive solar building shapes the build-
ing to fi t the climate. The thicker the plan relative to 
the sunny winter orientation, the more diffi cult it is to 
collect the sun and get its heat to each room. 

A passive solar heated building uses  the confi guration 
of the architecture to collect, store and distribute heat 
from the sun. Each of the fi ve solar system types at the 
scale of rooms [DIRECT GAIN ROOMS, SUNSPACE, THERMAL 
STORAGE WALLS, ROOF PONDS and THERMAL COLLECTOR WALLS 
AND ROOFS] are combinations of collection, distribution 
and storage.  

The prerequisite for solar heating is to minimize TOTAL 
HEAT LOSS. The solar resource is relatively weak and 

distributed. It is suffi cient, but only with a highly effi -
cient building envelope. 

Storage [THERMAL MASS, MASS ARRANGEMENT] can be 
near the collection aperture, in the same room, in an 
adjacent room, or remote from the collection. The farther 
away the thermal storage is from the collection, the more 
MOVING HEAT TO COLD ROOMS will  have to be  employed. 
Some amount of mechanically assisted movement is com-
mon in thick buildings.

RECOMMENDATIONS 

In shaping the architecture to become a kind of heat 
exchanger, use and site  combine to infl uence the basic 
building massing and choice of systems. 
•  If the site and program allow, begin with the “Thin 

Plan” bundle variation and employ EAST–WEST PLAN 
with DIRECT GAIN ROOMS, the simplest solution. If 
the plan requires more than two rooms in the north-
south direction, also use the “Thick Plan” bundle 
variation, beginning with DEEP SUN.

•  If the site dictates a short face toward the equator, 
or a plan with three or more rooms in the north-
south direction, begin with the “Thick Plan” bundle 
variation and employ DEEP SUN. 

•  Where possible, combine DIRECT GAIN ROOMS with 
other room-scale solar heat strategies, such as 
THERMAL STORAGE WALLS or SUNSPACES, to balance 
heat gains with daylight needs, controlling glare 
and offering control options. 

•  Tightly control heat loss. Be sure to pay attention 
to all of the elements given in TOTAL HEAT LOSSES. 

To utilize the diagram Characteristics of Different Solar 
Heating Systems, select the system that best fi ts the 
desired characteristics of the building’s  rooms. Remember 
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167CâÇìÇˇïÜìäÀîïä Àˇî o• DäÀááÜìÜèï Sê´Çì HÜÇïäÀèà SöÙïÜéî

Mê£ÜìÇïÜî IèïÜìäÀê± 
TÜéëÜìÇïñìÜ Sò®ÀèàÙ

HäÀàÈ / 
DÜáäÀèä ÀïÜçö

MÜÖäÀñé / 
Sê¨ÜòßÇï

wall

w®Àïâ T I

sê´ä ÀÖ

roof

Mê£ÜìÇïÜî GçÇìÜ + 
Oó§ìçä ÀàÈïäÀèà

PçÇè FçÜôäÀÉ® Àçä Àïö

HäÀàÈ TâÜìéÇç Cê¨áê±ï

Pê≥ÜèïäÀÇç IèïÜàÛÇïäÀê≠ w®Àïâ
NäÀàÈï-CêÆ´ÜÖ MÇîî

GêÆ£ fê± VÜìö Cê´Ö 
CçäÀéÇïÜî

RêÆ• DÜîäÀàÔ FçÜôäÀÉ® Àçä Àïö

EááäÀˇä ÀÜèˇö o• Cê´çÜˇïä Àê≠

Pìê¨ê≥Üî VäÀÜò≤ tê Sê¥ïâ
(N iÀè SH)

SäÀõÜ o• HÜÇïÜÖ RêÆ¨'î 
MÇîî SñìáÇˇÜî

Pìêμ® ÀÖÜî MäÀàÛÇïäÀê≠Çç RêÆ¨

Aááê±ÖÇÉ®Àçä Àïö

Cê¨É®ÀèÜî HÜÇïäÀèà + 
DÇöÌä ÀàÈïäÀèà

RêÆ• Pê≠Ös TâÜìéÇç 
Sïê±ÇàÊ WÇççî

SñèsëÇˇÜî DäÀìÜˇï GÇäÀè 
RêÆ¨î

TâÜìéÇç 
Cê´çÜˇïê± WÇççî

Lê∂ /
A LäÀïïçÜ

Nê

 B
U

N
D

LE
S:

 L
6 

W
ho

le
  

   Bu
il

di
ng

s



168 Cê¨É®Àèä Àèà Cê´çÜˇïä Àê≠, Sïê±ÇàÊ, aèÖ DäÀîïìäÀÉ¥ïäÀê≠ tê CìÜÇïÜ Sê´Çì HÜÇïäÀèà SöÙïÜéî
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that different systems can be used for different HEATING 
ZONES and that more than one system can be combined in 
a single zone.

The diagram Combining Collection, Storage and Dis-
tribution to Create Solar Heating Systems, shows 
alternative confi gurations of the elements needed in any 
solar system design. The diagram shows systems for pas-
sive solar heating, active solar thermal (space heat), solar 
hot water and photovoltaics. The links show the most 
common options and relationships among elements. Many 
other variations and less common combinations are also 
possible. The shaded pathways indicate the prototypical 
confi guration for each system. For example, [DIRECT GAIN 
ROOMS] is the simplest and most common passive solar 
system and its prototypical confi guration collects sun 
through solar windows [see SOLAR APERTURES], stores heat 
in direct masonry or PCM [THERMAL MASS] placed in wall 
and fl oors [see MASS ARRANGEMENT] and redistributes heat 
as the room cools primarily via natural radiation to cooler 
room surfaces.

CORE STRATEGIES 

There are fi ve strategies that are so pervasive 
in passive solar buildings that they can be con-

sidered invariants. Each of these fi ve strategies will be 
effective in any solar design.

HEATING ZONES:  Organize the plan and section to place 
rooms with similar needs for heat together. Rooms that 
need more heat get access to more sun while rooms that 
are less occupied, make their own heat, or can be cooler 
can get less access to  sun.

ROOMS FACING THE SUN AND WIND: Orientation is crit-
ical to solar heating success and, surprisingly, often 
overlooked by many designers. Orienting within about 30º 
of south (N in SH) maximizes winter solar gain. 

DIRECT GAIN ROOMS: This is in many ways the simplest 
and, as the name implies, most    direct means of solar heat-
ing. Because most rooms have windows and some rooms 
in most buildings can face the equator, this strategy 
works for at least a part of the solar concept in almost all 
buildings.

MASS ARRANGEMENT: Thermal mass stores heat, and to 
be effective, it has to be located where it can absorb solar 
heat that is collected and discharge that heat later to 
warm the room. Critical to this placement is the distinc-
tion between direct mass (in the solar space) and indirect 
mass (remote from collection), which is about one-third 
as effective.

WELL-PLACED WINDOWS recognizes that winter sunny 
windows can collect heat, but other orientations are net 
heat losers. As windows lose much more heat than opaque 
walls or roofs, the key is to locate just enough window 
area for daylight and views on east, west, and polar sides.

SITUATIONAL STRATEGIES 

Variations Based on Thin Plan and Thick Plan Buildings

This bundle distinguishes two families of strategies, one 
for “Thin Plan” buildings and “Thick Plan” buildings.

1.  Thin Plan SOLAR HEATED BUILDING Bundle

The “Thin Plan” bundle (diagram, next page) 
focuses on building organizations and plans 

with an east-west orientation and a combination of direct 
gain with other solar systems. 

Thin Plan Example 

Architects Bohlin Cywinski Jackson designed the Shelly 
Ridge Girl Scout Center in Miquon, Pennsylvania (next 
spread) is an excellent example of a passive solar build-
ing with multiple system types (Dean, 1984; Architectural 

B
U

N
D

LE
S:

 L
6 

W
ho

le
 B

ui
ld

in
gs



170

Record, 1985; Bohlin Cywinski Jackson, 1984). The 
building is thin in that its large room stretches in a 
sophisticated interpretation of EAST–WEST  PLAN, having a 
long south facade, while, along the east side, rooms with-
out south exposure can share heat from the  large sunny 
room. HEATING  ZONES are simple: The semicircular lobby 
takes direct sun, becoming a sunspace; the most occu-
pied room, the great hall, has the most access to south 
sun; and the entry, circulation, kitchen, etc. are along 
the east edge. The south facade is oriented due south 
[ROOMS ORIENTED TO THE SUN AND  WIND] while other walls 
respond to the site and other buildings. The organization 

is a combination of a thin masonry  THERMAL STORAGE WALL 
and a DIRECT  GAIN ROOM, with daylight windows punctur-
ing the brick, supplemented by     the  SUNSPACE. Openings 
are confi gured as WELL-PLACED  WINDOWS, with the major-
ity of glazing on the south, daylight and view windows 
to the east, and very little glass on other orientations. 
MASS  ARRANGEMENT is a well-distributed  combination of a 
large brick stage and fi replace, a tall brick mass wall and a 
concrete fl oor with arcing brick partition wall for the sun-
space lobby. With its low north face and sloping roof, the 
building itself forms a  WINDBREAK for a south-facing, if 
loosely defi ned WINTER COURT.

PASSIVE SOLAR BUILDING: TâäÀè PçÇè BñèÖçÜ
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SâÜççö RäÀÖàÊ GäÀìç Sˇê¥ï CÜèïÜì, MäÀíñê≠, PÜèèîöÌó†èäÀÇ, 1984, BêßçäÀè Cö¯®ÀèîåäÀ JÇˇåîê≠, aìˇâäÀïÜˇïî

Thin Plan Situational Strategies 

In addition to the fi ve core strategies applicable to all 
passive solar buildings, this situational bundle adds these 
strategies that will apply to most thin plan buildings:

 EAST-WEST PLAN directs the designer to, when pos-
sible, spread rooms along an east-west axis to maximize 
exposure to winter sun while also minimizing exposure to 
harsh east and west heat gains in summer. 

CONVECTIVE LOOPS, which are driven by hot air rising 
and cool air falling in the section, are one means to dis-
tribute heat within a room or to move heated air from a 

sunny room to an adjacent space. Heat distribution by 
natural convection works best when the distances are 
small, such as in a thin building.

THERMAL STORAGE WALLS are a good complement in 
many buildings to DIRECT GAIN ROOMS. When direct gain 
alone is used, south glazing may be quite large and glare 
can become an issue if not handled properly. The mass in 
walls delays heat to later in the day or evening, whereas 
direct gain heats the space up in the morning. 

WINTER COURTS: Thin building plans, particularly those 
that shield outdoor spaces from the wind, are a good fi t B
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with sunny, south-facing outdoor rooms. The building 
massing can be confi gured to create a microclimate favor-
able to an extended outdoor use season.

INSULATION OUTSIDE of the mass is required any time 
THERMAL MASS is located in the exterior   envelope, such as 
on an exterior wall, or in a fl oor raised over outdoor air. 

WINDBREAKS can reduce wind-driven heat loss. As thin 
buildings have larger exposed perimeter areas, reducing 
cold winds is worth considering seriously. Similarly, the 
building itself can become a windbreak for outdoor rooms 
or for other buildings in a complex.

2.   Thick Plan SOLAR HEATED BUILDING Bundle
The “Thick Plan” bundle variation (diagram, 

next spread) focuses on building organizations 
with three or more rooms in the north-south 

direction, requiring sectional strategies and more sophisti-
cated distribution logics to bring sun to each room.  

Thick Plan Example

In Lisbon, Portugal, architects Pedro Cabrito and Isa-
bel Diniz designed the Edifício Solar XXI building using 
simple architectural strategies to heat a relatively  thick 
building (Gonçalves & Cabrito, 2006; Gonçalves, et al, 

EÖäÀá ä À ÷̌ ä Àê Sê´Çì XXI, NÇïäÀê≠Çç LÇÉÆ±Çïê±ö fê± EèÜìà˙ aèÖ GÜê´ê¶˙ (LNEG), LäÀîÉÆ≠, Pê±ïñà‚ç, 2006, 
PÜÖìê CÇÉ±äÀïê aèÖ IîÇÉ§ç DäÀèä Àõ, aìˇâäÀïÜˇïî
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2012). The plan is organized according to HEATING ZONES 
by locating rooms that are most occupied to the south and 
labs that generate more heat and are less occupied to the 
north. The section admits DEEP  SUN by raising a south-fac-
ing clerestory over a three-story  light well and circulation 
zone (also serves as a STACK-VENTILATION  ROOM). 

Passive CONVECTIVE  LOOPS are made possible by large 
doors to the offi ces, interior  louvers at the top of the 
offi ce wall, and even larger louvers in the lab walls fac-
ing the light well. In this way, solar heat can be moved 
from the south rooms to the corridor and from the corridor 
to the labs [MOVING HEAT TO  COLD ROOMS]. The atrium and 

south offi ces are heated as DIRECT  GAIN ROOMS, and the 
offi ces are supplemented by a CONVECTIVE LOOP in the wall 
that makes use of waste heat from the  PHOTOVOLTAIC WALL, 
making it essentially a  THERMAL COLLECTOR WALL. The 
offi ces and clerestory  SOLAR APERTURES are organized due 
south, for ROOMS FACING THE  SUN AND WIND. As suggested 
in WELL-PLACED  WINDOWS, south glazing is large (12% of 
the fl oor area), and other orientations are limited to glaz-
ing for daylight and ventilation. MASS  ARRANGEMENT serves 
both heating and cooling, with hollow brick mass walls, 
including behind the PVs, coffered concrete ceilings with 
INSULATION  OUTSIDE and mass fl oors. 

EÖäÀá ä À ÷̌ ä Àê Sê´Çì XXI, iÀèïÜìäÀê± lê¥ó§ìî fê± nÇïñìÇç 
cê≠ó§ˇïä Àê≠ iÀè w®ÀèïÜì aèÖ sïÇˇå v§èïäÀçÇïä Àê≠
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An active solar thermal system is used for SOLAR HOT 
WATER and back-up heating. The building is cooled by 
EARTH–AIR HEAT EXCHANGERS and NIGHT-COOLED MASS, and 
has no mechanical air-conditioning.

Thick Plan Situational Strategies 

In addition to the fi ve core strategies applicable to all 
passive solar buildings, this situational bundle adds these 
strategies that will apply to most thick plan buildings:

DEEP SUN helps the designer fi nd sectional concepts 
that admit sun past the fi rst sun-facing room to get solar 
heat deeper into the building.

CLUSTERED ROOMS reduce heat loss through the exte-
rior skin. A thick building will tend to have a lower skin 
to volume ratio than a thin building. Clustered room orga-
nizations fi t well with SUNSPACES, which concentrate solar 
collection and storage.

MOVING HEAT TO COLD ROOMS: If the building must be 
ordered such that each room cannot get direct sun, then 
several strategies are available for getting the heat from 
where it is collected to the rooms lacking their own. In 
some cases, MECHANICAL HEAT DISTRIBUTION, integrated 
with the HVAC system, is required. 

THERMAL COLLECTOR WALLS AND ROOFS are a good way 
to collect heat effi ciently when air will be the heat dis-
tribution medium to storage and use in remote spaces, 
which is a common requirement in thick buildings. 

SUNSPACES face the equator, can be multistory and lend 

themselves to collecting a large amount of heat with a 
small orientation toward the sun. They are also a good fi t 
with the less linear, more clustered room organizations 
found in thicker buildings. 

 TOPLIGHT ROOM in an atrium building, thick by defi -
nition, may also function as a SUNSPACE for passive solar 
heating if it has substantial glazing facing the equator.

DAYLIGHT ROOF brings in light to areas of thick build-
ings where sidelight does not reach. Some portion or all 
of its aperture can be oriented to the sun for winter solar 
gain.
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ROOM ORGANIZATIONS ➔ ROOMS ➔ 
BUILDING SYSTEMS

 B8  Comfortable OUTDOOR MICROCLIMATES adjacent 
to buildings are organized using  a family of 
strategies fit to place and outdoor use. [heating 
and cooling]

KEY POINTS

•  Outdoor space has a rich design language available 
and needed to support net-zero energy design.

•  The period of comfort in outdoor spaces can be 
greatly expanded by appropriately   admitting or 
blocking sun and wind.

•   Outdoor heating and cooling goals have confl icting 
design implications.

•  In mixed heating and cooling climates, careful design 
may allow for seasonal adaptation to both conditions. 

CONTEXT

The OUTDOOR MICROCLIMATE bundle operates at the local 
scale of a building and its site to organize a group of 
smaller strategies for outdoor rooms. It also creates condi-
tions that help to build the urban scale strategies related 
to outdoor climate, such as SHADOW UMBRELLA, OVERHEAD 
SHADES and the urban scale application of WINDBREAKS. By 
setting the location of cool and warm outdoor rooms in 
relation to buildings and climates, this bundle sets criteria 
for these and other urban fabric strategies, such as SOLAR 
ENVELOPE and TALL BUILDING CURRENTS. 

FORCES

Most contemporary North American buildings exhibit 
a strong separation of inside from outside. The rich 
traditional form language of outdoor rooms and transi-
tional in-between spaces has increasingly disappeared. 
Most outdoor places are used only for a small fraction 
of the year because they are thermally uninhabitable. 
Few designers program outdoor space. Partly because 
of this, people think they need more conditioned 
indoor space. 

John  Lyle termed buildings and landscapes typically 
designed in the age of  fossil  fuels as  paleotechnic (relat-
ing to old technology). In contrast, he used the term 
 neotechnic for buildings and landscapes tuned to climate 
and local ecology to meet human needs (Lyle, 1985). In 
paleotechnic buildings, dominated by indoor mechanical 
conditioning, people have  come to  expect that out-
door comfort is a matter of a narrow range of conditions. 
Neotechnic sustainable designers have the opportunity 
to change our relationship to Nature, in terms of both 
resources and pollution and by creating places where out-
door and  transitional spaces can be inhabited and in 
which Nature is cared for. As  Robert Brown puts it in his 
 enduring  microclimate hypothesis, “landscapes that create 
positive microclimates are likely to endure, while negative 
microclimates are likely to be removed or replaced over 
time” (Brown, 2010). 

Eèïìö, CÜèïÜì fê± Eèó®Àìê≠éÜèïÇç EÖñˇÇïäÀê≠, 
AâéÜÖÇÉ†Ö, IèÖäÀÇ
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EôëÇèîäÀê≠ o• tâÜ  Cê¨áê±ï Zê≠Ü iÀè OñïÖêÆ± SëÇˇÜî by DÜîäÀàÔ®Àng w®Àth CçäÀéÇïÀe 
LÜáï: hê¥ìçö cê≠ÖäÀïä Àê≠î; RäÀàÈï: cê≠ÖäÀïä Àê≠î  aáïÜì  mÇèäÀëñçÇïäÀèà aó†äÀçÇÉ´Ü hê¥ìçö sñè aèÖ w®ÀèÖ. TêØ row: MÇÖäÀîê≠, WI; Bê≥ïê¨: 
Hê¥îïê≠, TX
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OUTDOOR MICROCLIMATES: Hê≥ CçäÀéÇïÜ Bundle

 RECOMMENDATIONS

Imagine the indoor and outdoor environments as a contin-
uum of climatic contexts and criteria. 
• Develop a brief architectural  program for all 

outdoor spaces on the site. Set goals and criteria 
for use, size, experiential qualities, occupancy 
periods and thermal conditions. In most cases, this 
will require designers to expand on and rethink the 
conventional program. 

•  Create a building and site organization with three 
kinds of    rooms: 1) indoor rooms, 2) outdoor rooms, 
3) rooms that are in-between indoors and outdoors. 

•  Use combinations of  strategies in this bundle 
to locate and shape a family of outdoor rooms 
habitable in different seasons and at different times 
of day. 

•  Refi ne these outdoor rooms using    building systems 
level strategies to provide in each room varying 
degrees of engagement and  retreat from the climatic 
forces.

The analysis shown in Expansion of  the Comfort Zone 
in Outdoors Spaces by Designing with Climate (previous 
page) demonstrates the effectiveness of working with the 
site forces of sun and wind to effect changes in outdoor 
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conditions. On the left side, fi nd the existing typical com-
fort conditions based on temperature and humidity in 
Madison Wisconsin, mostly cool (top row); and in Hous-
ton, Texas, mostly warm–humid (bottom row). The climate 
calendars on the right show expanded comfortable hours 
for outdoor spaces designed with climate. The existing 
conditions are determined from the BIOCLIMATIC CHART. If 
there is enough radiation (determined from hourly radi-
ation data) at a given underheated hour, the existing 
condition may change from Cold to Comfort. If there is 
enough wind (determined from hourly wind speed data) 
at a given overheated hour, the existing condition may 
change from Hot to Comfort. The level of wind or radiation 
required to produce comfort is obtained from the BIOCLI-
MATIC CHART. This expanded zone of comfort represents 
the potential for passive design to improve comfort in 
outdoor rooms. Of course, changing clothing levels or 
activity could also increase or decrease comfort at any 
hour. The method is indicative only. Comfort and Hot con-
ditions are assumed to be fully shaded. For details of the 
method and examples from other climates, see the “Com-
fort” section of the  Climatic Context reports provided in 
SWL Electronic. 

CORE STRATEGIES 

Four strategies form the core of this bundle 
and apply to almost all outdoor rooms. The 

basic motives are reversed in hot and cold conditions. In 
general, in a cooling condition, provide access to wind 
and block the sun; in a heating condition, admit the sun 
and block the wind. For more detailed criteria by climate, 
see SITE MICROCLIMATES. 

LOCATING OUTDOOR ROOMS is the most fundamental 
move that places built form and open space relative to 
each other. It recognizes that the microclimate around 
buildings is impacted by the buildings themselves. They 
create shade or refl ect sun; they block wind or intensify 
it. Outdoor rooms can be located to make use of this fact. 

MIGRATION is often a good strategy because it is diffi -
cult to design a single outdoor space that is comfortable 
in all conditions. This strategy suggests creating multiple 
spaces designed to create different conditions (such as a 

summer room and a winter room) that allow users to move 
between them and fi nd conditions that suit them. Another 
variation is to create a gradient of conditions in a single 
space, such as full sun, partial shade and full shade. Given 
that people have different thermal tolerances and prefer-
ences, each will fi nd the combination of conditions that 
best suits that individual.

BUFFER ZONES create a third condition of tempering 
between inside and outside that reduces thermal stresses 
on the indoor space and can provide for occupied spaces 
at the edge of buildings, which are more comfortable than 
being in the open. BUFFER ZONES can be used for both cold 
and hot conditions. 

BREEZY AND CALM COURTYARDS helps the designer 
determine the dimensions of open spaces, such as court-
yards, based on whether wind is an asset or a liability. 
Breezy courts are relatively wide and permeable, while 
calm courts are more protected.

ROOMS FACING THE SUN AND WIND applies equally to 
indoor and outdoor rooms. If a partially enclosed outdoor 
room is to be ventilated, it needs both inlets facing the 
wind and outlets away for the wind. If an outdoor room 
is to receive sun, building massing cannot block the sun 
reaching the ground. This strategy is often at odds with 
rigid formal symmetry that creates mirrored orientations. 

SITUATIONAL STRATEGIES 
Variations Based on Hot and Cold Climates

Since the response to site forces of sun and wind for cool-
ing and for heating are fundamentally opposite in most 
cases, the variations on this bundle are marked for hot cli-
mates and cold climates. 

1.   Hot Climate OUTDOOR MICROCLIMATE Bundle

Hot climates can be mostly humid, mostly arid 
or a mix of humid and arid in different seasons 

or, in some climates, when major weather patterns shift. 
In all these conditions shade is desirable during selected 
periods according to the  SHADING CALENDAR. In arid condi-
tions, additional humidity can improve comfort, while in 
hot-humid conditions it generally does not. The remaining 
distinction is whether or not admitting wind is desirable. 
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In hot-humid conditions air movement over people will 
improve their comfort. In arid conditions, there is debate 
on the matter, usually centering on either the drying 
effects of wind or on its dust content. Take care to use 
strategies that will reduce dust (if it is a local issue) when 
ventilating outdoor spaces. In the authors' experiences, 
light breezes are usually desirable in hot-arid conditions, 
as they promote even greater evaporation of perspiration. 
Therefore, we generally recommend admitting moderate 
breezes while excluding the extremely hot ones in hot-arid 
climates, but not at the expense of shading.

Hot Climate Situational Strategies

SHADY COURTYARDS helps the designer choose propor-
tions where the building helps shade the outdoor room 
and its facades. Tall narrow courts create more shade but 
reduce wind fl ows. In general, wider courts that admit 
wind, coupled with arcades and layers of shades, such as 
found in the Entrepreneurship Development Institute 
[in BREEZY OR CALM COURTYARDS], work better in humid cli-
mates. Taller, narrower courts, particularly in the east-west 
direction, are advised in arid climates. This may be cou-
pled with a more sunny court to induce ventilation, such 
as shown in the Housing in Alice Springs, Australia [in 
BREEZY OR CALM COURTYARDS].  

   WATER EDGES is a strategy mostly useful in arid climates 
to increase humidity. Ponds can also create a “cool island” 
effect during the day and can have an evaporative cooling 
effect when used in relatively enclosed areas. 

VENTILATION OPENINGS ARRANGEMENT is important for 
good air distribution in both indoor and outdoor rooms, 
although many designers overlook this critical strategy. 
This strategy helps with placing inlets and outlets.

LAYERS OF SHADES helps to size overhead shading to 
shade an open space during specifi ed shading criteria. Its 
horizontal elements can also be combined with the verti-
cal elements of SHADY COURTYARDS. 

Hot Climate Example 

In the hot composite climate of Ahmedabad, India, which 
shifts from arid to humid seasonally, architects Neelkanth 
Chhaya and Kallol Joshi designed a thermal oasis at the 

Center for Environmental Education (CEE) (Chhaya, 
1990). An amazing diversity of outdoor rooms (see also 
the Entry at the  CEE on fi rst page of this bundle) is orga-
nized as a series of linked courts, along topographic ridges 
with axial views through the site. Offering a wealth of 
opportunity for daily and seasonal  MIGRATION, the varia-
tions include sunny roof terraces, pergola-covered and 
tree-lined courts and shady recessed porches that serve 
as BUFFER  ZONES. To accommodate the humid season, 
the BREEZY  COURTYARDS are also protected with  LAYERS 
OF SHADES above, a strategy also used over much of the 

CÜèïÜì fê± Eèó®Àìê≠éÜèïÇç EÖñˇÇïäÀê≠, AâéÜÖÇÉ†Ö, 
IèÖäÀÇ, 1990, NÜÜçåÇèïâ CââÇö‚ aèÖ KÇççê´ Jê≤âäÀ, 
aìˇâäÀïÜˇïî
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primary outdoor circulation. The outdoor rooms become 
SHADY  COURTYARDS by the combination of buildings act-
ing as vertical shades and a concert of trees, pergolas and 
trellises at the building edges working to    create shade in 
the horizontal plane. The wall and roof sections are ele-
gantly designed with planting beds for vines at the roof 
edges and also forming an inboard fi xed shade adjacent to 
the cantilevered trellises. Many courts have open corners 
towards the breeze [ROOMS FACING THE  SUN AND WIND] and 
the whole heavily vegetated complex can be described 
as relatively DISPERSED  BUILDINGS, combined with lower 

buildings in the windward direction. In a scheme in which 
habitable outdoor space seems equal to indoor space, 
the designers have crafted an architectural language that 
grows out of climate and culture.

2.  Cold Climate OUTDOOR MICROCLIMATE 
  Bundle

The core strategies for this bundle cover both 
hot and cold conditions, but the choices the designer 
makes are opposite, for example, designing migrational 
spaces that are warmer, locating outdoor rooms that are 
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HäÀçç Hê¥îÜ, 2004, Nêμ† Sˇê≥ä ÀÇ, BìäÀÇè MÇˇåÇö-
Lö≠î, aìˇâäÀïÜˇï

sunny and wind protected, and buffering from the cold 
rather than from the sun. In addition to the core strat-
egies for this bundle, this variation adds three new 
strategies that can be used in cold climates or in any cli-
mate that has a winter period.  

WINTER COURTS can be used at the scale of a single out-
door room, for a complex of buildings, or for a town. This 
strategy helps the designer shape and orient buildings 
to block wind and create a warm sunny protected area. 
WINTER COURTS help build places of MIGRATION. The larger 
strategy LOCATING OUTDOOR ROOMS helps defi ne the loca-
tion of the WINTER COURT and its accompanying outdoor 
rooms in other seasons.

SUNSPACES, in addition to their role in a passive solar 
heating system, are also spaces that can be inhabited dur-
ing certain periods and are a special case of buffer zone. 
Sometimes their temperature is above the comfort zone 
(such as in the middle of a sunny day), sometimes within 
the comfort zone (such as on a winter morning) and 
sometimes below the comfort zone (typically, at night). 
However, the sunspace will always be warmer than the 
colder outdoor temperatures in winter and will have a 
daily temperature variation that is greater than indoors 
but less than outdoors. 

WINDBREAKS are especially important in outdoor micro-
climates when the temperatures are cool. The BIOCLIMATIC 
CHART assumes that when conditions fall within the com-
fort zone, that the wind is blocked. If it is not, there is 
a cooling effect and even mild conditions can be experi-
enced as cold. Windbreaks can be buildings, walls, fences, 
or vegetation; in any variety, they help build WINTER 
COURTS and calm courts [BREEZY AND CALM COURTYARDS].

Cold Climate Example

The houses of Bryan Mackay-Lyons, set in the relatively 
cold maritime climate of Nova Scotia, provide a rich set of 
examples for confi guring   buildings and outdoor space to 
modify the outdoor microclimate. At the Kutcher House, 
in Herring Cove, the courtyard is protected by a 120 ft 
(37 m) long concrete wall (Carter, 2001; Quantrill, 2005). 
An almost equally long, but lower granite boulder protects B
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MÜîîÜèàÊì Hê¥îÜ II, 2003, UëëÜì KäÀèàÙÉ¥ìà, 
Nêμ† Sˇê≥ä ÀÇ, BìäÀÇè MÇˇåÇö-Lö≠î, aìˇâäÀïÜˇï

KñïˇâÜì Hê¥îÜ, 1998, HÜììäÀèà Cêμ§, Nêμ† Sˇê≥ä ÀÇ, 
BìäÀÇè MÇˇåÇö-Lö≠î, aìˇâäÀïÜˇï

the southerly side to form a WINTER COURT. The Messen-
ger House II, in Upper Kingsburg, Nova Scotia, covers 
the outdoor room with a daylighted roof and encloses it 
between the main house and a guest house, widening the 
deck on the sunny southwest side, while partially clos-
ing the space on the northwest with a slatted wind fence 
(Canadian Architect, 2002; Quantrill, 2005). Large sliding 
barn doors can switchably protect from sun and wind. 

Situated on a windy hilltop, the Hill House locates a 
courtyard between house and barn-like structure, wrapped 
on the other two sides by protective concrete walls, but 
leaving openings for views across the court and into the 
landscape (Kolleeny, 2005; Architectural Review, 2004; 
Quantrill, 2005).
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BUILDING SYSTEMS ➔ ELEMENTS ➔ 
MATERIALS

 B9  A RESPONSIVE ENVELOPE regulates comfort and 
energy use by  adapting to changing patterns of sun, 
light and air movement. [cooling, heating, lighting, 
ventilation and power]

KEY POINTS

•  Orientation  dramatically affects  apertures, shading 
and power production.

• Depending on the situation, lighting, cooling or 
heating may govern  aperture size.

• When aperture sizes confl ict, functions may be 
separated into specialized apertures.

• The choice of  whether or not to place thermal mass in 
the envelope can drive its design.

CONTEXT 

Each bundle helps build one or more larger strategies at 
the next scale of complexity. The strategies of this bundle 
help build DAYLIGHT     ROOM GEOMETRY.  Because these strat-
egies address both heating and cooling, they also help 
build one or more heating or cooling strategies (see the 
situational bundle diagrams).

FORCES 

The essential problem of the climatic envelope exists 
because of the tensions among its multiple functions 
and the variable nature of its design   criteria over time. 
In most buildings, the envelope must resist conductive 
heat fl ow, admit and control daylight and either collect 
sun or admit outdoor air for cooling. In most cases, the 
envelope also admits fresh air. During overheated peri-
ods, its glazing needs shading, and in extreme heat, even 
its insulated opaque elements may require shade. Combine 
these common multiple objectives with a dynamic climate 
of seasonal and daily variability across a range of temper-
ature, humidity, radiation, luminance, wind and sun angles 
and the designer has a challenging problem! The size of 
apertures may depend on whether daylighting, ventilation 

or solar heating governs, whether openings are separated 
or combined, and whether the  ventilation and solar aper-
tures admit light to the room.

RECOMMENDATIONS 

• Using the table Bundle Variations by Climate and 
Internal  Gains, in the section “Bundles Explained” 
(see Part IV), determine which climate variation of 
this bundle fi ts the building best and whether the 
situation is “heavily dominated” in that climatic 
direction (i.e., H2 or C2).

• Using the tools in SOLAR APERTURES and VENTILATION 
APERTURES, determine for each orientation whether 
aperture sizing for heating, cooling or ventilation 
governs. Consult the table Design Responses to 
Aperture Size Confl icts.

EÖñˇÇïäÀê≠ CÜèïÜì, IççÇìoê, NÜò Sê¥ïâ WÇçÜî, 
AñîïìÇçäÀÇ, GçÜèè Mñìˇñïï, aìˇâäÀïÜˇï
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Largest Required Aperture Possible Integrated Design Responses

HEATING

• Limit direct gain apertures to that required for daylighting.

• Supplement direct gain rooms with other solar heat strategies that admit less or no daylight.

•   Shade solar apertures in summer or totally isolate the heat gains (i.e., separately vented sunspace or thermal 

storage wall).

•   Use seasonal solar refl ectors to increase winter gain through smaller solar apertures.

VENTILATION

•   Separate ventilation from solar and daylight apertures using openings with opaque covers, indirect or baffl ed 

pathways, under-fl oor openings, or low-refl ectance louvers.

•   Fully shade ventilation apertures to reduce heat and light gains.

•   Select daylight and solar apertures that are fully operable (casements rather than awning windows). 

DAYLIGHTING

•   Use direct gain solar apertures on equator-facing facades. Limit daylight openings to those required for 

heating.

•   Combine fi xed glass with an operable percentage that meets ventilation needs. (reduces cost.)

•   Use exterior daylight refl ection to reduce required size of daylight apertures.

DÜîäÀàÔ RÜîëê≠îÜî tê AëÜìïñìÜ SäÀõÜ Cê≠áçä Àˇïî

• Only after solving for passive HCLV issues, size and 
locate collection for PHOTOVOLTAIC  WALLS AND ROOFS 
on equator-facing roofs and facades to meet or 
exceed  NET-   ZERO ENERGY BALANCE criteria.

CORE STRATEGIES 

There are fi ve strategies that are so pervasive 
in climatically responsive building envelopes 

that they can be considered invariants. Each of these fi ve 
strategies is so critically important that ignoring just one 
is a recipe for a failed responsive envelope.

WELL-PLACED    WINDOWS: The designer is directed to 
consider the size of windows for each orientation, relative 
to the site forces of sun and wind, for both heating and 
cooling seasons.

SEPARATED OR COMBINED OPENINGS: The designer recog-
nizes that any apertures in the envelope can specialize in 
ventilation, light, or solar gain, or can perform more than 
one role simultaneously.  

SKIN THICKNESS: This strategy recommends insulation 
thickness, depending on climate and building type, which 
creates greater or lesser conductive loads on the envelope. 

More insulation is needed in skin-loaded buildings and in 
cold climates. 

DAYLIGHT APERTURES: This strategy helps the designer 
size openings based on the external daylight resource 
present in the climate as well as the interior lighting 
needs of the rooms enclosed by the envelope.  

WINDOW AND GLASS TYPES: This strategy gives 
recommendations for important thermal and lighting char-
acteristics to consider when choosing windows.

REFINERS FOR ALL STRATEGIES 

The following are recommended for all envelopes in all cli-
mates, but not for all surface orientations: 

PHOTOVOLTAIC  WALLS AND ROOFS: Photovoltaics for pro-
duction of electricity are most effi cient on south-facing (N 
in SH) pitched roofs. Proportionally larger PV arrays can 
also be used on south-facing walls and on fl at roofs with 
racks. On south walls, PV's compete for space with solar 
apertures, breathing walls and air collectors. Remember to 
leave enough space for SOLAR HOT WATER collectors. 

SOLAR HOT WATER: Collectors for heating hot water 
are most effi cient on south-facing (N in SH) roofs. 
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Proportionally larger collectors can also be used on south-
facing walls and on fl at roofs with racks.

SITUATIONAL STRATEGIES: Variations Based on  
Hot-Humid, Hot-Arid and Cold Climates 

The bundle may be varied by the need for heating, cooling 
or a combination of both, and by the climatic con-
text of aridity or humidity. The bundle diagrams show 
three variations and mark out the extremes: “Cold Cli-
mate,” “Hot-Arid Climate,” and “Hot-Humid Climate.” In 

temperate climates, which shift seasonally   from heat-
ing to cooling, the designer will       need to construct a 
project-specifi c bundle using a combination of the Cold 
Climate bundle variation plus either  the Hot-Arid or the 
Hot-Humid bundle variation (see Bundle Variations by 
Climate and Internal Gains in the section “Navigation by 
Climate”). In practice, most climates in the continental 
US require some mix of heating and cooling. Phoenix and 
Miami have a short heating season, while Minneapolis and 
Boston have a short cooling season. 
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To select which bundle variation to use for your combi-
nation of climate and use, refer to the Bundle Variations 
by Climate and Internal Gains in the section “Navigation 
by Climate.” 

1.  Hot-Humid RESPONSIVE ENVELOPE Bundle

The hot-humid RESPONSIVE ENVELOPE bundle 
focuses on and biases toward reducing solar 

gain and promoting ventilation.

Context 

The hot-humid variation of the bundle helps to build both 
CROSS-VENTILATION and STACK-VENTILATION ROOMS (both 
are recommended). The options for passive cooling are 
more constrained in humid climates, yet in most hot-
humid climates, NIGHT-COOLED MASS will work for some of 
the cooling months. In some cases, this bundle may sup-
port WIND CATCHERS, a variation for urban settings, or ROOF 
PONDS, which work in some hot-humid climates. To help 
determine the context, see the PASSIVELY COOLED BUILD-
ING bundle.

Hot-Humid Situational Strategies 

In addition to the fi ve core strategies applicable to all 
RESPONSIVE ENVELOPES, this Hot-Humid variation of the 
bundle adds these  situational strategies that will apply to 
most buildings in hot-humid climates:

LAYER OF SHADES AND EXTERNAL SHADING: To reduce 
high solar load and make passive cooling possible, exter-
nal shading is required. Fixed EXTERNAL SHADES can be 
combined with movable external shades for the swing sea-
sons, or combined with movable INTERNAL OR IN-BETWEEN 
SHADES.

VENTILATION APERTURES: Natural ventilation alone can 
often handle the cooling load for many months. Most 
hot-humid climates are moderate for all but a few weeks. 
During more extreme periods, CROSS-VENTILATION ROOMS 
and STACK-VENTILATION ROOMS can support NIGHT-COOLED 
MASS.

EXTERIOR SURFACE COLOR: The color and materials of 
the outside skin can contribute to comfort, in this case by 
reducing solar gains and quickly releasing absorbed heat.

Hot-Humid Refi ner Strategies 

EARTH EDGES: Green roofs and earth-berm walls can reduce 
or eliminate solar gain on their surfaces. In hot-humid 
climates, the ground may be one of the only heat sinks 
capable of absorbing excess heat. If summer condensa-
tion and ventilation issues can be resolved, this is often a 
good cooling strategy.

DOUBLE SKIN MATERIALS: Hot-humid climates have 
intense east, west and overhead sun in the summer (or 
all year in the tropics). A ventilated double skin strategy 
works particularly well here and can eliminate the solar 
load on opaque envelope surfaces.

VENTILATION OPENINGS ARRANGEMENT: Humid cli-
mate cooling is all about moving air where and when it is 
needed. This strategy increases air velocity in the room 
and decreases stagnant zones in naturally ventilated 
rooms. 

MASS ARRANGEMENT: To support NIGHT-COOLED MASS 
requires large surface areas of thermal mass located where 
it can absorb heat and be cooled by night ventilation.

Warm-Humid Example 

In the mild temperate-humid climate of Illaroo,  New 
South Wales, Australia, Glenn Murcutt designed the sunny 
northerly facade of the guest rooms for the Arthur and 
Yvonne Boyd Education Centre to address a combination 
of shade, sun, light, ventilation and view (see illustration 
on fi rst page of this bundle) (Murcutt, 2006; Drew, 1999; 
Fromonot, 2000, 2003). The cantilevered sleeping alcoves 
are shaded by a combination of a deep roof overhang and 
projecting blades [EXTERNAL SHADING ] that also refl ect 
light in to the room [ REFLECTED SUNLIGHT], catch breezes 
and frame views. The upper glazing, which admits light 
deep into the space, is fi xed, as is the lower view window 
[DAYLIGHT  APERTURES]. Solar heat is admitted from this 
north facade in winter [SOLAR  APERTURES]. 

The midsection of the wall is confi gured with opaque 
operable panels that pivot out for maximum ventilation 
or remain closed for the use of smaller ventilation panels 
that slide to reveal wood  louvers [ VENTILATION APER-
TURES]. The functions of view, light, sun and  ventilation 
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are separated for individual control [SEPARATED OR COM-
BINED OPENINGS]. The sides of the projections subject to 
east and west sun are opaque [WELL-PLACED        WINDOWS], 
and along with the lower, unshaded portions of the north 
face, are insulated [SKIN THICKNESS]. The RESPONSIVE ENVE-
LOPE contributes to a building that requires no mechanical 
heating or cooling system.

2.  Hot-Arid RESPONSIVE ENVELOPE Bundle

The hot-arid bundle  focuses on and   biases 
toward reducing solar gain, creating thermal 

lag and storing daytime heat gains for night ventilation. 

Context 

The hot-arid climate bundle helps to build NIGHT-
COOLED MASS and either CROSS-VENTILATION ROOMS or 

RESPONSIVE ENVELOPE: Hê≥-AìäÀÖ CçäÀéÇïÜ Bundle
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STACK-VENTILATION ROOMS (or both). The options for pas-
sive cooling in arid climates are many. In some cases, this 
bundle may  support WIND CATCHERS, a variation for urban 
settings, or EVAPORATIVE COOLING TOWERS or ROOF PONDS, 
both of which work well in hot-arid climates. To help 
determine the context, see the PASSIVELY COOLED BUILD-
ING bundle.

Hot-Arid Situational Strategies 

In addition to the fi ve core strategies applicable to all 
RESPONSIVE ENVELOPES, the Hot-Arid bundle variation adds 
these situational strategies that will apply to most build-
ings in hot-arid climates:

MASS ARRANGEMENT: To support NIGHT-COOLED MASS 
requires large surface areas of thermal mass located where 
it can absorb heat and be cooled by night ventilation. For 
cooling, mass is best placed in the ceiling or walls.

THERMAL MASS: Mass surface must be sized to store 
adequate cold. Since its area is often twice that of the 
fl oor area, some or all of the mass will be in the envelope.

 EXTERNAL SHADING: To reduce high solar load and make 
passive cooling possible, external shading is required. 
Fixed external shades can be combined with movable 
external shades for the swing seasons, or combined with 
movable INTERNAL OR IN-BETWEEN SHADES.

VENTILATION APERTURES: Natural ventilation alone can 
often handle the cooling load for many months. Many hot 
arid climates are moderate for all but a few weeks. Dur-
ing more extreme periods, CROSS-VENTILATION ROOMS and 
STACK-VENTILATION ROOMS can support NIGHT-COOLED MASS. 
In buildings with EVAPORATIVE COOLING TOWERS, ventilation 
apertures will be used for outlets only. 

EXTERIOR SURFACE COLOR: More than in any other 
climate, the color and materials of the outside skin in hot-
arid climates can contribute to comfort, in this case by 
reducing solar gains and quickly releasing absorbed heat.

Hot-Arid Refi ner Strategies 

REFLECTED SUNLIGHT: Hot-arid climates tend to have 
bright clear skies in which daylight from the direct sun 
or bright sky can come with a heat gain liability. Using 
refl ected lighting strategies can provide a cooler light and 
works better here than in a more diffuse overcast sky.

DOUBLE SKIN MATERIALS: Hot-arid climates have 
intense east, west and overhead sun in the summer (or 
all year in the tropics). A ventilated double skin strategy 
works particularly well here and can eliminate the solar 
load on opaque envelope surfaces.

DAYLIGHT-ENHANCING SHADES: Because a good pas-
sively cooled building will have extensive external shading 

NôñéÇçê Hê¥îÜ, JêßÇèèÜîÉ¥ìà, Sê¥ïâ AáìäÀˇÇ, 1988, Jê Nê§ìê, aìˇâäÀïÜˇï
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and because the outside sky is bright, glare can be an 
issue. This strategy resolves the tensions between shade 
and daylight.

Hot-Arid Example 

In the sunny, semi-arid climate Johannesburg, South 
Africa, Jo Noero’s Nxumalo House organizes the sunny 
north side with deep eaves protecting the upper fl oor 
glazing, and on the lower fl oor, louvered vents [VENTILA-
TION  APERTURES] and an external trellis [LAYER OF SHADES ] 
(Noero Wolff, 2012), The majority of openings are on the 
easily shaded north and south exposures, while east and 
west windows are kept small [WELL- PLACED WINDOWS]. VEN-
TILATION APERTURES are provided by small awning windows 
on the top fl oor and high louvers on the lower fl oor. When 
more air fl ow is needed, larger awning windows on the top 
fl oor and glazed doors below the trellis can be employed. 
Daylight is provided by fully shaded clear glazing on the 
upper fl oor, the louvered apertures above the trellis, and 
the larger glazing beneath the trellis [ DAYLIGHT APER-
TURES]. Unshaded portions of the wall are insulated and 
opaque [SKIN  THICKNESS]. Winters are sunny but mild, so 
partial sun is admitted when the sun’s altitude is lower 
[SOLAR  APERTURES]. In contrast to the Murcutt building, 
each opening serves more than one purpose [ SEPARATED 
OR COMBINED OPENINGS]. The EXTERIOR SURFACE COLOR is 
white stucco on the lower fl oor and natural wood below 
the windows of the second fl oor. Because windows are 
well-shaded, they can be made of clear glass to admit 
more cool daylight [ WINDOW AND GLASS TYPES]. The deep 
shading means that most of the interior light comes from 
REFLECTED   SUNLIGHT. THERMAL MASS  is located not in the 
north envelope, but in the massive fl oor and  EARTH EDGES 
on other orientations.

3.  Cold Climate RESPONSIVE ENVELOPE Bundle 

The Cold Climate bundle variation focuses pri-
marily on capturing and retaining both winter 

sun and interior heat. DAYLIGHT APERTURES will be larger 
than VENTILATION APERTURES and on equator-facing orien-
tations, SOLAR APERTURES will be larger than daylight or 
ventilation requirements. 

Context 

The Cold Climate bundle variation helps to build ROOMS 
FACING SUN AND WIND and either DIRECT GAIN ROOMS or 
THERMAL STORAGE WALLS. The primary orientation in the 
cold climate is to the winter sun for collecting heat and 
away from winter winds. Orientation toward summer 
breezes is secondary.

Cold Climate Situational Strategies 

In addition to the fi ve core strategies applicable to all 
buildings, this situational bundle adds: 

SOLAR     APERTURES: This strategy establishes a gen-
eral relationship between equator-facing glazing and how 
much heat the building can get from the sun annually 
using passive solar design.  

INTERNAL AND IN-BETWEEN SHADES: To reduce load and 
prevent the need for air-conditioning in mild summer cli-
mates, remember the shading. Large solar apertures for 
winter heat and larger daylight apertures that adjust for 
dimmer or more overcast skies can easily create summer or 
clear day overheating. Since exterior shades can partially 
shade the solar glass, in cold climates designers often 
choose internal shades. 

Cold Climate Refi ner Strategies

VENTILATION APERTURES: Apertures can be sized to remove 
heat gain by cross-ventilation based on the design 
wind-speed. They can also be sized to remove heat by 
stack-ventilation based on the stack height. It is the rare 
building where ventilation in inappropriate, however, this 
strategy is a refi ner in a cold climate because windows 
sized for daylight and solar gain are also usually more 
than adequate for ventilation.   

THERMAL MASS: The larger solar apertures required in 
cold climates create overheating without the use of ther-
mal storage. In some cases, mass for DIRECT GAIN or mass 
for THERMAL STORAGE WALLS can be placed in the envelope. 
Although thermal mass is important in all passive solar 
buildings, it is included in this bundle as a Refi ner Strat-
egy because mass in the exterior envelope is less common 
and not required. Whenever THERMAL MASS is used, consult B
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RESPONSIVE ENVELOPE: Cê´Ö CçäÀéÇïÜ Bundle 

L3
 B

U
IL

D
IN

G
 

SY
ST

EM
S

L2
 E

LE
M

EN
TS

L1
 M

A
TE

RI
A

LS
L4

 R
O

O
M

S

B
U

N
D

LE
S:

 L
4 

  Ro
om

s



192

the strategies for MASS ARRANGEMENT and MASS SURFACE 
ABSORPTANCE.

INSULATION OUTSIDE: When THERMAL MASS for DIRECT 
GAIN ROOMS is used in the exterior envelope, it should 
always be exposed to the room air and wrapped with 
insulation. 

MOVABLE INSULATION: In the great majority of cold cli-
mates and in many temperate climates, the solar heating 
performance of the building is greatly improved by insu-
lating the glazing at night. Alternatively, systems with 
various types of high-performance glazing, translucent 

insulations, or translucent phase change materials, may 
perform as well as moveable insulation.

Cold Climate Example 

Although designed to address both heating and cooling, 
the The Living Light House (Stach and Rose, 2011; DOE, 
2011; Casely, 2011; Rybak, 2011; Hoyt, 2011) is opti-
mized more for cold conditions. On both the north and 
the south side, its Smart Facade uses a dynamic double 
layer system, made up of suspended fi lm, highly insulated 
(R-11) interior glass and single-pane exterior glass [SOLAR 

SéÇìï FÇˇÇÖÜ, LäÀó® Àèà LäÀàÈï Hê¥îÜ, 2011 Sê´Çì DÜˇÇïâçê≠ cê¨ëÜïäÀïä Àê≠ eèïìö, Pìê•. EÖà‚ì SïÇˇâ, Prof. 
JÇéÜî Rê≤Ü, aèÖ UèäÀó§ìîäÀïö o• TÜèèÜîîÜÜ sïñÖÜèïî

cêÆ´äÀèà mê£Ü

hÜÇïäÀèà mê£Ü
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 APERTURES; WINDOW  AND GLASS TYPES]. Alternating translu-
cent and transparent panes serve as  DAYLIGHT APERTURES, 
allowing for views of the landscape while maintaining a 
sense of privacy for the occupant. 

The  PHOTOVOLTAIC ROOF, made up of cylindrical mod-
ules extends to form  EXTERNAL SHADING sized to protect 
the glass in summer and admit winter sun. Sandwiched 
between the two panes of glass is a motorized horizontal 
blind system which blocks sunlight before it reaches the 
conditioned space [INTERNAL  AND IN-BETWEEN SHADING] 
and can be used to absorb solar radiation in winter. The 
blind system is programmed to provide proper lighting and 
shading throughout the year. It also provides more privacy 
when desired. 

The cavity within the wall is integral to the HVAC 
system [supply AIR FLOW  WINDOWS] and constitutes a 
combination of  THERMAL COLLECTOR WALL (when warm 
air is extracted) and apertures for  DIRECT GAIN ROOMS 
(when sun passes directly into the space). During colder 
months, the black face of the horizontal blind absorbs 
solar radiation within the south cavity, similar to  MASS 
SURFACE ABSORPTANCE. Outside air is drawn through low 
louvers [ VENTILATION APERTURES], preheated in the cav-
ity and directed to an energy recovery ventilator (ERV) 
[AIR–AIR HEAT  EXCHANGER]. Warm exhaust air from indoors 
is directed outside, through the north cavity, reducing 

conductive envelope heat loss [exhaust AIR FLOW WIN-
DOWS], and out another set of low louvers [VENTILATION 
APERTURES].

During warmer months this process is reversed, pull-
ing fresh air in from the cooler north facade cavity (which 
now becomes supply AIR FLOW WINDOWS) via the ERV, pre-
cooling the fresh air with the indoor exhaust air stream, 
and exhausting air through the south facade (which now 
functions as exhaust AIR FLOW WINDOWS) to cool the cav-
ity and reduce heat gain through the south envelope. 
When outside temperature and humidity is acceptable, 
operable windows [VENTILATION APERTURES] on the interior 
facade layer can be opened to allow fresh air inside. In 
this mode, HVAC systems turn off except for a small fan for 
MECHANICAL SPACE  VENTILATION. 

Daylighting, solar gain, ventilation and cooling func-
tions are sometimes addressed with  SEPARATED OPENINGS 
and sometimes with COMBINED OPENINGS. While the same 
glass admits solar heat and daylight, the majority of solar 
heat can be admitted (blinds up) or captured in the cavity 
(blinds down) and either used or rejected to the outside, 
while daylight is  admitted to the interior. While the same 
outer layer openings are used for fresh  air ventilation 
and for ventilative cooling, outside air can be admit-
ted directly to the interior space for both ventilation and 
cooling (inner windows) or directed to the HVAC system 
(for ventilation with heat recovery). 
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Despite the fact that Sun, Wind & Light is a knowledge 
base built of preliminary design strategies that take 
typically five minutes or less to use, the sheer volume 
of information can be daunting. While we have tried 
to make the process of design with climate as clear 
and easy as possible, the book assumes some profi-
ciency with the basics of energy and buildings and that 
the user is not a beginner in the practice of designing 
buildings. 

This chapter gathers our favorite and most use-
ful design rules of thumb. Some tools, we have found, 
are so often used that we wanted a quick way to find 
them without wading through all the other associated 
material.

Part V “Favorite Design Tools” help the designer 
make quick decisions early in the design process when 
specific information is hard to come by. Most of the 
design strategies in SWL3 give design guidelines in the 
form of a quick decision tool. Often a complex design 
situation is simplified by fixing several variables and 
leaving the most significant architectural variables 

up to the designer. Be sure to read the accompanying 
text, which explains the assumptions, and make sure 
that your scheme fits these assumptions in a reason-
able way. 

Each design tool helps tie a design decision to its 
energy or lighting performance consequence. These 
tools are meant to be quick and dirty. Some precision 
is sacrificed in favor of speed. 

The design tools presented here are also included 
in  SWL Electronic in their full form and in the con-
text of the full design strategy, which includes a fuller 
explanation of the context of its use, the forces at 
work in the situation and examples of how the strategy 
that the tool supports has been used in an elegant way 
by other architects. In some cases, for brevity, we have 
condensed the tool or its explanation. We suggest that 
the first time you use the design tool you read the 
entire strategy. After you understand its context and 
application, the quick version in the printed book can 
be used for ready reference.

 Part V
FAVORITE DESIGN   TOOLS
condensed
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SïñÖö o• tâÜ 1916 NÜò Yê±å Zê≠äÀèà, HñàÈ FÜììäÀîî

 14   DAYLIGHT SPACING ANGLES set the criteria to 
assure adequate daylight access to buildings and 
determine the daylight envelope. [daylighting]

Daylight access is a precondition to the use of day light 
in buildings. In dense contexts, lim i ta tions on build ing 
massing are necessary to in sure day light access to every 
building. Hugh Ferriss' Study of the 1916 New York Zon-
ing, de signed to protect access to light and air,  predicted 
the impact of the law in his book The Me trop o lis of Tomor-
row (Fer riss, 1928). 

The table Daylight Spacing Angles for Different Lati-
tudes indicates rule–of–thumb day light spac ing angles 
rec om mend ed for different lat i tudes. 

The table assumes over cast sky con di tions typ i cal of 
the lat i tudes list ed and con tin u ous build ing rows. Day light 
fac tors shown are suffi cient to pro vide an av er age of 20 
foot–candles (215 lux) in doors, a mod er ate level of am bi-
 ent light ing that would re quire TASK  LIGHTING for ac tiv i ties 
such as read ing or drawing. At low lat i tudes, high er lev-
 els of exterior il lu mi nance are avail able for more of the 
year, while at high lat i tudes nearer the poles, very short 
win ter days pre vent high in te ri or day light lev els from 
be ing achieved year–round. The table shows the per cent-
 age of annual hours be tween 9 AM and 5 PM during which 
the 20 fc (215 lux) in te ri or day light lev el will be met or 
ex ceed ed. Three an gles are given (in degrees): 

• The Low column, representing shal low er spac ing 
an gles (wider streets/short er build ings) can be gen er al ly 
as so ci at ed with small win dows and darker (low–re fl ec-
 tance) exterior walls. 

• The Medium column, the recommended val ues, can 
gen er al ly be associated with medium–sized win dows and 
light– col ored (higher re fl ec tance) exterior walls. 

• The High column, representing steep er spac ing an gles 
(narrower streets/taller build ings) can be gen er al ly 
associated with large win dows and light–colored (high–
refl ectance) ex te ri or walls.

As the comments in the table in di cate, at low lat i tudes, 
large windows are unnecessary for light ing and may cause 

excessive glare and heat gains, while at high lat i tudes, 
low–  re fl ec tance walls are not recommended (NR). 

The relationships among sky con di tion,  lat i tude, sur-
 face refl ectivity, building spacing and con ti nu ity, build ing 
shape and height are com plex and the spac ing angles in 
the table may be more re stric tive than necessary un der 
some cir cum stanc es. Re mem ber that many low–latitude 
climates may be dom i nat ed by clear skies and thus the 
spac ing an gles would gen er al ly be more re stric tive than 
nec es sary. However, de sign ers may wish to use the over-
 cast sky as a design condition for spacing buildings and 
sizing win dows, while pro vid ing con trols at the windows 

From DAYLIGHT  ENVELOPES
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DÇöÌäÀàÈï SëÇÑäÀèà AèàÌÜî fê± DäÀááÜìÜèï LÇïäÀïñÖÜî 
(fê± 20 fÑ iÀèïÜìäÀê± iÀççñéäÀèÇèÑe & oμ§ìÑÇîï såy)     NR = nê≥ rÜˇê¨éÜèÖÜÖ

Latitude

N. or S.

 Required 

Daylight 

Factor

H/W

range

Min. Spacing Angle    

Low    Medium     High

% ann. 

hours

9AM–5PM COMMMENTS

0–8 1.0 1.7–2.0 60 70 NR 95 large windows NR

12–16 1.0 1.7–2.0 60 70 NR 90 large windows NR

28–32 1.5 1.5–2.0 50 65 70 85

34–38 2.0 0.8–2.0 39 60 65 85

40–44 2.5 0.5–1.8 24 52 61 85

46–48 3.0 0.4–1.5 22 45 56 85

52 4.0 0.2–1.0 11 31 45 85 low reflect walls NR

56 4.0–5.5 0.3–1.0 NR 23 37 80–85 low reflect walls NR

60 4.0–6.0 0.2–1.0 NR 21 35 70–80 low reflect walls NR

64 4.5–6.0 0.2–0.8 NR 18 32 60–70 low reflect walls NR

68 5.0–6.0 0.2–0.7 NR 15 30 60–70 low reflect walls NR

70 6.0 0.2–0.5 11 24 60 low reflect walls NR SëÇÑäÀèà AèàÌÜ (dÜàÛÜÜî)

Cê≠îïìñÑïäÀê≠ o• a DÇöÌäÀàÈï AÑÑÜîî Eèó§çêØÜ

B

B

A A

PçÇè

SÜÑïäÀê≠ A

Såö Eôëê≤ñìÜ P çÇèÜ

SÜÑïäÀê≠ BW
H

to keep out ex cess sun and light on clear days [see DAY-
LIGHT AVAILABILITY]. A DAY LIGHT ENVELOPE is the maximum 
volume that can be built on a given site while still pro-
 tect ing day light access to neigh bor ing buildings or sites. 
Day light en ve lopes offer a pre scrip tive de vel op ment con-
trol. Their geometry is illustrated in Construction of a 
Daylight Access Envelope.

After the spacing angle is known from the table, a 

daylight en ve lope may be constructed: Determine street 
width and build ing height along the street. Then strike 
a sky ex po sure plane from one side of the street at 
ground lev el through the top of the street wall on the 
other side, as il lus trat ed. When this is done on all four 
sides of a block, a hip-roof–shaped pyramid is formed 
above the street-wall–defi ned rect an gu lar volume. 

This is a daylight envelope. As long as a win dow can-
 not “see” a part of the building across the street that is 
above the specifi ed street wall height, its day light ac cess 
will not be impacted further. Be cause  sky lu mi nance var-
 ies with latitude, higher lat i tudes require us ing high er 
day light factors to achieve the same ef fect as in lower lat-
itudes [see table in DAYLIGHT APERTURES].
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Sê´Çì CäÀ ï ö P äÀ çÑâäÀèà, LäÀèõ, AñîïìäÀÇ, Nê±éÇè Fê≤ïÜì & PÇìï èÜìî, sÜÑï äÀê≠ tâìê¥àÈ sê¥ïâ sÜÑïê± hê¥îäÀèà

 20       BUILDING SPACING FOR SOLAR ACCESS sets 
criteria for insuring winter solar gain to building 
rows spaced in the north–south direction. [heating]

The placement of a building such that it has access to 
the sun without shading other buildings has important 
implications for the form and arrangement of groups of 
buildings. 

The appropriate spacing between buildings is deter-
mined by the profi le angle of the low altitude winter 
sun. Multiply the height of the building, H, by the value 
X from the table Building Spacing for Winter Solar 
Access to determine the spacing, S, that will provide 
optimum winter exposure for a cluster of buildings. 
Also, see EAST–WEST PLAN.

The table is based on the sun position on Dec 21 and 
Jan/Nov 21 for Northern Hemisphere latitudes between 
0° and 52°. Corresponding Southern Hemisphere months 
are also given at the bottom of each part of the table. 
Because at high latitudes the sun in midwinter is very low 
or below the horizon, full solar access all winter may be 

impossible. Therefore, for 56–60° latitude, the solstice 
month is omitted, and for 64–70° latitude, the three win-
ter months with the lowest sun are omitted. The most 
intense solar radiation falls between the hours of 10 AM 
and 2 PM (solar time).

In planning the Solar City Pilching, a new district for 
Linz, Austria, architects Foster, Herzog and Rogers planned 
two of the district's sectors as east–west–elongated, 
roughly parallel rows (Herzog, 1996, pp. 180–191; Treber-
spurg, 2008). As shown in the section, the buildings of 
the south sector are spaced with an 18° angle, giving 
solar access on Jan/Nov 21 between 10 AM and 2 PM. Addi-
tionally, the spacing distance between the buildings has 
been reduced by raising the fi rst fl oor with parking below, 
and by cutting back the north side of the upper fl oor on 
some buildings.

From 
EAST–WEST ELONGATED BUILDING GROUPS
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BñäÀçÖäÀèà SëÇˇäÀèà fê± WäÀèïÜì Sê´Çì AˇˇÜîî: VÇçñÜî o• X fê± CÇçˇñçÇïäÀèà BñäÀçÖäÀèà SëÇˇäÀèà
DÇïÜî aìÜ fê± 21sï o• eÇˇâ mê≠ïâ

S = X (H)

S (sëÇÑäÀèà)

H (b¥äÀçÖäÀèà hÜäÀàÈï)

VALUES of X for BUILDING SPACING

LATITUDE

North lat.

9 AM 10 AM 11 AM 12 Noon 1 PM 2 PM 3 PM

Dec Jan/ 

Nov

Dec Jan/ 

Nov

Dec Jan/ 

Nov

Dec Jan/ 

Nov

Dec Jan/ 

Nov

Dec Jan/ 

Nov

Dec Jan/ 

Nov

0  0.6  0.5  0.5  0.4  0.4  0.4  0.4  0.4  0.4  0.4  0.5  0.4  0.6  0.5

4  0.7  0.6  0.6  0.5  0.5  0.5  0.5  0.4  0.5  0.5  0.6  0.5  0.7  0.6

8  0.8  0.7  0.7  0.6  0.6  0.5  0.6  0.5  0.6  0.5  0.7  0.6  0.8  0.7

12  0.9  0.8  0.8  0.7  0.7  0.6  0.7  0.6  0.7  0.6  0.8  0.7  0.9  0.8

16  1.1  0.9  0.9  0.8  0.8  0.7  0.8  0.7  0.8  0.7  0.9  0.8  1.1  0.9

20  1.3  1.1  1.1  0.9  1.0  0.9  0.9  0.8  1.0  0.9  1.1  0.9  1.3  1.1

24  1.5  1.2  1.2  1.1  1.1  1.0  1.1  1.0  1.1  1.0  1.2  1.1  1.5  1.2

28  1.7  1.4  1.4  1.2  1.3  1.1  1.3  1.1  1.3  1.1  1.4  1.2  1.7  1.4

32  2.0  1.7  1.6  1.4  1.5  1.3  1.5  1.3  1.5  1.3  1.6  1.4  2.0  1.7

36  2.4  2.0  1.9  1.7  1.7  1.5  1.7  1.5  1.7  1.5  1.9  1.7  2.4  2.0

40  3.0  2.4  2.3  1.9  2.1  1.8  2.0  1.7  2.1  1.8  2.3  1.9  3.0  2.4

44  3.9  2.9  2.8  2.3  2.5  2.1  2.4  2.1  2.5  2.1  2.8  2.3  3.9  2.9

48  5.4  3.8  3.6  2.9  3.1  2.6  3.0  2.5  3.1  2.6  3.6  2.9  5.4  3.8

52  8.8  5.3  5.0  3.7  4.1  3.2  3.9  3.1  4.1  3.2  5.0  3.7  8.8  5.3

South lat. Jun May/

Jul

Jun May/

Jul

Jun May/

Jul

Jun May/

Jul

Jun May/

Jul

Jun May/

Jul

Jun May/

Jul

North lat. Jan/

Nov

Feb/

Oct

Jan/

Nov

Feb/

Oct

Jan/

Nov

Feb/

Oct

Jan/

Nov

Feb/

Oct

Jan/

Nov

Feb/

Oct

Jan/

Nov

Feb/

Oct

Jan/

Nov

Feb/

Oct

56  8.4  2.9  5.0  2.5  4.2  2.4  4.0  2.3  4.2  2.4  5.0  2.5  8.4  2.9

60  20.7  3.8  7.9  3.2  6.1  2.9  5.7  2.9  6.1  2.9  7.9  3.2  20.7  3.8

South lat. May/

Jul

Apr/

Aug

May/

Jul

Apr/

Aug

May/

Jul

Apr/

Aug

May/

Jul

Apr/

Aug

May/

Jul

Apr/

Aug

May/

Jul

Apr/

Aug

May/

Jul

Apr/

Aug

North lat. Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

64  5.2  2.1  4.1  2.1  3.8  2.1  3.7  2.1  3.8  2.1  4.1  2.1  5.2  2.1

68  8.3  2.5  5.9  2.5  5.2  2.5  5.1  2.5  5.2  2.5  5.9  2.5  8.3  2.5

72  19.7  3.1  10.2  3.1  8.4  3.1  7.9  3.1  8.4  3.1  10.2  3.1  19.7  3.1

South lat. Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep

Feb/

Oct

Mar/

Sep
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 54  The NIGHT VENTILATION    POTENTIALS MAP shows 
the months for which night ventilation of thermal 
mass is likely to provide cooling. [ cooling]

Cooling a building using nighttime ventilation of the ther-
mal mass depends on a twofold process. First, during the 
day when the outside temperature is too warm for ven-
tilation, the building envelope is closed and excess heat 
gains are stored  in the building’s mass. Second, at night 
when the outside temperature is lower, outdoor air is 
allowed to ventilate through the building to remove the 
stored heat from the mass. The mass is thus cooled, so 
that it can absorb excess heat again the next day.

In night ventilation schemes, the area of the mass that 
can be incorporated into a structure is a major limitation 
on the cooling potential. The ratio of mass surface area to 
fl oor area is usually between 1:1 and 1:3; it is diffi cult to 
develop more mass surface area within the building.

The Night-Cooled Mass Potentials Climate Zones Map 
shows the months that are cool enough at night for 
night ventilation of mass to provide cooling (Iwersen, 
1992). Find the zone for the building's climate from 
the map and then refer to the that zone's row in the 
table Night-Cooled Mass Potential by Climate Zone. 
Use the SLD columns for  skin-load–dominated buildings 
with balance points above 60° F (15.6° C). Use the ILD 
column for  internal-load–dominated buildings with a 
balance point below 60° F (15.6° C). 

The ability to cool with outside air at night depends 
on having a low enough   minimum temperature. Since the 
low mass temperature will be about 5° F (3° C) above the 
minimum outdoor air temperature, estimate the potential 
for night ventilation for a given month by adding 5° F to 
the minimum temperature. If this low mass temperature 
is below 72° F (22° C), then there is good potential for 
night–cooled mass. 

Use the table as a rough guide. Night–cooled mass is 
still possible with low mass temperatures above 72° F 
(22° C), but higher rates of night ventilation and more 
mass are required.

Zone

SLD Buildings ILD Buildings All Buildings

Night–Cooled 

Mass

Possible

Cooling

Unnecessary 

Night–Cooled 

Mass

Possible

Too Hot for 

Night–Cooled 

Mass

1 July  & Aug Sep to Jun ALL  NONE

2 Jun to Aug Sept to May ALL NONE

3 Jun to Sep Oct to May ALL NONE

4 June & Sep Oct to May Sep to May Jul & Aug

5 May to Sep Oct to Apr ALL NONE

6 May & Jun;

Aug & Sep

 Oct to Apr Aug to Jun Jul

7  Apr to Jun; 

Aug & Sep

 Nov to Mar Sep to Jun Jul & Aug

8 May & Sep Oct to Apr Sep to May Jun to Aug

9 May;

Sep & Oct

Nov to Apr Sep to May Jun to Aug

10 Apr & May;

Oct

Nov to Mar Oct to May Jun to Sep

11 ALL ALL ALL NONE

12 NONE NONE NONE ALL

The thermal storage capacity of mass depends on the 
amount of exposed area, its thickness and the density 
and specifi c heat of the material. See MASS ARRANGE-
MENT for recommendations on location and other design 
implications. See NIGHT–COOLED MASS in  SWL Electronic 
for more details on sizing of the mass and for building 
examples.

From NIGHT–COOLED MASS

NäÀàÈï–CêÆ´ÜÖ MÇîî Pê≥ÜèïäÀÇç b∏ CçäÀéÇïÜ Zê≠Ü 
b†îÜÖ o≠ lê∂ mÇîî tÜéë < 720 F (220 C)
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NäÀàÈï–CêÆ´ÜÖ MÇîî Pê≥ÜèïäÀÇçî CçäÀéÇïÜ Zê≠Ü MÇë
hÜçëî tê aîîÜîî tâÜ pê≥ÜèïäÀÇç fê± näÀàÈï–cêÆ´ÜÖ mÇîî

2

4

1

1

2

3

3

3

3

1

1

3
5

5

5

7

7
9

8

6

12 12

10

11

11

10
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 57  The DAYLIGHT    UNIFORMITY RULE helps 
determine room proportions to maintain a minimum 
level of illumination and an even distribution of 
light. [  daylighting]

In a sidelighted room the illumination is high near the 
window and falls off rapidly farther away from the win-
dow wall. The deeper the room, the greater the contrast 
between the area near the window and the wall farthest 
from the window. Under overcast  conditions, assum-
ing nearly continuous windows, when the room depth 
is greater than 2.5 times the height of the window's 
head, the ratio between the brightest and darkest part 
of the room will exceed 5:1 (Flynn and Segil, 1970, p. 
111). Excessive gradients tend to make the lighting seem 
uneven; and if the eye is adapted to the lightest parts of 
the room, especially the window, then the darker parts of 
the room will seem darker than they actually are (Hopkin-
son et al., 1966, p. 306).

Therefore, in most cases, under    overcast skies, set 
room depth in the direction perpendicular to the win-
dow wall at less than 2.5 times the height of the 
window head.

If specifi c room characteristics are known, the graph 
for Estimating Maximum Room Depth for Daylight 

Uniformity can be used. If the room depth exceeds the 
maximum recommendation from the graph, the rear half of 
the room will look dark and supplementary electric light-
ing will be necessary most of the time (developed from a 
model in Littlefair, 1996, p. 33). 

To fi nd the maximum room depth, enter the graph 
on the left–side horizontal axis with the room width. 
Move vertically to intersect the curve for the room's ceil-
ing height, then right to the right side of the graph and 
over to the diagonal zone for the average refl ectance 
in the back half of the room. Finally, move vertically to 
read the maximum allowable room depth on one of the 
horizontal scales. 

The average  refl ectance is a weighted average of all 
surfaces in the back half of the room. Remember that 
fl oors and furnishings tend to be dark and glazing has 
low refl ectance, so even with light–colored walls and 
ceiling, the average refl ectance of most rooms does not 
exceed 50%. For more on surface refl ectance, see DAYLIGHT 
REFLECTING SURFACES.

From SIDELIGHT ROOM DEPTH
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EîïäÀéÇïäÀèà MÇôäÀéñé RêÆ¨ DÜëïâ fê± DÇöÌäÀàÈï UèäÀáê±éäÀïö

RêÆ¨  WäÀÖïâ (m)

RêÆ¨  WäÀÖïâ (fï)

MÇôäÀéñé  RêÆ¨  DÜëïâ (m)

MÇôäÀéñé  RêÆ¨  DÜëïâ (fï)

14           12           10           8           6           4 4          6           8          10          12          14

50       45       40       35      30        25       20       15        10                  20                30                 40                50

RêÆ¨ HÜäÀàÈï,
fï (m)

20 (6.1)

12 (3.7)

16 (4.9)

10 (3.1)

8 (2.4)

24 (7.3)

28 (8.5)

DÇìå
(20–35%)

LäÀàÈï
(50–65%)

MÜÖäÀñé
(35–50%)

Aó§ìÇàÊ RÜá çÜÑïÇèÑÜ 
iÀè RÜÇì hÇçá o• RêÆ¨

TO
O

LS
: 

57
 D

ay
li

gh
t 

U
ni

fo
rm

it
y 

Ru
le



204

 74  INSULATION RECOMMENDATIONS insure that 
heat flow through the envelope is small enough that 
passive strategies will be effective. [heating and 
cooling]

There are three basic strategies for placing thermal insu-
lation. First, the insulation may   be contained within the 
skin cavity; second, the insulation can be applied to the 
surface of the skin; and in the third strategy, the insu-
lation and structure are      integrated, with no framing. 
At moderate, thin insulation levels, when insulation is 
placed within the hollow between the framing members, 
the overall thickness of the wall may be less than with 

ROOFS WALLS EXPOSED FLOORS BASEMENT/SLAB

Zone

Attic, 

Wood 

(2)

Cathedral 

/Compact 

(2)

Mass 

(1)

Metal 

Frame 

(3)

Wood 

Frame 

(2,3)

High–

Perform 

(5)

Mass 

(1)

Metal 

Frame 

(2)

Wood

Frame 

(2,3)

Walls Below 

Grade 

(1)

Crawl 

Space 

Wall

Slab 

Unheated 

(4)

Slab 

Heated 

(4)

in

(R) hi–R

in

(R)

in

(R)

in

(R)

in

(R)

In

Assembly R

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

R–1
12”

(30–49) 40

7–12”

(22–38) 35

1.5”

(8)

5”

(15+5)

4–5”

(13–15)

4”

10

1”

(4)

6”

(19)

4”

(13) 10

0–1”

(NR) 5

 2.5”

(13)

0–1”

(4) NR

1.5” 

+ 1” under

(8 + 5)

R–2
12”

(30–60) 50

7–13”

(22–38) 40

2.5”

(12)

5”

(15+5)

6–7”

(15–21)

7”

15

1.5”

(6)

8”

(25)

4–7”

(13) 20

1–2”

(5–11) 10

2.5”

(13)

1”

(4) 5

1.5” 

+ 1” under

(8 + 5)

R–3
16”

(30–60) 50

7–15”

(22–38) 45

 3”

(16)

6”

(15+10)

6–7”

(15–21)

8”

20

1.5”

(6)

8”

(25)

 6–8”

(19–25) 20

2”

(8–11) 10

5”

(25)

1.5” 

+1” under

(8) 7.5 +5

1.5” 

+ 1” under

(8 + 5)

R–4
16”

(30–60) 60

7–15”

(22–38) 45

3”

(16)

6”

(15+10)

6–7”

(15–21)

8”

25

2”

(10)

8”

(25)

8–10”

(25) 30 

2–3”

(10–11) 15

5”

(25)

1.5–2.5” 

+ 1.5” under

(12) 7.5 +7.5

2” 

+ 1.5” under

(10 + 7.5)

R–5
16”

(30–60) 65

7–17”

(22–38) 50

3”

(16)

6”

(15+10)

6–8”

(15–21 + 

2.5–6) 

9–10”

(30

2.5”

(13)

8”

(25)

8–10”

(25–30) 30

2–3”

(11–12) 15

5”

(25)

2–2.5” 

+ 1.5 under

(12) 10 + 7.5

3” 

+ 1.5” under

(15 + 7.5)

R–6
16”

(49–60) 75

7–20”

(22–38) 60

3”

(16)

6”

(15+10)

6–8”

(15–21 + 

2.5–6) 

10–12”

35

3”

(15)

8”

(25)

8–14”

(25–30) 40

3–4”

(12–15) 20

5”

(25)

2–2.5”

+ 2” under

(12) 10 + 10

3” 

+ 2” under

(15 + 10)

R–7
16”

(49–60) 90

10–22”

(30–60) 65

4”

(20)

6”

(15+10)

8”

(15–21 + 

5–6)

11–14”

40

4”

(20)

8”

(25)

8–15”

(25–30) 45

3–5”

(12–15) 25

5”

(25)

2.5–3”

+ 3” under

(12) 15 + 15

4” 

+ 3” under

(20 + 15)

R–8
16”

(49–60) 100

10–25”

(30–60) 75

4”

(20)

6”

(15+10)

8”

(15–21 + 

5–6)

12–17”

50

4”

(20)

8”

(25)

8–17”

(25–30) 50

3–7”

(12–15) 35

5”

(25) 

2.5–4”

+ 4” under

(12) 20 + 20

4” 

+ 4” under

(20 + 20)

NOTES  Thicknesses assume R–5 (RSI 0.88) rigid insulation and R–3 (0.05) batt insulation. R–value range is from ORNL (2008) and represent R–values of the insulation only. 

 (1) R–values and thicknesses are for rigid, continuous insulation/sheathing outside the framing or mass structure. 

 (2) R–values and thicknesses are for batt insulation between the framing, and in the case of attics also above joists.

 (3) R–values and thicknesses are for a combination of batt insulation between framing and rigid insulation outside the framing to reduce thermal bridging.

 (4) Slab–on–grade insulation is for a given thickness on outside edge of the slab, extending full depth of slab or stem wall. 'Under' means rigid insulation under the slab.

 (5) Hi–performance wall recommendations (following parentheses) from Straube (2011), other assembly configurations possible.

Lê∂–RäÀîÜ RÜîäÀÖÜèïäÀÇç RÜÑê¨éÜèÖÜÖ MäÀèäÀéñé IèîñçÇï äÀê≠ (IP UèäÀïî)

masonry walls, which must have the insulation on their 
surface.

When the insulation is placed on the surface of the 
wall, such as on the surface of an exterior masonry wall, 
one side of the skin material can be left exposed, and 
the structure does not need to be  enlarged to accommo-
date thicker layers of insulation. Two strategies can also 
be combined, with some insulation placed on the skin’s 
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surface and some between the framing members. In frame 
structures, a continuous layer of insulation reduces ther-
mal bridging, especially in metal frame construction. 

Recommended insulation levels for low–rise residen-
tial buildings can be determined by fi nding the site's 
climate zone on one of the three maps (United States, 
Alaska, or Canada) in Appendix F and then referring 
to the Low–Rise Residential Recommended Minimum 
Insulation table. Hawaii and the Caribbean are considered 
Zone 1 (developed using ORNL, 2008). 

Where a range of recommendations is given, use the 
low end recommendation for  residences heated with nat-
ural gas, a middle value for fuel oil and LP gas, and the 
high end for electric heat. Greater insulation levels may 
be required above Zone 8. Recommendations are based 

on life–cycle cost analyses, including assumptions about 
mechanical system effi ciencies, economic return and local 
fuel and construction costs.

In nonresidential buildings, winter heat losses are 
partially or totally offset by internal gains, so they tend 
to need less heating than residential buildings and may 
sometimes need  more cooling than heating. Therefore, 
insulation standards for nonresidential buildings are usu-
ally lower than those for residential buildings. 

Recommended insulation levels for nonresidential 
buildings can be determined by fi nding the site's cli-
mate zone on  one of the three maps (United States, 
Alaska, or Canada) in Appendix F and then referring to 
the Nonresidential Recommended Minimum Insulation 
table (developed using ASHRAE, 2009a).

Nê≠ìÜîäÀÖÜèï äÀÇç RÜÑê¨éÜèÖÜÖ MäÀèäÀéñé IèîñçÇï äÀê≠ (IP UèäÀïî)

ROOFS WALLS FLOORS BASEMENT / SLAB DOORS

Zone

Above Roof 

Deck

(1)

Attic/

Other

(2)

Mass

(1)

Metal 

Frame

(3)

Wood 

Frame 

3)

Mass

(1)

Metal 

Frame

(2,3)

Wood 

Frame

(2,3)

Walls 

Below 

Grade

(1)

Slab 

Unheated

(4)

Slab 

Heated

(4)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

in

(R)

U

(R)

1
4”

(20 c)

12”

(38)

1”

(6)

5”

(13+5)

5”

(13+4)

1”

(4)

6”

(19)

6”

(19)

0”

(NR)

0”

(NR)

1.5” + 1” under

(8 @ 12” +5)

0.6

(2)

2
5”

(25 c)

16”

(49)

1.5”

(8)

5”

(13+5)

5”

(13+4)

1.5”

(6)

10”

(30)

10”

(30)

0”

(NR)

0”

(NR)

1.5” + 1” under

(8 @ 12” +5)

0.6

(2)

3
5”

(25 c)

16”

(49)

2”

(10)

5”

(13+5)

5”

(13+4)

1.5”

(6)

10”

(30)

10”

(30)

0”

(NR)

0”

(NR)

1.5” + 1” under

(8 @ 12” +5)

0.6

(2)

4
5”

(25 c)

16”

(49)

2”

(11)

6”

(13+10)

5”

(13+4)

2”

(10)

12”

(38)

12”

(30+8)

1.5”

(8)

2”

(10 @ 24”)

2” + 1” under

(10 @ 24” +5)

0.6

(2)

5
5”

(25 c)

16”

(49)

2.5”

(13)

6”

(13+10)

6”

(13+8)

2.5”

(13)

12”

(38)

12”

(30+8)

2”

(10)

2”

(10 @ 24”)

3” + 1” under

(15 @ 36” +5)

0.4

(2.5)

6
6”

(30 c)

16”

(49)

3”

(15)

6”

(13+10)

6”

(13+10)

3”

(15)

12”

(38)

12”

(30+8)

2”

(10)

3”

(15 @ 24”)

3” + 1” under

(15 @ 36” +5)

0.4

(2.5)

7
7”

(35 c)

16”

(49)

4”

(20)

6”

(13+10)

6”

(13+10)

4”

(20)

12”

(38)

12”

(30+8)

2”

(10)

2” + 1” under

(10 @ 24” +5)

4” + 1” under

(20 @ 36” +5)

0.4

(2.5)

8
7”

(35 c)

20”

(60)

4”

(20)

6”

(13+10)

6”

(13+10)

4”

(20)

15”

(38+13)

12”

(30+8)

2”

(10)

2” + 1” under

(10 @ 24” +5)

4” + 1” under

(20 @ 36” +5)

0.4

(2.5)

NOTES  Thicknesses assume R–5 rigid insulation and R–3 batt insulation.

 (1) R–values and thicknesses are for rigid, continuous insulation/sheathing outside the framing or mass structure. 

 (2) R–values and thicknesses are for batt insulation between the framing.

 (3) R–values and thicknesses are for a combination of batt insulation between framing and an additional layer of rigid insulation outside the framing to reduce thermal bridging

 (4) Slab–on–grade insulation is for a given thickness on the outside edge of the slab, extending a specified depth below grade (i.e., 3” insulation extending @ 24” down). 

     “Under” refers to rigid insulation under the slab.

 c = continuous outside structure
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 75  The SIZING DIRECT     THERMAL STORAGE no-
mograph helps fit thermal storage area, type and 
thickness to the building's passive solar target. 
[heating]

Thermal storage can be in the form of masonry, water or 
phase change materials. Its size depends on the amount 
of heat that needs to be stored, based on the building's 
solar savings fraction (SSF) as found in SOLAR APERTURES. 
After location, the other important variables are the mate-
rial, thickness and surface area, with surface area being 
the most signifi cant.  

For a given SSF, the storage size depends on location 
relative to the SOLAR APERTURES.  Direct mass is in the 
same zone as the collection aperture so that the mass can 
exchange radiation with surfaces struck by the sun. It is 
the most effective type.  Indirect mass is not in the room 
that collects heat, such as when warmed air is distributed 
to mass in adjacent rooms. Heat transfer for indirect mass 
is by convection and requires signifi cantly more area and 
volume than does direct mass. 

Nomographs for direct mass, indirect mass and phase 
change materials are given in THERMAL MASS. The tool for 
Sizing Direct Thermal Mass for Direct  Gain Rooms and 
 Sunspaces is reproduced here.

In DIRECT GAIN ROOMS, the masonry mass thickness 
should be 4–6 in (100–150 mm) thick. For direct mass 
the surface area should be 3–6 ft2 of mass per ft2 of 
south–facing (N in SH) glazing (3–6 m2/m2). This ratio 
works for any units of area used, and we refer to it as the 
ratio of Area of mass: Area of solar glazing, or Am/Ag.

To keep interior temperature      swings less than 10º F 
(5.6º C), set the Am /Ag ratio at 6–8 (Balcomb and Wray, 
1987, p. 2–7). If water is the storage medium, use 3.5–
6.5 gal/ft2 of solar collection glazing (145–265 L/m2) 
(Balcomb et al., 1980, p. 26). The greater amount of mass 
area within this range the better the performance, espe-
cially in buildings in which a large percentage of the heat 
is supplied by solar energy (high SSF). 

For indirect mass not in the sun–collecting room (or 
any remote mass), the surface area should be 2–3 times 

that of directly coupled mass. If the direct mass is in 
the range of 3–6 times the area of solar collection, then 
a comparable indirect mass would have an Am /Ag ratio 
of 9–18. See the nomograph in THERMAL MASS.

Higher solar savings fractions require more thermal stor-
age. SSF can be estimated in SOLAR APERTURES. When the 
SSF is less than 30%, solar heat mostly offsets daytime 
heat losses and little thermal storage is required. Between 
30 and 70% SSF, more mass provides for storage into the 
night. An SSF beyond 70% is diffi cult to achieve in most 
climates without daytime overheating, thus remote multi-
day storage is usually required [see ROCK BEDS].

Both the selection of materials and their thickness 
affect the heat storage capacity. In general, heavyweight 
materials store heat and lightweight materials insulate. 
The best materials can store high levels of heat (have high 
volumetric heat capacity) and can readily move heat  from  
a material’s surface to its interior and back again to heat 
a room (high thermal conductivity). For masonry, density 
is the key factor. However, water is about four times more 
effective at storing heat than masonry. 

For masonry materials, use a relatively thin mass, 
generally 4–6” spread over a large area. Thickness 
beyond 6 in (152 mm) does not increase storage on a 
daily cycle.

To size direct mass for passive solar heating, enter 
the graph Sizing Direct Thermal Mass for Direct Gain 
Rooms and Sunspaces on the horizontal axis with the 
estimated solar savings fraction for the design. Move ver-
tically to intersect the diagonal line for the mass type and 
thickness, and then horizontally to read the recommended 
ratio of mass area to solar glazing area (Am/Ag). Multiply 
this value by the area of solar aperture to yield the mini-
mum required mass area.
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SäÀõäÀèà DäÀìÜˇï TâÜìéÇç MÇîî fê± DäÀìÜˇï–GÇäÀè RêÆ¨î aèÖ SñèîëÇˇÜî
DäÀìÜˇï MÇîî iÀî lê¢ÇïÜÖ iÀè rêÆ¨î tâÇï cê´çÜˇï sñè.
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 84  PASSIVE SOLAR GLAZING AREA 
recommendations match glazing size to predicted 
solar savings fraction. [heating] 

The solar savings fraction (SSF) is the  per cent age of 
annual energy saved by using solar energy for space heat-
 ing, compared to heating a nonsolar build ing with sim i lar 
thermal char ac ter is tics (Balcomb et al., 1983, p. 5). The 
Passive Solar Glazing Area Design Rec om men da tions 
table   gives estimated SSF for buildings in rep re sen ta tive 
U.S. and Ca na di an cit ies. 

Consult the maps of climate zones in CLIMATE DATA BY 
LATITUDE/CITY to fi nd  the city most rep re sen ta tive of the 
building site, or see SOLAR RADIATION. The vari ables are 
south–facing (N in SH) col lec tion area (Ag ) as a frac tion 
of fl oor area (Af ) and wheth er or not high–performance 
glazing (or MOVABLE  IN SU LA TION) is used. The de sign rec-
 om men da tion takes the general form of: 

A solar collection area of (low Ag  /Af)% to (high 
Ag  /Af )% of the fl oor area can be ex pect ed to reduce 
the an nu al heating load of a build ing in (lo ca tion) by 
(low SSF)% to (high SSF)%, or if R–9 (RSI–1.6) night 
in su la tion is used, by (Low SSF)% to (High SSF)% [Bal-
 comb et al, 1980, pp. 20–23].

For example, a so lar col lec tion area of 15 to 29% of the 
fl oor area can be ex pect ed to reduce the an nu al heat ing 
load of a building in St. Louis, Missouri, by 21 to 33%, or 
if high–performance glazing (or R–9 night insulation) is 
used, by 41 to 65%.

Exceeding the high end of the rec om men da tions may 
result in clear day win ter over heat ing. Upper SSF is based 
on a limit of 75 °F (24 °C) in te ri or  max i mum temperature 
on an av er age Jan u ary clear day without night insulation.

If a high SSF is de sired, more THERMAL MASS must be 
used to damp en ex treme in te ri or thermal swings. If ad di-
 tion al mass can not be stored in the building's struc ture, 
ac ces so ry storage in a ROCK   BED may be appropriate.

The recommendations as sume that build ings are well 
insulated with low infi ltration rates. See TOTAL HEAT GAINS 
AND LOSSES and details in SOLAR APERTURES. In ter nal heat 

SäÀõäÀèà GçÇõäÀèà fê± PÇîîäÀó§ Sê´Çì HÜÇï äÀèg 
P çê≥ v†çñÜî f ìê¨ tÇÉ´Ü. Sê´Çì gÌÇõäÀèà sâê¥çÖ b§ +/– 30 dÜàÛÜÜî 
f ìê¨ sê¥ïâ (nê±ïâ iÀè Sê¥ï âÜìè HÜéäÀîëâÜìÜ)
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sources are as sumed to warm the build ing by 5 °F (3 °C), 
rep re sent ing a skin–load–dom i nat ed building such as a 
res i dence or light commercial building with low in ter nal 
loads. Build ings with high in ter nal loads from lights, peo-
 ple and equipment, generating an in ter nal tem per a ture 
rise greater than 5 °F (3 °C), such as offi ce build ings, will 
have higher SSF performance than those given.

Performance does not signifi cantly depend on the type 
of passive solar system used [DIRECT GAIN ROOMS, THERMAL 
STORAGE WALL, or SUNSPACES], except in the case of di rect 
gain from south windows without night insulation, which 
will be lower than the SSF values indicated. Perfor mance 
is signifi cantly improved by the use of high–performance 
glazing and/or night insulation, especially in colder 

From SOLAR APERTURES
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PÇîîäÀó§ Sê´Çì GçÇõäÀèà AìÜÇ DÜîäÀàÔ RÜÑê¨éÜèÖÇïäÀê≠î

A
glass

/A
floor

ratio of solar

glazing area

to floor area

Approximate SSF

R–2 windows 

with 

No Night Insulation

H–P Windows OR 

R–2  windows with 

R–9 (RSI–1.6)

Night Insulation

USA CITIES Low High Low High Low High

AR, Little Rock 0.10 0.19 23 38 37 62

AZ, Phoenix 0.06 0.12 37 60 48 75

AZ, Winslow 0.12 0.24 30 47 48 74

CA, Fresno 0.09 0.17 29 46 41 65

CA, Los Angeles 0.05 0.09 36 58 44 72

CA, Santa Maria 0.05 0.11 31 53 42 69

CO, Eagle 0.14 0.29 25 35 53 77

CT, Hartford 0.17 .35 14 19 40 64

DC, Washington 0.12 0.23 18 28 37 61

FL, Jacksonville 0.05 0.09 27 47 35 62

FL, Miami 0.01 0.02 27 48 31 54

ID, Boise 0.14 0.28 27 38 48 71

IN, Indianapolis 0.14 0.28 15 21 37 60

IA, Sioux City 0.23 0.46 20 24 53 76

KS, Dodge City 0.12 0.23 27 42 46 73

LA, New Orleans 0.05 0.11 27 46 35 61

ME, Caribou 0.25 0.50 NR NR 53 74

MN, Minneapolis 0.25 0.50 NR NR 55 76

MS, Jackson 0.08 0.15 24 40 34 59

MO, St. Louis 0.15 0.29 21 33 41 65

MT, Billings 0.16 0.32 24 31 53 76

MT, Cut Bank 0.24 0.49 22 23 62 81

NE, North Platte 0.17 0.34 25 36 50 76

NV, Ely 0.12 0.23 27 41 50 77

NV, Las Vegas 0.09 0.18 35 56 48 75

NM, Tucumcari 0.10 0.20 30 48 45 73

NY, Buffalo 0.19 0.37 NR NR 36 57

A
glass

/A
floor

ratio of solar

glazing area

to floor area

Approximate SSF

R–2 windows 

with 

No Night Insulation

H–P Windows OR 

R–2  windows with 

R–9 (RSI–1.6)

Night Insulation

USA CITIES Low High Low High Low High

OR, Medford 12 24 21 32 38 60

OR, Salem 12 24 21 32 37 59

PA, Philadelphia 15 29 19 29 38 62

SC, Charleston 07 14 25 41 34 59

TN, Knoxville 09 18 20 33 33 56

TX, Brownsville 03 06 27 46 32 56

TX, Fort Worth 09 17 26 44 38 64

TX, Houston 06 11 25 43 34 59

TX, Midland 09 18 32 52 44 72

CANADA

AB, Edmonton 25 50 NR NR 54 72

AB, Suffield 25 50 28 30 67 85

BC, Nanaimo 13 26 26 35 45 66

BC, Vancouver 13 26 20 28 40 60

MB, Winnipeg 25 50 NR NR 54 74

NS, Dartmouth 14 28 17 24 45 70

ON, Moosonee 25 50 NR NR 48 67

ON, Ottawa 25 50 NR NR 59 80

ON, Toronto 18 36 17 23 44 68

QC, Normandin 25 50. NR NR 54 74

cli mates. In creased per for mance with night insulation is a 
nonlinear func tion [see MOVABLE INSULATION].

Interpolation and limited ex trap o la tion be tween the 
rec om mend ed val ues are allowed. Graph ic in ter po la tion 
is sim ple if the SSF rec om men da tions for the building's 
cli mate are fi rst plot ted on the graph Sizing Glaz ing for 
Pas sive Solar Heat ing. 

For more details and a larger graph, see SOLAR 
APERTURES.
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Såö V äÀÜò AèàÌÜ (v) fìê¨ GçÇõäÀèà

an gle v

an gle v

VÜìï äÀÑÇç 
GçÇõäÀèà

SçêØÜÖ
GçÇõäÀèà

EôïÜìèÇç 
OÉ≤ï ìñÑï äÀê≠

 85 Use the graphs for SIZING WINDOWS FOR 
DAYLIGHTING to match daylight aperture size to 
the room's floor area and its target  design daylight 
factor. [daylighting] 

The Sizing Windows for Day light ing graph may be used 
to de ter mine the glaz ing area needed to achieve a cer-
 tain av er age day light fac tor for a giv en fl oor area or to 
de ter mine the av er age daylight fac tor for a com bi na tion of 
giv en fl oor and glazing ar eas. 

To fi nd the required size of a vertical un ob struct ed 
day light aperture, be gin on the up per graph on the ver-
 ti cal axis with the room's    fl oor area, move hor i zon tal ly 
to the di ag o nal for the  DE SIGN DAY LIGHT FAC TOR From 
the in ter sec tion, move hor i zon tal ly to read the re quired 
glaz ing area on the horizontal scale. 

For sloped or obstructed glazing, con tin ue to the 
low er graph, dropping along the line of unobstructed 
vertical glazing area to the diagonal for the Sky View 
An gle (v) from Glazing, (see di a gram). From the in ter-
 sec tion, move hor i zon tal ly to read the revised glaz ing 
area. 

Obstructions outside the glazing, such as fenc es, trees 
and other buildings, block the aperture's view of the sky 
and re duce the amount of light that falls on the glazing. 
The sky view angle (v) is the angle subtended, in the ver-
 ti cal plane perpendicular to the window, by sky vis i ble 
from the cen ter of the aperture. See the diagrams of  Sky 
View Angle from Glazing (CIB SE, 1987; Littlefair, 1991, 
pp. 58–59).

The graph assumes a 60% trans mis siv i ty for clear dou-
 ble glazing plus frame effects, a main te nance factor of 
80%, an average room re fl ec tance of 40% and a fair ly 
large room, about the size of a classroom. It was de vel-
 oped us ing a model from Littlefair (1988). If other glaz ing 
and frame types with poorer vis i ble light trans mis sion 
are used (WINDOW AND GLASS TYPES), the glazing area will 
need to be in creased pro por tion al ly. Be cause room size 
and pro por tions af fect the pattern of in ter nal re fl ec tions, 
light in small rooms is re fl ect ed more times be fore reach-
 ing the work plane than light in large rooms. For small 

rooms, such as bed rooms and pri vate of fi c es, in crease 
the glaz ing size from the graph by up to 60%. For very 
large rooms, such as a gym na si um, re duce the glaz ing 
size by up to 30%. 

For sidelighting, the daylight fac tors ap ply to a fl oor 
zone with a max i mum depth  into the room of 2.5 times 
the height of the window wall (DAYLIGHT ROOM DEPTH). For 
top light ing, the fl oor area as so ci at ed with the glazing can 
be es ti mat ed by pro ject ing 45° lines from the open ing to 
the fl oor. If more than one open ing type is used for the 
same area, the day light fac tors may be add ed.

Related: If the design daylight factor is not known, see 
the table in DAYLIGHT APERTURES or the quick calculation 
method in the DESIGN DAYLIGHT FACTOR analysis technique.

From DAYLIGHT APERTURES
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 86  The tools for SIZING CROSS– AND STACK–
VENTILATION openings help define architectural 
characteristics that meet the building's cooling 
load. [cooling and ventilation]

The rate at which air fl ows through CROSS–VENTILATION 
ROOMS, carrying away heat with it, is a function of the 
area of the inlets and outlets, the wind speed, and the 
direction of the wind relative to  the openings. The amount 
of heat removed   by a given rate   of air fl ow depends on 
the temperature difference between inside and outside the 
building. The  maximum rate of ventilation occurs when 
the area of the inlets and outlets is large and the wind is 
relatively perpendicular to the window openings [ROOMS 
FACING THE SUN AND WIND].

The graph Sizing Openings for Cross–Ventilation 
helps size apertures required to remove heat from a 
building, as a percentage of fl oor area, assuming a tem-
perature difference of 3° F (1.7° C) between inside and 
out. Enter the graph on the vertical axis with the design 
wind speed, and move horizontally until the curve for 
the building's heat gain rate is intersected. Then drop 
down to the horizontal axis to read the size of the inlet 
(and outlet) as a percentage of the fl oor area (devel-
oped based on a formula in ASHRAE, 2009c). 

See WIND ROSE and WIND SQUARE for wind analysis to 
determine the design wind speed and TOTAL HEAT GAINS 
AND LOSSES for estimating the heat gains that need to be 
removed. 

Remember to adjust the airport wind speed for local 
terrain conditions and speeds below average. A reduc-
tion factor of 0.75 should cover most “less than average” 
conditions. 

 Design Wind Speed = Airport Average Speed
                              x   terrain factor x 0.75.
If the temperature difference between inside and out 

is less than 3 °F (1.7 °C), the openings need to be pro-
portionally larger, and if the temperature difference is 
greater, the openings may be smaller. The graph assumes a 
wind incidence angle of 0–40°. See VENTILATION APERTURES 
for details of how to handle these variations.

In   STACK–VENTILATION ROOMS, warm air rises, exits though 
openings at the top of the room, and is replaced by cooler 
air entering low in the room. The rate at which the air moves 
through the room, carrying heat away with it, is a function 
of the vertical distance between the inlets and outlets, their 
size, and the difference between the outside temperature 
and the average inside temperature over the height of the 
room.

The graph Sizing Stack–Ventilation can be used to 
determine the height of the stack or room and the  area 
of the stack cross section, given the ventilation rate (in 
cfm or L /s) or the heat gain to be removed (in Btu/hr, 
ft2 or W/m2). Enter the graph on the vertical axis with 
the height of the stack, measured   from center of inlets 
to center of outlets. Move horizontally to the curve for 
the building's rate of heat gain [TOTAL HEAT GAINS AND 
LOSSES]. From the intersection, drop to the horizontal 
axis to fi nd the stack area as a percentage of the fl oor 
area to be cooled. The stack area must be equaled or 
exceeded by the area of outlets and also by the area of 
inlets: the smallest area of constraint on air movement 
will govern the rate of fl ow (developed based on formula 
in ASHRAE, 2009c).

Approximate the building's rate of heat gain using TOTAL 
HEAT GAINS AND LOSSES. This graph assumes a temperature 
difference of 3° F (1.7° C) between inside and outside. 
For a temperature difference greater than 3° F (1.7° C), 
such as for night ventilation of mass, the stack area can 
be reduced. See VENTILATION APERTURES for details of how 
to handle these variations.

From VENTILATION APERTURES
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 106          GLAZING RECOMMENDATIONS help select 
windows for daylighting, winter solar gain and 
summer heat rejection. [heating, cooling and 
daylighting]

Several types of energy fl ows occur through windows: 
1) conductive and radiative fl ows through the window 
assembly; 2) solar radiant heat gain; and 3) infi ltration 
gains and losses through air leakage. 

Conduction transfers through the window are controlled 
by the window’s U–factor, which indicates the rate of heat 
fl ow through a material. Lower  U–factors (or higher 
R–values) mean better insulation. Glass has a much lower 
resistance to heat than most other building materials. In 
skin-load– dominated (SLD) buildings, windows can domi-
nate the building’s heating or cooling loads. Therefore, 
window U–factors should generally decrease as the sever-
ity of the outdoor climate increases. See WINDOW AND 
GLASS TYPES for recommendations by climate zone.

The table of Generalized Recommendations for Glaz-
ing + Window Selection gives suggestions by glazing 
orientation, climate type (cooling dominated, mixed, 
or heating dominated) and whether the building 
is internal-load– dominated (ILD) or skin-load–
dominated (SLD). SHGC and U–factors in the table refer 
to the total window, including glass and frame.

Windows admit daylight at different levels based on 
their  visible transmittance (VT), an optical property mea-
suring the fraction of visible light striking the glazing that 
is passed through, expressed as a ratio between 0 and 1 
(O’Connor et al, 1997, p. 4.1). It can be applied to both 
the glazing alone and the window as a whole, including its 
frame and mullions. A high VT maximizes daylight. In day-
lighted buildings select clear glass, with a VT of 0.70 
or more for the glass, which translates to VT = 0.50 or 
above for the total window. Low VT glazings do not pro-
vide enough light for most daylighting situations, unless 
illuminance targets are low, or very large glazing areas are 
provided. 

Windows also admit solar heat, which can be a benefi t 

or a liability, depending on the building’s needs for heat-
ing or cooling at a given time. A window’s  solar heat gain 
coeffi cient (SHGC) and  shading coeffi cient (SC) are indi-
cators of the window’s transmittance of solar heat gain. 
SHGC is the fraction of  incident radiation transmitted by 
the glazing or window. SC is the fraction of heat transmit-
ted by glazing, in comparison to clear single glass. SC ≈ 
1.15 x SHGC (O’Connor et al, 1997, p. 4.1). 

In passively solar heated buildings, select a high 
(0.40–0.60) SHGC for south–facing (N in SH) windows 
to capture as much heat as possible. Equator–facing 
windows in lLD buildings can have high SHGCs also, so 
long as the potential for overheating is controlled by 
appropriate window sizing or thermal storage. Shade 
this glass with EXTERNAL SHADES during the summer. 

In SLD buildings, select lower SHGCs for east and west 
windows, which do not provide signifi cant winter gains 
and are harder to shade in summer, than for equator–
facing windows. 

Pole–facing windows can actually admit signifi cant heat 
gain in summer if unshaded and provided with a full sky 
view because all light, including diffuse sky light, carries 
heat with it. Use a low SHGC for polar orientations in 
buildings with signifi cant cooling loads. 

ILD buildings, particularly those in  hot climates that 
require cooling most of the year, can use a low SHGC on 
all orientations.

Note that the values in the table are for glass with win-
dow frames. Recommended values for glazing alone differ.  
See text details in WINDOW AND GLASS TYPES.

Finally, windows can be selected to balance the need 
for admitting daylight with the need for either admitting 
or blocking solar heat. The   light–to–solar–gain ratio (LSG) 
is an indicator of the spectral selectivity of the glazing 
and the “coolness” of the light. See details and nomo-
graph in WINDOW AND GLASS TYPES.

From WINDOW & GLASS TYPES
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Since the second edition of Sun, Wind & Light was pub-
lished, the authors have used it for many years in 
teaching design to   architecture students and in consulting 
with professional architects. Based on experience, some 
favorite design strategies have been selected, ones that 
come up repeatedly in practice. Buildings in extreme heat-
ing or cooling climates may not use a few of these, but in 
the portions of North American where most people live, 
the climate is some combination of heating and cooling. 

What appears in the pages that follow are condensed 
versions for quick reference of the full format strategies 
that appear in  SWL Electronic. This smaller format of 
this printed edition contains the essence of the strategy 
in one or two pages. Strategies included here are those 
that affect form and organization to a signifi cant degree 
and those that commonly come up in the fundamental 
bundles. 

These design strategies focus on the nature of the prob-
lem and its design solutions. Sizing tools and performance 
graphs have not been included here; they can be found in 
the extended strategies in  SWL Electronic or, in a few 
cases, in Part V “Favorite Design Tools” in SWL Printed. In  

 SWL Electronic, you can fi nd the extended version with 
greater detail, often with some variations and with more 
built examples.
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OCCUPANCY

 A14  ENERGY PROGRAMMING groups together spaces 
with similar heating, cooling, ventilation or lighting 
requirements to increase the effi ciency of passive and 
active strategies. [heating, cooling and daylighting]

Conventional programming defi nes a     building’s spaces: 
what they are used for, how big they are, their charac-
teristics and their relationships to one another, such as 
adjacency. Energy programming adds drivers of energy use 
and occupancy to the conventional program’s analysis. 

Energy programming is intended to discover and 
develop strategies that take advantage of interactions 
among climate and use patterns, which can reduce total 
and peak energy use, fi rst cost and operating costs and 
make it easier to achieve net-zero or peak-zero, net-
positive. Spaces that have similar heating, cooling and 
lighting needs, along with similar occupant schedules, 
can employ the same energy-effi cient design strategies. If 
these spaces are in the same spatial zone, these strategies 
can be more effi ciently and economically used. The cost of 
adding energy conserving features to a building increases 
dramatically as the design process progresses. Therefore, it 
is important to identify energy-effi cient design strategies 
as early in the design process as possible.

Two occupancy characteristics are important in deter-
mining building energy use: 1) the occupancy period (see 
LOAD-RESPONSIVE SCHEDULING), and 2) the  thermal, visual 
and ventilation requirements for each space (see ADAPTIVE 
COMFORT CRITERIA and DESIGN DAYLIGHT FACTOR). The spa-
tial organization of buildings can be explored using these 
two pieces of information when applied in the strategies 
DAYLIGHT ZONES, COOLING ZONES and HEATING ZONES. 

Energy zones are identifi ed by their dominant needs or 
characteristics. Use the table Design Criteria for Energy 
Zones to determine the energy zone type for each space 
based on its combination of     ambient and task lighting 
levels, allowable temperature ranges,  internal gain rates 
and  occupant density levels. 

There are three light  level groups: 1) high ambient and 
task, 2) low ambient and high task and 3) low ambient 

and task [see ELECTRIC LIGHTING ZONES]. The allowable 
temperature range can be large or small, and internal gain 
rates [ELECTRIC LIGHTING HEAT GAIN and EQUIPMENT HEAT 
GAIN] and occupant density levels [see OCCUPANCY HEAT 
GAIN] can be either high or low. While the table shows all 
possible combinations of criteria, only a few combinations 
are typically present in most buildings. 

Zones with low ambient lighting levels can use day-
lighting, and some zones can have both ambient and TASK 
LIGHTING met with daylighting. Zones with a large allow-
able temperature range can be cooled with NIGHT-COOLED 
MASS and with natural ventilation, as CROSS-VENTILATION 
ROOMS or STACK-VENTILATION ROOMS. Where internal gains 
are high, effi cient use of   outside air for cooling dur-
ing cooling months [AIR-AIR HEAT EXCHANGERS, AIR FLOW 
WINDOWS] and a high R-value envelope [SKIN THICKNESS] 
with low solar gains [EXTERNAL SHADING, INTERNAL AND 
IN-BETWEEN SHADING] is called for, while zones with low 
internal gains can use NIGHT-COOLED MASS and an opti-
mized RESPONSIVE ENVELOPE. Zones that have a high 
occupant density will have a large fresh air ventilation 
load, and therefore heat recovery from ventilation air is 
recommended. Low occupant density zones will benefi t 
most from cross- or stack-ventilation during the day.

After determining the energy zone types for each 
space, group them into a few spatial zones. Construct 
an Energy Programming  Bubble  Diagram that groups 
spaces with similar requirements together and shows 
important functional connections, such as communica-
tion or physical movement of people. If more than one 
topic (heating, cooling, lighting or  ventilation) is pri-
oritized, construct bubble diagrams for each topic and 
compare the results to identify potential synergies and 
confl icts.
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Low heat gain
High temperture range

Moderate heat gain
Small temperture range

High heat gain
Small temperture range

Ventilation zone I

Ventilation zone II

Ventilation zone III
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DESIGN STRATEGIES

 A24  The BIOCLIMATIC CHART identifi es potential 
passive solar heating and cooling      strategies 
appropriate to the building's climate. 

The  Bioclimatic Chart With Design Strategy Zones is 
subdivided into zones that defi ne passive solar heating 
and cool ing strat e gies, based on the work of Milne and 
Givo ni (in Wat son, 1979, pp. 96–113) and lat er work by 
Givoni (1998, pp. 22–45). The zones crossed by the lines 
plot ted indicate strat e gies that may be ap pro pri ate for 
that cli mate. In most tem per ate cli mates, there will be 
a sea son al change from one strat e gy to another. Some 
months lend themselves to sev er al dif fer ent strat e gies. In 
most cas es, to re duce cost, select a few strategies that are 
com pat i ble with each other and with other de sign is sues.

 On the     Bioclimatic Chart With Design Strategy Zones, 
plot two points: fi rst, the av er age minimum tempera-
ture for one month paired with the max i mum relative 
humidity; sec ond, the maximum tem per a ture paired 
with the minimum rel a tive humidity. Connect these 
points with a straight line, and then repeat the pro-
 cess for each month of the year. Each line rep re sents the 
change in tem per a ture and relative hu mid i ty over an 
average day. 

The design strategies suggested by this ver sion of the 
bioclimatic chart are ap pro pri ate only for res i denc es and 
those other buildings with small in ter nal heat gains. A 
res i den tial rate of heat gain is assumed to be about 20 
kBtu/day per person (21,100 kJ/day per per son). 

Passive solar heating is usually an ap pro pri ate strat e gy 
for months when the plotted lines fall below the com fort 
zone. The so lar heating zone is based     on cer tain assump-
tions about glaz ing areas and in su la tion lev els.    It may 
be ex tend ed to lower temperatures de pend ing on build-
ing design, radiation levels and the de sired solar savings 
fraction.   

There are fi ve cooling strategies rep re sent ed by the fi ve 
somewhat overlapping zones above the com fort zone: 1) 
 natural ven ti la tion, which depends sole ly on air move ment 
to cool occupants; 2) large  THERMAL MASS, which de pends 

BäÀê¢çäÀéÇïäÀÑ CâÇìï-DÜîäÀàÔ SïìÇïÜà˙ Zê≠Üî

BäÀê¢çäÀéÇïäÀÑ CâÇìï - Pâê§èäÀô

sê´Çì  hÜÇïäÀèà

däÀìÜÑï  eó†ëê±ÇïäÀó§ cêÆ´äÀèà

iÀèÖäÀìÜÑï  eó†ëê±ÇïäÀó§  cêÆ´äÀèà
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BäÀê¢çäÀéÇïäÀÑ CâÇìï WäÀïâ DÜîäÀàÔ SïìÇïÜà˙ Zê≠Üî (fê± såäÀè-lê†d-dê¨äÀèÇïÜÖ bñäÀçÖäÀèàÙ)
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on the building’s ma te ri als to store heat during the day 
and rera di ate it at night; 3) large ther mal mass com-
 bined with night ven ti la tion [NIGHT-COOLED MASS], which 
re lies on mass heat storage during the day and ven ti la tion 
at night to cool the mass; 4) direct evap o ra tive cool-
 ing rais es the hu mid i ty and low ers the tem per a ture of the 
in door space; and 5) in di rect evap o ra tive cooling, such 
as the cool ing of the out side of a roof or wall by evap o-
 rat ing wa ter on its sur face, which low ers the tem per a ture 

of a build ing el e ment,  so it becomes a heat sink for the 
ad ja cent space (Givo ni, 1994, p. 147). To assess the 
ap pro pri ate ness of earth-shel ter ing strat e gies in the build-
 ing's cli mate, see EARTH CONTACT.

The Bioclimatic Chart for Phoe nix indicates that 
high mass with night ventilation [NIGHT-COOLED MASS] 
and evaporative cooling [EVAPORATIVE COOLING TOWERS] 
are good strategies for cooling, and heating can be done 
ef fec tive ly by the sun. 
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 3   TOPOGRAPHIC MICROCLIMATES can be used to 
locate building groups. [heating and cooling]

On a large scale, topography, solar ra di a tion and wind 
combine to produce    mi cro cli mates that ac cen tu ate cer tain 
characteristics of an area's mac ro cli mate. These mi cro cli-
 mates make some lo ca tions within the to pog ra phy more 
de sir able than oth ers, depending on the mac ro cli mate and 
season. Building group location can thus en hance com fort 
and productivity, change the length of heat ing or cooling 
seasons, and re duce energy used for heating and cool ing. 

The City of Mar din in southeastern Turkey, is lo cat ed in 
a hot-arid climate with mild but cool win ters, is sit ed on 
a 20–25° slope above a steep er rise that abuts the plain 
below. Streets are or ga nized to follow to pog ra phy, giv ing 
the whole city a south east er ly ori en ta tion that reduces 
af ter noon solar heat gain. Densely packed build ings give 
self-shading on east and west ori en ta tions, while al low-
 ing good win ter so lar access to south facades. On sum mer 
nights, differences in air  den si ty cre ate a down hill fl ow 
of cool air that pools in low ar eas, be tween buildings and 
behind walls. Such cool pools are often used for out door 
sleep ing. Cal cu la tions in di cate that build ing groups in 
this region located on a 20% south-fac ing slope re quire 
ap prox i mate ly 50% less heat to main tain the same in door 
temperatures than a similar set tle ment on a fl at plain 
(Tu ran, 1983). 

As the di a gram mat ic section of  Slope Locations 
Based on Cli mate shows, the most favorable mi cro cli-
 mate lo ca tion for each        re gion is:
• Cold: Low on a south-facing slope (N in SH) to in crease 
so lar ra di a tion; low enough to give wind pro tec tion but 
high enough to avoid cold air col lec tion at the bottom of 
the valley.
• Temperate: In the middle to upper part of the slope with 
access to both sun and wind but pro tect ed from high 
winds.
• Hot-Arid: At the bottom of the slope for ex po sure to cold 
air fl ow at night and on east ori en ta tions for de creased 
solar exposure in the af ter noons.
• Hot-Humid: At the top of the slope for ex po sure to wind 
and on east orientations for de creased solar ex po sure in 
the afternoons.

STREETS, OPEN SPACES, & BUILDINGS: 
Orientation and  Location
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 7  LOOSE URBAN PATTERNS maximize cooling breezes 
in hot climates, while DENSE URBAN PATTERNS 
minimize winter winds in heating climates. [heating 
and cooling]

Air movement in streets can be either an as set or a li a bil-
 i ty, depending on sea son and cli mate. Wind is de sir able in 
streets of hot cli mates to cool peo ple and re move ex cess 
heat from the streets; it also becomes a po ten tial re source 
to cool buildings by cross-ven ti la tion. This is important 
all the time in humid cli mates and mostly at night in arid 
climates.  On    the other hand, wind reduces pe des tri an 
comfort in cool sea sons and increases  in fi l tra tion heat 
loss es of build ings. 

To reduce wind fl ows in streets,  wind breaks can be used 
to block un de sir able cold winter winds or hot, dusty desert 
winds [WINDBREAKS]. Buildings spaced clos er together will 
also re duce fl ows in the streets. For regular organizations 
of build ings in an ur ban pat tern, taller  build ings on nar-
row streets yield the most wind protection, while shorter 
build ings on wid er streets promote more air move ment. 
In cool climates, major  streets ori ent ed per pen dic u lar to 
winter winds and street net works with discontinuous or ga-
 ni za tion and many T-intersections will slow and block 
wind fl ow in streets.

When major streets are par al lel to winds, the pri ma ry 
factors af fect ing street wind velocity are the width of 
streets and the fron tal area (height and width) of wind-
ward building fac es. The graph Predicting Wind Velocity 
in Streets    shows wind speed in the streets as a func tion 
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of the blockage ratio of a given building group or ga ni-
 za tion (Wu, 1994).  Block age ratio (Rb) is defi ned, with 
vari ables given in the di a gram, as: Rb= (W x H) ÷ (W + L)2.

Find the blockage ratio us ing the formula or from 
the cal cu lat ed ra tios in Blockage Ratios for Buildings/
Streets Organizations. The graph pre dict s av er age wind 
speed in streets as a frac tion of prevailing un ob struct ed 
speed. High frac tions are de sir able for the cooling season 
and low fractions for the heat ing season. 

See details, assumptions and more examples in LOOSE 
OR DENSE URBAN PATTERNS. The graph assumes regular 
building lay out, build ings that fi ll the block, forming a 
continuous street wall on the windward side, and wind 
per pen dic u lar to the block face and parallel to the major 
streets. 

S TREE T S  & BUILDINGS: 
Dispersed and   Compact Organizations
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PñÜÉ´ê Aˇê¨Ç, CêÆ´ DÇö (lÜáï); NäÀàÈï (räÀàÈï)

PñÜÉ´ê Aˇê¨Ç, Warm DÇö (lÜáï); NäÀàÈï (räÀàÈï)

 24  MIGRATION: Rooms and courts can be zoned so 
that activities can take place in cooler areas during 
warm periods and warmer areas during cool periods 
of the day or season. [heating and cooling]

This strategy combines migration—moving from one place 
to another to maintain thermal comfort—with provid-
ing a variety of zones, each of which is comfortable under 
a different set of climatic conditions. Because each zone 
is tuned to a limited set of conditions, its design can be 
simpler. Design criteria can be selected that do no more 
than simply moderate climatic extremes; they may take 
advantage of the benefi cial relationship between some 
materials’ thermal characteristics and certain climate pat-
terns, such as thermal lag and large diurnal temperature 
swings; or they may exploit the compatibility of certain 
climate conditions with existing social patterns, like mov-
ing from a living to a sleeping area.

Pueblo Acoma, near Albuquerque, New Mexico, is a 
two-zone residence in which the time of day that each 
zone is used changes dramatically from season to season. 
In cool seasons, the outside terraces are used during the 
day and the interior spaces at night. In the warm season, 
the reverse is true: The outside terraces are used at night 
and the shaded cool interiors during the day (Knowles, 
2006; Nabokov, 1986).

One zone, the exterior south-facing terrace, is 
wind-protected and sunny during the day, an advantage 
when the air is cool and a disadvantage when it is warm. 
It radiates heat to the sky at night, an advantage when 
it’s warm and a disadvantage when it’s cool. The second 
zone, the interior room, follows the outside climate less 
closely than the terrace. The heat storage characteristics 
of the massive construction cause the interior temperature 
to lag several hours behind the exterior temperature. In 
the cool seasons the mass absorbs the sun’s heat during 
the day and releases it to the interior at night. In warm 
seasons, the mass is cooled at night by the air and by 
radiation to the sky, and so remains cool during the day.

ROOMS & COURTYARDS: 
     Zoned Organizations
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TâÜìéÇç CìäÀïÜìäÀÇ fê± CêÆ´äÀèà Zê≠Üî

THERMAL CRITERIA

Migration Flexible Moderate Strict

Comfort 

Zone

Very Broad 

Range

20–40o F

(11.1–22.2o C)

Broad 

Range

10–20o F

(5.6–11.1o C)

Moderate 

Range

5–10o F

(2.8–5.6o C)

Narrow 

Range

2–5o F

(1.1–2.8o C)

Variation 

Tolerance

Very High

(intermediate 

occupancy)

High Medium Low

Control Little or None
Little

Manual

Moderate

Smart/

Feedback

Precise

Automated

Cooling 

Options
Passive Only 

Passive Only 

Possible

Passive, 

Hybrid and/or 

Mixed Mode

Mixed Mode 

or Active 

Systems

SÜéäÀèÇì II BñäÀçÖäÀèà aï Eó§ìàÛÜÜè SïÇïÜ Cê´çÜàÊ, 
OçöÓëäÀÇ, WA, 2004, Mahlum AìˇâäÀïÜˇïs

 26  Rooms can be grouped into COOLING ZONES 
based on similar cooling requirements, facilitating 
the use of the     same cooling strategies at the same 
time. [cooling and ventilation]

Many buildings house a range of activities with rang-
ing cooling needs. When a building is treated as a single 
thermal zone during the cooling season, it cannot adapt 
to these varying demands. Multiple cooling zones allow 
each zone to be designed to meet different criteria for 
temperature, humidity and ventilation. In conventional 
commercial HVAC systems, each zone has its own ther-
mostat and varying amounts or temperature of cooling 
are supplied as needed. In a passively cooled building, 
cooling zones allow  different cooling strategies to be 
employed at different times. Cooling zones are the spatial 
prerequisite for most MIXED MODE BUILDINGS.

The table Thermal Criteria for Cooling Zones out-
lines three broad options. Some uses, such as a rare books 
archive, require strict criteria for temperature and humid-
ity, whereas recreational uses, which often allow for 
occupants to adjust their clothing, activity rates and loca-
tion, can have fl exible thermal criteria over a wider range 
of temperatures. The stricter the criteria, the harder for 
passive strategies to always meet criteria and the greater 
the need for responsive MANUAL OR AUTOMATED CONTROLS.

The Seminar II Building at Evergreen State College in 
Olympia, Washington, by Mahlum Architects, uses a vari-
ety of cooling zones (Moody, 2007; Astier, 2005; Macaulay 
and McLennan, 2005). Covered outdoor circulation con-
nects fi ve small buildings, eliminating most conditioning 
of circulation. Two large MIXED MODE ground fl oor lecture 
rooms are mechanically cooled and naturally ventilated. 
Offi ces and classrooms are STACK-     VENTILATION ROOMS with 
perimeter inlets and sound-baffl ed outlets into a multi-
story circulation space. The top fl oor lab is similarly stack 
ventilated, but with greater heat gains; it also has inter-
mittent MECHANICAL SPACE VENTILATION to assist. Concrete 
structure serves as NIGHT-COOLED MASS during hot periods. 
Ground fl oor lounge CROSS-VENTILATION ROOMS use large 

sliding doors opening to unconditioned intermittently 
occupied outdoor classrooms. The result is the elimina-
tion of the conventional air-conditioning system for 80% 
of the occupied space, and signifi cantly reduced operating 
periods for the remaining mechanical cooling system.

ROOMS & COURTYARDS: 
Zoned Organizations
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 28  Rooms can be organized into HEATING ZONES 
 based on their needs for heating and whether or 
not they can make use of internal heat sources. 
[heating and ventilation]

Depending on the occupant activity level, occupant cloth-
ing and the length of occupancy,       temperature criteria for 
heating may vary signifi cantly. Rooms can be organized 
into zones with similar needs for heating. Some rooms, 
such as a computer lab, may need cooling while, other 
rooms need only a little heat, and still others have a 
higher demand.
 In general, spaces with a short occupancy period 
can have a very wide comfort zone. An example is an 
unheated staircase or corridor. BUFFER ZONES are often 
unconditioned while other spaces, such as a SUNSPACE or 
courtyard, can be occupied when they are comfortable and 
remain unoccupied when uncomfortable [MIGRATION]. More 
continuously occupied rooms also have a range of heating 
needs and criteria. A gymnasium, for example, can be 
cooler than an offi ce with sedentary workers.

Consider these spatial implications of heating zones:
1  Group rooms together that have similar heating needs. 
2  Organize the occupied rooms around outdoor or uncon-

ditioned, solar-heated  circulation.
3  Orient groups of rooms with the greatest heating 

needs toward the winter sun [ROOMS FACING THE SUN 
AND WIND]. See kindergarten example in PASSIVE SOLAR 
BUILDING.

4  Design a range of open, semi-enclosed and enclosed 
rooms to create degrees of  climate separation and 
modifi cation. Use OUTDOOR   MICROCLIMATES strategies 
to reduce the heated zone size.

5  Defi ne which zones can be heated with only passive 
solar strategies and which will require active back-
up heating. The passive-only rooms can be grouped 
together to minimize the heating distribution systems 
runs and equipment size.

Olivia Schimek's Solar City Kindergarten in Linz, 

sun- 
space

sÜìó®ÀˇÜ b´ê¢å 

classrooms

cê±Ü

pçÇö 
pÇó®ÀçäÀê≠

pÇîîÇàÊò†ö

tÜììÇˇÜî

HÜÇïäÀèà Zê≠Üî iÀè tâÜ Sê´Çì CäÀïö KäÀèÖÜìà‚ìïÜè

Austria, is organized into clear heating zones with dif-
ferent temperature criteria. (Treberspurg, 2008; A + W, 
2000) A south-facing outdoor zone sheltered by a LAYER 
OF SHADES is the most exposed, while glazed play pavil-
ions offer semi-enclosed BUFFER ZONES. A central SUNSPACE 
is comfortable enough to pass through at any time. A 
toplit, glazed and solar heated passageway zone is not 
mechanically conditioned and allows for a wider range 
of acceptable temperatures in a space used primarily for 
short periods of movement. The DIRECT GAIN classrooms 
are located to the south, with the best access to light 
and heat. A north-facing service block accommodates ser-
vice functions and more private spaces. Its window area is 
limited to that needed for daylight. The large roof slopes 
south, capturing sun as a PHOTOVOLTAIC ROOF and support-
ing THERMAL COLLECTORS and SOLAR HOT WATER collectors, 
along with direct gain SOLAR APERTURES. Heat is stored in 
the central core's concrete structure [THERMAL MASS], in a 
ROCK BED and in water tanks.

ROOMS & COURTYARDS:
Zoned Organizations
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 29        BUFFER ZONES: Rooms that can tolerate 
temperature swings can be located between 
protected rooms and undesired heat or cold. 
[heating and cooling]

Some spaces in a building’s program have less rigid tem-
perature requirements because of the nature of their use, 
like storage, or the duration of their use, like circulation. 
Some spaces, like bedrooms, have temperature require-
ments only at certain times of the day. These spaces can 
frequently be used as thermal buffer zones between the 
exterior environment and spaces that need careful temper-
ature control.

Ralph Erskine used the garage and storage areas in the 
Villa Gadelius as a buffer zone against the cold north 
winds in Lindingö, Sweden. The south zone of the house 
is extended in the east–west direction and increased in 
height so that the living spaces have access to the south 
sun (Deustch    Bauzeitung 11/1965; Collymore, 1994).

At low latitudes the sun attains a high altitude for 
much of the day, and the roof is the major collector of 
heat gain. Ken Yeang located shaded outdoor rooms on 
the roof of his Roof-Roof House in Kuala Lampur, Malay-
sia. The living spaces are located below an over-arching, 
white, louvered, concrete umbrella roof. The ground fl oor 
plan is fragmented by interwoven outdoor space, providing 
an option for full shade and rain shelter, while remaining 
open to prevailing winds (Yeang, 1987, pp. 52–55; Khan, 
1995, pp. 108–109).

Large glazed rooms, if not heated or cooled mechani-
cally, will usually have an average temperature in winter 
somewhere between the indoor and outdoor temperatures, 
thus reducing the heating load of the conditioned spaces. 
The buffer space will also reduce the daylight available to 
adjacent rooms, so windows facing a buffer must be larger 
than those in exterior facades. See also related strategies 
GLAZED STREETS, SUNSPACES, LAYER OF SHADES, ATRIUM and 
AIR-AIR HEAT EXCHANGERS. 

If the buffer space faces equatorially, it can heat 
nearby spaces and its average temperature will be close to 

w®ÀèïÜì sñè

V äÀççÇ GÇÖÜçäÀñî, Lä ÀèÖäÀèàÃ, Sweden, RÇçëâ EìîåäÀèÜ

that of the interior rooms. If it faces east, west, or polar, 
it reduces envelope losses but will not provide net winter 
solar gains.

ROOMS: Zoned Organizations
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 30  PERMEABLE BUILDINGS can combine open plans 
and sections for cross-ventilation, stack-ventilation or 
both. [cooling and ventilation]

Cross-ventilation is a particularly valuable means of cool-
ing during warm periods because it not only removes heat 
from the space but also increases the sensation of cooling 
by increasing people’s rate of evaporation [CROSS-VEN-
TILATION ROOMS]. However, in hot climates and in warm 
summer mixed climates at night, air movement is fre-
quently slow, in which case stack-ventilation becomes 
an important supplementary strategy [STACK-VENTILATION 
ROOMS]. Combined strategies may also be employed for 
different rooms in the same building. For example, cross-
ventilation might be used in windward side and upper 
level rooms, while stack-ventilation might be used in lee 
side and lower rooms that have less access to wind.

Both cross-ventilation and stack-ventilation work bet-
ter in certain confi gurations, yet can be facilitated with 
a variety of different room organizations. When designing 
a scheme for both types of ventilation, parts of both the 
plan and the section must be kept open to air movement.

Charles Correa avoided the problem of wind-blocking 
internal corridors in the Kanchunjunga Apartments in 
Bombay, India, with the use of vertical circulation cores 
serving two units per fl oor (Khan, 1987; Correa, 1996). 
This allows ventilation air to move from one side of the 
building to another by fl owing around the cores. Because 
air must move from the windward rooms through one or 
two more rooms, the plans and sections are treated in a 
loose, open manner, with private bedrooms on the upper 
levels for privacy.     Double volumes provide some opportu-
nity for stack-ventilation, while numerous level changes 
help create spatial defi nition with a minimum of internal 
partitions. Because the sea breezes are from the west, the 
main facades face east and west and are protected from 
storm rains and sun by a buffer zone of double-height 
terrace gardens. The same basic strategy of one or more 
vertical circulation cores serving two units of fl oor area 
works equally well for shorter buildings.

The ideal cross-ventilated building is one room thick, 
thin in plan and elongated to maximize exposure to pre-
vailing winds. In practice, this is rarely possible in all 
but small buildings with few site constraints. In build-
ings more than one room thick and in all buildings with 
circulation corridors, the windward rooms can block the 

KÇèÑâñèãˆèà‚ AëÇìïéÜèïî, Bê¨É†ö, IèÖäÀÇ, C. Cê±ìÜÇ

Lê∂§ì LÜó§ç PçÇè

E-W SÜÑïäÀê≠

ROOMS:       Open Organizations
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strategies of organizing rooms for stack-ventilation. 
The body of the matrix shows a few of the possible dia-
grammatic combinations of organizations that facilitate 
both cross- and stack-ventilation that brings air to all 
rooms.

The combined       effect of stack- and cross-ventilation 
is due to the sum of the pressures, is nonlinear and is 
detailed in PERMEABLE BUILDINGS.

RêÆ¨ Oìà‚èäÀõÇïäÀê≠ SïìÇïÜàÍÀÜî TâÇï FÇÑäÀçäÀïÇïÜ Bê≥â Cìê≤î- aèÖ SïÇÑå-VÜèïäÀçÇïäÀê≠

wind to leeward rooms. In the matrix Room Organization 
Strategies That Facilitate Both Cross- and Stack-
Ventilation, the horizontal axis shows several strategies 
of organizing rooms for cross-ventilation that bring air 
to all rooms.

Stack-ventilation is  dependent on the height between 
inlets and outlets, and so is maximized by tall rooms and 
chimneys. The vertical axis of the matrix shows several 

SïÇÑå 
VÜèïäÀçÇïäÀê≠ SÜÑïäÀê≠î

Cìê≤î-VÜèïäÀçÇïäÀê≠ 
PçÇèî

1  SäÀèàÌÜ-BÇèåÜÖ
   RêÆ¨î

2  DÜÜë RêÆ¨ 
    BÜïò§Üè

3   WäÀèà WÇççî 4 VÜèïñìäÀ
   BìÜÜõÜò†ö

5   LäÀèåÜÖ RêÆ¨î/VÜèï    
     Tâìê¥àÈ CäÀìÑñçÇïäÀê≠

A  TÇçç RêÆ¨î

B  TÇçç RêÆ¨ aï EÖàÊ

C  TÇçç RêÆ¨ WäÀïâäÀè

D  DÜÖäÀÑÇïÜÖ SïÇÑåî

E  SïÇäÀì aî SïÇÑå

B-5

D-4

C-2

D-2 E-3 E-5

A-1
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FäÀìîï FçêÆ±

GìêØäÀñî Hê¥îÜ, LäÀèÑê´è, MÇîîÇÑâñîÜïïî, 
WÇçïÜì GìêØäÀñî & MÇìÑÜç BìÜñÜì

WÇççÜè MÇöb§Ñå Hê¥îÜ, 
BÜìåÜçÜö, CÇçäÀáê±èäÀÇ, BÜìèÇìÖ MÇöb§Ñå

 32  LOCATING OUTDOOR ROOMS in relation to 
sun and wind can extend the seasons of outdoor 
comfort. [heating and cooling]

Because buildings can block sun and wind, they create 
a series of different microclimates      around them. Combi-
nations of wind and sun directions have implications for 
where to locate outdoor rooms. For example, in warm–
humid summers, when summer wind and sun directions are 
oblique to each other, the outdoor room can be located to 
the polar side of the building where there is more shade 
and the wind will blow through the space. However, when 
summer wind and sun directions are coincident, the out-
door room should not be located on the polar side of the 
building, because it would then not have access to wind. 

In the cool New England climate of Lincoln, Massa-
chusetts, Walter Gropius and Marcel Breuer placed the 
screened porch of the Gropius House extending from the 
south side of the house where it could be swept by the 
southwesterly summer breezes. Although a north-side 
location would have provided some shade by the build-
ing, the porch would have no access to wind. The porch 
is shaded by an opaque roof and roll-down shades. The 
scheme provides a sunny south-facing second-fl oor roof 
deck, screened from winter winds by an opaque west wall 
(Process Architecture, 1980).

In heating seasons, outdoor rooms are best in the sun 
and protected from the wind. In cold climates, there will 
be little need to cool outdoor spaces and a location on 
the sunny equatorial side of the building is prime. When 
winter wind is coincident with or oblique to the sun, 
WINDBREAKS can be used to shelter the space.

Bernard Maybeck set the Wallen Maybeck House on 
the top of a cool, windy hill near Berkeley, California. The 
southwest-facing outdoor space is surrounded on two 
sides by the house, on a third by the garage and on the 
fourth by a low wall. The organization  allows the occu-
pants to keep the view while being protected from winter 
winds from the north-northwest (Woodbridge, 1992).

ROOMS: Location and Orientation
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AïìäÀñé, LÇìåäÀè AÖéäÀèîï ìÇïäÀê≠ BñäÀçÖäÀèà, Buffalo, NÜò 
Yê±å, FrÇèå Lloyd WìäÀàÈï

 33  An ATRIUM BUILDING with a glazed or unglazed 
light court within can provide light to surrounding 
interior rooms. [daylighting]

When buildings are   thicker than the dimensions that can 
support sidelighting, unglazed light courts or glazed atria 
may be used to bring light into the interior. Atria are used 
both for lighting adjacent rooms and for providing light to 
plants and activities that occur in their climate-buffered 
space. Potentially, they have the additional advantages 
of increasing marketability, reducing conductive heat loss 
and gain in the building [BUFFER ZONES], providing win-
ter solar heat gain as SUNSPACES, and serving as a passive 
STACK-VENTILATION ROOMS.

Frank Lloyd Wright designed the offi ces of the Lar-
kin Administration Building in Buffalo, New York, 
around a tall toplit atrium. Openings into the atrium were 
unglazed, and the atrium fl oor was also used for offi ce 
work. Wide, light-colored sills    with fi ling storage under-
neath were used as LIGHT SHELVES to refl ect light into the 
offi ce galleries. The atrium was roofed with a double layer: 
a gridded horizontal ceiling covered by a gabled upper 
glass layer (Quinan, 1987).

Sidelighting can be usable to a depth of 2–2.5 times 
the head height (H) of exterior windows [DAYLIGHT ROOM 
DEPTH], thus the thickness of rooms between an atrium 
and the exterior wall is limited to about 5H for full 
daylight. If an internal electrically lit zone is used for cir-
culation, services and storage, the building thickness can 
be increased. Building thickness affects the fraction of a 
building's fl oor area that can be daylit.

Use a thickness dimension between outside wall and 
atria of 6H to achieve 90–100% net occupied area day-
lighted, and use 7H to achieve 80–90% area daylighted 
(DeKay, 1992, 2010). This principle holds true for all lati-
tudes and atrium sizes. The guideline assumes a   gross to 
net ratio of 1.35, excluding atrium area, and a 2.5H maxi-
mum penetration of daylight.

Daylight levels in rooms adjacent to atria are affected 
by the height and width of the atria, the amount of 

daylight available in the building's climate, the refl ectiv-
ity of interior facades, the size and position of windows 
facing the atrium, the atrium roofi ng design, the transmit-
tance of the glazing system, and refl ection strategies at 
the interior window wall. Just as in exterior sidelighting, 
room lighting is affected by room geometry, window glaz-
ing transmission and interior room refl ectances. The most 
important of these factors in providing daylight via an 
atrium is the proportion of the atrium. Tall, narrow atria 
have less “view” of the sky than short, wide atria. 

ROOMS:   Shape and Enclosure
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 35  THIN PLAN room arrangements will have 
daylight available for each space. [day lighting]

The amount of light that  reaches the interior of a room 
lit from one side is a function of the distance from the 
window [DAYLIGHT ROOM DEPTH], the head height of the 
window above the fl oor, the size of the window [DAY-
LIGHT APERTURES] and the refl ectivity of the room surfaces 
[DAYLIGHT REFLECTING SURFACES]. As one moves away from 
the window wall, the proportion of the exterior daylight 
available inside decreases. Therefore, the thickness of the 
building is an important design consideration for a daylit 
building.

The Science and Technology Park in Gelsenkirchen, 
Germany, by Kiessel + Partner, is organized into nine thin 
offi ce pavilions, with offi ces facing north and south, con-
nected by a single-loaded spine with offi ces facing east. 
Thus, the large offi ce building gives ample natural light to 
every unit of fl oor area (Rumpf, 1995). 

The Wainwright Building in St. Louis, Missouri, by 
Adler and Sullivan, has side-lit offi ces arranged on both 
sides of a single corridor. The building is U-shaped to fi t 
a corner site and to provide a continuous facade for both 
streets. The light courts traditionally formed by O-, U- and 
E-shaped plans reduce the amount of light available to the 
windows that face them because the court walls absorb 
some of the light. Sullivan addressed this problem in the 
Wainwright Building by giving the rooms facing the court 
less depth than the ones facing the more open street 

SÑäÀÜèÑÜ aèÖ TÜÑâèê´ê¶˙ PÇìå, GÜçîÜèåäÀìÑâÜè, GÜìéÇèö, KäÀÜîîÜç + PÇìïèÜì

WÇäÀèò±äÀàÈï BñäÀçÖäÀèà
Sï. Lê¥äÀî, MäÀîîê¥ìäÀ, AÖçÜì and SñççäÀó†è

(Cannon, 2011; Manieri-Elia, 1996).
Penetration of light can be enhanced by LIGHT SHELVES. 

When the sun is visible in the partly cloudy sky or the 
clear sky, light penetration into the space may be much 
greater than under overcast sky conditions. When sun-
light refl ectors are used, the width of the building may be 
increased, yet effectively daylighted. See details in THIN 
PLAN.

ROOMS:   Thin Organizations
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 37  DEEP SUN in thick buildings depends on 
effectively organized plans and sections. [heating]

While solar access to each room makes solar heating each 
space simple for thin, elongated organizations facing the 
sun [EAST–WEST PLAN], buildings of two or more rooms 
thick provide a challenge when solar heat is desired. 

Several formal strategies to bring sun deeper into 
buildings are shown in Plan and Section Organizations 
for Solar Heating of Thick Buildings. For example, plans 

PçÇè aèÖ SÜÑïäÀê≠ Oìà‚èäÀõÇïäÀê≠î fê± Sê´Çì HÜÇïäÀèà o• 
TâäÀÑå BñäÀçÖäÀèàÙ

SÜÑïäÀê≠ DäÀÇàÛÇéî

P çÇè DäÀÇàÛÇéî

SÜÑïäÀê≠ DäÀÇàÛÇéî

TÇçç RêÆ¨ tê Sê¥ïâ TÇçç RêÆ¨ IèÉ§ïò§Üè TÇçç RêÆ¨ o≠ Nê±ïâ TìÇöÙ UèÖÜì SçêØÜ BäÀà RêÆ¨ EèÑê¨ëÇîîäÀèà

SïÜëëÜÖ SÜÑïäÀê≠ o≠ HäÀçç RêÆ• HÜÇï Oó§ì OÉ≤ïìñÑïäÀê≠ MÜõõÇèäÀèÜ UèÖÜì SçêØÜ TÇçç RêÆ¨ BÜâäÀèÖ SïÜëëÜÖ CçÜìÜîïê±äÀÜî

E-W Eçê≠à‚ïÜÖ SïÇàËÊìÜÖ LäÀèåÜÖ N & S RêÆ¨î LäÀèåÜÖ tê 
Cê≠èÜÑïê± RêÆ¨

Deep Room Between S-FÇÑäÀèà BäÀà RêÆ¨

tâÜìéÇç 
mÇîî w†çç o± 
f lêÆ± 

däÀîïìäÀÉ¥ïäÀê≠ 
b∏ cê≠ó§ˇïäÀê≠

däÀîïìäÀÉ¥ïäÀê≠ 
b∏ rÇÖäÀÇïäÀê≠

tâÜìéÇç mÇîî 
f lêÆ±, pçÇè

of two or more rooms deep may be staggered to get some 
sun to each room. Polar-side nonsolar-zone rooms with-
out access to sun can be convectively               linked to solar 
zone rooms. When a building must be oriented long in 
the north–south direction, it can be stepped in section so 
that more northern rooms capture heat above more south-
ern ones.

ROOMS:      Thick Organizations
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 41  DAYLIGHT ZONES: Rooms can be arranged within 
the building so that activities that need higher lighting 
levels are near the      windows while activities that don’t 
need as much light are farther from daylight sources. 
[daylighting]

Many buildings have a range of activities that have vary-
ing visual tasks and therefore different illumination needs. 
Areas nearest the skin of the building have the greatest 
opportunity for daylight at the highest illumination lev-
els. If activities are zoned so that those that need the 
light are placed near openings in the skin and those that 
don’t are placed in the interior, then the amount of rela-
tively expensive skin and glazed openings can be reduced 
because of a smaller skin/volume ratio. The rate of electric 
light use, and thus heat gains are also reduced.

The Mount Angel Library in Oregon, by Alvar Aalto, 
divides activities into two main groups: reading, which 
requires high illumination levels, and book storage, which 
requires lower levels (Anderson et al, 2012). The reading 
areas are next to openings in the skin along the perimeter 
wall and under the skylight in the center, while the book 
storage occurs between the two reading areas, farthest 
from the pools of light (see perspective in TASK LIGHTING. 

Adler and Sullivan followed a similar approach in the 
Auditorium Building in Chicago, Illinois, ringing the 
exterior of the building with offi ces that need light and 
putting the auditorium, which needs light control, in the 
darker center of the building (Siry, 2002; Perlman & Vinci, 
1988; Pridmore, 2003; Canty, 1992).

In dense urban areas more is light available on upper 
fl oors than at street level [DAYLIGHT ENVELOPES]. Rooms 
with greater need for light can occupy upper fl oors, while 
those requiring less light can be located nearer the ground 
level. Some spaces, such as  circulation or rest rooms, are 
used for short periods, and others, such as storage, have 
little occupancy. These may be located in areas with less 
access to perimeter lighting, while longer occupancy uses 
are located closer to daylight apertures. Overall, the prin-
ciple is zoning to group rooms with similar needs together. 

LäÀÉ±Çìö, Mê¥èï AèàÊç AÉ°§ö, OìÜà≠, Açó†ì AÇçïê

AñÖäÀïê±äÀñé BñäÀçÖäÀèà, CâäÀÑÇà, IççäÀèê®Àî, AÖçÜì & SñççäÀó†è

ROOMS: Zoned Organizations
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 43  ROOMS FACING THE SUN     AND WIND increase the 
effectiveness of solar heating and cross-ventilation. 
[heating and cooling and ventilation]

As air fl ows around a building, it causes higher pres-
sure zones on the windward side and lower pressure 
zones on the lee side. Cross-ventilation occurs when 
 inlets are placed in higher pressure areas and outlets in 
lower pressure zones (Melarango, 1982, p. 321). Maxi-
mum ventilation occurs when inlets and outlets are large 
[VENTILATION APERTURES] and the wind is relatively per-
pendicular to openings. 

Variations in orientation up to 40° from perpen-
dicular to the prevailing wind do not signifi cantly 
reduce ventilation. (Givoni, 1976, p. 289). An orien-
tation of 20–45° from the prevailing wind gives two 
sides positive pressure and two sides negative  pressure. 
To determine wind direction, see WIND ROSE and WIND 
SQUARE.

A church in the Philippines completely opens its long 
sides with folding doors. All the ventilating openings are 
protected with deep overhangs or interior drains so that 
the building may be ventilated during rainstorms (Fry and 
Drew, 1956, p. 181).

In the winter most radiation falls on   the equator-facing 
facade between about 10 AM and 2 PM. Additionally, the 
amount of radiation refl ected from the glazing increases 
as the angle of incidence is more acute. Buildings with 
large solar glazing and low night glazing R-values are 
more sensitive to orientation. Sunspaces are about half as 
sensitive to orientation as other solar heating systems.

If the  solar collection   glazing is within 30° east or 
west of equatorial, the decrease in performance will be 
less than 10% of the optimum. Performance decreases 
with the glazing declination from equatorial (Balcomb et 
al., 1984, p. 2.10).

Frank Lloyd Wright used this fl exibility in orientation 
to bend the rooms in the Marting House in Akron, Ohio, 
in an arc to form a south-facing outside terrace (Architec-
tural Forum, 1/1948).

CâñìÑâ iÀè tâÜ PâäÀçäÀëëäÀèÜî

MÇìïäÀèà Hê¥îÜ, Aåìê≠, OâäÀê, FìÇèå Lçê∏Â WìäÀàÈï

First Floor

Second Floor

ROOMS: Orientation
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 44  Air fl ow through CROSS-      VENTILATION ROOMS is 
increased by open plans and uninterrupted pathways 
between windward inlets and leeward outlets. 
[cooling and ventilation]

The rate at which air fl ows through a room, carrying away 
heat with it, is a function of the area of the inlets and 
outlets, the wind speed,    the direction of the wind rela-
tive to the openings, and having a relatively unobstructed 
pathway for the air to fl ow within the room. The amount 
of heat removed by a given rate of air fl ow depends on 
the temperature difference between inside and outside the 
building. As air fl ows around a building, it causes higher 
pressure zones on the windward side and lower pressure 
zones in the lee of the building. The most effective cross-
ventilation occurs when the inlets are placed in the higher 
pressure area and the   outlets in the lower pressure zones.

The maximum ventilating area may be achieved, as 
in Paul Rudolph’s Cacoon House in Sarasota, Florida, by 
treating almost the entire house as a single room and 
opening its opposite walls completely with operable lou-
vers (Fry and Drew, 1956, p. 75).

Effective ventilation may be achieved when the wind 
does not come from a direction perpendicular to the win-
dow (Givoni, 1976, p. 289; Chandra et al., 1986, p. 66). 
Variations in orientation up to 40° from perpendicular 
to the prevailing wind do not signifi cantly reduce venti-
lation [ROOMS FACING THE SUN AND WIND]. When openings 
cannot be oriented to the prevailing breeze and if rooms 
have windows in only one wall, landscaping or wing walls 
can alter the positive and negative pressure zones around 
the building and induce wind fl ow through windows paral-
lel to the prevailing wind directions (R. H. Reed, 1953, p. 
56; Robinette, 1977, p. 29). If located correctly, vertical 
fi n projections create a positive pressure at one window 
and a negative pressure at another. Outward opening case-
ment windows can create a similar effect. The effect of 
wing walls is limited to windows on the windward side 
of a building and has no effect on leeward openings. The 
Rectorate of the Academy of the Antilles and Guiana in 

CÇÑêÆ≠ Hê¥îÜ, SÇìÇîê≥Ç, Fçê±äÀÖÇ, PÇñç RñÖê´ëâ

IèïÜìäÀê± V äÀÜò o• AçäÀÜìê≠î, AÑÇÖÜéö o• tâÜ AèïäÀççÜî 
aèÖ GñäÀÇèÇ, CâìäÀîï äÀÇèÜ HÇñó§ïïÜ & JÜ÷ìê‡¨Ü Nê¥Üç

Fort-de-France, Martinique, by Hauvette and Nouel uses on 
the windward side of the building wide vertical aileron fi ns 
that are constantly adjusted in response to variations in 
wind direction. The fi ns also help with shading the open-
ings, which are sheltered from rain by a large projection of 
the upper fl oor (Hauvett and Contal, 1997; Jones, 1998).

ROOMS: Shape and Enclosure
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 46  EVAPORATIVE     COOLING TOWERS can supply cool air 
to rooms without the use of fans or wind. 
[cooling and ventilation]

In climates where evaporative cooling is effective, down-
draft evaporative cooling towers (cool towers) can be used 
to supply cool air to rooms without the use of fans or the 
need for wind. If designed with outlets at the top, they 
can also be used for stack-ventilation during periods when 
the outside air is cooler than the indoor air.

The cool tower provides cool air by taking in hot, 
dry outdoor air through high inlets covered with a wet-
ted evaporative pad. The trickle fl ow in the pad is fed by 
a small electric water pump, which may      be photovoltaic 
powered. As the air  passes through the pad, it picks up 
moisture, raising its humidity, and lowering its tempera-
ture. The cooler, denser air then falls by gravity down the 
tower shaft, creating a positive pressure that pushes air 
through the occupied space and typically, out of oper-
able windows or doors the building perimeter. A negative 
pressure is created at inlets, drawing in more outside air 
through the pads. 

Since cool towers supply air at a single  point at the 
bottom of the tower, rooms can be bunched around two 
or more sides of the tower. For air to fl ow through the 
building, there must be an open path from the supply 
tower through adjacent rooms to outlet windows. Small 
buildings may be served by a single tower, but in larger 
buildings with multiple towers, each tower will cool one 
zone of the building. Exiting air can also be used to tem-
per adjacent  courtyards, such as in the courtyards of the 
Residence Halls at the University of Arizona in Tuscon, 
by Moule and Polyzoides (Steele, 1997, pp. 85–99).

Pliny Fisk's Laredo Blueprint Demonstration Farm, in 
Laredo, Texas, uses downdraft evaporative cooling towers 
to cool sheds that house offi ces,  classrooms, and packing 
areas. Air from the cooling tower drops into one shed from 
above, cools the space below, passes into an adjacent 
shed and exits out a stack-ventilation chimney (Tilley, 
1991).

SÜÑï äÀê≠ Tâìê¥àÈ Eó†ëê±Çï äÀó§ Tê∂§ì,
LÇìÜÖê DÜéê≠îïìÇïäÀê≠ BçñÜëìäÀèï FÇìé

Cê¥ìïö‚ìÖ, UèäÀó§ìîäÀïö o• AìäÀõê≠Ç RÜîäÀÖÜèÑÜ HÇçç, 
Mê¥çÜ and Pê´ö˚ê®ÀÖÜî

ROOMS: Shape and Enclosure
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 48  DIRECT GAIN ROOMS are open to collect the 
sun through windows and can store heat within a 
space. [heating]

The proportion of the annual heating load that can be 
supplied by the sun results from a balance between the 
amount of solar radiation collected, the building's rate of 
heat loss, and the amount of heat that can be stored in 
thermal mass during the day for use at night. Collectible 
radiation is a function of the amount of equator-facing 
glazing [see SOLAR  APERTURES] and the climate's available 
radiation; the amount of heat     loss  is a function of the 
insulating qualities of the building skin [ SKIN THICKNESS] 
and the severity of the climate.

    Direct gain solar buildings collect radiation in ROOMS 
FACING THE SUN AND WIND to heat the air and THERMAL 
MASS. The MASS SURFACE ABSORPTANCE characteristics help 
absorb the heat, which keeps the air temperature from ris-
ing too high during the day, and gives its stored heat back 
to the space at night  as the space cools (Mazria, 1979, p. 
28). At night, high-performance WINDOW AND GLASS TYPES 
and/or MOVABLE INSULATION help keep the collected heat 
in. As the amounts of sun-collecting glazing and thermal 
mass increase, greater demands are placed on the shape, 
orientation and materials of rooms. 

The Shelton Solar Cabin in Hazel Valley, Arkansas, by 
James Lambeth, is a diagrammatic expression of these 
demands. The south exposure is enlarged in plan and sec-
tion and fi lled with glass, while the remaining exposures 
are reduced in size, almost windowless, and well insulated. 
The concrete fl oor is used for thermal storage (Lambeth 
and Delap, 1977, p. 56).

The Milford Reservation Environmental Center in Mil-
ford, Pennsylvania, by Kelbaugh and Lee, uses a section 
similar to Lambeth’s but at a larger scale and with its 
largest wall facing north rather than south. This gave the 
architects the opportunity to puncture the roof with dor-
mers, thereby increasing the south-facing glazing area and 
allowing sunlight to penetrate to the north edge of the 
building (Progressive Architecture, 4/1980; 4/1981).

MäÀçáê±Ö RÜîÜìó†ïäÀê≠ Eèó®Àìê≠éÜèïÇç CÜèïÜì, MäÀçáê±Ö, 
PÜèèîöÌó†èäÀÇ, KÜçÉ†ñàÈ and LÜÜ

SâÜçïê≠ Sê´Çì CÇÉ®Àè, HÇõÜç VÇççÜö, AìåÇèîÇî, JÇéÜî 
LÇéÉ§ïâ

ROOMS: Shape and Enclosure
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 49  SUNSPACES can be used to collect the sun's heat, 
store it centrally and distribute it to other rooms. 
[heating]

A sunspace, unlike direct gain and trombe wall systems, 
adds a room to the building. Since the purpose of the 
sunspace is to provide heat to the rest of the building, it 
experiences large diurnal temperature swings and is there-
fore not always comfortable. In sunny periods it will be 
too warm, and at night it will be too cold. It is usually 
assumed that the sunspace can get as hot as 95° F (35° 
C) and as cool as 45° F (7° C). More THERMAL MASS will 
reduce the temperature swings in    the sunspace and store 
more of the heat collected.

The sunspace may be attached to the main space, shar-
ing one common wall, or be encompassed by the building, 
sharing three common walls. Enclosed sunspaces are more 
effi cient than attached sunspaces because they lose heat 
at night through only one exposed wall. Heat is usually 
transferred to the main space through a  common masonry 
thermal storage wall and by convection through openings 
in the common wall. The common wall may also be an 
insulated wall with all the mass located in the sunspace 
and the heat transfer completely dependent on either CON-
VECTIVE LOOPS or the aid of fans. To get enough thermal 
storage, sunspaces with insulated common walls usually 
need additional mass, either in the form of water or a rock 
bed under the sunspace fl oor. See MASS ARRANGEMENT.

Insulated masonry end walls with INSULATION OUTSIDE 
of attached sunspaces will improve both performance and 
thermal comfort in the sunspace, as compared to glazed 
end walls, which have a lower R-value and collect little 
winter heat. Like all passive solar approaches, sunspaces 
require good shading and ventilation in summer to pre-
vent excessive heat gain. 

Sunspace performance can be  dramatically improved 
in many climates by the use of night insulation [MOV-
ABLE INSULATION] or high-performance WINDOW AND GLASS 
TYPES.

The Solarhaus Lützowstrasse in Berlin, Germany, by 

Sê¥ïâ FÇÑÇÖÜ, Sê´ÇìâÇñî LñÃ ïõê∂≤ï ìÇîîÜ, BÜìçäÀè, 
GÜìéÇèö, IBUS

the Institute for Building, Environment and Solar Research 
(IBUS: Institut für Bau-, Umwelt-, Solarforschung), uses 
one- and two-story semi-enclosed sunspaces for levels 
3–6. Moveable sliding insulation panels insulate these at 
night. Attached sunspaces, with blown-in polystyrene-
bead night insulation between the glazing layers, heat 
penthouse split level units. North-facing bedrooms are 
one-half level lower to promote better sun and light pen-
etration from the south [see section in THERMAL COLLECTOR 
WALLS AND ROOFS] (A + W, 12/1991; Kok and Holtz, 1990, 
pp. 33–42).

See SUNSPACES for more specifi c guidelines.

ROOMS: Shape and Enclosure      
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 53  STACK-       VENTILATION ROOMS is increased by open 
sections and unrestricted pathways between the low 
inlets and high outlets. [cooling and ventilation]

When the wind is blowing and the outside temperature is 
below the inside temperature, CROSS-VENTILATION ROOMS 
can be an effective cooling strategy. However, wind is 
not always available at certain times such as at night, or 
winds may be very calm in some climates, or site or urban 
conditions may block a building's access to wind. In such 
conditions, stack-ventilation, which does not require wind 
to move the air through a building, can provide a simi-
lar cooling effect. It also has the advantage of  orientation 
independence.  

In a room cooled by stack-ventilation, warm air rises, 
exits though openings at the top of the room and is 
replaced by cooler air entering low in the room. Several 
strategies may be used to enhance this ventilation sys-
tem; all deal with the   design of a building's section.

The effective height of the room can be increased 
by a stack chimney at the top, as it is in the Build-
ing Research Establishment Offi ce Building in Garston, 
England, by the fi rm of Feilden-Clegg. Five stacks, which 
serve the lower two fl oors, are located on the south side 
of the building and extend the distance between inlets 
and outlets by two stories. Their south face is glazed to 
further heat the outgoing air and increase the tempera-
ture difference with the   incoming air. Fans in the stacks 
assist ventilation when natural fl ow is insuffi cient (Allen, 
1997; Jones, 1998, pp. 178–181). Outlet performance is 
enhanced by placing it in a negative pressure zone created 
by wind fl owing over the building, as in the BRE building's 
top fl oor, which is stack cooled by clerestory windows on 
the leeward side.

The Queen's Building of the deMonfort Univer-
sity Engineering School in Leicester, England, by Short 
+ Ford architects, addresses acoustic isolation by venti-
lating separate acoustic zones with individual stacks. In 
the auditorium, sound-baffl ed inlets are located in the 
wall beneath the seats. Air enters the room from registers 

BRE OááäÀˇÜ, TöÒäÀˇÇç SÜˇïäÀê≠, GÇìîïê≠, England, 
FeäÀçÖÜè-CçÜàË, aìˇâäÀïÜˇïî

H
3

H
2  

H
1

QñÜÜè'î BñäÀçÖäÀèà, dÜMê≠áê±ï UèäÀó§ìîäÀïö,
LÜäÀÑÜîïÜì, EèàÌÇèÖ, Sâê±ï + Fê±Ö, aìˇâäÀïÜˇïî

under the seats and exits through two dedicated stacks 
with outlets above roof level, allowing daylight and venti-
lation to be controlled separately (Davies, 1995; Thomas, 
1996, pp. 171–188).
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TöÒäÀÑÇç OááäÀÑÜ SÜÑï äÀê≠, EÇîïà‚ïÜ BñäÀçÖäÀèg

 54  NIGHT-COOLED   MASS: Thermal mass can be used 
to absorb heat from a room during the day and then 
be  cooled at  night with ventilation. [ cooling]

Cooling a building using nighttime ventilation of the ther-
mal mass depends on a twofold process. First, during the 
day, when the outside temperature is too warm for ven-
tilation, the building envelope is closed and excess heat 
gains are stored in the building’s mass. Second, at night, 
when the outside temperature is lower, outdoor air is 
allowed to ventilate through the building to remove the 
stored heat from the mass. The mass is thus cooled so 
that it can absorb excess heat again the next day. For 
this to work, there must be enough mass in the building 
to absorb the heat gains, and the mass must be distrib-
uted over enough surface area so    that it will absorb the 
heat quickly and keep the interior air temperature com-
fortably low. The openings must be large enough to allow 
enough cool outside air to fl ow past the mass to remove 
the heat accumulated during the day and carry it outside 
the building.

Pearce Partnership, with Ove Arup engineers, designed 
the high-mass, night-ventilated Eastgate Building in 
Harare, for Harare, Zimbabwe’s tropical high-altitude cli-
mate. Only the lower two shopping      fl oors are mechanically 
conditioned. For the narrow offi ce blocks above, air is 
drawn in with the aid of large fans from a central atrium 
and up through 32 vertical supply ducts. It is then distrib-
uted horizontally through a plenum under the fl oor, where 
the air can cool the mass. The major mass is in the ceil-
ing, which is vaulted to increase the exposed surface area. 
Air enters rooms low near the windows and moves diag-
onally back to the interior, where it is collected at high 
bulkheads and discharged through stack towers to outlets 
above the roof level. During the day, the fl ow is reduced 
to a rate suffi cient for fresh air supply, and the massive 
structure can absorb heat from internal and envelope 
gains. At night, air fl ow increases to seven air changes per 
hour (Slessor, 1996).

SÜÑï äÀê≠, EÇîïà‚ïÜ BñäÀçÖäÀèà, HÇìÇìÜ, ZäÀéÉ†É∂§ 
PÜÇìÑÜ PÇìï èÜìîâäÀë, aìˇâäÀïÜˇïî, aèÖ Oó§ Aìñë, 
eèàÍÀèÜÜìî
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 60  MASS ARRANGEMENT can be optimized for 
solar heating, passive cooling, or both; and thermal 
mass can be located         in rooms where  sun is collected 
in adjacent rooms or outside of rooms, remotely. 
[heating and cooling]

Thermal mass refers to materials within the insulated 
envelope that can store heat when coupled to the indoor 
air. Buildings with high levels of thermal mass can store 
excess daytime solar heat gains that can be used for heat-
ing a space on winter nights or can be fl ushed with cool 
night air in summer. 

Heavyweight materials store heat and lightweight mate-
rials insulate. Because these two types of materials have 
different construction logics and they impact so strongly 
and differently how people   experience a space, their size 
and the relationship between them is a primary consid-
eration in preliminary design. This is especially true of 
a building using passive heating or cooling. The THER-
MAL MASS strategy gives guidance on sizing   mass for solar 
heating, while the NIGHT-COOLED MASS,    ROOF PONDS and 
EARTH CONTACT strategies give sizing procedures for passive 
cooling applications. 

For heating, when masonry is used for THERMAL MASS, 
its area can be about as large as the conditioned fl oor 
area, and for NIGHT-COOLED MASS, up to twice the size 
of the fl oor area, so deciding where to locate the ther-
mal mass is a signifi cant design choice. The placement 
of thermal mass in fl oor, wall or ceiling locations affects 
the rate that heat fl ows in and out of the mass because 
the heat transfer coeffi cients for convective exchanges 
between the room air and the mass vary for different sur-
face orientations. 

The following guidelines for mass arrangement apply 
for both a PASSIVE SOLAR BUILDING and a PASSIVELY 
COOLED BUILDING:
•  Expose structural  mass to the interior room air, so it 

can exchange heat with the air.
•  Place INSULATION OUTSIDE to protect mass located in 

the envelope from losing its heat to the outdoors. 

•  Locate thermal mass out of the summer sun, and make 
certain it is fully shaded.

Use the following design guidelines for the arrange-
ment of mass for a PASSIVELY COOLED BUILDING: 
•  Place mass where people can see it, such that their 

bodies can radiate (cool) to it and the mass will lower 
the  mean radiant temperature (MRT) of the   space.

•  Place a signifi cant portion of the mass in the ceiling, 
so that heat exchange will be maximized.

•  Use ceiling    fans to increase heat exchange with mass 
on ceilings and walls.

•  Locate mass in the ceiling and    secondarily on walls, 
which are better than the fl oor. Select a VENTILATION 
OPENINGS ARRANGEMENT that will bring fl owing night 
air into direct contact with the mass.

Use the following design guidelines for the arrangement 
of mass for a PASSIVE SOLAR BUILDING:
• In DIRECT GAIN ROOMS and SUNSPACES, mass can be 

located in the fl oors, walls, or ceilings, or as water in 
containers within the space. 

•  Whenever possible, locate     mass within the sun-
collecting room (direct or solar mass) so it is radiantly 
coupled. This works up to four times better than 
remote mass or mass in another room. 

•  Distribute dense masonry storage materials over as 
large an area as practical. 

•  Limit passive solar fl oors in sizing calculations to the 
area in direct sun for some portion of the day between 
10 AM and 2 PM sun time. 

•  The volume of water, not the shape of the containers, 
is important when water is used as thermal mass. 

•  Optimum performance in direct gain rooms is achieved 
with thermal storage on vertical surfaces, as Balcomb’s 
studies (1984) show. 

WALLS, ROOFS & FLOORS: 
Orientation, Location and Material
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MÇîî AììÇèàÊéÜèïî fê± PÇîîäÀó§ CêÆ´äÀèà b∏ Lê¢ÇïäÀê≠ aèÖ TöÒÜ

MÇïÜìäÀÇçw

CA WÇïÜì

CB Sê´äÀÖ 
     MÇîê≠ìö

CC Hê´çê∂ 
     MÇîê≠ìö

CD PâÇîÜ 
     CâÇèàÊ 
     MÇïÜìäÀÇçî

Lê¢ÇïäÀê≠ 1  WÇççî 2  FçêÆ±î 3  CÜäÀçäÀèàÙ 4  IèïÜìäÀê± o± RÜéê≥Ü

CA-1 U. K. PÇó®ÀçäÀê≠, Eôëê ‘92

CB-2 Arup CÇéëñî BñäÀçÖäÀèàÙ
CC-4 NREL RÜîÜÇìˇâ 
        Sñëëê±ï FÇˇäÀçäÀïö

CD-3 TÜÇé GÜìéÇèö Hê¥îÜ CD-4 Cê¥èˇäÀç Hê¥îÜ II (CH2)

CA-3 SåöıâÜìé Hê¥îÜCB-3 Pê∂§ìàÊè HÜÇÖíñÇìïÜìî

CC-3 EçäÀõÇÉ§ïâ Fìö BñäÀçÖäÀèà

The matrix Mass Arrangements for Passive Cooling 
by Location and Type  organizes location   alternatives 
by material type and location in the room. For example: 
In location CA-1, the U. K. Pavilion, Expo ‘92, Seville, 
Spain, 1992, by Nicholas Grimshaw & Partners. The pavil-
ion’s west wall is constructed of stacked steel freight 
containers lined with a membrane and fi lled with water. 
They act as thermal storage to moderate the extreme daily 
temperature range by absorbing internal heat and solar 

gains during the day and cooling by night (Davies, 1992; 
Haryott, 1992). Detailed explanations of options indicated 
in the matrix are given in MASS ARRANGEMENT.

MASS ARRANGEMENT includes an additional matrix, Mass 
Arrangements for Passive Solar Heating by Location 
and Type, which organizes mass location alternatives by 
material type and location in the room.
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ROOMS & COURTYARDS:      Layers

 63  A LAYER OF  SHADES overhead protects the 
   courtyard and building from the high sun, while a 
layer of vertical   shades can protect from low sun. 
[cooling]

During the summer at temperate latitudes, or year-round 
at tropical latitudes, the sun is high enough in the sky for 
much of the day that horizontal overhead shading devices 
are more effective at shading outdoor space than verti-
cal ones and more effective than shade from a building's 
massing. However, in the morning or afternoon, shading 
elements in the vertical plane are more effective at block-
ing low-angle sun.

The shading devices may be opaque or louvered, as they 
are in a Tucson, Arizona, house by Judith Chafee, where 
the shades partially cover the building as well as outside 
areas (Watson & Labs, 1983, p. 15). 

In hot climates, the overheated period in summer often 
begins near sunrise and extends into the evening. In 
some buildings, such as residences, the building is occu-
pied more during the early morning and late afternoon 
than during the middle of the day. Thus, shading for out-
door rooms may be    desirable when the sun is very low. 
To shade low sun by overhead shades would require very 
long extensions beyond the courtyard. William Turnbull 
of MLTW addressed this issue in the Zimmerman House 
in Fairfax County, Virginia, by creating a house within 
an encompassing layer of shades.  A vertical redwood lat-
tice envelope pierced by large view-framing windows gives 
shade from low-angle sun to porches around the inner 
house and roof terraces above. The outer roof is glazed 
with translucent plastic and fully vented below to prevent 
heat buildup (GA Houses, 1976, pp. 98–103; Architectural 
Review, 6/1976, p. 381).

Shades can be movable so that the sun can be let in 
when it is cold and screened when it is hot. Fixed shades 
have the potential disadvantage of shading equally for 
months on either side of the summer solstice. In cli-
mates with cool springs, say March and April in much of 
the United States, it is desirable to admit the sun, but in 

Hê¥îÜ iÀè TñÑîê≠, AìäÀõê≠Ç, JñÖäÀïâ CâÇáÜÜ

August and September, when it is hot and sun positions 
are identical, shade is needed. 

See also SHADING CALENDAR.

ZäÀééÜìéÇè Hê¥îÜ, FÇäÀìáÇô Cê¥èïö, VäÀìàÍÀèäÀÇ, 
WäÀççäÀÇé TñìèÉ¥çç/MLTW
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Aó§ìÇàÊ IèïÜìäÀê± AäÀì VÜçê¢äÀïö aî a PÜìÑÜèïÇàÊ o• tâÜ 
EôïÜìäÀê± WäÀèÖ VÜçê¢äÀïö
rÇèàÊ = w®ÀèÖ 45~ tê pÜìëÜèÖäÀÑñçÇì to oØÜèäÀèg

window height as a fraction of 

wall height
1/3 1/3 1/3

window width as a fraction of 

wall width
1/3 2/3 3/3

single opening 12–14% 13–17% 16–23%

two openings in 

the same wall ––– 22% 23%

two openings in 

adjacent walls
37–45% 37–45% 40–51%

two openings in 

opposite walls
35–42% 37–51% 47–65%

WINDOWS: Location and     Orientation

 69   VENTILATION OPENINGS ARRANGEMENT can be 
optimized to increase the rate of cross-ventilation 
in a room and to move air across occupants 
to increase their rate of  cooling. [cooling and 
ventilation]

In addition to removing hot air from a room, ven ti la tion 
can also affect oc cu pant cooling if the air is mov ing fast 
enough by increasing the rate of evap o ra tion from their 
skin. When the out side ambient air tem per a ture is above 
the com fort zone, design vents for oc cu pant cooling as 
well as for heat re mov al. 

Use the BIOCLIMATIC CHART to de ter mine the wind 
speed that will cre ate com fort. Interior air velocity in 
a room can be estimated by modifying the design wind 
speed by the percentages in Average        Interior Air Veloc-
ity as a Percentage of the Exterior Wind Velocity. 
Choose the size and arrangement of win dows that best 
ap prox i mates the proposed room de sign. 

The table is based on the work of Melarag no (1982) 
and assumes that the win dow   height is one-third of the 
wall height. The av er age in te ri or air ve loc i ty is a func-
 tion of the ex te ri or free wind ve loc i ty, the an gle at which 
the wind strikes the inlet, and the lo ca tion and size of the 
open ing. For openings two-thirds of the wall width, rooms 
that have only one opening in one wall have av er age 
ve loc i ties of 13–17% of the out side air ve loc i ty, de pend-
 ing on the wind direction. For two openings placed in the 
same wall, av er age velocities are higher, about 22% of 
the out side air ve loc i ty, be cause one opening acts as an 
in let and the oth er as an out let. If per pen dic u lar wings 
are added to the wall between the openings, this av er age 
ve loc i ty can be in creased to 35% when the wind blows 
ob lique ly to the wall [see CROSS-VENTILATION ROOMS]. 

When open ings are lo cat ed in two walls, the av er age 
in te ri or ve loc i ty is much high er, 35–65% of out side air 
velocity, be cause one open ing will al ways be in a high er 
pres sure zone than the oth er. The volume of air fl ow, and 
thus the heat removed, is great ly in fl u enced by the size of 
the open ings [VENTILATION APERTURES]. 

The location of the openings and in te ri or par ti tions in 
both plan and sec tion infl uence the route of the air fl ow 
through the room. Although open ings in op po site walls 
create rapid movement, open ings in adjacent walls and 
wind directions ob lique to the win dow encourage both 
turbulence and air mix ing, and thus a more even veloc-
ity dis tri bu tion and cool ing effect through out the room. 
Locate openings so that air moves past the oc cu pants to 
be cooled. If the openings are all near the ceil ing or all 
near the fl oor, the maximum ve loc i ty won’t oc cur in the 
occupied zone, usu al ly 1–6 ft (0.3–1.8 m) above the fl oor. 
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U. K. PÇó®À ççäÀê≠, Eôëê ‘92, SÜó®ÀççÜ, SëÇäÀè, NäÀÑâê´Çî 
GìäÀéîÑâÇò & PÇìïèÜìî

ROOFS & WALLS: Size and Orientation

    78  Orient PHOTOVOLTAIC WALLS     AND ROOFS to 
collect sun, and make them large enough to meet 
the building's electric load. [power]

Photovoltaic cells (PVs) convert sunlight to direct current 
(DC) electricity. Like any solar collection surface, photo-
voltaics collect more sun when oriented properly. A true 
equator-facing orientation maximizes yield. Orient solar 
collection surfaces within 30° of south (N in SH). At 
higher latitudes, winter yield will be signifi cantly reduced 
for non-south orientation (non-N in SH). At tropical lati-
tudes, because the sun is high, tilt can be more important 
than orientation [see ROOMS FACING THE  SUN AND WIND]. 

Maximize production with Recommended PV Tilts at 
an angle above horizontal as follows: winter, latitude 
plus 15°; summer, latitude minus 15°; annual pro-
duction, equal to the site's latitude. For PV sizing, see 
details in PHOTOVOLTAIC WALLS AND ROOFS. 

Collectors may be  mounted on fl at or sloping roofs, or 
on south-facing walls. Vertical mounting will reduce out-
put substantially, especially at lower latitudes and in 
summer, when the sun is at a higher altitude angle. PV 
arrays may be integrated with the building's design in var-
ious ways. They may be 1) mounted on racks and attached 
to the building's structure; 2) affi xed to short stand-
off mounts above the weather envelope; 3) integrally 
mounted to the structure, with PVs serving as the building 
skin; or 4) integrated as a part of other materials, such as 
roofi ng tiles, spandrel panels, shading devices, or glazing.

Roof design strategies that support photovoltaics 
include 1) roof ridges oriented east–west; 2) larger roofs 
sloped toward the equator, with smaller roofs sloped to 
the pole; and 3) chimneys, plumbing vents and other roof 
penetrations located on polar-oriented roofs. 

Photovoltaics can perform a second function as archi-
tectural shading. PVs mounted on frames above the roof 
were used by Nicholas Grimshaw & Partners to power the 
lighting and evaporative wall water pumps while shading 
the roof and skylights of the U. K. Pavilion at Expo '92 in 
Seville, Spain (Davies, 1992; Haryott, 1992). RÜÑê¨éÜèÖÜÖ PV TäÀçïî

SñééÜì Sñè

WäÀèïÜì Sñè

WäÀèïÜì:    LÇï äÀïñÖÜ + 15~
AèèñÇç:   LÇï äÀïñÖÜ~
SñééÜì:  LÇï äÀïñÖÜ - 15~

LÇï. + 15~
LÇï.~

LÇï. - 15~
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Sê´Çì VäÀççÇàÊ 3,  AïâÜèî, GìÜÜÑÜ, 
AçÜôÇèÖìê≤ N. Tê¨É†õäÀî & Aîîê¢äÀÇïÜî

ROOFS: Size, Location and Orientation

 79  SOLAR    HOT WATER systems require roofs that 
are large enough as well as sloped and oriented to 
collect sun. [power]

Heating water is one of the simplest and most cost effec-
tive uses of solar energy. Always invest in the sun to heat 
water   before considering photovoltaics. Solar hot water 
systems have many ben e fi ts, in clud ing substantial reduc-
tion of fuel consumption, reduced pol lu tion and at trac tive 
eco nom ics. In a so lar hot water sys tem, wa ter, or in cool 
cli mates, a non freez ing so lu tion, is cir cu lat ed through a 
solar col lec tor, most of ten with the aid of a pump, but 
purely passive systems are also available. 

The water is heated by the sun as it pass es through 
the collector and is then cir cu lat ed to a storage tank. In 
the case of a non freez ing so lu tion, the warmed solution 
heats water from storage by means of a heat ex chang er. 
From stor age (or the heat ex chang er), the fl u id is cir cu-
 lat ed back to the collector. Usu al ly, an aux il ia ry hot wa ter 
heater pro vides heat when the so lar re source is in suf-
 fi  cient, such as in mid win ter or under unusual high use 
periods. 

In the Solar Village 3 neighborhood in Ath ens, Greece, 
Al ex an dros N. Tom ba zis and As so ci ates used so lar water 
col lec tors mounted on racks to pro vide heated water while 
also shad ing roof ter rac es of multistory hous ing (Cofaigh 
et al., 1996, pp. 147–154; Ar chi tec ture in Greece, 1986, 
pp. 196–199). Col lec tors are tilt ed, fac ing south. The 
com plex uses both ac tive and pas sive  so lar heat ing and 
cooling sys tems in a va ri ety of types. Heat ed water is for 
do mes tic use and in some cas es, for some of the space 
heat ing requirements. Banks of col lec tors al ter nate with 
open rails to give both a shady and a sun ny side to the 
roof terraces, ex pand ing op tions for seasonal use and 
views. 

The size of a building's collectors are based on the 
amount of energy that can be collected at the building 
site, the temperature of in com ing water, the tem per a ture 
of hot water pro vid ed and the rate of water use in the 
building. See sizing details in SOLAR    HOT WATER.

Face collectors toward the equator when ev er pos si ble. 
De vi a tions from a true south (N in SH) orientation re sult 
in less heat be ing col lect ed from the sun, es pe cial ly at 
high lat i tudes in win ter. How ev er, on an annual basis, per-
 for mance at Alas kan lat i tudes decreases less than 10% for 
ori en ta tions up to 50° from south (Siefert, 2010).

Tilt recommendations are the same as for PVs. See 
diagram of collector tilts in PHOTOVOLTAIC ROOFS AND 
WALLS. For temperate, overcast-dominated sky con di-
 tions, a tilt low er than the lat i tude° is rec om mend ed, 
since un der over cast conditions, the top of the sky dome 
is three times brighter than the horizon. At high lat i tudes, 
such as Alas ka, win ter radiation is very low, so an nu al per-
 for mance is maximized by a tilt of latitude° minus 10–20° 
(Siefert, 2010). ST
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MäÀççê∂≠Üì'î Aîîê¢äÀÇï äÀê≠ BñäÀçÖäÀèà, AâéÜÖÇÉ†Ö, IèÖäÀÇ, 
LÜ Cê±É¥îäÀÜì

MäÀççê∂≠Üì'î Aîîê¢äÀÇï äÀê≠ BñäÀçÖäÀèà, WÜîï FÇÑÇÖÜ

WINDOWS: Layers

 91  An EXTERNAL SHADING layer outside the 
window can   shade the glazing and reduce solar heat 
gain. [cooling]  

   Exterior shading devices can be either horizontal, vertical, 
or a combination of horizontal and vertical called “ egg 
crates.” Horizontal    shades provide effective shading on 
the equatorial facade when the sun altitude is high. The 
depth of the device determines the length of the shadow 
on the window wall. The sun is higher in the summer than 
in the winter, so horizontal shades can be proportioned to 
shade in the summer but admit sun in the winter to help 
heat the building. Because the summer sun’s movement is 
symmetrical around Jun 21 (Dec 21 in the Southern Hemi-
sphere), equator-facing horizontal shades that shade the 
glazing in hot months (August and September; February 
and March in SH) will also shade in cooler months (March 
and April; September and October in SH) when the sun 
might be welcome. This problem can be solved by mak-
ing the shades seasonally    adjustable, like canvas awnings. 
Deciduous vines make effective shades since they are bare 
in the cool spring but have   dense foliage throughout the 
hot summer and early fall. To determine periods for fi xed 
and moveable shades, see SHADING CALENDAR.

Vertical shades are effective when the sun is low and 
the broad side of the vertical elements faces the sun. 
Vertical shades perpendicular to the window are most 
effective on the polar side, where no horizontal element is 
needed, except at tropical latitudes where the sun is much 
higher.

Egg crates combine the advantages of both horizon-
tal and vertical shades and are particularly effective on 
facades that do not face the equator. On the west facade 
of the Millowners' Association Building, in Ahmedabad, 
India, by Le Corbusier, the horizontal elements shade in 
the early afternoon when the sun is high and the angled 
vertical elements shade in the late afternoon when the 
sun is low and in the west (Futagawa, 1975). Note also 
how the brise soleil is held away from the glass to allow 
air circulation to remove any heat captured.

Shading devices can vary in size without changing their 
shading characteristics, as long as the ratio between the 
depth and the spacing of the elements remains constant. 

Vegetation placed between the sun and building’s sur-
faces reduces a building’s heat gain in three ways: by 
reducing radiation transmitted though windows, by reduc-
ing the solar load on opaque surfaces and by lowering via 
evapotranspiration the outdoor air temperature near build-
ing surfaces. Architects Enrique Browne & Borja Huidobro 
used a vertical screen of vines grown on a planting trellis 
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Cê≠îê±ÑäÀê-V äÀÖÇ Oáá äÀÑÜî, SÇèï äÀÇà, CâäÀçÜ, 
EèìäÀíñÜ Bìê∂≠Ü & Bê± ã‚ HñäÀÖê°±ê

SÜÑï äÀê≠ tâìê¥àÈ WÜîï EçÜó†ï äÀê≠,
Cê≠îê±ÑäÀê-V äÀÖÇ OááäÀÑÜî

pçÇèïÜì 
tìê¥àÈ

pçÇèïÜì 
tìê¥àÈ

tìÜççäÀî

v®ÀèÜî

to shield the Consorcio-Vida Offi ces in Santiago, Chile, 
from harsh western sun (Slessor,  1999). The trellis frames, 
which vary in height between two and four stories, are set 
1.5 m (5 ft) outside the window wall. The vines provide a 
fi ltered animated light, blocking approximately 60% of the 
solar gain on the wall. The perspective shows the build-
ing four years after construction, the vines having grown 
to cover approximately half of the trellis. This illustrates 
the need to begin plantings as early as possible and have 

an interim shading strategy while the vegetation matures. 
In this scheme, shorter trellises of two stories with more 
planter troughs would have allowed the entire facade to 
be covered in the same number of years. Vines can pro-
duce a dense leaf structure faster than trees; shade plants 
can begin growing before the building is constructed.

Shading coeffi cients for various external shading ele-
ments can be found in WINDOW SOLAR GAIN. For sizing 
details, see the methods in EXTERNAL SHADING.
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The meaning of high-performance building design has 
changed dramatically since the second edition of Sun, 
Wind & Light was published in 2001. At that time, the 
world held only a handful of very expensive zero-energy 
demonstration buildings. Most people thought that renew-
able energy production was too expensive to be practical 
except for remote off-the-grid buildings, and the Architec-
ture 2030 movement had not yet been born. In the years 
since the second edition, the bar has been set continu-
ally higher. First, the  EPA  Energy Star®  program challenged 
designers to create buildings that used 25% less energy 
than buildings typical of a type and climate zone.      ASHRAE 
responded with a series of high-performance building 
design guides to help designers meet the 25% reduction 
goal. Architecture 2030 came on the scene and both chal-
lenged and inspired the building community to adopt 
more progressive high-performance targets that reduce 
fossil fuel use in new buildings by an additional 10% 
every fi ve years, culminating in a carbon-neutral perfor-
mance target in which all new buildings operate without 
fossil fuels. ASHRAE responded with a second set of high-
performance building design guides, this time setting a 
50% energy reduction target. The building design and 
construction community has taken up this call and enthu-
siastically adopted the  2030 challenge.

Extending these targets further, this SWL edition 
embraces  site net-zero energy buildings, which produce as 

much on-site renewable energy as they consume. The fron-
tier continues to be redefi ned, as the building community 
strives to create  net-positive energy buildings,which pro-
duce more energy than they consume and export energy to 
the utility grid. The ultra-high-performance target in that 
territory is the  peak-net-zero building,which produces at 
its peak load hour as much energy as it consumes, thus 
having an excess of power at all other times.

The new SWL high-performance buildings techniques 
in Part VII help the designer set energy and emissions 
targets and then evaluate the building design at the pre-
liminary level to ascertain if those targets have been 
met. Using ENERGY TARGETS and EMISSIONS TARGETS in 
your pre-design,  unbuilt phase is recommended to better 
frame the design problem and seek criteria for its success. 
The Synergies, Bundles and Design Strategies in SWL are 
the means to propose the  'built' phase's possible design 
responses. Once a scheme is developed to a preliminary 
stage, refer to ANNUAL ENERGY USE to fi nd the build-
ing's    Energy Demand Intensity (EDI) and consult NET-ZERO 
ENERGY BALANCE to size  renewable power and estimate 
the building's Energy Production Intensity (EPI). From 
there, use ENERGY USE INTENSITY to fi nd the building's net 
site Energy Use Intensity (EUI), which is the difference 
between its energy demand and its energy production:

EUI = EDI – EPIPA
RT
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Also, in ENERGY USE INTENSITY, the building's EUI 
is compared to the target EUI chosen earlier in ENERGY 
TARGETS. Finally, in CARBON-NEUTRAL BUILDINGS, design-
ers can  estimate the  Carbon Use Intensity (CUI) for the 
building and compare it to the target CUI established pre-
viously in EMISSIONS TARGETS. 

As with all tools in SWL, these are intended for pre-
liminary design rather than for detailed evaluations at 
the design development or post-occupancy phases, when 
much more detail is known about the building. Like other 
SWL tools, these are quick and approximate and come with 
built-in assumptions to which the user is advised to pay 
careful attention. 

 SWL Electronic contains the  SWL Tools spreadsheet, 
which facilitates all of the calculations covered in these 
six techniques. Similar to the SWL hand estimation tools, 
it is designed to be relatively simple, quick and appropri-
ate for preliminary design. Because it is a spreadsheet, 
the user can inquire into its logics and formulae. The text 
in these high-performance building techniques explains 
the general logic used in SWL Tools and explains meth-
ods for hand calculation. While the general logics are the 
same, the specifi c formulae in the spreadsheet are often 
more complicated, and for clarity and brevity not all of 
the spreadsheet features are covered in the text.

P1 ENERGY TARGETS set goals to reduce fossil fuel 
consumption relative to benchmarks for the 
building's type and climate. 266

P2 ANNUAL ENERGY USE can be estimated to 
understand the energy savings of passive 
strategies. 276

P3 Buildings with a NET-ZERO ENERGY BALANCE 
produce annually renewable energy equal to 
the building's annual loads not met by passive 
design. 284

P4 Estimate the building's ENERGY USE INTENSITY 
(EUI) to compare its energy use to the energy 
target. 290

P5 EMISSIONS TARGETS set goals to reduce 
greenhouse gas emissions due to fossil fuel 
consumption, relative to benchmarks for the 
building's type and climate. 294

P6 CARBON NEUTRAL BUILDINGS use no 
greenhouse gas emitting energy to operate. 
Calculate the building's carbon use intensity 
(CUI) to compare its performance to the 
building's emission target. 302

VII
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 P1  ENERGY TARGETS set goals to reduce fossil 
fuel consumption relative to  benchmarks for the 
building's type and climate.
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power from a wind generator (NIBS, 2012; James, 2008). 
The Wall Section drawing shows the highly insulated 
envelope for a cold New England climate. A typical single-
family detached house in the U.S. “Northeast” region uses 
46 kBtu/ft2,yr (145 kWh/m2, yr) of total site energy. The 
Pill-Maraham House uses a total of 7 kBtu/ft2 (22 kWh/m2, 
yr), a load reduction of 85%. The small remaining load is 
met by on-site wind-generated power. 

This ENERGY TARGETS technique allows the designer 
to select energy targets for residential and nonresiden-
tial buildings in the United States and Canada. Because 
data on building energy use is not available for all build-
ing types based on climates zones or geographic regions, 
different tables are provided for each situation. ENERGY 
TARGETS uses the Energy Use Intensity (EUI) measured in 
kBtu/ft2,yr (kWh/m2,yr), which is the annual total energy 
use of the building, per unit of fl oor area.

TâÜ 2030 CâÇççÜèàÊ TÇìàÊïî
The AìˇâäÀïÜˇïñìÜ 2030 CâÇççÜèàÊ aççê∂≤ uë tê 20% o• tâÜ oμ§ìÇçç 
eèÜìà˙ rÜÖñˇïäÀê≠ tê cê¨Ü fìê¨ o•á-säÀïÜ rÜèÜò†É´Ü eèÜìà˙. TâÜ 
cÇìÉÆ≠-nÜñïìÇç tÇìàÊï uîÜî nê fê≤îäÀç fñÜç/GHG-eéäÀïïäÀèà eèÜìà˙ 
tê oØÜìÇïÜ.

KEY POINTS
•     Energy targets, measured as energy use intensity (EUI) 

allow us to make energy use comparisons between 
buildings on a per unit area   basis. 

•  Energy targets are calculated as a percentage 
reduction from the energy use of current average 
buildings for the occupancy type and location.

•  Select a target EUI based on one of the tables for 
the USA or Canada, and for residential or commercial 
occupancy and building type; or one can choose to 
design a net-zero or net-positive energy building.

• A net-zero energy building has a net site EUI = 0, 
while a net-positive,     energy-exporting building will 
have a net site EUI < 0.

Architects around the world are designing to reduce the 
energy use of buildings and reduce the impact of that 
energy use on climate change. The American Institute of 
Architects (AIA) and fi rms internationally have adopted 
the carbon reduction targets proposed by the group Archi-
tecture 2030 (2011). As shown in the graph, The 2030 
Challenge Targets, the target at this writing is 60% less 
fossil fuel use than the median building for a particu-
lar type, with staged reductions until reaching the goal of 
“carbon-neutral” for all new buildings by the year 2030. 
   Greenhouse gas (GHG) emissions attributable to buildings 
are a result of energy use, both on-site (direct emissions) 
and off-site (indirect) emissions that can be traced back 
to sources such as the electric power plant or natural gas 
fi elds. 

The Pill-Maraham House in Charlotte, Vermont, by Pill-
Maraham Architects, achieves a net-zero energy target by 
a combination of very good conservation, passive solar 
heating, an effi cient ground source heat pump and on-site 

CRITERIA
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There are two steps to select the building's energy 
target: 

STEP 1: Choose your project energy goal. Select one of 
three types of energy targets:
• A net-positive energy building  target, where annual 

energy produced on-site will exceed the building's 
energy demand and excess energy is sold to the utility 
company. The target net EUI < 0.

• A net-zero energy building target, where annual 
energy produced  on site will equal the building's 
energy demand. The target net EUI = 0, using only on-
site renewable  power.

• Choose one of the targets shown in The 2030 
Challenge Targets  graph. The target net EUI > 0 for 
the 2015, 2020 and 2025 goals. The  carbon-neutral 
goal in energy terms is a form of net-zero target that 
allows for up to 20% purchased off-site  renewable 
energy (RE). The target net EUI = 0, with off-site RE 
included.

• Input your project energy goal in the SWL  Tools 
spreadsheet, if you are using it, on the “Energy 
Targets” tab.

WÇçç SÜˇïäÀê≠, PäÀçç-MÇìÇâÇé Hê¥îÜ, CâÇìçê≥ïÜ, 
Vermont, 2007, PäÀçç-MÇìÇâÇé AìˇâäÀïÜˇïî

2x10 rÇáïÜìî aï 
24” o.c.,
sëìÇöÊÖ fê†é 
(R-58)

2x6 sïñÖî 
aï 24” o.c. 
w®Àïâ sëìÇöÊÖ 
cçê≤ÜÖ cÜçç 
uìÜïâÇèÜ fê†é

räÀé j®Àîïî 
iÀèîñçÇïÜÖ w®Àïâ 
sëìÇö fê†é

rÇÖäÀÇèï hÜÇï iÀè 
cê≠ˇìÜïÜ fçêÆ±

2x4 sïñÖî 
aï 24” o.c.; 
b´ê∂≠-iÀè 
cÜççñçê≤Ü 
iÀèîñçÇïäÀê≠ (w†çç 
R-21)

4” cê≠ˇìÜïÜ 
sçÇÉ

4” fê†é uèÖÜì 
sçÇÉ (R-16)

rÜˇö‰çÜÖ 
dÜèäÀé 
iÀèîñçÇïäÀê≠

1” räÀàÍÀÖ iÀèîñçÇïäÀê≠ 
w®Àïâ tÇëÜÖ sÜÇéî 
o¥ïîäÀÖÜ fìÇéäÀèà 
(w†çç R-40)

2” fê†é iÀèîäÀÖÜ 
o• fê¥èÖÇïäÀê≠
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EPA TÇìàÊï FäÀèÖÜì Ièëñï SˇìÜÜè (EPA, 2012)

EPA TÇìàÊï FäÀèÖÜì RÜîñçïî

STEP 2: Find the target EUI if > 0. For targets other 
than net-zero or net-positive energy, use one of the 
following procedures.

United States, Nonresidential Buildings

To fi nd the EUI target for a U.S. nonresidential build-
ing, select a building type from those available in 
Target Finder and input the site zip code along with 
the other required information in the   EPA Target Finder 
Input Screen. Set your “Energy Reduction Target” as a 
% reduction. Read the “Site Energy Use Intensity” value 
from the “Results for Estimated Energy Use” screen, as 
shown in EPA Target Finder Results.

The  Commercial Building Energy Consumption Sur-
vey (CBECS) provides energy use data by building type 
for the United States (EIA, 2003). EPA's online “Target 
Finder” tool normalizes CBECS data to climate zones for 
16 building types (EPA, 2012). EUI targets for Canadian 
nonresidential buildings can be approximated by using a 
city with similar heating degree days (HDD) to a U.S. city 
found in the same climate zone.

EUI values have been calculated using this method 
and default defi nitions for the 16 building types found 
in Target Finder, as shown in the tables of Energy Use 
Intensity (EUI) Targets by Building Type and Climate 
Zone in the following pages.
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Primary Space /

Building Type

Ave. %

Electric
med 

Site EUI

70% 90%

Education 63 58 17.4 5.8

     College/University 

     (campus-level)
63 104 31.2 10.4

Food Sales 86 193 57.9 19.3

     Convenience Store 

     (w/ or w/o gas)
90 228 68.4 22.8

Food Service 59 267 80.1 26.7

     Fast Food 64 418 125.4 41.8

     Restaurant/Food Market 53 207 62.1 20.7

Health Care and Outpatient 72 62 18.6 6.2

     Clinic/

     Other Outpatient Health
76 67 20.1 6.7

Lodging 61 72 21.6 7.2

Mall (strip mall and enclosed) 71 94 28.2 9.4

Public Assembly 57 42 12.6 4.2

    Entertainment/Culture 63 46 13.8 4.6

     Library 59 92 27.6 9.2

     Recreation 55 39 11.7 3.9

     Social/Meeting 57 43 12.9 4.3

Public Order & Safety 57 82 24.6 8.2

     Fire Station/Police Station 56 82 24.6 8.2

Service 

(vehicle repair/postal service)
63 45 13.5 4.5

Storage/Shipping/

Non-refrigerated warehouse
56 10 3.0 1.0

Retail Store (non-mall stores, 

vehicle dealerships)
67 53 15.9 5.3

Other (varies greatly) 56 70 21.0 7.0

EèÜìà˙ UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, U.S. Cê¨éÜìˇäÀÇç 
BñäÀçÖäÀèàÙ, NÇïäÀê≠Çç Aó§ìÇàÊî, kBïñ/fï2-yÛ 
UîÜ fê± o¢ˇñëÇèˇö töÒÜs nê≥ iÀè “EPATÇìàÊï FäÀèÖÜì” o± iÀè “EèÜìà˙ 
UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, b∏ BñäÀçÖäÀèà TöÒÜ aèÖ CçäÀéÇïÜ Zê≠Ü.” 

DÜìäÀó§Ö fìê¨ AìˇâäÀïÜˇïuìÜ 2030 (2012), b†îÜÖ o≠ EPA (2011) aèÖ 
EèÜìà˙ Ièáê±éÇïäÀê≠ AÖéäÀèäÀîïìÇïäÀê≠'s Cê¨éÜìˇäÀÇç BñäÀçÖäÀèà EèÜìà˙ 
UîÜ Sñìó§ö (CBECS), 2003; uîäÀèà tâÜ EPA'î TÇÉ´Ü 1: 2003 
CBECS NÇïäÀê≠Çç Aó§ìÇàÊ Sê¥ìˇÜ EèÜìà˙ UîÜ aèÖ PÜìáê±éÇèˇÜ 
Cê¨ëÇìäÀîê≠î b∏ BñäÀçÖäÀèà Type.

Cities are representative of the climate zone and can 
be used to approximate EUI for other cities in the zone. 
Default values are given in the “Target Finder” help fi les 
for most inputs. The method modifi ed from methods to 
determine building energy performance standards as 
described by Bryan (2009).

Tables show a “med” value for the median building in 
the CBECS data, representing typical practice, along with 
70% and 90% reduction targets from this median value. 
The cities are representative of the ASHRAE climate zones. 
Honolulu, Hawaii, and San Juan, Puerto Rico, have been 
added  because of the variability found in Zone 1A. Ket-
chikan, Alaska, has been added to the ASHRAE system, 
which does not include a Zone 5C. “Target Finder” does 
not distinguish between conditions colder than Zone 8, 
although much more extreme conditions than those found 
in Fairbanks exist in both Alaska and Canada, and there-
fore, buildings in Zone 8 and above on the International 
Climate Zone Maps (see “Navigation by Climate” chap-
ter or Appendix F), will likely experience greater energy 
use than those in Fairbanks. Where possible, building fl oor 
areas have been taken from the  DOE commercial reference 
buildings defi nitions (Torcellini et al, 2008). Two building 
types shown in the table, Strip Mall and Mid-Rise Apart-
ment Building, are not found in “Target Finder.” Values for 
EUI for these buildings are taken from  the DOE commercial 
reference buildings for new construction (DOE, 2010).

EUI targets for U.S. commercial buildings not found in 
either “Target Finder” or in the DOE reference building 
models are given as U.S. national averages (not by region 
or climate zone) in the table Energy Use Intensity (EUI) 
Targets, U.S. Commercial Buildings, National Averages.
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med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90%

1A Honolulu, HI 64 19 6 91 27 9 107 32 11 155 47 16 42 13 4 74 22 7 302 91 30 157 47 16 82 25 8

1A San Juan, PR 53 16 5 75 23 8 88 26 9 185 56 19 27 8 3 51 15 5 172 52 17 105 32 11 56 17 6

1A Miami, FL 63 19 6 89 27 9 105 32 11 140 42 14 49 15 5 76 23 8 266 80 27 140 42 14 73 22 7

2A Houston, TX 61 18 6 88 26 9 103 31 10 122 37 12 59 18 6 76 23 8 256 77 26 135 41 14 72 22 7

2B Phoenix, AZ 68 20 7 96 29 10 112 34 11 173 52 17 72 22 7 107 32 11 305 92 31 163 49 16 89 27 9

3A Atlanta, GA 57 17 6 84 25 8 99 30 10 95 29 10 59 18 6 62 19 6 239 72 24 125 38 13 67 20 7

3B-CA Los Angeles, CA 47 14 5 74 22 7 90 27 9 69 21 7 65 20 7 55 17 6 249 75 25 120 36 12 57 17 6

3B-other Las Vegas, NV 65 20 7 84 25 8 108 32 11 140 42 14 74 22 7 93 28 9 289 87 29 153 46 15 84 25 8

3C San Francisco 51 15 5 78 23 8 94 28 9 73 22 7 62 19 6 60 18 6 247 74 25 123 37 12 64 19 6

4A Baltimore, MD 59 18 6 85 26 9 101 30 10 91 27 9 60 18 6 58 17 6 233 70 23 123 37 12 70 21 7

4B Albuquerque, NM 61 18 6 88 26 9 104 31 10 106 32 11 74 22 7 73 22 7 266 80 27 140 42 14 79 24 8

4C Seattle, WA 57 17 6 84 25 8 100 30 10 82 25 8 67 20 7 60 18 6 247 74 25 129 39 13 74 22 7

5A Chicago, IL 73 22 7 104 31 10 122 37 12 113 34 11 88 26 9 79 24 8 263 79 26 152 46 15 92 28 9

5B Boulder, CO 63 19 6 90 27 9 106 32 11 101 30 10 74 22 7 66 20 7 257 77 26 139 42 14 83 25 8

5C Ketchican, AK 66 20 7 93 28 9 109 33 11 97 29 10 55 17 6 72 22 7 246 74 25 138 41 14 89 27 9

6A Minneapolis, MN 77 23 8 108 32 11 126 38 13 121 36 12 89 27 9 80 24 8 263 79 26 156 47 16 97 29 10

6B Helena, MT 65 20 7 92 28 9 108 32 11 98 29 10 72 22 7 62 19 6 250 75 25 138 41 14 86 26 9

7 Duluth, MN 78 23 8 110 33 11 108 32 11 114 34 11 85 26 9 73 22 7 254 76 25 153 46 15 101 30 10

7.5 Kenai, AK 70 21 7 97 29 10 113 34 11 105 32 11 56 17 6 73 22 7 246 74 25 141 42 14 96 29 10

8 Fairbanks, AK 76 23 8 104 31 10 120 36 12 119 36 12 69 21 7 64 19 6 247 74 25 148 44 15 107 32 11

EèÜìà˙ UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, b∏ BñäÀçÖäÀèà TöÒÜ aèÖ CçäÀéÇïÜ Zê≠Ü, kBïñ/fï2-yÛ
nÇ =  nê≥ aó†äÀçÇÉ´Ü iÀè EPA “TÇìàÊï FäÀèÖÜr”
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med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90%

111 33 11 102 31 10 na na na 27 8 3 174 52 17 107 32 11 112 34 11 384 115 38 72 22 7 na na na 29 9 3

74 22 7 72 22 7 na na na 21 6 2 139 42 14 88 26 9 92 28 9 274 82 27 63 19 6 na na na 21 6 2

99 30 10 92 28 9 39 12 4 23 7 2 149 45 15 105 32 11 110 33 11 280 84 28 73 22 7 56 17 6 26 8 3

98 29 10 88 26 9 39 12 4 24 7 2 127 38 13 103 31 10 108 32 11 264 79 26 73 22 7 58 17 6 25 8 3

118 35 12 118 35 12 38 11 4 30 9 3 180 54 18 112 34 11 117 35 12 410 123 41 77 23 8 57 17 6 34 10 3

92 28 9 77 23 8 38 11 4 24 7 2 94 28 9 99 30 10 104 31 10 230 69 23 71 21 7 62 19 6 20 6 2

86 26 9 58 17 6 31 9 3 24 7 2 62 19 6 90 27 9 95 29 10 229 69 23 59 18 6 44 13 4 8 2 1

113 34 11 105 32 11 36 11 4 30 9 3 147 44 15 108 32 11 113 34 11 371 111 37 75 23 8 57 17 6 30 9 3

93 28 9 67 20 7 33 10 3 27 8 3 56 17 6 94 28 9 99 30 10 245 74 25 65 20 7 53 16 5 13 4 1

95 29 10 82 25 8 42 13 4 26 8 3 80 24 8 101 30 10 106 32 11 228 68 23 75 23 8 74 22 7 22 7 2

108 32 11 94 28 9 37 11 4 31 9 3 98 29 10 104 31 10 109 33 11 322 97 32 75 23 8 64 19 6 25 8 3

102 31 10 82 25 8 38 11 4 31 9 3 58 17 6 100 30 10 105 32 11 275 83 28 73 22 7 69 21 7 20 6 2

123 37 12 112 34 11 47 14 5 42 13 4 102 31 10 122 37 12 128 38 13 257 77 26 109 33 11 85 26 9 36 11 4

112 34 11 101 30 10 41 12 4 34 10 3 78 23 8 106 32 11 111 33 11 319 96 32 79 24 8 72 22 7 27 8 3

118 35 12 113 34 11 na na na 38 11 4 56 17 6 109 33 11 114 34 11 320 96 32 86 26 9 na na na 31 9 3

128 38 13 126 38 13 54 16 5 45 14 5 102 31 10 126 38 13 132 40 13 270 81 27 115 35 12 99 30 10 41 12 4

115 35 12 107 32 11 48 14 5 36 11 4 64 19 6 108 32 11 113 34 11 318 95 32 83 25 8 89 27 9 29 9 3

132 40 13 133 40 13 59 18 6 48 14 5 78 23 8 128 38 13 133 40 13 266 80 27 120 36 12 111 33 11 43 13 4

124 37 12 130 39 13 na na na 41 12 4 56 17 6 113 34 11 118 35 12 340 102 34 91 27 9 na na na 36 11 4

135 41 14 163 49 16 76 23 8 45 14 5 57 17 6 120 36 12 125 38 13 373 112 37 99 30 10 156 47 16 44 13 4

EèÜìà˙ UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, b∏ BñäÀçÖäÀèà TöÒÜ aèÖ CçäÀéÇïÜ Zê≠Ü, kBïñ/fï2-yÛ  
nÇ =  nê≥ aó†äÀçÇÉ´Ü iÀè EPA “TÇìàÊï FäÀèÖÜr”
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Commercial Space / Building Type Site EUI

med 70% 90%

     ATLANTIC

Wholesale Trade 436.1 130.8 43.6

Retail Trade 525.0 157.5 52.5

Transportation & Warehousing 319.5 95.8 31.9

Information & Cultural Industries 558.4 167.5 55.8

Offices 405.6 121.7 40.6

Educational Services 444.5 133.3 44.4

Healthcare & Social Assistance 738.9 221.7 73.9

Arts, Entertainment & Recreation 497.3 149.2 49.7

Accommodation & Food Service 719.5 215.9 72.0

Other Services 391.7 117.5 39.2

     QUEBEC

Wholesale Trade 527.8 158.3 52.8

Retail Trade 563.9 169.2 56.4

Transportation & Warehousing 452.8 135.8 45.3

Information & Cultural Industries 780.6 234.2 78.1

Offices 452.8 135.8 45.3

Educational Services 561.2 168.3 56.1

Healthcare & Social Assistance 905.6 271.7 90.6

Arts, Entertainment & Recreation 661.2 198.3 66.1

Accommodation & Food Service 894.5 268.4 89.5

Other Services 505.6 151.7 50.6

     ONTARIO

Wholesale Trade 463.9 139.2 46.4

Retail Trade 469.5 140.8 46.9

Transportation & Warehousing 394.5 118.3 39.4

Information & Cultural Industries 444.5 133.3 44.4

Offices 397.3 119.2 39.7

Educational Services 452.8 135.8 45.3

Healthcare & Social Assistance 697.3 209.2 69.7

Arts, Entertainment & Recreation 502.8 150.8 50.3

Accommodation & Food Service 666.7 200.0 66.7

Other Services 436.1 130.8 43.6

Commercial Space / Building Type Site EUI kWh/m2, yr

med 70% 90%

     MANITOBA

Wholesale Trade 433.4 130.0 43.3

Retail Trade 527.8 158.3 52.8

Transportation & Warehousing 394.5 118.3 39.4

Information & Cultural Industries 538.9 161.7 53.9

Offices 422.3 126.7 42.2

Educational Services 486.2 145.8 48.6

Healthcare & Social Assistance 780.6 234.2 78.1

Arts, Entertainment & Recreation 458.4 137.5 45.8

Accommodation & Food Service 794.5 238.4 79.5

Other Services 463.9 139.2 46.4

     SASKATCHEWAN

Wholesale Trade 566.7 170.0 56.7

Retail Trade 725.1 217.5 72.5

Transportation & Warehousing 497.3 149.2 49.7

Information & Cultural Industries 711.2 213.4 71.1

Offices 563.9 169.2 56.4

Educational Services 600.0 180.0 60.0

Healthcare & Social Assistance 786.2 235.9 78.6

Arts, Entertainment & Recreation 583.4 175.0 58.3

Accommodation & Food Service 827.8 248.4 82.8

Other Services 563.9 169.2 56.4

     ALBERTA

Wholesale Trade 413.9 124.2 41.4

Retail Trade 500.0 150.0 50.0

Transportation & Warehousing 369.5 110.8 36.9

Information & Cultural Industries 508.4 152.5 50.8

Offices 380.6 114.2 38.1

Educational Services 425.0 127.5 42.5

Healthcare & Social Assistance 616.7 185.0 61.7

Arts, Entertainment & Recreation 463.9 139.2 46.4

Accommodation & Food Service 725.1 217.5 72.5

Other Services 391.7 117.5 39.2

DÜìäÀó§Ö fìê¨ NÇïñìÇç RÜîê¥ìˇÜî  CÇèÇÖÇ, OááäÀˇÜ o• EèÜìà˙ 
EááäÀˇäÀÜèˇö, Cê¨ëìÜâÜèîäÀó§ EèÜìà˙ UîÜ DÇïÇÉ†îÜ. 
MñçïäÀëçö kWâ x 277.7 tê gÊï GJ

EèÜìà˙ UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, CÇèÇÖäÀÇè 
Cê¨éÜìˇäÀÇç BñäÀçÖäÀèàÙ, Pìêμ®ÀèˇäÀÇç Aó§ìÇàÊî, kWh/m2/yÛ
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Commercial Space / Building Type Site EUI

med 70% 90%

     BRITISH COLUMBIA & TERRITORIES

Wholesale Trade 252.8 75.8 25.3

Retail Trade 297.2 89.2 29.7

Transportation & Warehousing 244.5 73.3 24.4

Information & Cultural Industries 241.7 72.5 24.2

Offices 280.6 84.2 28.1

Educational Services 294.5 88.3 29.4

Healthcare & Social Assistance 466.7 140.0 46.7

Arts, Entertainment & Recreation 358.4 107.5 35.8

Accommodation & Food Service 494.5 148.3 49.4

Other Services 308.4 92.5 30.8

Canada, Nonresidential Buildings

EUI targets for Canadian nonresidential buildings are given 
by province for 10 building types in the table Energy Use 
Intensity (EUI) Targets Canadian Commercial Build-
ings, Provincial Averages. Canadian designers might 
compare the EUI targets for their ASHRAE zone (or for an 
equivalent U.S. city in “Target Finder”) with those of the 
Canadian regional averages. The climatic factor most sig-
nifi cant to almost all  Canadian climates is heating degree 
days (HDD). Architecture 2030 suggests using the pro-
vincial averages simply because that is how the data is 
available; with this approach be alert that climate may 
vary signifi cantly within a province. A similar benchmark-
ing tool is currently being developed by Natural Resources 
Canada.
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Residential Space / 

Building Type Site EUI

med 70% 90%

     Northeast

Single-Family Detached 44 13 4

Single-Family Attached 50 15 5

Multi-Family, 2 to 4 units 80 24 8

Multi-Family, 5 or more units 76 23 8

Mobile Homes 77 23 8

     Midwest

Single-Family Detached 46 14 5

Single-Family Attached 50 15 5

Multi-Family, 2 to 4 units 80 24 8

Multi-Family, 5 or more units 66 20 7

Mobile Homes 85 26 9

     South

Single-Family Detached 40 12 4

Single-Family Attached 40 12 4

Multi-Family, 2 to 4 units 51 15 5

Multi-Family, 5 or more units 43 13 4

Mobile Homes 53 16 5

     West

Single-Family Detached 42 12 4

Single-Family Attached 43 13 4

Multi-Family, 2 to 4 units 51 15 5

Multi-Family, 5 or more units 42 13 4

Mobile Homes 66 20 7

EèÜìà˙ UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, U.S. RÜîäÀÖÜèïäÀÇç 
BñäÀçÖäÀèàÙ, RÜàÍÀê≠Çç Aó§ìÇàÊî, kBïñ/fï2, yÛ

DÜìäÀó§Ö fìê¨ EèÜìà˙ Ièáê±éÇïäÀê≠ AÖéäÀèäÀîïìÇïäÀê≠, RÜîäÀÖÜèïäÀÇç 
EèÜìà˙ Cê≠îñéëïäÀê≠ Sñìó§ö (RECS), cê≠ÖñˇïÜÖ iÀè 2009. TâÜ 
sñìó§ö dÇïÇ iÀî aó†äÀçÇÉ´Ü o≠ tâÜ EIA'î w§É≤äÀïÜ aï w∂∂.eäÀÇ.dê§.gμ.

U.S. CÜèîñî RÜàÍÀê≠î
UîÜ fê± EUI RÜîäÀÖÜèïäÀÇç RÜàÍÀê≠Çç TÇìàÊïî 

United States, Residential Buildings

EUI targets for USA residential buildings by geographic 
region for 5 categories of housing are shown in the table 
Energy Use Intensity (EUI) Targets, U.S. Residen-
tial Buildings, Regional Averages. This  table is based 
on 2009 data. The EUI targets are based on U.S.  Cen-
sus Regions; new government analyses will likely use the 
more preferable climate zones for categories.

Canada, Residential Buildings

EUI targets for Canadian residential buildings by prov-
ince for four categories of housing are  shown in the table 
Energy Use Intensity (EUI) Targets, Canadian Residen-
tial Buildings, Provincial Averages. This table is based 
on 2009 NRC data.

H
IG

H
-P

ER
FO

RM
A

N
CE

: 
P1

 E
ne

rg
y 

Ta
rg

et
s



261

Commercial Space / Building Type Site EUI

med 70% 90%

     CANADA, averages

Single Family, Detached 230.6 69.2 23.1

Single Family, Attached 200.0 60.0 20.0

Apartments 197.2 59.2 19.7

Mobile Homes 327.8 98.3 32.8

     NEWFOUNDLAND

Single Family, Detached 186.1 55.8 18.6

Single Family, Attached 191.7 57.5 19.2

Apartments 152.8 45.8 15.3

Mobile Homes 247.2 74.2 24.7

     PRINCE EDWARD ISLAND

Single Family, Detached 166.7 50.0 16.7

Single Family, Attached 152.8 45.8 15.3

Apartments 141.7 42.5 14.2

Mobile Homes 236.1 70.8 23.6

     NOVA SCOTIA

Single Family, Detached 172.2 51.7 17.2

Single Family, Attached 158.3 47.5 15.8

Apartments 152.8 45.8 15.3

Mobile Homes 261.1 78.3 26.1

     NEW BRUNSWICK

Single Family, Detached 230.6 69.2 23.1

Single Family, Attached 188.9 56.7 18.9

Apartments 166.7 50.0 16.7

Mobile Homes 325.0 97.5 32.5

     QUEBEC

Single Family, Detached 258.4 77.5 25.8

Single Family, Attached 216.7 65.0 21.7

Apartments 202.8 60.8 20.3

Mobile Homes 369.5 110.8 36.9

Commercial Space / Building Type Site EUI

med 70% 90%

     ONTARIO

Single Family, Detached 213.9 64.2 21.4

Single Family, Attached 202.8 60.8 20.3

Apartments 202.8 60.8 20.3

Mobile Homes 294.5 88.3 29.4

     MANITOBA

Single Family, Detached 261.1 78.3 26.1

Single Family, Attached 241.7 72.5 24.2

Apartments 202.8 60.8 20.3

Mobile Homes 366.7 110.0 36.7

     SASKATCHEWAN

Single Family, Detached 272.2 81.7 27.2

Single Family, Attached 225.0 67.5 22.5

Apartments 197.2 59.2 19.7

Mobile Homes 377.8 113.3 37.8

     ALBERTA

Single Family, Detached 319.5 95.8 31.9

Single Family, Attached 213.9 64.2 21.4

Apartments 250.0 75.0 25.0

Mobile Homes 416.7 125.0 41.7

     BRITISH COLUMBIA

Single Family, Detached 172.2 51.7 17.2

Single Family, Attached 161.1 48.3 16.1

Apartments 152.8 45.8 15.3

Mobile Homes 244.5 73.3 24.4

     TERRITORIES

Single Family, Detached 172.2 51.7 17.2

Single Family, Attached 169.5 50.8 16.9

Apartments 133.3 40.0 13.3

Mobile Homes 238.9 71.7 23.9

EèÜìà˙ UîÜ IèïÜèîäÀïö (EUI) TÇìàÊïî, CÇèÇÖäÀÇè RÜîäÀÖÜèïäÀÇç BñäÀçÖäÀèàÙ, Pìêμ®ÀèˇäÀÇç Aó§ìÇàÊî, kWh/m2/yÛ
DÜìäÀó§Ö fìê¨ NÇïñìÇç RÜîê¥ìˇÜî CÇèÇÖÇ, OááäÀˇÜ o•  EèÜìà˙ EááäÀˇäÀÜèˇö, Cê¨ëìÜâÜèîäÀó§ EèÜìà˙ UîÜ DÇïÇÉ†îÜ. H
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 P2  ANNUAL ENERGY USE can be estimated to 
understand the energy savings of passive strategies.

impractical for space heating and cooling needs. The 
loads were simply too large and  the renewable energy sys-
tem too expensive. Since the second edition of this book, 
that view has changed radically. First, the cost of on-site 
renewable supply continues to decrease and the avail-
ability of off-site purchased renewable power, such as 
utility-provided wind energy, continues to increase. Sec-
ond, and even more signifi cant, research and practice have 
shown that net-zero energy projects that reduce loads dra-
matically from past conventional expectations are both 
practical and feasible. 

The NREL Research Support Facility at the National 
Renewable Energy Laboratory in Golden, Colorado, by 
RNL Architects, uses numerous passive and active strat-
egies to achieve annual energy use low enough to be 
met with renewable power and create a net- positive 
energy building (NREL, 2012). The project is a large 
offi ce building with over 800 workers and a heat-gen-
erating data center. The section drawing shows some of 

 EVALUATION

KEY POINTS
•  Estimate   annual heating energy use, accounting for  

passive solar and equipment  effi ciency.
• Estimate annual cooling energy use, accounting for 

passive cooling, shading and equipment effi ciency.
•  Estimate annual energy use for all other    non-space 

conditioning uses, accounting for solar hot water and 
daylighting design.

• If  appliances use electric and non-electric fuels, keep 
track of these separately.

The energy used by a building over a typical year is the 
basis for estimating operating costs for energy, the emis-
sions for which the building is responsible, and the 
renewable energy needed to achieve the building's ENERGY 
TARGETS and EMISSIONS TARGETS. A building's  Energy Use 
Intensity (EUI) is equal to its Energy  Demand Intensity 
(EDI) minus its Energy Production Intensity (EPI):

EUI = EDI – EPI

EDI is a building's annual energy demand (need for 
energy), due to its design, expressed on a per unit of fl oor 
area basis (kBtu/ft2, yr or kwh/m2, yr). EPI  is the renew-
able energy produced on-site expressed in the same terms.

For these purposes,  annual energy use, expressed here 
as EDI, is the sum of heating and cooling energy use 
(accounting for the contributing load reductions of pas-
sive heating, cooling and ventilation) plus the other 
energy loads for other non-space conditioning uses, such 
as hot water, refrigeration and electric lighting (account-
ing for the load reductions from daylighting and solar hot 
water).

Not long ago, renewable energy supply, such as from 
wind generators or photovoltaics, was thought to be 

H
IG

H
-P

ER
FO

RM
A

N
CE

: 
P2

 A
nn

ua
l 

En
er

gy
 U

se

Heat Loss Rate Graph 
from SWL Tools Spreadsheet 



263

the building's energy features; also see the description 
and drawing of the thermal labyrinth in MASS ARRANGE-
MENT. The south facade includes BREATHING WALLS for 
preheating incoming air, CROSS-VENTILATION ROOMS, 
EXTERNAL SHADING and NIGHT-COOLED MASS using ceil-
ing and wall mass and the massive crawlspace labyrinth. 
Annual heating energy use is 8.47; cooling, 0.86; and 
non-space energy, 22.4 kBtu/ft2, yr for a total energy 
use of 31.7 kBtu/ft2, yr. The PHOTOVOLTAIC ROOF pro-
duces 32.9 kBtu/ft2 annually, a net-positive energy 
production of 1.2 (BuildingGreen.com, 2011).

This book provides a host of resources and tools for 
reducing space heating loads with passive solar design, 
reducing space cooling loads with shading and passive 
cooling design, reducing electric lighting loads with day-
lighting design and reducing domestic hot water loads 
with solar hot water systems. To reach your net-zero 
energy goal, start with these  schematic and preliminary 
design phase tools. We recommend using the software 
Energy Scheming or a similar tool to help refi ne your 
design as soon as you have generated a scheme using the 
design strategies in SWL. Once you have met your design 

NREL RÜîÜÇìˇâ Sñëëê±ï FÇˇäÀçäÀïö, NÇïäÀê≠Çç RÜèÜò†É´Ü EèÜìà˙ LÇÉÆ±Çïê±ö,
Gê´ÖÜè, Cê´ê±ÇÖê, 2010, RNL, aìˇâäÀïÜˇïî
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criteria using the SWL Tools  spreadsheet, and even bet-
ter, achieved good performance on the four analysis days 
in Energy Scheming, you are ready to estimate the build-
ing's annual energy use. Note that Energy  Scheming does 
not calculate annual energy use, but the SWL Tools spread-
sheet does, or you can use numerous other building 
energy analysis tools.

Using the “ degree days method” you can estimate the 
annual heating energy use with tools provided in SWL, 
accounting for the effect on the building's  Solar Savings 
Fraction (SSF). Estimating annual cooling energy is more 
complicated because the cooling load comes from both 
conduction through the envelope (similar to heating) and 
from the solar gains through windows and on walls and 
roofs, which are more dynamic. Annual cooling load calcu-
lations require long hand calculations, a spreadsheet tool, 

or a computer model. In  SWL Electronic, you can use the 
SWL Tools spreadsheet for relatively quick analysis. 

Annual energy use can be estimated in two parts: 
1) Heating energy, and 2) Cooling energy.

PART ONE: Estimate Annual Heating Energy. 

Although there are several steps involved, the tools in 
SWL are designed to make the   process    as simple as pos-
sible on the front end of the design process and to avoid 
the need for detailed engineering knowledge  during pre-
liminary design. Some of the results are shown in the 
excerpt Annual Heating and Cooling Loads Before Sav-
ings from Passive Design.

STEP 1: Find the rate of heat loss from techniques in 
 TOTAL HEAT LOSSES. The heat loss rate is the sum of 
skin losses [SKIN HEAT FLOW] and losses from bringing 
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in outdoor air [VENTILATION OR INFILTRATION LOSSES], 
see Heat Loss Rate Graph (previous spread). For passive 
solar buildings keep track of losses from the south facade 
separately. Sum the total of non-south losses to obtain 
“UA non-south,” written as UAns. For buildings without 
substantial passive solar design, include losses from all 
orientations. These analysis techniques provide instruc-
tions for hand calculation methods. Alternatively, the SWL 
Tools spreadsheet is provided in the  SWL Electronic to 
help with these calculations. See the “ Quick Heat Loss” 
tab.

STEP 2: Redesign to meet the building conservation cri-
teria. Find conservation criteria for passive solar buildings 
in TOTAL HEAT LOSSES. If your heat  loss rate, in Btu/DD, 
ft2, is greater than the criteria, redesign to reduce losses 
until it meets the criteria. Otherwise, estimates for the 
solar savings fraction in the next step will not be accu-
rate. The heart of net-zero design is always conservation. 

STEP 3: Estimate the solar savings fraction (SSF). Find 
the SSF from passive solar heating  with tools in SOLAR 
APERTURES. Adjust the projected SSF% if needed for the 
use of MOVABLE INSULATION. The SWL Tools spreadsheet 
helps with modifying the projected SSF based on using 

better windows, a better skin heat loss rate than the cri-
teria call for, or the use of MOVABLE INSULATION. See the 
“Passive Solar” worksheet.

STEP 4: Estimate the building's balance point 
temperature with the technique in BALANCE POINT TEM-
PERATURE. The “balance   point” for a building is defi ned 
as the outdoor temperature at which the heat gains 
balance the heat losses to  maintain a desired indoor tem-
perature. Below the balance point, heating is required. 
Once the rates of heat loss and heat gain are known, the 
balance point temperature is easily determined from the 
graph. To quickly estimate the need for winter heating, 
you need to fi nd the winter day balance point. The BAL-
ANCE POINT analysis technique provides instructions for 
hand calculation. Alternatively, the SWL Tools spreadsheet 
helps with these calculations. See the “Bal Pt + Heating 
Energy” worksheet. 

STEP 5: Select the annual heating  degree days for the 
building's climate, using the building's balance point 
temperature. If the winter balance point for your building 
falls between the published values, you may interpolate. 
  Heating degree days for different base temperatures can 
be found for the United States in NCDC (2002) and for 
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Canada in Environment Canada (2012). A copy of the NCDC 
publication is included on  SWL Electronic. Degree days 
can be calculated for any base temperature  for airports 
in most of the world from online software for the last 
three years or for longer periods with purchased software 
(BizEE, 2012).

STEP 6: Estimate the annual heating load in Btu/yr. 
Multiply the building's heat loss rate, UAns, (step 1) by 24 
hours times the factor (1 minus SSF) (step 3) times the 
heating degree days (step 5) to get the annual heating 
load in Btu/yr:

Qh = UAns × 24h x (1 − SSF)  × HDDb

 Where:
 Qh   = annual heating load, Btu/yr
 UAns  = heat loss rate, Btu/h, F
 SSF  = solar saving fraction   expressed as 0-1.
 HDDb  = heating degree days at the balance point

Alternatively, the SWL Tools spreadsheet is provided 
in  SWL Electronic to help with these calculations. See 
the “Bal Pt + Heating Energy” worksheet and the excerpt 
Annual Space Heating and Cooling Energy with Savings 
from Passive Design (previous page). If the design is fur-
ther along, and thus more detail is known about it, you 
may also opt for the more detailed method in SWL Tools 
for estimating heat losses as found on the “Detail Heat 
Loss & Gain” worksheet. 

STEP 7: Convert the annual heating load to site energy 
based on    HVAC equipment effi ciency. If any heating load 
remains after passive solar heating is subtracted in step 
6, these must be met by a back-up mechanical heating 
system. 

The site energy required to meet the heating load can 
be more or less than the heating load called for by the 
building design, based on the effi ciency of the equipment 
chosen. For example, an  Energy Star® air-air heat pump 
in heating mode has a seasonal effi ciency of 2.4, while 
an Energy Star® natural gas furnace has a rating of 0.9. 
Equipment effi ciency values greater than 1.0 will require 
less energy than the estimated load; effi ciencies less than 
1.0 require more energy than the estimated load.

To estimate the site energy required, divide the annual 
heating load in Btu/yr from step 6 by the equipment effi -
ciency. Resulting units are also in Btu/yr.

Qh site = Qh ÷ Equipment Effi ciency

Effi ciencies depend on the specifi c equipment type spec-
ifi ed. For heating equipment, seasonal effi ciency is 
measured by  annual fuel utilization effi ciency (AFUE) for 
combustion fuel equipment, such as a gas furnace. Units 
are percentage (%) and represent the ratio of Btus of 
energy input to Btus of heating energy output. For heat 
pumps, use a percentage effi ciency equivalent derived 
from the  heating season performance factor (HSPF). HSPF 
has units of Btuh/W. Divide by 3.41 to get an effi ciency 
in watts of energy input to Watts of heating energy out-
put (W/W), which can be expressed as a percentage (%). 
If no seasonal rating is available, use the   coeffi cient of 
performance (COP) rating for the equipment. Equipment 
effi ciency values are listed on manufacturer's data sheets. 
A general list is given in SYMPATHETIC HVAC and in the 
SWL Tools spreadsheet. 

If the method used also calculates fan energy, such as 
when using an all-air distribution system, remember that 
the equipment effi ciency factors do not apply to fans. For 
conventional residential furnaces with air distribution, fan 
 energy is roughly 2.5–3% of the heating load. A  water-
based distribution system will use less energy.

Alternatively, the  SWL Tools spreadsheet is pro-
vided to help with these calculations. See the “Equip Eff” 
worksheet for a list of seasonal heating and cooling effi -
ciencies of different HVAC options. When selected, the 
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equipment effi ciency value is input on the “Annual H + C 
Energy” worksheet.

STEP 8: Convert to units of  Energy Demand Intensity 
(EDI). Divide annual heating energy by the building fl oor 
area:

EDIh = Btu/yr ÷ Floor Area, ft2 

  = Btu/ft2, yr 

PART TWO: Estimate Annual Cooling Energy. 

The heat gain rate includes many more     elements than the 
number needed to estimate heat loss. It is the sum of 
gains through building skin (see Heat Gains by Element 
graph), from bringing in outdoor air, from solar gains 
through the  glazing and from internal gains generated by 
people, electric lights and equipment. These are explained 
individually in the individual analysis techniques of: 
• SKIN HEAT FLOW

• VENTILATION OR INFILTRATION GAINS

• WINDOW SOLAR GAIN

•  OCCUPANCY HEAT GAIN

• ELECTRIC LIGHTING HEAT GAIN

• EQUIPMENT HEAT GAIN

The  “Quick Heat Gain” method in TOTAL HEAT GAINS 
AND LOSSES facilitates estimating an hourly rate of heat 
gain for an average hot day or a peak design day in 
summer, for purposes of passive cooling. It also helps 
estimate daily heat gains that need to be stored dur-
ing thermally closed periods for NIGHT-COOLED MASS. 
Unfortunately, these quick methods do not work well for 
estimating annual cooling energy loads.

Accurately estimating annual cooling energy is more 
complex than estimating annual heating energy. Designers 
have two basic options, a simplifi ed spreadsheet method 
or a relatively sophisticated computer energy analysis 
method. A simplifi ed spreadsheet method that integrates 
well with the other tools in SWL is included in  SWL Elec-
tronic. In the SWL Tools spreadsheet, see the “Detail Heat 
Loss & Gain” and “Annual H + C Energy” worksheets and 
the excerpt Heating and Cooling Loads with Passive 
Strategies. 

Here's how the method in the SWL Tools works. If 
this seems too technical, then  skip this part. The calcula-
tion for annual heating energy can use the simple degree 
days method, but the annual cooling energy method on 
the spreadsheet uses  ASHRAE's  bin method. In the bin 
method, hourly temperatures for a climate location are 
divided into bins of 4º F (2.2º C) and the annual hours 
falling into each bin are tabulated. This data is available 
from ASHRAE for most cities (NCDC, 2000). The building 
UA is calculated separately for summer and winter. The 
summer or winter UA is then multiplied by the tempera-
ture difference for the bin times the hours for that bin. 
The temperature difference for the bin is the difference 
between the interior temperature set-point for the season 
and the average bin temperature. 

The effect of solar  gains is especially diffi cult to cal-
culate accurately with simple methods. The spreadsheet 
uses  solar heat gain factors (SHGF) for glazing along with 
shading coeffi cients (SC) of the shading design to cal-
culate solar window heat  gains. While the “Quick Heat 
Gain” method assumes all windows are equally and fully 
shaded, this method distinguishes windows by orienta-
tion and shading effectiveness. The sun also has an effect 
on heat gains through the walls and roof in summer. SWL 
Tools spreadsheet uses  design equivalent temperature 
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difference (DETD) values, which vary by orientation and 
construction type. This method, which combines a method 
from Mechanical and Electrical Equipment for Buildings 
(Grondzik et al, 2010) with the bin method from ASHRAE 
(2009), was adapted and expanded from a heat loss and 
gain spreadsheet originally developed by Professor Rich-
ard Kelso, P.E., in classes at the University of Tennessee. 
It has been substantially expanded here for passive strat-
egies. See the excerpt in Cooling Loads with Passive 
Cooling.

Heat gains for lights, people and equipment are taken 
from the “Quick Heat Gain” method in TOTAL HEAT GAINS. 
In addition to the envelope heat gains used in the quick 
method, the annual method adds slab-on-grade fl oor gains 
(if applicable) and allows for credits taken for the cooling 
effect of ground contact [EARTH EDGES] and ventilation 

by EARTH–AIR HEAT EXCHANGERS (earth tubes). To be 
more conservative than the “Quick      Heat Gain” method 
(and in line with engineering practice), the annual cool-
ing method includes both infi ltration gains and ventilation 
gains. Once the basic cooling loads are calculated, the 
SWL Tools spreadsheet also allows the user to account for 
the effects of various passive cooling strategies to reduce 
the load. The method accounts for the fan  energy used 
under various design strategies.

The following instructions assume that you are using 
the SWL Tools  spreadsheet (see “Annual H + C Energy” 
tab). If you use a different method to estimate annual 
space cooling energy, the general approach is the same: 
1)  Estimate annual cooling loads.
2)  Estimate load reductions from passive cooling 

systems. 
3)  Estimate fan energy for the combination of systems 

chosen. 
4)  Find the total annual cooling load by subtracting 

passive cooling reductions from the total cooling 
loads and adding fan energy. 

5)  Convert the net loads to site energy based on the 
cooling equipment effi ciency.

These steps are expanded below. Detailed instructions 
are found in the SWL Tools spreadsheet.

STEP 1: Estimate  annual cooling loads. Follow the 
instructions for user inputs in the section “Annual Heating 
and Cooling Loads (conventional)” on the “Annual H + C 
Energy” worksheet. User inputs are: 
 + Design temperatures 
 + Conditioned volume
 + Component areas and R-values
 + Window solar heat gain factors (SHGF)
 + Window shading coeffi cients (SC)
 + Wall and roof cooling design load equivalent  

 temperature differences (DETD)
 + Wall and roof shading coeffi cients
 + Walls below grade specifi cations
 + Slab-on-grade specifi cations
 + Ventilation loss and gain values
 + Infi ltration loss and gain values

CêÆ´äÀèà Lê†Öî w®Àïâ PÇîîäÀó§ CêÆ´äÀèà
fìê¨ SWL TêÆ´î sëìÜÇÖîâÜÜï
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 + Passive cooling rates from envelope cooling  
 strategies for EARTH-AIR HEAT EXCHANGERS and  
 ground contact from EARTH EDGES.

•  Review the SWL Tools spreadsheet's calculated outputs 
for “Skin Gains” and “Total Internal Gains,” in Btu/h. 
These values are used as inputs to the “Annual 
Heating & Cooling Energy” worksheet.

•  On the “Annual Heating & Cooling Energy” worksheet, 
follow the instructions for user inputs. User inputs 
are binned temperature data and the hours for your 
climate for each bin.

•  Review the SWL Tools spreadsheet's calculated outputs 
for “Conventional Totals.” This result, in Btu/yr, is 
the cooling load before passive cooling strategies are 
applied to reduce the load.

STEP 2: Estimate load reductions from passive cooling 
systems.
•  Follow the instructions for user inputs in the section 

“Cooling Loads with Passive Cooling,” on the “Detailed 
Heat Loss & Gain”   worksheet. User inputs are outdoor 
design temperatures for each different passive 
strategy.

•  Review the SWL Tools spreadsheet's calculated outputs 
for “Passive Loads” and “% Reduction.” The results 
for cooling load when using each passive option are 
tabulated, in Btu/yr, as is the percentage savings over 
conventional cooling. 

STEP 3: Estimate fan energy for the combination of sys-
tems chosen. Users can input fan effi ciency for different 
types of fans, in W/CFM, or leave the default values. The 
spreadsheet calculates fan energy for conventional and 
passive strategies. 

STEP 4: Find total annual cooling load. Follow the 
instructions for user inputs in the section, Annual Cooling 
Energy with Passive Cooling on the “Annual H + C Energy” 
worksheet. Users select the primary passive cooling strat-
egy from a menu, and SWL Tools then selects both back-up 
cooling load and fan energy values previously calculated. 

STEP 5: Convert the annual cooling load to site energy 
based on HVAC equipment effi ciency. If any cooling load 
remains after passive cooling is subtracted, these must be 
met by a back-up mechanical cooling system. 

The site energy required to meet the cooling load will 
typically be less than the cooling load generated by the 
building design. For example, an Energy  Star® air–air heat 
pump in cooling mode has a seasonal effi ciency of 4.3, 
and an open-loop ground-source  heat pump has a season 
effi ciency up to 5.8. Equipment effi ciency values greater 
than 1.0 will make actual units of site energy required less 
than the estimated load; effi ciencies less than 1.0 require 
greater energy input to the system. 

To estimate the site energy required, divide the annual 
cooling load in Btu/yr from step 4 by the equipment effi -
ciency. Resulting units are also Btu/yr. 

Qc site = Qc ÷ Equipment Effi ciency

The spreadsheet calculates this value and divides by 1000, 
resulting in “Site Cooling, kBtu/yr.”

Effi ciencies depend on the equipment type specifi ed. 
Central A/C systems are rated by  seasonal energy effi -
ciency ratio (SEER) in Btuh/W, yr. Heat pumps are rated 
by  energy effi ciency ratio (EER) in Btuh/W. The “Equip-
ment Effi ciency” worksheet lists equivalent % effi ciencies 
for input. The units are converted to W/W. If no seasonal 
rating is available, use the  coeffi cient of performance 
(COP) rating for the equipment. These ratings express on 
a seasonal basis the cooling energy produced per unit of 
electrical energy input to the equipment. Equipment effi -
ciency values are listed on manufacturer's data sheets; a 
general list is given in SYMPATHETIC HVAC. Equipment effi -
ciency factors do not apply to fans.

STEP 6: Convert to units of  Energy Demand Intensity 
(EDI). Divide annual cooling energy by the fl oor area: 

EDIc = Btu/yr ÷ Floor Area, ft2

         = Btu/ft2, yr
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KEY POINTS
•  EUI equals site energy demand (EDI) minus on-

site renewable energy production (EPI). A net-zero 
building has a net site EUI = 0.

•  Site energy demand is the sum of space heating, 
space cooling and non-space energy.

•  All forms of energy are converted to electric units to 
estimate offsets required by PV.

•  Design response to the net-zero calculation may be 
addressed in a variety of ways.

There are many current variations on the defi nition of a 
net-zero energy building (NZEB) (Crawley et al, 2009). 
Of the following defi nitions (Torcellini et al, 2006), the 
approach in SWL is based on the Site NZEB defi nition.
•  Site Net-Zero  Energy Building: A Site NZEB produces as 

much energy as it uses in a year, when accounted for 
at the site. A more radical version of this defi nition 
allows only for renewable energy generated within the 
building footprint.

•   Source Net-Zero Energy Building: A Source NZEB 
produces as much energy as it uses in a year, when 
accounted for at the source. Source energy refers 
to the primary energy used to generate and deliver 
the energy to the site. To calculate a building’s 
total source energy, imported and exported energy 
is multiplied by the appropriate site-to-source 
conversion factors. In SWL, source energy is 
accounted for in EMISSIONS TARGETS and CARBON 
NEUTRAL BUILDINGS.

•   Cost Net-Zero Energy Building: In a Cost NZEB, the 
amount of money the utility pays the building owner 
for the energy the building exports to the grid is 
equal to the amount the owner pays the utility for the 

energy services and energy used over the year.
•     Emissions Net-Zero Energy Building: An Emissions NZEB 

produces as much emissions-free renewable energy as 
it uses from emissions- producing energy sources. 

Contrary to common perception, NZEBs are not rare. 
Eike Musall, at Bergische Universität Wuppertal, has com-
piled an interactive map, “Net-Zero Buildings Worldwide,” 
documenting a growing list of over 300 NZEBs (Musall, 
2012). The Hawaii Gateway Energy Center in Kailua-Kona 
uses energy effi cient design strategies and a 20 kiloWatt 
photovoltaic system to achieve a net-zero energy building 
that also exports electricity, making it actually a     net-pos-
itive energy building (AIA, 2009). The design employs  full 
daylighting during occupied hours, a passive solar assisted 
stack-ventilation system and a cooling system that pumps 
45º F (7º C) seawater through coils to cool incoming air. 

PV SäÀõäÀèà fê± NÜï ZÜìê
fìê¨ SWL TêÆ´î SëìÜÇÖîâÜÜï

 P3  Buildings with  a NET-ZERO ENERGY BALANCE 
produce annually renewable energy equal to the 
building's annual loads not met by passive design.
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HÇò†äÀäÀ GÇïÜò†ö EèÜìà˙ CÜèïÜì, KÇäÀçñÇ-Kê≠Ç, HÇò†äÀäÀ, 2005, FÜììÇìê Câê®À & Aîîê¢.

In 2007, metering and utility bills showed on-site renew-
able energy produced (EPI) was 31.1 kBtu/ft2/yr, while 
27.64 was consumed (EDI), yielding a net energy export 
of 3.46 kBtu/ft2/yr. The building profi ted $0.45/ft2 from 
sales of electricity to the utility.

The   Site Energy Balance Equation  

The term EUI may refer to many things. Here, unless oth-
erwise specifi ed, EUI means net site EUI. A building's 
net site Energy Use  Intensity (EUI) is equal to its Energy 
Demand   Intensity (EDI) minus its Energy Production 
Intensity:

EUI = EDI − EPI

Once the total energy needs of the building are known, 
on-site renewable energy systems can be sized to offset 
the demand. For a net zero building (EUI = 0):

EUI = 0 = total site Energy Demand Intensity (EDI) 
− on-site renewable Energy Production Intensity 
(EPI) 

Total site EDI is the sum of energy for space heating and 
space cooling, plus energy for all other uses, such as 
appliances, cooking and hot water as estimated in ANNUAL 
ENERGY USE (and after accounting for systems effi cien-
cies). On-site  renewable energy production can come from 
a variety of sources, such as photovoltaics or wind genera-
tors (if there are suffi cient resources). On-site renewable 
energy may also be produced from off-site renewable 
resources, such as wood pellets or biofuels. 

Estimate the building's Energy Production Intensity 
(EPI). The SWL Tools spreadsheet is provided in  SWL 
Electronic to help with these calculations. See the “Net-
Zero Energy Balance” worksheet. H
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STEP 1. Estimate the annual space heating energy 
and annual space cooling energy using the methods in 
ANNUAL ENERGY USE. Make sure to account for passive 
heating and cooling savings and the effi ciency of the cho-
sen HVAC systems when estimating space heating and 
cooling loads for the     building. The method yields results 
in kBtu/yr. Add heating and cooling energy to get total 
space conditioning energy.

STEP 2. Convert total space conditioning energy to units 
for sizing PV. First multiply kBtu/yr by 1000, divide by 
3412 Btu/kWh, and divide by 365 days/yr to get kWh/day 
of total space conditioning energy electrical equivalent:

kBtu/yr × 1000 ÷ 3412 ÷ 365 = kWh/day

The tools in PHOTOVOLTAIC ROOFS AND WALLS use different 
input values for residential and nonresidential PVs. The 
units of kWh/day may be used in the chart for sizing resi-
dential PVs. To get units for sizing nonresidential PVs:

kWh/day × 1000 W/kW ÷ Floor Area, ft2

  = Wh/ft2,day

STEP 3: Estimate Non-Space Energy Use. This energy use 
category is large and growing in most buildings today 
as plug loads from appliances and electronics grow. As 
the building becomes more thermally in balance due to 
good passive energy design, its loads for heating, cooling 
and ventilation shrink or, in some cases, are eliminated 

altogether. Minimizing non-space energy is one of the 
keys to achieving a cost-effective net-zero design.

Estimate the average daylight factor for the build-
ing using DAYLIGHT APERTURES. Daylighting reduces the 
need for electric lights; thus knowing the daylight factor 
helps in estimating electric energy use in the next step 
and estimating heat gains from  electric lights. Daylight 
will have a large effect on nonresidential energy use and a 
smaller effect on residential energy use.

Estimate the building's electric and nonelectric loads 
using the quick technique in  ELECTRIC LOADS. Choose 
between the nonresidential and residential techniques. 
Be aware that clothes dryers take about 12% of residen-
tial energy and can be completely replaced with the sun. 
All net-zero buildings can heat domestic water directly 
with the sun because it is much more effi cient and cost-
effective than heating with other renewable sources, such 
as photovoltaics. Make sure to size collectors with the 
tools in SOLAR HOT  WATER. Also  select a load for light-
ing based on the building's estimated daylight factor [see 
DESIGN DAYLIGHT FACTOR, if needed]. Make sure to choose 
(and later specify) “best” effi ciency for the equipment, 
unless you have chosen otherwise.

For residential uses, choose the load profi le for “Best 
Electric Technology,” because you are designing for a low 
energy goal. If you are using solar hot water (highly rec-
ommended), reduce the value on the graph for hot water 
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by 50–100%, depending on your system and location.
For both residential and nonresidential uses, some 

appliances may use a fuel other than electricity, such as 
a natural gas stove, clothes dryer or hot water heater. In 
this case, sum the loads for  electric and nonelectric uses 
separately. This will be important later when calculating 
the emissions impact of the building. Today, it is still gen-
erally more cost-effective to use natural gas when possible 
than to use electricity generated by PVs. However, elec-
tricity from renewable sources  will have zero emissions, 
natural gas, some emissions and fossil-fuel generated 
electricity, very high rates of emissions.

Adjust the nonelectric portion of the load. Because 
gas appliances are less effi cient at the site (not the 
source) than electric appliances, the values for their 

Appliance Gas Multiplier

Clothes dryers (no difference) 1.0

Cooking 1.9

Water heating

   electric, tankless 0.9

   gas, storage tank 1.5

   gas, tankless 1.1

   solar hot water 0.5–0.9

MñçïäÀëçäÀÜìî fê± GÇî AëëçäÀÇèˇÜî
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energy use have to be modifi ed. Multiply the non-elec-
tric load (from the second part of this step) by the value 
in the table  Multipliers  for Gas Appliances. The multi-
plier is an effi ciency factor based on the difference, if any, 
between the on-site energy effi ciency of an electric appli-
ance versus doing the same job with gas. 

Sum the total non-space energy load. Finally, add the 
electric and non-electric values, in kWh/day or Wh/ft2,day 
to get the total non-space equivalent electric load.

Convert to units of EDI. If using the residential path, 
non-space conditioning energy demand intensity, EDIns is 
found:

 EDIns = kWh/day × 3.412 × 365 ÷ Floor Area, ft2  
    = kBtu/ft2, yr 

If using the nonresidential path: 

EDIns = Wh/ft2/day × 3.412 ÷ 1000 × 365 
   = kBtu/ft2, yr
This value will be used later in step 7.

STEP 4: Add component loads to get total site daily 
energy demand. Add space conditioning energy (step 2) 
to non-space energy (step 3) to get the total load. Make 
sure the units are the same (kWh/day or Wh/ft2,day). 
Note that this load is an electric energy equivalent, even 
though some of the fuel may be another source, such as 
natural gas.
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SäÀõäÀèà Nê¨ê¶ÛÇëâî fìê¨ Pâê≥êμÆ´ïÇäÀˇ WÇççî & RêÆ•î SïìÇïÜà˙
, 12% eááäÀˇäÀÜèˇö , 12% eááäÀˇäÀÜèˇö

STEP 5: Estimate required PV array size for net zero 
using tools in PHOTOVOLTAIC WALLS AND ROOFS. Use the 
daily energy   demand (step 3) as input to the sizing graphs 
in PHOTOVOLTAIC WALLS AND ROOFS. The charts yield “PV 
Array Size” in ft2 (m2) for residential buildings, and in “PV 
Array Area/Floor Area” for nonresidential buildings. To fi nd 
nonresidential PV array size, multiply the fl oor area (ft2 
or m2) by the percentage output from the graph. Make 
sure to account for orientation and tilt effects, and for 
cell effi ciencies if different than the assumptions in the 
graphs. 

STEP 6: Determine your PV array size and check for the 
net-zero target. The PV     array size required (step 5) is the 
area needed to achieve the site net-zero energy target. On 
an annual basis, the building will then generate as much 
energy as it uses.

Decide where PVs can be located and if you have 
enough room on the building or on-site to locate the 
required area. See discussion in PHOTOVOLTAIC WALLS AND 
ROOFS. If the PV area required seems too large, consider 
redesigning to reduce loads further (lower EDI), almost 
always a less expensive strategy than investing in larger 
renewable energy production systems (higher EPI).
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Each building situation is different and the economics 
of renewable energy are changing rapidly. You may choose 
to address meeting the net-zero energy goal in one of the 
following ways:

•  Size PVs for a fraction of the load now but plan for 
later expansion as PV system prices drop.

•  Size PVs to meet the net-zero goal now.

•  Size PVs larger than required by the net-zero goal to 
make the building a net-positive energy building that 
exports energy for sale to the utility.

STEP 7: Estimate the building's Energy   Production Inten-
sity (EPI). Add together the Energy Demand Intensity 
for cooling (EDIc) and the EDI for heating (EDIh), which 
are calculated in ANNUAL ENERGY USE, with the EDI for 
non-space energy (EDIns) from step 3 to get the total site 
Energy Demand Intensity (EDI) (all units are in kBtu/ft2, 
yr):

EDI = EDIc + EDIh + EDIns

Multiply this total EDI by the ratio of the project's on-
site PV area (step 6) to the required PV area for net zero 
(step 5) to get the project's Energy Production Intensity 
(EPI).

EPI = EDI × (PV area ÷ PV area for net zero)

For a net-zero building, EDI = EPI.

H
IG

H
-P

ER
FO

RM
A

N
CE

: 
P3

 N
et

-Z
er

o 
En

er
gy

 B
al

an
ce



276

Key Points
• Fossil fuel reduction targets cannot be   met with     

purchased   renewables alone.
• A 2030 carbon-neutral target requires the use of  

renewable energy.
• A site NZEB target can only be met using on-site  

renewables to meet 100% of the annual load.

To establish a performance standard, designers need a 
way to compare the energy use of one building to another 
building of a similar occupancy type and climate loca-
tion. Energy Use Intensity (EUI)  describes a building’s net 
annual energy use relative to its size on a per unit area 
basis. It is used as an energy performance benchmark, as 
outlined in ENERGY TARGETS and, unless otherwise stated, 
describes the building's energy use after accounting for 
on-site and off-site renewable energy.

Its units are kBtu/ft2, yr, or thousands of Btus per 
square foot of conditioned fl oor area per year. Metric units 
are kWh/m2, yr or MJ/m2, yr. There are several ways  to 
use the EUI measurement for different purposes, such as a 
space heating EUI, a space cooling EUI, or a total build-
ing energy EUI. The EUI can also be estimated for site 
energy or for source energy, which accounts for energy 
production and transmission ineffi ciencies. The energy tar-
gets in SWL and those used by   Architecture 2030 are total 
building net energy site EUIs. SWL accounts for the source 
energy multiplier in EMISSIONS TARGETS and CARBON-
NEUTRAL BUILDINGS.

The techniques in ANNUAL ENERGY USE help the 
designer calculate Energy Demand Intensity (EDI) for 
space heating (EDIh) and space cooling energy (EDIc). In 
NET-ZERO ENERGY BALANCE the EDI for non-space condi-
tioning uses (EDIns) is calculated and the total EDI for all 

these uses is found. Also in NET-ZERO ENERGY BALANCE 
the size of the PV array required to meet the total site 
energy demand can be estimated, and a goal set for what 
percentage of this size will be used. Finally, the project's 
Energy Production Intensity (EPI) can then be predicted in 
NET-ZERO ENERGY BALANCE. Calculations in these strate-
gies are prerequisites to those that follow. 

In this analysis technique, the EDI and EPI are com-
bined to fi nd the net site EUI, which is then compared 
to your EUI targets. Alternatively,  SWL Electronic 
includes the SWL Tools spreadsheet to facilitate these cal-
culations. See the “Emissions Targets” worksheet. The 
Site EUI and On-Site Renewables graph shows for each 
target—and for a building under analysis—bars represent-
ing the fossil fuel use and purchased off-site renewable 
energy up to 20% of the reduction amount (the  maximum 
allowed by Architecture 2030 criteria).  

STEP 1: Calculate the project's net site Energy Use 
Intensity (EUI). Subtract the building's Energy Production 
Intensity (EPI), estimated in NET-ZERO ENERGY BALANCE, 

 P4  Estimate the building's ENERGY USE INTENSITY 
(EUI) to compare its energy use to the energy 
target.
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from its total Energy Demand Intensity (EDI), also esti-
mated in NET-ZERO ENERGY BALANCE, to get the net site 
EUI:

EUI = EDI −  EPI

Three results are possible:
• A PV array area less than  that required for net-zero 

(less than 100%) will result in a positive site net EUI 
(EUI > 0). 

•  PVs sized to meet the required (100%) size will result 
in a zero EUI (a site NZEB).  EUI = 0.

•  PV arrays larger than the net-zero  requirement will 
yield a negative site EUI, meaning the building has a 
negative net site energy demand (EUI < 0). In other 
words, the building will be a net energy exporter, a 
net-positive  energy building.

STEP 2: Compare the building's net site EUI to  your EUI 
target. Ideally, the building's net site EUI from step 1 
will  be less than or equal to the EUI target set in ENERGY 
TARGETS. If the net site EUI is negative (a net-positive 
energy building) or zero (a net-zero  energy building), then 
the building will have automatically met the EUI target. 

If the net site EUI is greater than the EUI target, 
then you can either redesign to reduce loads, improve 
HVAC systems effi ciency (lower EDI), or increase the size 

or effi ciency of the PV system (greater EPI). If you are 
designing to meet Architecture 2030 targets, rather than 
the more strict Site NZEB energy criteria, one solution to 
reducing the net site EUI further is to purchase off-site 
renewable energy, such as bio-gas or electricity produced 
from renewable resources.

STEP 3: After exhausting other design possibilities and 
on-site renewables, consider purchasing off-site renew-
able power. Some sites have better access to renewable 
resources of sun and wind than others, therefore the 
Architecture 2030 targets allow for 20% of the fossil fuel 
reduction target to be met by purchased off-site renew-
able energy. To fi nd the   amount of this  allowable 20%, 
multiply the EUI of the average building for your climate 
and building type [ENERGY TARGETS] by the Architecture 
2030 reduction goal chosen (a percentage) and then mul-
tiply by 20%:

 Purchased Renewable Energy max. = 
  ave. bldg. EUI × % reduction goal × 20% 

For example, if the EUI for a typical 2–4 unit multifamily 
residence in the western United States is 47.6 kBtu/ft2,yr 
and the Architecture 2030 goal chosen is a 70% reduction 
in fossil fuels (the 2015 target), then the allowable pur-
chased off-site renewable energy that can be used to meet 

NñÜó† SˇâêÆ´, HäÀççîÉÆ±ê, CÇçäÀáê±èäÀÇ, 2007, LÜÖÖö MÇöıñé SïÇˇö AìˇâäÀïÜˇïî
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the target is: 47.6 x 0.7 x 0.2 =  6.7 kBtu/ft2,yr. Note that 
by this method, a building that meets the carbon-neutral 
Architecture 2030 goal can still use 20% purchased renew-
able energy, but will have reduced its loads by a net of 
80% from the benchmark.

Alternatively, the “Emissions Targets” worksheet in 
the SWL Tools spreadsheet will facilitate all of these 
calculations.

The Nueva School in Hillsboro, California, by Leddy 
Maytum Stacy Architects (previous page), uses a rich 
variety of strategies to reduce its site Energy Demand 
Intensity (EDI) to 23.6 kBtu/ft2,yr (AIA, 2008). This 
“AIA Top Ten Green Project,” employs daylighting, natu-
ral ventilation and sensitive site design, in addition to 
solar shading, thin plans, ceiling fans and wind-powered 
turbine ventilators. 85% of interior spaces are passively 
cooled. It employs a well-insulated skin, earth sheltering 

and high-performance glazing. Loads are met with high-
effi ciency gas-fi red boilers and tankless water heaters, 
while occupancy sensors control energy-effi cient lighting.

The average elementary school building in this cli-
mate Zone 3C location near San Francisco would use 51 
kBtu/ft2,yr. [ENERGY TARGETS]. The Nueva School Annual 
Energy Consumption and Production Data table shows 
that the 30 kW photovoltaic array located on the class-
room building roof has an Energy Production Intensity 
(EPI) of 7.4 kBtu/ft2,yr. Subtracting EPI from EDI leaves a 
net site EUI of 16.1 kBtu/ft2,yr, a reduction in fossil fuel 
use of 68%. The Architecture 2030 target for 2010 is 60% 
reduction, so this building, completed in 2007, meets 
and exceeds the 2010 target and almost meets the 2015 
target.

The Site EUI and On-Site Renewables graph (opening 
page of ENERGY USE INTENSITY) shows fossil fuel use and 
off-site renewable energy in the form used  by Architecture 
2030. Note that the    amount of on-site renewable energy 
(for example, from PV) is left up to the designer and is not 
shown in that graph, nor is it required to meet the target, 
although it is recommended. The bars for “Your Design” 
from this SWL Tools spreadsheet graph include representa-
tion of both PV and off-site renewables, if used.

The Architecture 2030 targets do not address the option 
for net energy exported. If a building design surpasses the 

NñÜó† SCâêÆ´, AèèñÇç EèÜìà˙ Cê≠îñéëïäÀê≠ aèÖ 
Pìê£ñˇïäÀê≠ DÇïÇ 

NÜï SäÀïÜ EUI w®Àïâ PV aèÖ Oáá-SäÀïÜ RÜèÜò†É´Üî
fê± aèÇçöÙäÀî b¥äÀçÖäÀèà cê¨ëÇìÜÖ tê EUI fê± däÀááÜìÜèï pÜìáê±éÇèˇÜ 
tÇìàÊïî; fìê¨ SWL TêÆ´î SëìÜÇÖîâÜÜï

PV= Pâê≥êμÆ´ïÇäÀˇî

RE = PñìˇâÇîÜÖ, Oáá-säÀïÜ RÜèÜò†É´Ü EèÊìà˙
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site NZEB target, it becomes a net-positive energy build-
ing. The graph of Net Site EUI with PV and Off-Site 
Renewables indicates the site EUI for fossil fuels used 
for each target, plus the calculated EUI for 'Your Design' 
under three conditions: 1) no PV; 2) PV only; and 3) PV 
plus off-site renewables (RE). This allows the designer to 
quickly explore combinations of energy saving and produc-
tion strategies.

The SWL Tools spreadsheet's Building Energy Loads and 
Supplies graph shows the building energy loads and fos-
sil fuels saved as negative values (below the zero line) 
and the kinds of energy supplied to meet those loads 

as positive values (above the line). It also adds recom-
mended amounts of on-site renewables for each target. 
Without the use of renewables, the building loads would 
have to be extremely small to meet some targets and 
would have to be zero (virtually impossible) to meet oth-
ers. Targets may be met by using a combination of on- and 
off-site renewables. Note that the Architecture 2030 car-
bon neutral target cannot be met without some form of 
renewables and that a site NZEB can only be accomplished 
using 100% on-site renewables for its energy supply. 

H
IG

H
-P

ER
FO

RM
A

N
CE

: 
P4

 E
ne

rg
y 

U
se

 I
nt

en
si

ty

BñäÀçÖäÀèà EèÜìà˙ Lê†Öî aèÖ SñëëçäÀÜî, fìê¨ SWL TêÆ´î sëìÜÇÖîâÜÜï



280

KEY POINTS
• Emissions targets measured as Carbon Use Intensity 

(CUI) allow us to make emissions comparisons 
between buildings   on a per unit area basis.

•   Emissions targets account for varying pollution rates 
associated with different fuel types    and for the 
difference between site and source energy.

• Select an emission target as a percentage reduction 
of the emissions rate for an average building in your 
situation.

• Buildings that achieve energy targets of net-zero 
energy, net-positive energy, or Architecture 2030's 
carbon-neutral target will have a target CUI = 0.

Electricity generated from wind, hydro or solar power 
produces no greenhouse  gas emissions (GHGs), while grid-
supplied electricity is typically generated from a high 
percentage of burning fossil fuels. Fossil fuel combus-
tion produces GHGs such as  carbon dioxide (CO2),  methane 
(CH4) and  nitrous oxide (N2O). The Carbon Use Intensity 
(CUI) analysis technique helps the designer set an emis-
sions target for the building. It is designed to help reduce 
not only energy use but also the pollution and global cli-
mate change effects of energy use. 

As outlined in ENERGY TARGETS, Architecture 2030 tar-
gets challenge designers to gradually reduce fossil fuel 
use over time, leading to a carbon-neutral goal for new 
buildings and major renovations by 2030. A   carbon-neutral 
building would meet all site energy demand with on-site 
or off-site renewable energy, and thus its net emissions 
would be zero. A site   net-zero energy building meets its 
site energy demand with all on-site renewables and so also 
has zero net emissions. If one accounts for the grid-sup-
plied energy emissions displaced by the clean renewable 

energy exported to the utility company by a net-positive 
energy building, then its CUI < 0. One way to think of a 
negative CUI is that such a building is reducing (or con-
suming) the GHG emissions of other buildings.

Different fuels produce different amounts of emissions. 
Grid-delivered      electricity in the U.S. produces roughly 
three times more emissions than  fuel burned on-site, such 
as natural gas. This is much less true in some Canadian 
provinces where hydroelectric power is more dominant. 
The ineffi ciency is due in part to large-scale centralized 
electrical production. It also a result of distribution and 
the mix of fuels, including a large percentage of coal, 
used to produce the electricity. 

The global warming potential of various greenhouse 
gases can be converted to a single measure referred to as 
 carbon dioxide equivalent, or CO2e, as shown in Sample 
CO2e Emissions Factors. In specifi c terms, CO2e “approxi-
mates the time-integrated warming effect of a unit mass 
of a given greenhouse gas, relative to that of carbon 
dioxide (CO2)” (ASHRAE, 2009a) and are based on the pol-
lutant's  global warming potential (GWP). GWP is an index 

Energy Source

Conversion Factor,

CO2e lb/kWh (kg/kWh)

Grid delivered electricity, USA 1.670 (0.758)

Grid delivered electricity, CANADA 0.440 (0.200)

LPG or propane 0.686 (0.312)

Fuel oil (distillate) 0.822 (0.373)

Natural Gas 0.510 (0.232)

Wood 0.699 (0.317)

SÇéëçÜ Cê2e EéäÀîîäÀê≠î FÇˇïê±î
CÇèÇÖÇ v†çñÜî fìê¨ NRC CÇèÇÖÇ, 2009; wÆÆ£ fìê¨ EPA, 2004; 
o≥âÜì v†çñÜî fìê¨ ASHRAE, 2009a

 P5  EMISSIONS TARGETS set goals to reduce 
greenhouse gas emissions   due to fossil 
fuel consumption, relative to benchmarks 
for the building's type and climate.
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for estimating the relative global warming contribution of 
atmospheric emissions of 1 kg of a particular greenhouse 
gas compared to emissions of 1 kg of CO2. The following 
GWP values are used based on a 100-year time horizon: 1 
for CO2, 23 for   methane (CH4) and 296 for  nitrous oxide 
(N2O) (ASHRAE, 2009a).

To fairly compare energy use of buildings of the same 
occupancy type located in the same climate zone, ENERGY 
TARGETS set an energy use intensity (EUI) target in kBtu/
ft2,yr (kWh/m2,yr) based on an average building. This can 
be converted to a carbon  use intensity (CUI) in units of 
CO2e lb/ft2,yr (kg/m2,yr), that is, mass of CO2 equivalent 
gases produced by the building's energy use over a year, 
per unit of fl oor area. The CUI target allows designers to 
fairly compare the emissions rate of a building design as 
compared to an average building—again, of the same 
occupancy type located in the same climate zone. CUI 
not only accounts for differences in fuel types but also 
accounts for the difference between energy used at the 
site and the source energy needed to produce and deliver 
that energy to the site. 

To convert site EUI to Carbon Use Intensity (CUI), 
divide kBtu/ft2,yr by 3.412 kBtu/kWh and multiply by 
the CO2e conversion factor:  

CUI = (EUI ÷ 3.412) x CO2e conversion factor 

The building's EUI is estimated in ENERGY USE INTENSITY, 
while EUI targets are found in ENERGY TARGETS. Sample 
CO2e conversion factors are given in the table Sample 
CO2e Emissions Factors. More extensive emissions factors 
can be found in CARBON-NEUTRAL BUILDING. The total CUI 
is the sum of CUIs for each fuel used. For example, if the 
building uses some natural gas and some electricity, as 
many buildings do, then the EUI attributable to each fuel 
is used to fi nd a CUI for gas and a CUI for electricity and 
then these are added to get the total building CUI. See 
details in CARBON NEUTRAL BUILDING.

EPA's Target   Finder tool (EPA, 2012) gives the typi-
cal percentage mix of gas and electricity use for the 
building's region. These percentages can be used along 
with the average building EUI from ENERGY TARGETS to 
establish a benchmark CUI (Bryan, 2009): 

CUI elec. = (site EUI ÷ 3.412) x % electric x 1.67

CUI gas = (site EUI ÷ 3.412) x % gas x 0.51

CUI total  = CUI elec. + CUI gas

EUI units are kBtu/ft2, yr. CUI is in units of CO2e/ft2, yr. 

Primary Space /

Building Type

Ave. %

Electric

Site CUI

med 70% 90%

Education 63 27.6 8.3 2.8

     College / University 

     (campus-level)
63 43.6 13.1 4.4

Food Sales 86 99.4 29.8 9.9

     Convenience Store 

     (w/ or w/o gas)
90 109.8 32.9 11.0

Food Service 59 122.9 36.9 12.3

     Fast Food 64 196.0 58.8 19.6

     Restaurant / Food Market 53 99.6 29.9 10.0

Health Care: Inpatient (specialty 

hospitals, excluding children's) 
47 70.2 21.1 7.0

Health Care: Outpatient 72 28.8 8.6 2.9

     Clinic / Other Outpatient 

     Health
76 34.3 10.3 3.4

Mall (strip mall and enclosed) 71 41.8 12.5 4.2

Public Assembly 57 22.7 6.8 2.3

    Entertainment / Culture 63 34.5 10.4 3.5

     Library 59 36.4 10.9 3.6

     Recreation 55 21.9 6.6 2.2

     Social / Meeting 57 17.8 5.4 1.8

Public Order & Safety 57 30.9 9.3 3.1

     Fire Station / Police Station 56 26.5 8.0 2.7

Service (vehicle repair / 

postal service)
63 28.0 8.4 2.8

Storage / Shipping/ Non-

refrigerated warehouse
56 25 8 3

     Self-storage 44 4 1.2 0.4

CÇìÉÆ≠ UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî,U.S. Cê¨éÜìˇäÀÇç 
BñäÀçÖäÀèàÙ, NÇïäÀên†ç Aó§ìÇàÊî, CO2e lÉ≤/fï2-yÛ
UîÜ fê± o¢ˇñëÇèˇö töÒÜ nê≥ fê¥èÖ iÀè “TÇìàÊï FäÀèÖÜì” o± iÀè tÇÉ´Üî o• 
CÇìÉÆ≠ UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî, b∏ BñäÀçÖäÀèà TöÒÜ aèÖ CçäÀéÇïÜ 
Zên§ on tâÜ nÜôï pÇàÊ. 
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med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90%

1A Honolulu, HI 25.3 7.6 2.5 35.7 10.7 3.6 42.1 12.6 4.2 57.1 17.1 5.7 18.3 5.5 1.8 28.4 8.5 2.8 82.3 24.7 8.2 49.5 14.8 4.9 25.8 7.7 2.6

1A San Juan, PR 24.8 7.4 2.5 35.3 10.6 3.5 41.5 12.4 4.1 55.8 16.8 5.6 12.7 3.8 1.3 22.4 6.7 2.2 82.1 24.6 8.2 49.1 14.7 4.9 25.6 7.7 2.6

1A Miami, FL 25.9 7.8 2.6 36.7 11.0 3.7 43.1 12.9 4.3 62.9 18.9 6.3 13.2 4.0 1.3 25.0 7.5 2.5 84.2 25.3 8.4 51.4 15.4 5.1 27.4 8.2 2.7

2A Houston, TX 24.5 7.3 2.4 35.3 10.6 3.5 41.3 12.4 4.1 49.8 14.9 5.0 22.1 6.6 2.2 28.4 8.5 2.8 79.2 23.8 7.9 47.7 14.3 4.8 25.4 7.6 2.5

2B Phoenix, AZ 26.3 7.9 2.6 37.2 11.2 3.7 43.4 13.0 4.3 62.3 18.7 6.2 21.8 6.5 2.2 32.4 9.7 3.2 82.9 24.9 8.3 51.0 15.3 5.1 27.8 8.3 2.8

3A Atlanta, GA 22.9 6.9 2.3 33.7 10.1 3.4 39.7 11.9 4.0 38.7 11.6 3.9 22.1 6.6 2.2 23.2 7.0 2.3 73.9 22.2 7.4 44.2 13.3 4.4 23.7 7.1 2.4

3B-CA Los Angeles, CA 18.2 5.5 1.8 28.7 8.6 2.9 34.9 10.5 3.5 24.9 7.5 2.5 19.7 5.9 2.0 16.6 5.0 1.7 67.7 20.3 6.8 37.5 11.3 3.8 17.8 5.3 1.8

3B-other Las Vegas, NV 25.2 7.6 2.5 32.5 9.8 3.3 41.8 12.6 4.2 50.4 15.1 5.0 22.4 6.7 2.2 28.1 8.4 2.8 78.6 23.6 7.9 47.6 14.3 4.8 26.3 7.9 2.6

3C San Francisco 19.8 5.9 2.0 30.2 9.1 3.0 36.4 10.9 3.6 26.3 7.9 2.6 18.8 5.6 1.9 18.1 5.4 1.8 67.2 20.1 6.7 38.5 11.5 3.8 20.0 6.0 2.0

4A Baltimore, MD 23.7 7.1 2.4 34.1 10.2 3.4 40.5 12.2 4.1 37.1 11.1 3.7 22.4 6.7 2.2 21.7 6.5 2.2 72.1 21.6 7.2 43.5 13.0 4.3 24.7 7.4 2.5

4B Albuquerque, NM 23.6 7.1 2.4 34.1 10.2 3.4 40.3 12.1 4.0 38.2 11.5 3.8 22.4 6.7 2.2 22.1 6.6 2.2 72.3 21.7 7.2 43.8 13.1 4.4 24.7 7.4 2.5

4C Seattle, WA 22.1 6.6 2.2 32.5 9.8 3.3 38.7 11.6 3.9 29.5 8.9 3.0 20.3 6.1 2.0 18.1 5.4 1.8 67.2 20.1 6.7 40.3 12.1 4.0 23.1 6.9 2.3

5A Chicago, IL 24.8 7.4 2.5 35.3 10.6 3.5 41.5 12.4 4.1 37.3 11.2 3.7 22.4 6.7 2.2 20.1 6.0 2.0 69.7 20.9 7.0 43.9 13.2 4.4 26.6 8.0 2.7

5B Boulder, CO 24.4 7.3 2.4 34.9 10.5 3.5 41.1 12.3 4.1 36.4 10.9 3.6 22.4 6.7 2.2 20.0 6.0 2.0 69.9 21.0 7.0 43.5 13.0 4.3 26.0 7.8 2.6

5C Ketchican, AK 25.6 7.7 2.6 36.0 10.8 3.6 42.2 12.7 4.2 34.9 10.5 3.5 16.6 5.0 1.7 21.8 6.5 2.2 66.9 20.1 6.7 43.1 12.9 4.3 27.8 8.3 2.8

6A Minneapolis, MN 26.2 7.9 2.6 36.7 11.0 3.7 42.8 12.8 4.3 39.9 12.0 4.0 22.7 6.8 2.3 20.4 6.1 2.0 69.7 20.9 7.0 45.1 13.5 4.5 28.0 8.4 2.8

6B Helena, MT 25.2 7.6 2.5 35.6 10.7 3.6 41.8 12.6 4.2 35.3 10.6 3.5 21.8 6.5 2.2 18.8 5.6 1.9 68.0 20.4 6.8 43.1 12.9 4.3 26.9 8.1 2.7

7 Duluth, MN 26.5 8.0 2.7 37.4 11.2 3.7 36.7 11.0 3.7 37.6 11.3 3.8 21.7 6.5 2.2 18.6 5.6 1.9 67.3 20.2 6.7 44.2 13.3 4.4 29.2 8.8 2.9

7.5 Kenai, AK 27.1 8.1 2.7 37.6 11.3 3.8 43.8 13.1 4.4 37.8 11.3 3.8 16.9 5.1 1.7 22.1 6.6 2.2 66.9 20.1 6.7 44.1 13.2 4.4 30.0 9.0 3.0

8 Fairbanks, AK 29.4 8.8 2.9 40.3 12.1 4.0 46.5 13.9 4.6 42.9 12.9 4.3 20.9 6.3 2.1 19.4 5.8 1.9 67.2 20.1 6.7 46.3 13.9 4.6 33.5 10.0 3.3

Carbon UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî, U.S. Cê¨éÜìˇäÀÇç BñäÀçÖäÀèàÙ, 
b∏ BñäÀçÖäÀèà TöÒÜ aèÖ CçäÀéÇïÜ Zê≠Ü, CO2e lbs/fï2-yÛ       nÇ =  nê≥ aó†äÀçÇÉ´Ü iÀè EPA TÇìàÊï FäÀèÖÜr

A CUI target may be calculated for  any building in 
this way, or you  can  use the precalculated tables. If 
using the SWL Tools spreadsheet, enter the target CUI 
on the “Emissions Targets” tab.

Remember that your CUI target will be a fraction of the 
average building's CUI based on your goal, such as Archi-
tecture 2030's 70% reduction goal for the year 2020. Of 
course a net-zero energy building will have a CUI = 0 
by defi nition and if that is the case there is no need to 

go further in this technique. Because of the way “Target 
Finder” defi nes CO2e   emissions factors, we do not recom-
mend using the emissions calculations there at this time 
(2012). This is explained in CARBON-NEUTRAL BUILDINGS.

United States, Commercial Buildings

CUI targets for U.S. commercial buildings NOT found in 
either “Target Finder” or in the DOE reference build-
ing models are given as U.S. national averages (not by 

H
IG

H
-P

ER
FO

RM
A

N
CE

: 
P5

 E
m

is
si

on
s 

Ta
rg

et
s



283

H
o

te
l 

(l
a

rg
e

)
12

,2
02

 s
f /

 6
 s

to
ry

R
e

s
id

e
n

c
e

 H
a

ll
 /

 D
o

rm
it

o
ry

10
0,

00
0 

sf
 / 

4 
st

or
y

M
id

-R
is

e
 A

p
a

rt
m

e
n

t
33

,7
40

 s
f /

 4
 s

to
ry

W
a

re
h

o
u

s
e
 

(u
n

re
fr

ig
e

ra
te

d
)

52
,0

45
 s

f /
 1

 s
to

ry

W
a

re
h

o
u

s
e
 

(r
e

fr
ig

e
ra

te
d

)
52

,0
45

 s
f /

 1
 s

to
ry

C
o

u
rt

h
o

u
s
e

, 
fe

d
e

ra
l

39
5,

00
0 

sf
 

B
a

n
k

 /
 F

in
a

n
c

ia
l 

In
s
ti

tu
ti

o
n

4,
10

0 
sf

 / 
1 

st
or

y 
br

an
ch

S
u

p
e

rm
a

rk
e

t 
/ 

G
ro

c
e

ry
45

,0
00

 s
f /

 1
 s

to
ry

R
e

ta
il

24
,9

62
 s

f /
 1

 s
to

ry

S
tr

ip
 M

a
ll

22
,5

00
 s

to
ry

 / 
1 

st
or

y

H
o

u
s
e

 o
f 

W
o

rs
h

ip
17

,0
00

 s
f /

 1
 s

to
ry

med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90% med 70% 90%

29.2 8.8 2.9 32.5 9.8 3.3 13.8 4.1 1.4 9.7 2.9 1.0 62.8 18.8 6.3 42.1 12.6 4.2 44.1 13.2 4.4 127.5 38.3 12.8 30.3 9.1 3.0 23.2 7.0 2.3 9.2 2.8 0.9

26.3 7.9 2.6 31.9 9.6 3.2 na na na 9.6 2.9 1.0 62.7 18.8 6.3 41.5 12.4 4.1 43.4 13.0 4.3 125.3 37.6 12.5 29.9 9.0 3.0 na na na 9.2 2.7 0.9

36.2 10.9 3.6 35.2 10.6 3.5 na na na 10.3 3.1 1.0 68.0 20.4 6.8 43.1 12.9 4.3 45.0 13.5 4.5 134.1 40.2 13.4 30.8 9.3 3.1 na na an 10.3 3.1 1.0

28.9 8.7 2.9 31.1 9.3 3.1 13.8 4.1 1.4 10.2 3.1 1.0 53.5 16.1 5.4 41.3 12.4 4.1 43.3 13.0 4.3 120.2 36.1 12.0 30.3 9.1 3.0 24.0 7.2 2.4 8.8 2.7 0.9

27.9 8.4 2.8 36.9 11.1 3.7 11.9 3.6 1.2 10.7 3.2 1.1 64.8 19.5 6.5 43.4 13.0 4.3 45.3 13.6 4.5 133.8 40.1 13.4 31.9 9.6 3.2 23.6 7.1 2.4 10.6 3.2 1.1

27.2 8.1 2.7 27.2 8.2 2.7 13.4 4.0 1.3 10.2 3.1 1.0 39.6 11.9 4.0 39.7 11.9 4.0 41.7 12.5 4.2 104.8 31.4 10.5 29.4 8.8 2.9 25.7 7.7 2.6 7.1 2.1 0.7

20.3 6.1 2.0 18.1 5.4 1.8 9.7 2.9 1.0 8.5 2.6 0.9 22.3 6.7 2.2 34.9 10.5 3.5 36.8 11.0 3.7 74.7 22.4 7.5 24.5 7.3 2.4 18.2 5.5 1.8 2.5 0.8 0.3

26.8 8.0 2.7 32.8 9.8 3.3 11.3 3.4 1.1 10.7 3.2 1.1 53.0 15.9 5.3 41.8 12.6 4.2 43.8 13.1 4.4 121.0 36.3 12.1 31.1 9.3 3.1 23.6 7.1 2.4 9.5 2.8 0.9

22.0 6.6 2.2 20.9 6.3 2.1 10.3 3.1 1.0 9.8 2.9 1.0 20.2 6.1 2.0 36.4 10.9 3.6 38.4 11.5 3.8 79.9 24.0 8.0 27.0 8.1 2.7 22.0 6.6 2.2 4.1 1.2 0.4

28.0 8.4 2.8 29.0 8.7 2.9 14.8 4.5 1.5 11.1 3.3 1.1 33.7 10.1 3.4 40.5 12.2 4.1 42.5 12.8 4.3 103.8 31.2 10.4 31.1 9.3 3.1 30.7 9.2 3.1 7.8 2.3 0.8

25.6 7.7 2.6 29.4 8.8 2.9 11.6 3.5 1.2 11.2 3.4 1.1 35.3 10.6 3.5 40.3 12.1 4.0 42.2 12.7 4.2 105.1 31.5 10.5 31.1 9.3 3.1 26.5 8.0 2.7 7.9 2.4 0.8

24.1 7.2 2.4 25.6 7.7 2.6 11.9 3.6 1.2 11.0 3.3 1.1 20.9 6.3 2.1 38.7 11.6 3.9 40.7 12.2 4.1 89.7 26.9 9.0 30.3 9.1 3.0 28.6 8.6 2.9 6.3 1.9 0.6

24.9 7.5 2.5 32.4 9.7 3.2 13.6 4.1 1.4 12.1 3.6 1.2 29.5 8.8 2.9 41.5 12.4 4.1 43.5 13.1 4.4 106.6 32.0 10.7 32.8 9.8 3.3 25.6 7.7 2.6 8.9 2.7 0.9

26.5 8.0 2.7 31.6 9.5 3.2 12.8 3.8 1.3 12.1 3.6 1.2 28.1 8.4 2.8 41.1 12.3 4.1 43.0 12.9 4.3 104.1 31.2 10.4 32.8 9.8 3.3 29.9 9.0 3.0 8.5 2.6 0.9

27.9 8.4 2.8 35.3 10.6 3.5 na na na 13.7 4.1 1.4 20.2 6.1 2.0 42.2 12.7 4.2 44.2 13.3 4.4 104.4 31.3 10.4 35.7 10.7 3.6 na na na 9.8 2.9 1.0

25.9 7.8 2.6 36.4 10.9 3.6 15.6 4.7 1.6 13.0 3.9 1.3 29.5 8.8 2.9 42.8 12.8 4.3 44.9 13.5 4.5 112.0 33.6 11.2 35.3 10.6 3.5 30.4 9.1 3.0 10.2 3.1 1.0

27.2 8.2 2.7 33.5 10.0 3.3 15.0 4.5 1.5 12.8 3.8 1.3 23.1 6.9 2.3 41.8 12.6 4.2 43.8 13.1 4.4 103.8 31.1 10.4 34.4 10.3 3.4 36.9 11.1 3.7 9.2 2.7 0.9

26.7 8.0 2.7 38.4 11.5 3.8 17.0 5.1 1.7 13.9 4.2 1.4 22.5 6.8 2.3 43.5 13.1 4.4 45.2 13.6 4.5 110.3 33.1 11.0 36.9 11.1 3.7 34.1 10.2 3.4 10.7 3.2 1.1

29.4 8.8 2.9 40.6 12.2 4.1 na na na 14.6 4.4 1.5 20.2 6.1 2.0 43.8 13.1 4.4 45.7 13.7 4.6 110.9 33.3 11.1 37.7 11.3 3.8 na na na 11.4 3.4 1.1

32.0 9.6 3.2 51.0 15.3 5.1 23.8 7.1 2.4 16.3 4.9 1.6 20.5 6.2 2.1 46.5 13.9 4.6 48.4 14.5 4.8 121.7 36.5 12.2 41.1 12.3 4.1 64.7 19.4 6.5 13.9 4.2 1.4

CÇìÉÆ≠ UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî, U.S. Cê¨éÜìˇäÀÇç BñäÀçÖäÀèàÙ, 
b∏ BñäÀçÖäÀèà TöÒÜ aèÖ CçäÀéÇïÜ Zên§, CO2e lÉ≤/fï2-yÛ       nÇ =  nê≥ aó†äÀçÇÉ´Ü iÀè EPA “TÇìàÊï FäÀèÖÜì”

region or climate zone) in Carbon Use Intensity (CUI) 
Targets, U.S. Commercial Buildings, National Averages 
(previous page).

To select a CUI for common commercial building 
types, use the tables of Carbon Use Intensity (CUI) Tar-
gets, U.S. Commercial Buildings, by Building Type and 
Climate Zone. 

The tables are based on applying conversion factors 
and fuel mix proportions (gas and electric only) to the 

EUI values from the tables in ENERGY TARGETS. Cities are 
representative of the climate zone. The fuel mix of elec-
tricity and gas used to create the tables are from “Target 
  Finder.” The method is based on and modifi ed from meth-
ods to determine CUI in Bryan (2009). Canadian cities in 
the same climate zone may have a very different mix of 
fuels; Canadian CO2e emissions factors for electricity can 
be very different than the U.S. national average value used 
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Commercial Space / Building Type Site CUI

med 70% 90%

     ATLANTIC

Wholesale Trade 107.1 32.1 10.7

Retail Trade 129.5 38.9 13.0

Transportation & Warehousing 81.5 24.5 8.2

Information & Cultural Industries 136.8 41.0 13.7

Offices 100.0 30.0 10.0

Educational Services 109.0 32.7 10.9

Healthcare & Social Assistance 181.7 54.5 18.2

Arts, Entertainment & Recreation 122.2 36.7 12.2

Accommodation & Food Service 177.7 53.3 17.8

Other Services 96.1 28.8 9.6

     QUEBEC

Wholesale Trade 83.8 25.1 8.4

Retail Trade 89.7 26.9 9.0

Transportation & Warehousing 69.9 21.0 7.0

Information & Cultural Industries 124.1 37.2 12.4

Offices 72.4 21.7 7.2

Educational Services 88.7 26.6 8.9

Healthcare & Social Assistance 143.3 43.0 14.3

Arts, Entertainment & Recreation 104.8 31.4 10.5

Accommodation & Food Service 141.7 42.5 14.2

Other Services 80.6 24.2 8.1

     ONTARIO

Wholesale Trade 53.5 16.0 5.3

Retail Trade 54.0 16.2 5.4

Transportation & Warehousing 45.5 13.6 4.5

Information & Cultural Industries 62.1 18.6 6.2

Offices 48.6 14.6 4.9

Educational Services 56.5 16.9 5.6

Healthcare & Social Assistance 91.5 27.5 9.2

Arts, Entertainment & Recreation 70.0 21.0 7.0

Accommodation & Food Service 78.3 23.5 7.8

Other Services 57.9 17.4 5.8

CÇìÉÆ≠ UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî, CÇèÇÖäÀÇè  Cê¨éÜìˇäÀÇç BñäÀçÖäÀèàÙ, Pìêμ®ÀèˇäÀÇç Aó§ìÇàÊî, kà CO2e/ 2, yÛ 
DÜìäÀó§Ö fìê¨ NÇïñìÇç RÜîê¥ìˇÜî CÇèÇÖÇ, OááäÀˇÜ o• EèÜìà˙ EááäÀˇäÀÜèˇö, Cê¨ëìÜâÜèîäÀó§ EèÜìà˙ UîÜ DÇïÇÉ†îÜ.

Commercial Space / Building Type Site CUI

med 70% 90%

     MANITOBA

Wholesale Trade 46.6 14.0 4.7

Retail Trade 57.2 17.2 5.7

Transportation & Warehousing 37.9 11.4 3.8

Information & Cultural Industries 56.2 16.8 5.6

Offices 45.0 13.5 4.5

Educational Services 53.6 16.1 5.4

Healthcare & Social Assistance 81.3 24.4 8.1

Arts, Entertainment & Recreation 47.8 14.3 4.8

Accommodation & Food Service 82.9 24.9 8.3

Other Services 47.9 14.4 4.8

     SASKATCHEWAN

Wholesale Trade 63.8 19.1 6.4

Retail Trade 81.5 24.4 8.1

Transportation & Warehousing 60.3 18.1 6.0

Information & Cultural Industries 76.7 23.0 7.7

Offices 60.0 18.0 6.0

Educational Services 72.1 21.6 7.2

Healthcare & Social Assistance 89.7 26.9 9.0

Arts, Entertainment & Recreation 63.0 18.9 6.3

Accommodation & Food Service 94.0 28.2 9.4

Other Services 68.6 20.6 6.9

     ALBERTA

Wholesale Trade 36.8 11.0 3.7

Retail Trade 44.6 13.4 4.5

Transportation & Warehousing 26.3 7.9 2.6

Information & Cultural Industries 45.3 13.6 4.5

Offices 33.9 10.2 3.4

Educational Services 37.7 11.3 3.8

Healthcare & Social Assistance 54.0 16.2 5.4

Arts, Entertainment & Recreation 41.5 12.4 4.1

Accommodation & Food Service 63.3 19.0 6.3

Other Services 34.8 10.4 3.5
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Commercial Space / Building Type Site CUI

med 70% 90%

     BRITISH COLUMBIA & TERRITORIES

Wholesale Trade 27.8 8.3 2.8

Retail Trade 32.8 9.8 3.3

Transportation & Warehousing 24.8 7.4 2.5

Information & Cultural Industries 41.2 12.4 4.1

Offices 31.7 9.5 3.2

Educational Services 35.6 10.7 3.6

Healthcare & Social Assistance 54.6 16.4 5.5

Arts, Entertainment & Recreation 61.1 18.3 6.1

Accommodation & Food Service 76.5 23.0 7.7

Other Services 34.2 10.3 3.4

in these calculations [see Sample CO2e Emissions Factors 
table on fi rst page of EMISSIONS TARGETS].

Tables show a “med” value for the median building in 
the  CBECS (EPA, 2011a) data, representing typical prac-
tice, along with 70% and 90% reduction targets from this 
median value. For details  of  climate zones, representa-
tive cities and building defi nitions, see the discussion in 
ENERGY TARGETS. For International Climate Zone Maps 
of United States, Alaska and Canada, see “Navigation by 
Climate” in Part II. CO2e emissions factors used are 1.670 
lb/kwh for electricity and 0.51 lb/kwh for natural gas.

Canada, Nonresidential Buildings

CUI targets for Canadian nonresidential buildings are given 
by province for 10 building types in the table Carbon Use 
Intensity (CUI) Targets, Canadian Commercial Build-
ings, Provincial Averages. Tables show a “med” value 
for the median building in the  Comprehensive Energy Use 
Database (CEUD) data, representing typical practice, along 
with 70% and 90% reduction targets from this median 
value (NRC, 2009).

Be aware that climate may vary signifi cantly within a 
province. This is particularly true in the category for Brit-
ish Columbia and Territories, which covers relatively mild 
Vancouver, British Columbia, up to the Yukon Territory 
and across to extreme climates like Resolute, Nunavut. A 

similar benchmarking tool to “Target Finder” is currently 
being developed by  Natural Resources Canada based on 
the U.S. EPA methods.

The tables are based on applying conversion factors and 
fuel mix proportions to the EUI values from the tables in 
ENERGY TARGETS. The fuel mix used to create the tables is 
from the CEUD. The fuel mix data for Canada provides for a 
wider range of fuel types than data for the United States, 
and includes natural gas, electricity, fuel oil, propane and 
wood. Calculations are based on the Canadian national 
average CO2e emissions factor for grid-supplied electricity 
and CO2e factors for on-site combustion fuels as shown in 
the table Sample CO2e Emissions Factors (first page of 
EMISSIONS TARGETS).
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Residential Space / 

Building Type Site CUI

med 70% 90%

     Northeast 23% electric

Single-Family Detached 10.0 3.0 1.0

Single-Family Attached 11.5 3.4 1.1

Multi-Family, 2 to 4 units 18.3 5.5 1.8

Multi-Family, 5 or more units 17.4 5.2 1.7

Mobile Homes 17.6 5.3 1.8

     Midwest 32% electric

Single-Family Detached 12.0 3.6 1.2

Single-Family Attached 13.0 3.9 1.3

Multi-Family, 2 to 4 units 20.8 6.2 2.1

Multi-Family, 5 or more units 17.1 5.1 1.7

Mobile Homes 22.1 6.6 2.2

     South 64% electric

Single-Family Detached 14.5 4.3 1.4

Single-Family Attached 14.8 4.4 1.5

Multi-Family, 2 to 4 units 18.6 5.6 1.9

Multi-Family, 5 or more units 15.7 4.7 1.6

Mobile Homes 19.5 5.9 2.0

     West 41% electric

Single-Family Detached 11.9 3.6 1.2

Single-Family Attached 12.4 3.7 1.2

Multi-Family, 2 to 4 units 14.5 4.4 1.5

Multi-Family, 5 or more units 12.1 3.6 1.2

Mobile Homes 19.0 5.7 1.9

Carbon UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî, U.S. RÜîäÀÖÜèïäÀÇç
BñäÀçÖäÀèàÙ, RÜàÍÀê≠Çç Aó§ìÇàÊî, CO2e lbs/fï2-yÛ
BÇîÜÖ o≠ 2009 EUI dÇïÇ aèÖ 2005 fñÜç mäÀô dÇïÇ fìê¨ the Energy 
Information Administration Residential Energy Consumption 
Survey. TâÜ sñìó§ö dÇïÇ iÀî aó†äÀçÇÉ´Ü aï w∂∂.eäÀÇ.dê§.gμ.

U.S. CÜèîñî RÜàÍÀê≠î
UîÜ fê± CUI US RÜîäÀÖÜèïäÀÇç RÜàÍÀê≠Çç TÇìàÊïî 

United States Residential Buildings

CUI targets for U.S. residential  buildings by geographic 
region for fi ve categories of housing are shown in the 
table Carbon Use Intensity (CUI) Targets, U.S. Residen-
tial Buildings, Regional Averages. This table is based on 
2009 EUI data as given in ENERGY TARGETS and the most 
recent fuel mix data from the  U.S. Energy Information 
Agency (EIA, 2009, 2005), which is from 2005. The CUI 
targets are based on U.S.  Census Regions; new EIA analy-
ses will likely use the more preferable climate zones.

Canada, Residential Buildings

CUI targets for Canadian residential buildings  are given 
by province for four housing types in the table Car-
bon Use Intensity (CUI) Targets, Canadian Residential 
Buildings, Provincial Averages. The tables are based on 
applying conversion factors and fuel mix proportions to 
the EUI values from the tables in ENERGY TARGETS. The 
fuel mix used to create the tables are from the    Comprehen-
sive Energy Use Database (NRC, 2009). CO2e factors used 
are from the table Sample CO2e Emissions Factors.

Be aware that climate may vary signifi cantly within a 
province.
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Commercial Space / Building Type Site CUI

med 70% 90%

     CANADA, averages

Single Family, Detached 53.0 15.9 5.3

Single Family, Attached 44.0 13.2 4.4

Apartments 47.3 14.2 4.7

Mobile Homes 74.5 22.3 7.4

     NEWFOUNDLAND

Single Family, Detached 63.8 19.2 6.4

Single Family, Attached 65.7 19.7 6.6

Apartments 51.8 15.5 5.2

Mobile Homes 84.6 25.4 8.5

     PRINCE EDWARD ISLAND

Single Family, Detached 63.8 19.1 6.4

Single Family, Attached 58.8 17.6 5.9

Apartments 54.2 16.2 5.4

Mobile Homes 90.7 27.2 9.1

     NOVA SCOTIA

Single Family, Detached 61.3 18.4 6.1

Single Family, Attached 56.6 17.0 5.7

Apartments 53.7 16.1 5.4

Mobile Homes 93.4 28.0 9.3

     NEW BRUNSWICK

Single Family, Detached 79.9 24.0 8.0

Single Family, Attached 64.8 19.4 6.5

Apartments 56.1 16.8 5.6

Mobile Homes 111.7 33.5 11.2

     QUEBEC

Single Family, Detached 84.7 25.4 8.5

Single Family, Attached 66.7 20.0 6.7

Apartments 61.6 18.5 6.2

Mobile Homes 119.2 35.8 11.9

Commercial Space / Building Type Site CUI

med 70% 90%

     ONTARIO

Single Family, Detached 41.8 12.5 4.2

Single Family, Attached 38.6 11.6 3.9

Apartments 38.5 11.5 3.8

Mobile Homes 57.4 17.2 5.7

     MANITOBA

Single Family, Detached 62.5 18.7 6.2

Single Family, Attached 56.6 17.0 5.7

Apartments 47.4 14.2 4.7

Mobile Homes 86.9 26.1 8.7

     SASKATCHEWAN

Single Family, Detached 48.9 14.7 4.9

Single Family, Attached 40.5 12.1 4.0

Apartments 35.7 10.7 3.6

Mobile Homes 63.8 19.1 6.4

     ALBERTA

Single Family, Detached 46.6 14.0 4.7

Single Family, Attached 32.7 9.8 3.3

Apartments 37.3 11.2 3.7

Mobile Homes 62.1 18.6 6.2

     BRITISH COLUMBIA

Single Family, Detached 38.2 11.5 3.8

Single Family, Attached 34.8 10.5 3.5

Apartments 32.4 9.7 3.2

Mobile Homes 52.1 15.6 5.2

     TERRITORIES

Single Family, Detached 58.6 17.6 5.9

Single Family, Attached 57.0 17.1 5.7

Apartments 44.8 13.4 4.5

Mobile Homes 80.4 24.1 8.0

CÇìÉÆ≠ UîÜ IèïÜèîäÀïö (CUI) TÇìàÊïî, CÇèÇÖäÀÇè RÜîäÀÖÜèïäÀÇç BñäÀçÖäÀèàÙ, Pìêμ®ÀèˇäÀÇç Aó§ìÇàÊî, kà CO2e/m2, yÛ 
DÜìäÀó§Ö fìê¨ NÇïñìÇç RÜîê¥ìˇÜî CÇèÇÖÇ, OááäÀˇÜ o• EèÜìà˙ EááäÀˇäÀÜèˇö, Cê¨ëìÜâÜèîäÀó§ EèÜìà˙ UîÜ DÇïÇÉ†îÜ (CEUD). H
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 P6  CARBON-NEUTRAL   BUILDINGS use no net 
greenhouse  gas emitting energy to operate. 
Calculate the building's carbon use intensity (CUI) 
to compare its performance to the building's 
emission target.

KEY POINTS
•  EUI is fuel-type neutral. CUI accounts for the GHG 

global warming potential of energy use and source 
energy to site energy ratios in a single metric. 

•  Each fuel has a different  emissions factor; grid-
supplied electricity creates the most GHG emissions. 

•   Renewables displace fossil fuel generated electricity 
and have negative emissions.

Once the amount and type of energy consumed and 
produced at the site is known, along with the amount 
of renewable energy purchased from the utility, if any, 
the Carbon Use  Intensity (CUI) of the building can be 
estimated. The building's CUI can then be compared to 
the target CUI from EMISSIONS TARGETS to determine if 
the targets are met.

The CUI calculation is based on the energy con-
sumed using each fuel and the emissions factor of the 
fuel as outlined in EMISSIONS TARGETS. While the carbon 
dioxide  equivalent (CO2e) emissions factors for on-site 
combustion ARE essentially the same everywhere, differ-
ent regions will produce electricity with different mixes 
of fuels and technologies. For example, the U.S. Pacifi c 
Northwest has abundant  hydroelectric resources. The EPA's 
“Target  Finder” will calculate CO2e for a building based 
on its energy use and regional “ e-GRID factors” for U.S. 
subregions which attempt to account for these regional 
differences in fuel mix (EPA 2011b). There is much current 
debate about whether regional or national CO2e factors 
are more accurate or fair.  ASHRAE, in its  Standard for the 
Design of High-Performance Green Buildings Except Low-
Rise Residential Buildings (ASHRAE, 2009a), has decided in 
favor of national factors for two reasons: 1) Electricity is 
routinely transported across regional borders; and 2) Exist-
ing power from major hydro dams and cleaner natural gas 

EçÜˇïìäÀˇÇç GìäÀÖ IèïÜìˇê≠èÜˇïäÀê≠ RÜàÍÀê≠î

plants has been allocated already, so new buildings will 
tend to be responsible for new power sources, typically 
from less-expensive  coal. In most cases, SWL recommends 
using the national Emissions Factors by Fuel, USA as 
shown in the table (ASHRAE, 2009a). 

While the EPA “Target Finder” calculates CO2e emissions, 
it does so using complex subregions and  without consid-
ering the  precombustion emissions of the  fuels, and is 
therefore not recommended. Instead, the approached used 
by ASHRAE,  ANSI and the  Green Building Initiative (GBI) 
is to use emissions factors that include both precombus-
tion (upstream from the power plant or site mechanical 
plant) and   combustion emissions. Values in the Emissions 
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USA CO2e EMISSIONS, NATIONAL AVERAGES 

Fuel Type

Emissions Rate

CO2e lbs / kWh (kg / kWh)

Electricity, grid displaced –1.835 (–0.083)

Electricity, off-site renewable –1.670 (–0.758)

Electricity, USA, average 1.670 (0.758)

Coal (lignite) 1.287 (0.584)

#1,2,4 Light/Distillate Oil 0.822 (0.373)

Coal (nonlignite/bituminous) 0.822 (0.373)

Wood 0.699 (0.317)

LPG/Propane 0.686 (0.311)

Gasoline 0.681 (0.309)

#5+6 Heavy/Residual Oil 0.614 (0.279)

Other Fuels 0.602 (0.273)

Natural Gas 0.510 (0.231)

USA CO2e EMISSIONS FOR ELECTRICITY, REGIONAL AVERAGES

Regional Grid Interconnection

Emissions Rate

CO2e lb / kWh (kg / kWh)

Hawaii 1.91 (0.866)

ERCOT (Texas) 1.84 (0.835)

Eastern US 1.74 (0.789)

Alaska 1.71 (0.776)

Western US 1.31 (0.594)

EéäÀîîäÀê≠î FÇˇïê±î b∏ FñÜç, U.S.
b†îÜÖ o≠ ASHRAE, 2009; Tê±ˇÜççäÀèäÀ, P. aèÖ S. DÜìñ (2007)

Factors by Fuel, U.S. table are from the ASHRAE method. 
Additionally, depending on the comparison being made, 

a building may also be evaluated         using regional electric-
ity emissions rates. The table of Emissions Factors by 
Fuel, USA gives average values for fi ve regions shown 
in the map of  Electric Grid Interconnection Regions 
(NARC, 2009). Electricity is not transferred between these 
regions. Values are based on NREL (Deru and    Torcellini, 
2007) and do include precombustion emissions.

The table Emissions Factors by Fuel, Canada (NARC, 
2009), shows that  on-site combustion fuels have simi-
lar values to those in the United States, however national 
average emissions from grid-supplied electricity are much 

CANADA CO2e EMISSIONS, NATIONAL AVERAGES 

Fuel Type

Emissions Rate

CO2e lbs / kWh (kg / kWh)

Electricity, grid displaced N/A

Electricity, off-site renewable –0.441 (–0.200)

Electricity, Canada, average 0.441 (0.200)

#1,2,4 Light/Distillate Oil 0.615 (0.279)

Wood 0.699 (0.317)

#5+6 Heavy/Residual Oil 0.688 (0.279)

Other Fuels 0.604 (0.274)

Natural Gas 0.511 (0.232)

CANADA CO2e EMISSIONS FOR ELECTRICITY, PROVINCIAL

Province

Emissions Rate

CO2e lb / kWh (kg / kWh)

Newfoundland & Labrador  0.044 (0.020)

Nova Scotia  1.742 (0.790)

New Brunswick  1.104 (0.460)

Quebec 0.004 (0.002)

Ontario 0.375 (0.170)

Manitoba  0.022 (0.010)

Saskatchewan 1.565 (0.710)

Alberta  1.940 (0.880)

British Columbia  0.044 (0.020)

Yukon, NWT, Nunavut  0.132 (0.060)

EéäÀîîäÀê≠î FÇˇïê±î b∏ FñÜç, CÇèÇÖÇ
b†îÜÖ o≠ Eèó®Àìê≠éÜèï CÇèÇÖÇ (2010) aèÖ NRC (2008)

lower in Canada than in the United States. Average pro-
vincial emissions rates for electricity are included in the 
table and vary widely based on the region's fuel mix. Que-
bec, for example, has very low emissions rates based on a 
very high percentage of  hydroelectric power.

Calculation of the CUI for a building design is facil-
itated by the SWL Tools spreadsheet. Its “Emissions 
Targets” worksheet (see Emissions Targets and CUI 
Calculations, 2 pages forward). is linked to previously cal-
culated EDIs for  heating, cooling, other uses, on-site (PV) 
production (EPI) and off-site (purchased) renewables (RE). 
Calculation with the spreadsheet is relatively simple and is 
explained in detail within it. The calculations can also be 
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done by hand. The logic of the spreadsheet is as follows:
To fi nd the building's CUI and evaluate whether it 

meets the emissions target CUI: 
STEP 1: Find the target CUI in EMISSIONS TARGETS. 
STEP 2: Select CO2e rates for each fuel used from the 

table for Emissions Factors by Fuel (USA or Canada).
STEP 3: Find source CUI for each fuel by multiply-

ing the site EDI for each fuel (such as natural gas for 
heating), from NET-ZERO ENERGY BALANCE, by the CO2e 
emissions rate for that fuel. In most cases, heating and 
cooling will use only one fuel each, while non-space 
energy may be all electric or a mix of electricity and 
another fuel, usually gas.

 site EDIgas × CO2egas = CUIgas

 where,
 Site EDI is in kWh/ft2, yr (kWh/m2, yr)
 CO2e is in lb CO2e/kWh (kg CO2e/kWh) for the fuel
 CUI is in lb CO2e/ft2, yr (kg CO2e/m2, yr)

STEP 4: Find the total  Source CUI for the build-
ing design by adding together the CUI for each fuel. For 
example:

 CUIgas + CUIelectric = CUIdesign

STEP 5: Estimate the emissions savings from on-
site renewables, in CUI units, by  multiplying the 
on-site renewable EPI by the emissions rate for on-site 
renewables: 

EPIon-site RE × CO2eon-site RE = CUIon-site RE

Estimate the annual energy from on-site renewable energy 
systems (such as PV), in units of  EPI, as outlined in NET-
ZERO ENERGY BALANCE. 

STEP 6: Estimate the emissions savings from off-
site renewables, in CUI units, by multiplying the 
off-site renewable EPI by the emissions rate for off-site 
renewables:

 EPIoff-site RE × CO2eoff-site RE = CUIoff-site RE

Estimate the annual energy from purchased off-site renew-
able energy systems (such as wind-generated energy 
provided by the utility), in units of EPI, as outlined in NET 
ZERO ENERGY BALANCE.

STEP 7: Find the net Source CUI by subtracting credits 
for on-site (step 5) and off-site (step 6) renewable energy 
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from the gross total CUI for the building design (step 4).

 CUIdesign - CUIon-site RE - CUIoff-site RE = CUInet source

STEP 8: Compare the building's calculated net source 
CUI (step 7) to the target CUI (step 1). If the net 
source CUI is less than or equal to the target CUI, then 
the target is met:

CUInet source ≤ CUItarget

The following additional interpretations apply to CUI:

EPI

EPI
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EéäÀîîäÀê≠î TÇìàÊïî aèÖ CUI CÇçˇñçÇïäÀê≠î, eôˇÜìët fìê¨ SWL TêÆ´î sëìÜÇÖîâÜÜï

•  A net source CUI = 0 means a carbon neutral building 
by the SWL EMISSIONS TARGETS criteria.

•  A net source CUI < 0 means a 'carbon consuming 
building,' which helps offset greenhouse gases 
generated elsewhere in the utility grid by other 
buildings.

Graphic results from SWL Tools are shown in Net Site 
CUI with PV and Off-Site Renewables.
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  Append ix  A 
SWL Printed Contents

detailed* 

S2 ENERGY-CONSCIOUS OCCUPANT BEHAVIORS 
reduce peak heating, cooling, ventilation and 
lighting loads.  82

S3 Form and organize buildings and open spaces 
to create RESOURCE-RICH ENVIRONMENTS that 
provide livable outdoor space and access to 
site resources. 84

S4 Integrating climate and use variables yields 
opportunities for SPATIAL ZONING according 
to “best-fi t” passive design strategies. 86

S5 A building designed for THERMAL SAILING 
uses thermal storage and a responsive 
envelope that exploit changing patterns of 
sun, wind and light to regulate comfort and 
energy use.  88

S6 MULTIVALENT DESIGN combines two or more 
functions within a single building element.  90

S7 When all available load reduction strategies 
and their controls have been exploited, meet 
the remaining load with an ACTIVE  TAILORED
SYSTEM that fi ts the load characteristics. 92

Contents Overview vii

SWL Printed Contents, abbreviated ix

SWL Electronic Contents, abbreviated  xi

Alphabetic Contents 
of Bundles, Synergies and Strategies, 

   

 SWL Electronic, and SWL Printed xv

Preface  1

Introduction 13

Part I  NAVIGATION   20
•  Navigation Matrix by Scale and Energy Topic 23
•  Navigation by Design Strategy Maps 27
•  Navigation by Climate 39

Part II  USING SUN, WIND & LIGHT 50
•  Buildings and Energy Use 53
•  Design Decision Chart

for net-zero and net-positive buildings 59

Part III  SYNERGIES 78 

S1  View CLIMATE AS A RESOURCE for load 
reduction and power generation. 80

* All of the SWL Printed material is also included in electronic 
   format in  SWL Electronic
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Part IV  BUNDLES 94
•  Bundles Explained 97
•  Making Your Own Bundles 103
•  Some Fundamental Bundles 108

B1 A NEIGHBORHOOD OF LIGHT confi gures urban 
fabric in response to climate to provide 
daylight access for all buildings and the 
spaces between.[daylighting] 110

B2 A COOLING NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote 
passive cooling for all buildings and the 
spaces between. [cooling] 118

B3 A SOLAR NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote the 
use of solar power and heating of all buildings 
and the spaces between. [heating] 128

B4 INTEGRATED URBAN PATTERNS of streets and 
blocks can be organized to integrate concerns 
for light, sun and shade according to the 
priorities of the climate. [heating, cooling 
and daylighting]   138

B5 A DAYLIGHT BUILDING is organized to light 
itself with the sky using a family of strategies 
fi t to place and purpose. [daylighting] 148

B6 A PASSIVELY COOLED BUILDING is organized 
to cool itself with site resources using a 
family of strategies fi t to place and 
purpose. [cooling] 156

B7 A PASSIVE SOLAR BUILDING is organized to 
heat itself with the sun using a family of 
strategies fi t to place and purpose. [heating] 166

B8 Comfortable OUTDOOR MICROCLIMATES 
adjacent to buildings use a family of 
strategies fi t to place and outdoor use. 
[heating and cooling] 176

B9 A RESPONSIVE ENVELOPE regulates comfort 
and energy use by adapting to changing 
patterns of sun, light and air movement. 
[cooling, heating, lighting, ventilation 
and power] 184

Part V  FAVORITE DESIGN TOOLS, 
 condensed 194

A  Building Groups Scale

14  DAYLIGHT SPACING ANGLES set the criteria 
to assure adequate daylight access to 
buildings and determine the daylight 
envelope. [daylighting].  Excerpted from 
DAYLIGHT ENVELOPES 196

20 BUILDING SPACING FOR SOLAR ACCESS sets 
criteria for insuring winter solar gain to 
building rows spaced in the north-south 
direction. [heating]. Excerpted from 
EAST-WEST ELONGATED BUILDING GROUPS 198

B  Buildings Scale
54 The NIGHT VENTILATION POTENTIALS MAP 

shows the months for which night ventilation 
of thermal mass is likely to provide cooling. 
[ cooling] Excerpted from NIGHT-COOLED MASS 200

57 The DAYLIGHT UNIFORMITY RULE helps 
determine room proportions to maintain a 
minimum level of illumination and an even 
distribution of light. [  daylighting] 
Excerpted from SIDELIGHT ROOM DEPTH 202

C  Building Parts Scale
74       INSULATION RECOMMENDATIONS insure 

that heat flow through the envelope is 
small enough that passive strategies will 
be effective. [heating and cooling] 
Excerpted from SKIN THICKNESS 204

75 The SIZING DIRECT THERMAL STORAGE 
nomograph helps fi t thermal storage area, 
type and thickness to the building's passive
solar target. [heating] Excerpted from 
THERMAL MASS 206

84 PASSIVE SOLAR GLAZING AREA 
recommendations match glazing size to 
predicted solar savings fraction. [heating] 
Excerpted from SOLAR APERTURES 208
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85 Use the graphs for SIZING WINDOWS FOR 
DAYLIGHTING to match daylight aperture 
size to the room's floor area and its target 
design daylight factor. [daylighting] 
Excerpted from DAYLIGHT APERTURES 210

86  The tools for SIZING CROSS- AND STACK-
VENTILATION openings help define 
architectural characteristics that meet 
the building's cooling load. [cooling and 
ventilation] Excerpted from VENTILATION 
APERTURES 212

106 GLAZING RECOMMENDATIONS help select 
windows for daylighting, winter solar gain
and summer heat rejection. [heating, 
cooling and daylighting] Excerpted from 
WINDOW AND GLASS TYPES 214

Part VI  FAVORITE DESIGN STRATEGIES,
 condensed 216

Unbuilt
A14 ENERGY PROGRAMMING groups together 

spaces with similar heating, cooling, 
ventilation or lighting requirements to 
increase the effi ciency of passive and active 
strategies. 218

A24 The BIOCLIMATIC CHART identifi es potential 
passive solar heating and cooling strategies 
appropriate to the building's climate.  220

A  Building Groups Scale
3 Favorable TOPOGRAPHIC MICROCLIMATES can 

be used to locate building groups. [heating 
and cooling]   222

7 LOOSE URBAN PATTERNS maximize cooling 
breezes in hot climates, while DENSE URBAN 
PATTERNS minimize winter winds in heating 
climates. [heating and cooling]   223

B  Buildings Scale
24 MIGRATION: Rooms and courts can be zoned 

so that activities can take place in cooler 
areas during warm periods and warmer areas 
during cool periods of the day or season. 
[heating and cooling]   224

26 Rooms can be grouped into COOLING ZONES 
based on similar cooling requirements, 
facilitating the use of the same cooling 
strategies at the same time. [cooling and 
ventilation] 225

28 Rooms can be organized into HEATING ZONES 
based on their needs for heating and whether 
or not they can make use of internal heat 
sources. [heating]   226

29 BUFFER ZONES locate rooms that can tolerate 
temperature swings between protected rooms 
and undesired heat or cold and can temper 
fresh ventilation air before it enters 
the occupied space. [heating and cooling]   227

30 PERMEABLE BUILDINGS combine open plans 
and sections for cross-ventilation, 
stack-ventilation, or both. [cooling]   228

32 LOCATING OUTDOOR ROOMS in relation to sun 
and wind can extend the seasons of outdoor 
comfort. [heating and cooling]  230

33 An ATRIUM BUILDING with a glazed or 
unglazed light court within can provide light 
to surrounding interior rooms. [daylighting] 231

35 THIN PLAN room arrangements will have 
daylight available for each space. 
[day lighting]   232

37 DEEP SUN in thick buildings depends on 
effective pathways organized in plan and 
section. [heating]  233

41 DAYLIGHT ZONES arrange rooms so that 
activities that need higher lighting levels are 
near windows, while activities that need 
less light are farther from daylight sources. 
[daylighting]  234 A
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43 ROOMS FACING THE SUN AND WIND increase 
the effectiveness of solar heating and cross-
ventilation. [heating and cooling]   235

44 Air fl ow through CROSS-VENTILATION ROOMS 
is increased by open plans and uninterrupted 
pathways between windward inlets and 
leeward outlets. [cooling]  236

46 EVAPORATIVE COOLING TOWERS can supply 
cool air to rooms without the use of fans or 
wind. [cooling]   237

48 DIRECT GAIN ROOMS are open to collect the 
sun and can store heat within a space. 
[heating]   238

49 SUNSPACES can be used to collect the sun's 
heat, store it centrally and distribute it to 
other rooms. [heating]   239

53 Air fl ow though STACK-VENTILATION ROOMS 
is increased by open sections and unrestricted 
pathways between low inlets and high outlets. 
[cooling]   240

54 NIGHT-COOLED MASS uses thermal storage to 
absorb heat from a room during the day and 
then cools the mass at night with ventilation. 
[cooling]   241

C  Building Parts Scale
60 MASS ARRANGEMENT can be optimized for 

solar heating, passive cooling or both. Thermal 
mass can be located in rooms where sun is 
collected, in adjacent rooms or outside of 
rooms, remotely. [heating and cooling] 242

63 A LAYER OF SHADES overhead can protect the 
courtyard and building from high sun, while 
vertical shades can protect from low sun. 
[cooling]   244

69 VENTILATION OPENINGS ARRANGEMENT can 
be optimized to increase the rate of cross-
ventilation in a room and to move air across 
occupants, increasing their rate of cooling. 
[cooling and ventilation]  245

78 Orient PHOTOVOLTAIC WALLS AND ROOFS to 
collect sun and make them large enough to 
meet the building's electric load. [power]   246

79 SOLAR HOT WATER systems require roofs 
that are large enough as well as sloped and 
oriented to collect sun. [power]   247

91 An EXTERNAL SHADING layer outside the 
window can shade the glazing and reduce 
solar heat gain. [cooling] 248

PART VII  HIGH-PERFORMANCE 
         BUILDINGS  250

P1 ENERGY TARGETS set goals to reduce fossil 
fuel consumption relative to benchmarks for 
the building's type and climate.  252

P2 ANNUAL ENERGY USE can be estimated to 
understand the energy and cost impacts of 
passive strategies. 262

P3 Buildings with NET-ZERO ENERGY BALANCE 
produce annually renewable energy equal to 
the building's annual loads not met by 
passive design. 270

P4 Estimate the building's ENERGY USE 
INTENSITY (EUI) to compare its energy 
use to the energy target.  276

P5 EMISSIONS TARGETS set goals to reduce 
greenhouse gas emissions from fossil fuel 
consumption, relative to benchmarks for 
building's type and climate. 280

P6 CARBON NEUTRAL BUILDINGS use no 
greenhouse gas emitting energy to operate. 
Calculate the building's carbon use intensity 
(CUI) and compare its performance to the 
building's emission target. 288
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PART VIII  DETAILED DESIGN STRATEGIES  E.1
See  SWL Electronic contents.

PART IX  DETAILED ANALYSIS 
TECHNIQUES E.277  
See  SWL Electronic contents.

Appendices located in SWL Printed  293
A SWL Printed Contents, detailed  295

B SWL Electronic Contents, detailed  301

C Abbreviations and Unit Conversions 311

D Glossary 317

E Bibliography, SWL Printed only 331

Indices  339
•  Subject 341
•  Designers and Precedents 387
•  Design Tools 399

Appendices located in SWL Electronic

F Climate Data by Latitude/City E.365

G Additional Climate Data E.405

H Bibliography, SWL Electronic E.422
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  Append ix  B 
 SWL Electronic Contents 

 detailed*

Part I  NAVIGATION 20
See SWL Printed contents.

Part II  USING SUN, WIND & LIGHT 50
See SWL Printed contents.

Part III  SYNERGIES 78
See SWL Printed contents.

Part IV  BUNDLES 94
See SWL Printed contents and list by levels in 

Part VIII.

Part V  FAVORITE DESIGN TOOLS, 
condensed. See SWL Printed contents. 194

Part VI  FAVORITE DESIGN STRATEGIES, 
condensed. See SWL Printed contents. 216

Part VII  HIGH-PERFORMANCE 
 BUILDINGS 250
See SWL Printed contents.

* All of the SWL Printed material is also included in electronic format    
   in  SWL Electronic.
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Part VIII  DETAILED DESIGN STRATEGIES E.1

viii.A Building Groups Scale E.3

Level 9: NE IGHBORHOODS E.4
   Bundles are located in SWL Printed

B1 A NEIGHBORHOOD OF LIGHT confi gures urban 
fabric in response to climate to provide 
daylight access for all buildings and the 
spaces between. [daylighting] 110

B2 A COOLING NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote 
passive cooling for all buildings and the 
spaces between. [cooling] 118

B3 A SOLAR NEIGHBORHOOD confi gures urban 
fabric in response to climate to promote the 
use of solar power and heating of all buildings 
and the spaces between. [heating] 128

B4 INTEGRATED URBAN PATTERNS of streets and 
blocks can be oriented and sized to integrate 
concerns for light, sun and shade according to 
the priorities of the climate. [heating, cooling 
and daylighting]   138

301



Level 8: URBAN FABR IC  E.5
STREETS, OPEN SPACES AND BUILDINGS: 
Radial Organizations

1 CONVERGING VENTILATION CORRIDORS of 
streets or open space can take advantage of 
cool air drainage and night thermal currents. 
[cooling and ventilation]  E.6

Compact Organizations

2 SHARED SHADE: Buildings can be arranged to 
shade each other and adjacent exterior 
spaces. [cooling]   E.8

Orientation and Location

3 Favorable TOPOGRAPHIC MICROCLIMATES 
can be used to locate building groups. 
[heating and cooling]   E.11

Shape, Size and Type

4  Design for DAYLIGHT DENSITY by confi guring 
streets, blocks and building massing to 
support light to each building. [daylighting] E.14

Shape and Orientation

5  CLIMATIC ENVELOPES organize urban building 
mass as the intersection of volumes for 
protecting access to light and winter sun 
and/or summer shade. [heating, cooling 
and daylighting] E.16

STREETS AND BUILDINGS: 
Thin Organizations

6 GLAZED STREETS provide light to each 
building organized to face them. 
[daylighting]  E.19

Dispersed and Compact Organizations

7 LOOSE URBAN PATTERNS maximize cooling 
breezes in hot climates, while DENSE URBAN 
PATTERNS minimize winter winds in heating 
climates. [heating and cooling]   E.21

Shape and Orientation

8 GRADUAL HEIGHT TRANSITIONS of building 
groups, sloped in the direction of prevailing 
winds, minimize wind movement in streets. 
[heating]   E.23

OPEN SPACES AND BUILDINGS: 
Interwoven Organizations

9 Organizations of INTERWOVEN BUILDINGS 
AND PLANTING can be used to reduce the 
ambient air temperature. [cooling]   E.24

10 Organizations of INTERWOVEN BUILDINGS 
AND WATER can be used to reduce the 
ambient air temperature. [cooling]   E.27

Shape and Orientation

11 WINTER COURTS that are sunny and wind-
protected can be formed by the location and 
arrangement of buildings. [heating]   E.28

12 NEIGHBORHOOD SUNSHINE can be insured 
by appropriate confi gurations of buildings 
and open space, given a street orientation. 
[heating]   E.31

Level 7: URBAN ELEMENTS  E.33 
STREETS, OPEN SPACES AND BUILDINGS:
Size and Type

13  DAYLIGHT BLOCKS can be enlarged to support 
taller daylight buildings, more interior 
daylight or darker skies. [daylighting] E.34

  Shape and Orientation

14 DAYLIGHT ENVELOPES can be used to shape 
and space buildings to assure adequate 
daylight access to the street and adjacent 
buildings. [daylighting]   E.36

15 SOLAR ENVELOPES can be used to insure 
access to the sun. [heating and power]  E.40

16 The SHADOW UMBRELLA organizes building 
mass and elements to shade open space. 
[cooling] E.49
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17 BREEZY OR CALM STREETS oriented to the 
prevailing wind maximize wind movement in 
urban environments and increase the access 
of buildings to cross-ventilation. [cooling]   E.53

18 TALL BUILDING CURRENTS can be guided by 
building shape to create favorable street and 
open space microclimates. [heating and 
cooling]  E.55

OPEN SPACES AND BUILDINGS: 
Dispersed Organizations

19 DISPERSED BUILDINGS with continuous and 
wide open spaces preserve each building's 
access to breezes. [cooling and ventilation]   E.58

Elongated Organizations

20 EAST–WEST ELONGATED BUILDING GROUPS 
spaced in the north–south direction maximize 
solar gain while insuring solar access to each 
building. [heating]   E.60

Edges

21 WINDBREAKS can be used to create edges 
that shelter buildings and open spaces. 
[heating and cooling]   E.63

22 GREEN EDGES of irrigated vegetation can be 
formed to cool incoming breezes. [cooling]   E.65

Layers

23 A layer of OVERHEAD SHADES can protect 
outdoor spaces and buildings from the high 
sun. [cooling]   E.66

viii.B  Buildings Scale E.68

Level 6: WHOLE BU ILD INGS  E.69

  BUNDLES are located in SWL Printed

B5 A DAYLIGHT BUILDING is organized to light 
itself with the sky using a family of strategies 
fi t to place and purpose. [daylighting] 148

B6 A PASSIVELY COOLED BUILDING is organized 
to cool itself with site resources using a 
family of strategies fi t to place and purpose. 
[cooling] 156

B7 A PASSIVE SOLAR BUILDING is organized to 
heat itself with the sun using a family of 
strategies fi t to place and purpose. [heating] 166

B8 Comfortable OUTDOOR MICROCLIMATES 
adjacent to buildings use a family of 
strategies fi t to place and outdoor use. 
[heating and cooling] 176

Level 5: ROOM ORGANIZAT IONS  E.70
ROOMS AND COURTYARDS: 
Zoned Organizations

24 MIGRATION: Rooms and courts can be zoned 
so that activities can take place in cooler 
areas during warm periods and warmer areas 
during cool periods of the day or season. 
[heating and cooling]   E.71

25 PERIODIC TRANSFORMATIONS of space help 
the building adapt in response to changing 
environmental conditions. [heating, 
cooling and daylighting] E.74

26 Rooms can be grouped into COOLING ZONES 
based on similar cooling requirements, 
facilitating the use of the same cooling 
strategies at the same time. [cooling and 
ventilation] E.76

27 A MIXED MODE BUILDING is organized to 
make use of passive, active and hybrid space 
conditioning systems in different parts of the 
building and at different times of the day 
and year. [cooling and ventilation]   E.79

28 Rooms can be organized into HEATING ZONES 
based on their needs for heating and whether 
or not they can make use of  internal heat 
sources. [heating]   E.81

29 BUFFER ZONES locate rooms that can tolerate 
temperature swings between protected rooms 
and undesired heat or cold and can temper 
fresh ventilation air before it enters the 
occupied space. [heating, cooling and 
ventilation]   E.83
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Open Organizations

30 PERMEABLE BUILDINGS combine open plans 
and sections for cross-ventilation, stack-
ventilation or both. [cooling and 
ventilation]  E.86

ROOMS AND COURTYARDS: 
Differential Organizations

31 BORROWED DAYLIGHT is possible when small 
rooms are organized adjacent to larger or 
taller daylighted rooms. [daylighting]   E.91

Location and Orientation

32 LOCATING OUTDOOR ROOMS in relation to sun 
and wind can extend the seasons of outdoor 
comfort. [heating and cooling]  E.94

Shape and Enclosure

33 An ATRIUM BUILDING with a glazed or 
unglazed light court within can provide light 
to surrounding interior rooms. [daylighting] E.97

ROOMS: 
Compact Organizations

34 CLUSTERED ROOMS reduce skin area, thus 
heat loss and gain. [heating and cooling]   E.100

Thin Organizations

35 THIN PLAN room arrangements will have 
daylight available for each space. 
[day lighting] E.101

36 Long EAST–WEST PLAN arrangements 
increase winter sun–facing skin available to 
collect solar radiation. [heating and 
cooling]  E.103

Thick Organizations

37 DEEP SUN in thick buildings depends on 
effective pathways organized in plan and 
section. [heating]  E.105

38 A SKYLIGHT BUILDING admits light from 
above to daylight thick plans and top fl oors. 
[daylighting] E.108

Zoned Organizations

39 MOVING HEAT TO COLD ROOMS fi ts the 
distribution strategy to the building's room 
organization and solar system type. 
[heating] E.111

40 STRATIFICATION ZONES organize rooms 
vertically within buildings to take 
advantage of temperature stratifi cation. 
[heating and cooling] E.114

41 DAYLIGHT ZONES arrange rooms so that 
activities that need higher lighting levels 
are near windows while activities that need 
less light are farther from daylight sources. 
[daylighting]  E.115

42 CONVECTIVE LOOPS can induce distribution 
by high and low air paths between rooms 
that collect heat and adjacent cooler rooms. 
[heating] E.116

Level 4: THE  ROOM E.117

  BUNDLES are located in SWL Printed

B9 A RESPONSIVE ENVELOPE regulates comfort 
and energy use by adapting to changing 
patterns of sun, light and air movement. 
[cooling, heating, lighting, ventilation and 
power] 184

ROOMS AND COURTYARDS: 
Orientation

43 ROOMS FACING THE SUN AND WIND 
increase the effectiveness of solar heating 
and cross-ventilation. [heating, cooling 
and ventilation]   E.118

Shape and Enclosure

44 Air fl ow through CROSS-VENTILATION ROOMS 
is increased by open plans and uninterrupted 
pathways between windward inlets and 
leeward outlets. [cooling and ventilation]  E.120

45 WIND CATCHERS can capture breezes above 
roof level for buildings whose windows 
have little access to wind. [cooling and 
ventilation]  E.123
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46 EVAPORATIVE COOLING TOWERS can supply 
cool air to rooms without the use of fans or 
wind. [cooling and ventilation]   E.126

47 A TOPLIGHT ROOM's proportions and surfaces 
can be designed to light the room and 
provide light to adjacent rooms. 
[daylighting] E.129

ROOMS: Shape and Enclosure

48 DIRECT GAIN ROOMS are open to collect the 
sun and store heat within a space. 
[heating]  E.132

49 SUNSPACES collect the sun's heat, store it 
centrally and distribute it to other rooms. 
[heating]   E.134

50 THERMAL STORAGE WALLS collect and store 
solar heat at the edge of a room. [heating]   E.137

51 THERMAL COLLECTOR WALLS AND ROOFS 
capture solar heat at the edge of a room in a 
layer of air, which carries the heat to storage 
in the building's interior structure. 
[heating] E.139

52 ROOF PONDS collect and store heat and cold 
in the ceiling plane of a room. [heating and 
cooling]   E.143

53 Air fl ow though STACK-VENTILATION ROOMS 
rooms is increased by open sections and 
unrestricted pathways between low inlets 
and high outlets. [cooling and ventilation]   E.145

54 NIGHT-COOLED MASS uses thermal storage 
to absorb heat from a room during the day 
and then cool the mass at night with 
ventilation. [cooling]   E.147

55 DAYLIGHT ROOM GEOMETRY controls the 
pattern of daylight distribution within a 
space. [daylighting] E.150

56 Create GLARE-FREE ROOMS by using interior 
daylight refl ection strategies and obscuring 
the sources of light. [daylighting] 
[in SWL4] E.151

57 SIDELIGHT ROOM DEPTH less than 2.5 times 
the height of the window head maintains a 
minimum level of illumination and an even 
distribution of light. [daylighting]   E.152

COURTYARDS: Shape and Orientation

58 BREEZY COURTYARDS are low, wide and 
permeable, while CALM COURTYARDS are 
closed and tall enough for wind shelter, but 
wide enough to admit sun. [heating and 
cooling]   E.154

59 SHADY COURTYARDS are tall and narrow 
and can be used as cold air sinks. [cooling]   E.157

xiii.C  Building Parts Scale E.160

Level 3: BU ILD ING  SYS T EMS  E.162
WALLS, ROOFS AND FLOORS: 
Orientation and Location

60 MASS ARRANGEMENT can be optimized for 
solar heating, passive cooling or both. 
Thermal mass can be located in rooms where 
sun is collected, in adjacent rooms, or 
outside of rooms, remotely. [heating and 
cooling] E.163

Layers

61 WATER EDGES can be formed to cool 
incoming breezes. [cooling]   E.168

Materials and Location

62 INSULATION OUTSIDE of the mass in the 
envelope allows the mass to store heat from 
the room and stabilize the interior air 
temperature [heating and cooling]   E.169

WALLS AND ROOFS: Layers

63 A LAYER OF SHADES overhead can protect 
the courtyard and building from high sun, 
while vertical shades can protect from low 
sun. [cooling]   E.170
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WALLS AND WINDOWS: Size and Orientation

64 REFLECTED SUNLIGHT can be used for 
daylighting in clear sky climates. [cooling 
and daylighting]   E.173

ROOFS: Shape, Color and Materials

65 An OPEN ROOF STRUCTURE reduces daylight 
blockage in a toplight room. [daylighting] E.176

66 A DAYLIGHT ROOF is designed to admit and 
distribute light in desired quantity and 
patterns to rooms below. [daylighting]  E.177

WINDOWS: 
Location and Orientation

67 Ventilation, light and solar gain may be 
accommodated with SEPARATED OR 
COMBINED OPENINGS. [heating, cooling, 
ventilation and daylighting]  E.180

68 WINDOW PLACEMENT can be organized to 
admit and distribute light in desired 
patterns to rooms. [daylighting] E.182

69 VENTILATION OPENINGS ARRANGEMENT can 
be optimized to increase the rate of cross-
ventilation in a room and to move air across 
occupants, increasing their rate of cooling. 
[cooling and ventilation]  E.185

Size and Orientation

70 WELL-PLACED WINDOWS can reduce winter 
heat loss and summer heat gain. [heating 
and cooling]   E.187

SYSTEMS: 
Type and Organization

71 Select SYMPATHETIC HVAC SYSTEMS to 
support the fl exibility and sizing needed to 
maximize the effectiveness of passive 
strategies [heating, cooling and 
ventilation] [in SWL4] E.188

72 MECHANICAL HEAT DISTRIBUTION systems 
can be used to connect sources and storage 
to rooms with thermal needs and to 
integrate passive heating and cooling 
strategies with mechanical backup sources. 
[heating and cooling] E.189

Layered Organizations

73 ELECTRIC LIGHT ZONES can be layered 
parallel to the window plane so that 
individual rows can switched on as needed. 
[daylighting]   E.192

Level 2: E L EMENTS  E.194
WALLS, ROOFS AND FLOORS: Size and Materials

74 The building’s SKIN THICKNESS should be 
suffi cient to accommodate the required 
insulation. [heating and cooling]   E.196

75 THERMAL MASS surfaces should be large 
enough and thick enough to store adequate 
heat and cold. [heating and cooling]   E.203

76 EARTH EDGES can be used to shelter 
buildings from extremes of heat and cold 
and to meet a portion of the building's 
cooling needs. [heating and cooling]   E.208

77 RADIANT SURFACES can change the 
perception of comfort and deliver passive 
or active heating and cooling. [heating 
and cooling] [in SWL4] E.211

WALLS AND ROOFS: 
Size, Orientation and Materials

78 Orient PHOTOVOLTAIC WALLS AND ROOFS to 
collect sun and make them large enough to 
meet the building's electric load. [power]  E.212

79 SOLAR HOT WATER systems require roofs 
that are large enough as well as sloped 
and oriented to collect sun. [power]   E.215

80 Sunny BREATHING WALLS can preheat fresh 
air for ventilation. [heating and 
ventilation]   E.218
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Shape and Material

81 Roofs and walls can be used as SOLAR 
REFLECTORS to increase the radiation 
entering sun-collecting glazing. [heating]   E.220

WALLS AND WINDOWS:
Shape and Color

82 LOW CONTRAST between the window frame 
and adjacent walls will reduce glare. 
[daylighting]   E.222

83 SKYLIGHT WELLS can be shaped to 
distribute daylight to rooms. [daylighting]   E.223

WINDOWS: 
Size

84 SOLAR APERTURES that collect sun can be 
enlarged to increase the percentage of the 
annual heating requirement supplied by 
solar energy. [heating]   E.224

85 DAYLIGHT APERTURES can be enlarged to 
increase interior illumination levels. 
[daylighting]   E.227

86 VENTILATION APERTURES sizing for cross-
ventilation is proportional to the wind 
velocity, and for stack-ventilation, is 
proportional to vertical distance between 
high and low openings. [cooling and 
ventilation]   E.229

87 The area of AIR FLOW WINDOWS used to 
temper fresh air for ventilation supply or 
reclaim heat from ventilation exhaust can 
be sized to match the ventilation load. 
[heating, cooling and ventilation]  E.231

Layers

88 LIGHT SHELVES can be used to shade view 
glazing, evenly distribute light, increase 
light levels away from windows and reduce 
glare. [daylighting and cooling]   E.232

89 A MOVABLE INSULATION layer placed over 
windows reduces heat loss at night. 
[heating]   E.235

90 DAYLIGHT ENHANCING SHADES protect 
windows from solar gain while preserving 
sky view, refl ecting daylight and reducing 
glare. [cooling and daylighting]  E.237

91 An EXTERNAL SHADING layer outside the 
window shades the glazing and reduces 
solar heat gain. [cooling]  E.239

92 An INTERNAL SHADING layer behind the 
window or an IN-BETWEEN SHADING layer 
separating two glazing panes reduces solar 
heat gain. [cooling] E.247

LIGHTING: 
Concentrated and Distributed Organization

93 Electric TASK LIGHTING can be used for 
localized, high illumination requirements 
and daylight for ambient lighting. 
[daylighting and power]  E.249

STORAGE: Location and Size

94 ROCK BEDS located remote from the 
occupied space can be used to increase the 
amount of heat and cold that can be 
effectively stored. [heating and cooling]   E.250

DISTRIBUTION: Size and Configuration

95 MECHANICAL MASS VENTILATION can be 
used to ensure adequate air movement past 
the building's thermal storage, thereby 
improving its cooling or heating potential. 
[heating and cooling]   E.253

96 MECHANICAL SPACE VENTILATION can be 
used to cool the building and people during 
times when natural ventilation forces are 
weak. [cooling and ventilation]   E.255

97 DUCTS AND PLENUMS can be used to move 
heat to cool parts of the building and cold 
to hot parts of the building. [heating, 
cooling and ventilation]   E.257

98 EARTH–AIR HEAT EXCHANGERS can temper 
incoming ventilation air in all seasons and 
help cool the building in summer. [heating, 
cooling and ventilation]   E.259 A
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EQUIPMENT: Type

99 AIR–AIR HEAT EXCHANGERS can be used to 
reclaim heat or cold from the ventilation air. 
[heating, cooling and ventilation]  E.261

100 HEAT PUMPS can be used to move heat or 
cold from interior rooms to a source or sink 
outside or in the ground. [heating, cooling 
and ventilation] [in SWL4] E.263

CONTROLS: Type

101 MANUAL OR AUTOMATED CONTROLS for 
lighting and HVAC can be selected to increase 
user satisfaction and comfort while maximize 
the effectiveness of passive strategies
[heating, cooling, ventilation and 
daylighting] E.264

Level 1: MATER IALS  E.265
WALLS, ROOFS AND FLOORS: Color

102 A high value for MASS SURFACE 
ABSORPTANCE absorbs radiation for thermal 
storage, while refl ective non-massive 
surfaces redirect radiation to mass. 
[heating]   E.266

103 DAYLIGHT REFLECTING SURFACES that are 
light colored increase the lighting level in 
the space. [daylighting]   E.267

104 EXTERIOR SURFACE COLOR can be dark in 
cold climates to absorb radiation and light 
in hot climates to refl ect radiation. 
[heating and cooling]   E.268

WALLS AND ROOFS: Materials

105 DOUBLE SKIN MATERIALS can be selected 
to refl ect solar heat gain and avoid 
transmitting heat to the inner layer. 
[cooling]  E.270

WINDOWS: Material

106 GLASS TYPES can be selected to balance 
concerns for daylighting, winter solar gain 
and summer shading. [heating, cooling and 
daylighting]  E.273

Part IX  DETAILED ANALYSIS 
       TECHNIQUES E.277

A  Climate as a Context  E.279
Sun

A1 The SUNDIAL used with a model simulates 
the changing position of sun and shade 
over the course of the day and throughout 
the year.  E.280

A2 The SUN PATH DIAGRAM, with existing site 
objects plotted, can determine the times of 
the day and year in which the sun will be 
available on a particular site.  E.283

A3 SOLAR RADIATION available each hour can 
be used to determine times when comfort 
can be achieved outdoors and to estimate 
potential for solar heating in buildings. E.285

Wind

A4 A WIND ROSE characterizes the direction, 
speed and frequency of wind in a particular 
location by month or year.  E.288

A5 The WIND SQUARE represents patterns of 
wind direction and speed by time of day 
and month of the year for a particular 
location.  E.290

A6 Use AIR MOVEMENT PRINCIPLES to adjust 
airport wind data to approximate wind fl ow 
on a site.  E.292

Sun and Wind

A7 The SITE MICROCLIMATE most favorable for 
locating buildings can be determined by 
analyzing the combined availability of sun 
and wind.  E.297

Light

A8 Plotting SKY COVER can determine the 
dominant daylighting design condition 
for each month. E.302

A9 DAYLIGHT AVAILABILITY data can be used 
to determine required daylight factors for 
design.  E.305
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A10 The effect of DAYLIGHT OBSTRUCTIONS on 
a site can be estimated using daylight dot 
charts in conjunction with a sun path 
diagram.  E.308

A11 Calculate DESIGN DAYLIGHT FACTOR to set 
a target for daylight design. E.310

Comfort

A12 TEMPERATURE AND HUMIDITY data can 
be used to evaluate the need for heating 
and cooling over the course of the year and 
can indicate strategies that are well-suited 
to the climate. [in SWL4]  E.313

A13 The ADAPTIVE COMFORT CRITERIA expand 
the period of passive cooling effectiveness 
in naturally ventilated buildings. E.314

B  Program and Use  E.315
Occupancy

A14 ENERGY PROGRAMMING groups together 
spaces with similar heating, cooling, 
ventilation or lighting requirements to 
increase the effi ciency of passive and active 
strategies. E.316

A15 LOAD-RESPONSIVE SCHEDULING fi ts high 
and low occupancy periods to climate 
patterns to minimize loads. E.318

A16 Estimate OCCUPANCY HEAT GAIN to 
understand the contribution of people to 
the building’s heating and cooling 
requirements.   E.320

Electric Lighting

A17 Estimate ELECTRIC LIGHTING HEAT GAIN to 
understand its contribution to the building’s 
heating and cooling requirements.   E.323

Equipment

A18 Estimate EQUIPMENT HEAT GAIN to 
understand its contribution to the 
building’s heating and cooling 
requirements.   E.325

A19 ELECTRIC LOADS required for sizing 
photovoltaic surfaces can be estimated from 
data on commercial and residential 
electricity consumption.    E.326

A20 SERVICE HOT WATER LOADS required for 
sizing solar hot water systems can be 
estimated from end use consumption data.  E.328

C  Form and Envelope E.329
A21 Estimate SKIN HEAT FLOW to understand 

its contribution to the building’s heating 
and cooling requirements.  E.330

A22 Estimate WINDOW SOLAR GAIN to 
understand the sun’s contribution to the 
building’s heating and cooling 
requirements.  E.322

A23 Estimate VENTILATION OR INFILTRATION 
GAIN AND LOSS to understand their 
contribution to the building's heating and 
cooling requirements.  E.325

D  Combining Climate, Program 
and Form E.338

Design Strategies

A24 The BIOCLIMATIC CHART identifi es potential 
passive solar heating and cooling strategies 
appropriate to the building's climate.  E.339

A25 EARTH CONTACT effectiveness for load 
reduction and as a heat sink depends on 
regional climate. E.343

Heating and Cooling Patterns  

A26 SHADING CALENDAR times and dates 
plotted on the sun path diagram determine 
sun angles that require shade.  E.344

A27 TOTAL HEAT GAINS can be estimated to 
determine the loads used to size passive 
cooling strategies; TOTAL HEAT LOSSES can 
be compared against energy conservation 
criteria.  E.350
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A28 BALANCE POINT TEMPERATURE: The outside 
temperature at which the building makes a 
transition from a heating need to a cooling 
need determines when heating and cooling 
are required. E.356

A29 BALANCE POINT PROFILES: The 
characteristics of the climate, the building’s 
use and the building's form can be used to 
develop daily heating and cooling patterns 
that represent the building’s performance 
over a year and help identify climatic 
design strategies. E.357
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 Append ix  C 
 Abbrev ia t ions  and  Un i t   Conve rs ions 

ABBREVIATIONS USED IN TEXT

° degrees
ac acre
ACH  air changes per hour
ASHRAE  American Society of Heating, Refrigeration 

and Air-Conditioning Engineers
BRADA Boston Redevelopment Authority Daylight 

Access
BRK broken (clouds) sky condition
Btu British thermal units (energy)
Btu/DDF,ft2 British thermal units per degree days 

Fahrenheit per square foot of floor area 
(heat loss conservation rate or criteria)

Btu/ft2 British thermal units per square foot (solar 
radiation)

Btu/h British thermal units/hour (power) 
Btu/h,ft2 British thermal units/hour per square foot 

of floor area (heat gain or loss rate, or 
solar radiation)

Btu/h,ft2,fc British thermal units/hour per square foot 
of floor area per foot-candle (thermal 
efficacy of electric lighting)

°C degrees Celsius
CBECS Commercial Building Energy Consumption 

Survey (USA)
CE catching efficiency (wind catchers)
CEUD Comprehensive Energy Use Database 

(Canada)
CF conservation factor
cfm cubic feet per minute (air flow)

CLR clear sky condition
cm centimeters
CO2e carbon dioxide equivalent (greenhouse gas 

emissions)
COP coefficient of performance
CUI carbon use intensity
D depth
d day
du dwelling units
DD degree days
DD18 degree days base 18 °C
DD65 degree days, base 65 °F
delta T change or difference in temperature, also 

written as ∆T
DF daylight factor
DOE U.S. Department of Energy
E east or eastern
e emissivity
E–W east-west orientation
EBI energy balance index
EDI energy demand intensity
EPI energy production intensity
ERC external reflected component of DF
ERV energy recovery ventilator
EUI energy use intensity
°F degrees Fahrenheit
FAR floor area ratio
fc foot-candles
fpm feet per minute
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ft feet
g grains of moisture
gal gallons
GBI Green Building Initiative
GHG greenhouse gases
H height, also written as h
hr hour
hrs hours
horiz horizon or horizontal
HCVL heating, cooling, ventilation and lighting
HDD heating degree days
HSPF heating season performance factor
HVAC heating, ventilation and air-conditioning
H/W height to width ratio
IC indirect component of DF
IES Illumination Engineering Society
ILD internal-load-dominated
in inches
I-P inch-pound units
IRC  internal reflected component of DF
ISMCS International Station Meteorological 

Summary, CD-ROM
k 1000
kBtu thousands of Btus
kBtu/ft2,yr thousands of Btus per square foot of floor 

area per year, a measure of EUI, EDI 
and EPI

K degrees Kelvin
kg kilograms
klux kilolux (illuminance)
klux/h kilolux per hour (illuminance)
kWh kilowatt-hours
kWh/m2,yr kilowatt-hours per square meter of floor 

area per year, a measure of EUI, EDI 
and EPI

L liters, or length, depending on use
lat latitude
lb pounds
LCR load collector ratio
LP liquid petroleum gas
L/s liters per second (air flow) 
LSG light-to-solar-gain ratio (of glazing)
m meters
MEC Model Energy Code
mid midnight
min minutes
MJ megaJoules (energy)
mm millimeters
mph miles per hour

MRT mean radiant temperature
m/s meters per second
N north or northern
N–S north-south orientation
NCDC National Climatic Data Center
NCP night cooling potential
NFRC National Fenestration Rating Council
NH Northern Hemisphere
N.I. night insulation
NREL National Renewable Energy Laboratory
NZEB net-zero energy building
OVR overcast sky condition
p profile angle
PAF  power adjustment factor
PCM phase change material
PDEC passive downdraft evaporative cooling
PT CD partly cloudy sky condition
PV photovoltaic cells, panels, or array
R ft2, F, hr/Btu 

(I-P units of thermal resistance)
Rb blockage ratio
RE renewable energy
RECS Residential Energy Conservation Survey
RH relative humidity
RSI m2, K/W (SI units of thermal resistance)
S south or southern
s second
SC shading coefficient
SC sky component of daylight factor
SCT scattered (clouds) sky condition
SkC sky component of daylight factor
SH Southern Hemisphere
SHGC solar heat gain coefficient
SHGF solar heat gain factor
SI standard international units
SIF solar intercept factor
SLD skin-load-dominated
SRI solar reflectance index
SSF solar savings fraction
SSIC stress skin insulated core panels
SVF sky view factor
T temperature
Tb balance point temperature
Tbu buffer zone temperature
Tdb dry bulb temperature
Ti indoor temperature
TI transparent insulation
Tm mass temperature
Tmin minimum temperature
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To outdoor temperature
Tdb wet bulb temperature
∆T change or difference in temperature, also 

“delta T”
tan tangent of an angle
TI translucent insulation
TMY typical meteorological year
typ typical
U or U-factor, Btu/hr, F, ft2 

(I-P units of thermal conductance)
USI W/K, m2 (SI units of thermal conductance, 

U-factor)
V wind velocity
v sky view angle or factor
VS vertical surface
VT visible transmittance
W Watts, west, western, or width, depending 

on use

WB wet bulb temperature
WI skylight well index
W/DDK,m2 Watts per degree days Kelvin per square 

meter of floor area (heat loss 
conservation rate or criteria)

Wh Watt-hours
Wh/m2 Watt-hours per square meter (solar 

radiation)
W/K, m2 Watt-hours per degree Kelvin per square 

meter (SI units of thermal conductance, 
U-factor)

W/m2 Watts per square meter of floor area, (heat 
loss or heat gain rate, or solar 
radiation)

WI skylight well index
yr year
Ψ comfort parameter
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UNIT  CONVERSIONS FOR MEASURES USED IN TEXT

Variable Multiply By  To Get  Multiply By  To Get

temperature °F – 32 0.555 °C °C 1.8 + 32  = °F
temperature change,  °F 0.5556 °C °C 1.8 °F
degree days DD65 °F 0.5556 DD18.3 °C DD18.3 °C 1.8 DD65 °F
wind speed mph 0.447 m/s m/s 2.237 mph

air velocity fpm 0.00503 m/s m/s 199 fpm
 ft/s 0.305 m/s m/s 3.279 ft/s
air fl ow rate cfm 0.02832 m3/h m3/h 35.317 cfm
 cfm 0.472 l/s l/s 2.119 cfm
air fl ow rate per fl r. area cfm/ft2 5.081 L/s per m2 L/s per m2 0.197 cfm/ft2

length ft 0.305 m m 3.281 ft
 in 25.4 mm mm 0.039 in
area in2 645.2 mm2 mm2 0.00155 in2

 in2 6.452 cm2 cm2 0.155 in2

 ft2 0.0929 m2 m2 10.76 ft2

area x 1000 k-ft2 0.0929 k-m2 k-m2 10.76 k-ft2

element area/unit fl r. area in2/ft2 69.45 mm2/m2 mm2/m2 0.0144 in2/ft2

volume-solid in3 16.39 cm3 cm3 0.061 in3

 ft3 0.028 m3 m3 35.32 ft3

volume-liquid gal (gallons) 3.785 L (liters) L (liters) 0.2642 gal (gallons)
 ft3 28.32 L (liters) L (liters) 0.03532 ft3

density lb/ft3 16.02 kg/m3 kg/m3 0.06242 lb/ft3
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Variable Multiply By  To Get  Multiply By  To Get

power Btu/hr 0.0928 W W 3.412 Btu/hr
energy Btu 0.000293 kWh kWh 3413 Btu
energy transfer Btu/hr, ft2 3.512 W/m2 W/m2 0.3172 Btu/hr, ft2

solar radiation Btu/ft2 0.003152 kWh/m2 kWh/m2 317.2 Btu/ft2

 Btu/ft2 0.01135 MJ/m2 MJ/m2 88.11 Btu/ft2

 Btu/ft2 0.271 langleys langleys 3.69 Btu/ft2

 kWh/m2 3.60 MJ/m2 MJ/m2 0.278 kWh/m2

 kWh/m2 86.04 langleys langleys 0.01162 kWh/m2

electric loads Wh/ft2 0.0929 Wh/m2 Wh/m2 10.76 Wh/ft2

illuminance fc 10.76 lux lux 0.0929 fc
 fc 0.01076 klux klux 92.9 fc

R-value (resistance) ft2, F, hr/Btu 0.1763 m2, K/W m2, K/W 5.673 ft2, F, h/Btu
R-value/unit thickness R/in 0.0693 RSI/cm RSI/cm 14.43 R/in
U-factor (conductance) Btu/hr, F, ft2 5.673 W/K, m2 W/K, m2 0.1763 Btu/hr, F, ft2

solar mass ratio (masonry) ft3 mass/ft2 fl r. 0.3014 m3 mass/m2 fl r. m3 mass/m2 fl r. 3.318 ft3 mass/ft2 fl r.
solar mass ratio (water)  gal/ft2 fl r. 40.74 L/ft2 fl r. L/ft2 fl r. 0.02455 gal/ft2 fl r.
   and water consumption
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ABSORPTANCE/ABSORPTIVITY
The fraction of the incident radiation striking a surface that 
is absorbed by the surface. The term can refer to either the 
full solar radiation spectrum or a portion such as the visible 
spectrum or the infrared spectrum. Range is 0–1.0. See also 
Emittance.

ACTIVE SYSTEM
A heating or cooling system that uses mechanical devices such 
as fans and pumps to distribute heat, or an electric lighting 
system.

AIR-AIR HEAT EXCHANGER  
A mechanical device that, in winter, recovers heat from outgoing 
exhaust air and transfers it to incoming ventilation air. In sum-
mer, the process works in reverse, precooling the incoming air. 
The preheating or precooling of ventilation air reduces the need 
for heating and cooling energy. 

AIR CHANGES 
A measure of the air exchange in a building due to infi ltration 
or ventilation. One air change occurs when the building’s entire 
volume of air has been replaced.

AIR COLLECTOR
A glazed facade or roof-integrated panel that collects solar 
radiation to heat air circulated behind the glass, which is then 
moved to thermal storage remote from the collector. The air is 
usually circulated next to an absorber plate. 

ALTITUDE, Solar
The angle of the sun above the horizon, as seen in a section 
view parallel to the sun's azimuth. 

AMBIENT LIGHT
General illumination in a room, usually diffuse and often at 
lower illuminance than lighting for specifi c activities. See also 
Task Lighting.

AMBIENT TEMPERATURE 
Surrounding air temperature, as in a room or around a building, 
in contrast to a local or modifi ed temperature.

ANGLE OF INCIDENCE
The angle between the sun and the perpendicular of the receiv-
ing surface, or depending on the system used, the angle between 
the sun and the receiving surface.

APERTURE
An opening in a wall or roof that admits sun, wind, or light. See 
also Solar Aperture.

ASHRAE
American Society of Heating, Refrigerating and Air-
conditioning Engineers.

ASPECT RATIO
Ratio between two sides of a rectangular object, such as the 
height: width of a duct or an atrium.

ASPECT, Solar
The geometric relationship between the sun and a surface, often 
the ground, including both the orientation (declination) and tilt 
(slope) of the surface. 

ATRIUM
A usually large and multistoried, glass-roofed room used to bring 
daylight to the interior of thick buildings where sidelight alone 
cannot penetrate. The atrium may be enclosed on two, three, or 
four sides by the rooms it helps light. 
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ATTACHED SUNSPACE
A room that doubles as a solar collector. The term attached also 
implies a space that shares one common wall with the associated 
building. See also Sunspace and Semi-Enclosed Sunspace. 

AUXILIARY HEAT 
Heat delivered to a building by active systems to supplement 
solar heat.

AZIMUTH, Solar 
The angle of the sun, as seen in plan, measured in degrees from 
south (or from north in the Southern Hemisphere); also, the ori-
entation of a building. Used in this book, an azimuth of zero 
describes a glazing or wall that faces due south, so north orien-
tation = 180˚, west orientation = 90˚ west and east orientation = 
90˚ east. See also Altitude.

BALANCE POINT TEMPERATURE
The outside temperature at which a building shifts from a need 
for cooling to a need for heating, or vice versa. It is the tem-
perature at which the sum of solar heat gains and internal heat 
gains balances envelope heat transfer from the skin and infi ltra-
tion/ventilation, to maintain a desired indoor temperature.

BRIGHTNESS
The subjective human perception of luminance. See also 
Luminance. 

Btu (British thermal unit) 
A unit of heat; specifi cally, the heat needed to raise the temper-
ature of one pound of water by 1 °F. See also Joule.

Btu/hr (British thermal units per hour)
A measure of the rate of energy fl ow (power) commonly used to 
express heat loss or heat gain or the size of heating and cooling 
equipment. 1 Btu/hr = 0.2929 W. See also Watt.

Btu/hr, ft2, ˚F (British thermal units per hour, per square 
foot, per degree Fahrenheit of temperature difference.) 
A measure of heat fl ow (thermal conductance). The I-P units of 
U-factor.

BUNDLE 
A set of related design strategies that work together to resolve 
commonly occurring design problems.

CANDELA (cd)
An SI unit of luminous intensity. An ordinary candle has a lumi-
nous intensity of one candela. See also Candlepower.

CANDLEPOWER (cp)
An I-P unit of luminous intensity. An ordinary candle has a 

luminous intensity of one candlepower. See also Candela.

CARBON-NEUTRAL BUILDING
A building that uses no fossil fuels to operate. Some defi nitions 
include allowance for off-site renewable energy, while others 
require the renewable energy to be produced on-site.

CLEAR SKY
A sky condition with few or no clouds, usually taken as 0–2 
tenths covered in clouds. Clear skies have high luminance and 
high radiation, and create strong shadows relative to more 
cloudy conditions. The sky is brightest nearest the sun; and away 
from the sun, it is about three times brighter at the horizon than 
at the zenith. See also Overcast Sky and Partly Cloudy Sky. 

CLO 
Clothing factor, a measure of the insulating value of clothing. 
For example, 0.3 Clo is typical for light summer clothing; 0.8 is 
typical for heavy winter clothing.

COMFORT PARAMETER ( )
An indicator of human comfort in relation to wind; it is a rel-
ative reference value, accounting for both wind speed and 
turbulence, based on the ratio of wind speed at a location near 
a building to the wind speed that would be present at the same 
point with no building. In winter, a higher Ψ means less com-
fortable (overspeed) conditions; in summer, however, it indicates 
increased comfort. Range is 0–2.0. 

COMFORT ZONE
On the bioclimatic chart, the area of combined temperatures 
and humidities that 80% of people fi nd comfortable. People are 
assumed to be in the shade, fully protected from wind, engaged 
in light activity and wearing moderate levels of clothing that 
increase slightly in winter.

CONDENSATION
The process of vapor changing into liquid. In the process, it 
releases heat.

CONDITIONED AND UNCONDITIONED SPACES 
Conditioned spaces need air treatment such as heat addition, 
heat removal, moisture removal, or pollution removal. Uncondi-
tioned spaces do not need such air conditioning, and no effort is 
made to control infi ltration.

CONDITIONED FLOOR AREA
See Floor Area, Conditioned.

CONDUCTANCE 
See Thermal Conductance.
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CONDUCTION 
The transfer of heat through a static medium, usually a solid 
such as concrete. See also Radiation, Evaporation and Convection.

CONDUCTIVITY 
See Thermal Conductivity.

CONSERVATION FACTOR
A relative factor, based on regional climate and fuel costs, used 
to recommend insulation and air tightness levels 

CONTRAST 
A qualitative perception of the difference between two elements 
in the visual fi eld, especially of their luminance. The subjec-
tive assessment of the difference in appearance of two parts of a 
fi eld of view seen simultaneously or successively.

CONVECTION 
Heat transferred between a surface and an adjacent fl uid (usually 
air or water) by the circulation of that fl uid, induced by a tem-
perature differential.

COOLING DEGREE DAYS (CDD)
See Degree Days.

COOLING LOAD
A total load with net cooling required. See also Total Load and 
Heat Load.

COOL TOWER
See Downdraft Evaporative Cooling Tower.

CROSS-VENTILATION
Ventilative cooling of people and spaces driven by the force 
of wind. When outside air is cooler than inside air, heat can 
be transferred from the space to the ventilation air. Cross-
ventilation also removes heat from people by convection and by 
increasing the rate of perspiration evaporation. The cooling rate 
from cross-ventilation is determined by wind speed, opening 
sizes and the temperature difference between inside and outside. 
See also Stack-Ventilation.

DAYLIGHT/DAYLIGHTING
Illuminance from radiation in the visible spectrum from the dif-
fuse sky, refl ected light and direct sun that lights a room. 

DAYLIGHT ENVELOPE
The maximum buildable volume on a site that will not unduly 
restrict daylight available to adjacent buildings.

DAYLIGHT FACTOR (DF) 
The proportion of interior horizontal illuminance (usually taken 
on a work plane) to exterior horizontal illuminance under an 

unobstructed sky. It is the sum of the Sky Component, Exter-
nal Refl ected Component and the Internal Refl ected Component. 
Range is 0–100%, but for most rooms is usually limited to 
1–10%.

DEGREE DAY (DD)
The difference, measured in degrees F or C, between a base tem-
perature and the average outdoor temperature for a single day. 
For heating degree days, outdoor temperature is always below 
the base. For cooling degree days, outdoor temperature is always 
above the base. Heating degree days are often calculated from 
the building's balance point temperature: 45, 55, 65 ˚F (7.2, 
12.8, 18.3 ˚C). Cooling degree days can be calculated from a 
base at the balance point (usually 65 ˚F/18.3 ˚C) or from the top 
of the comfort zone (usually 80 or 83 ˚F/26.7 or 28.3 ˚C).

DELTA T (∆T)
A difference in temperature, usually referring to the difference 
between indoor and outdoor temperatures.

DEGREE DAYS, Annual
The sum of degree days, for either heating (HDD) or cooling 
(CDD), for the entire year in a given location. It is determined 
by adding together the degree days for each individual day. 

DESIGN STRATEGY
See Strategy.

DIFFUSE RADIATION 
The component of solar radiation that has been scattered by 
atmospheric particles. Diffuse radiation is assumed to be evenly 
distributed throughout the sky dome. See also Sky Light.

DIFFUSE REFLECTANCE
Refl ectance is the ratio of refl ected radiation to incident radia-
tion. Diffuse refl ectance spreads incident fl ux over a range of 
refl ected angles/directions. See also Specular Refl ectance. 

DIRECT GAIN 
The transmission of sunlight through glazing directly into the 
space to be heated, where it is converted to heat by absorption 
on interior mass surfaces. See also Indirect Gain and Isolated 
Gain.

DIRECT MASS 
Thermal mass used to store solar heat and located so that the 
sun strikes the mass or so that the mass is located somewhere 
in the room that collects sun. Heat transfer is primarily by radia-
tion. Contrast to Indirect Mass.
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DIRECT RADIATION 
The component of solar radiation that comes directly from the 
sun without being diffused or refl ected. 

DIRECT SUNLIGHT 
The component of visible spectrum radiation that comes directly 
from the sun without being diffused or refl ected.

DISTRIBUTION 
The process of moving heat or cool from its source to where it is 
needed, or to and from thermal storage. Radiation and conven-
tion are the most common types of delivery for heat distribution. 
Distribution can also refer to the building components. 

DIURNAL
Relating to a 24-hour cycle. A diurnal temperature swing is the 
cycle of temperature over the course of one 24-hour period. 

DIURNAL HEAT CAPACITY 
The daily amount of heat, per unit of surface area, that is stored 
and then given back, per unit of temperature swing. Units are 
Btu/ft2, F.

DOWNDRAFT EVAPORATIVE COOLING TOWER
A cooling system that humidifi es and cools warm dry air by pass-
ing it though a wetted pad at the top of a tower. The cooled air, 
being denser, falls down the tower and into the occupied space 
below, drawing in more air through the pads in the process. 
Thus, no distribution fans are required.

DRY-BULB TEMPERATURE
The air temperature measured using a conventional thermometer. 
See also Wet-Bulb Temperature.

EARTH–AIR HEAT EXCHANGERS
A strategy of pretempering fresh air for ventilation, and in 
some cases, providing building cooling by passing incoming air 
through buried ducts.

EARTH CONTACT
The strategy of placing building surfaces in contact with the 
ground to reduce the temperature difference between inside and 
outside, reduce infi ltration, and/or use the subsurface soil tem-
peratures to cool the building.

EARTH TUBES
See Earth–Air Heat Exchangers.

EMITTANCE/EMISSIVITY
A measure of a material's ability to emit (lose heat by) radiation 
at a given temperature. Range is 0–1.0. Emissivity is usually pro-
portionally inverse to absorptance. 

ENERGY BALANCE INDEX (EBI)
A spectrum of energy demand versus on-site energy sup-
ply. Energy Balance Index = Energy Production Intensity minus 
Energy Use Intensity (building energy demand). [EBI = EPI 
- EUI].

ENERGY PRODUCTION INTENSITY (EPI)
The annual energy generated within the boundaries of the 
site, on a per unit fl oor area basis, based on available climate 
resources for photovoltaic panels, wind turbines or other renew-
able power generation methods. 

ENERGY USE INTENSITY (EUI)
The amount of energy required by a building, on a per unit fl oor 
area basis, calculated by dividing the total annual energy use by 
the total fl oor area of the building. The EUI may, depending on 
its context of use, refer to either the building's (gross) energy 
demand before accounting for renewable energy production or, 
to its net energy use after accounting for renewable energy 
production. 

ENVELOPE HEAT GAIN or LOSS
Heat transferred through the skin or via infi ltration/ventilation. 
See also Internal Gain and Solar Gain.

ENVELOPE LOAD
The demand for energy required at any moment to compensate 
for the difference between desired indoor conditions and heat 
gains or losses from conduction transfer through the skin and 
infi ltration/ventilation. See also Total Load, Solar Load and Inter-
nal Load.

EQUATOR-FACING 
South-facing in the Northern Hemisphere; north-facing in the 
Southern Hemisphere. The opposite of Polar-Facing.

EQUINOX
Meaning literally “equal night.” The dates during the year when 
the hours of daylight are equal to the hours of darkness. The 
equinoxes fall on or near March 21 and September 21. On the 
equinox, the sun rises from the horizon at due east and sets due 
west.

EVAPORATION
Phase change of a material from liquid to vapor. In the process 
evaporative cooling occurs.

EVAPORATIVE COOLING
A heat removal process in which water vapor is added to air, 
increasing its relative humidity while lowering its temperature. 
The total amount of heat (enthalpy) in the air stays constant but 
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is transferred from sensible heat in the air to latent heat in the 
moisture. In the process of shifting from liquid to vapor (evapo-
rating), the water must absorb large amounts of heat.

EVAPORATIVE COOLING, Direct
A cooling process where warm, dry air is moved through a wet-
ted medium to evaporate moisture into the air. The cooler, more 
humid air is then used to cool a space.

EVAPORATIVE COOLING, Indirect
A cooling process where the evaporative process is remote from 
the conditioned space. The cooled air is then used to lower the 
temperature of a building surface, such as in a roof spray, or is 
passed through a heat exchanger to cool indoor air. The indi-
rect process has the advantage of lowering temperatures without 
adding humidity to the air, thus extending the climatic condi-
tions and regions in which evaporative cooling is effective. 

EXTERNALLY REFLECTED COMPONENT
The portion of the daylight factor (at a point indoors) that is 
contributed by light refl ected from external surfaces such as the 
ground and adjacent buildings. See also Daylight Factor, Sky Com-
ponent and Internally Refl ected Component.

FLOOR AREA, Conditioned
The portion of a building that is heated and/or cooled. Does not 
include attics, unheated basements, outdoor spaces, garages, 
unheated buffer zones, etc. See also Conditioned and Uncondi-
tioned Spaces. 

FOOT-CANDLE (fc)
An I-P measure of illuminance; specifi cally, the amount of direct 
light from one candle falling on one square foot of surface one 
foot away (lumens/ft2). Foot-candle x 10.764 = lux. See also Lux. 

FOOTLAMBERT (fL)
A measure of the luminance (photometric intensity) from a light 
source. 1 footlambert = 0.318 candelas/ft2. See also Luminance.

GLARE
The perception caused by a very bright light or a high contrast 
of light, making it uncomfortable or diffi cult to see. See also 
Contrast.

GLAZING 
Transparent or translucent materials, usually glass or plastic, 
used to cover an opening without impeding (relative to opaque 
materials) the admission of solar radiation and light.

GREENHOUSE, Solar 
In energy terms, a sunspace where plants are also grown. See 
Sunspace.

GREEN POWER 
See Renewable Energy

HEAT CAPACITY 
Also known as volumetric heat capacity. A measure of the abil-
ity of an element of thermal storage mass to store heat per unit 
of volume. It is the product of the material's density and specifi c 
heat. Units are Btu/ft3, °F (kJ/m3, ˚C). Water has a heat capac-
ity of 62.4 (4181); masonry, about 15–23 (1000–1550). See also 
Specifi c Heat.

HEAT GAIN 
The gross amount of heat that is introduced into a space, 
whether from incoming radiation, air infi ltration, ventilation, or 
internal sources such as occupants, lights and equipment. See 
also Heat Loss.

HEATING DEGREE DAYS (HDD) 
See Degree Day.

HEAT ISLAND
The increased temperatures, relative to surrounding open land, 
found in center cities and areas of high development den-
sity. Heat islands are caused by concentrations of heat sources, 
decreased vegetation cover, increased massive and dark surfaces, 
decreased wind fl ows and narrow sky view angles. 

HEAT LOAD 
A total load with net heating required. See Cooling Load and 
Load, total.

HEAT LOSS 
The gross amount of heat that leaves a space by heat fl ow 
through the building envelope, air infi ltration, or ventilation.

HORIZON
All points at zero degrees solar altitude from an observing point.

HVAC 
Mechanical systems for heating, ventilating and air-conditioning 
that control temperature, humidity and air quality.

HYBRID SYSTEM 
A solar heating or cooling system that combines passive and 
active elements.

HYPOCAUST
Massive fl oors with channels through which solar heated air 
passes, giving up its heat to the mass for storage and radiation 
to the fl oor surface above and/or the ceiling below. Originally, a 
Roman system of under-fl oor heating in which combustion gases 
from a wood fi re were passed under a massive fl oor. See also 
Murocaust.
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ILLUMINANCE
The measure of light intensity striking a surface. Specifi cally, 
the concentration of incident luminous fl ux, measured in foot-
candles (I-P) or lux (SI). See also Luminance.

ILLUMINATION
Lighting of a surface by daylight or electric light. See also 
Illuminance.

INCIDENT ANGLE
See Angle of Incidence.

INDIRECT GAIN 
The transfer of solar heat into the space to be heated from a 
collector that is coupled to the space by an uninsulated, conduc-
tive, or convective medium; for example, thermal storage walls 
and roof ponds. See also Direct Gain and Isolated Gain.

INDIRECT MASS 
Mass used for thermal storage that is located remote from solar 
collection and uses air (convection) to transfer heat between 
collection and storage. Because convention transfer rates are 
lower than for radiation, indirect mass is less effective and thus 
must be larger than direct mass. Contrast with Direct Mass.

INFILTRATION LOAD 
Air exchange between interior spaces and the outdoors, result-
ing in heat loss or gain. It is driven by the difference in pressure 
between inside and outside; buildings exposed to higher wind 
speeds and buildings with looser construction have increased 
rates of infi ltration. Heat transfer from infi ltration is proportional 
to the volume of air entering and to the temperature difference 
between inside and outside. 

INSOLATION 
The total amount of direct, diffuse and refl ected solar radiation 
that strikes a surface. This total radiation is also known as global 
radiation. Insolation is usually measured in Btu per square foot 
per hour or per day (Btu/ft2, hr—sometimes written Btu/hr ft2, 
or Btu/ft2, day). Metric (SI) units are usually kilowatt-hours per 
square meter per day (kWh/m2, day).

INSULATION 
Any low mass material with high thermal resistance used to slow 
the transfer of heat via conduction. May also refer to materi-
als used to refl ect radiant heat (refl ective insulation). See also 
Internal Sources.

INTEGRATED DESIGN
The synthesis of climate, use loads and systems to achieve a 
more comfortable and productive environment for the occupants, 

and a building that is more energy effi cient than current best 
practices.

INTERNAL HEAT GAIN 
Heat generated inside the building by sources other than the 
space-heating equipment, usually by appliances, lights and peo-
ple. See also Internal Sources.

INTERNAL LOAD
The demand for energy required at any moment to compensate 
for the difference between desired indoor conditions and heat 
gains from the internal sources of electric lights, people and 
equipment. See also Solar Load, Envelope Load and Load, total.

INTERNAL-LOAD–DOMINATED BUILDING (ILD)
A building with a balance point well below the desired inte-
rior temperature and having a heat load profi le in which internal 
gains or solar gains are much larger than the envelope load. See 
also Skin-Load–Dominated Building. 

INTERNALLY REFLECTED COMPONENT
The portion of the daylight factor contributed by light refl ected 
from internal surfaces such as walls, fl oor and ceiling. See 
also Daylight Factor, Sky Component, and Externally Refl ected 
Component.

INTERNAL SOURCES 
The sources of internal heat gain other than the space-heating 
equipment, such as appliances, lights and people. See also Inter-
nal Heat Gain.

I-P UNITS
Inch-pound units, the “American standard,” system of measure-
ment used in the United States. Also known as (English) imperial 
units. See also SI Units. 

ISOLATED GAIN 
The transfer of heat into a space from a collector that is ther-
mally isolated either by physical separation or insulation. 
Examples include convective loop collectors and attached suns-
paces with an insulated common wall. See also Direct Gain and 
Indirect Gain.

JOULE
A metric (SI) unit of heat; specifi cally, the 1/4.184 of the heat 
needed to raise the temperature of one gram of water by 1 °C. 
1000 joules = 1 kilojoule (kJ); 1 kJ = 0.9478 Btu. See also Btu 
and Watt.

LATENT HEAT 
A change in heat content that occurs without a correspond-
ing change in dry bulb temperature, usually accompanied by a 
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change of state, as when water vapor in the air condenses.

LATITUDE
The angular distance north or south of the earth's equator, mea-
sured in degrees along a meridian. The equator is 0 degrees; the 
North Pole is 90˚ North latitude. Latitudes farther from the equa-
tor have lower sun angles, less radiation and illuminance per 
hour, and more variation in sun path between summer and win-
ter. See also Longitude. 

LEE
The downwind side of a building or obstruction that faces away 
from the direction from which the wind blows, usually subjected 
to lower pressure, reduced wind speeds and higher turbulence. 
See also Windward. 

LIGHT SHELF
A horizontal refl ector dividing upper and lower glazing, used to 
refl ect light to the ceiling, even daylight distribution in a room, 
and reduce glare.

LIGHT-TO-SOLAR-GAIN RATIO (LSG)
A relative expression of the “coolness” of a glazing, obtained 
by dividing its visible transmittance (VT) by its solar heat gain 
coeffi cient (SHGC). A daylit building in a hot climate would ide-
ally use a glazing with high VT and low SHGF. 

LOAD COLLECTOR RATIO (LCR) 
The ratio of the building load coeffi cient (heat load per degree 
day) to the collection area. LCR is an expression of the relation-
ship between energy conservation and solar gain and can be 
used to compare buildings within the same locality.

LOADS
Heating, cooling, lighting, ventilation and electricity demands 
placed on building systems that require energy to satisfy.

LOAD, Total 
The demand for energy required at any moment to compensate 
for the difference between desired indoor conditions and the net 
of heat gains and losses from Internal Loads, Solar Loads and 
Envelope Loads. See also Cooling Load and Heating Load.

LONGITUDE
Angular distance on the earth's surface, measured east or west 
from the prime meridian (0 degrees) at Greenwich, England, to 
the meridian passing through a position, expressed in degrees. 
St. Louis, Missouri, is at 90˚ West longitude. Range is 0–180, 
East or West. See also Latitude. 

LUMEN (lm)
Unit measuring the rate of light fl ow (luminous fl ux). Each 
square foot (square meter) of spherical surface surrounding a one 
candela (candlepower) light source receives one lumen of light 
fl ux. Lumen is the unit used in both I-P and SI units. One lumen 
produces a 1 foot-candle (lux) illuminance.

LUMINANCE (L)
The luminous intensity (photometric brightness) of a light source 
or refl ecting surface, including factors of refl ection, transmis-
sion and emission. Units are candelas per square foot (cd/ft2) 
and candelas per square meter (cd/m2). An unobstructed sky of 1 
footlambert luminance produces an illuminance of 1 foot-candle 
on a horizontal surface. See also Brightness, Illuminance and 
Footlambert.

LUMINOUS FLUX
The fl ow of light from a source to a receiving surface, measured 
in lumens (lm).

LUX
A metric (SI) measure of illuminance; specifi cally, the amount of 
direct light from one candle (one candela) falling on one square 
meter of surface one meter away (lumens/m2). 1 lux x 0.0929 = 
1 foot-candle. See also Foot-candle.

MASONRY 
Concrete block, brick, adobe, stone, concrete and other similar 
massive materials.

MASS-AREA-TO-GLAZING-AREA RATIO 
The ratio of the surface area of massive elements in a solar 
heated building to the total solar collection area. Massive ele-
ments include all fl oors, walls, ceilings and other high-density 
interior objects.

MASS, Thermal
See Thermal Mass.

MEAN RADIANT TEMPERATURE (MRT)
The weighted average temperature of surrounding surfaces, based 
on the angular size between a person (or other surface) and 
those surfaces. A lower MRT of room surfaces, such as with earth 
contact, can give the perception of comfort at higher air tem-
peratures than when the surfaces are near the temperature of the 
indoor air. Similarly, in a passively heated building, a person will 
feel comfortable in a room with warm thermal mass (higher MRT) 
at lower air temperatures than if in a room with no mass.
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MET 
Human metabolic rate of heat gain. A measure of the heat pro-
duced by a seated sedentary person, and therefore added to the 
space the person occupies. One met unit = 18.4 Btu/hr, ft2 (58.2 
W/m2).

MOVABLE INSULATION
Operable thermal insulating shades or shutters placed over win-
dows only at night to reduce convective and radiant losses 
through the glazing at night. Movable insulation greatly 
increases the solar savings fraction in passive solar heated 
buildings, because more of the heat captured during the day is 
retained for use during the night.

MUROCAUST
Massive walls with vertical channels through which solar-heated 
air passes, giving up its heat to the mass for storage and radia-
tion to the interior wall surface(s). See also Hypocaust.

NATURAL CONVECTION 
Heat transfer between a surface and adjacent fl uid (usually air 
or water), by the circulation of the fl uid induced by temperature 
differences only and not by mechanical means.

NET-POSITIVE ENERGY BUILDING
A building that produces, on an annual basis, more energy than 
it consumes. In SWL, this means a “site net-positive energy 
building,” which is a building that produces on-site more energy 
than it consumes.

NET-ZERO ENERGY BUILDING
A building that produces as much energy as it consumes during a 
given time period. Specifi cally in SWL, a building that produces, 
on an annual basis, as much energy as it consumes. In SWL, this 
means a “site net-zero energy building,” which is a building that 
produces on-site as much energy as it consumes. See also Peak-
Zero, Net-Positive Energy Building.

NIGHT INSULATION
See Movable Insulation.

NIGHT SKY RADIATION 
A reversal of the daytime insolation principle. Just as the sun 
radiates energy during the day through the void of space, so 
heat energy can travel unhindered at night, from the earth’s sur-
face back into space. On a clear night any warm object can cool 
itself by radiating long-wave heat energy to the cooler sky. On a 
cloudy night, the cloud cover acts as an insulator and prevents 
the heat from traveling to the cooler sky.

NIGHT VENTILATION OF MASS
A cooling process where a building is closed during the hot day-
time hours, its heat gains are stored during that time in the 
building's structure or other thermal mass, and then at night the 
building is opened, and cooler outdoor air is used to fl ush heat 
from the mass, lowering its temperature to prepare for another 
cycle.

OPAQUE 
Not able to transmit light; for example, unglazed walls.

OVERCAST SKY
The condition in which the sky is completely covered in clouds 
and the sun cannot be seen. Usually taken as 8–10 tenths cov-
ered in clouds. Overcast skies generally have lower luminance, 
lower radiation and create weak shadows and more diffuse light-
ing, relative to clearer conditions. The sky is about three times 
brighter at the zenith than at the horizon. See also Partly Cloudy 
Sky and Clear Sky.

PARTLY CLOUDY SKY
The sky condition between overcast and clear conditions, which 
varies from mostly cloudy with patches of clearness to mostly 
clear with a few clouds. Partly cloudy skies are highly variable 
and diffi cult to predict. Usually taken to be 2–8 tenths covered 
in clouds. See also Cloudy Sky and Clear Sky.

PASSIVE SYSTEM 
A system that uses nonmechanical, nonelectrical means to sat-
isfy heating, lighting or cooling loads. Purely passive systems 
use radiation, conduction, and natural convection to distribute 
heat and daylight for lighting.

PEAK LOADS
The highest system demands during a given period, often occur-
ring when extreme climatic and high occupancy factors coincide. 
Peak loads may be daily, seasonal, or annual.

PEAK-ZERO, NET-POSITIVE ENERGY BUILDING
A building that produces at least as much energy as it uses at its 
peak load hour during the year. Depending on the building and 
climate, the peak load hour may be during the heating season 
(usually at night) or during the cooling season (usually during 
the afternoon). A peak-zero energy building is also a net-positive 
energy building.

PERCENTAGE OF POSSIBLE SUNSHINE
The total actual time that sunshine reaches the surface of the 
earth is expressed as the percentage of the maximum time possi-
ble from sunrise to sunset with clear sky conditions.
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PHASE CHANGE MATERIAL (PCM)
Materials that melt and solidify at designated temperatures, 
capable of storing and releasing large amounts of energy during 
the change of phase. PCMs can be used to store heat or cool in 
buildings. 

PHOTOVOLTAICS (PV) 
A means of generating electricity from sunlight using semicon-
ductors that exhibit the photovoltaic effect.

POLAR-FACING
North-facing in the Northern Hemisphere; South-facing in the 
Southern Hemisphere. The opposite of equator-facing.

PROFILE ANGLE
The angle used to size overhangs or spacing between buildings 
for shade; specifi cally, the vertical shadow angle of an overhang 
made by the angle between a horizontal from the bottom of a 
window and a line between the bottom of the window and the 
end of the overhang. It is the geometric translation of the solar 
altitude of the sun at a particular time into the plane normal to 
the window. When the sun's azimuth is perpendicular to the win-
dow, the profi le angle is equal to the sun's altitude. When the 
sun is at any other angle, the profi le angle and solar altitude will 
be different. 

RADIANT TEMPERATURE
The average temperature of surfaces surrounding a person or 
surface with which the person or surface can exchange ther-
mal radiation. See also Radiation, Thermal and Mean Radiant 
Temperature.

RADIATION, Solar
See Solar Radiation.

RADIATION, Thermal
The transfer of heat by electromagnetic waves. It does not 
require material contact (as does Conduction) or a fl uid medium 
(as does Convection). Any two surfaces with a direct line of sight 
between them and a temperature difference will have a radiant 
exchange. See also Solar Radiation and Night Sky Radiation. 

REFERENCE NONSOLAR BUILDING 
A building similar to a solar building but with an energy-neu-
tral wall in place of the solar wall and with a constant indoor 
reference temperature. Used as a reference for assessing the per-
formance of solar buildings.

REFLECTANCE
The ratio of radiation refl ected by a surface to the radiation inci-
dent on it. Range is 0–1.0.

RELATIVE HUMIDITY 
The percentage of water vapor in the atmosphere relative to the 
maximum amount of water vapor that can be held by the air at a 
given temperature.

REMOTE STORAGE/REMOTE MASS
Thermal mass or other thermal storage located outside occupied 
spaces, such as in a rock bed. It is normally used to increase 
the thermal storage capacity beyond what can be stored in the 
building's massive walls, fl oors, roofs, or structure.

RENEWABLE ENERGY (RE)
Energy produced from renewable sources (not from burned fossil 
fuels), such as sun, biomass and wind. RE may be produced on-
site or purchased from a power utility. 

ROCK BED/ROCK STORAGE SYSTEM 
A solar energy storage system in which the collected heat or cold 
is stored in a rock bin for later use. This type of storage can be 
used in an active, hybrid, or even passive system.

ROOF POND SYSTEM 
An indirect gain heating and cooling system in which the mass, 
which is water in plastic bags, is located on the roof of the 
space to be heated or cooled and covered with a movable insu-
lation. A roof pond system absorbs solar radiation for heating in 
the winter and radiates heat to the night sky for cooling in the 
summer.

R-VALUE (R)
A measure of the thermal resistance of a building element. R 
is the number of hours needed for 1 Btu to fl ow through one 
square foot of skin, given a temperature difference of 1 ˚F. The 
units for R are ft2, ˚F, hr/Btu (or m2, K/W). The reciprocal of R is 
the U-factor. See also Thermal Resistance and U-Factor.

SELECTIVE SURFACE
A surface used to absorb and retain solar heat in a solar heating 
system such as a trombe wall or in a solar collector. Often a dark 
metallic surface, selective surfaces have high absorptance and 
low emittance. See also Absorptance and Emittance. 

SEMI-ENCLOSED SUNSPACE 
A sunspace that shares three common walls with the associated 
building. See also Attached Sunspace and Sunspace.

SENSIBLE HEAT 
Heat that results in a change in air temperature, in contrast with 
latent heat.
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SHADING COEFFICIENT (SC)
The total amount of radiation transmitted though a glazing, 
relative to clear, 1/8 in (3 mm) single glass, which has, by def-
inition, a shading coeffi cient of 1.0. Also used to defi ne the 
fraction of incident radiation transmitted by an internal or exter-
nal shading device. For glazing, SC ≈ 1.15 x Solar Heat Gain 
Coeffi cient. See also Solar Heat Gain Coeffi cient (SHGC).

SIDELIGHT
Daylight from apertures in a wall. See also, Toplight.

SIMPLE PAYBACK PERIOD
The time (usually measured in years) for an investment in an 
energy saving system or design to pay for itself by the cost of 
energy saved. It is determined by dividing the initial cost by the 
annual rate of savings.

SITE NET-ZERO ENERGY BUILDING
See Net-Zero Energy Building.

S-I UNITS
Standard international units; the metric system. See also I-P 
Units.

SKIN-LOAD–DOMINATED BUILDING (SLD)
A building with a balance point near the desired interior tem-
perature and having a heat load profi le in which the envelope 
load is much larger than the solar load or internal load. See also 
Internal-Load–Dominated Building. 

SKY COMPONENT
The portion of the daylight factor (at a point indoors) contrib-
uted by luminance from the sky, excluding direct sunlight. See 
also Daylight Factor, Internally Refl ected Component, and Exter-
nally Refl ected Component.

SKY COVER
A measure of the fraction of the sky covered in clouds. Range is 
0–10 tenths. See also Overcast Sky, Partly Cloudy Sky, and Clear 
Sky.

SKY LIGHT
Daylight from the sky dome only, excluding the direct sun. See 
also Sunlight.

SKYLIGHT
A roof window, horizontal or sloped.

SKY LUMINANCE DISTRIBUTION—THE C.I.E. STANDARD 
OVERCAST SKY 
A completely overcast sky for which the ratio of luminance at an 
altitude q above the horizon to the luminance at the zenith is 

assumed to be (1 + 2 sin q) /3. This means that the luminance 
at the zenith is three times brighter than at the horizon.

SKY VIEW FACTOR (v)
The sector of the sky as seen from a daylight aperture or building 
surface. It can be measured in either section or as a three-
dimensional solid angle. Specifi cally, for daylighting calculations, 
v is the angle subtended, in the vertical plane perpendicular to 
the window, by sky visible from the center of the window. The 
larger the area of sky seen by a window, the more illuminance 
available from the sky and the higher the daylight factor in the 
room. The sky view factor can be reduced by obstructions such as 
buildings, trees and landforms. For a surface that needs to lose 
heat by radiation to the night sky, the sky view angle determines 
the rate of cooling. Urban streets and building facades often 
have their view of the sky blocked by adjacent buildings of the 
urban canyon. 

SOLAR ABSORPTANCE 
The fraction of incident solar radiation that is absorbed by a 
surface. The radiation not absorbed by an opaque surface is 
refl ected. Range is 0–1.0. See also Emittance and Absorptance. 

SOLAR APERTURE 
That portion of the solar wall covered by glazing. The orientation 
of the opening should be within 30° of south (30° of north in 
the Southern Hemisphere) to be considered a solar aperture.

SOLAR COLLECTOR/COLLECTION
The component/s of a solar heating system that captures solar 
radiation. Collectors may be architectural, such as windows in a 
direct gain system or engineered products, such as in a solar hot 
water system.

SOLAR ENVELOPE
The maximum buildable volume on a site that will not shade 
adjacent sites during specifi ed dates and times.

SOLAR GAIN
Heat transferred to a space by solar radiation through glazing. 
See also Internal Gain and Envelope Gain.

SOLAR HEAT GAIN COEFFICIENT (SHGC)
The fraction of incident solar radiation (for the full spectrum) 
which passes though an entire window assembly, including the 
frame, at a specifi ed angle. Range is 0–0.85. A higher SHGC is 
preferred in solar heating applications to capture maximum sun, 
whereas in cooling applications, a low SHGC reduces unwanted 
solar heat gain.A
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SOLAR HEAT GAIN FACTOR (SHGF)
The amount of solar heat transmitted though a standard glazing 
(single or double) per unit of glazing area, for a given lati-
tude or location, time, date and orientation. Depending on the 
source, SHGFs may be given for either single glazing or double 
glazing, and either by latitude, in which case average clear days 
are assumed, or by specifi c city, in which case, average sky con-
dition is used. The amount of radiation transmitted depends 
on the angle of the sun with respect to the window and on the 
intensity of the radiation incident. Units are Btu/hr, ft2 (W/m2). 
See also Shading Coeffi cient.

SOLAR LOAD
The demand for energy required at any moment to compensate 
for the difference between desired indoor conditions and heat 
gains from solar radiation. See also Envelope Load, Internal Load 
and Load, Total.

SOLAR RADIATION 
Radiation emitted by the sun, including infrared radiation, ultra-
violet radiation and visible light.

SOLAR REFLECTANCE INDEX (SRI)
A measure of a material's ability to reject solar heat, as shown 
by its temperature rise under full sun. It is defi ned so that a 
standard black (refl ectance 0.05, emittance 0.90) has an SRI of 
0 and a standard white (refl ectance 0.80, emittance 0.90) has an 
SRI of 100. Materials with higher SRI values are cooler. 

SOLAR SAVINGS FRACTION (SSF)
The percentage of annual heating energy saved by using solar 
energy to space heat a building, compared to a nonsolar building 
with similar thermal characteristics.

SOLAR TIME 
Time of day adjusted so that the sun is due south at noon.

SOLSTICE
The dates of the shortest and longest days of the year. Winter 
solstice is on or around December 21 (June 21 in the Southern 
Hemisphere); summer solstice is on or around June 21 (Decem-
ber 21 in SH). Sun altitude is lowest at winter solstice and 
highest at summer solstice. Daily azimuth variation is greatest at 
summer solstice and least at winter solstice.

SPECIFIC HEAT 
A measure of the ability of a material to store heat, specifi cally, 
the amount of heat in Btus required to raise the temperature of 
one pound of a material 1 °F. Units are Btu/lb, ˚F (kJ/kg, ˚C). 
In I-P units, water, by defi nition, has a specifi c heat of 1.0. 

Masonry materials are about 0.2. The heat capacity of a heat 
storage material is a product of its density and specifi c heat. See 
also Heat Capacity.

SPECULAR REFLECTANCE
Refl ectance is the ratio of refl ected radiation to incident radia-
tion. Specular refl ection redirects incident fl ux like a mirror at 
one specifi c angle where the angle of incidence is equal to the 
angle of refl ection. See also Diffuse Refl ectance. 

STACK VENTILATION
The cooling process of natural ventilation induced by the chim-
ney effect, where a pressure differential occurs across the 
section of a room. Air in the room absorbs heat gained in the 
space, expands and loses density, thus rising to the top of the 
space. When it exits through high outlet openings, a lower pres-
sure is created low in the space, drawing in cooler outside air 
from low inlets.

STRATEGY
A generalized solution to a recurring design problem that con-
nects architectural form to performance in ways that allow for 
design fl exibility.

STRATIFICATION 
The tendency of fl uids, like air and water, to form layers when 
unevenly heated. The warmer fl uid rises to the top of the avail-
able enclosure, and the cooler fl uid drops to the bottom.

SUNDIAL
A latitude-specifi c chart used with a physical model for predict-
ing shadow patterns on a site or sun penetration for a building 
design.

SUNLIGHT
Beam daylight from the sun only, excluding diffuse light from 
the sky dome. See also Sky Light.

SUN PATH DIAGRAM
A latitude-specifi c chart mapping the apparent movement of the 
sun and used to determine solar altitude and azimuth angles for 
a given time and date.

SUNSPACE 
A room that doubles as a solar collector; also called greenhouse 
or solarium. Sunspaces concentrate solar radiation collection and 
heat storage in one room used to heat surrounding rooms. See 
also Semi-enclosed Sunspace and Attached Sunspace. 
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SYNERGY
A design concept based on relationships among climate, use, 
design and/or systems strategies that creates benefi ts greater 
than the sum of effects resulting from individual design 
strategies.

TASK LIGHT
Lighting on a specifi c area used for a specifi c task. Task light-
ing is usually from an electric source and is a higher illuminance 
level than the surrounding ambient light level. It is a good 
strategy to combine task light with ambient daylight. See also 
Ambient Light.

THERMAL BREAK (THERMAL BARRIER) 
An element of low thermal conductivity placed within a compos-
ite envelope construction in such a way as to reduce the fl ow of 
heat across the assembly. See also Thermal Bridge.

THERMAL BRIDGE
An element of high thermal conductivity within a construction of 
otherwise low thermal conductivity. Small areas of materials that 
conduct heat at high rates can substantially reduce the insu-
lating effectiveness of an assembly. Examples are metal frame 
windows without thermal breaks and metal stud walls, where the 
metal conducts heat at a much higher rate than the insulation 
between. See also Thermal Break. 

THERMAL CONDUCTANCE (C)
A measure of the ease with which heat fl ows though a specifi ed 
thickness of a material by conduction. Units are Btu/hr, ft2, ˚F 
(or W/m2, ˚C). See also U-Factor and Thermal Conductivity.

THERMAL CONDUCTIVITY (k)
A measure of the ease with which heat fl ows though a unit 
thickness of a material by conduction; specifi cally, the heat fl ow 
rate in Btu per inch of material thickness, square foot of material 
area and degree of temperature difference. Units are Btu, in/ft2, 
hr, ˚F (W/m, ˚C). See also U-Factor and Thermal Conductance.

THERMAL MASS
Materials with high heat capacity, such as masonry or water, 
used to store heat or cool when there is an excess of a resource 
for use later when there is a need. 

THERMAL RADIATION 
Energy transfer in the form of electromagnetic waves from a body 
by virtue of its temperature, including infrared radiation, ultravi-
olet radiation and visible light.

THERMAL RESISTANCE
A measure of the insulation value or resistance to heat fl ow of 

building elements or materials; specifi cally, the reciprocal of the 
thermal conductance. See also R-Value and U-Factor.

THERMAL STORAGE MASS 
High-density building elements, such as masonry or water in 
containers, designed to absorb solar heat during the day for 
release later when heat is needed.

THERMAL STORAGE WALL
A trombe wall or water wall.

THERMOCIRCULATION 
The circulation of a fl uid by convection. For example, the con-
vection from a warm zone (sunspace or trombe wall air space) to 
a cool zone through openings in a common wall.

TOPHEAT
Solar heat gain admitted from skylights, monitors, cupolas, or 
clerestories.

TOPLIGHT
Daylight from skylights, monitors, cupolas, or clerestories. See 
also Sidelight.

TOTAL LOAD
See Load, total.

TROMBE WALL 
A solar heating system consisting of a masonry thermal storage 
wall placed between the solar aperture and the heated space. 
Heat is transferred into the space by conduction through the 
masonry, radiation from its inner surface and, if vents are pro-
vided, by natural convection.

U-FACTOR (COEFFICIENT OF HEAT TRANSFER) 
A measure of heat fl ow, specifi cally, the number of Btus that 
fl ow through one square foot of building skin, in one hour, when 
there is a 1 ˚F difference in temperature between the inside and 
outside air, under steady-state conditions. The units for U are 
Btu/hr, ˚F, ft2 (or W/K, m2). The U-factor is the reciprocal of the 
resistance or R-value. See also Thermal Conductance and R-Value.

VENTILATION LOAD
The energy required to bring outdoor air to the desired indoor 
conditions. In this book, ventilation load refers to fresh air 
ventilation, which may be provided either naturally or by a 
mechanical system. The rate of required ventilation varies with 
the use of the space and the number of occupants. Ventila-
tion load depends on the rate of fresh air ventilation and on the 
temperature difference between inside and outside. It may be 
reduced by pretempering or the use of heat exchangers.
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VENTILATION (NATURAL) 
Air fl ow through and within a space stimulated by either the 
distribution of pressure gradients around a building or thermal 
forces caused by temperature gradients between indoor and out-
door air. See also Cross-Ventilation and Stack-Ventilation.

VISIBLE TRANSMITTANCE (VT)
The fraction of incident visible light that passes though glaz-
ing. A higher VT is better for daylighting. A low solar heat gain 
coeffi cient (SHGC) that rejects heat can reduce VT, but not nec-
essarily. Some spectrally selective glazings have both low SHGC 
and high VT. Range is 0–1.0. See also Light-to-Solar-Gain Ratio.

VOLUMETRIC HEAT CAPACITY
See Heat Capacity.

WATER WALL 
A solar heating system consisting of a thermal storage wall of 
water in containers placed between the solar aperture and the 
heated space. Heat is transferred into the space by conduction 
and convection through the water and by radiation from the 
inner wall surface to the room.

WATT (W)
A measure of power commonly used to express heat loss or heat 
gain or to specify electrical equipment. It is the power required 
to produce energy at the rate of one joule per second. 1 W = 
3.412 Btu/hr. See also Btu/hr.

Watt/m2, ˚C
Watts, per square meter, per degree centigrade of temperature 
difference. A measure of heat fl ow (thermal conductance). The SI 
units of U-factor. See also, U-Factor.

WET-BULB TEMPERATURE
The air temperature measured using a thermometer with a wet-
ted bulb moved rapidly through the air to promote evaporation. 
The evaporating moisture, changing phase, lowers the tem-
perature measured, relative to that measured with a dry bulb. 
Wet-bulb temperature accounts for the effects of moisture in the 
air. It can be used, along with the dry-bulb temperature on a 
psychrometric chart to determine relative humidity. See also Dry- 
Bulb Temperature.

WINDWARD
The upwind side of a building or obstruction that faces the direc-
tion from which the wind blows, usually subjected to higher 
pressure. See also Lee. 

WORKING PLANE (REFERENCE PLANE) 
The horizontal work surface, usually at about 30–36 inches (0.8–
0.9 m) from the fl oor, at which illumination is specifi ed and 
measured.

ZENITH
The top of the sky dome. A point directly overhead, 90˚ in alti-
tude angle above the horizon.
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breezy or calm courtyards E.154–E.156 
cross-ventilation rooms E.120–E.122 
daylight room geometry E.150 
direct gain rooms E.132–E.134 
evaporative cooling towers E.126–E.128 
night-cooled mass E.147–E.149 
roof ponds E.143–E.144 
rooms facing the sun and wind E.118–E.119 
shady courtyards E.157–E.159 
sidelight room depth E.152–E.153 
stack-ventilation rooms E.145–E.146 
sunspaces E.134–E.136 
thermal collector walls and roofs E.139–E.142 
thermal storage walls E.137–E.138 
toplight room E.129–E.131 
wind catchers E.123–E.125 

Building scale strategies [L5]
atrium building E.97–E.99 
borrowed daylight E.91–E.93 
buffer zones E.83–E.85 
clustered rooms E.100 
convective loops E.116 
cooling zones E.76–E.78 
daylight zones E.115 
deep sun E.105–E.107 
east-west plan E.103–E.104 
heating zones E.81–E.82 
locating outdoor rooms E.94–E.96 
migration E.71–E.73 
mixed mode building E.76–E.77 
moving heat to cold rooms E.111–E.113 
periodic transformations E.74–E.75 
skylight building E.108–E.110 
stratifi cation zones E.114 
thin plan E.101–E.102 

Building spacing 135, E.58, E.59
 See also Street width 
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Building spacing for solar access 198–199 
Buildings scale bundles, whole buildings [L6]

bundles overview 94–95 
daylight building 148–155 
outdoor microclimates 176–183 
passively cooled building 156–163 
passive solar building 166–175 

Buildings scale strategies E.1 
daylighting by thin building organization, E.101 
daylighting by window wall E.152 
earth sheltering strategy E.208 
overview E.68 
roof ponds E.143 
room zoning for temperature stratifi cation, E.114 

Buildings scale strategies and bundles
 See Buildings scale bundles, whole buildings [L6] 

matrix by energy topic 24–25 
Buildings, urban patterns

channelling or blocking wind E.6–E.7, E.53–E.59 
creating shade E.8–E.10, E.16–E.18, E.49–E.52, E.66–

E.67 
daylight access E.14–E.18, E.34–E.35–E.39 
daylight massing E.14–E.15 
facing glazed streets E.19–E.20 
green edges E.65 
interwoven with planting E.24–E.26 
interwoven with water E.27 
location by microclimate E.14–E.16 
loose or dense patterns for wind E.21–E.22 
minimize heat gain E.60–E.62 
pedestrian comfort E.55–E.57 
shaping winter courts E.28–E.30 
site arrangements E.31–E.32 
solar access E.16–E.18, E.31–E.32, E.40–E.48, E.60–

E.62 
urban section wind massing E.24 
windbreaks E.63–E.64 

Building type
emissions targets 282–285 
energy targets 255–259 

Built form effect (urban cooling) 125–127 
Built phase 250 
Bundle diagram

blank form 105–106 
core strategies 100, 105 

how to read 98–99 
passive solar building example 98–100 
refi ner strategies 100, 107 
situational strategies 100, 105–105 

Bundles
 See Building groups scale bundles, neighborhoods [L9]
 See also Building groups scale strategies and bundles
 See also Buildings scale bundles, whole buildings [L6] 

action statement 104 
generalized solution types to recurring problems 97–98 
core strategies 98 
defi ned 97 
design situation 103–104 
explained 97–101 
fundamental 101, 108–109 
in design process 101 
making your own 103–107 
origin of 97 
overview 94–95 
refi ner strategies 98 
selecting 43–49, 103 
situational variations 98, 100–101, 104–105 
structure 98 
types 100 
variations

climate 38–539, 43, 184–185 
internal gains 38–39, 43 

Butts, Paul 10 

C
Cafeteria E.221 
Cairns, Queensland, Australia 120–121 
Calm courtyards
 See Breezy or calm courtyards strategy 
Calm streets
 See Breezy or calm streets strategy 
Carbon dioxide (CO2) 280–81 
Carbon dioxide equivalent (CO2e) 280–281, 288–289 
Carbon-neutral performance standards 3, 251, 253, 276, 

280 
Carbon-neutral buildings assessment 288–291 

methodology 290–291 
Carbon use intensity (CUI) 251, 280–285, 288 

calculation method 290–291 
Canada commercial buildings 284–285 
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Carbon use intensity (CUI) (cont.)
Canada residential buildings 296–287 
conversion equation 281 
defi ned 281 
US commercial buildings 281–283, 285 
US residential buildings 286 

Catching effi ciency, wind E.124–E.125 
Cavities, wall and roof E.270–E.272 
Ceiling fan 242, E.143, E.149, E.164
 See also Mechanical space ventilation strategy 

air-fl ow patterns E.256 
sizing E.256 

Ceilings
colors for daylighting E.267 
colors for mass E.266 
daylighting E.150, E.174, E.232, E.233 
daylight refl ectance E.267 
height E.108, E.150 
insulation E.196–E.202 
mass surface absorptance E.266 
night-cooled mass 241 
sloped E.150 
thermal mass surfaces 242–243, E.143–E.144, E.163–

E.167 
window insulation, E.235 

Cell effi ciency, PV E.214 
Census regions 260, 286 
Chancellery E.174 
Chandigarh, India E.24–E.25 
Change-over mixed mode building E.80 
Changes in the third edition 2 
Charleston, South Carolina E.53–E.54 
Chattanooga Tennessee E.15–E.16 
Chattanooga, Tennessee 111–112, 122–123, E.142 
Chiller E.79–E.80 
Chimney
 See Stack, dedicated 
Christopher, Dede 10 
Churches and temples E.118, E.129, E.168 
Cimala, Reid 10 
Circulation space

buffer zones E.83–E.84, E.114 
energy programming E.316 
for natural ventilation 228–229, E.87–E.88, E.90 
heating zones E.81 

shaded E.66–E.67 
solar collection in E.133 

City plans, examples E.6–E.9, E.11, E.15–E.16, E.23–E.25, 
E.27–E.28, E.41, E.46, E.49, E.58, E.63, E.65–E.66 

Classrooms E.121, E.123, E.126 
Clear day winter overheating E.225 
Clear sky E.302 

cooling in E.143–E.144 
daylight availability E.305–E.307 
daylight obstructions E.308–E.309 
design daylight factor E.310–E.312 
light shelves E.233, E.234 
refl ected sunlight E.173–E.175 
sky cover technique E.302–E.304 

Clerestory
for daylight E.108–E.110, E.177–E.179, E.192 
for solar heat 233, E.106–E.107 

Climate
 See Cold climate zones
 See also Hot-arid climates
 See also Hot climate zones
 See also Hot-humid climates
 See also Macroclimate
 See also Microclimate 

as a resource 80–81 
bundle variations based on 38–39 
cooling strategies 156 
data sources E.371–E.373 
daylight availability curves E.305 
daylight conditions estimation E.302–E.304 
in integrated design 56, 140–143 
maps 38–43 
navigation by 39–49 
selecting strategies 43–49, 140–143 
tree selection E.246 
window types 214–225, E.273–E.275 
zone defi nitions 41–43 
zones 38–43 

earth contact E.343 
microclimatic location E.13 
night-cooled mass 200–201, E.148 
priorities for heating and cooling strategies 43–45 

Climate analysis techniques E.279, E.338
 See also Combining climate, program and form analysis 

techniques, ix.D 

IN
D

IC
ES

: 
Su

bj
ec

t 



347
IN

D
IC

ES
: 

Su
bj

ec
t 

Climate as context analysis techniques, ix.A
adaptive comfort criteria E.314 
air movement principles E.292–E.296 
data sources E.371–E.373 
daylight availability E.305–E.307 
design daylight factor E.310–E.312 
overview E.279 
site microclimate E.297–E.301 
sky cover E.302–E.304 
solar radiation E.285–E.287 
sundial E.280–E.282 
sun path diagram E.283–E.284 
temperature and relative humidity E.313 
wind rose E.288–E.289 
wind square E.290–E.291 

Climate calendars E.344 
temperature 177–179 

Climate Consultant software E.288, E.342 
Climate data

additional, appendix G E.405–E.421 
by latitude/city, appendix F E.365–E.405 
daylight availability E.410–E.416 
daylight dot charts E.417–E.418 
degree days maps E.405 
Eugene, Oregon E.392–E.395 
frost date maps E.419 
ground temperature maps E.420–E.421 
Minneapolis, Minnesota E.396–E.399 
New Orleans, Louisiana E.378–E.381 
Phoenix, Arizona E.383–E.386 
sky cover maps E.406 
solar radiation maps E.407 
St. Louis, Missouri E.387–E.390 

Climate data by latitude/city, app.F E.365–E.406 
Climate zone maps E.366–E.370 

AIA Research Corp system E.370 
Alaska E.370 
Canada E.368 
continental US E.366 

Climatic Atlas Canada E.288 
Climatic Atlas of the United States E.288 
Climatic context 179, E.344 
Climatic envelope design strategy 111, E.16–E.18 

construction instructions E.16–E.17 
defi ned E.16 

in integrated urban patterns bundle 146–147 
in neighborhood of light bundle 112–114 

Closed loops heat distribution E.190–E.191, E.206 
Clothes drying, electric loads E.326–E.327 
Clothing, bioclimatic chart E.341 
Clouds, sky cover plotting E.302–E.303 
Cloudy climates
 See Overcast sky 
Cloudy climates, solar orientation E.119–E.120 
Clustered rooms strategy E.100 

evaporative cooling 237 
in passive solar building bundle 174–175 

Coal 288 
emissions factors 289 

Coates, Gary 10 
Coatings, solar refl ectance E.269 
Coeffi cient of performance (COP) 266, 269 
Cold air sinks E.157–E.159 
Cold climate bundles

integrated urban pattern variation 138–141, 146–147 
neighborhood of light variation 115–117 
outdoor microclimate variation 181–183 
responsive envelope bundle variation 190–193 

Cold climate zones 42, 45 
daylight access 110 
exterior color E.268–E.269 
loose or dense urban patterns 223, E.21–E.22 
microclimate location E.13 
site microclimate E.297–E.298 
solar orientation E.119–E.120 
thermal collectors for E.139–E.142 
topographic location 222 
windows E.273–E.275 

Collection
 See Solar collection 
Collectors
 See Solar collectors 
Collins, Stephen 10 
Colonnades effect, urban cooling 125–127 
Color 196 

daylighting E.158, E.176, E.223, E.267 
design strategies E.160, E.265 
exterior surfaces E.268–E.269

 See Exterior surface color strategy 
fl oors E.266, E.267, E.268–E.269 
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Color (cont.)
glare reduction E.158, E.222 
light shelves E.233–E.234 
pools and fountains E.27 
roofs E.266, E.267, E.268–E.269 
shading elements E.237, E.332–E.333 
skylight wells E.223 
solar heating E.268 
walls E.266, E.267, E.268–E.269 

Combining climate, program and form analysis techniques, 
ix.D

bioclimatic chart E.339–E.342 
data sources E.371–E.373 
earth contact E.343 
overview E.338 
shading calendar E.344–E.349 

Combustion emissions 288 
Comfort

adaptive criteria E.314 
bioclimatic chart 220–221, E.339–E.342 
controls E.264 
criteria 83, E.71 
outdoor 176–179, 223, 230, E.63, E.285–E.286 
solar radiation E.285–E.286 
temperature and relative humidity E.313 
windows E.273 

Comfort parameter E.56 
Comfort zone 220–221, E.339–E.342 

bioclimatic chart 220, E.339 
cooling zones 225, E.76, E.77 
expansion of 176–179 
expansion with evaporation E.341 
expansion with sun and wind E.341 
heating zones E.81–E.82 
night-cooled mass E.149 
outdoor 176–178 

Commercial building energy consumption survey 
(CBECS) 254, 285 

Commercial buildings
 See Nonresidential buildings 
Common areas at the heart pattern E.136 
Common wall

in sunspaces 239 
Compact fl uorescent lights E.324 

Compact organizations
clustered rooms E.100 
evaporative cooling 237, E.126–E.128 
loose and dense urban patterns E.21–E.22 
shared shade E.8–E.10 
urban wind 223 
wind catchers E.123–E.125 

Composing toilets E.328 
Comprehensive Energy Use Database (CEUD), Canada 285–

286 
Concrete, thermal mass E.204–E.206 
Concurrent mixed mode building E.79–E.80 
Condensation, earth contact E.343 
Condensation on windows E.273, E.274 
Condensed design tools 194–215 
Conductance, surface E.163 
Conduction, heat transfer E.137, E.138, E.163, E.273, 

E.330–E.331 
Conference center E.135 
Conference room E.145 
Confi guration E.2 
Connection to outdoors E.76, E.77, E.126–E.127 
Conservation criteria, envelope
 See Criteria, design: envelope conservation 

envelope conservation E.225 
Construction detailing, infi ltration E.337 
Consulate E.174 
Contents

SWL Electronic detailed 301–309 
SWL Printed detailed 295–299 

Contents Overview vii 
Context, climatic
 See Climate as context analysis techniques, ix.A 
Contextualism 31–32 
Concrete masonry, thermal mass E.204–E.206 
Controls 92
 See also Manual or automated controls strategy 

cooling zones 225, E.77 
electric lighting E.192–E.193, E.249–E.250, E.350 
equipment E.264 
in design decision chart 70–72 
manual or automated E.261, E.264 
migration E.73 
occupancy E.193 
shading E.248 
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ventilation E.261 
Convection, heat transfer E.111–E.113, E.114, E.137, 

E.139, E.163, E.250–E.252 
Convective loops strategy 173, E.105–E.106, E.111–E.113, 

E.116 
combined with mechanical distribution E.190–E.191 
examples E.140 
in passive solar building bundle 170–171 
sunspaces 239–240 
trombe walls E.138 

Convention halls E.108 
Converging ventilation corridors strategy 122–123, E.6–E.7 

in cooling neighborhood bundle 120–121 
Cooking, electric loads E.326–E.327 
Cool air drainage E.6–E.7 
Cooling

annual energy 262, 267–269 
bioclimatic chart 220–221 , E.342 
bioclimatic design 220–221 , E.339–E.342 
courtyard and room zoning E.71, E.72 
courtyards as cold air sinks E.157 
courtyard shading 244, E.170 
cross-ventilation/stack-ventilation combination E.86, 

E.88 
daylighting by refl ection E.173 
earth contact E.210 
earth sheltering E.208 
heat exchangers E.259 
mechanical ventilation E.253 
night-cooled mass 241, E.147 
refrigeration E.337 
roof ponds E.143–E.144 
room strategies E.68 
selecting strategies 156–165 
skin insulation requirements 296 
stack ventilation 212, E.145 
strategy matrix by scale 24–25 
transition to heating, E.356 
urban 118–127 
window shading devices, exterior, 248, E.239 
zones E.76–E.116 

Cooling and heating patterns
balance point profi les E.357–E.363 
balance point temperature E.356 
shading calendar E.344–E.349 

total heat gains and losses E.350–E.355 
Cooling neighborhood bundle 118–127, 136 
Cooling rate

cross-ventilation E.229 
earth contact E.208 
mechanical mass ventilation E.254 
mechanical space ventilation E.254 
night-cooled mass E.149 
roof ponds E.144 
stack-ventilation E.230 

Cooling zones strategy 86, 163, E.79 
condensed version 225 
energy programming E.316–E.317 
examples E.77–E.78 
full version E.76–E.78 
in passively cooled building bundle 157 
load schedules E.319 

Cool pipes E.259–E.260 
Cool pools E.11 
Cool towers E.126–E.128
 See Evaporative cooling towers strategy 
Copenhagen 154 
Cores

circulation E.90 
mechanical E.81 

Core strategies
 See Bundles 
Corner effect E.55–E.57 
Corridor buildings E.88–E.89 

single and double-loaded E.88–E.89 
Cost E.273, E.317 

energy E.63 
solar 247 

Cost net-zero energy building 270 
Courtyards

breezy and calm E.154–E.156 
cold air sinks E.72–E.73, E.157 
cooling zones E.76–E.78 
evaporative cooling 237, E.27, E.126–E.127 
heating zones E.81–E.82 
layer of shades 244, E.18, E.170–E.172 
location E.94–E.96 
migration E.71–E.73 
mixed mode building E.76–E.77 
orientation E.94–E.96, E.154–E.156 
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Courtyards (cont.)
periodic transformations E.74–E.75 
refl ected light E.174 
semi-enclosed exterior spaces 237, E.27 
shadow umbrella E.49–E.52 
shady E.49, E.157–E.159, E.170–E.172 
shape E.154–E.156 
size E.154–E.156 
ventilated E.58, E.154–E.156 
wind shelter patterns E.29, E.154 
zoning E.71–E.78, E.81–E.82 

Crawl space insulation E.196–E.197 
Criteria, design

buffer zones 227 
comfort E.76–E.77 
cooling strategies 156–159, E.79–E.80 
cooling zones 225, E.76–E.78 
daylight access E.15 
daylight uniformity E.109–E.110 
design daylight factor E.310–E.312 
design strategies inclusion E.1 
emissions targets 280–285 
energy targets 252–261 
energy zones and programming 218–219, E.317 
envelope conservation 184–185, 265 
fossil fuel reduction 252–261 
heating zones 226, E.81–E.82 
heat loss E.225, E.350, E.354, E.355 
illuminance levels E.115, E.323–E.324 
insulation E.196–E.202 
microclimate location E.13 
shadow umbrella E.50–E.52 
solar access building spacing E.60–E.62 
solar envelope E.18, E.40 
solar envelope, open space E.46–E.47 
solar heating systems 166–169 
tree selection E.246 
wing walls E.121–E.122 

Cross section, evaporative cooling towers E.128 
Cross-ventilation

corridor buildings E.89 
double-skin roofs E.270–E.272 
openings arrangement 245 
orientation E.118–E.119 
plan organization 228–229 

sizing 212–213, E.229 
stack-ventilation combined with, 228–229, E.86–E.89, 

E.230 
Cross-ventilation rooms strategy E.77, E.80 

condensed version 236 
examples E.86, E.88, E.90, E.180–E.181 
full version E.120–E.122 
in passively cooled building bundle 161 
permeable buildings E.86–E.89 
selection criteria 157–159 

Curtains
 See Draperies, shading 

insulating E.235–E.236 
Cutoff angle, shading E.66–E.67 
Cycles
 See Rhythms, daily and seasonal 

D
Dark colors E.268–E.269 
Darkening rooms E.145–E.146, E.180 
Daylight access 110–117, 148, 196–197, E.14–E.15 

envelopes E.36–E.39 
room zoning 234, E.115 

Daylight apertures strategy 184–185, 187–188, 190, 193
 See also Windows 

combined with other apertures E.180–E.181 
condensed tool 210–211 
daylight roofs E.177–E.178 
full version E.227–E.228 
in responsive envelope bundle 185–186 

Daylight availability curves E.307 
Daylight availability technique E.305–E.307 

data sources E.372 
data tables E.410–E.416 

Daylight blocks strategy 111, E.34–E.35 
in integrated urban patterns bundle 141–142 
in neighborhood of light bundle 112–114 

Daylight building bundle 111, 148–155 
in integrated urban patterns bundle 141, 143 
in neighborhood of light bundle 112–114 

Daylight density strategy E.14–E.15 
in integrated urban patterns bundle 142–143 
in neighborhood of light bundle 112–114 

Daylight distribution pattern
 See Daylighting: distribution 
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Daylight dot charts E.308–E.309, E.417–E.418 
Daylight-enhancing shades strategy E.237–E.238 

daylight access 110 
examples E.224, E.232–E.233, E.237–E.239, E.264 
in responsive envelope bundle 188–190 

Daylight envelopes strategy 111, E.14, E.36–E.39 
combined with solar envelope E.16 
condensed tool 196–197 
full strategy spread E.36–E.39 
in integrated urban patterns bundle 141–142 
in neighborhood of light bundle 110–114 
part of climatic envelope E.16–E.17 

Daylight factor E.305
 See also Design daylight factor technique 

annual energy use 272–273 
atrium E.20, E.131 
daylight access 197, E.36–E.37 
design targets E.310–E.312 
effect of refl ectances E.267 
electric lighting heat gain E.352–E.353 
glazed streets E.20 
recommendations E.310 
refl ected light E.174 
skylighting E.109, E.223 
window size 210–212, E.227 

Daylighting
building morphology 148–149 
building scale E.68 
colors for E.267 
controls E.350 
design daylight factor E.310–E.312 
design sky E.37 
design strategies 46 
distribution 202, E.109–E.111, E.150–E.152, E.182–

E.184, E.193, E.232–E.234 
earth shelter buildings E.208 
electric load reduction E.326–E.327 
energy programming E.317 
glare reduction E.222 
glazed streets E.20 
heat gain E.173 
planning strategies 148–149 
plants E.131 
refl ection E.150, E.173–E.175, E.177, E.247–E.248, 

E.268 

roof transmission E.176 
room depth E.147, E.152–E.153 
room zoning 234 
sensors E.192, E.193 
sky cover E.302–E.304 
strategy matrix by scale 25 
task lights E.249 
tension with heat loss E.187 
uniformity 202–203, E.109–E.110, E.183 
visible transmittance E.274–E.275 
window and glass types E.273–E.276 
window size E.227–E.228 
window wall E.152 

Daylight obstructions technique E.308–E.309 
data sources E.372 
dot charts E.417–E.418 

Daylight refl ecting surfaces strategy E.267 
louvers E.247–E.248 
skylight wells E.223 

Daylight roof strategy 154, E.107, E.177–E.179, E.276
 See also Open roof structure strategy 

in passive solar building bundle 174–175 
Daylight room depth
 See Sidelight room depth strategy 
Daylight room geometry strategy 153, E.150 

in daylight building bundle 150–151 
Daylight savings time E.50 
Daylight spacing angles tool E.36 

in condensed tools 196–197 
Daylight zones strategy 86, 152 

condensed version 234 
examples E.107 
full version E.115 
in daylight building bundle 151–152 

Detailed analysis techniques, Part IX
overview E.277–E.278 

Deciduous plants E.245–E.246 
Deep sun strategy

condensed version 233 
full version E.105–E.107 
in passive solar building bundle 173–175 

Degree days E.141, E.287, E.354 
data sources E.371 
maps E.405 
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Degree days method, annual energy use 264–267 
SWL Tools spreadsheet 266 

Dehumidifi cation E.337, E.343 
Dense urban pattern
 See Loose or dense urban patterns strategy 
Density

daylight access E.14, E.15 
high density fabric solar neighborhood bundle 132–135 
low density fabric solar neighborhood bundle 130–132 
materials for thermal storage 242–243 
solar access 128, 135–137, E.31–E.32 
thermal storage E.163, E.204 
ventilation E.58–E.59, E.123–E.125 

Design
characteristics 16–17 
complexity 15–17 
components 16–17 

 See Integrated design 
issues 16–18 
scale 15–17 

Design criteria
 See Criteria, design
Design daylight factor E.174, E.227, E.305–E.306, E.307 

clear sky worksheet E.312 
detailed method E.311–E.312 
instant method E.310–E.311 
quick method E.311 

Design daylight factor technique 210–211, E.310–E.312 
Design decision chart 51, 59–77 

conceptual breakdown 61, 72–73 
example 73–77 
overview 59–60 

Design equivalent temperature difference (DETD) 268 
Design guidelines
 See Recommendations, bundles
 See also Criteria, design 

daylight refl ectance of fi nishes E.267 
mass arrangement E.164–E.167 
window placement E.182–E.183 

Design path for energy reduction 5–8 
Design patterns E.136 
Design process E.317 

and bundles 101 
front loaded sustainable design 13–14 
hierarchy of strategies for net-zero building design 5–8 

integrated design 56–57 
schematic design E.1–E.2 

Design strategies
 See Level: of complexity 

balance point profi les E.357–E.363 
by climate and energy intentions 43 

all climates 46 
all hot climates 48 
cold climates 47 
daylight 46 
high-performance metrics 46 
hot-arid climates 49 
hot-humid climates 49 
moisture 49 
multiple forces 46–48 
sun 46–48 
temperature 47–48 
wind 46–48 

condensed 216–249 
criteria for inclusion in SWL E.1–E.2 
defi ned E.1–E.2, E.277 
earth contact E.343 
hierarchy of strategies for net-zero 5–8, 247 

level of archetypes 6–7 
level of effi cient technology 7 
level of green power 8 
level of high-performance 8 
level of passive design 7–8 

in energy zones 218 
on bioclimatic chart 220–221, E.339–E.342 
photovoltaics and net-zero 274 
scale E.1, E.2 

Design strategy maps 27–37 
analysis and context thought 31–32 
building groups scale 32–33 
building parts scale 36–37 
buildings scale 34–35 
example of daylighting 28–29 
links and levels 29–31 
sunspace example 30–31 

Design temperatures, data sources E.373 
Design wind speed 212–213, E.125 
Detailed design strategies, overview E.1–E.2 
Detailing, air tightness E.337 
Development controls E.14, E.36 
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Dew point temperatures
earth contact E.343 

Diagrams
deep sun E.105–E.107 
energy programming E.316–E.317 
energy zones 218–219 
permeable building organizations E.87–E.88 

Diarra, Mahamadou 10 
Differential opening method E.230 
Differential organizations E.91–E.93 
Diffusers, air E.258 
Dimming E.192–E.193 
Dining areas E.81 
Direct gain rooms strategy 136, 170, 173, 193, E.75, E.82, 

E.189 
characteristics and components 167–168 
condensed version 238 
examples E.82, E.105, E.167–E.169, E.203, E.206–

E.207, E.224 
full version E.132–E.133 
heat distribution E.112–E.113, E.190–E.191 
in passive solar building bundle 169–170 
night insulation E.235–E.236 
orientation E.119–E.120 
surface absorptance/refl ectance E.266 
thermal mass for 206–207, 242–243 
thermal storage E.167–E.168 

Direct mass 220–221, E.167, E.203–E.204
 See also Thermal mass
 See also Thermal mass strategy
 See also Thermal storage 

distribution to E.190–E.191 
mass arrangement 242–243 
sizing E.204 

Direct solar gain E.132 
Discomfort glare E.222 
Dispersed buildings strategy 123, 181, E.58–E.59 

in cooling neighborhood bundle 120–121 
Dispersed organizations

urban wind 223, E.21–E.22, E.54, E.58–E.59 
Distribution, heat and cool
 See also Mechanical heat distribution strategy

air-air heat exchangers E.261–E.262 
closed loops E.190–E.191 
confi guration E.253–E.262 

convective loops E.116 
ducts and plenums E.257–E.260 
earth-air heat exchangers E.259–E.260 
elements sizing E.256–E.257 
fan size E.254 
hybrid closed/open loops E.190–E.191 
mechanical E.189–E.191 
mechanical mass ventilation E.253–E.254 
mechanical space ventilation E.255–E.256 
modes E.112–E.113 
moving heat to cold rooms E.111–E.113 
open loops E.190–E.191 
organizations E.111–E.113, E.189–E.191 
passive solar systems 166–169, E.68, E.106, E.111–

E.113 
size E.253–E.262 
sunspaces E.134 
type E.189–E.191 
water-based 266 

Diurnal heat capacity (DHC) E.204–E.205 
Diversity of illuminance E.110 
DOE commercial reference buildings defi nitions 255 
Dog-trot E.136
 See also Venturi breezeway 
Dome-type roofl ights E.110 
Doors, insulation 205, E.198–E.201 
Dormitory E.127 
Double-loaded corridor E.88–E.89 
Double-skin

effi ciencies E.272 
facade E.248, E.270–E.272 
roof E.130, E.270–E.272 

Double skin materials strategy 163 
in responsive envelope bundle 186–189 

Double-skin materials strategy E.270–E.272 
Double volumes, stack-ventilation 228–229 
Downdraft evaporative cooling E.126–E.128 
Downwash vortex effect E.55–E.57 
Draperies, shading E.332–E.333 
Dry climate zone 41–42 
Ducts

air velocity E.258 
earth-air heat exchangers E.259–E.260 
shape E.258 
sizing E.255–E.256, E.258 
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Ducts (cont.)
volumetric air fl ow E.254, E.258 

Ducts and plenums strategy E.257–E.258 
examples E.116, E.189, E.191, E.218, E.250–E.251, 

E.253–E.254, E.257, E.260, E.262 
Duplex housing E.31–E.32 
Dust E.157 

E
Earth-air heat exchangers strategy E.259–E.260, E.343 

annual energy use 268 
examples E.111, E.189, E.191 
mechanical heat distribution E.190–E.191 
selection criteria 157–159 
sizing E.259 

Earth contact technique E.343 
cooling rate estimation E.208, E.210 
selecting cooling strategies 158–159 

Earth edges strategy 190, E.208–E.210, E.259 
annual energy use 268 
examples E.208–E.209 
ground temperature maps E.420–E.421 
in responsive envelope bundle 186–187 
selection criteria 158–159 

Earth sheltering E.208–E.210 
daylighting strategies E.208 
suitability in different climates E.343 
ventilation strategies E.208 

Earth tubes E.259 
East-west axis

urban cooling 118 
East-west elongated building groups strategy 122–123, 

132, 135, 145 
condensed tool 198–199 
full strategy spread E.60–E.62 
in integrated urban pattern bundle 146–147 
in solar neighborhood bundle 129–130 
neighborhood arrangements E.31–E.32 

East-west plan strategy 170, E.103–E.104 
in passive solar building bundle 170–171 

Ecotect software E.288 
Eddies E.59 
Edges

earth sheltering E.208–E.210 
green E.65 

water E.168 
windbreaks E.63–E.64 

Education buildings E.19, E.67, E.72–E.73, E.77, E.79–
E.80–E.82, E.105, E.111, E.121, E.123, E.126, 
E.132, E.146, E.154, E.166–E.167, E.189, E.212, 
E.229–E.230, E.237–E.238 

Effective Heat Capacity (EHC) E.205 
Effi cacy, luminous E.323–E.324 
Egg crate shading devices 248, E.239, E.332 
e-GRID factors, regional US 288 
Egyptian wind catcher E.124 
Eisenhower, Jared 10 
Electrical systems

active tailored 92–93 
Electric grid interconnection regions 288–289 
Electricity

consumption data E.326 
DC E.212 
emissions factors 280–281, 289 

Electric lighting
energy use E.192–E.193, E.249, E.323, E.326–E.327 
fl uorescent E.192 
heat gains E.323–E.324 
layered E.192–E.193 
level in energy zones 218–219 
luminous effi cacy E.323–E.324 
organizations E.249 
task lights E.249 
types E.324 

Electric lighting heat gains E.76–E.77 
Electric lighting heat gain technique E.249, E.323–E.324, 

E.350, E.352–E.353 
Electric light zones strategy 86, 153, E.192–E.193
 See also Daylight zones strategy 

in daylight building bundle 151–152 
task lights E.249 

Electric loads technique E.326–E.327 
in net-zero calculations 272 
photovoltaic sizing E.212–E.214 

Electronic Contents
abbreviated xi–xiv 

Elements
building parts E.160–E.161 
by scale E.2 

Elevation and temperature E.13 
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Elongated organizations E.58–E.62 
Embassy E.270 
Emissions

direct and indirect 252 
factors by fuel type 280–281, 288–289 
factors for electricity 289 
negative 289 
on-site and off-site 252 
precombustion and combustion 288–289 
targets 250–251, 280–285 
U.S. carbon dioxide 2–4 

Emissions net-zero energy building 270 
Emissions targets assessment 280–285 

Canada commercial buildings 284–285 
Canada residential buildings 286–287 
US commercial buildings 281–283, 285 
US residential buildings 286 

Emittance, materials E.138, E.266, E.269, E.270–E.272 
Enclaves, thermal E.73, E.75 
Enclosure, courts

evaporative cooling E.27 
Enclosure, room E.68 

atrium building 231, E.97–E.99 
cross-ventilation 236, E.120–E.122 
daylight room geometry E.150 
direct gain rooms 238, E.132–E.134 
evaporative cooling towers 237, E.126–E.128 
heating zones 226, E.81 
night-cooled mass E.147–E.149 
roof ponds E.143–E.144 
sidelight room depth E.152–E.153 
stack-ventilation rooms 240, E.145–E.146 
sunspaces 239, E.134–E.136 
thermal collector walls and roofs E.139–E.142 
thermal storage walls E.137–E.138 
toplight room E.129–E.131 
transformations E.74–E.75 
wind catchers E.123–E.125 

Enduring microclimate hypothesis 176 
Energy
 See also Energy targets assessment

intentions and strategies 44–49 
non-space conditioning 262 
targets 250–253, 277
topical issues 108 

use in buildings 53–57 
Energy balance index (EBI) 54, 80 
Energy conscious occupant behavior synergy 82–83 
Energy conservation strategies, based on balance point 

profi les E.361–E.363 
Energy consumption

reduction by design path 5 
U.S. electricity 3 
U.S. energy 3 
world 4–5 

Energy costs E.63 
Energy demand intensity (EDI) 250–251, 262 

conversion equation 267, 269 
in net-zero energy balance 271–273 

Energy effi ciency
equipment 266–267, 269 

Energy effi ciency ratio (EER) 269 
Energy intensity, electrical E.326 
Energy issues, organization E.2 
Energy production intensity (EPI), 54, 80–81, 250, 262 

equation 275 
in net-zero energy balance 271–273, 275 

Energy programming technique 87, 218–219, E.79 
Energy sources 4–5 
Energy Star program 250, 266, 269 

equipment E.325 
Energy Studies in Buildings Laboratory 11, E.314 
Energy targets assessment 252–261 

climate zones 255, 259 
EUI, Canada nonresidential buildings 258–259 
EUI, Canada residential buildings 260, 261 
EUI, US nonresidential buildings 254–257 
EUI, US residential buildings 260 
selection process 253–254 

Energy use intensity (EUI) 53–54, 80–81, 250–251
 See also Energy targets assessment 

as an energy target 252–261 
equation 250, 262, 271, 277 
in net-zero energy balance 271–273 
multiple purposes 276 
net site calculation 276–279 

Energy use intensity (EUI) assessment 276–279 
example building 277–278 

Engineering Weather Data CD-ROM E.288 
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Envelope 88–89 
 See Form and envelope analysis techniques, ix.C 

daily heating cooling patterns E.359–E.362 
heat gain and loss E.350, E.354–E.355 
in design decision chart 68–69, 72 
responsive bundle 184–193 
shading E.85 
strategies based on balance point E.362–E.363 

Envelope ratio (urban cooling) 125–127 
Environmental center E.132 
EPA 250 
EPA Target Finder 254, 281–283, 288 
Equator-facing 14 
Equipment and appliances E.263 

controls E.264 
effi ciency E.326–E.327 
electric loads E.326–E.327 
energy effi ciency 266–267 

Equipment heat gains E.76–E.78, E.81 
Equipment heat gain technique E.325, E.350–E.351 
Etters, Jordan 11 
Eugene, Oregon E.34 
Eugene, Oregon climate data E.392 
Evacuated collectors E.216 
Evaluation methods

annual energy use 262–269 
carbon-neutral buildings 288–291 
energy use intensity 276–279 
net-zero energy balance 270–275 
strategy matrix by scale E.277–E.278 

Evaporation
bioclimatic chart E.305–E.307, E.339–E.342 
bioclimatic design strategies, E.340 
from water bodies E.168 

Evaporative coolers 156 
Evaporative cooling E.72–E.73 

direct 220–221, E.339–E.340 
indirect 220–221, E.339–E.340 
on bioclimatic chart 220–221, E.339–E.340 
rock beds E.250 
roof ponds E.143 
roof spray E.80 
urban planting E.25–E.26 
water edges E.168 

Evaporative cooling towers strategy 164 

condensed version 237 
examples E.79–E.80, E.126–E.127, E.165, E.167 
full version E.126–E.128 
on bioclimatic chart 221–222 
passively cooled building bundle 163–165 
selection criteria 157–159 

Evapotranspiration E.25–E.26, E.65–E.66 
Exhaust air-fl ow windows E.231 
Exhaust air outlet size E.255 
Exhaust location E.78 
Exhibit building E.164, E.166–E.167, E.213, E.248 
Experience E.76, E.163 
Exterior illumination E.305 
Exterior surface color strategy 190, E.268–E.269 

examples E.158 
in responsive envelope bundle 186–189 

Externally refl ected component E.150, E.308–E.309 
External shading strategy 136, 187, 193 

condensed version 248–249 
examples E.224–E.225, E.232–E.233, E.237–E.241, 

E.245 
full version E.239–E.246 
in responsive envelope bundle 186–189 

F
Facade

layered composition E.137–E.138, E.224–E.225, E.270–
E.272 

refl ectance E.20, E.36–E.38, E.131, E.268–E.272 
shading E.8, E.85, E.270–E.272 

Factories E.108, E.227–E.228 
Fans E.77, E.218, E.253 

air volume E.255 
and mass arrangement 242 
ceiling E.256 
energy use 264, 266, 268, E.79 
heat distribution assist E.116, E.134, E.140, E.250 
night-cooled mass assist 241, E.253–E.254 
sizing for ventilation E.254, E.255 
space ventilation E.255–E.256 
whole house E.256 

Farm E.63, E.126 
Farmhouse kitchen pattern E.136 
Favorite design strategies, condensed, Part VI 216–249 
Favorite design tools, condensed, Part V 194–215 
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Fences, as windbreaks E.64 
Ferriss, Hugh E.36 
Finishes, daylight refl ectances E.267 
Fins, ventilation E.121 
Fins, vertical shading E.237, E.244, E.332 
Fireplaces E.78 
Five points of modern architecture E.183 
Fixed shades
 See Shades: fi xed 
Fixtures, water use E.328 
Flag lot E.31–E.32 
Flat plate collectors E.216 
Floor area ratio (FAR)

daylighting E.14–E.15 
Floors

area and SSF E.225–E.226 
below-grade E.208–E.210 
colors

exterior surfaces E.268–E.269 
for daylighting, E.267 
for solar heating, E.266 

daylight refl ectance E.267 
earth-contact cooling E.210 
insulation 204–205, E.196–E.202 
mass surface absorptance E.266 
materials E.203–E.207 
skin insulation requirements, 296 
thermal mass surfaces, 238, 242, E.163–E.167, E.203–

E.207 
thickness E.196–E.207 

Flow regimes, wind E.58–E.59 
Fluid, wind as E.292 
Fluorescent lights E.324, E.326 
Foliation periods E.245–E.246 
Form analysis techniques E.329, E.338
 See also Combining climate, program and form analysis 

techniques, ixD 
Form and envelope analysis techniques, ix.C

data sources E.371–E.373 
overview E.329 
skin heat fl ow E.330–E.331 
ventilation or infi ltration gain and loss E.335–E.337 
window solar gain E.332–E.333 

Fossil fuels
age of 176 

reduction targets 250–251, 278–279 
Foundation insulation E.196–E.201 
Fountains E.168 

courtyard cooling, E.27, E.157 
Framing factor, roof E.176, E.178–E.179 
Fresh air E.80, E.81
 See also Ventilation: fresh air 

air-air heat exchangers E.261–E.262 
air-fl ow windows E.231 
design strategies E.161 
earth-air heat exchangers E.259–E.260 
mechanical ventilation inlet size E.255 
rates required for ventilation E.336–E.337 
tempering E.191, E.218–E.219, E.231 

Fresno, CA E.142 
Friction, wind E.292 
Fritted glass E.233 
Frost date E.46 
Frost date maps E.419 
Fuel cost E.273, E.326–E.327 
Fuel oil

emissions factor 280, 289 
Fuel type

annual energy use 262, 272–273 
electric loads E.326–E.327 
emissions 272, 280, 288–289 
insulation recommendations 205, E.196–E.197 
mix of gas and electric 281, 283 
window recommendations E.273 

Furnaces, location E.78, E.81 

G
Galleria E.19–E.20 
Gap effect E.55–E.57 
Gardens and gardening E.18, E.46–E.48, E.62, E.208 
Gas
 See Natural gas 
Gasoline emissions factor 289 
Generation
 See Power generation:  
Geometry, daylight rooms E.150 
Gill, Emma 10 
Glare

daylighting by refl ection E.173, E.237–E.238, E.267–
E.268 
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Glare (cont.)
light shelves E.232–E.234 
reduction of E.129, E.179, E.222, E.232–E.234, E.237–

E.238, E.267, E.274 
task light E.249 
window edges E.222 
window shading devices E.237–E.238, E.346 

exterior 248, E.239 
Glare-free rooms strategy E.151 
Glass and window types strategy E.273–E.276 
Glass block E.332 
GlassX (PCM) E.167 
Glazed streets strategy E.19–E.20 

in neighborhood of light bundle 114–115 
in solar neighborhood bundle 132 

Glazing/glass
 See Window and glass types strategy
 See Windows 

fritted E.233 
orientation E.118–E.119 
recommendations 214–215 
shading between E.247–E.248 
shading coeffi cients E.332–E.334 
tinted/refl ective E.275 
types E.275 

Global warming potential (GWP) 280–281 
Glossary 317–329 
Gradient, illuminance E.152 
Gradual height transitions strategy 135, E.23 

in solar neighborhood bundle 132–133 
Green Building Initiative (GBI) 288 
Green edges strategy 123, E.65 
Greenhouse E.136 
Greenhouse gas (GHG) emissions 252, 280, 288 
Greenways E.6 
Grid-connected PV E.213 
Grocery store E.124 
Gross-to-net ratio

daylighting 231 
Ground contact cooling
 See Earth edges strategy 
Ground temperature maps E.420–E.421 
Ground water temperature E.216 
Groups of buildings
 See Building groups scale strategies 

Growing season E.46 
Gymnasiums E.108 

H
Halogen lights E.324 
Handicapped access E.89 
Hardiness zones E.246 
Hartford, CT E.142 
Head height E.152
 See Windows: head height 
Head, splayed E.222 
Heat capacity

diurnal (DHC) E.204 
effective (EHC) E.205 
volumetric E.204 

Heat distribution
 See Distribution, heat and cool
 See also Mechanical heat distribution 
Heat exchangers 193, E.80, E.215, E.259, E.335, E.337
 See also Air-air heat exchangers strategy
 See also Earth-air heat exchangers strategy 

air-fl ow windows E.231 
effi ciency E.261 
rotary E.262 

Heat gain
annual energy use calculations 267–269 
balance point and E.356 
daylighting by refl ection E.173 
electric lights E.249, E.323–E.324, E.350, E.352, E.353 
energy programming E.316–E.317 
equipment E.325 
estimation of E.335, E.350–E.355 
infi ltration E.350, E.354 
occupancy E.320–E.322 
quick method E.350–E.355 
removal by ventilation 212–213 
roofs E.350, E.354 
room zoning 226 
room zoning for E.81 
skin fl ows (envelope) E.330–E.331, E.350, E.354–E.355 
SWL Tools method E.354 
toplighting E.130 
ventilation E.261, E.350, E.354 
walls E.350, E.354 
windows E.187, E.332–E.334, E.350, E.354 
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Heating
annual energy 262, 262–267 
colors E.268 
courtyard and room zoning E.71 
daily generic strategies E.357 
direct gain solar system E.132 
earth sheltering strategy E.208 
equation 266 
passive solar supplement, E.188 
roof ponds E.143 
room zoning for temperature stratifi cation E.114 
shading E.283 
strategies on bioclimatic chart 220–221 
strategy matrix by scale 24–25 
sunspaces, E.134 
transition to cooling, E.356 
trombe wall strategy, E.137 
window insulation, E.235 

Heating and cooling patterns
balance point profi les E.357–E.363 
balance point temperature E.356 
shading calendar E.344–E.349 
total heat gains and losses E.350–E.355 

Heating degree days E.287, E.354 
different base temperatures 265–266 
maps E.405 

Heating oil E.326 
Heating season performance factor (HSPF) 266 
Heating zones strategy 86, 170 

condensed version 226 
energy programming E.316–E.317 
examples E.105 
full version E.81–E.82 
in passive solar building bundle 169–170 
migration E.72–E.73 

Heat loss
balance point and, E.356 
conservation criteria E.354–E.355 
earth sheltering E.208, E.343 
estimation of E.335, E.350–E.355 
in annual energy use calculation 264–266 
infi ltration E.350 
skin fl ows (envelope) E.330–E.331, E.354–E.355 
SWL Tools method 264–266, E.354 
ventilation E.261, E.350 

windows E.187 
worksheet E.355 

Heat pipe heat exchanger E.80 
Heat-producing zones E.81
 See Cooling zones strategy
 See Heating zones strategy 
Heat pump 269, E.79, E.263 
Heat recovery ventilation system E.335 
Heat storage materials E.204 
Heat transfer
 See Conduction, heat transfer
 See Convection, heat transfer
 See Radiation, heat transfer 

skin fl ows E.330–E.331 
Heat transfer coeffi cients E.163 
Heat zones, plants E.246 
Height-to-width ratio

atrium 231, E.131 
courtyards E.154–E.156, E.158–E.159 
daylight access 196–197, E.14–E.15, E.36–E.39 
glazed streets E.19–E.20 
linear atrium E.19–E.20 
shared shade, urban E.8–E.10 
solar access 198–199 
urban cooling 118–119, 125–126, E.58–E.59 

Hempcrete walls E.202 
Hierarchy
 See also Level: of complexity 

design strategy maps 27 
ecological theory 27 
strategies for net-zero 5–8 

High density fabric solar neighborhood bundle 132–135 
High intensity discharge lights E.324 
High-performance

ASHRAE guideline publications 250 
design strategies 47 

High-performance buildings assessments 250–291 
overview 250–251 

High pressure sodium lights E.324 
Holarchy 32 
Holism 31–32 
Holon 32 
Horizon, illuminance E.302, E.308 
Hospital E.101, E.221, E.231 
Hostel E.138 
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Hot-arid climates
cooling neighborhood bundle variation 123 
courtyards E.155–E.159 
evaporative cooling E.126–E.128, E.168 
green edges E.65 
hot-arid responsive envelope bundle 188–190 
passively cooled building bundle 163–165 
refl ected sunlight E.173–E.175 
site microclimate E.297–E.298 
topographic location 222, E.13 
water edges E.168 

Hot-arid passively cooled building bundle variation 163–
165 

Hot-arid responsive envelope bundle variation 188–190 
Hot climate integrated urban pattern bundle variation 143–

145 
Hot climate outdoor microclimate bundle variation 179–181 
Hot climate zones 42, 44 

breezy streets E.21–E.22 
cooling neighborhood bundle 118–127 
daylight access 110 
exterior color E.268–E.269 
integrated urban pattern bundle 143–145 
loose or dense urban patterns strategy 223 
neighborhood of light bundle 113–115 
outdoor microclimate bundle 179–181 
passively cooled building bundle 156–165 
responsive envelope bundle 186–191 
site microclimate E.297–E.298 
windows E.273–E.276 

Hot-humid climates
cooling neighborhood bundle variation 121–123 
courtyards E.154 
dispersed buildings E.58, E.59 
passively cooled building bundle variation 156–159 
responsive envelope bundle 187–190 
site microclimate E.297–E.298 
topographic location 222, E.13 

Hot-humid passively cooled building bundle variation 157, 
160–163 

Hot-humid responsive envelope bundle variation 186–188 
Hot water
 See Solar hot water strategy 

consumption data E.328 
electric loads E.326–E.327 

equipment heat gains E.325 
loads E.328 
storage location E.78, E.81 

House for a small family pattern E.136 
Houses, detached
 See Residences, examples 
Housing E.58, E.62, E.63, E.71, E.84, E.88, E.90, E.104, 

E.114, E.116, E.127, E.134, E.139–E.140, E.215, 
E.261, E.268

 See also Residences, examples 
solar access 135–137 

Humidity
 See Relative humidity 
HVAC

backup E.189–E.191 
cooling zones E.76–E.78 
equipment effi ciency 266–267, 269 
in SWL Tools spreadsheet 266 

Hybrid conditioning
 See also Heating zones strategy
 See also Mixed mode building strategy 
Hybrid solar heating

heat distribution E.190–E.191 
Hydroelectric power 288–289 
Hypocaust fl oors or ceilings E.86, E.89, E.140, 

E.164–E.167, E.190–E.191, E.262 

I
IES illuminance categories E.323–E.324 
Illuminance

and sky cover E.302–E.304 
and sun position E.302–E.303 
data tables E.410–E.416 
diversity E.109–E.110 
electric lighting zones E.193 
exterior E.305–E.307 
IES categories E.323–E.324 
levels and targets E.249 
levels by activity type E.115, E.323 
ratios E.249 
refl ector walls E.175 
uniformity E.109–E.110, E.152 

Illumination
levels, interior E.311, E.323–E.324 

Incandescent lights E.324 
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Incidence angle, wind E.229 
Indirect-gain solar systems E.137 
Indirect mass 206, E.112, E.139, E.167, E.203–E.206, 

E.250–E.252
 See also Thermal mass
 See also Thermal mass strategy
 See also Thermal storage 

distribution to E.190–E.191 
mass arrangement 242 
sizing E.204, E.205 

Indoor air quality (IAQ) E.261 
Inertia, wind E.292 
Infi ltration

heat gain and loss estimation, 268, E.335–E.337, E.350 
solar heating and E.1 
urban pattern 223 
windbreaks E.63 
windows 214–215, E.273 
window size E.173 

Infi ltration gain and loss technique E.335–E.337 
Infrared emittance E.269 
Inlets 236 

courtyards E.155–E.156 
cross-ventilation E.118–E.122, E.180–E.181, E.229 
evaporative cooling 237–238, E.126–E.128 
mechanical ventilation E.255 
orientation 235 
size 212–213, E.229–E.230, E.255–E.256 
stack-ventilation 240, E.145–E.146, E.180–E.181, 

E.229–E.230 
Insect screens E.180 
Insulation

bioclimatic design strategies 220, E.339 
curtains E.235 
design strategies E.1, E.160 
earth sheltering E.208 
hot water storage and pipes E.325 
massive storage walls E.169 
materials and type E.202 
movable E.235–E.236

  See Movable insulation strategy 
nonresidential E.200–E.201 
placement strategies E.196 
recommendations 204–205, 296, E.196–E.202 
residential low-rise E.196–E.198 

residential mid- and high-rise E.198–E.199 
rigid E.235 
roof ponds E.143 
R-value E.202, E.330 
skin heat fl ow E.330–E.331 
translucent E.138 
windows E.235–E.236 

Insulation outside strategy 173, E.169 
in passive solar building bundle 170, 172 
in responsive envelope bundle 191–192 
mass arrangement 242–243 

Integrated design 55–57 
Integrated urban patterns bundle 138–147 
Intention of SWL 2–4 
Interactive adaptation E.314 
Interior mass 242 
Internal and in-between shading strategy E.247–E.248, 

E.332–E.333 
examples E.233, E.276 
in responsive envelope bundle 190–191 
night-cooled mass 193 

Internal heat gain
balance point profi les E.358, E.359 
cooling zones E.76–E.78 
energy programming 218–219, E.317 
heating zones 226, E.81–E.82 
occupants E.320–E.322 
passive solar buildings E.226 
total gains and losses E.350–E.355 

Internal heat generation strategies E.362–E.363 
Internal-load-dominated buildings

night-cooled mass 200, E.148 
shading calendar E.344–E.349 
site microclimate E.297–E.298 
windows 214–215, E.274–E.275 

Internally refl ected component E.150 
International climate zones 38–42 

maps 40–42, E.366–E.369 
International Station Meteorological Summary CD-

ROM E.288, E.290, E.303 
Interstitium E.18, E.50 

Interwoven buildings and planting strategy 122–124, 145, 
E.6 

in cooling neighborhood bundle 120–121 
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Interwoven buildings and planting strategy (cont.)
in integrated urban patterns bundle 142–143 
strategy spread E.24–E.25 

Interwoven buildings and water strategy E.27 
Interwoven organizations

buildings and planting E.24–E.25 
buildings and water E.27 

Introduction 13–19 
Iranian wind catcher E.124–E.125 
Isolated mass E.190–E.191 
Isolated roughness fl ow E.59 

J
Jamb, splayed E.222 
Johannesburg, South Africa, 189–190 

K
Ka’a E.127 
Kalwall E.332 
Kindergarten E.212 
Kitchens E.78, E.81 
Knowledge structure 1–6, 14–19 
Knowles, Ralph E.18, E.41 
Kousar Riz, Iran E.27 

L
Laboratory or research buildings E.80, E.164–E.165, E.189, 

E.191, E.229–E.230 
Landforms, air movement E.11–E.12 
Landforms, wind effects E.292–E.294 
Landscaping, directing winds E.120 
Latent heat storage E.207 
Latitude

block size for daylight E.34–E.35 
daylight access 196–197, E.14–E.15, E.36–E.37 
daylight availability E.307 
design daylight factor E.310–E.311 
solar access 198–200, E.42–E.45, E.47, E.48, E.60–E.62 
urban shade 140–141, E.9–E.10 

Lattice, shading E.172 
Layer of shades strategy 163, 165, 180–181, 190
 See also Overhead shades strategy 

as buffer zone 227, E.85, E.170–E.172 
condensed version 244 
in outdoor microclimate bundle 180–181 

in passively cooled building bundle 157, 160 
in responsive envelope bundle 186–187 

Layers
daylight-enhancing shades E.237–E.238 
double skins E.270–E.272 
electric lights E.192–E.193 
external shading strategy 248–249, E.239–E.246 
in-between shading E.247–E.248 
internal shading E.247–E.248 
in thermal storage wall E.137–E.138 
light shelves E.232–E.234 
movable insulation E.235–E.236 
of shades 244, E.66–E.67, E.170–E.172 
of space E.71–E.72 

Le Corbusier E.183 
Lee, wind E.297–E.299 
Level

nine level system 27–29, E.3–E.5 
of archetypes 6–7 
of complexity 15–17, 27–32, 98, 108, E.1 
of effi cient technology 7 
of high performance 8 
of passive design 7–8 
of scale 27 

Level 1, materials, overview E.265 
Level 2, elements, overview E.194–E.195 
Level 3, building systems, overview E.162 
Level 4, individual rooms, overview E.117 
Level 5, room organizations, overview E.70 
Level 6, whole buildings overview 94–95, E.69
 See also Daylight building bundle
 See also Outdoor microclimates bundle
 See also Passively cooled building bundle
 See also Passive solar building bundle 
Level 7, urban elements, overview E.33
 See also Building groups scale strategies [L7] 
Level 8, urban fabric strategies, overview E.5
 See also Building groups scale strategies [L8] 
Level 9, neighborhood bundles, overview E.4 
 See also Cooling neighborhood bundle
 See also Integrated urban patterns bundle
 See also Neighborhood of light bundle
 See also Solar neighborhood bundle 
Libraries E.108, E.115, E.177, E.182, E.222, E.249, E.276 
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Light
 See Daylighting; Electric lighting 

daily heating cooling patterns, E.358 
daylight availability E.305–E.307 
daylight obstructions E.308–E.309 
passive solar supplement E.188 
sky cover E.302–E.304 

Light court 231
 See also Atrium building strategy 
Light from two sides of a room E.182–E.184 
Lighting, electric
 See Electric lighting 
Lighting levels

and energy zones 218–219, E.317, E.323–E.324 
daylighting potential E.317 
daylight zones 234 

Lighting power E.193 
Light shelves strategy E.232–E.234 

and ceiling slope E.150 
examples E.192, E.232–E.233 
length E.233 
thin building organization E.102 
windows E.232 

Light-to-solar-gain ratio (LSG) 214–215, E.275–E.276 
Light well 173, E.108, E.223 
Linear organization E.137–E.138 
Linear skylights E.109–E.110 
Links 29–30, 105–106 
Load collector ratio (LCR) method E.226 
Load-responsive scheduling technique E.79, E.318–E.319 
Loads

climate as a driver 53 
cooling 156, 268–269 
design as a driver 53 
energy 53, 278–279 
heating 264–267 
reduction strategies 53 
use as a driver 53 

Locating outdoor rooms strategy 163, 165 
condensed version 230 
full version E.94–E.96 
in outdoor microclimate building bundle 178–179 
in passively cooled building bundle 157, 160 

Location
building groups E.11–E.13 

collectors, solar hot water 246, E.215–E.217 
insulation E.169 
light shelves E.234 
mass arrangement 242 
outdoor rooms 230, E.94–E.96 
roofs E.177–E.179 
rooms E.68 
shade for open space E.49–E.52 
site microclimate E.297–E.301 
thermal storage E.163–E.167 
topographic microclimate 222, E.11–E.13 
ventilation openings 245 
windows E.182–E.187 

Lodging E.132, E.135 
LOF Sun Angle Calculator E.9
 See Sun angle calculator, LOF 
Loose or dense urban patterns strategy 122–123, 132 

condensed version 223 
full strategy E.21–E.22 
in cooling neighborhood bundle 119–120 
in integrated urban patterns bundle 142 
in solar neighborhood bundle 129–130 

Lot layouts E.31–E.32 
Louvers and vents

exterior 187 
in envelope E.120–E.121, E.123–E.124 
interior 173, E.89, E.116 
shading E.66–E.67, E.85–E.86, E.237 
sizing E.116, E.241–E.245 

Low contrast strategy E.222 
Low density fabric solar neighborhood bundle 130–132 
Low-e E.270 
LPG, liquefi ed petroleum gas

emissions factor 280, 289 
Luan, Allison 10 
Lumen maintenance E.193 
Luminaires, electric light E.324 
Lyle, John T. 176 

M
Macroclimate
 See Climate
 See also Microclimate 
Madison, WI E.142 
Magnitude E.2 
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Malkaf E.123–E.124 
Manual or automated controls strategy 92–93, E.74, E.77, 

E.80, E.192–E.193, E.261, E.264 
Maps

climate zones E.366–E.370 
frost dates E.419 
ground temperature E.420–E.421 
heating degree days E.405 
sky cover E.303, E.406 
solar radiation E.407–E.408 

Mardin, Turkey E.11 
Marine climate zone 41–42, 45 
Marketability E.19 
Markets E.124 
Mashrabiyya E.157–E.158 
Masonry E.163–E.167, E.169 

hollow 243 
mass arrangement 242–243 
thermal mass 206–207, E.204–E.206 
thermal storage wall E.137–E.138 

Mass
 See Thermal mass 
Mass arrangement

night-cooled mass 241 
Mass arrangement strategy 170, 173 

condensed version 242–243 
full version E.163–E.167 
in passive solar building bundle 171–172 
in responsive envelope bundle 186–189 
passively cooled building bundle 163–165 
passive solar E.106–E.107 

Massing
climatic envelope E.16–E.18 
daylight blocks E.34–E.35 
daylight density E.14–E.15 
daylight envelopes E.36–E.39 
shadow umbrella E.49–E.52 
solar access E.40–E.48, E.62 
tall buildings E.55–E.57 

Mass surface absorptance strategy 193, E.266 
Materials

breathing walls E.218 
color E.266–E.267 
daylight refl ectance E.267 
design strategies E.160 

double skins E.271–E.273 
heat emittance E.270–E.272 
heat refl ectance E.270–E.272 
insulation E.169, E.196–E.202 
mass arrangement 242 
open roof structure E.176 
roofi ng E.268–E.269 
solar absorptance E.266, E.270–E.272 
solar refl ectance E.220, E.266, E.270–E.272 
thermal mass, 220, 242–243, E.149, E.163–E.167, 

E.169, E.203–E.207, E.340 
windows E.273–E.276 

Matrix, navigation, by scale and energy topic 23–25 
Mean radiant temperature E.164 

mass arrangement 242 
urban E.8 

Mechanical heat distribution strategy E.111–E.113, E.139, 
E.189–E.191

 See also Distribution, heat and cool 
examples E.189, E.191, E.206–E.207, E.251 

Mechanical mass ventilation strategy E.253–E.254 
examples E.262 
fan sizing E.254 
mass arrangement 242–243 
selection criteria 158–159 
with thermal collectors E.139 

Mechanical rooms E.78, E.81, E.216–E.217 
Mechanical space ventilation strategy 193, E.255–E.256 

assisting stack-ventilation 240, E.77 
examples E.77 
selection criteria 158–159 

Mechanical systems
 See HVAC 

active tailored 92–93 
cooling 156, E.76–E.80 
heating zones E.81–E.82 

Mechanical ventilation elements E.255–E.256 
Mercury vapor lights E.324 
Metabolic energy, people E.320 
Metabolism E.72–E.73 
Metal frame insulation E.196 
Metal halide lights E.324 
Meteornorm E.12 
Methane (CH4) 280, 281 
Metropolis of Tomorrow, The E.36 
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Mezzanine E.105–E.107 
Mhuireach, Gwynne 11 
Microclimate 84–85, 176
 See also Outdoor microclimates bundle
 See also Climate
 See also Macroclimate 

in design decision chart 61 
overhead shades E.66–E.67 
site analysis E.299–E.303 
static and dynamic strategies 84 
topographic 222, E.11–E.13 
variables by climate and season E.297–E.298 

Microclimate hypothesis, enduring 176 
Microclimate phenomenon

air movement principles E.292–E.296 
matrix of E.297 
near tall buildings E.55–E.57 

Migration strategy 132, 163, 180, E.74, E.77 
condensed version 224 
examples E.71–E.73, E.157–E.158 
full version E.71–E.73 
in outdoor microclimate bundle 178–179 

Minneapolis, Minnesota climate data E.396–E.399 
Mirrors E.233 
Misting E.27 
Mixed climates

site microclimate E.297–E.298 
windows E.274–E.275 

Mixed climate zone 42, 44 
microclimate location E.13 

Mixed mode building strategy E.76–E.77 
and cooling zones 225, E.76–E.77, E.319 

Models, with sundial E.280–E.282 
Moist climate zone 41–42 
Moisture, design strategies 46, 49 
Monitors, roofl ight E.110, E.129, E.177, E.180 
Mono-crystalline silicon PV cells E.214 
Morphology

building cooling 156–165 
daylight access 110–117 
daylight buildings 148–156 
in design decision chart 61, 66–67 
integrated urban issues 138–147 
solar buildings 166–175 
urban cooling 118–127 

urban heating 128–137 
Mostly cloudy/clear illuminance E.305–E.306 
Mountains, microclimatic effect E.13 
Movable insulation strategy 136, E.75, E.235–E.236 

and solar glazing 208–209, 238, E.118, E.273 
examples E.134–E.135, E.138, E.143, E.164–E.167, 

E.235 
in responsive envelope bundle 191–192 
in roof ponds E.143 
in sunspaces 239 
sizing solar apertures E.225–E.226 

Movable shades
 See Shades: movable 
Movable walls E.73–E.75 
Moving heat to cold rooms strategy 173, E.111–E.113 

examples E.206–E.207 
in passive solar building bundle 174–175 

Muhiabad, Iran E.27 
Multifamily buildings

ventilation gain and loss E.335–E.336 
Multipliers, gas appliances 273 
Multivalent design synergy 90–91 
Murocaust (hollow) walls E.116, E.140, E.164–E.167, 

E.169, E.190–E.191 
Museums E.108, E.110, E.129, E.164–E.165, E.174, E.223 
Mylar E.223 

N
National Climatic Data Center E.288, E.341 
Natural gas E.326–E.327 

appliance multiplier 273 
emissions factor 280, 289 

Natural Resources Canada 285 
Natural Resources Conservation Service E.288 
Natural ventilation
 See Cross-ventilation
 See also Stack-ventilation 

adaptive comfort E.314 
combined with active E.79–E.80 
mechanical assistance of E.255–E.256 
on bioclimatic chart 220–221, E.339–E.340 

Nature center E.166–E.167, E.257 
Navigation 20–49 

by climate 21 
selecting strategies 43–49 
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Navigation (cont.)
by design strategy maps 21, 27–37 
matrix by scale and energy topic 21, 23–25 
overview 20–21 

Navigation matrix 23–25 
Neighborhood access

for cooling 125–134 
for daylight 110–117 
for solar heating 128–137 
in design decision chart 61–63 
wind, admit-block 138–147 

Neighborhood bundles [L9] 94–95, E.3–E.4
 See also Cooling neighborhood bundle
 See also Integrated urban patterns bundle
 See also Neighborhood of light bundle
 See also Solar neighborhood bundle 
Neighborhood of light bundle 110–117 

Chattanooga example 111–112 
Neighborhood sunshine strategy 131, E.31–E.32 

in solar neighborhood bundle 129, 131 
Neotechnic age 176 
Net-positive energy buildings 53–55, 250, 252–253, 270, 

277 
design process 263–264 
example building 262–263, 270–271 

Network, pedestrian E.66–E.67 
Net-zero energy balance assessment 185, 270–275 
Net-zero energy buildings 53–55, 250–253 

EUI calculation 277 
examples 270–271, E.166–E.167 
hierarchy of strategies for 5–8 
map 270 
purpose of SWL 2–3, 10 
synergies and 57 
types and defi nitions 270 

New Bariz, Egypt E.8–E.9 
New England houses E.81 
New Orleans, Louisiana climate data E.378–E.381 
New South Wales, Australia 185, 187 
Nguyen, Jennifer 10 
Night-cooled mass

combined with stack-ventilation 211 
fan sizing E.254 
on bioclimatic chart 220–221, E.339–E.340 
rock beds E.250–E.252 

Night-cooled mass strategy 165, E.147–E.149 
condensed version 200–201, 241 
examples E.77, E.164–E.165, E.250–E.251, E.253, 

E.260 
migration E.71–E.72 
passively cooled building bundle 163–165 
potentials map 200–201 
roof ponds E.144 
selection criteria 156–159 

Night insulation
 See Movable insulation strategy 
Night sky cooling E.9, E.80, E.143–E.144, E.157, 

E.250–E.251
 See also Radiant cooling 
Night ventilation
 See Night-cooled mass strategy 
Night ventilation potentials map 200–201, E.148 
N in SH 14 
Nitrous oxide (N2O) 280–281 
Noise, urban E.9 
Nonelectric loads 272–273, E.326–E.327 
Nonresidential buildings

electric loads E.326–E.327 
insulation 205, E.200–E.201 
service hot water loads E.328 
ventilation gain and loss E.335–E.336 

Nonsolar mass
 See Indirect mass 
Nonsolar zone E.105–E.106, E.167, E.190–E.191 
Non-space conditioning uses 262, 271, E.326–E.327 
Normals data

sky cover E.303 
No-sky line E.108 
Nova Scotia 182–183 
NZEB
 See Net-zero energy buildings 

O
Obstruction mask E.308–E.309 
Obstructions, exterior

daylighting E.227, E.308–E.309 
solar E.283–E.284 

Occupancy
behavioral fl exibility 82, E.71–E.73, E.76–E.77 
controls E.193 
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cooling zones E.76–E.78 
daily generic heating/cooling strategies E.359 
energy programming 218–219, E.316–E.317 
heat gain E.76–E.77, E.81, E.320–E.322 
heating zones E.81–E.82 
length of E.264 
load-responsive scheduling E.318–E.319 
peak loads 82, E.318–E.319, E.335 
seasonal E.318–E.319 
spatial fl exibility 82, 224, E.71–E.75 
temporal fl exibility 82, 224 
weekend E.318 
zoning 218–219, 224–226, 234 

Occupancy heat gain technique E.320–E.322, E.350–E.351, 
E.354–E.355 

Occupancy type
electric lighting heat gain E.352–E.353 
electric lights E.323–E.324 
electric loads E.326–E.327 
heat gains from people and equipment E.351 
service hot water loads E.328 
ventilation heat gain and loss E.335–E.337 

Occupant cooling 245, E.185, E.229, E.255 
Occupant density E.320–E.322, E.350 

energy zoning 218–219, E.317 
Oculus E.66, E.108 
Offi ce equipment, electric loads E.326 
Offi ces, examples E.85–E.86, E.91–E.92, E.97–E.99, 

E.101–E.102, E.107–E.109, E.111, E.115, 
E.126, E.145–E.147, E.157–E.158, E.164–E.165, 
E.180–E.181, E.192, E.232–E.233, E.239–E.240, 
E.247–E.248, E.253–E.254, E.262, E.268 

Offi ces, ventilation E.86 
Off-site renewable energy
 See Renewable energy (RE): off-site, purchased 
On-site combustion fuels 289 
On-site renewable energy
 See Renewable energy (RE): on-site, generated 
Openings
 See Apertures 
Open loop distribution E.190–E.191 
Open Organizations

permeable buildings strategy E.86–E.90 
Open organizations, permeable buildings strategy 228–229 
Open plan

cross-ventilation E.86–E.90, E.120–E.122 
Open plan, cross-ventilation 236, 245 
Open roof structure strategy E.176, E.276 
Open section

stack-ventilation E.86–E.90, E.145–E.146 
Open section, stack-ventilation 240 
Open spaces

distributed E.25, E.58–E.59 
for daylight 110–118, E.34–E.35 
green corridors E.6–E.7 
green edges E.65 
interstitium E.18 
minimizing building solar gain E.60–E.62 
neighborhood sunshine E.31–E.32 
shading of E.49–E.52, E.66–E.67 
size and area E.6, E.25–E.26 
solar access E.46–E.48, E.60–E.62 
solar envelope E.18, E.40–E.48 
tall building effects E.55–E.57 
wind access E.58–E.59 
windbreaks E.63–E.64 
winter courts E.28–E.30 

Organizations
cardinal E.28–E.29, E.42–E.43 
compact E.8–E.10, E.24–E.25, E.100, E.123–E.125, 

E.126–E.128 
concentrated E.249 
courtyard E.29–E.30, E.76–E.77 
design strategies E.2 
differential E.91–E.93 
dispersed E.21–E.22, E.54, E.58–E.59 
distributed E.249 
elongated E.58–E.62 
grid E.19–E.22, E.34–E.35, E.59 
interwoven E.24–E.26, E.27 
layered E.170–E.172, E.192–E.193 
linear E.137–E.138 
L-shaped E.29–E.30 
open E.86–E.90, E.120–E.121 
radial, urban E.6 
room E.68 
rotated E.28–E.29, E.44–E.45 
section E.114, E.123–E.128, E.145–E.146 
short E.108–E.110, E.143, E.177–E.178 
solar E.105–E.106, E.132–E.133, E.137–E.138 

IN
D

IC
ES

: 
Su

bj
ec

t 



368

Organizations (cont.)
staggered E.59 
systems E.188–E.191 
thick E.97–E.99, E.105–E.107 
thin E.19–E.20, E.101–E.104 
U-shaped E.29–E.30 
zoned E.71–E.73, E.76–E.80, E.83–E.85, E.108–E.110–

E.116 
Orientation 86, 184
 See also Aspect, terrain 

breezy courtyards E.154–E.156 
buffer zones 227 
climatic envelopes E.16–E.18 
cross-ventilation 235, 245, E.118–E.119, E.123–E.125 
daylight availability E.305–E.307 
daylight envelopes E.36–E.39 
design daylight factor E.311–E.312 
heating zones 226 
mass arrangement 242–243 
mass surfaces E.163–E.167 
neighborhood sunshine E.31–E.32 
outdoor rooms 230, E.94–E.96 
overhead louver shades E.67 
photovoltaic walls and roofs 246, E.212–E.213 
roofs E.177–E.179, E.212–E.213, E.215–E.217 
roofs for solar hot water 247 
rooms E.68 
rooms facing the sun and wind 235, E.118–E.119 
shading for open space E.49–E.52 
shady courtyards E.157–E.159 
solar access E.60–E.62 
solar collection E.118–E.119, E.215–E.217, E.220–

E.221 
solar refl ectors E.220–E.221 
stack-ventilation 240 
streets 140–143, E.53–E.54 
topographic microclimates 222, E.11–E.13 
walls E.212–E.213 
wind catchers E.123–E.125 
windows 214–215, 245, E.118–E.119, E.182–E.187 
winter courts E.28–E.30 
winter urban massing E.23–E.24 

Outdoor air
 See Fresh air
 See Ventilation: fresh air 

requirements E.336 
Outdoor microclimates bundle 123–130, 132–139, 176–183 

heating zones 226, E.81 
in cooling neighborhood bundle 120–121 
in integrated urban patterns bundle 141–142 
in solar neighborhood bundle 129–130 

Outdoor rooms E.58 
as buffer zone 227, E.85 
shading calendar E.344–E.349 
shading of 244, E.66–E.67, E.170–E.172 
site microclimates E.297–E.298 
wind shelter patterns E.29–E.30 

Outlets
courtyards E.155–E.156 
cross-ventilation 212–213, 236, E.118, E.120–E.122, 

E.180–E.181, E.229 
evaporative cooling 237, E.126–E.128 
mechanical ventilation size E.255–E.256 
stack-ventilation 240, E.88, E.145–E.146, E.180–E.181, 

E.229–E.230 
Overcast sky

collector tilt E.216 
daylight access E.36–E.39 
daylight availability E.305–E.307 
daylight obstructions E.308–E.309 
design daylight factor E.310–E.312 
sidelighting 202–203 
sky cover technique E.302–E.304 
solar orientation E.119 

Overhang E.118, E.150, E.237, E.239, E.333 
Overhead shades strategy 123, 145, E.49–E.50, E.66–E.67
 See also Layer of shades strategy 

in cooling neighborhood bundle 120 
in integrated urban patterns bundle 142–143 
in neighborhood of light bundle 113–115 

Ownership, sense of E.264 
Ozark region E.136 

P
Pakistani wind catcher E.124–E.125 
Paleotechnic age 176 
Paraffi n (PCM) E.164–E.165 
Parks E.6–E.7, E.24–E.26 

solar access E.46–E.48 
Parliament building E.270–E.271 

IN
D

IC
ES

: 
Su

bj
ec

t 



369

Partly cloudy sky
sky cover technique E.302–E.304 

Passive and active systems E.188 
Passive cooling

adaptive comfort E.314 
annual energy use 268–269 
bioclimatic chart E.339–E.342 
combined with active E.79–E.80 
cooling zones 225, E.76–E.78 
courtyards E.154–E.159 
cross-ventilation rooms E.120–E.122 
earth-air heat exchange E.259–E.260 
earth contact E.208, E.210, E.343 
evaporative cooling towers E.126–E.128 
load estimation E.350 
mass arrangement 242, E.163–E.167 
night-cooled mass E.147–E.149 
permeable buildings E.86–E.90 
roof ponds E.143–E.144 
roof spray E.80 
stack-ventilation rooms E.145–E.146 
wind catchers E.123–E.125 

Passivehaus envelope standard E.202 
Passively cooled building bundle 156–165 

in cooling neighborhood bundle 120–121 
in integrated urban patterns bundle 142–145 

Passive mode E.80, E.81 
Passive solar building bundle 166–175 

in solar neighborhood bundle 129–130, 133 
Passive solar heating
 See Solar heating 

bioclimatic chart E.339 
combined with active E.81–E.82 
convective loops E.116 
deep sun E.105–E.107 
direct gain E.132–E.133 
envelope conservation criteria E.354–E.355 
heat distribution E.111–E.113, E.190–E.191 
mass arrangement E.163–E.167 
orientation E.118–E.119 
potential for E.287 
roof ponds E.143–E.144 
room strategies E.68 
solar apertures E.224–E.226 
sunspaces E.134–E.136 

SWL Tools spreadsheet 265 
thermal collector walls and roofs E.139–E.142 
thermal storage walls and roofs E.137–E.138 
window and glass types E.273–E.275 

Passive zones 115–117, 225–226 
Pathways 86, E.70 

cross-ventilation 236, E.120–E.122 
in design decision chart 61, 66–67 
stack-ventilation 240 

Peak loads 82, 92, E.188, E.212, E.316, E.318, E.326, 
E.350 

Peak natural gas 4 
Peak oil 4 
Peak-zero, net-positive building 53–55, 57, 250 
PEC Solar Calculator E.9, E.51 
Pedestrian comfort E.55–E.57, E.66–E.67 
People cooling E.255 
People, heat gain E.320–E.322 
Percentage of possible sunshine E.332 
Perdiodic transformations strategy E.74–E.75, E.80 

examples E.74–E.75 
Perennial plants E.245–E.246 
Performance, solar E.119–E.120 
Pergolas E.8, E.66–E.67, E.85 
Periodicity, climatic E.74–E.75 
Permeability

courtyards E.155 
windbreaks E.64 

Permeable buildings strategy 163, E.80 
condensed version 228–229 
full version E.86–E.90 
in passively cooled building bundle 161 

Phase change materials (PCM) 243, E.164–E.167, 
E.190–E.191, E.257 

sizing for thermal storage E.207 
Phoenix, Arizona climate data E.383–E.386 
Photovoltaics

area for net-zero 80–81, 271–274, 277 
cell type and effi ciency E.214 
electric loads E.326–E.327 
integration with design 246, E.212 
orientation E.212 
size 246, 271–272, E.213 
strategies for net-zero 274 
tilt 246, E.212–E.213 
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Photovoltaic walls and roofs strategy 173, 185, 193, E.82 
condensed version 246 
examples E.82, E.212–E.213, E.224 
full version E.212–E.214 
in net-zero calculation 273–274 
in responsive envelope bundle 185–186 

Physical adaptations E.314 
Physiological adaptations E.314 
Plan density E.59 
Plan organizations

courtyards E.154–E.159 
cross-ventilation 228–229, 236, E.118, E.120–E.122 
daylight E.34–E.35 
daylighting 232–233, E.34–E.35, E.108–E.110 
deep room between 233–234, E.105–E.106 
east-west elongated 233, E.105–E.106 
linked 233, E.105–E.106 
solar heating 233, 238–239, E.105–E.107 
staggered 233, E.105–E.106 
thick E.108–E.110 
thin E.105–E.106 

Planting
courtyards as cold air sinks E.157 
courtyard shading 244, E.170 
in atrium E.131 
solar access for E.46–E.48 

Plenum 241, E.86, E.89, E.116, E.130, E.147, E.164, 
E.257–E.258

 See also Ducts and plenums strategy 
Polar-facing 14 
Pollution, concentrations in streets E.9 
Polycrystalline silicon PV cells E.214 
Pond E.27, E.168 
Pools E.27, E.168 
Porches E.54, E.58, E.85 
Power adjustment factors (electric lights) E.193 
Power, design strategies E.161 
Power generation 70–73, 92–93 

strategy matrix by scale 25 
Precombustion emissions 288, 289 
Predesign Energy Analysis E.362 
Preface 1–11 
Premise of SWL 13–14 
Pressure, air

combined cross- and stack-ventilation E.88 

evaporative cooling E.126 
stack-ventilation 237 

Pressure, wind 235, E.292 
cross-ventilation 236, E.53, E.118–E.119, E.229 
tall buildings E.55 

Principles, air movement E.292–E.296 
Principles, site microclimate E.11–E.13 
Printed Contents ix 

abbreviated ix 
Privacy E.90, E.180 
Profi le angles

external shades E.243 
overhead shades E.66–E.67, E.170 
shadow umbrella E.50, E.51 
shared shade, urban E.9–E.10 
solar access E.60–E.62 
solar protection plane E.17 

Program and use analysis techniques, ix.B E.315, E.338
 See also Combining climate, program and form analysis 

techniques, ix.D 
data sources E.371–E.373 
electric lighting heat gain E.323–E.324 
electric loads E.326–E.327 
energy programming E.316–E.317 
equipment heat gain E.325 
load-responsive scheduling E.318–E.319 
occupancy heat gain E.320–E.322 
overview E.315 
service hot water loads E.328 

Program, architectural 178 
Programming, energy E.316–E.317 
Propane E.326 

emissions factor 280–281, 289–290 
Proportions, toplight room E.129–E.131 
Psychological adaptations E.314 
Purpose and evolution of Sun, Wind & Light 1–2 

Q
Qanats E.27 
Quick heat gain method

in annual energy use calculation 267–269 
Quick heat loss method

in annual energy use calculation 264–265 
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R
Radial organizations

converging ventilation corridors E.6–E.7 
Radiant barriers E.197 
Radiant ceiling panels E.80 
Radiant cooling 118–119, E.80, E.143, E.157 
Radiant heating E.80 
Radiant slab E.80 
Radiant surfaces strategy E.211 
Radiation, heat transfer/distribution E.111, E.137, E.140, 

E.190–E.191, E.250, E.266, E.273 
Radiation, solar
 See Solar radiation 
Radiation square E.285 
Radiators, hydronic E.191 
Rainfall, topographic microclimate E.13 
Rainwater harvesting E.328 
Reactive adaptation E.314 
Recommendations, bundles

cooling neighborhood 118–119, 125–127 
daylight building 148–149 
integrated urban patterns 138–141 
neighborhood of light 110 
outdoor microclimate 178–179 
passively cooled building 156–157 
passive solar building 146–149 
responsive envelope 184–185 
solar neighborhood 136–137 

Refi ner strategies
 See Bundles 
Refl ectance

atrium E.131 
daylight E.267 
daylight access 196 
electric light E.323 
exterior E.36–E.38, E.268–E.269 
exterior surfaces 196 
facade, glazed streets E.20 
fi nishes E.220, E.266–E.267 
heat E.237 
shading elements E.237 
sidelighting 202–203, E.153–E.154 
skylight wells E.223 
solar E.220–E.221, E.266, E.268–E.269 
window edges E.222 

Refl ected-beam daylighting E.233 
Refl ected sunlight strategy 152, 187, 190, E.173–E.175 

examples E.270–E.271 
in responsive envelope bundle 188–189 

Refl ection
colors for daylighting E.267 
daylight access 110 
daylight factor and E.305 
daylighting and E.110, E.150, E.173–E.175 
daylighting by window size E.227 
solar heat E.105–E.106 

Refl ector, daylight E.175, E.177 
Refl ectors, solar
 See Solar refl ectors strategy 
Refrigeration, electric loads E.326–E.327 
Regional plan E.7 
Relationships E.1, E.2 

in design strategy maps 29–31 
links and levels 29–31, 98–99 

Relative humidity
bioclimatic chart E.339–E.342 
bioclimatic design 220–221, E.339–E.342 
control E.79 
evaporative cooling E.126 
indoor levels E.274 
window condensation E.273–E.274 

Remote mass 242, E.190–E.191, E.250–E.251
 See also Rock bed storage
 See also Water: as thermal storage 
Renewable energy (RE)

emissions savings 288, 290 
off-site equation 277–278 
off-site, purchased 253, 276–278 
on-site, generated 253, 262, 271, 280 

Requirements
 See Criteria, design 
Residences 220 

electric loads E.327 
infi ltration heat gain and loss E.337 
insulation, low-rise 204–205, E.196–E.197 
insulation, mid- and high-rise E.198–E.199 
service hot water loads E.328 

Residences, examples E.54, E.58, E.71–E.75, E.78, 
E.83, E.85–E.86, E.94, E.96, E.100, E.103, 
E.114, E.119–E.120, E.127, E.130, E.132–E.133, 
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E.136–E.137, E.143, E.157, E.164–E.167, E.169, 
E.171–E.172, E.180–E.181, E.186–E.187, E.203, 
E.266

 See also Housing 
Resistance, thermal
 See R-value 
Resolute Bay, Canada E.28–E.29 
Resource-rich environments synergy 84–85 
Resources, in design decision chart 61–63 
Responsive envelope bundle 184–193 
Retail buildings E.19, E.56, E.66, E.108, E.176 
Reveals, window edge E.222 
Reversing climate change 2–4 
Rhythms, daily and seasonal E.68, E.71–E.75, E.79–E.80, 

E.157–E.158 
Ribbon window E.183–E.184 
Rigid insulation E.202 
Rock beds strategy E.250–E.253 

examples E.166–E.167, E.206–E.207, E.250–E.251, 
E.253–E.254 

Rock bed storage 206, 208, E.190–E.191 
fan sizing E.254 
mechanical ventilation E.253–E.254 
sizing E.251–E.252 

Rohinton, Emmanuel E.52 
Roller blinds/shades E.247–E.248, E.332 
Roofl ights E.108–E.110, E.177–E.179 
Roof ponds strategy E.143–E.144 

cooling selection criteria 158–159 
examples E.143, E.164–E.167 
heat distribution E.112, E.190–E.191 
heating characteristics 167–168 
mass arrangement 242 
thermal storage E.205–E.206 

Roofs
 See Glazed streets 

admitting daylight E.108–E.110, E.176 
atrium E.176 
colors

exterior surfaces E.268–E.269 
daylighting E.176, E.223, E.267 
solar heating E.266, E.268 

daylight refl ectance E.267 
double-skin E.271–E.273 
insulation 204–205, E.196–E.202, E.330 

location E.177–E.179, E.215–E.217 
mass surface absorptance E.266 
materials E.176, E.202–E.207, E.220–E.221, E.268–

E.269, E.271–E.273 
orientation E.177–E.179, E.212–E.217 
photovoltaics on 246, E.212–E.214 
section details E.202 
shaded E.171, E.172, E.212–E.213, E.215 
shape E.176, E.220–E.221, E.223 
skin insulation requirements 296 
skylight wells E.223 
solar collection E.105–E.107, E.112, E.139–E.142 
solar hot water 247, E.215–E.217 
solar refl ectors E.220–E.221 
structure E.176 
surface area E.203–E.207, E.212–E.217 
surface properties E.268–E.272 
thermal mass 242, E.203–E.207 
thickness E.196–E.207 
types, daylight E.178 

Roof spray cooling E.80, E.250–E.251 
Roof terrace 227, 244, 247, E.71–E.72, E.85, E.157–E.158, 

E.172, E.215 
Room organizations strategies [L5]

conservation E.100 
cooling E.114, E.154–E.159 
daylight E.91–E.93, E.101–E.102, E.108–E.110, E.131 
heating E.103–E.107, E.111–E.114, E.116 
natural ventilation 228–229, E.86–E.90, E.97–E.99, 

E.103–E.104 
overview E.70 

Rooms
deep 229, 233, E.87 
depth E.153 
dimensions for light 202–203, E.97–E.99, E.101–E.102, 

E.131, E.152–E.153, E.227 
edges E.168, E.208–E.210 
indoor-outdoor 178 
large and small E.91–E.93 
layer of shades 244 
layers E.170–E.172 
orientation 235, E.103–E.104, E.118–E.119 
outdoor 178–185, E.154–E.159 
shape for solar heat 238 
short E.91–E.93 

IN
D

IC
ES

: 
Su

bj
ec

t 



373

single-banked 229, E.87–E.88, E.105–E.107, E.154 
stack height 212–213, 229, E.88 
tall 229, 233, 240, E.87, E.91–E.93, E.107, E.114, 

E.116, E.145–E.146, E.157–E.159 
types 178 

Rooms facing the sun and wind strategy 145, 163, 170, 
173, 181, E.81 

condensed version 235 
full version E.118–E.119 
in outdoor microclimate bundle 178–179 
in passively cooled building bundle 161 
in passive solar building bundle 169–170 
wind catchers E.123–E.125 

Rooms, zoning E.68 
buffer areas E.83–E.85 
convective loops E.116 
cooling zones E.76–E.78, E.114 
daylighting E.115–E.116 
heating zones E.114 
migration E.71–E.73 
moving heat to cold rooms E.111–E.113 
periodic transformations E.74–E.75 
skylight building E.108–E.110 
temperature stratifi cation E.114 

Roughness, ground E.292 
R-value

24-hour E.235–E.236 
air-fl ow windows E.231 
basement walls E.208–E.210 
earth edges E.208–E.210 
glass E.84, E.330 
movable insulation E.235–E.236 
skin heat fl ow E.330–E.331 
soil E.210 
transpired walls E.218 
windows E.273 

S
Salt hydrate (PCM) E.164–E.165, E.167 
Sand, thermal mass E.204–E.206 
San Francisco E.23 
Savannah, Georgia E.24 
Sawtooth roofl ights E.110–E.111, E.129–E.130, 

E.178–E.179 
Scale 98, 105, 108–109, E.1 

Scattered sky condition E.304 
Schedules

balance point profi les E.359 
cooling zones E.76 
energy programming E.316–E.317 
equipment E.326 
load-responsive E.318–E.319 
movable insulation E.236 
occupancy 83 

Schematic design phase E.1–E.2 
School
 See Education buildings 
Scope of SWL 14 
Screened rooms E.58 
Season

bioclimatic design strategies 220–221, E.339–E.342 
window shading devices, exterior 248, E.239 

Seasonal energy effi ciency ratio (SEER) 269 
Seasonal solar envelope E.18 
Section organizations

big room encompassing 233, E.105–E.106 
combined cross and stack-ventilation E.86–E.90 
combined stack-ventilation and evaporative cooling 237 
convective loops E.116 
corridor buildings E.89–E.90 
cross-ventilation E.86–E.89 
deep room between E.105–E.106 
evaporative cooling 237 
heat distribution E.112–E.113, E.116, E.139 
migration E.71–E.73 
solar heating 233, 238, E.105–E.107 
split level E.89 
stack-ventilation 228–229, E.86–E.89, E.145–E.146 
stepped 233, E.105–E.106 
tall edge room 233, E.87, E.105–E.107 
tall room between 233, E.87, E.105–E.106 
trays under slope 233, E.105–E.106 
vertical temperature zones E.114 
wind catchers E.123–E.125 
winter and summer E.72–E.73 

Security E.76 
Selective surface E.266 
Self-infl ating curtain E.235 
Semi-enclosed space E.81 
Seminar room E.145 
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Sensation of cooling E.86 
Sensible heat E.320, E.325, E.350 
Sensors, open windows E.80 
Separated or combined openings strategy 90–91, 187–188, 

190, 193, E.180–E.181 
in passively cooled building bundle 161 
in responsive envelope bundle 185–186 

Service hot water loads technique E.328 
Service hot water systems E.325 

electric loads E.326–E.327 
Setbacks E.31–E.32 
Shade and shading
 See Vines 

courtyards 244, E.49–E.52, E.66–E.67, E.157–E.159, 
E.170–E.172 

design strategies E.161 
fi xed and operable perriods E.346–E.349 
glare reduction E.237–E.238 
materials and fi nishes E.237–E.238 
photovoltaics as 246 
recommendations 214–215 
roofs 244 
site microclimate E.297–E.301 
sizing and spacing, horizontal louvers E.241–E.243 
sizing and spacing, vertical lovers E.244 
sun path diagram E.284 
trees E.245–E.246 
trombe wall E.138 
urban 140–141, E.8–E.10, E.49–E.52 
walls E.85, E.158 
windows E.274–E.276 

Shades
 See Vines 

awnings E.333 
brise soleil E.240–E.242 
daylight-enhancing E.237–E.238 
draperies E.247–E.248 
egg crate E.239–E.241, E.333 
fi xed 244, 248, E.67, E.238, E.245, E.332–E.333, 

E.346–E.349 
horizontal 244, 248, E.49–E.50, E.239, E.240, E.332–

E.333 
internal and in-between E.138, E.247–E.248 
louvered or trellised E.66–E.67, E.171, E.224, E.248, 

E.333 

mashrabiyya E.157–E.158 
movable 244, E.67, E.74, E.172, E.215, E.224–E.225, 

E.238, E.240, E.248, E.332–E.333, E.346–E.349 
overhead E.66–E.67, E.170–E.172 
perforated E.238–E.239, E.248 
roll-down E.138, E.232, E.247–E.248, E.264, E.333 
seasonally-adjustable E.239–E.240, E.346–E.349 
shading coeffi cients E.332–E.334 
sun screens E.332–E.333 
top-down/bottom-up E.264 
vegetation E.244–E.246 
venetian blinds E.247–E.248, E.332–E.333 
vertical 244, 248, E.49, E.170–E.172, E.239, E.240, 

E.244, E.332–E.333 
Shading angles diagrams E.347–E.349 
Shading calendar technique 177–180, E.50, E.344–E.349 

data sources E.373 
fi xed and operable shades 248–249, E.239 

Shading coeffi cient (SC) 214–215, 267 
glass E.332–E.334 
internal and in-between shading E.247 
plants E.245 
solar heating E.236 
windows E.275, E.332–E.334 

Shading sundial E.348–E.349 
Shadow line, urban E.9–E.10 
Shadows, prediction with sundial E.280–E.282 
Shadow umbrella strategy E.49–E.52 

in integrated urban patterns bundle 142–143 
in neighborhood of light bundle 113–114 
part of climatic envelope E.16–E.18 

Shady courtyards strategy 123, 165, 181, E.157–E.159 
passively cooled building bundle 163–164 

Shafts
evaporative cooling E.126–E.128 
wind catching E.123–E.125 

Shape
courtyard

breezy E.154–E.156 
shady E.157–E.159 

roof E.176, E.220–E.221, E.223 
wall E.220–E.222 

Shape, room E.68 
atrium building 231, E.97–E.99 
cross-ventilation 236, E.120–E.122 
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daylight room geometry E.150 
direct gain rooms 238, E.132–E.134 
evaporative cooling towers 237, E.126–E.128 
night-cooled mass E.147–E.149 
roof ponds E.143–E.144 
sidelight room depth E.152–E.153 
stack-ventilation rooms 240, E.145–E.146 
sunspaces 239, E.134–E.136 
thermal collector walls and roofs E.139–E.142 
thermal storage walls E.137–E.138 
toplight room E.129–E.131 
wind catchers E.123–E.125 
winter courts E.28–E.30 

Shape, urban
blocks E.14–E.15, E.34–E.35 
climatic envelope E.16–E.18 
daylight envelopes E.36–E.39 
gradual height transitions E.23 
neighborhood sunshine E.31–E.32 
wind patterns E.53–E.54 
winter courts E.28–E.30 

Shared shade strategy 123, E.8–E.10, E.49 
in integrated urban patterns bundle 142–143 
in neighborhood of light bundle 113–114 

Shed-type roofl ights E.109–E.110 
Shelterbelt E.63, E.64 
Shower towers E.167
 See also Evaporative cooling towers strategy 
Shutters, insulating E.235–E.236 
Sick building syndrome E.79 
Sidelighting E.150, E.152 

light shelves E.232–E.233 
surface refl ectances E.267 
window location and shape E.183–E.184 

Sidelight room depth strategy 117, 153, 210, E.152–E.153, 
E.228 

condensed tool 202–203 
full version E.152–E.153 
in atrium building 231 
increased by beam daylight E.233 
in urban daylight 117 
thin plan daylight building bundle 150–151 
urban plan types E.34–E.35 

Sill height E.182 
Sills, splayed E.222 

Single-banked rooms E.87 
Single-loaded corridor E.88–E.89 
Single story buildings E.108–E.110 
Site energy balance equation 271 
Site microclimate

in design decision chart 61–63 
principles E.11–E.13 

Site Microclimate technique E.297–E.301 
Site net-zero energy buildings 250, 277, 280
 See also Net-zero energy buildings 

defi ned 270 
Sites

obstructions E.283–E.284 
proportions and solar envelope E.43 
sun and wind combination analysis E.297–E.300 
sun path and availability E.283–E.284 
wind fl ow E.292–E.296 

Situational strategies
 See Bundles 
Size

blocks E.14–E.15, E.34–E.35 
courtyard E.154–E.156, E.157–E.159 

Sizing direct thermal storage 206–207 
Ski lodge E.114 
Skimming fl ow E.58–E.59 
Skin heat fl ow technique E.330–E.331, E.350, E.354–E.355 

in annual energy use calculation 267 
Skin heat loss/gain

and buffer zones E.83 
Skin-load-dominated buildings

night-cooled mass 200, E.148 
shading calendar E.344–E.349 
site microclimate E.297–E.298 
windows 214, E.273–E.275 

Skin thickness strategy 190 
condensed tool 204–205 
full version E.196–E.202 
in responsive envelope bundle 195–196 

Sky component E.150, E.308–E.309 
Sky condition

selecting cooling strategies 158–159 
Sky condition square E.303–E.304, E.311 
Sky cover

and design daylight factor E.310 
daylight availability curves, E.305 
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Sky cover (cont.)
window wall daylighting 202, 296, E.150–E.152 

Sky cover technique E.302–E.304 
data sources E.372 
maps E.406 
selecting cooling strategies 158–159 

Sky dome E.283–E.284, E.302, E.308–E.309 
Sky exposure plane E.17, E.39 
Sky illuminance graph E.305–E.306, E.311–E.312 
Skylight building strategy 154, E.108–E.110, E.129 

examples E.223 
Skylights E.108–E.110, E.177–E.179 

insulation E.235–E.236 
shading coeffi cient E.332 
solar refl ectors E.221 
spacing E.108–E.110 
task lighting E.249 
types E.110 

Skylight wells strategy E.179, E.223 
examples E.108, E.177–E.178, E.223 

Sky luminance distribution 197, E.305, E.308 
Sky obstructions E.305, E.308–E.309
 See also Daylight obstructions technique 
Sky view angle 210–211, E.174, E.227–E.228 
Sky view factor (SVF) 115–117, 119 
Slab insulation 204–205, E.196–E.202 
Sleeping

rooftop E.71–E.72, E.157–E.158 
winter and summer E.114 

Slope
effect on solar access E.44, E.62 
location, microclimate 222, E.12 
location, urban cooling E.7 
terrain E.11 

Slot effect E.56 
Social patterns E.71–E.73 
Soil
 See Ground temperature maps 

R-value E.210 
Solaequis, Inc. E.226 
Solar absorptance E.266 
Solar access 84–85, 110, 128–137, 144–145, 198–199 

building row spacing E.60–E.62 
in courtyards E.155 
in thick plans 233 

locating outdoor rooms 230 
site arrangements E.31–E.32, E.60–E.62 

Solar air collector E.116, E.139–E.142 
Solar apertures strategy 173, 184–185, 187–188, 190, 

193, E.75 
combined with other apertures E.180–E.181 
condensed tool 208–209 
full version E.224–E.226 
in responsive envelope bundle 190–191 
thermal mass size 206–207 
urban area 136–137 

Solar calculator, PEC E.9, E.66, E.243, E.332 
Solarc Architecture and Engineering, Inc. 11 
Solar chimney (stack-ventilation assist) 240, 270–271, 

E.145 
Solar collection

direct gain E.132–E.133 
heat distribution mode E.111–E.113 
hot water 247 
in solar systems 166–167, 238–239 
orientation E.118–E.119 
sunspaces 239–240 
tilt for passive air fl ow E.116 
urban area 136–137 

Solar collection glazing
orientation 235, 247 
sizing E.224–E.226 
tilt 246, 247, E.116, E.119 

Solar collectors
evacuated E.216 
fl at plate E.216 
hot water E.215–E.217 
orientation E.215–E.218 
photovoltaic E.212–E.214 
radiation data sources E.371–E.372 
roof pond E.143–E.144 
sizing E.141, E.142 
thermal (air) collectors E.139–E.142 
tilt E.141, E.142, E.212–E.213, E.216, E.221 
transpired E.218–E.219 

Solar envelope strategy 145, E.40–E.48 
combined with daylight envelope E.16 
combined with solar collection E.62 
frost date maps E.419 
in integrated urban pattern bundle 146–147 
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in neighborhood of light bundle 114–115 
in solar neighborhood bundle 129–130 
part of climatic envelope E.16–E.18 
seasonal variation E.18 

Solar fan E.46 
Solar gain
 See Solar heat gain 
Solar heat gain

balance point profi les E.358 
in annual energy use calculations 267–268 
strategies based on balance point E.362–E.363 
windows E.332–E.334 

Solar heat gain coeffi cient (SHGC) 214–215, E.274–E.275 
passive solar heating E.236, E.274–E.275 

Solar heat gain factor (SHGF) 267, E.332 
Solar heat gain, windows E.273–E.275 
Solar heating

colors for E.268 
components 166–168 
mass arrangement 242–243 
on bioclimatic chart 220–221 
orientation 235 
potential for E.287 
roof ponds E.143 
roofs as refl ecting surfaces for E.220 
sunspace strategy E.134 
system characteristics 166–167 
systems 166–175 
thermal mass surfaces 242–243 
trombe wall E.137 

Solar hot water strategy
condensed version 247 
electric load reduction E.326–E.327 
examples E.215, E.224 
full version E.215–E.217 
in net-zero calculation 272 
in responsive envelope bundle 185–186 
loads E.328 

Solar intercept factor (SIF) 119 
Solar mass
 See Direct mass 
Solar neighborhood bundle 128–137 
Solar protection plane E.17 
Solar radiation

bioclimatic chart E.339–E.342 

data sources E.371 
direct gain solar system, E.132 
estimating hourly from daily E.286 
gain through windows E.332–E.334 
heating and cooling patterns, E.356 
hourly data E.285 
maps E.407–E.408 
on courtyard walls E.158–E.159 
plotted on sun path diagram E.285–E.286 
refl ectors E.220–E.221 
shading calendar E.348–E.349 
topographic microclimates 222, E.11–E.13 

Solar radiation technique E.285–E.287 
data maps E.406–E.408 

Solar refl ectance E.266, E.268–E.269 
Solar refl ectance index (SRI) E.269 
Solar refl ectors strategy E.143–E.144, E.166–E.167, 

E.220–E.221, E.235 
daylighting E.237–E.238 
size E.220 
tilt E.221 

Solar savings fraction (SSF)
and orientation E.119–E.120 
annual energy use 264-266 
effect of night insulation E.236 
estimation for passive solar E.224–E.226 
sunspaces E.135 
SWL Tools spreadsheet 265 
thermal (air) collectors E.141–E.142 
thermal mass 206–207, E.204–E.207, E.266 
trombe walls E.138, E.266 

Solar zone E.105–E.106, E.167, E.190–E.191 
Solstice E.62 
Souk E.123–E.124, E.158 
Source CUI 290 
Source net-zero energy building 270 
Space conditioning load E.327 
Space cooling E.255, E.327 
Spacing-to-height ratio (skylights) E.109–E.110 
Spatial zoning synergy 86–87 
Specifi c heat E.207 
Splayed edges E.108, E.222 
Split level sections E.89 
SRG Partnership 11 
Stack, dedicated 229, 240, E.87, E.145 
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Stack height 212–213, E.229–E.230 
Stack-ventilation

combined with cross-ventilation E.86–E.89, E.230 
combined with evaporative cooling towers 237 
combined with night-cooled mass 241 
double-skins E.270–E.272 
sizing 212, E.229–E.230 

Stack-ventilation rooms strategy 163, 165, 173, E.77, 
E.145–E.146 

condensed version 240 
examples E.80, E.86, E.123–E.124, E.126–E.127, 

E.130–E.131, E.136, E.145–E.147, E.168, E.180, 
E.189, E.191, E.259 

in passively cooled building bundle 157, 160 
permeable buildings E.86–E.89 
selection criteria 158–159 

Staggered plan 233 
Stairs

as stack E.87 
heat distribution E.116, E.140 
heat storage E.133 

Stand-alone PV E.213 
Standard black/white E.269 
Standard for the Design of High-Performance Green Buildings 

Except Low-Rise Residential Buildings 288 
St. Louis, Missouri climate data E.387–E.390 
Storage
 See Thermal storage 
Storage spaces E.83, E.126 
Storage, thermal
 See Thermal storage 

hot water E.217 
rock beds E.250 
strategies based on balance point E.362–E.363 

Stories (building height)
solar collection 136–137 

Strategies
 See Design strategies 

based on balance point profi les E.361–E.363 
Stratifi cation zones strategy 86, E.114 
Straw bales E.196, E.202 
Street canyon
 See Height-to-width ratio
 See Urban canyon 

Street orientation
converging corridors E.6–E.7 
integrated urban issues 138–141, 144–145 
urban shading E.8–E.10 
wind velocity 223, E.53–E.54 

Street pattern
grid E.19, E.21–E.22 
radial E.6–E.7 
wind velocity 223, E.21–E.22, E.53–E.54 

Streets
glazed E.19–E.20 
shady E.66–E.67 
tall building currents E.55–E.56 

Street wall height E.34–E.39
 See also Building height 

daylight access guidelines E.15 
Street width

integrated urban issues 138–141 
solar access E.40–E.48 
urban daylight E.14, E.36–E.39 
urban shade E.8–E.10 
vegetated corridors E.6–E.7 
wind velocity 223, E.22, E.54 

Stress skin insulated core panels (SSIC) E.196, E.202 
Structure, roof E.176 
Stuttgart, Germany E.7 
Subarctic climate zone 42 
Summer section E.72–E.73 
Summer solar envelope E.18 
Sun

blocking of E.297 
courtyard and room enclosures E.157 
courtyard shading 244, E.170 
design strategies E.1–E.3 
site microclimate E.297–E.301 
solar radiation E.285–E.287 
sundial and model approach E.280–E.282 
sun path diagram E.283–E.284 

Sun and wind combined
site microclimate E.297–E.301 

Sun angle calculator, LOF E.9, E.51, E.66, E.243 
Sundial and model E.280–E.282 

evaluating winter courts E.28 
shading times E.348–E.349 
sun and wind combination, E.297 

IN
D

IC
ES

: 
Su

bj
ec

t 



379

Sundial technique E.280–E.282 
0-28 degrees latitude E.374–E.377 
32-36 degrees latitude E.382 
40-44 degrees latitude E.391 
48-90 degrees latitude E.400–E.404 
data sources E.371 

Sun path diagram technique E.51, E.283–E.284, E.315, 
E.338 

daylight obstructions E.308–E.309 
shading times E.347–E.349 
with solar radiation plotted E.285–E.286 

Sun path diagram technique,
0-28 degrees latitude E.374–E.377 
32-36 degrees latitude E.382 
40-44 degrees latitude E.391 
48-90 degrees latitude E.400–E.404 
data sources E.371 

Sun screen shading E.332–E.333 
Sunspaces

as buffer zones 227, E.81, E.83, E.105 
characteristics and components 166–168 
heat distribution E.116, E.190–E.191 
night insulation E.235–E.236 
orientation 235, E.118–E.119 
rock beds for E.251–E.252 
solar heating window size E.224 
thermal mass 206, 242–243, E.167–E.168, E.203–E.207 

Sunspaces strategy 170, E.134–E.135 
condensed version 239 
examples E.81–E.82, E.105, E.107, E.134–E.136, 

E.167–E.168, E.206–E.207, E.251–E.252 
in outdoor microclimate bundle 181–182 
in passive solar building bundle 174–175 

Supermarkets E.108 
Supply air-fl ow window E.231 
Surface area, mass E.147, E.167 
Surface conductances E.163 
Surface temperature E.157 
Sustainable Buildings Industry Council E.226 
Swimming pools E.108 
SWL Tools spreadsheet 251 

annual energy use 264–265, 267–268 
carbon-neutral buildings 289–291 
cooling energy overview 268–269 
emissions targets 281–283 

energy targets 253 
energy use intensity 276–279 
heat gain and loss calculation E.350, E.354 
net-zero energy balance 270–273 

Sympathetic HVAC systems E.188 
Synergies 56–57 

integrated design and 76 
overview 78–79 
remembering 77 

Systems
air-air heat exchangers E.261–E.262 
design strategies E.161 
ducts and plenums E.257–E.258 
earth-air heat exchangers E.259 
electric light zones E.192–E.193 
in design decision chart 70–72 
integrated design 56–57 
layers E.192–E.193 
load reduction 53–55 
mechanical distribution E.111–E.113, E.189–E.191, 

E.253–E.255 
organizations E.188, E.189–E.193, E.249 
passive and active E.188 
rock beds E.250–E.252 
task lighting E.249 
type E.188, E.189–E.191 

T
Tall building currents strategy E.55–E.57 

in solar neighborhood bundle 132–133 
Tall buildings, solar collection 128 
Tankless water heaters E.325 
Target Finder, EPA
 See EPA Target Finder 
Task lighting strategy E.192, E.249, E.323 

examples E.115, E.249 
in energy programming 218–219, E.317–E.318 

Temperate climate
 See Mixed climates 

topographic location 222, E.13 
Temperature

balance point E.356 
bioclimatic chart E.339–E.342 
bioclimatic design strategies 220–221, E.339, E.339–

E.342 
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Temperature (cont.)
courtyards E.157 
daily range and water bodies E.13 
design strategies 47–48 
earth sheltering E.208–E.210 
energy programming E.316–E.317 
energy zoning 218–219 
exterior surfaces E.268–E.269 
glazed buffer rooms E.83–E.84 
ground E.259–E.260, E.420–E.421 
ground water E.216 
interior surfaces E.330 
interior swings 206, 208, 218–219, 227, 239, E.83, 

E.134, E.204, E.225–E.226 
mass E.148–E.149 
night-cooling 200–201 
range E.316–E.317 
roofs E.269 
urban E.8–E.9, E.24 

Temperature difference
balance point E.356 
cross-ventilation E.229 
earth-air heat exchange E.259–E.260 
earth edges E.208 
evaporative cooling E.127 
night-cooled mass E.148, E.253 
roofs E.269 
skin heat fl ow E.330–E.331 
stack-ventilation E.230 
sunspaces E.134 
wind catchers E.125 

Temperature stratifi cation E.114 
Temple
 See Churches and temples 
Terraces E.71–E.72, E.89, E.90 
Terrain factor 212, E.229 
Thermal break, windows E.273 
Thermal collector walls and roofs strategy 173, 193, 

E.139–E.142 
characteristics and components 168–169 
examples E.82, E.111, E.116, E.169, E.189, E.206–

E.207 
heat distribution E.112–E.113, E.190–E.191 
in passive solar building bundle 174–175 
rock beds for E.251–E.252 

Thermal comfort standard, ASHRAE/ANSI E.314 
Thermal currents E.6 
Thermal effi cacy, lights E.324 
Thermal enclaves E.73, E.75 
Thermal Environmental Conditions for Human 

Occupancy E.314 
Thermal insulation
 See Insulation 
Thermal labyrinth E.164–E.165 
Thermal lag E.71, E.112 
Thermally open/closed building E.340, E.350 
Thermal mass 88–89, 184 

arrangement and location 242–243, E.105–E.107, 
E.163–E.167, E.190–E.191, E.250–E.251 

bioclimatic design strategies, 220–221, E.339–E.340, 
E.340 

ceiling E.116 
color E.266 
direct

  See Direct mass 
direct gain rooms E.132–E.133 
hollow E.86, E.116, E.140, E.147, E.164–E.167, E.190–

E.191, E.204–E.205, E.257, E.262 
indirect

  See Indirect mass 
in responsive envelope bundle 190–191 
insulation of E.169, E.196–E.202 
materials E.163–E.167, E.203–E.207 
mechanical heat distribution to E.189–E.191 
mechanical ventilation E.253–E.254 
night cooling strategy 200–201, 241, 296, E.147–E.148 
orientation E.163–E.167 
phase-change materials 243–244, E.190–E.191, E.207 
remote E.190–E.191, E.250–E.252 
size and thickness 207–208, 241–242, E.147–E.149, 

E.203–E.207, E.250–E.252 
solar refl ectance E.266 
solid surfaces E.164–E.167, E.190–E.191 
sunspaces 239–240, 242–243, E.134, E.203, E.206–

E.209 
surface absorptance E.266 
trombe wall E.137, E.203, E.205–E.206 
volume E.203, E.207 

Thermal mass strategy 136, 190 
condensed tool 206–207 
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examples E.203, E.207–E.208, E.257, E.260 
full version E.203–E.207 
in responsive envelope bundle 188–189 

Thermal sailing synergy 88–89 
Thermal storage

design guidelines, passive cooling E.164 
design guidelines, passive heating E.167 
design strategies E.160 
direct gain rooms 238–239 
in design decision chart 68–69, 72 
in passive solar systems 166–169 
latent E.207 
multi-day E.205 
rock beds E.250–E.252 
roof ponds E.205 
service hot water E.217 
strategies based on balance point E.362–E.363 
type 242–243, E.190–E.191, E.203–E.207 
water tanks E.80, E.136, E.217 
water walls E.206–E.207 

Thermal storage wall strategy 170, E.73, E.137–E.138 
characteristics and components 167–168 
examples E.137–E.138, E.167–E.169, E.206–E.207, 

E.224–E.225, E.260 
heat distribution E.112–E.113, E.190–E.191 
in passive solar building bundle 170–171 
insulation of E.235–E.236 
orientation E.119–E.120 
rock beds for E.251–E.252 
solar absorptance E.266 
thermal mass E.203–E.204, E.205–E.206 
vents E.116 

Thermodeck E.164–E.165 
Thermosiphoning E.139 
Thick building 172–173 

atrium building E.97–E.99 
atrium thickness rule 231–232 
blocks for E.34–E.35 
heat distribution E.111–E.113 
solar heating E.105–E.107, E.139–E.142 
tall building winds E.55 

Thick organizations E.97–E.99, E.105–E.113 
Thick plan daylight building bundle variation 153–155 
Thick plan solar heated building bundle variation 172–175 

Thick room organizations
daylight roof E.177–E.179 
deep sun 233, E.105–E.107 
skylight building E.108–E.110 

Thin organizations
daylighting 232, E.101–E.102 
galzed streets E.19–E.20 
solar heating E.103–E.104 

Thin plan
cross-ventilation 228–229 
solar heat E.103–E.104, E.111–E.113 
urban daylight E.34–E.35 

Thin plan daylight building bundle variation 150–153 
Thin plan solar heated building bundle variation 169–172 
Thin plan strategy 111, 152 

condensed version 232 
full version E.101–E.102 
in daylight blocks E.35 
thin plan daylight building bundle 150–153 

Third edition 8 
new content 8–10 

Tilt
 See Solar collection glazing: tilt 

light shelves E.234 
Timmerman, David 10 
Toldo E.50 
Top fl oor E.108–E.110 
Top heat 233, E.107–E.108 
Topical issues 108–109 
Top light E.108–E.110, E.129–E.131, E.150–E.152 
Toplight room strategy 111, E.129–E.131, E.150 

examples E.107, E.223, E.249, E.267, E.276 
in passive solar building bundle 174–175 
in thin plan daylight building bundle 153–154 

Topographic microclimates strategy E.11–E.13 
condensed version 22 
in solar neighborhood bundle 129, 130 

Topography 222, E.292–E.294 
urban cooling E.7 

Total heat gains and losses technique E.350–E.355 
data sources E.373 

Total heat losses technique
in annual energy use calculation 264–265 

Towers
 See Evaporative cooling towers strategy 
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Towers (cont.)
evaporative cooling E.126–E.128 
wind catching E.123–E.125 

Transformations, periodic spatial E.74–E.75 
Transitional space 176, E.74 
Translucent thermal insulation E.138 
Transmittance, daylight

roofs E.177–E.179 
windows E.227 

Transom windows E.89 
Transparency E.224–E.225 
Transpired collectors E.164–E.165, E.218–E.220
 See also Breathing walls strategy 
Trees

as windbreaks E.63–E.64 
courtyards as cold air sinks E.157 
for shading E.245–E.246, E.332–E.333 
in cooling neighborhood bundle 118, 125–127 
urban cooling E.6–E.7, E.25–E.26 
water use E.26 

Trees effect (urban cooling) 126–127 
Trellis 249, E.58, E.81–E.82, E.157–E.158, E.172, E.224, 

E.238, E.245 
Trombe wall E.73, E.116, E.137, E.169
 See also Thermal storage wall strategy 

night insulation E.235 
Trudell, Myles 10 
Tungsten halogen lights E.324 
Tunis, Tunisia E.8 
Turbulence, wind catchers E.125 
Type

daylight blocks E.14–E.15, E.34–E.35 
double-skins E.272 
systems E.188–E.191 

Typical Meteorological Year fi les (TMY) E.344 

U
U-factors

skin fl ows E.330–E.331 
windows 214–215, E.273–E.275, E.330–E.331 

Umbrella, shadow E.49–E.52 
Unbuilt phase 250 
Undeveloped areas upslope E.7 
Uniformity of illuminance E.109 
Unilateral daylighting E.183 

Unit conversions 314–315 
Unoccupied hours E.318 
Upjohn Initiative, AIA 11 
Urban canyon
 See Height-to-width ratio 

daylight access E.37–E.38 
shared shade E.9–E.10 

Urban elements strategies [L7]
overview E.33 

Urban fabric strategies [L8]
overview E.5 

Urban heat island 119, E.6 
Urban patterns

cooling 125–134 
daylight 110–117 
integrated 110–119, 138–147 
loose or dense E.21–E.22 
solar heating 128–137 

Urinals, waterless E.328 
Use

climate-responsive patterns 82 
cooling zones E.76–E.78 
in design decision chart 61–63 
in energy programming 218–219, E.316–E.317 
in integrated design 56 
lighting levels E.323–E.324 
migration E.71–E.73, E.157–E.158 

U.S. Energy Information Agency (EIA) 286 
User controls E.249, E.261, E.264 
User satisfaction E.264 
Utility grid E.213 

V
Vacuum insulation E.202 
Valleys E.294 
Vapor barriers, E.1 
Vaults E.268–E.269 
Vegetation

absorptance and emittance E.271 
green edges E.65 
shading 248–249 
solar access for E.46–E.48 
urban cooling 122–123, E.6–E.7, E.24–E.26, E.65 

Venetian blinds E.332–E.333 
Vented wall or roof 163, 172–173 
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Ventilation
adaptive comfort E.314 
air-air heat exchangers E.261–E.262 
bioclimatic design strategies E.340 
breathing walls E.218–E.220 
cross E.118–E.119 
cross/stack combination E.86 
double skins E.248, E.270–E.272 
earth-air heat exchangers E.259–E.260 
earth shelter buildings E.208–E.209, E.343 
east and west walls E.270–E.272 
energy savings E.79 
fan air fl ow rates E.254 
feasibility E.318 
fresh air 193, E.80, E.84, E.218–E.219, E.231, E.259–

E.262, E.336 
heat gain 268 
heat gain and loss E.76–E.77, E.335–E.337, E.350–

E.352, E.354–E.355 
mechanical E.253–E.256 
mixed mode E.79–E.80 
night-cooled mass 241, E.147 
openings arrangement 245 
preconditioning E.84, E.111, E.139, E.218–E.219, 

E.231 
rates E.261 
roofs E.270–E.272 
room strategies E.68 
skin insulation requirements, 296 
stack 212, E.145 
strategies based on balance point E.362–E.363 
strategy matrix by scale 24–25 
urban E.53–E.54 
zones 218, E.316–E.317 

Ventilation apertures
cross-ventilation size E.229 
orientation E.118–E.119 
separated or combined E.180–E.181 
stack-ventilation size E.229–E.230 
wind catchers E.123–E.125 
wing walls E.121–E.122 

Ventilation apertures strategy 163, 184–185, 287–289, 
190, 193 

condensed tools 208–209 
full version E.229–E.230 

in responsive envelope bundle 186–191 
Ventilation openings arrangement strategy 163, 165, 

E.185–E.186 
condensed version 245–246 
in outdoor microclimate bundle 180–181 
in passively cooled building bundle 161 
in responsive envelope bundle 186–187 

Ventilation or infi ltration gain and loss 
technique E.335–E.337, E.354–E.355 

Vents
See Louvers and vents 
solar air collector E.116 
sunspaces E.134 
trombe walls E.138 

Venturi breezeway 229, E.87 
Venturi effect E.123–E.124, E.292–E.293 
Verma, Sushant 10 
Vernacular E.136 
Vestibule E.139 
View E.180–E.182, E.187, E.222–E.233, E.248 
View climate as a resource synergy 80–81 
Vines 248–249, E.157, E.172, E.238 
Visible transmittance (VT) 214–215, E.274–E.275 
Visual comfort E.314 
Volume, allowable E.46 
Volumetric heat capacity E.204 

W
Waffl e skylight E.178 
Waffl e well index E.179 
Wake effect E.55–E.57 
Wake interference fl ow E.59 
Walls

atrium E.131 
below-grade E.208–E.210 
bermed E.208–E.210 
breathing (transpired collectors) E.218–E.219 
colors, exterior surface E.268–E.269 
colors for daylighting E.222, E.267 
colors for thermal mass E.266 
daylight refl ectance E.267 
double-skin E.270–E.272 
earth sheltering E.208 
east- and west-facing E.268–E.269 IN
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Walls (cont.)
exterior refl ectance E.20, E.36–E.38, E.158, E.173–

E.175 
glare reduction E.173, E.222 
insulation 204–205, E.169, E.196–E.202, E.330 

skin 296 
insulation of mass walls E.169 
mass surface absorptance E.266 
materials E.169, E.202–E.207, E.218–E.221, E.270–

E.272 
movable

 See Movable walls 
orientation E.212–E.214 
photovoltaics on E.212–E.214 
section details E.202 
shading

See Shade and shading: walls 
shape E.220–E.222 
solar refl ectors E.220–E.221 
surface area E.203–E.207, E.210, E.212–E.214, E.218–

E.219 
surface properties E.270–E.272 
thermal mass surfaces 238, 242, E.163–E.167 
thermal storage E.137–E.138, E.203–E.207 
thickness E.196–E.202, E.203–E.207 

Warehouses E.108 
Warm climate zones 42 
Washington, DC E.6–E.7 
Water

as thermal storage 206–207, E.80, E.134, E.136, 
E.143–E.144, E.164–E.167, E.190–E.191, E.203–E.204, 
E.205, E.257–E.258 

channels E.28 
courtyards as cold air sinks E.157 
ground E.216 
interwoven with buildings E.27 
mass arrangement 242, E.143 
microclimatic effect E.13 
spray E.168 

Water bodies, wind effects E.294 
Water-conserving fi xtures E.326–E.327 
Water edges strategy E.168 

effect on microclimate E.13 
in outdoor microclimate bundle 180–181 

Water heaters, heat gains E.325 

Water heating, solar E.215–E.217 
loads E.328 

Waterless urinals E.328 
Water use E.26 
Water wall 206, E.137, E.166–E.167
 See also Thermal storage wall strategy 

night insulation E.235–E.236 
WeatherTool software E.288, E.342 
Well effi ciency E.223 
Well index, skylights E.223 
Well-placed windows strategy 173, 188, 190, E.187 

in passive solar building bundle 169–170 
in responsive envelope bundle 185–186 

Wells, deep water temperature E.216 
Wet bulb depression E.127–E.128 
Whole buildings bundles [L6]
 See Daylight building bundle
 See also Outdoor microclimates bundle
 See also Passively cooled building bundle
 See also Passive solar building bundle 

overview 94–95, E.69 
Whole-house fan E.256 
Width to height ratio
 See Height to width ratio 
Wind

air movement principles, E.292–E.296 
bioclimatic chart E.339–E.342 
bioclimatic design strategies, E.340 
blocking of, E.297 
comfort E.185, E.229 
courtyards E.154–E.156 
data sources E.372 
design strategies 46–48 
design wind speed E.229 
directional variability E.124–E.125, E.288–E.289, 

E.290–E.291 
drag E.125 
fl ows around buildings E.294–E.295 
incidence angle 212 
increasing moisture in E.168 
indoors, velocity E.185–E.186 
infi ltration E.337 
loose or dense urban patterns 223 
microclimatic site patterns E.292–E.296 
pressure zones E.292 
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room orientation E.229 
rose E.288–E.289 
site microclimate E.297–E.301 
square E.290–E.291 
streets E.21–E.23, E.53, E.54 
sun in combination with, E.297–E.301 
terrain effects on E.290, E.292–E.293 
topographic microclimates 222, E.13, E.290 
valley effect E.294 
velocity E.123, E.229, E.288–E.292

  See also Design wind speed 
comfort 245 
indoors 245 
in streets 223 

Windbreaks
outdoor rooms 230, E.28 
urban 223, E.28 

Windbreaks strategy 130, 132, 170, E.63–E.64 
in outdoor microclimate bundle 181–182 
in passive solar building bundle 170, 172 
in solar neighborhood bundle 129, 131 

Wind catchers strategy E.71, E.72, E.80, E.123–E.125 
examples E.79–E.80, E.123–E.124 
selection criteria 158–159 

Wind fl ow regimes E.58–E.59 
Window and glass types strategy 190, 193, E.273–E.276 

condensed tool 214–215 
in responsive envelope bundle 185–186 

Window placement strategy (daylighting) 152, E.182–E.184 
in daylight building bundle 151–152 

Windows
air-fl ow E.231 
colors for daylighting, E.222, E.223 
cooling and, 214–215, 245, E.180, E.185 
courtyard E.158 
daylight-enhancing shades E.237–E.238 
daylight factor, E.227–E.228, E.305 
daylighting by refl ection, E.173, E.232–E.234 
daylighting by size of, 210–212, E.158, E.182, E.227–

E.228
design strategies E.160–E.161 
direct gain solar systems 238 
exterior shading 248, E.239–E.246 
facing glazed buffers E.83 
frames E.274 

fresh air E.231 
glare E.222 
glazed streets E.20 
head height 202–203, 245, E.150–E.152, E.183 
heating and 214–215 
heat loss and gain E.187 
high-performance 208–209, E.225–E.236 
impact on daylight access E.37–E.39 
insulating value E.273, E.274 
internal and in-between shading E.247–E.248 
layers E.232–E.248 
light shelves E.232–E.234 
location E.180–E.188 
materials E.273–E.276 
movable insulation E.235–E.236 
orientation

daylight E.173–E.175, E.180–E.186 
heating E.118–E.119, E.180–E.181, E.187–E.188 
solar heating 235 
ventilation 235, 245 
ventilation and cooling E.118–E.119, E.180–E.181, 

E.187 
passive solar recommendations E.273 
placement guidelines, daylight E.182 
placement, ventilation E.185–E.186 
shading E.237–E.248, E.332–E.334 
shading coeffi cients E.332–E.334 
shape E.182–E.186, E.222–E.223 
size E.173–E.175, E.182, E.224–E.231 
skylight wells E.223 
solar gain 214–215 
solar heating 208–209, E.224–E.226 
splayed edges E.222 
transom E.89–E.90 
trombe walls E.137 
types 214–215, E.273–E.276 
ventilation E.229–E.230 
visible transmittance 214–215 

Window solar gain technique E.332–E.334 
data sources E.373 

Window wall daylighting E.150–E.152 
Window wall daylighting 202, 296 
Wind pressure
 See Pressure, wind 
Wind rose approach E.288 
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Wind rose technique E.288–E.289 
Wind shelter patterns E.29–E.30 
Wind square technique E.290–E.291 

selecting cooling strategies 158–159 
Wind tunnel tests E.292 
Wing walls 229, 236, 245, E.87, E.118, E.121–E.122 
Winter courts strategy 130, 132–133, 135, 170, 182–183, 

E.28–E.30 
examples E.187 
in integrated urban pattern bundle 146–147 
in outdoor microclimate bundle 181–182 
in passive solar building bundle 170–172 
in solar neighborhood bundle 133 

Winter section E.72 
Winter solar envelope E.18 
Wood, emissions factor 280, 289 
Woonerfs 144–145 
Work plane E.109 
WRPLOT View software E.288 

Y
Youth hostel E.138 

Z
Zenith, illuminance E.302, E.308 
Zero-energy
 See Net-zero energy buildings 
ZIP CODE computer program E.197 
Zoned organizations

buffer 227, E.83–E.85 

convective loops E.116 
cooling 225, E.76–E.78, E.114, E.316–E.317 
daylight 234, E.108–E.110, E.115, E.316–E.317 
evaporative cooling E.126 
heating 226, E.81–E.82, E.111–E.114, E.316–E.317 
migration 224, E.71–E.73 
mixed mode building E.79–E.80 
moving heat to cold rooms E.111–E.113 
periodic transformations E.74–E.75 
skylight building E.108–E.110 
stratifi cation E.114 

Zoned type mixed mode building E.80 
Zoning

acoustic E.146 
cooling zones

  See Cooling zones strategy 
daylighting zones

  See Daylight zones strategy 
electric light zones

  See Electric light zones strategy 
energy programming E.316–E.317 
heating zones

  See Heating zones strategy 
in design decision chart 61, 66–67 
room strategies E.68 
seasonal occupancy E.319 
spatial zoning synergy 86–87 
stratifi cation zones

  See Stratifi cation zones strategy 
Zoning ordinance E.18, E.23, E.36 
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A
Aalto, Alvar

Institute of Technology (Otaniemi, Finland)   [#103], 
E.267

Mount Angel Abbey Library (Oregon)   [#41, 93], 234, 
E.115, E.249

Seinäjoki Library (Seinäjoki Finland)   [#90], E.237
Tuberculosis Sanatorium (Paimio, Finland)   [#87], E.231
Wolfsburg Cultural Center Library (Wolfsburg, Germany)   

[#66], E.177
Angel Abbey Annunciation Academic Center (St. Benedict, 

Oregon)   [S7], 93
Abramson House (Sacramento, California)   [#63], E.172
Academy of the Antilles and Guiana, Rectorate (Fort-de-

France, Martinique) 
 See Rectorate of the Academy of the Antilles and Guiana
Acoma Pueblo (New Mexico) 
 See Pueblo Acoma
Adler & Sullivan
 Auditorium Building (Chicago, Illinois)   [#41], 234, 

E.115
 Wainwright Building (St. Louis, Missouri)   [#35], 232, 

E.101–E.102 
Aiello, Daniel   [#52], E.143
Aitchison, Marevil   [#58], E.155
Alexandros Tombazis & Associates 
 See Tombazis, Alexandros
Alice Springs Housing (Alice Springs, Australia)   [#58], 

E.155
Alsop, William   [#33], E.98–E.99
Alternative Design   [#67], E.180

Anderson DeBartelo Plan   [#31], E.92
Apartment Building in Wohnpark Alte Donau (Vienna, 

Austria)   [#29], E.83–E.84
Apartment Building, retrofi t (Gothenburg, Sweden)   
 See Gothenburg Apartment Building
Apartment Building, Solarhaus Lützstrasse (Berlin, Germany) 
 See Solarhaus Lützstrasse
Archtektengruppe Klinikum II   [#35], E.101
Art Gallery, Red Location, in New Brighton (Port Elizabeth, 

South Africa)   [#38], E.110
Arthur and Yvonne Boyd Education Centre (Illaroo, New 

South Wales, Australia)   [B9], 184, 187–188
ARUP Associates   [#60], E.164–E.167
ARUP Campus Buildings (Solihull, UK)   [#60], E.164–E.165
Arup, Ove   [#54], 241
Atascadero “Skytherm” House (Atascadero, California)   

[#60], E.164–E.165

Atelier 5   [#20], E.60, E.62
Atelier Z Zarvel   [#99], E.261 
Athens Solar Village 
 See Solar Village 
Atrium buildings for Eugene, Oregon, urban blocks   [#13], 

E.34–E.35
Auditorium Building (Chicago, Illinois )   [#41], 234, E.115 
Auditorium, Institute of Technology, Otaniemi 
 See Institute of Technology
Australian House, hot-humid region   [#69], E.186

B
Bagsvaerd Church (near Copenhagen, Denmark)   [B5], 

154–155

 Designers and Precedents Index

IN
D

IC
ES

: 
D

es
ig

ne
rs

 a
nd

 P
re

ce
de

nt
s



388

Baha’i Temple (New Delhi, India)   [#61], E.168 
Ballerup Rowhouses (Ballerup, Denmark)   [#104], E.268
Bangladesh National Assembly Building (Dhaka, Bangladesh)   

[#105], E.270–E.271
Banwell, White & Arnold   [#60, 97], E.167–E.168, E.257
Bara Constantini Solar System   [#42], E.116
Bart Prince House (Albuquerque, New Mexico) 
 See Prince, Bart
Barronena Ranch, La (Hebbronville, Texas)   [#19], E.58
Bateson California Sate Offi ce Building (Sacramento, 

California)   [#95, 97], E.191, E.253, E.257
Bazaar (Isfahan, Iran)   [#23], E.66
Belo Horizonte, Brazil (shaded street)   [#1], E.6–E.7
Ben-Gurion University, Desert Architecture Unit,   [B4], 

143–145
Bennetts Associates   [#60], E.164–E.165
Bibliothéque National, reading room (Paris, France)  [38], 

E.108
Blueprint Demonstration Farm (Laredo, Texas) 
 See Laredo Demonstration Blueprint Farm
Bohlin Cywinski Jackson   [B7, #84], 169–171, E.224–E.225
Borgafjäll Ski Lodge (Sweden) 
 See Ski Lodge
Boyd Education Centre, Arthur and Yvonne (Illaroo, New 

South Wales, Australia)   [B9], 184, 187–188
Breathe Architects   [#60], E.166–E.167
BRE Offi ce Building (Garston, England)   [#30, 53, 60], 240, 

E.86, E.145–E.146, E.164
Breuer, Marcel   [#32], 230, E.94
British Council (New Delhi, India)   [#29], E.85
British Research Establishment Offi ces
 See BRE Offi ce Building
Broadhead House (La Honda, California)   [#102], E.266
Brown, G. Z.   [#25], E.75
Browne, Enrique   [#91], 262–263, E.245 
Brunnerstrasse-Empergasse Housing Development (Vienna)
 See Housing Development Brunnerstrasse-Empergasse
Building Research Establishment (BRE) Offi ce Building 
 See BRE Offi ce Building
Bumpzoid   [#48], E.133
Bureau D’ Architecture  [#33], E.97
Burley Bike Warehouse (Eugene, Oregon)   [#101], E.264
Burke Ranch, South (Zavala County, Texas) 
 See South Burke Ranch
Byker Housing (Newcastle upon Tyne, England)   [#21], E.64 

C
Cabrito, Pedro and Isabel Diniz   [B7], 172–173, 175
Cafeteria at St. Goran Hospital (Stockholm, Sweden) 
 See St. Goran Hospital
California Offi ce of the State Architect, 
 See Offi ce of the State Architect
California State Offi ce Building (Sacramento, California) 
 See Bateson California Sate Offi ce Building
Calthorpe, Peter   [#60], E.166–E.167
 See also Van der Ryn, Calthorpe and Matthews
Calthorpe and Matthews [#35], E.102
 See also Van der Ryn, Calthorpe and Matthews
Canadian National Gallery (Ottawa, Ontario), 
 See National Gallery of Canada
Carnegie Institute for Global Ecology (Stanford, California)   

[#27], E.79–E.80
Carraro Residence (Kyle, Texas)   [#19], E.58
Casa La Campana (Ocoa, Chile)   [#84], E.224
Cascadia Prototype House, SSIC wall (Oregon)   [#74], E.202
Center for Environmental Education, CEE, (Ahmedabad, India)   

[B8], 176, 180–181
Central Lincoln PUD Offi ce (Newport, Oregon)   [#73], E.192 
Chafee, Judith   [#63], 244, E.171 
Chancellery Building, U. S. Consulate (Luanda, Angola)  

[#64], E.174 
Chandigarh, India, City Plan   [#9], E.24–E.25 
Charleston “Single” House (Charleston, South Carolina)  

[#17], E.53–E.54
Charleston, South Carolina, City Plan   [#17], E.53–E.54 
Chattanooga, TennesSee

Climatic Envelopes   [#5], E.16, E.18
Daylight Envelopes   [#4], E.15
Downtown Cooling Plan   [B2], 122–123
Hypothetical Daylight Development   [B1], 111–112, E.15

Chhaya, Neelkanth and Kallol Joshi   [B8], 176, 180–181
Children’s Day Home (Frankfurt, Germany)   [#78], E.212
Chimacoff, Alan   [#37], E.107
Chinese Playground (San Francisco, California)   [#15], E.46 
Church in the Philippines   [#43], 235, E.118 
Church at Bagsvaerd (near Copenhagen, Denmark)   [B5], 

154–155
City Mansion (Jaisalmer, India) 
 See Jaisalmer City Mansion
City and Neighborhood Plans:

Acoma, Pueblo, (New Mexico)   [#20], E.60
Chandigarh, India   [#9], E.24–E.25 
Charleston, South Carolina   [#17], E.53–E.54
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Chattanooga, TennesSee,  [B1, B2, #4, #5], 111–112, 
122–123, E.15–E.16, E.18

Hashtgerd New Town (Tehran Province, Iran)   [B2], 
123–125

Isfahan, Iran, Bazaar   [#23], E.66 
Kousar Riz, Iran   [#10], E.27
Mardin, Turkey   [#3], 222, E.11
Mount Peter Tropical Urbanism Study (Cairns, Queensland, 

Australia)   [B2], 121–122
Muhiabad, Iran   [#10], E.27 
Neve-Zin Neighborhood (Sde-Boqer, Israel)   [B4], 

143–145
New Bariz, Egypt   [#2], E.8–E.9 
Nottingham City Center Analyses: Sky View Factor and 

Passive Zones   [B1], 115–117
Resolute Bay Township (Northwest Territories, Canada)   

[#11], E.28–E.29
San Francisco, downtown   [#8], E.23
Savannah, Georgia   [#9], E.24 
Somerset Parkside Housing (Sacramento, California)   

[B3], 134–135
Stuttgart, Germany, regional plan   [#1], E.7 
Tunis, Tunisia   [#3], E.8
Villa El Salvador (Lima, Peru)   [#9, 22], E.24, E.65
Washington, District of Columbia, city plan,   [#1], E.6

Clegg, Peter 
 See Feilden-Clegg
Climatic Envelopes (Downtown Chattanooga, TN)   [#5], E.16, 

E.18
Cloud House (Otis, Oregon)   [#25], E.75
Coates, Gary   [#49], E.135
Cocoon House (Sarasota, Florida)   [#44], 236, E.120
Coenen, Jo   [#92], E.247–E.248
Commerzbank (Frankfurt, Germany)   [#18], E.55
Conservation Center, Society for the Protection of New 

Hampshire Forests (Concord, New Hampshire)   [#60, 
97], E.167–E.168, E.191, E.257

Conservation Center (Milford, Pennsylvania) 
 See Milford Reservation
Consorcio-Vida Offi ces (Santiago, Chile)   [#91], 248–249, 

E.245
Consulate, U.S., Chancellery Building (Luanda, Angola)   

[#64], E.174
Cook, Bill   [#74], E.202
Cook Guest House, straw bale wall (Sonita, Arizona)   [#74], 

E.202

Cooling Plan, Downtown, Chattanooga, TennesSee   [B2], 
122–123

Coop Himmelblau   [#29], E.83–E.84
Cooperative Homesteads Project (Detroit, Michigan)   [#76], 

E.208–E.209
Corbu 
 See Le Corbusier
Correa, Charles

British Council (New Delhi, India)  [#29], E.85
Kanchunjunga Apartments (Bombay, India)   [#30], 228, 

E.90
Parekh House (Ahmedabad, India)   [#24], E.72–E.73

Council House II “CH2” (Victoria, Australia)   [#60], E.164, 
E.167, E.191

Cowplain, Middle School (Cowplain, England) 
 See Queen’s Inclosure, Middle School
Cuncinella Mario, Architects 
 See Mario Cuncinella Architects 
Customer Service Center, Sacramento Municipal Utility District 

(Sacramento, Califi ronia)   [#38], E.109

D
Daly, Leo  [#88], E.232
David Kahn Studio
 See Michael Tavel Architects and David Kahn Studio
Da Vinci Arts Middle School (Portland, Oregon)   [#56], 

E.150–E.151, E.191
Daylight Development Plan, Chattanooga, TennesSee,   [B1], 

111–112, E.15
Daylight envelopes, example massing   [#4], E.14–E.15 
Daylight Envelopes with Existing Buildings (Chattanooga, 

TennesSee)   [B4], E.15
Deadwood Creek Community Center (Deadwood, Oregon)   

[S5], 89
DeKay, Mark and Moir-McClean, Tracy   [B1, B2, #4], 

111–112, 122–123, E.15
de Monfort University, Queen’s Building (Leicester, England)   
 See Queen’s Building, de Monfort University
Department of Environmental Health Services, Faculty of 

Medicine, Freiburg University 
 See Environmental Health Services, Department of, 

Faculty of Medicine, Freiburg University 
Desert Architecture Unit, Ben-Gurion University   [B4], 

143–145
Design Center Linz (Linz, Austria)   [#92], E.248 
Design, Inc.   [#60], E.164, E.167
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DG Bank (Frankfurt, Germany)   [#18], E.56
Diniz, Isabel and Pedro Cabrito   [B7], 172–173, 175
Doshi, Balkrishna

Indian Institute of Management (Bangalore, India)   
[#23], E.66–E.67 

Sangath, offi ce and studio (Ahmedabad, India)   [#104], 
E.268–E.269

Downtown Cooling Plan, Chattanooga, TennesSee   [B2], 
122–123

DPZ Pacifi c and Seth Harry Associates   [B1], 121–122
Dumay, Alejandro + Francisco Vergara [#84], E.224

E
East Bank Bookstore, University of Minnesota (Minneapolis, 

Minnesota)   [#76], E.209
Eastgate Building (Harare, Zimbabwe)   [#54], 241, E.147 
Edifício Solar XXI building (Lisbon, Portugal)   [B7], 

172–172, 175
Edmonton Green Shopping District (London, England)   

[#18], E.57
Education Institute, Youth Hostel (Windberg, Germany), 
 See Hostel for Youth Education Institute
Edmisten, John   [#60], E.164–E.165
Edward Mazria & Associates   [#62], E.169
Ehrenkrantz Group, Gruzen Partnership, and Syska & 

Hennessy   [#67], E.181
Elizabeth Fry Building, University of East Anglia (Norwich, 

UK)   [#60], E.164–E.165
El-Kafrawi, Kamal   [#45], E.123
El Tule Ranch (Falfurrias, Texas)   [#19], E.58 
El-Wakil, Abdel Wahed   [#32], E.96
Emery Roth & Sons 
 See Roth, Emery, & Sons
Energy Studies in Buildings Laboratory, University of Oregon
 See ESBL
Enerplex, Prudential Offi ce Buildings (Princeton, New Jersey)   

[#37], E.107
Entrepreneurship Development Institute (Ahmedabad, India)   

[#58], E.154–E.155
Environmental Center (Milford, Pennsylvania)  
 See Milford Reservation
Environmental Health Services, Department of, Faculty of 

Medicine, Freiburg University (Freiburg, Germany)   
[#72], E.189, E.191

Equinox Design, Inc.
Deadwood Creek Community Center (Deadwood, Oregon)   

[S5], 89

Lane Energy Center (Cottage Grove, Oregon), [#81, 98]   
E.220, E.259

McCoy House Project (Grant’s Pass, Oregon)   [#24], E.73 
Prince House (Portland, Oregon)   [#36], E.103 

Erskine, Ralph
Byker Housing (Newcastle upon Tyne, England)   [#21], 

E.64 
Resolute Bay Township Plan (Northwest Territories, 

Canada)   [#11], E.28–E.29 
Ski Lodge (Borgafjäll, Sweden)   [#40], E.114 
St. Goran Hospital, cafeteria (Stockholm, Sweden)   

[#81], E.221
Villa Gadelius (Lidingö, Sweden)   [#29], 227, E.83

ESBL (Energy Studies in Buildings Laboratory, University of 
Oregon)   [S3, #74], 84–85, E.202

Esherick, Homsey, Dodge and Davis   [#27], E.79–E.80
Esherick House (Chestnut Hill, Pennsylvania)   [#67], 

E.180–E.181
Eskimo (Inuit) Igloo 
 See Igloo
Eugene, Oregon, urban blocks, atrium buildings   [#13], 

E.34–E.35
Evergreen State College, Seminar II Building (Olympia, 

Washington)   [#26], 225, E.77
Experimental Offi ce Building (Catania, Sicily)   [B6], 164–165 
Expo ’92, U.K. Pavilion, (Seville, Spain) 
 See U.K. Pavilion

F
Facade, Smart, Living Light House (University of TennesSee 

solar decathlon)   [B9], 192–193
Fairfax Offi ce Building (Fairfax, Virginia) 
 See One University Plaza
Farallones Institute Solar Cabin (Sonoma County, California)   

[#60], E.166–E.167
Farmhouse, Meadowcreek Project (Fox, Arkansas)   [#49], 

E.135
Fathy, Hassan

Presidential Rest House (Kalabash, Egypt)   [#46], E.227 
Souk (New Bariz, Egypt), [#45]   E.123–E.124
Village Plan (New Bariz, Egypt)   [#2], E.8–E.9 

Feilden-Clegg   [#30, 53, 60], 240, E.86, E.145–E.146, E.164 
Félix-Faure, Antoine, Groupe 6   [#47], E.129
Fernau & Hartman   [#102], E.266
Ferraro Choi and Associates   [P3], 270–271
Ferris, Hugh   [#14], 196, E.36
Firestone Library, Princeton University (Princeton, New 
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Jersey)   [#106], E.276 
First Unitarian Church and School (Rochester, New York)   

[#47], E.129
Fisk, Pliny, III   [#46], 237 
Flato, Ted   [#19], E.58
Fontaine Park, La (Montreal, Canada)   [#9], E.24–E.26 
Foreign Affairs Ministry (Riyadh, Saudi Arabia) 
 See Ministry of Foreign Affairs
Foster, Norman, & Partners   [#18, 31], E.55, E.62, E.91–E.92
Foster, Herzog, & Rogers   [#20], 196, E.62
Fraker, Harrison   [#94], E.250–E.251
Freiburg University, Department of Environmental Health 

Services, Faculty of Medicine (Freiburg, Germany)   
[#72], E.189, E.191

Fresno School (Fresno, California) 
 See Sunshine School
Funk & Schröder [#78], E.212

G
Gadelius Villa (Lidingö, Sweden) 
 See Villa Gadelius
Galleria Vittorio Emanuelle (Milan, Italy)   [#6], E.19–E.20
Geos Net-Zero Energy Mixed Use Neighborhood (Arvada, 

Colorado)   [B3], 131–132
Germany 2009 Solar Decathlon House   [#60], E.164–E.165
Giardino Garden Walls (Pantelleria, Italy)   [#21], E.63
Girl Scout Center, Shelly Ridge (Miquon, Pennsylvania)   [B7, 

#84], 169–170, E.224–E.225

Giudecca Island Public Housing Estate (Venice, Italy) 
 See Public Housing Estate, Giudecca Island
Glessner House (Chicago, Illinois)   [#70], E.187 
Göritz, Hansjörg Architekturstudio   [B5], 148, 151–153
Gothenburg Apartment Building, retrofi t (Gothenburg, 

Sweden)   [#51], E.140, E.191
Government Headquarters (Marseille, France) 
 See Regional Government Headquarters
Grant’s Pass Residence 
 See McCoy House
GreenVision Studio  [B1, B2, #4, #5], 111–112, 122–123, 

E.15–E.16, E.18
Grimshaw, Nicholas, & Partners 
 See Nicholas Grimshaw & Partners
Gropius, Walter   [#32], 230, E.94
Gropius House (Lincoln, Massachusetts)   [#32], 230, E.94
Groupe 6, Antoine Félix-Faure   [#47], E.129
Gröz GmBH Head Offi ces (Würzburg, Germany)   [#92], E.191, 

E.248

Grunderzentrum, Grunder Center, (Hamm, Germany)   [#39], 
E.111–E.112, E.191

Gruzen Partnership, Ehrenkrantz Group, and Syska & 
Hennessy   [#67], E.181

Guest House, straw bale wall (Sonita, Arizona) 
 See Cook Guest House
Guest House, Walker (Sanibel Island, Florida)   [#25], E.74

H
Haas Offi ces (Tilburg, The Netherlands)   [#92], E.247–E.248
Haggard, Kenneth   [#60], E.164–E.165
Hajj Terminal, King Abdul Aziz International Airport, (Jeddah, 

Saudi Arabia)   [#16], E.49
Halen Housing Estate (Bern, Switzerland) 
 See Siedlung Halen
Hamdy House (Cairo, Egypt)   [#32], E.96
Hampshire County Architect’s Department   [#90], E.238
Hansjörg Göritz Architekturstudio   [B5], 148, 151–153
Harare International School (Harare, Zimbabwe)   [#60], 

E.166–E.167, E.191
Hashtgerd New Town (Tehran Province, Iran)   [B2], 123–125
Hauvette, Christian   [#44], 236, E.43–E.44, E.121 
Hawaii Gateway Energy Center (Kailua-Kona, Hawaii)   [P3], 

270–271
Hegger Hegger Schleiff Architects   [#39], E.111–E.112
Herzog, Thomas

Design Center Linz (Linz, Austria)  [#92], E.248
Hostel for Youth Education Institute (Windberg, Germany)   

[#50], E.138
Solar City Pilching (Linz, Austria)   [#20], 196, E.62

High Court (Chandigarh, India)
 See Palace of Justice
High Rise Apartment Building in Wohnpark Alte Donau 

(Vienna) 
 See Apartment Building in Wohnpark Alte Donau
Hill House (Nova Scotia)   [B8], 183–184
Himmelblau, Coop 
 See Coop Himmelblau
Hiss Residence, “Umbrella House” (Sarasota, Florida),  [#63], 

E.171 
Hopkins, Michael, & Partners  [#88, 99], E.232–E.233, E.262
Horn & Mortland  [#90], E.237
Hostel for Youth Education Institute (Windberg, Germany)   

[#50], E.138
House in Australia,
 See Australian House
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House in Iraq 
 See Iraq House 
House, Prostas, reconstruction drawing (Priene, Turkey)   

[B3], 128–129
House in San Francisco, California 
 See San Francisco Residence 
House in Tucson, Arizona 
 See Tucson, Arizona House
Housing at Amstelveen (The Netherlands) 
 See Urban Villa 
Housing at Ballerup (Ballerup, Denmark, 
 See Ballerup Rowhouses
Housing at Byker (Newcastle upon Tyne, England) 
 See Byker Housing
Housing Development Brunnerstrasse-Empergasse (Vienna, 

Austria)   [#36], E.104
Housing Development (Passau, Germany) 
 See Passau Housing Development
Housing in Alice Springs (Australia) 
 See Alice Springs Housing
Housing, Somerset Parkside (Sacramento, California)   [B3], 

134–135
Huidobro, Borja  [#91], 248–249, E.245
Humanities Faculty, Qatar University (Doha, Qatar)  
 See Qatar University 
Hypothetical Daylight Development, Chattanooga, TennesSee   

[B1], 111–112, E.15

I
IBUS (Institute for Building, Environment and Solar 

Research/Institut für Bau-, Umwelt-, Solarforchung)   
[#42, 49, 50], 239, E.116, E.134–E.135, E.140

Igloo, Innuit   [#40], E.114 
Indian Institute of Management (Bangalore, India)   [#23], 

E.66–E.67 
Inland Revenue Offi ces (Nottingham, England)   [#88], 

E.232–E.233
Innuit Igloo 
 See Igloo
Institute for Global Ecology, Carnegie (Stanford, California)   

[#27], E.79–E.80
Institute of Technology, auditorium (Otaniemi, Finland)   

[#103], E.267 
International Meeting Center (Berlin, Germany)   [#49], 

E.135
Interstitium, Seasonal Solar Envelope and   [#5], E.18 

Iranian Villages 
 See Muhiabad, Iran, and Kousar Riz, Iran
Iraq House   [#24], E.71–E.72
Isfahan Bazaar 
 See Bazaar (Isfahan, Iran)

J
Jacobs II House (Middleton, Wisconsin)   [#76], E.208–E.209
Jaisalmer City Mansion (Jaisalmer, India)   [#59], 

E.157–E.158
Jefferson, Thomas   [#82], E.222
J. J. Glessner House (Chicago, Illinois) 
 See Glessner House
Jersey Devil Design/Build   [B6], 161–163
John Miller and Partner   [#60], E.164–E.165
Johor State New Administrative Center (Malaysia)   [#16], 

E.52 
Joshi, Kallol and Neelkanth Chhaya  [B8], 176, 180–181

K
Kaempfen, Beat   [#60], E.167–E.168
Kahn, Albert   [#85], E.227–E.228
Kahn, David
 See Michael Tavel Architects and David Kahn Studio
Kahn, Louis I.

Bangladesh National Assembly Building (Dhaka, Bangla-
desh)   [#105], E.270–E.271

Chancellery Building, U.S. Consulate (Luanda, Angola)   
[#64],  E.174 

First Unitarian Church and School (Rochester, New York)   
[#47], E.129

Esherick House (Chestnut Hill, Pennsylvania)   [#67], 
E.180–E.181

Kimbell Art Museum (Fort Worth, Texas)   [#47, 64], 
E.130, E.150, E.174

Radbill Building (Philadelphia, Pennsylvania)   [#91], 
E.237, E.239

Kanchunjunga Apartments (Bombay, India)   [#30], 228, E.90
Kansas State University architecture students   [#49], E.135
Kelbaugh & Lee

Milford Reservation Solar Conservation Center (Milford, 
Pennsylvania)   [#48], 238, E.132

Sisko House (Princeton, New Jersey)   [#50], E.137
Kiessel & Partner   [#35], 232, E.101
Kimbell Art Museum (Fort Worth, Texas)   [#47, 64], E.130, 

E.174
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Kindergarten, Solar City (Linz, Austria)   [#28], 226, 
E.81–E.82

Kindertagesstätte (Frankfurt, Germany) 
 See Children’s Day Home
King Abdul Aziz International Airport, Hajj Terminal (Jeddah, 

Saudi Arabia)   [#16], E.49
Klinikum Nürnberg (Nürnberg, Germany)   [#35], E.101
Knowles, Ralph   [#5], E.18 
Koetter, Kim, & Associates   [#106], E.276
Kohn-Pedersen-Fox (KPF)   [#18], E.56 
Kousar Riz, Iran, village plan   [#10], E.27 
Kutcher House (Herring Cove, Nova scotia)   [B8], 182–183

L
La Barronena Ranch (Hebbronville, Texas)   [#19], E.58 
Labrouste, Henri   [#38], E.108
La Fontaine Park (Montreal, Canada)   [#9], E.24–E.26 
Lake/Flato   [#19], E.58
Lambeth, James   [#48], 238, E.132
Lane Community College Health and Wellness Building 

(Eugene, Oregon)   [S4, S6], 87, 90–91
Lane Community College, Downtown Campus (Eugene, 

Oregon)   72–75, 77
Lane Energy Center (Cottage Grove, Oregon)   [#81, 98], 

E.220, E.259 
Laredo Demonstration Blueprint Farm (Laredo, Texas)   [#46], 

237, E.126
Larkin Administration Building (Buffalo, New York)   [#33], 

231, E.97–E.98 
Larsens, Henning

University of Trondheim (Trondheim, Norway)   [#6], E.19 
Ministry of Foreign Affairs (Riyadh, Saudi Arabia)   [#59], 

E.157–E.158
Lee, Robert E., home of 
 See Stratford Hall
Las Casas de le Juderia (Seville, Spain)   [#16], E.49–E.50
Le Corbusier

Chandigarh, India, City Plan   [#9], E.24–E.25 
Millowners’ Association Building (Ahmedabad, India)   

[#91], 248, E.240–E.241
Palace of Justice, High Court (Chandigarh, India)   [#91], 

E.241–E.242
Leddy Maytum Stacy Architects   [P4], 277–278
Leedy, William   [#94], E.251
Lemon Trees, Giardino Garden Walls (Pantelleria, Italy)   

[#21], E.63

Lewis House 
 See Lloyd Lewis House
L’ Enfant, Pierre   [#1], E.6
Library, “Wren,” Trinity College, Cambridge (Cambridge, 

England)  [#68], E.182
Library (Mount Angel, Oregon) 
 See Mount Angel
Library (Seinäjoki, Finland) 
 See Seinäjoki Library
Library, Princeton University (Princeton, New Jersey) 
 See Firestone Library
Lichtenstein, National Parliament Building   [B5], 148, 

151–153
Lillis Business Complex, University of Oregon (Eugene, 

Oregon)   [S7], 92–93 
Lincoln PUD Offi ce, Central (Newport, Oregon)   [#73], E.192
Lima, Peru, Villa El Salvador District 
 See Villa El Salvador
Living Light House (University of TennesSee solar decathlon)   

[B9], 192–193
Lloyd Lewis House (Libertyville, Illinois)   [#36], E.103 
Lockheed Building  (Sunnyvale, California)   [#88], E.232
Logan House (Tampa, Florida)   [#30], E.86 
Look Building (New York City, New York)   [#14], E.36
Lützstrasse Apartment Building (Berlin, Germany) 
 See Solarhaus Lützstrasse
Lyons, Brian-Mackay   [B8], 182–183

M
Magney House (Moruya, Australia)   [#55], E.150
Mahlum Architects   [#26], 225, E.77
Marché International Support Offi ce (Kemptthal, Switzerland)   

[#60], E.167–E.168
Married Student Housing, Peabody Terrace (Cambridge) 
 See Peabody Terrace
Mardin, Turkey, City of   [#3], 222, E.11 
Mario Cuncinella Architects   [B6], 164–1675
Martin Center, Cambridge University   [B1], 115–117
Marting House (Akron, Ohio)   [#43], 235, E.119 
Maybeck, Bernard   [#32], 230, E.94  
Maybeck House,
 See Wallen Maybeck House
Mazria, Edward, & Associates   [#62], E.169
MBF Tower (Penang, Malaysia)   [#30], E.90
McCoy House Project (Grant’s Pass, Oregon)   [#24], E.73
Meadowcreek Project, Solar Farmhouse  (Fox, Arkansas)   

[#49], E.135
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Meigs, Montgomery C.   [#53, 67], E.146, E.181
Mere House (Flint Hill, Virginia)   [#48], E.133
Messenger House (Upper Kingsburg, Nova Scotia)   [B8], 183
Metropolitan Museum of Art, Temple of Dendur Wing (New 

York City, New York)   [#57], E.152 
Metz, Don   [#76], E,209
Meyers & Bennett   [#76], E.209
Michael Hopkins & Partners 
 See Hopkins, Michael, & Partners
Michael Tavel Architects and David Kahn Studio   [B3], 

131–132
Microelectronics Center (Duisburg, Germany)   [#31], 

E.91–E.92
Middle School (Cowplain, England)   [#90], E.238
Milford Reservation Environmental Center (Milford, 

Pennsylvania)   [#48], 238, E.132 
Miller, John and Partner   [#60], E.164–E.165
Millowners’ Association Building (Ahmedabad, India)   [#91], 

249, E.240–E.241
Ministry of Foreign Affairs (Riyadh, Saudi Arabia)   [#59], 

E.157–E.158
MLTW, William Turnbull   [#63], 244, E.172 
Moir-McClean, Tracy and DeKay, Mark   [B1, B2, #4], 

111–112, 122–123, E.15
Moreland/Unruh/Smith   [#73], E.192
Moule & Polyzoides   [#46], 237, E.126–E.127 
Mount Angel Abbey Library (Oregon)   [#41, 93], 234, E.115, 

E.249
Mount Peter Tropical Urbanism Study (Cairns, Queensland, 

Australia)   [B2], 121–122
Muhiabad, Iran, village plan   [#10], E.27
Musée d’ Intérêt National, 20th century rooms (Grenoble, 

France)   [#47], E.129
Murcutt, Glenn   [B9, #55], 184, 187–188, E.150

N
National Assembly Building (Dhaka, Bangladesh) 
 See Bangladesh National Assembly
National Building Museum (Washington, DC) 
 See Pension Building
National Gallery of Canada (Ottawa, Ontario)   [#83], E.223 
National Parliament Building of Liechtenstein   [B5], 148, 

151–153
National Renewable Energy Laboratory Solar Energy Research 

Facility (Golden, Colorado), 
 See NREL

Nature Center, Rio Grande (Albuquerque, New Mexico) [#60], 
E.166–E.167

New Bariz, Egypt
Souk (market)   [#45], E.123–E.124
Village Plan   [#2], E.8–E.9

Neve-Zin Neighborhood (Sde-Boqer, Israel)   [B4], 143–145
New England Salt Box House 
 See Old Ogden House 
New York City Zoning Study   [#14], 196, E.36
Nicholas Grimshaw & Partners   [#60, 78], 243, 246, 

E.164–E.165, E.212–E.213
Noero, Jo   [B9], 189–190
Noero and Wolff   [#38, 47], E.110, E.130
Nordström, Christer   [#51], E.140
Norman Foster & Partners 
 See Foster, Norman, & Partners
 See Foster, Herzog and Rogers
North Macadam Greenway Study(Portland, Oregon)   [S3], 

85–85
Nottingham City Center Analyses: Sky View Factor and Passive 

Zones   [B1], 115–117
Nouel, Jérôme   [#44], 236, E.43–E.44, E.121 
NREL Research Support Facility, National Renewable Energy 

Laboratory (Golden, Colorado)   [P2, #60], 262–263, 
E.164–E.165, E.191

NREL Solar Energy Research Facility (Golden, Colorado)   
[#31], E.92 

Nueva School (Hillsboro, California)   [P4], 277–278
Nürnberg Clinic (Nürnberg, Germany) 
 See Klinikum Nürnberg
Nxumalo House (Johannesburg, South Africa)   [B9], 

189–190

O
Oak Alley Plantation (Vacherie, Louisiana)   [S2], 83
Offi ce Building, Edifício Solar XXI (Lisbon, Portugal)   [B7], 

172–173, 175
Offi ce Building, Experimental (Catania, Sicily)   [B6], 

164–165 
Offi ce of the State Architect (California)   [#94, 97], E.251, 

E.257
Offi ces of Balkrishna Doshi, Sangath (Ahmedabad, India) 
 See Sangath
Ogden House, Old (Fairfi eld, Connecticut)   [#34], E.100 
Oglethorpe, James   [#9], E.24 
One University Plaza, offi ce building (Fairfax, Virginia)   
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[#67], E.180
Ove Arup
 See Arup, Ove

P
Packard Forge Shop (Detroit, Michigan)   [#85], E.227–E.228
Palace of Justice, High Court (Chandigarh, India)   [#91], 

E.241–E.242
Palmetto House (Redland, Florida)   [B6], 161–163
Pantelleria, Giardino (Italy), Garden Walls 
 See Giardino Garden
Parekh House (Ahmedabad, India)   [#24], E.72–E.73
Passau Housing Development (Passau, Germany)   [#51], 

E.139–E.140
Patel, Bimal   [#58], E.154–E.155
Pauson House (Phoenix, Arizona)   [#29], E.83

Pearce McComish   [#60], E.166–E.167
Pearce Partnership   [#54], 255, E.147 
Pension Building (Washington, DC)   [#53, 67], E.146, E.181
Pfeifer Kuhn Architects   [#72], E.189, E.191
Pilching, Solar City (Linz, Austria) 
 See Solar City Pilching
Pill-Maraham Architects   [P1], 252–253
Pill-Maraham House (Charlotte, Vermont)   [P1], 252–253
Portcullis House, UK Parliament Offi ces (London, England)   

[#95, 99], E.191, E.254, E.262
Portland Oregon Residence (Prince House) 
 See Prince House
Powergen Headquarters (Coventry, UK)   [#60], E.164–E.165
Predock, Antoine   [#60], E.166–E.167
Presidential Rest House (Kalabash, Egypt)   [#46], E.127 
Price Tower (Bartlesville, Oklahoma)   [#91], E.239–E.240
Primary School (Tournai, Belgium)   [#24, 37], E72–E.73, 

E.105 
Prince, Bart   [#75], E.203
Prince, Bart, House (Albuquerque, New Mexico)   [#75], E.203
Prince House (Portland, Oregon)   [#36], E.103
Princeton Energy Group   [#94], E.250–E.251
Princeton Professional Park (Princeton, New Jersey)   [#94], 

E.191, E.250–E.251
Princeton University Library (Princeton, New Jersey)   
 See Firestone Library
Prostas House, reconstruction drawing (Priene, Turkey)   

[B3], 128–129
Prudential Offi ce Buildings, Enerplex (Princeton, New Jersey) 
 See Enerplex, Prudential Offi ce Buildings
Public Housing Estate, Giudecca Island (Venice, Italy)   

[#20], E.62
Pueblo Acoma (New Mexico)   [#20, 24], 224, E.60, E.71 

Q
Qatar University (Doha, Qatar)   [#45], E.123 
Queen’s Building, de Monfort University (Leicester, England)   

[#53, 86], 240, E.146, E.228–E.229 
Queen’s Inclosure, Middle School (Cowplain, England)   

[#90], E.238

R
Radbill Building (Philadelphia, Pennsylvania)   [#91], E.237, 

E.239
Raith 
 See Reinberg-Trebersperg-Raith
Rectorate of the Academy of the Antilles and Guiana (Fort-

de-France, Martinique)   [#44], 236, E.43–E.44, E.121 
Reading room, Bibliothéque National (Paris, France)   [#38], 

E.108
Red Location Art Gallery in New Brighton (Port Elizabeth, 

South Africa)   [#38], E.110 
Regional Government Headquarters (Marseille, France)   

[#33], E.98–E.99
Reiterstrasse Building (Bern, Switzerland)   [#33], E.97
Reinberg-Trebersperg-Raith,   [#36], E.104
Residence Hall, University of Arizona (Tucson, Arizona) 
 See University of Arizona, Residence Hall
Resolute Bay Township Plan (Northwest Territories, Canada) 

[#11], E.29–E.29 
Resolute Bay Wall Building, (Northwest Territories, Canada) 

[#11], E.29–E.29
Rest House, Presidential (Kalabash, Egypt) 
 See Presidential Rest House
Richardson, H. H.   [#70], E.187 
Rio Grande Nature Center (Albuquerque, New Mexico)   [#60], 

E.166–E.167
RNL Architects   [P2, #60], 262–263, E.164–E.165
Robert E. Lee Home (Virginia) 
 See Stratford Hall
Roberts Residence, “Sundance House” (Reston, Virginia)   

[#62, 75, 98], E.169, E.191, E.206–E.207, E.260
Roberts, Walter   [#62, 75, 98], E.169, E.206–E.207, E.260
Roche & Dinkeloo   [#57], E.152 
Rogers, Richard   [#20], 198 
Rose, James and Edgar Stach   [B9], 192–193
Roof-Roof House (Kuala Lampur, Malaysia)   [#29], 227, E.85 
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Rookery Building  (Chicago, Illinois)   [#65], E.176
Roth, Emery, & Sons   [#14], E.36 
Rotunda, Library (University of Virginia)   [#82], E.222
Rowe Holmes Associates   [#30], E.86 
Rowhouses at Ballerup (Ballerup, Denmark) 
 See Ballerup Rowhouses
Row Houses, WannSeebahn (Berlin, Germany)   [#42], E.116
Rudolph, Paul

Cacoon House (Sarasota, Florida)   [#44], 236, E.120 
Hiss Residence, “Umbrella House” (Sarasota, Florida)   

[#63], E.171 
Walker Guest House (Sanibel Island, Florida)   [#25], E.74

Rumsey Engineers   [#27], E.79–E.80

S
Sabha, Faribuz   [#61], E.168
Sacramento Municipal Utility District Customer Service Center 

(Sacramento, California)   [#38], E.109
Safdie, Moshe   [#83], E.223
San Francisco, Proposed Height Zoning (California)   [#8], 

E.23 
San Francisco Residence (California)   [#94], E.191, E251
San Francisco, California, Chinese Playground   [#15], E.46 
Sangath, offi ces of Doshi (Ahmedabad, India)   [#104], 

E.268–E.269
Sanatorium, Tuberculosis 
 See Tuberculosis Sanatorium
Santiago Offi ces, Consorcio-Vida (Santiago, Chile) 
 See Consorcio-Vida
Sarasota House (Sarasota, Florida) 
 See Hiss Residence and Cacoon House
Savannah, Georgia, City Plan   [#9], E.24 
School in Tournai, Belgium 
 See Tournai Primary School
Schimek, Olivia   [#28], 226, E.81–E.82
Schröder, Funk &   [#78], E.212 
Schröder & Widmann   [#51], E.139–E.140
Science and Technology Park (Gelsenkirchen, Germany)   

[#35], 232 , E.101
SCP D’Architectes   [#24, 37], E72–E.73, E.105
Seasonal Solar Envelope and Interstitium   [#5], E.18 
SeeD [pod] House, Solar Decathlon   [#60], E.166–E.167
Seinäjoki Library (Seinäjoki Finland)   [#90], E.237
Seminar II Building, Evergreen State College (Olympia, 

Washington)   [#26], 225, E.77
Sert, José Luis   [#30, 105], E.88–E.89, E.270

Peabody Terrace Married Student Housing (Cambridge, 

Massachusetts)   [#30], E.88–E.89
U. S. Embassy to Iraq (Bhagdad, Iraq)   [#105], E.270 

Seth Harry Associates, DPZ Pacifi c and   [B1], 121–122
Shaded Street (Belo Horizonte, Brazil) 
 See Belo Horizonte, Brazil
Shelly Ridge Girl Scout Center (Miquon, Pennsylvania)   [B7, 

#84], 169–171, E.224–E.225
Shelton Solar Cabin (Hazel Valley, Arkansas)   [#48], 238, 

E.132
Sher-e-Bangla 
 See Bangladesh National Assembly Building
Shimane Prefecture Windbreaks (Japan)   [#21], E.63 
Shopping District, Edmonton Green (London, England)   

[#18], E.57
Short & Ford, architects   [#53, 86], 240, E.146, E.228–E.229 
Siedlung Halen, housing estate (Bern, Switzerland)   [#20], 

E.60, E.62
“Single” House (Charleston, South Carolina), 
 See Charleston “Single” House
Sisko House (Princeton, New Jersey)   [#50], E.137
Skidmore/Owings/Merrill (SOM)   [#16, 37], E.49, E.107
Ski Lodge (Borgafjäll, Sweden)   [#40], E.114
Skytherm House (Atascadero, California)   [#60], E.164–E.165
Smart Facade, Living Light House (University of TennesSee 

solar decathlon)   [B9], 192–193
Smith, Brent   [#63], E.172
Social Security Administration, Northeast Program Service 

Center   [#67], E.181
Society for the Protection of New Hampshire Forests, 

Conservation Center (Concord, New Hampshire)   
[#60, 97], E.167–E.168, E.191, E.257

Solar XXI offi ce building (Lisbon, Portugal)   [B7], 172–173, 
175

Solar Cabin, Farallones Institute (Sonoma County, California)   
[#60], E.166–E.167

Solar City Kindergarten (Linz, Austria)   [#28], 226, 
E.81–E.82 

Solar City Pilching (Linz, Austria)    [#20], 198, E.62 
Solar Decathlon House, “Living Light,” University of 

TennesSee   [B9], 192–193
Solar Decathlon House, SeeD [pod] House, University of 

Arizona   [#60], E.166–E.167
Solar Decathlon House, Team Germany   [#60], E.164–E.165, 

E.191
Solar Envelope (Toronto, Canada) 
 See Toronto, Canada, solar envelope
Solar Envelope, Seasonal and Interstitium   [#5], E.18 
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Solar Envelopes to Control Massing (Toronto, Canada)   [#15], 
E.41

Solar Farmhouse, Meadowcreek Project (Fox, Arkansas)   
[#49], E.135

Solar System, Bara Constantini   [#42], E.116
Solarhaus Lützstrasse (Berlin, Germany)   [#49, 51], 239, 

E.134–E.135, E.140, E.191
Solar Village 3 (Athens, Greece)   [#79], 247, E.215 
SOM 
 See Skidmore/Owings/Merrill
Somerset Parkside Housing (Sacramento, California)   [B3], 

134–135
Sondergaard, Jan   [#31], E.91–E.92
Sotelo, Migual Romero  [#9, 22], E.24–E.25, E.65
Souk (New Bariz, Egypt) 
 See New Bariz, Egypt, Souk
South Burke Ranch (Zavala County, Texas)   [#19], E.58 
S. Radbill Building (Philadelphia, Pennsylvania)   [#91], 

E.237, E.239
SRG Partnership   [S3, S4, S6, S7, #56], 72–75, 77, 87, 

90–91, 92–93, E.150–E.151
Stach, Edgar and James Rose   [B9], 192–193
St. Goran Hospital, cafeteria (Stockholm, Sweden)   [#81], 

E.221
Steidle, Otto & Partner   [#49], E.135
Stockebrand House (Albuquerque, New Mexico)   [#62], E.169 
Stratford Hall (Virginia)   [#26], E.78
Stuttgart, Germany, regional plan, [#1], E.7 
Sullivan, Louis 
 See Adler and Sullivan
Sundance House, Roberts Residence (Reston, Virginia)   [#62, 

75, 98], E.169, E.191, E.206–E.207, E.260
Sunshine School (Fresno, California)   [#90], E.237 
Sunstone House (Phoenix, Arizona)   [#52], E.143 
Syska & Hennessy, Gruzen Partnership, and Ehrenkrantz Group   

[#67], E.181

T
Tavel, Michael
 See Michael Tavel Architects and David Kahn Studio
Team Germany House, 2009 Solar Decathlon   [#60], 

E.164–E.165
Technische Universitat Darmstadt   [#60], E.164–E.165
Tegnestuen Vandkundsten   [#104], E.268
Temple of Dendur Wing, Metropolitan Museum of Art (New 

York) 

 See Metropolitan Museum of Art
TennesSee Valley Authority Offi ce Building (Chattanooga) 
 See TVA Offi ce Building
Toldo, Las Casas de le Juderia (Seville, Spain)   [#16], 

E.49–E.50
Tombazis, Alexandros, & Associates   [#79], 247, E.215
Toronto, Canada, solar envelope   [#15], E.41
Tournai Primary School (Tournai, Belgium), [#24, 37], 

E72–E.73, E.105
Toussaint Residence (Johannesburg, South Africa)   [#47], 

E.130
Township Plan, Resolute Bay (Northwest Territories, Canada), 
 See Resolute Bay Township Plan
Trebersperg 
 See Reinberg-Trebersperg-Raith
Trinity College “Wren” Library, Cambridge (Cambridge, 

England)   [#68], E.182
Trondheim, University of (Trondheim, Norway) 
 See University of Trondheim
Tuberculosis Sanatorium, room plan (Paimio, Finland)   

[#87], E.231 
Tucson, Arizona House   [#63], 244, E.171 
Tule Ranch, El (Falfurrias, Texas)   [#19], E.58 
Tunis, Tunisia, aerial view of city center   [#2], E.8
Turnbull, William   [#63], 244, E.172
TVA Offi ce Building (Chattanooga, TennesSee)   [#35], E.102

U
U.K. Pavilion, Expo ’92 (Seville, Spain)   [#60, 78], 243, 246, 

E.164–E.165, E.212–E.213 
Umbrella House, Hiss Residence (Sarasota, Florida)   [#63], 

E.171
Unicon Beton Headquarters (Roskilde, Denmark)   [#31], 

E.91–E.92
Unitarian Church and School, First (Rochester, New York)   

[#47], E.129
United States Consulate, Chancellery Building (Luanda, 

Angola) 
 See Chancellery Building
United States Embassy to Iraq (Bhagdad, Iraq)   [#105], 

E.270
University of Arizona, Residence Hall (Tucson, Arizona)   

[#46], 251 
University of Arizona, SeeD [pod] Solar Decathlon House   

[#60], E.166–E.167
University of Minnesota East Bank Bookstore (Minneapolis) 
 See East Bank Bookstore
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University of Trondheim (Trondheim, Norway)   [#6], E.19 
University of Virginia, Rotunda 
 See Rotunda 
Urbanism, Environment and Design (UED)   [B1], 115–117
Urban Villa (Amstelveen, The Netherlands)   [#99], E.191, 

E.261
Utzon, Jørn  [B5], 154–155

V
Valle, Gino   [#20], E.62
Van der Ryn, Calthorpe and Matthews   [B3], 134–135
Vandkundsten, Tegnestuen   [#104], E.268
Vergara, Francisco + Alejandro Dumay   [#84], E.224
Villa El Salvador District (Lima, Peru)   [#9, 22], E.24–E.25, 

E.65
Villa Gadelius (Lidingö, Sweden)   [#29], 227, E.83 

W
Wainwright Building (St. Louis, Missouri)   [#35], 232, 

E.101–E.102 
Walker Guest House (Sanibel Island, Florida)   [#25], E.74
Wall Building, Resolute Bay, (Northwest Territories, Canada)   

[#11], E.28–E.29
Wallen Maybeck House (Berkeley, California)   [#32], 230, 

E.94 
Washington, District of Columbia,  city plan   [#1], E.6
WannSeebahn Row Houses (Berlin, Germany)   [#42], E.116
Webler & Geisler  [#92], E.248
White Druk Lotus School (Ladakh, India)   [#60], 

E.166–E.167
Wilfart, Jean   [#24, 37], E72–E.73, E.105
Williams and Paddon   [#38], E.109
Wilson Residence  (Mono Mills, Ontario)   [#60], E.166–E.167
Windbreaks (Shimane Prefecture, Japan) 
 See Shimane Prefecture 
Winston House (Lynne, New Hampshire)   [#76], E.209
Wohnpark Alte Donau, Apartment Building (Vienna, Austria)   

[#29], E.83–E.84
Wolff, Heinrich, Noero and   [#38, 47], E.110, E.130
Wolfsburg Cultural Center Library (Wolfsburg, Germany)   

[#66], E.177
Wren, Christopher   [#68], E.182
“Wren” Library, Trinity College, Cambridge (Cambridge, 

England)   [#68], E.182
Wright, Frank Lloyd

Cooperative Homesteads Project (Detroit, Michigan)   
[#76], E.208–E.209

Jacobs II House (Middleton, Wisconsin)   [#76], E.208–
E.209 

Larkin Administration Building (Buffalo, New York)   
[#33], 231, E.97–E.98  

Lewis House (Libertyville, Illinois)   [#36], E.103
Marting House (Akron, Ohio)   [#43], 249, E.119 
Pauson House (Phoenix, Arizona)   [#29], E.83
Price Tower (Bartlesville, Oklahoma)   [#91], E.239–E.240
Rookery Building  (Chicago, Illinois)   [#65], E.176

Y
Yeang, Ken

MBF Tower (Penang, Malaysia)   [#30], E.90
Roof-Roof House   [#29], 227, E.85 

Yeang Residence (Kuala Lampur, Malaysia)   [#29], 227, E.85 
Young Cities Project   [B2], 123–125
Youth Education Institute Hostel (Windberg, Germany)   

[#50], E.138

Z
Zimmerman House (Fairfax County, Virginia)   [#63], 244, 

E.172 
Zoning Study (New York City, New York)   [#14], 196, E.36
Zoning Study (San Francisco, California)
 See, San Francisco, Proposed Height Zoning
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2030 challenge targets, the   [P1], 252

A
Abbreviations  311–313 
Absorptance 

See  Solar absorptance
Active tailored systems principles   92–93
Air-air heat exchangers, effi ciency   [#99], E.261
Air collector sizing recommendations   [#51], E.141–E.142
Air fl ow pattern from a ceiling fan   [#96], E.256
Air fl ow rate of fans for mechanical ventilation   [#95], E.254
Air fl ow windows

heat exchange effi ciency   [#87], E.231
R-value   [#87], E.231
sizing   [#87], E.231 

Air velocity as a percentage of the exterior wind velocity, 
average interior   [#69], E.185

Altitude
See  Solar altitude

Anatomy of a Sun, Wind & Light design strategy   18
Annual heating and cooling energy calculation method   

[P2], 264-269
Annual heating and cooling loads before savings from passive 

design, from SWL Tools spreadsheet   [P2], 264
Annual space heating and cooling energy with savings from 

passive design, from SWL Tools spreadsheet   [P2], 265
Architecture 2030 challenge targets   [P1], 252
Atrium

building thickness rule, [#33], 231, E.97–E.98 

linear
See also Glazed streets
sizing and daylight factors in adjacent rooms, [#33], 

E.99 
rectangular

sizing and daylight factors in adjacent rooms   [#47], 
E.131

sizing and daylight factors in center of fl oor   [#47], 
E.131 

Atrium blocks 
ideal sizes   [#13], E.34
sizing method   [#13], E.34

Average        interior air velocity as a percentage of the exterior 
wind velocity   [#69], 245

Azimuth angle, for sizing east- and west-facing vertical 
shading louvers    [#91], E.244

B
Balance point profi les

BPgraph spreadsheet   [A29], E.361
design possibilities based on   [A29], E.363
energy conservation strategies based on   [A29], E.362
profi le graphs, construction method   [A29], E.357–E.360

Balance point temperature difference, estimating   [A28], 
E.356

Bermed walls
See  Earth shelter

 Des ign  Too l s  Index 
tab les ,  g raphs,  des ign  gu ide l ines
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Bioclimatic chart
comfort zone with evaporation, expansion of   [A24], 

E.341
comfort zone with sun, expansion of   [A3, A24], E.286, 

E.341
comfort zone with wind, expansion of   [A24], E.341

Bioclimatic chart, interpreting   A24], E.341
Bioclimatic chart with comfort variables   [A24], E.342
Bioclimatic chart with design strategy zones   [A24], 234–235 

E.339
Blockage ratios for buildings/streets organizations   [#7], 237, 

E.22
Blockage ratio formula   [#7], E.21
Blocks 

daylight types   [#13], E.35
sizing for atrium buildings   [#13], E.34

Borrowed light, through adjacent spaces, estimating daylight 
factor   [#31], E.93

Breathing walls
annual energy from transpired walls   [#80], E.219 
sizing   [#80], E.219 

Buffer space average temperature, estimating   [#29], E.84
Building conservation criteria based on total heat loss rate   

[A27], E.354
Building energy loads and supplies graph (SWL Tools 

spreadsheet)   [P4], 279
Building form and subdivisions matrix   86
Building form, daylight  planning strategies and   [B5], 

148–149 
Building groups location on slopes   [#3], E.13 
 Building height vs. density for solar access   [B3], 136
Building spacing

cross-ventilation effectiveness   [#19], E.59 
Building spacing for winter solar access   [#20], 198–199, 

E.60–E.61
Building thickness rule, atrium buildings   [#33], 231, 

E.97–E.98 
Buildings, wind fl ow patterns around   [A6], E.295
Bundle diagram form   106
Bundle Variations by Climate and Internal Gains   39
Bundles

structure of   98

C
Carbon use intensity (CUI)   

emissions targets and CUI calculations (SWL Tools spread-
sheet)   [P6], 291

formulas   [P5], 281
Carbon use intensity (CUI) targets, 

Canadian commercial buildings, provincial averages   [P5], 
284–285

Canadian residential buildings, provincial averages   [P5], 
287

U.S. commercial buildings, by building type and climate 
zone   [P5], 282–283 

U.S. commercial buildings, national averages   [P5], 281
U.S. residential buildings, regional averages   [P5], 286

Carbon dioxide equivalent (CO2e ) emissions factors, sample   
[P5], 280

Catching effi ciency (CE) for different wind catcher designs   
[#45], E.124

Ceiling fans, fl ow pattern from   [#96], E.256
Ceiling fans size, recommended   [#96], E.256
Ceiling slope with light shelves, effect of   [#55], E.150
Census regions map, U.S.   [P1, P5], 260, 286
Characteristics of different solar heating systems   [B7], 

166–167
Clear sky condition 

See also  Daylight access, Daylight obstructions, Illumi-
nance levels, Window area, Light Shelves

design daylight factor calculation method   [A11], E.311
Clear sky daylight distribution from light shelf   [#88], E.234
Climate

bundle variations by   39
night-cooled mass potentials   [#54], 200–201, E.148

Climate  criteria for cooling  strategies   [B6], 157–159
Climate data, sources by analysis technique   [App. F], 

E.371–E.372
Climate suitability matrix for earth-sheltered buildings in 

different climates   [A25], E.343
Climate type and energy  intentions, strategies by   44–49
Climate zones

international system (2009)
Alaska map   [App. F], E.369
Canada map   [App. F], E.368
United States map   [App. F], E.366
zone defi nitions   [App. F], E.367

night-cooled mass potential   [#54], E.148
United States, regional (maps), AIA Research Corp, 1978   

[App. F], E.370
Climate Zones and Their Priorities for Heating and Cooling 

Strategies   43–45
Climatic envelope, construction method   [#5], E.16–E.17
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Color 
See  Refl ectance

Combined ef fect of slope and ori en ta tion on an nu al ra di a tion   
[#3], E.12

Combining collection, storage and distribution to create solar 
heating systems   [B7], 168–169

Comfort criteria, thermal and visual   [A13], E.314
Comfort parameters around tall buildings   [#18], E.56
Comfort variables, bioclimatic chart   [A24], E.342
Comfort zone with sun, expansion of   [A3], E.286
Condensation conditions for glazing types   [#106], E.273
Conductances, surface   [#60], E.163
Conservation criteria, building heat loss rate   [A27], E.354
Construction of a climatic envelope   [#5], E.16–E.17
Construction of a daylight access envelope   [#14],  197, E.39
Construction of a solar envelope   [#15], E.40–E.41
Construction of a solar envelope for protection of open space   

[#15], E.47–E.48
Construction of the shadow umbrella for shading N–S oriented 

courtyard   [#16], E.50–E.51
Control systems

electric lighting, Power adjustment factors (PAF)   [#73], 
E.193 

space ownership vs. number of users   [#101], E.264
Convective loop design guidelines   [#42], E.116
Conversion of units   314–315
Cooling with water, design guidelines   [#10], E.27
Cooling effects from built form   [B2], 125–126
Cooling effects from trees and  colonnades   [B2], 125–127
Cooling energy, annual calculation method   [P2], 267–269
Cooling loads with passive cooling (SWL Tools spreadsheet)   

[P2], 268
Cooling neighborhood, recommendations   [B2], 118, 125
Cooling rate estimation

cross- combined with stack-ventilation   [#86], E.230
cross-ventilation   [#86], E.229
evaporative cooling towers   [#46], E.128
ground contact/earth shelter   [#76], E.210 
rock beds   [#94], E.252 
stack-ventilation   [#86], E.230
wind catchers   [#45], E.125

Cooling rate from combined cross- and stack-ventilation   
[#30], E.88

Cooling rates due to vegetation cover   [#9], E.25–E.26
Cooling rates due to tree cover   [#9], E.26
Cooling  strategies, climate  criteria for   [B6], 157–158

Cooling zones
 drivers and criteria   [#26], E.76
 thermal criteria  [#26], E.77
Cooling zones by internal gains and thermal criteria   [#26], 

225, E.76
Courtyards 

See  also Urban canyon
orientation for ventilation   [#58], E.155
proportions, effect on solar radiation   [#59], E.158
sizing for ventilation   [#58], E.156
summer season radiation, total summer   [#59], E.159
proportions, solar access   [#58], E.155
wind shelter patterns in l-shaped and closed courtyard 

organizations   [#11], E.29–E.30
wind shelter patterns in u-shaped organizations   [#11], 

E.29
Cross-ventilation 
 See also  Ventilation, Wind fl ow patterns, Wind speed, 

Wing walls, Wind catchers
design wind speed formula   [#86], 226, E.229
combined with stack-ventilation, cooling rate   [#30, 

86], E.88, 
       interior air velocity as a percentage of the exterior wind 

velocity   [#69], 245
sizing   [#86], E.229
room organizations, corridor buildings   [#30], E.89
room organizations matrix for combining cross- and 

stack-ventilation   [#30], 229, E.87–E.88

D
Daylight

energy savings potential   [#73], E.193
heat gain reductions to electric lighting   [A27], E.352–

E.353
light levels and the potential for (chart method)   [A14], 

E.317
refl ected from exterior wall   [#64], E.175
roof transmission formula   [#65], E.176
shading devices guidelines   [#90], E.237–E.238
uniformity, recommended room depth   [#57], 202–203, 

E.153 
Daylight access

density implications/FAR and street wall heights   [#4], 
E.14–E.15

envelopes, construction of   [#14],  197, E.39
obstructions, daylight dot charts   [A10, App. ], E.308–

E.309
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Daylight access (cont.)
spacing angles   [#14], 196–197, E.37

Daylight apertures
See also  Windows
sizing   [#85], 210–211, E.227–E.228

Daylight availability 
See  Illuminance levels

Daylight availability under overcast skies (estimating)   [A9], 
E.307

Daylight block types   [#13], E.35
Daylight building bundle recommendations   [B5], 148
Daylight distribution and window placement   [#68], 

E.183–E.184
Daylight distribution at the work plane from square skylights   

[#38], E.109
Daylight distribution, window placement guidelines   [#68], 

E.182–E.183
Daylight dot charts, clear sky   [App. G], E.417–E.418
Daylight dot chart, overcast sky   [A10], E.308–E.309
Daylight-enhancing shades guidelines   [#90], E.237–E.238
Daylight envelope construction   [#14],  197, E.39
Daylight factors

See also  Design daylight factor
linear atria   [#33], E.99 
recommended design targets   [A11], E.310

Daylight fac tor as a func tion of street canyon pro por tions   
[#14], E.38

Daylight fac tor in a room with borrowed light   [#31], E.93
Daylight factor—unilateral lighting, minimum   [#35], E.102
Daylight factors by room use and site latitude, recommended   

[A11], E.310
Daylight obstructions

See  Daylight access, Daylight dot charts
Daylight  planning strategies and building form   [B5], 

148–149
Daylight refl ectance of colors   [#103], E.267

Daylight spacing angles for different latitudes   [#14], 
196–197, E.37 

Daylight transmittance of roofl ight systems   [#66], 
E.177–E.178

Daylighting at center of a glazed street   [#6], E.20
Daylighting in lower rooms adjacent to glazed street   [#6], 

E.20
Daylighting in upper rooms adjacent to glazed street   [#6], 

E.20
Degree days, annual (maps)   [App. G], E.406 

Density implications of daylight access   [#4], E.15
Density, occupant   [A16], E.321 
Design criteria for energy zones   [A14], 218–219, E.317
Design daylight factor

calculation methods   [A11], E.310–E.312
formula to modify for toplight rooms   [#47], E.131

Design daylight factor by orientation, calculating worksheet   
[A11], E.312

Design decision chart   62–71
Design decision chart, overview diagram   60
Design possibilities based on balance point profi les   [A29], 

E.363
Design responses to aperture size confl icts   [B9], 184–185
Design strategies, from bioclimatic chart   [A24], 

E.339–E.342
Design strategy maps   32–37
Design wind speed formula   [#86], 212, E.229
Differential opening method (stack-ventilation)   [#86], 

E.230
Direct gain

glazing area size   [#84], E.225–E.226
mass size and thickness   [#75], E.203–E.204

Direct mass
See  Thermal mass

Distribution
See  Heat distribution, Mechanical ventilation, and Ducts

Distribution of velocity around a moderately dense windbreak   
[#21], E.64

Diurnal heat capacity for direct mass materials   [#75], E.205
Domestic hot water loads 

See  Hot water loads
Double skin constructions, tested   [#105], E.272 
Double skin effi ciencies by design characteristics   [#105], 

E.272
Double skin materials, surface properties   [#105], E.271
Downdraft evaporative cooling towers

See  Evaporative cooling towers
Drivers and criteria for cooling zones   [#26], E.76
Ducts and diffusers, sizing   [#97], E.258
Ducts, main and branch size   [#96], E.255 

E
Earth-air heat exchangers (earth tubes)

diameter, length, and placement   [#98], E.259
sizing graph, length   [#98], E.260

Earth sheltering
climate suitability matrix   [A25], E.343
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determining ground temperature, method [App. G], 
E.420–E.421

R-values of bermed walls   [#76], E.210
sizing walls and fl oors for ground contact cooling   [#76], 

E.210 
strategies matrix, considering light and ventilation   

[#76], 208
Earth surface temperature, amplitude (map)   [App. G], 

E.420–E.421
Earth surface temperature, mean (map)   [App. G], 

E.420–E.421
Earth temperature, determining   [App. G], E.420–E.421
Earth tubes

See  Earth-air heat exchangers
Electric lighting

controls rule   [#73], E.193
heat gain from   [A17], E.324 

See also  Heat gain
switching in layered zones, maintaining design illumi-

nance   [#73], E.193
types and effi cacies   [A17], E.324 

Electric load profi les, four residential   [A19], E.327
Electrical energy intensities, commercial building   [A19], 

E.326
Elements of the SWL Knowledge Structure   16
Emissions factors by fuel, Canada   [P6], 289
Emissions factors by fuel, USA   [P6], 289
Emissions targets and CUI calculations (SWL Tools 

spreadsheet)   [P6], 291
Emissions targets, setting   [P5], 280–285
Emittance 

See  Heat emittance
Energy conservation strategies based on balance point profi les   

[A29], E.362
Energy production intensity (EPI) 

calculation method   [P3], 271–273
formulas   [P3], 275

Energy produced by a transpired wall   [#80], E.219
Energy production from fl at plate collectors, annual   [#79], 

E.216
Energy programming 

bubble diagram   [A14], 219
design criteria matrix   [A14], 218–219

Energy savings from daylight, potential   [#73], E.193
Energy use intensity (EUI) 

calculation methods, net site EUI   [P4], 276–278
formula   [P2], 262

formula, conversion to carbon use intensity (CUI)   [P5], 
281

loads and supplies graphs   [P4], 279
Energy use intensity (EUI) targets 

by building type and climate zone   [P1], 256–257
Canadian commercial buildings, provincial averages   [P1], 

258_259
Canadian residential buildings, provincial averages   P1], 

261
U.S. residential buildings, regional averages   [P1], 260
U.S. commercial buildings, national averages   [P1], 255

Energy zones, design criteria for   [A14], 218–219,  E.317
Envelope design, responses to aperture size confl icts   [B9], 

184–185
Envelope heat gain/loss 

See  Heat gain and Heat gain/loss
Envelope thickness 

See  Skin thickness
Equipment, heat gain 

See  Heat gain
Evaporative cooling towers, sizing   [#46], E.127–E.128
Example of a solar envelope protecting open space   [#15], 

E.48
Exhaust air outlets size (mechanical ventilation)   [#96], 

E.255
Expansion of  the comfort zone in outdoors spaces by designing 

with climate   [B8], 178–179
External shades

See  Shading devices

F
Factors for constructing solar envelopes for open space   

[#15], E.47–E.48
Fan room size   [#96], E.255
Fans 
 See Mechanical ventilation, Ceiling fans, Whole-house 

fans
Finish refl ectances, recommended (daylighting)   [#103], 

E.267
Floor area ratio (FAR) calculation for daylight density   [#4], 

E.14–E.15
Flow regimes between buildings, three   [#19], E.59
Fresh air, inlets size (mechanical ventilation)   [#96], E.255
Fresh outdoor air required for ventilation, rate of   [A23], 

E.336
Front-loaded sustainable design   13
Frost dates (maps)   [App. G], E.419
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G
Generalized recommendations for glazing + window selection   

[#106], 228–229
Geometry of overhead louvered sunshades   [#23], E.67
Glare

illuminance ratio for task lighting   [#93], E.249
Glazed streets

daylighting at center of   [#6], E.20
daylighting in lower rooms adjacent to   [#6], E.20
daylighting in upper rooms adjacent to   [#6], E.20

Glazing
See also  windows
visible transmittance recommendation  [#106], 214

Glazing and window selection at temperate latitudes, 
generalized recommendations   [#106], 214–215, 
E.274–E.275

Greenbelts, size   [#1], E.6
Green edges (urban), size   [#22], E.65 
Ground temperature 

amplitude for summer extreme, determining   [App. G], 
E.421

determining   [App. G], E.420 –E.421
earth temperature (maps)   [App. G], E.420–E.421

Ground water temperature   [#79], E.216

H
Heat distribution

for solar heating based on collection strategy and room 
organization   [#39], E.111–E.112

mechanical, systems options for passive and hybrid solar 
heating   [#72], E.190–E.191

room organization and distribution mode   [#39], E.112
Heat emittance and refl ectance of materials   [#105], E.271
Heat exchangers

See  Air-air exchangers, Earth-air exchangers 
Heat fl ow through the skin, estimating   [A21], E.331
Heat gain 

See also  Heat gain/loss, Heat loss
electric lighting, including savings from daylighting   

[A17, A27], E.324, E.352–E.353
envelope (skin), walls, roofs, and windows)   [A27], 

E.354
equipment   [A18, A27], E.325, E.351
infi ltration/ventilation   [A23, A27], E.335, E.337, E.354
people   [A16, A27], E.222, E.351
solar radiation, per unit area of skin area   [A22], E.334 

Heat gain by element graph (SWL Tools spreadsheet)   [P2], 

266
Heat gain from electric lights, rate of   [A17], E.324 
Heat gain from equipment   [A18], E.325 
Heat gain from occupants, estimating   [A16], E.222
Heat gain from people, per person, rate of   [A16], E.320 
Heat gain totals, part A internal heat sources—people and 

equipment   [A27], E.351
Heat gain totals, part B internal heat sources—electric lighting   

[A27], E.352–E.353
Heat gain totals, part C heat gain through envelope   [A27], 

E.354
Heat gain totals, part D heat gain from infi ltration/ventilation   

[A27], E.354
Heat gain/loss 

See also  Heat loss and Heat gain
envelope (skin)

as a function of massing, [#34], E.100
per unit fl oor area   [A21], E.331 

Heat gain/loss from ventilation in commercial and 
multifamily buildings   [A23], E.335

Heat gain/loss from ventilation/infi ltration residential 
buildings   [A23], E.337

Heat loss 
See also  Heat gain/loss and Heat gain
conservation criteria   [A27], E.354
through skin   [A21, A27], E.331, E.354
total of all building losses   [A27], E.354–E.355

Heat loss worksheet   [A27], E.355
Heat refl ectance of materials   [#105], E.271
Heating and cooling loads with passive strategies (SWL Tools 

spreadsheet)   [P2], 267
Heating degree days, annual (maps)   [App. G], E.406 
Heating energy, annual calculation method   [P2], 264–267
Heating zones, recommendations   [#28], 226, E.81
Height district zoning for street microclimate   [#8], E.23 
Hierarchy of strategies for net-zero building design   5
Horizontal shading devices 

See  Shading devices
Hot water consumption, annual nonresidential   [A20], E.328
Hot water load, nonresidential buildings annual   [A20], E.328
Hot water load, residential buildings annual   [A20], E.328
Hot water, solar 

See  Solar hot water
Housing form and density for solar access, studies of   [B3], 

135
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I
Ideal atrium blocks   [#13], E.34
Illuminance graph, sky   [A9], E.306
Illuminance levels (daylight)

data, clear, partly cloudy  and overcast   [App. G], E.410–
E.416 

design daylight factor calculation methods   [A11], 
E.310–E.311

Illuminance for roofl ight types at different spacing/height 
ratios, uniformity of   [#38], E.110

Illuminance from sky and external refl ector wall of infi nite 
length, combined   [#64], E.175

Illuminance levels for various sky conditions as a function of 
solar altitude   [A8], E.303

Illuminance ratio, task lighting   [#93], E.249
Illuminance with electric light switching in layered zones, 

maintaining design   [#73], E.193
Illumination levels by activity type   [A17], E.323
Impact of (street) cross sec tion on shading patterns   [#2], 

E.10
Impact of (street) cross sec tion on (urban) sur face 

tem per a tures   [#2], E.9
Indirect mass

See  Thermal mass
Infi ltration, heat gain/loss 

See  Heat gain/loss
Infl uence of Climate, Use and Design   53–54
Insulation

low–rise residential recommendations   [#74], 204–205, 
E.196–E.197

mid–rise and high-rise residential recommendations   
[#74], E.198–E.199

nonresidential recommendations   [#74], 204–205, 
E.200–E.201

R-vales of materials   [#74], E.202
window U-factor   [#106], E.273–E.274

Insulation values for windows in passive solar-heated buildings 
(U-factor)   [#106], E.273–E.274

 Integrated design process diagram   56
Integrated urban patterns recommendations  [B4], 138–139
Internal shades

See  Shading devices
International climate zones, 

Alaska (map)   [App. F], E.369
Canada (map)   [App. F], E.368
defi nitions   [App. F], E.367
United States (map)   [App. F], E.366

Interstitium, seasonal solar envelope and   [#5], E.18

L
Light-to-solar-gain ratio (LSG) for different glazing types   

[#106], E.274–E.275
Light levels and the potential for daylighting (chart method)   

[A14], E.317
Light shelf

ceiling slope with   [#55], E.150
clear sky daylight distribution from   [#88], E.234
optimum tilt, clear sky   [#80], E.234
overcast sky daylight distribution from   [#88], E.234 
size and location   [#88], E.233

Lighting, electric, heat gain from 
See Heat gain

Lighting types and effi cacies   [A17], E.324 
Load reductions minimize energy produced   53–55
Locating outdoor rooms based on microclimate   [#32], 

E.94–E.95 

M
Maps:

climate zones, international system (U.S., Alaska, 
Canada)   [App. F], 40–43, E.366–E.369

climates zones, regional U.S.   [App. F], E.370
degree days, annual   [App. G], E.406 
earth (ground) temperature   [App. G], E.420–E.421
earth surface temperature amplitude   [App. G], E.420–

E.421
fl at plate solar hot water collectors, annual energy pro-

duction from   [#79], E.216
frost dates   [App. G], E.419
ground water temperature   [#79], E.216
heating degree days, annual   [App. G], E.406
insulation zones for windows   [#106], E.273 
sky cover, mean   [App. G], E.409
solar radiation, horizontal surface, [App. G], E.407–408
solar savings fraction (SSF) for sunspace without night 

insulation   [#49], E.135
transpired wall, energy from   [#80], E.219

Mass 
See  Thermal mass

Mass arrangements for passive cooling by location and type   
[#60], 243, E.164–E.165  

Mass arrangements for passive solar heating by location and 
type   [#60], E.166–E.167  

Materials, surface properties (absorptance, emittance, 
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refl ectance)   [#105], E.271
Mechanical heat distribution systems options for passive and 

hybrid solar heating   [#72], E.190–E.191
Mechanical room size guideline, solar hot water   [#79], 

E.217
Mechanical ventilation

See also  Ceiling fans, Air-air heat exchangers, Earth-air 
heat exchangers

ducts and diffusers sizing   [#97], E.258
element sizing (ducts, fan room, inlets and outlets)   

[#96], E.255
surface mount fan dimensions   [#96], E.256
sizing air fl ow of fans, rate per unit fl oor area   [#95], 

E.254
whole house fan recommendations   [#96], E.256

Microclimate analysis method   [A7], E.299–E.300
Microclimate variables by climate and season, values for [A7], 

E.297–E.298
Microclimates

See  Site microclimates
Mixed mode building types   [#27], E.79
Movable insulation

24–hr average R-value of glazing + insulation   [#89], 
E.235–E.236

effect of adding night insulation of solar savings fraction, 
[#89], E.236

 Multipliers  for gas appliances (effi ciency factors)   [P3], 272
Multivalent elements table   90–91

N
Navigation matrix by scale and energy topic   23–25
Neighborhood of light, recommendations   [B1] 110
Net site CUI with PV and off-site renewables (SWL Tools 

spreadsheet)   [P6], 290
Net site EUI with PV and off-site renewables (SWL Tools 

spreadsheet)   [P4], 278
Net-zero and PV sizing (SWL Tools spreadsheet)   [P3], 272
Night-cooled mass

regional evaluation   [#54], E.148
sizing surface area, thickness, and type   [#54],E.149 

Night-cooled mass potentials climate zones map   [#54], 
200–201, E.148

Night-cooled mass potentials by climate zone (table)   [#54], 
200, E.148

Night insulation 
See Movable insulation

Night ventilation of thermal mass 

See  Night-cooled mass
Nonresidential recommended minimum insulation   [#74], 

204–205, E.200–E.201

O
Occupancy schedule, zoning technique   [A15], E.319
Occupant density   [A16], E.321 
Occupants

estimating heat gain from   [A16], E.222
heat gain per person   [A16], E.320 

Open space
See also  Vegetation

patterns with buildings for solar access   [#12], E.31–
E.32

solar envelope construction for   [#15, E.47–E.48
Openings 

See Windows, Daylight apertures, Solar apertures, Ventila-
tion apertures

Open roof structure
daylight transmission formula   [#65], E.176
design daylight factor formula   [#47], E.131

Organization of rooms
for both cross and stack-ventilation, matrix   [#30], 

E.86–E.87
Organizational strategies for cross-ventilation in corridor 

buildings   [#30], E.89
Orientation guidelines

rooms facing the sun and wind, [#43], E.118
solar collectors   [#78], E.212
windows, heating and cooling   [#70], E.187

Orientation of primary streets for ventilation   [#17], E.54
Orientation on seasonal solar heating performance, effect of   

[#43], E.119
Outdoor air 

See  Fresh outdoor air
Outdoor microclimate bundle recommendations  [B8], 178
Outdoor rooms

expansion of  the comfort zone   [B8], 177–178
location by microclimate   [#32], E.94–E.95

Overcast sky condition
See also  Daylight access, Daylight obstructions, Illumi-

nance levels, Light shelves
daylight availability curves   [A9], E.307
design daylight factor calculation methods   [A11], E.310

Overcast sky daylight distribution from light shelf  [#88], 
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E.234 
Overhangs 

See  Shading devices
Overhead louvers, geometry of   [#23], E.67
Overhead shades, size and location   [#63], E.170 

P
Parameters for wind fl ow around buildings   [#18], E.57
Parks, size and spacing   [#1], E.6
Passive and active system combinations diagram   [#71], 

E.188
Passive solar building bundle recommendations   [B7], 166
Passive solar glazing area design rec om men da tions   [#84], 

208–209, E.224–E.225
Passively cooled building bundle recommendations   [B6], 

156
Patterns of open space and buildings for solar access   [#12], 

E.31–E.32
People 

See  Heat gain, Occupants
  Photovoltaic area required for net-zero   80–81
Photovoltaics

orientation   [#78], E.212
size for net-zero  [P3], 270–273
sizing, nonresidential   [P3, #78], 274, E.214
sizing, residential   [P3, #78], 274, E.214
tilt guideline   [#78], E.212–E.213
yield by city   [#78, E.213]

Plan and section organizations for solar heating of thick 
buildings   [#37], 233, E.105–E.106

Planting area
 See  Vegetation
Power adjustment factors (PAF)   [#73], E.193 
Power loads

commercial building electrical energy intensities   [A19], 
E.326

residential electric load profi les   [A19], E.327
Predicting corner and gap effects (wind around tall buildings)   

[#18], E.57
Predicting downwash effects (wind around tall buildings)   

[#18], E.57
Predicting wind velocity in streets      [#7], 237
Principles, predicting site microclimate   [#3], E.11, E.13
 Profi le angles for street section shad ing de sign on north–south 

oriented streets   [#2], E.10
PV size for net-zero (SWL Tools spreadsheet)   [P3], 270

R
R-values

air-fl ow windows   [#87], E.231
insulation materials   [#74], E.202

R-values for bermed walls   [#76], E.209–E.210
R-values of glazing and insulation, 24-hr average (movable 

insulation)   [#89], E.235–E.236
Radiation

See  Solar radiation
Radiation square technique, timetable of solar radiation   

[A3], E.285
Recommended neighborhood patterns in different climates   

[B4], 138–139
Recommended PV tilts   [#78], 246
Reduction in wind speed from trees   [#21], E.63
Refl ectance

colors, daylighting   [#103], E.267
heat 

See  Heat emittance and refl ectance
recommended fi nish (daylighting)   [#103], E.267
shading devices guidelines   [#90], E.237–E.238
solar

See  Solar refl ectance
solar refl ectance index of roofi ng materials   [#104], 

E.269
Refl ected sunlight, from exterior wall   [#64], E.175
Refl ector tilts for south-facing skylights   [#81], E.221
Refl ectors solar

material fi nishes   [#80], E.220 
size and angle   [#80], E.220

Regional climate zones of the united states (map)   [App. F], 
E.370

Residential recommended minimum insulation, low–rise   
[#74], 204–205, E.196–E.197

Residential recommended minimum insulation, mid–rise and 
high-rise   [#74], E.198–E.199

Resistance values of insulation materials   [#74], E.202
Responsive envelope bundle recommendations   [B9], 

184–185
Ridge heights of solar envelopes, 45° orientation   [#15], 

E.44–E.45
Ridge heights of solar envelopes, cardinal orientation   [#15], 

E.41–E.43
Rock beds

length and pebble size   [#94], E.251
sizing for air collectors   [#94], E.252
sizing for night-cooled mass   [#94], E.252 
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Rock beds (cont.)
sizing for sunspaces and trombe walls   [#94], E.251–

E.252
Roofi ng, solar refl ectance index   [#104], E.269
Roofl ights

See  Skylights
Roof ponds

size for heating and cooling   [#52], E.143–E.144
thermal storage   [#75], E.206

Room depth for daylight uniformity, estimating maximum   
[#57], 202–203, E.153

Room depth, minimum daylight factor with unilateral 
lighting, [#35], E.102

Room depth with light shelves   [#88], E.233
Room orientation guidelines for sun and wind   [#43], 235
Room organization and distribution mode   [#39], E.112
Room organization strategies that facilitate both cross- and 

stack-ventilation   [#30], 229, E.87–E.88

S
Sample CO2 e emissions factors   [P5], 280
Seasonal solar envelope and  interstitium   [#5], E.18
Schematic section diagram of a large city (height districts for 

wind)   [#8], E.23
Section organizations, solar heating of thick buildings, 

[#37], 233, E.105–E.106
Service hot water loads 

See  Hot water loads
Shade tree selection criteria   [#91], E.246
Shading angles

on sundial   [A26], E.348
on sun path diagram   [A26], E.347

Shading angles reduced by radiation   [A26], E.349
Shading calendar

outdoor rooms   [A26], E.344
skin-load dominated buildings   [A26], E.344
internal-load dominated buildings   [A26], E.344

Shading coeffi cients
See also  Shading devices
shade trees   [#91], E.246

Shading coeffi cients of internal and external shading devices, 
[A22], E.333 

Shading coeffi cients of windows and glazings   [#106], E.275
Shading coeffi cients with double glazing with internal and in-

between glass shading   [#92], E.247
Shading devices 

See also  Shading coeffi cients

fi xed vs. operable periods   [A26], E.346
internal and external   [A22], E.333
internal and in-between glass shading   [#92], E.247
overhead louvers, geometry of   [#23], E.67
overhead shades, size and location   [#63], E.170
shade tree selection criteria   [#91], E.246
sizing horizontal louvers for a building’s latitude   [#91], 

E.241–E.243
solar azimuth angle for sizing east- and west-facing verti-

cal louvers   [#91], E.244
values for sizing east and west-facing horizontal louvers   

[#91], E.243
values for sizing south-facing horizontal louvers   [#91]   

E.242
Shading period for fi xed and operable shades   [A26], E.346
Shading sundial   [A26], E.348
Shading, urban street and building proportions   [#2], E.10
Shadow umbrella for shading open space, construction 

method   [#16], E.50–E.51
Shelterbelts, wind speeds around   [#21], E.64
Sidelight window location and shape, effect of   [#68], E.183
Site energy balance equation   [P3], 271
Site CUI with PV and off-site renewables (SWL Tools 

spreadsheet)   [P6], 290
Site EUI and on-site renewables (SWL Tools spreadsheet)   

[P4], 276
Site EUI with PV and off-site renewables (SWL Tools 

spreadsheet)   [P4], 278
Site microclimates

analysis method   [A7], E.299–E.300
principles for prediction   [#3], E.11, E.13
values for individual microclimate variables by climate 

and season, recommended   [A7], E.297–E.298 
Size and location of overhead shades   [#63], E.170
Sizing air fl ow of fans for mechanical ventilation   [#95], 

E.254
Sizing air fl ow windows   [#87], E.231
Sizing and shaping light wells to transmit light effi ciently   

[#83], E.223
Sizing atria for daylight in adjacent rooms   [#47], E.131
Sizing atria for daylighting at the center of atrium fl oor   

[#47], E.131
Sizing courtyards for ventilation   [#58], E.156
Sizing direct thermal mass for direct gain rooms and sunspaces   

[#75], 206–207, E.204
Sizing ducts and diffusers   [#97], E.258IN
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Sizing downdraft evaporative cooling towers   [#46], 
E.127–E.128

Sizing earth-air heat exchangers (earth tubes)   [#98], E.260
Sizing glazing for passive solar heating   [#84], E.225–E.226
Sizing horizontal shading for a building’s latitude   [#91], 

E.241–E.242
Sizing ‘indirect’ thermal mass for solar systems with air 

distribution   [#75], E.205
Sizing linear atria for day light in adjacent rooms   [#33], E.99
Sizing mechanical ventilation elements (ducts, fan room, 

inlets and outlets)   [#96], E.255
space ownership vs. number of users   [#101], E.264

Sizing openings for cross–ventilation   [#86], 212–213, E.229
Sizing phase change materials as thermal storage for all solar 

system types   [#75], E.207
Sizing PVs, nonresidential   [#78], E.214
Sizing PVs, residential   [#78], E.214
Sizing rock beds for air collectors   [#94], E.252
Sizing rock beds for night-cooled mass   [#94], E.252 
Sizing rock beds for sunspaces and trombe walls   [#94], 

E.251–E.252
Sizing roof ponds for summer cooling   [#52], E.143–E.144 
Sizing roof ponds for winter solar heating   [#52], 

E.143–E.144 
Sizing solar air collector glazing (graph)   [#51], E.142
Sizing solar hot water collectors   [#79], E.216–E.217 
Sizing solar hot water storage   [#79], E.217 
Sizing stack–ventilation   [#86], 212–213, E.229–E.230
Sizing transpired walls   [#80], E.219
Sizing walls and fl oors for ground contact cooling   [#76], 

E.210 
Sizing windows for day light ing   [#85], 210–211, E.227–E.228
Skin heat loss/gain

See  Heat gain, Heat gain/loss
Skin heat loss/gain as a function of massing   [#34], E.100 
Sky cover

illuminance levels by sky condition 
See  Illuminance levels

maps of mean sky cover   [App. G], E.409 
Sky condition square   [A8], E.303 
Sky cover graph (monthly percentages)   [A8], E.303
Sky cover normals data   [A8], E.303
Sky illuminance graph   [A9], E.306
 Sky view angle from glazing   [#85], 210, E.228
Sky view factor vs. solar intercept factor for building groups   

[B2], 119
Skylight spacing guidelines   [#38], E.108

Skylights 
daylight distribution at the work plane   [#38], E.109
daylight transmittance of roofl ight systems   [#66], 

E.177–E.178
illuminance for different types and spacing/height ratios   

[#38], E.110 
shed-type spacing   [#38], E.109
spacing-to-height ratios for uniformity criteria   [#38], 

E.109
Skylight wells, well index and daylight effi ciency   [#83], 

E.223
Slope and orientation, combined effect on annual radiation   

[#3], E.12
Slope locations based on climate (for buildings)   [#3], 222, 

E.13
Solar absorptance   [#105], E.71
Solar absorptance/refl ectance of fi nishes   [#102], E.266
Solar air collectors 

tilt and opening recommendations   [#42], E.116
sizing collector glazing   [#51], E.141–E.142

Solar access
See also  Solar envelope
 building height vs. d ensity   [B3], 136
building spacing, winter   [#20], 198–199, E.60–E.61
housing form and density   [B3], 135–136
neighborhood patterns of open space and  buildings   

[#12], E.31–E.32
Solar altitude, illuminance as a function of   [A8], E.303
Solar apertures

See also  Windows 
orientation rule   [#43], 235, E.118–E.119
sizing rec om men da tions   [#84], 208–209, E.224–E.225

Solar azimuth angle for sizing east- and west-facing vertical 
louvers   [#91], E.244

Solar collection
annual energy production from fl at plate collectors   

[#79], E.216
orientation guideline   [#78], E.212
surface area & building height   [B3] 136–137

Solar collection within the solar envelope   [#20], E.62
Solar envelopes

See also  Solar access
construction methods   [#15], E.40–48
protecting open space   [#15], E.47–E.48
ridge heights of, 45° orientation   [#15], E.44–45
ridge heights of, cardinal orientation   [#15], E.41–E.43
seasonal and interstitium   [#5], E.18
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Solar envelopes (cont.)
solar collection within   [#20], E.62

Solar intercept factor vs. sky view factor for building groups   
[B2], 119

Solar heat gain 
See  Heat gain

Solar heat gain coeffi cients (SHGC), recommendations for 
windows   [#106], E.274–E.275

Solar heat gain, estimating   [A22], E.334 
Solar heating 

air collector sizing recommendations   [#51], E.141–E.142
orientation, effect on seasonal performance   [#43], 

E.119
plan and section organizations for thick buildings   [#37], 

233, E.105–E.106
Solar heating distribution based on collection strategy and 

organization of rooms   [#39], E.111–E.112
Solar heating potential   [A3], E.287
Solar heating systems

characteristics   [B7], 166–167
combining collection, storage and distribution   [B7], 

168–169
Solar hot water

annual energy production from fl at plate collectors   
[#79], E.216

collector sizing   [#79], E.216–E.217 
collector tilt guideline   [#79], E.216
consumption by occupancy type   [A20], E.328
load, annual nonresidential buildings   [A20], E.328
load, annual residential buildings   [A20], E.328
ground water temperature   [#79], E.216
mechanical room size   [#79], E.217 
orientation guideline   [#79], E.215
water storage tank sizing   [#79], E.217 

Solar neighborhood recommendations   [B3] 150–151
Solar radiation 

as an indicator of solar heating potential   [A3], E.287
estimating hourly from average    [A3], E.286
maps of mean daily solar radiation on a horizontal surface   

[App. G], E.407–E.408
radiation square technique   [A3], E.286 

Solar radiation as a function of courtyard proportions   [#59], 
E.158 

Solar radiation for courtyards at 24° n. Lat., Total summer 
season   [#59], E.158–E.159

Solar radiation maps, [App. G], E.407–E.408

Solar radiation plotted on sun path diagram, St. Louis, MO, 
40 ºN Latitude   [A3], E.286

Solar refl ectance
and absorptance of fi nishes   [#102], E.266
materials properties   [#105], E.71

Solar refl ectance of fi nishes   [#81], E.220
Solar refl ectance index of roofi ng materials (SRI)   [#104], 

E.269
Solar refl ectors 

design guidelines   [#81], E.220
tilt for south-facing skylights   [#81], E.221

Solar savings fraction
air collectors   [#51], E.141–E.142
passive solar glazing area design recommendations    

[#84], E.224–E.226
sunspaces, map   [#49], E.135

Solar savings fraction, effect of adding night insulation on   
[#89], E.236

Solar savings fraction for a typical sunspace without night 
insulation   [#49], E.135

Space ownership vs. number of users (control systems)   
[#101], E.264

Spacing guidelines, skylights   [#38], E.108
Spacing of shed-type roofl ights   [#38], E.109
Spacing-to-height ratios to meet uniformity criteria in the 

CIBSE code (skylights)   [#38], E.109
Splayed window jamb dimensions   [#82], E.222
Stack-ventilation

combined with cross-ventilation, cooling rate   [#30, 86], 
E.88, E.230

corridor buildings room organizations matrix   [#30], E.89
design strategies   [#53], E.145–E.146
fl ow rate with different opening sizes   [#86], E.230
sizing   [#86], E.230
matrix for cross- and stack-ventilation room organiza-

tions      [#30], 229, E.87–E.88
Stack-ventilation fl ow rate from differential opening sizes   

[#86], E.230
Strategies by climate type and energy  intentions   44–49
Strategies for light and ventilation in different types of earth 

sheltering (matrix)   [#76], 194
Stratifi cation in tall rooms   [#40], E.114
Street canyons

proportion effect on daylight factor   [#14], E.38
proportion for shading   [#2], E.9–E.10
wind velocity in      [#7], 233, E.21–E.22IN
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Street orientation
and layout by climatic priority   [B4], 140 
for ventilation   [#17], E.54
shadows as a function of   [B4], 140–141 

Street wall height for daylight access   E.15
Structure of a bundle   98
Summer solstice shad ows as a function of street orientation   

[B4], 140–141
Sundials

0–4º latitude   [App. F], E.374
8–12º latitude   [App. F], E.375
16–20º latitude   [App. F], E.376
24–28º latitude   [App. F], E.377
32–36º latitude   [App. F], E.382
40–44º latitude   [App. F], E.391
48–52º latitude   [App. F], E.400
56–60º latitude   [App. F], E.401
64–68º latitude   [App. F], E.402
72–76º latitude   [App. F], E.403
84–90º latitude   [App. F], E.404
plotting shading times on   [A24], E.348, E.349
plotting site obstructions on   [#A2], E.284
use, explanation   [A1], E.280–E.282

Sun path diagrams
0–4º latitude   [App. F], E.374
8–12º latitude   [App. F], E.375
16–20º latitude   [App. F], E.376
24–28º latitude   [App. F], E.377
32–36º latitude   [App. F], E.382
40–44º latitude   [App. F], E.391
48–52º latitude   [App. F], E.400
56–60º latitude   [App. F], E.401
64–68º latitude   [App. F], E.402
72–76º latitude   [App. F], E.403
84–90º latitude   [App. F], E.404
plotting shading times on   [A24], E.347, E.349 
plotting radiation on   [A3], E.286 
use, explanation   [A2], E.283–284

Sunspaces
common wall vents   [#49], E.134
glazing sizing   [#84], E.225–E.226
mass size   [#49, 75], E.134, E.204–206
solar savings fraction map   [#49], E.135

Surface conductances for different orientations   [#60], E.163
Surface properties of materials   (absorptance, emittance, 

refl ectance)   [#105], E.271
Synergies and the elements of integrated design   76–77

T
Tall buildings

comfort parameters around   [#18], E.56
predicting corner and gap effects   [#18], E.57
predicting downwash effects   [#18], E.57
parameters for wind fl ow patterns around   [#18], E.57

Task lighting, illuminance ratio   [#93], E.249 
Temperature

balance point difference, estimating   [A28], E.356
buffer space, estimating   [#29], E.84–E.85
interior temperature swings and thermal mass   [#75], 

E.204
Terrain, infl uence on wind fl ow 

diagrams of patterns   [A6], E.293
speed variation with height and   [A5], E.290

Thermal and visual comfort criteria   [A13], E.314
Thermal criteria for cooling zones   [#26], 225, E.77
Thermal mass

arrangement guidelines for passive solar building and 
passively cooled building   [#60], 242, E.166–E.167

arrangements matrix for passive cooling by location and 
type   [#60], 243, E.164–E.165

diurnal heat capacity of materials   [#75], E.205
sizing 

direct gain rooms   [#75], E.203–E.204
direct mass for direct gain rooms and sunspaces   

[#75], 206–207, E.204
indirect mass   [#75], 206, E.205
interior temperature swings   [#75], E.204
night-cooled mass   [#54], E.149
phase change materials   [#75], E.207
rock beds   [#94], E.251–E.252
roof ponds   [#75 and #], E.206, 
sunspaces   [#49, 75], E.134, E.204–206
thermal storage walls   [#50, 75], E.138, E.206
thickness guideline   [#75], E.205
water walls   [#75], E.206 

surface absorptance of fi nishes, guidelines   [#102], 
E.266

Thermal sailing guidelines   88–89
Thermal storage walls

glazing sizing   [#84], E.225–E.226
thickness   [#50, 75], E.137. E.206
vents   [#50], E.138

Tilt for solar air collectors   [#42], E.116
Tilt of light shelves, clear sky, optimum   [#80], E.234
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Topographic microclimate
slope locations   [#3], 222, E.113

Transpiring walls 
See  Breathing walls

Tree cover, cooling rate   [#9], E.26
Trees 

See also  Vegetation
reduction in wind speed from   [#21], E.63
shade tree selection criteria   [#91], E.246

Trombe walls 
See  Thermal storage walls

U
Unit conversions   314–315
Urban canyons

See  Street canyons
Urban patterns

effect on street wind speeds, [#7], E.21–E.22
height district zoning for street microclimate   [#8], E.23 
integrated urban patterns recommendations   [B4], 

138–139
size and spacing of green spaces   [#9], E.25

U.S.  Census Regions   [P1, P5], 260, 286
Use, illumination levels by activity type   [A17], E.323

V
Values for sizing east and west-facing horizontal louvers   

[#91], E.243
Values for sizing south-facing horizontal louvers   [#91], E.242
Variations in shadow umbrella by latitude   [#16], E.52
Vegetation

avenue width   [#1], E.6
cooling rate from planted areas   [#9], E.25–E.26
cooling rate from tree cover   [#9],  E.26
greenbelt size   [#1], E.6
green edges (urban), size   [#22], E.65 
shading coeffi cients of trees   [#91], E.245–E.246
shading design guidelines   [#91], E.245 

Ventilation 
See  Cross-ventilation, Inlet area, Mechanical ventilation, 

Stack-ventilation, Wind catchers, Wing walls
building spacing and plan density   [#19], E.59
fresh outdoor air rate required   [A23], E.336 
interior air velocity   [#69], E.185

Ventilation apertures
cross-ventilation sizing   [#86], 212–213, E.229

orientation rule   [#43], 235, E.118
stack-ventilation sizing   [#86], 212–213, E.229–E.230

Ventilation effectiveness as a function of row spacing and plan 
density   [#19], E.59

Ventilation, gain/loss 
See  Heat gain and Heat gain/loss

Vents, convective loop guidelines   [#42], E.116 
Visible transmittance, recommended   [#106], E.274–E.275

W
Water

cooling with, design guidelines   [#10], E.27
cooling rate from pools   [#61], E.168

Water walls, thermal storage   [#75], E.206
Well index formula, skylights   [#83], E.223
Whole house fan recommendations   [#96], E.256 
Wind catchers

catching effi ciency of various designs   [#45], E.124
sizing tool   [#45], E.125 

Wind shelter patterns in L-shaped and closed courtyard 
organizations for different wind directions   [#11], 
E.29–E.30

Wind shelter patterns in U-shaped organizations for different 
wind directions   [#11], E.29

Windows
 See also  Daylight apertures, Inlet area, Glazing size, 

Solar apertures, Skylight wells, Ventilation aperture
air fl ow type, sizing, R-value, and heat exchange ef-

fi ciency [#87], E.231 
condensation conditions   [#106], E.273
daylight apertures, size   [#85], E.227–E.228
edges, splays for low contrast   [#82], E.222
heat gain, quick method   [A27], E.354
light-to-solar-gain ratio   [#106], E.275
location and shape, sidelighting   [#68], E.183
placement and daylight distribution patterns   [#68], 

E.183–E.184
placement guidelines, daylighting   [#68], E.182–E.183
placement guidelines, heating and cooling   [#70], E.187
R-values and U-factors   [#106], E.273
selection of types, recommendations   [#106], E.274
shading coeffi cients   [#106, A22], E.275, E.332
solar heat gain coeffi cients, recommended   [#106], 

E.274–E.275
visible transmittance, recommended   [#106], E.274–

E.275IN
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Windbreaks
velocity reduction   [#21], E.64 
velocity distribution   [#21], E.64

Wind fl ow patterns
distribution around windbreaks   [#21], E.64
regimes between buildings   [#19], E.59

Wind fl ow patterns around buildings   [A6], E.293
Wind fl ow patterns, infl uence of terrain on   [A6], E.293
Wind rose construction   [A4], E.288–E.289
Wind speed

and patterns around tall buildings   [#18], E.56–E.57
design speed formula   [#86], 212, E.229
terrain and wind fl ow patterns   [A6], E.292
terrain and wind velocity profi le   [A6], E.292
inside rooms as a function of openings arrangement   

[#69], E.185 
reduction by trees   [#21], E.63

Wind speed variation with height and terrain   [A5], E.290
Wind speeds at shelterbelts of different permeability, average   

[#21], E.64
Wind speeds from fences reduction in   [#21], E.64
Wind square construction   [A5], E.290–E.291
Wind velocity profi le, effect of terrain on   [A6], E.292
Wing wall design strategies (matrix)   [#44], E.122
Wing wall dimensions, recommended   [#44], E.121
Worksheet, total heat loss  [A27], E.355

Y
Yield from photovoltaics (by city)   [#78], E.213

Z
Zoning by seasonal occupancy schedule technique   [A15], 

E.319
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