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PREFACE

The inspiration for Building Systems for Interior Designers
came when 1 tried to teach interior design students
about all the ways buildings support our activities and
physical needs—without an adequate textbook. I needed
an approach that supported the special concerns of the
interior designer, while connecting those issues to the
work of the rest of the building design team. I had re-
searched building systems in a number of excellent texts
intended for architecture, engineering, and even hospi-
tality management students, but I had found that none
of those texts taught the necessary combination of re-
lated subjects in adequate depth without an emphasis
on calculations and formulas.

Interior design has a relatively short history as a pro-
fession requiring special training and demanding tech-
nical expertise. Over the past half-century, design pro-
fessionals have evolved from decorators working
primarily in private residences to critical contributors in
the design of commercial and residential buildings. We
are expected to apply building codes and to work closely
with engineers and architects. To do this, we must un-
derstand what the other members of the design team
have to say, how they approach the design process, and
how they document their work.

The more we know about the process of designing
and constructing a building, the more effective impact
we can have on the results. To cite one example from
my own largely commercial interior design practice, my
discussion with the mechanical engineer on a spa proj-
ect of alternate methods of supplying extra heat to a
treatment room resulted in a design that improved both
our client’s heating bills and his customers’ experience.

The approach of architects and engineers to build-
ing design has changed from one of imposing the build-
ing on its site to one of limiting the adverse impact of
the building on the environment by using resources
available on site. Sustainable design requires that we se-
lect materials wisely to create healthy, safe buildings that
conserve energy. Sustainable design solutions cut across
disciplines, and successful solutions arise only when all

the members of the design team work together. As in-
terior designers, we can support or sabotage this effort.
We must be involved in the project from the beginning
to coordinate with the rest of the design team. That
means we must understand and respect the concerns of
the architects and engineers, while earning their respect
and understanding in return.

Building Systems for Interior Designers is intended pri-
marily as a textbook for interior design students. The
style strives for clarity, with concepts explained simply
and delivered in everyday language. Enough technical
information is offered to support a thorough under-
standing of how a building works. The illustrations are
plentiful and designed to convey information clearly
and visually. I have kept in mind the many students for
whom English is a second language—as well as the com-
mon technophobes among us—as I wrote and illus-
trated this text. Featured throughout the book are
special “Designer’s Tips.” Look for this icon ?\Qg to find

helpful professional advice on a wide range of topics.

Building Systems for Interior Designers covers some
subjects, such as heating and air-conditioning systems,
that are rarely included in other parts of an interior de-
signer’s education. Other areas, such as lighting, typi-
cally have entire courses devoted to them, and are given
a less thorough treatment here. While some topics, such
as acoustics or fire safety, are intimately tied to the work
of the interior designer, others, such as transportation
systems, involve the interior designer less directly, or
may be absent from some projects altogether. This text
assumes that the reader has a basic knowledge of build-
ing design and construction, but no special training in
physics or mathematics. I have sought to cover all the
related systems in a building in sufficient depth to pro-
vide the reader with a good general understanding,
while avoiding repetition of material most likely cov-
ered in other courses and texts.

As the book has evolved, it has become obvious that
this material is also valuable for people involved in mak-
ing decisions about the systems in their own buildings,
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whether they are homeowners or facilities managers.
Practicing interior designers and architects will also find
Building Systems for Interior Designers a useful reference
when checking facts and researching options. Interior
designers preparing for the National Council for Inte-
rior Design Qualification (NCIDQ) professional certifi-
cation exam will also benefit from this text.

Building Systems for Interior Designers has evolved
from an initial set of lecture notes, through an illus-
trated outline, to classroom handouts of text and illus-
trations, and finally into a carefully researched and writ-

ten illustrated text. In the process, I have enriched my
own understanding of how buildings support our needs
and activities, and this understanding has in turn ben-
efited both my professional work as an interior designer
and my continuing role as a teacher. It is my hope that,
through this text, I will pass these benefits along to you,
my readers.

Corky Binggeli A.S.1.D.
Arlington, Massachusetts
2002
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Natural Resources
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Like our skins, a building is a layer of protection be-
tween our bodies and our environment. The building
envelope is the point at which the inside comes into
contact with the outside, the place where energy, mate-
rials, and living things pass in and out. The building’s
interior design, along with the mechanical, electrical,
plumbing, and other building systems, creates an inte-
rior environment that supports our needs and activities
and responds to the weather and site conditions out-
doors. In turn, the environment at the building site is
part of the earth’s larger natural patterns.

THE OUTDOOR ENVIRONMENT

The sun acting on the earth’s atmosphere creates our
climate and weather conditions. During the day, the
sun’s energy heats the atmosphere, the land, and the
sea. At night, much of this heat is released back into
space. The warmth of the sun moves air and moisture
across the earth’s surface to give us seasonal and daily
weather patterns.

Solar energy is the source of almost all of our en-
ergy resources. Ultraviolet (UV) radiation from the sun
triggers photosynthesis in green plants, which produces

the oxygen we breathe, the plants we eat, and the fuels
we use for heat and power. Ultraviolet wavelengths make
up only about 1 percent of the sun'’s rays that reach sea
level, and are too short to be visible. About half of the
energy in sunlight that reaches the earth arrives as visi-
ble wavelengths. The remainder is infrared (IR) wave-
lengths, which are longer than visible light, and which
carry the sun’s heat.

Plants combine the sun’s energy with water and turn
it into sugars, starches, and proteins through photosyn-
thesis, giving us food to eat, which in turn builds and
fuels our bodies. Humans and other animals breathe in
oxygen and exhale carbon dioxide. Plants supply us with
this oxygen by taking carbon dioxide from the air and
giving back oxygen. Besides its roles in food supply and
oxygen production, photosynthesis also produces wood
for construction, fibers for fabrics and paper, and land-
scape plantings for shade and beauty.

Plants transfer the sun’s energy to us when we eat
them, or when we eat plant-eating animals. That energy
goes back to plants when animal waste decomposes and
releases nitrogen, phosphorus, potassium, carbon, and
other elements into the soil and water. Animals or mi-
croorganisms break down dead animals and plants into
basic chemical compounds, which then reenter the cy-
cle to nourish plant life.
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The heat of the sun evaporates water into the air,
purifying it by distillation. The water vapor condenses
as it rises and then precipitates as rain and snow, which
clean the air as they fall to earth. Heavier particles fall
out of the air by gravity, and the wind dilutes and dis-
tributes any remaining contaminants when it stirs up
the air.

The sun warms our bodies and our buildings both
directly and by warming the air around us. We depend
on the sun'’s heat for comfort, and design our buildings
to admit sun for warmth. Passive and active solar de-
sign techniques protect us from too much heat and cool
our buildings in hot weather.

During the day, the sun illuminates both the out-
doors and, through windows and skylights, the indoors.
Direct sunlight, however, is often too bright for com-
fortable vision. When visible light is scattered by the
atmosphere, the resulting diffuse light offers an even,
restful illumination. Under heavy clouds and at night,
we use artificial light for adequate illumination.

Sunlight disinfects surfaces that it touches, which is
one reason the old-fashioned clothesline may be supe-
rior to the clothes dryer. Ultraviolet radiation kills many
harmful microorganisms, purifying the atmosphere, and
eliminating disease-causing bacteria from sunlit sur-
faces. It also creates vitamin D in our skin, which we
need to utilize calcium.

Sunlight can also be destructive. Most UV radiation
is intercepted by the high-altitude ozone layer, but
enough gets through to burn our skin painfully and even
fatally. Over the long term, exposure to UV radiation
may result in skin cancer. Sunlight contributes to the
deterioration of paints, roofing, wood, and other build-
ing materials. Fabric dyes may fade, and many plastics
decompose when exposed to direct sun, which is an is-
sue for interior designers when specifying materials.

All energy sources are derived from the sun, with
the exception of geothermal, nuclear, and tidal power.
When the sun heats the air and the ground, it creates
currents that can be harnessed as wind power. The cy-
cle of evaporation and precipitation uses solar energy
to supply water for hydroelectric power. Photosynthesis
in trees creates wood for fuel. About 14 percent of the
world’s energy comes from biomass, including fire-
wood, crop waste, and even animal dung. These are all
considered to be renewable resources because they can
be constantly replenished, but our demand for energy
may exceed the rate of replenishment.

Our most commonly used fuels—coal, oil, and
gas—are fossil fuels. As of 1999, oil provided 32 per-
cent of the world's energy, followed by natural gas at 22
percent, and coal at 21 percent. Huge quantities of de-

caying vegetation were compressed and subjected to the
earth’s heat over hundreds of millions of years to create
the fossilized solar energy we use today. These resources
are clearly not renewable in the short term.

LIMITED ENERGY RESOURCES

In the year 2000, the earth’s population reached 6 bil-
lion people, with an additional billion anticipated by
2010. With only 7 percent of the world’s population,
North America consumes 30 percent of the world’s en-
ergy, and building systems use 35 percent of that to op-
erate. Off-site sewage treatment, water supply, and solid
waste management account for an additional 6 percent.
The processing, production, and transportation of ma-
terials for building construction take up another 7 per-
cent of the energy budget. This adds up to 48 percent
of total energy use appropriated for building construc-
tion and operation.

The sun’s energy arrives at the earth at a fixed rate,
and the supply of solar energy stored over millions of
years in fossil fuels is limited. The population keeps
growing, however, and each person is using more en-
ergy. We don’t know exactly when we will run out of
fossil fuels, but we do know that wasting the limited re-
sources we have is a dangerous way to go. Through care-
ful design, architects, interior designers, and building
engineers can help make these finite resources last
longer.

For thousands of years in the past, we relied pri-
marily upon the sun’s energy for heat and light. Prior
to the nineteenth century, wood was the most common
fuel. As technology developed, we used wind for trans-
portation and processing of grain, and early industries
were located along rivers and streams in order to utilize
waterpower. Mineral discoveries around 1800 intro-
duced portable, convenient, and reliable fossil fuels—
coal, petroleum, and natural gas—to power the indus-
trial revolution.

In 1830, the earth’s population of about 1 billion
people depended upon wood for heat and animals for
transportation and work. Oil or gas were burned to light
interiors. By the 1900s, coal was the dominant fuel,
along with hydropower and natural gas. By 1950, pe-
troleum and natural gas split the energy market about
evenly. The United States was completely energy self-
sufficient, thanks to relatively cheap and abundant do-
mestic coal, oil, and natural gas.

Nuclear power, introduced in the 1950s, has an un-
certain future. Although technically exhaustible, nuclear



resources are used very slowly. Nuclear plants contain
high pressures, temperatures, and radioactivity levels
during operation, however, and have long and expen-
sive construction periods. The public has serious con-
cerns over the release of low-level radiation over long
periods of time, and over the risks of high-level releases.
Civilian use of nuclear power has been limited to re-
search and generation of electricity by utilities.

Growing demand since the 1950s has promoted
steadily rising imports of crude oil and petroleum prod-
ucts. By the late 1970s, the United States imported over
40 percent of its oil. In 1973, political conditions in oil-
producing countries led to wildly fluctuating oil prices,
and high prices encouraged conservation and the de-
velopment of alternative energy resources. The 1973 oil
crisis had a major impact on building construction and
operation. By 1982, the United States imported only 28
percent of its oil. Building designers and owners now
strive for energy efficiency to minimize costs. Almost all
U.S. building codes now include energy conservation
standards. Even so, imported oil was back up to over 40
percent by 1989, and over 50 percent in 1990.

Coal use in buildings has declined since the 1990s,
with many large cities limiting its application. Currently,
most coal is used for electric generation and heavy in-
dustry, where fuel storage and air pollution problems
can be treated centrally. Modern techniques scrub and
filter out sulfur ash from coal combustion emissions,
although some older coal-burning plants still contrib-
ute significant amounts of pollution.

Our current energy resources include direct solar
and renewable solar-derived sources, such as wind,
wood, and hydropower; nuclear and geothermal power,
which are exhaustible but are used up very slowly; tidal
power; and fossil fuels, which are not renewable in the
short term. Electricity can be generated from any of
these. In the United States, it is usually produced from
fossil fuels, with minor amounts contributed by hydro-
power and nuclear energy. Tidal power stations exist in
Canada, France, Russia, and China, but they are expen-
sive and don’t always produce energy at the times it is
needed. There are few solar thermal, solar photovoltaic,
wind power or geothermal power plants in operation,
and solar power currently supplies only about 1 percent
of U.S. energy use.

Today’s buildings are heavily reliant upon electric-
ity because of its convenience of use and versatility, and
consumption of electricity is expected to rise about twice
as fast as overall energy demand. Electricity and daylight
provide virtually all illumination. Electric lighting pro-
duces heat, which in turn increases air-conditioning en-
ergy use in warm weather, using even more electricity.

Natural Resources 5

Only one-third of the energy used to produce electric-
ity for space heating actually becomes heat, with most
of the rest wasted at the production source.

Estimates of U.S. onshore and offshore fossil fuel re-
serves in 1993 indicated a supply adequate for about 50
years, with much of it expensive and environmentally
objectionable to remove. A building with a 50-year func-
tional life and 100-year structural life could easily out-
last fossil fuel supplies. As the world’s supply of fossil
fuels diminishes, buildings must use nonrenewable fu-
els conservatively if at all, and look to on-site resources,
such as daylighting, passive solar heating, passive cool-
ing, solar water heating, and photovoltaic electricity.

Traditional off-site networks for natural gas and oil
and the electric grid will continue to serve many build-
ings, often in combination with on-site sources. On-site
resources take up space locally, can be labor intensive,
and sometimes have higher first costs that take years to
recover. Owners and designers must look beyond these
immediate building conditions, and consider the build-
ing’s impact on its larger environment throughout its life.

THE GREENHOUSE EFFECT

Human activities are adding greenhouse gases—
pollutants that trap the earth’s heat—to the atmosphere
at a faster rate than at any time over the past several
thousand years. A warming trend has been recorded
since the late nineteenth century, with the most rapid
warming occurring since 1980. If emissions of green-
house gases continue unabated, scientists say we may
change global temperature and our planet’s climate at
an unprecedented rate.

The greenhouse effect (Fig. 1-1) is a natural phe-
nomenon that helps regulate the temperature of our
planet. The sun heats the earth and some of this heat,
rather than escaping back to space, is trapped in the
atmosphere by clouds and greenhouse gases such as
water vapor and carbon dioxide. Greenhouse gases serve
a useful role in protecting the earth’s surface from ex-
treme differences in day and night temperatures. If all
of these greenhouse gases were to suddenly disappear,
our planet would be 15.5°C (60°F) colder than it is, and
uninhabitable.

However, significant increases in the amount of
these gases in the atmosphere cause global temperatures
to rise. As greenhouse gases accumulate in the atmo-
sphere, they absorb sunlight and IR radiation and pre-
vent some of the heat from radiating back out into space,
trapping the sun’s heat around the earth. A global rise
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Figure I-1 The greenhouse effect.

in temperatures of even a few degrees could result in
the melting of polar ice and the ensuing rise of ocean
levels, and would affect all living organisms.

Human activities contribute substantially to the
production of greenhouse gases. As the population
grows and as we continue to use more energy per per-
son, we create conditions that warm our atmosphere.
Energy production and use employing fossil fuels add
greenhouse gases. A study commissioned by the White
House and prepared by the National Academy of Sci-
ences in 2001 found that global warming had been par-
ticularly strong in the previous 20 years, with green-
house gases accumulating in the earth’s atmosphere as
a result of human activities, much of it due to emissions
of carbon dioxide from burning fossil fuels.

Since preindustrial times, atmospheric concentra-
tions of carbon dioxide have risen over 30 percent and
are now increasing about one-half percent annually.
Worldwide, we generate about 20 billion tons of carbon
dioxide each year, an average of four tons per person.
One-quarter of that comes from the United States, when
the rate is 18 tons per person annually. Carbon dioxide
concentrations, which averaged 280 parts per million
(ppm) by volume for most of the past 10,000 years, are
currently around 370 ppm.

Burning fossil fuels for transportation, electrical
generation, heating, and industrial purposes contributes
most of this increase. Clearing land adds to the prob-
lem by eliminating plants that would otherwise help
change carbon dioxide to oxygen and filter the air. Plants
can now absorb only about 40 percent of the 5 billion

tons of carbon dioxide released into the air each year.
Making cement from limestone also contributes signif-
icant amounts of carbon dioxide.

Methane, an even more potent greenhouse gas than
carbon dioxide, has increased almost one and a half
times, and is increasing by about 1 percent per year.
Landfills, rice farming, and cattle raising all produce
methane.

Carbon monoxide, ozone, hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), chlorofluorocarbons
(CFCs), and sulfur hexafluoride are other greenhouse
gases. Nitrous oxide is up 15 percent over the past 20
years. Industrial smokestacks and coal-fired electric util-
ities produce both sulfur dioxide and carbon monoxide.

The Intergovernmental Panel on Climate Change
(IPCC), which was formed in 1988 by the United Na-
tions Environment Program and the World Meteoro-
logical Organization, projected in its Third Assessment
Report (2001) (Cambridge University Press, 2001) an av-
erage global temperature increase of 1.4°C to 5.8°C
(2.5°F-10.4°F) by 2100, and greater warming thereafter.
The IPCC concluded that climate change will have
mostly adverse affects, including loss of life as a result
of heat waves, worsened air pollution, damaged crops,
spreading tropical diseases, and depleted water re-
sources. Extreme events like floods and droughts are
likely to become more frequent, and melting glaciers
will expand oceans and raise sea level 0.09 to 0.88 me-
ters (4 inches to 35 inches) over the next century.

OZONE DEPLETION

The human health and environmental concerns about
ozone layer depletion are different from the risks we face
from global warming, but the two phenomena are re-
lated in certain ways. Some pollutants contribute to both
problems and both alter the global atmosphere. Ozone
layer depletion allows more harmful UV radiation to
reach our planet’s surface. Increased UV radiation can
lead to skin cancers, cataracts, and a suppressed immune
system in humans, as well as reduced yields for crops.
Ozone is an oxygen molecule that occurs in very
small amounts in nature. In the lower atmosphere,
ozone occurs as a gas that, in high enough concentra-
tions, can cause irritations to the eyes and mucous mem-
branes. In the upper atmosphere (the stratosphere),
ozone absorbs solar UV radiation that otherwise would
cause severe damage to all living organisms on the
earth’s surface. Prior to the industrial revolution, ozone



in the lower and upper atmospheres was in equilibrium.
Today, excessive ozone in the lower atmosphere con-
tributes to the greenhouse effect and pollutes the air.
Ozone is being destroyed in the upper atmosphere,
however, where it has a beneficial effect. This destruc-
tion is caused primarily by CFCs. Chlorofluorocarbons
don’t occur naturally. They are very stable chemicals de-
veloped in the 1960s, and they can last up to 50 years.
Used primarily for refrigeration and air-conditioning,
CFCs have also been used as blowing agents to produce
foamed plastics for insulation, upholstery padding, and
packaging, and as propellants for fire extinguishers and
aerosols. In their gaseous form, they drift into the up-
per atmosphere and destroy ozone molecules. This al-
lows more UV radiation to reach the surface of the earth,
killing or altering complex molecules of living organ-
isms, including DNA. This damage has resulted in an
increase in skin cancers, especially in southern latitudes.
The Montreal Protocol on Substances that Deplete the
Ozone Layer, signed in 1987 by 25 nations (168 nations
are now party to the accord), decreed an international
stop to the production of CFCs by 2000, but the effects
of chemicals already produced will last for many years.

SUSTAINABLE DESIGN
STRATEGIES

Sustainable architecture looks at human civilization as
an integral part of the natural world, and seeks to pre-
serve nature through encouraging conservation in daily
life. Energy conservation in buildings is a complex issue
involving sensitivity to the building site, choice of ap-
propriate construction methods, use and control of day-
light, selection of finishes and colors, and the design of
artificial lighting. The selection of heating, ventilating,
and air-conditioning (HVAC) and other equipment can
have a major effect on energy use. The use of alterna-
tive energy sources, waste control, water recycling, and
control of building operations and maintenance all con-
tribute to sustainable design.

The materials and methods used for building con-
struction and finishing have an impact on the larger
world. The design of a building determines how much
energy it will use throughout its life. The materials used
in the building's interior are tied to the waste and pol-
lution generated by their manufacture and eventual dis-
posal. Increasing energy efficiency and using clean en-
ergy sources can limit greenhouse gases.

According to Design Ecology, a project sponsored
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by Chicago’s International Interior Design Association
(IIDA) and Collins & Aikman Floorcoverings, “Sustain-
ability is a state or process that can be maintained in-
definitely. The principles of sustainability integrate three
closely intertwined elements—the environment, the
economy, and the social system—into a system that can
be maintained in a healthy state indefinitely.”

Environmentally conscious interior design is a prac-
tice that attempts to create indoor spaces that are envi-
ronmentally sustainable and healthy for their occu-
pants. Sustainable interiors address their impact on the
global environment. To achieve sustainable design, in-
terior designers must collaborate with architects, devel-
opers, engineers, environmental consultants, facilities
and building managers, and contractors. The profes-
sional ethics and responsibilities of the interior designer
include the creation of healthy and safe indoor envi-
ronments. The interior designer’s choices can provide
comfort for the building’s occupants while still benefit-
ing the environment, an effort that often requires ini-
tial conceptual creativity rather than additional expense.

Energy-efficient techniques sometimes necessitate
special equipment or construction, and may conse-
quently have a higher initial cost than conventional de-
signs. However, it is often possible to use techniques
that have multiple benefits, spreading the cost over sev-
eral applications to achieve a better balance between ini-
tial costs and benefits. For example, a building designed
for daylighting and natural ventilation also offers ben-
efits for solar heating, indoor air quality (IAQ), and
lighting costs. This approach cuts across the usual build-
ing system categories and ties the building closely to its
site. We discuss many of these techniques in this book,
crossing conventional barriers between building systems
in the process.

As an interior designer, you can help limit green-
house gas production by specifying energy-efficient light-
ing and appliances. Each kilowatt-hour (kWh) of elec-
tricity produced by burning coal releases almost 1 kg
(more than 2 Ib) of carbon dioxide into the atmosphere.
By using natural light, natural ventilation, and adequate
insulation in your designs, you reduce energy use.

Specify materials that require less energy to manu-
facture and transport. Use products made of recycled
materials that can in turn be recycled when they are re-
placed. It is possible to use materials and methods that
are good for the global environment and for healthy in-
terior spaces, that decrease the consumption of energy
and the strain on the environment, without sacrificing
the comfort, security, or aesthetics of homes, offices, or
public spaces.
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One way to reduce energy use while improving con-
ditions for the building’s occupants is to introduce user-
operated controls. These may be as low-tech as shutters
and shades that allow the control of sunlight entering
a room and operable windows that offer fresh air and
variable temperatures. Users who understand how a
building gets and keeps heat are more likely to conserve
energy. Occupants who have personal control are com-
fortable over a wider range of temperatures than those
with centralized controls.

Using natural on-site energy sources can reduce a
building’s fossil fuel needs. A carefully sited building
can enhance daylighting as well as passive cooling by
night ventilation. Good siting also supports opportuni-
ties for solar heating, improved indoor air quality, less
use of electric lights, and added acoustic absorption.

Rainwater retention employs local water for irriga-
tion and flushing toilets. On-site wastewater recycling
circulates the water and waste from kitchens and baths
through treatment ponds, where microorganisms and
aquatic plants digest waste matter. The resulting water
is suitable for irrigation of crops and for fish food. The
aquatic plants from the treatment ponds can be har-
vested for processing as biogas, which can then be used
for cooking and for feeding farm animals. The manure
from these animals in turn provides fertilizer for crops.

Look at the building envelope, HVAC system, light-
ing, equipment and appliances, and renewable energy
systems as a whole. Energy loads—the amount of en-
ergy the building uses to operate—are reduced by inte-
gration with the building site, use of renewable re-
sources, the design of the building envelope, and the
selection of efficient lighting and appliances. Energy
load reductions lead to smaller, less expensive, and more
efficient HVAC systems, which in turn use less energy.

Buildings, as well as products, can be designed for
recycling. A building designed for sustainability adapts
easily to changed uses, thereby reducing the amount of

When a New York City social services agency prepared
to renovate a former industrial building into a children’s
services center, they sought a designer with the ability
to create a healthy, safe environment for families in
need. Karen’s awareness of the ability of an interior to
foster a nurturing environment and her strong interest
in sustainable design caught their attention. Her LEED
certification added to her credentials, and Karen was se-
lected as interior designer for the project.

The building took up a full city block from side-
walk to sidewalk, so an interior courtyard was turned

demolition and new construction and prolonging the
building’s life. With careful planning, this strategy can
avoid added expense or undifferentiated, generic design.
The use of removable and reusable demountable build-
ing parts adds to adaptability, but may require a heav-
ier structural system, as the floors are not integral with
the beams, and mechanical and electrical systems must
be well integrated to avoid leaks or cracks. Products that
don’t combine different materials allow easier separa-
tion and reuse or recycling of metals, plastics, and other
constituents than products where diverse materials are
bonded together.

The Leadership in Energy and
Environmental Design System

The U.S. Green Building Council, a nonprofit coalition
representing the building industry, has created a com-
prehensive system for building green called LEED™, short
for Leadership in Energy and Environmental Design. The
LEED program provides investors, architects and de-
signers, construction personnel, and building managers
with information on green building techniques and
strategies. At the same time, LEED certifies buildings that
meet the highest standards of economic and environ-
mental performance, and offers professional education,
training, and accreditation. Another aspect of the LEED
system is its Professional Accreditation, which recognizes
an individual’s qualifications in sustainable building. In
1999, the LEED Commercial Interior Committee was
formed to develop definitive standards for what consti-
tutes a green interior space, and guidelines for sustain-
able maintenance. The LEED program is currently de-
veloping materials for commercial interiors, residential
work, and operations and maintenance.

Interior designers are among those becoming LEED-
accredited professionals by passing the LEED Profes-

into a playground for the children. The final design in-
corporated energy-efficient windows that brought in
light without wasting heated or conditioned air. Recy-
cled and nonpolluting construction materials were se-
lected for their low impact on the environment, in-
cluding cellulose wall insulation and natural linoleum
and tile flooring materials. Karen'’s familiarity with sus-
tainable design issues not only led to a building reno-
vation that used energy wisely and avoided damage to
the environment, but also created an interior where chil-
dren and their families could feel cared for and safe.

My
:\



sional Accreditation Examination. More and more ar-
chitects, engineers, and interior designers are realizing
the business advantages of marketing green design
strategies. This is a very positive step toward a more sus-
tainable world, yet it is important to verify the creden-
tials of those touting green design. The LEED Profes-
sional Accreditation Examination establishes minimum
competency in much the same way as the NCIDQ exam
seeks to set a universal standard by which to measure
the competency of interior designers to practice as pro-
fessionals. Training workshops are available to prepare
for the exam.

Receiving LEED accreditation offers a way for de-
signers to differentiate themselves in the marketplace.
As green buildings go mainstream, both government
and private sector projects will begin to require a LEED-
accredited designer on the design teams they hire.

The LEED process for designing a green building
starts with setting goals. Next, alternative strategies are
evaluated. Finally, the design of the whole building is
approached in a spirit of integration and inspiration.

It is imperative to talk with all the people involved
in the building’s design about goals; sometimes the best
ideas come from the most unlikely places. Ask how each
team member can serve the goals of this project. Include
the facilities maintenance people in the design process,
to give feedback to designers about what actually hap-
pens in the building, and to cultivate their support for
new systems. Goals can be sabotaged when an architect,
engineer, or contractor gives lip service to green design,
but reacts to specifics with “We've never done it that way
before,” or its evil twin “We've always done it this way.”
Question whether time is spent on why team members
can't do something, or on finding a solution—and
whether higher fees are requested just to overcome op-
position to a new way of doing things. Finally, be sure
to include the building’s users in the planning process;
this sounds obvious, but it is not always done.

In 1999, the U.S. government’s General Services Ad-
ministration (GSA) Public Building Service (PBS) made
a commitment to use the LEED rating system for all fu-
ture design, construction, and repair and alterations of
federal construction projects and is working on revising
its leases to include requirements that spaces leased for
customers be green. The Building Green Program in-
cludes increased use of recycled materials, waste man-
agement, and sustainable design. The PBS chooses prod-
ucts with recycled content, optimizes natural daylight,
installs energy-efficient equipment and lighting, and in-
stalls water-saving devices. The Denver Courthouse
serves as a model for these goals. It uses photovoltaic
cells and daylighting shelves, along with over 100 other
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sustainable building features, enabling it to apply for a
LEED Gold Rating.

The ENERGY STAR® Label

The ENERGY STAR® label (Fig. 1-2) was created in con-
junction with the U.S. Department of Energy (DOE) and
the U.S. Environmental Protection Agency (EPA) to help
consumers quickly and easily identify energy efficient
products such as homes, appliances, and lighting. ENERGY
StAR products are also available in Canada. In the United
States alone in the year 2000, ENERGY STAR resulted in
greenhouse gas reductions equivalent to taking 10 mil-
lion cars off the road. Eight hundred and sixty four bil-
lion pounds of carbon dioxide emissions have been pre-
vented due to ENERGY STAR commitments to date.

The ENERGY STAR Homes program reviews the plans
for new homes and provides design support to help the
home achieve the five-star ENERGY STAR Homes rating,
by setting the standard for greater value and energy sav-
ings. ENERGY Star-certified homes are also eligible for
rebates on major appliances.

The program also supplies ENERGYsmart computer
software that walks you through a computerized energy
audit of a home and provides detailed information on
energy efficiency. The PowerSmart computer program
assesses electric usage for residential customers who use
more than 12,000 kW per year, and can offer discounts
on insulation, refrigerators, thermostats, and heat pump
repairs. ENERGY STAR Lighting includes rebates on energy-
efficient light bulbs and fixtures. The program offers re-
bates on ENERGY STAR-labeled clothes washers, which
save an average of 60 percent on energy costs and re-
duce laundry water consumption by 35 percent.

Beyond Sustainable Design

Conservation of limited resources is good, but it is pos-
sible to create beautiful buildings that generate more
energy than they use and actually improve the health of

Money Isn't All You're Saving

Figure 1-2 ENERGY STAR label.
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their environments. Rather than simply cutting down
on the damage buildings do to the environment, which
results in designs that do less—but still some—damage,
some designs have a net positive effect. Instead of suf-
fering with a showerhead that limits the flow to an un-
satisfactory minimum stream, for example, you can take
a guilt-free long, hot shower, as long as the water is so-
lar heated and returns to the system cleaner than it
started. Buildings can model the abundance of nature,
creating more and more riches safely, and generating de-
light in the process.

Such work is already being done, thanks to pioneers
like William McDonough of William McDonough +
Partners and McDonough Braungart Design Chemistry,
LLC, and Dr. David Orr, Chairman of the Oberlin En-
vironmental Studies Program. Their designs employ a
myriad of techniques for efficient design. A photovoltaic
array on the roof that turns sunlight into electric energy
uses net metering to connect to the local utility’s power
grid, and sells excess energy back to the utility. Photo-
voltaic cells are connected to fuel cells that use hydro-
gen and oxygen to make more energy. Buildings process
their own waste by passing wastewater through a man-
made marsh within the building. The landscaping for
the site selects plants native to the area before European
settlement, bringing back habitats for birds and animals.
Daylighting adds beauty and saves energy, as in a Michi-
gan building where worker productivity increased, and
workers who had left for higher wages returned because,
as they said, they couldn’t work in the dark. Contrac-
tors welcome low-toxicity building materials that don't
have odors from volatile organic compounds (VOCs),
and that avoid the need to wear respirators or masks
while working.

William McDonough has been working on the Ford
River Rouge automobile plant in Oregon to restore the
local river as a healthy, safe biological resource. This
20-year project includes a new 55,740 square meter
(600,000 square ft) automobile assembly plant featur-
ing the largest planted living roof, with one-half mil-
lion square feet of soil and plants that provide storm
water management. The site supports habitat restora-
tion and is mostly unpaved and replanted with native
species. The interiors are open and airy, with skylights
providing daylighting and safe walkways allowing cir-
culation away from machinery. Ford has made a com-
mitment to share what they learn from this building for
free, and is working with McDonough on changes to
products that may lead to cars that actually help clean
the air.

The Lewis Center for Environmental Studies at
Oberlin College in Oberlin, Ohio, represents a collab-

oration between William McDonough and David Orr.
Completed in January 2000, the Lewis Center consists
of a main building with classrooms, faculty offices, and
a two-story atrium, and a connected structure with a
100-seat auditorium and a solarium. Interior walls stop
short of the exposed curved ceiling, creating open space
above for daylight.

One of the project’s primary goals was to produce
more energy than it needs to operate while maintain-
ing acceptable comfort levels and a healthy interior en-
vironment. The building is oriented on an east-west axis
to take advantage of daylight and solar heat gain, with
the major classrooms situated along the southern ex-
posure to maximize daylight, so that the lighting is of-
ten unnecessary. The roof is covered with 344 square
meters (3700 square ft) of photovoltaic panels, which
are expected to generate more than 75,000 kilowatt-
hours (kW-h) of energy annually. Advanced design fea-
tures include geothermal wells for heating and cooling,
passive solar design, daylighting and fresh air delivery
throughout. The thermal mass of the building’s concrete
floors and exposed masonry walls helps to retain and
reradiate heat. Overhanging eaves and a vinecovered
trellis on the south elevation shade the building, and
an earth berm along the north wall further insulates the
wall. The atrium'’s glass curtain wall uses low-emissivity
(low-e) glass.

Operable windows supplement conditioned air sup-
plied through the HVAC system. A natural wastewater
treatment facility on site includes a created wetland for
natural storm water management and a landscape that
provides social spaces, instructional cultivation, and habi-
tat restoration.

Interior materials support the building’s goals, in-
cluding sustainably harvested wood; paints, adhesives,
and carpets with low VOC emissions; and materials with
recycled contents such as structural steel, brick, alu-
minum curtain-wall framing, ceramic tile, and toilet par-
titions. Materials were selected for durability, low main-
tenance, and ecological sensitivity.

The Herman Miller SQA building in Holland,
Michigan, which remanufactures Herman Miller office
furniture, enhances human psychological and behav-
ioral experience by increasing contact with natural pro-
cesses, incorporating nature into the building, and re-
ducing the use of hazardous materials and chemicals,
as reported in the July/August 2000 issue of Environ-
mental Design & Construction by Judith Heerwagen, Ph.D.
Drawing on research from a variety of studies in the
United States and Europe, Dr. Heerwagen identifies
links between physical, psychosocial, and neurological-
cognitive well-being and green building design features.



Designed by William McDonough + Partners, the
26,941 square meter (290,000 square ft) building
houses a manufacturing plant and office/showroom.
About 700 people work in the manufacturing plant and
offices, which contain a fitness center with basketball
court and exercise machines overlooking a country land-
scape, and convenient break areas. Key green building
features include good energy efficiency, indoor air qual-
ity, and daylighting. The site features a restored wetlands
and prairie landscape.

Although most organizations take weeks to months
to regain lost efficiency after a move, lowering produc-
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tivity by around 30 percent, Herman Miller’s perfor-
mance evaluation showed a slight overall increase in
productivity in the nine-month period after their move.
On-time delivery and product quality also increased.
This occurred even though performance bonuses to em-
ployees decreased, with the money going instead to help
pay for the new building. This initial study of the effects
of green design on worker satisfaction and productivity
will be augmented by the “human factors commission-
ing” of all of the City of Seattle’s new and renovated
municipal buildings, which will be designed to meet or
exceed the LEED Silver level.



Chapter

Building Site
Conditions

00

The way sunlight moves around a building site influ-
ences the way the building is positioned, the size and
location of windows and skylights, the amount of day-
lighting, and the design of mechanical and natural heat-
ing and cooling systems. The distance above or below
the equator determines how sunlight moves across the
site (Figs. 2-1, 2-2). The amount of sunlight that reaches
the site depends on its altitude above sea level, how
close it is to bodies of water, and the presence of shad-
ing plants and trees.

Fountains, waterfalls, and trees tend to raise the hu-
midity of the site and lower the temperature. Large bod-
ies of water, which are generally cooler than the land
during the day and warmer at night, act as heat reser-
voirs that moderate variations in local temperatures and
generate offshore breezes. Large water bodies are usu-
ally warmer than the land in the winter and cooler in
the summer.

Forests, trees, other buildings, and hills shape local
wind patterns. The absorbency of the ground surface de-
termines how much heat will be retained to be released
at night, and how much will be reflected onto the build-
ing surface. Light-colored surfaces reflect solar radiation,
while dark ones absorb and retain radiation. Plowed
ground or dark pavement will be warmer than sur-
rounding areas, radiating heat to nearby surfaces and

creating small updrafts of air. Grass and other ground
covers lower ground temperatures by absorbing solar ra-
diation, and aid cooling by evaporation.

LOCAL CLIMATES

Local temperatures vary with the time of day and the
season of the year. Because the earth stores heat and re-
leases it at a later time, a phenomenon known as ther-
mal lag, afternoon temperatures are generally warmer
than mornings. The lowest daily temperature is usually
just before sunrise, when most of the previous day’s heat
has dissipated. Although June experiences the most so-
lar radiation in the northern hemisphere, summer tem-
peratures peak in July or August due to the long-term
effects of thermal storage. Because of this residual stored
heat, January and February—about one month past the
winter solstice—are the coldest months. It is usually
colder at higher latitudes, both north and south, as a re-
sult of shorter days and less solar radiation. Sites may
have microclimates, different from surrounding areas,
which result from their elevation, closeness to large bod-
ies of water, shading, and wind patterns.

Cities sometimes create their own microclimates
with relatively warm year-round temperatures produced
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Figure 2-1 Sun angles in northern latitudes.

by heat sources such as air conditioners, furnaces, elec-
tric lights, car engines, and building machinery. Energy
released by vehicles and buildings to the outdoors
warms the air 3°C to 6°C (5°F-11°F) above the sur-
rounding countryside. The rain that runs off hard paved
surfaces and buildings into storm sewers isn't available
for evaporative cooling. Wind is channeled between
closely set buildings, which also block the sun’s warmth
in winter. The convective updrafts created by the large
cities can affect the regional climate. Sunlight is ab-
sorbed and reradiated off massive surfaces, and less is
given back to the obscured night sky.

CLIMATE TYPES

Environmentally sensitive buildings are designed in re-
sponse to the climate type of the site. Indigenous ar-

Figure 2-2 Sun angles in tropical latitudes.
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chitecture, which has evolved over centuries of trial and
error, provides models for building in the four basic cli-
mate types.

Cold Climates

Cold climates feature long cold winters with short, very
hot periods occurring occasionally during the summer.
Cold climates generally occur around 45 degrees lati-
tude north or south, for example, in North Dakota.
Buildings designed for cold climates emphasize heat re-
tention, protection from rain and snow, and winter
wind protection. They often include passive solar heat-
ing, with the building encouraging heat retention with-
out mechanical assistance.

In cool regions, minimizing the surface area of the
building reduces exposure to low temperatures. The
building is oriented to absorb heat from the winter sun.
Cold air collects in valley bottoms. North slopes get less
winter sun and more winter wind, and hilltops lose heat
to winter winds. Setting a building into a protective
south-facing hillside reduces the amount of heat loss
and provides wind protection, as does burying a build-
ing in earth. In cold climates, dark colors on the south-
facing surfaces increase the absorption of solar heat. A
dark roof with a steep slope will collect heat, but this is
negated when the roof is covered with snow.

Temperate Climates

Temperate climates have cold winters and hot summers.
Buildings generally require winter heating and summer
cooling, especially if the climate is humid. Temperate
climates are found between 35 degrees and 45 degrees
latitude, in Washington, DC, for example. South-facing
walls are maximized in a building designed for a tem-
perate region. Summer shade is provided for exposures
on the east and west and over the roof. Deciduous shade
trees that lose their leaves in the winter help to protect
the building from sun in hot weather and allow the win-
ter sun through. The building’s design encourages air
movement in hot weather while protecting against cold
winter winds (Fig. 2-3).

Hot Arid Climates

Hot arid climates have long, hot summers and short,
sunny winters, and the daily temperatures range widely
between dawn and the warmest part of the afternoon.
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Figure 2-3 Building in a temperate climate.

Arizona is an example of a hot arid climate. Buildings
designed for hot arid climates feature heat and sun con-
trol, and often try to increase humidity. They take ad-
vantage of wind and rain for cooling and humidity, and
make the most of the cooler winter sun.

Windows and outdoor spaces are shaded from the
sun, and summer shade is provided to the east and west
and over the roof. Enclosed courtyards offer shade and
encourage air movement, and the presence of a foun-
tain or pool and plants increases humidity. Even small
bodies of water produce a psychological and physical
evaporative cooling effect. Sites in valleys near a water-
course keep cooler than poorly ventilated locations. In
warm climates, sunlit surfaces should be a light color,
to reflect as much sun as possible.

Hot Humid Climates

Hot humid climates have very long summers with slight
seasonal variations and relatively constant temperatures.
The weather is consistently hot and humid, as in New
Orleans. Buildings designed for hot, humid climates
take advantage of shading from the sun to reduce heat
gain and cooling breezes. East and west exposures are
minimized to reduce solar heat gain, although some sun
in winter may be desirable. Wall openings are directed
away from major noise sources so that they can remain
open to take advantage of natural ventilation. If possi-
ble, the floor is raised above the ground, with a crawl
space under the building for good air circulation.

THE SITE

The climate of a particular building site is determined
by the sun’s angle and path, the air temperature, hu-
midity, precipitation, air motion, and air quality. Build-
ing designers describe sites by the type of soil, the char-
acteristics of the ground surface, and the topography of
the site.

Subsoil and topsoil conditions, subsurface water
levels, and rocks affect excavations, foundations, and
landscaping of the site. Hills, valleys, and slopes deter-
mine how water drains during storms and whether soil
erosion occurs. Site contours shape paths and roadway
routes, may provide shelter from the wind, and influ-
ence plant locations. Elevating a structure on poles or
piers minimizes disturbance of the natural terrain and
existing vegetation.

The construction of the building may alter the site
by using earth and stone or other local materials. Con-
struction of the building may bring utilities to the site,
including water, electricity, and natural gas. Alterations
can make a positive impact by establishing habitats for
native plants and animals.

The presence of people creates a major environ-
mental impact. Buildings contribute to air pollution di-
rectly through fuel combustion, and indirectly through
the electric power plants that supply energy and the in-
cinerators and landfills that receive waste. Power plants
are primary causes of acid rain (containing sulfur ox-
ides) and smog (nitrogen oxides). Smoke, gases, dust,
and chemical particles pollute the air. Idling motors at
drive-up windows and loading docks may introduce
gases into building air intakes. Sewage and chemical
pollutants damage surface or groundwater.

Other nearby buildings can shade areas of the site
and may divert wind. Built-up areas upset natural
drainage patterns. Close neighbors may limit visual or
acoustic privacy. Previous land use may have left weeds
or soil erosion. The interior of the building responds to
these surrounding conditions by opening up to or turn-
ing away from views, noises, smells, and other distur-
bances. Interior spaces connect to existing on-site walks,
driveways, parking areas, and gardens. The presence of
wells, septic systems, and underground utilities influ-
ences the design of residential bathrooms, kitchens, and
laundries as well as commercial buildings.

Traffic, industry, commerce, recreation, and resi-
dential uses all create noise. The hard surfaces and par-
allel walls in cities intensify noise. Mechanical systems
of neighboring buildings may be very noisy, and are
hard to mask without reducing air intake, although



newer equipment is usually quieter. Plants only slightly
reduce the sound level, but the visually softer appear-
ance gives a perception of acoustic softness, and the
sound of wind through the leaves helps to mask noise.
Fountains also provide helpful masking sounds.

As you move up and down a site or within a mul-
tistory building, each level lends itself to certain types
of uses. The sky layer is usually the hardest to get to and
offers the most exposure to wind, sun, daylight, and
rain. The near-surface layer is more accessible to people
and activities. The surface layer encourages the most fre-
quent public contact and the easiest access. The sub-
surface layer confers isolation by enclosure and provides
privacy and thermal stability, but may have ground-
water problems.

Wind and Building Openings

Winds are usually weakest in the early morning and
strongest in the afternoon, and can change their effects
and sometimes their directions with the seasons. Ever-
green shrubs, trees, and fences can slow and diffuse
winds near low-rise buildings. The more open a wind-
break, the farther away its influence will be felt. Al-
though dense windbreaks block wind in their immedi-
ate vicinity, the wind whips around them to ultimately
cover an even greater area. Wind speed may increase
through gaps in a windbreak. Blocking winter winds
may sometimes also block desirable summer breezes.
The wind patterns around buildings are complex, and
localized wind turbulence between buildings often in-
creases wind speed and turbulence just outside build-
ing entryways.

Openings in the building are the source of light,
sun, and fresh air. Building openings provide opportu-
nities for wider personal choices of temperature and ac-
cess to outdoor air. On the other hand, they limit con-
trol of humidity, and permit the entry of dust and
pollen. Window openings allow interior spaces to have
natural light, ventilation, and views. Expansive, re-
stricted, or filtered window openings reveal or frame
views, and highlight distant vistas or closer vignettes.

Woater

Rainwater falling on steeply pitched roofs with over-
hangs is collected by gutters and downspouts and is car-
ried away as surface runoff, or underground through a
storm sewer. Even flat roofs have a slight pitch, and the
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water collects into roof drains that pass through the in-
terior of the building. Drain leaders are pipes that run
vertically within partitions to carry the water down
through the structure to the storm drains. Interior drains
are usually more expensive than exterior gutters and
leaders.

Rainwater can be retained for use on site. Roof
ponds hold water while it slowly flows off the roof, giv-
ing the ground below more time to absorb runoff. The
evaporation from a roof pond also helps cool the build-
ing. Water can be collected in a cistern on the roof
for later use, but the added weight increases structural
requirements.

Porous pavement allows water to sink into the earth
rather than run off. One type of asphalt is porous, and
is used for parking lots and roadways. Low-strength
porous concrete is found in Florida, but wouldn't with-
stand a northern freeze-thaw cycle. Incremental paving
consists of small concrete or plastic paving units alter-
nating with plants, so that rainwater can drain into the
ground. Parking lots can also be made of open-celled
pavers that allow grass or groundcover plants to grow
in their cavities.

Sites and buildings should be designed for maxi-
mum rainfall retention. In some parts of North Amer-
ica, half of residential water is consumed outdoors, much
of it for lawn sprinklers that lose water to evaporation
and runoff. Sprinkler timing devices control the length
of the watering cycle and the time when it begins, so that
watering can be done at night when less water evapo-
rates. Rain sensors shut off the system, and monitors
check soil moisture content. Bubblers with very low flow
rates lose less water to evaporation. With drip irrigation,
which works well for individual shrubs and small trees,
a plastic tube network slowly and steadily drips water
onto the ground surface near a plant, soaking the plants
at a rate they prefer. Recycled or reclaimed water, in-
cluding graywater (wastewater that is not from toilets or
urinals) and stored rain, are gradually being allowed by
building codes in North America.

Animal and Plant Life

Building sites provide environments for a variety of
plant and animal life. Bacteria, mold, and fungi break
down dead animal and vegetable matter into soil nu-
trients. Insects pollinate useful plants, but most insects
must be kept out of the building. Termites may attack
the building’s structure. Building occupants may wel-
come cats, dogs, and other pets into a building, but want
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to exclude nuisance animals such as mice, raccoons,
squirrels, lizards, and stray dogs. You may want to hear
the birds’ songs and watch them at the feeder while
keeping the cardinals out of the kitchen.

Grasses, weeds, flowers, shrubs, and trees trap pre-
cipitation, prevent soil erosion, provide shade, and de-
flect wind. They play a major role in food and water cy-
cles, and their growth and change through the seasons
help us mark time. Plants near buildings foster privacy,
provide wind protection, and reduce sun glare and heat.
They frame or screen views, moderate noise, and visu-
ally connect the building to the site. Plants improve air
quality by trapping particles on their leaves, to be
washed to the ground by rain. Photosynthesis assimi-
lates gases, fumes, and other pollutants.

Deciduous plants grow and drop their leaves on a
schedule that responds more to the cycles of outdoor
temperature than to the position of the sun (Figs. 2-4,
2-5). The sun reaches its maximum strength from March
21 through September 21, while plants provide the most
shade from June to October, when the days are warmest.
A deciduous vine on a trellis over a south-facing win-
dow grows during the cooler spring, shades the interior
during the hottest weather, and loses its leaves in time
to welcome the winter sun. The vine also cools its im-
mediate area by evaporation. Evergreens provide shade
all year and help reduce snow glare in winter.

The selection of trees for use in the landscape
should consider their structure and shape, their mature

Figure 2-4 Deciduous shade tree in summer.
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Figure 2-5 Deciduous shade tree in winter.

height and the spread of their foliage, and the speed
with which they grow. The density, texture, and color of
foliage may change with the seasons. For all types of
plants, requirements for soil, water, sunlight, and tem-
perature range, and the depth and extent of root struc-
tures are evaluated. Low-maintenance native or natu-
ralized species have the best chances of success. To
support plant life, soil must be able to absorb moisture,
supply appropriate nutrients, be able to be aerated, and
be free of concentrated salts.

Trees’ ability to provide shade depends upon their
orientation to the sun, their proximity to the building
or outdoor space, their shape, height, and spread, and
the density of their foliage and branch structure. The
most effective shade is on the southeast in the morning
and the southwest during late afternoon, when the sun
has a low angle and casts long shadows.

Air temperatures in the shade of a tree are about
3°C to 6°C (5°F-11°F) cooler than in the sun. A wall
shaded by a large tree in direct sun may be 11°C to 14°C
(20°F-25°F) cooler than it would be with no shade. This
temperature drop is due to the shade plus the cooling
evaporation from the enormous surface area of the
leaves. Shrubs right next to a wall produce similar re-
sults, trapping cooled air and preventing drafts from in-
filtrating the building. Neighborhoods with large trees
have maximum air temperatures up to 6°C (10°F) lower
than those without. Remarkably, a moist lawn will be
6°C to 8°C (10°F-14°F) cooler than bare soil, and 17°C
(31°F) cooler than unshaded asphalt. Low growing, low-
maintenance ground covers or paving blocks with holes
are also cooler than asphalt.
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The earliest shelters probably provided only a bit of
shade or protection from rain, and were warmed by a
fire and enclosed by one or more walls. Today we ex-
pect a lot from our buildings, beginning with the ne-
cessities for supporting human life. We must have clean
air to breathe and clean water to drink, prepare food,
clean our bodies and our belongings, and flush away
wastes. We need facilities for food preparation and
places to eat. Human body wastes, wash water, food
wastes, and rubbish have to be removed or recycled.

As buildings become more complex, we expect less
protection from our clothing and more from our shel-
ters. We expect to control air temperatures and the tem-
peratures of the surfaces and objects around us for ther-
mal comfort. We control the humidity of the air and the
flow of water vapor. We exclude rain, snow, and ground-
water from the building, and circulate the air within it.

Once these basic physical needs are met, we turn to
creating conditions for sensory comfort, efficiency, and
privacy. We need illumination to see, and barriers for
visual privacy. We seek spaces where we can hear clearly,
yet which have acoustic privacy.

The next group of functions supports social needs.
We try to control the entry or exit of other people and
of animals. Buildings facilitate communication and con-
nection with the world outside through windows, tele-
phones, mailboxes, computer networks, and video ca-

bles. Our buildings support our activities by distribut-
ing concentrated energy to convenient locations, pri-
marily through electrical systems.

The building’s structure gives stable support for all
the people, objects, and architectural features of the
building. The structure resists the forces of snow, wind,
and earthquake. Buildings protect their own structure,
surfaces, internal mechanical and electrical systems, and
other architectural features from water and precipita-
tion. They adjust to their own normal movements with-
out damage to their structure or contents. They protect
occupants, contents, and the building itself from fire.
Buildings support our comfort, safety, and productive
activity with floors, walls, stairs, shelves, countertops,
and other built-in elements.

Finally, a building capable of accomplishing all of
these complex functions must be built without exces-
sive expense or difficulty. Once built, it must be able to
be operated, maintained, and changed in a useful and
economical manner.

THE BUILDING ENVELOPE

The building envelope is the transition between the out-
doors and the inside, consisting of the windows, doors,
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floors, walls, and roofs of the building. The envelope
encloses and shelters space. It furnishes a barrier to rain
and protects from sun, wind, and harsh temperatures.
Entries are the transition zone between the building’s
interior and the outside world.

Traditionally, the building envelope was regarded as
a barrier separating the interior from the outdoor envi-
ronment. Architects created an isolated environment,
and engineers equipped it with energy-using devices to
control conditions. Because of the need to conserve en-
ergy, we now see the building envelope as a dynamic
boundary, which interacts with the external natural en-
ergy forces and the internal building environment. The
envelope is sensitively attuned to the resources of the
site: sun, wind, and water. The boundary is manipulated
to balance the energy flows between inside and outside.

This dynamic approach leads the architect to sup-
port proper thermal and lighting conditions through the
design of the building’s form and structure, supported
by the mechanical and electrical systems. Engineers de-
sign these support systems with passive control mecha-
nisms that minimize energy consumption.

A building envelope can be an open frame or a
closed shell. It can be dynamic and sensitive to chang-
ing conditions and needs, letting in or closing out the
sun’s warmth and light, breezes and sounds. Openings
and barriers may be static, like a wall; allow on-off op-
eration, like a door; or offer adjustable control, like ve-
netian blinds. The appropriate architectural solution de-
pends upon the range of options you desire, the local
materials available, and local style preferences. A dy-
namic envelope demands that the user understand how,
why, and when to make adjustments. The designer must
make sure the people using the building have this
information.

BUILDING FORM

Energy conservation has major implications for the
building’s form. The orientation of the building and its
width and height determine how the building will be
shielded from excess heat or cold or open to ventilation
or light. For example, the desire to provide daylight and
natural ventilation to each room limits the width of
multistory hotels.

At the initial conceptual design stage, the architect
and interior designer group similar functions and spaces
with similar needs close to the resources they require,
consolidating and minimizing distribution networks.
The activities that attract the most frequent public par-

ticipation belong at or near ground level. Closed offices
and industrial activities with infrequent public contact
can be located at higher levels and in remote locations.
Spaces with isolated and closely controlled environ-
ments, like lecture halls, auditoriums, and operating
rooms, are placed at interior or underground locations.
Mechanical spaces that need acoustic isolation and re-
stricted public access, or that require access to outside
air, should be close to related outdoor equipment, like
condensers and cooling towers, and must be accessible
for repair and replacement of machinery.

Large buildings are broken into zones. Perimeter
zones are immediately adjacent to the building enve-
lope, usually extending 4.6 to 6 meters (15-20 ft) in-
side. Perimeter zones are affected by changes in outside
weather and sun. In small buildings, the perimeter zone
conditions continue throughout the building. Interior
zones are protected from the extremes of weather, and
generally require less heating, as they retain a stable tem-
perature. Generally, interior zones require cooling and
ventilation.

BETWEEN FLOORS
AND CEILINGS

A plenum is an enclosed portion of the building struc-
ture that is designed to allow the movement of air, form-
ing part of an air distribution system. The term plenum
is specifically used for the chamber at the top of a fur-
nace, also called a bonnet, from which ducts emerge to
conduct heated or conditioned air to the inhabited
spaces of the building. It is also commonly used to re-
fer to the open area between the bottom of a floor struc-
ture and the top of the ceiling assembly below. In some
cases, air is carried through this space without ducting,
a design called an open plenum.

Building codes limit where open plenum systems
can run in a building, prohibit combustible materials
in plenum spaces, and allow only certain types of
wiring. Equipment in the plenum sometimes continues
vertically down a structurally created shaft. The open
plenum must be isolated from other spaces so that de-
bris in the plenum and vertical shaft is not drawn into
a return air intake.

The area between the floor above and ceiling below
is usually full of electrical, plumbing, heating and cool-
ing, lighting, fire suppression, and other equipment
(Fig. 3-1). As an interior designer, you will often be con-
cerned with how you can locate lighting or other design
elements in relation to all the equipment in the plenum.
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Figure 3-1 Floor/ceiling assembly.

SERVICE CORES

In most multistory buildings, the stairs, elevators, toilet
rooms, and supply closets are grouped together in ser-
vice cores. The mechanical, plumbing, and electrical
chases, which carry wires and pipes vertically from one
floor to the next, also use the service cores, along with
the electrical and telephone closets, service closets, and
fire protection equipment. Often, the plan of these ar-
eas varies little, if at all, from one floor to the next.

Service cores may have different ceiling heights and
layouts than the rest of the floor. Mechanical equipment
rooms may need higher ceilings for big pipes and ducts.
Some functions, such as toilets, stairs, and elevator wait-
ing areas, benefit from daylight, fresh air, and views, so
access to the building perimeter can be a priority.

Service cores can take up a considerable amount of
space. Along with the entry lobby and loading docks,
service areas may nearly fill the ground floor as well as
the roof and basement. Their locations must be coor-
dinated with the structural layout of the building. In
addition, they must coordinate with patterns of space
use and activity. The clarity and distance of the circu-
lation path from the farthest rentable area to the ser-
vice core have a direct impact on the building’s safety
in a fire.

There are several common service core layouts (Fig.
3-2). Central cores are the most frequent type. In high-
rise office buildings, a single service core provides the

maximum amount of unobstructed rentable area. This
allows for shorter electrical, mechanical, and plumbing
runs and more efficient distribution paths. Some build-
ings locate the service core along one edge of the build-
ing, leaving more unobstructed floor space but occupy-
ing part of the perimeter and blocking daylight and
views. Detached cores are located outside the body of
the building to save usable floor space, but require long
service runs. Using two symmetrically placed cores re-
duces service runs, but the remaining floor space loses
some flexibility in layout and use.

Multiple cores are sometimes found in broad, low-
rise buildings. Long horizontal runs are thus avoided,
and mechanical equipment can serve zones with differ-
ent requirements for heating and cooling. Multiple cores
are used in apartment buildings and structures made of
repetitive units, with the cores located between units
along interior corridors.

BUILDING MATERIALS

The selection of building materials affects both the qual-
ity of the building itself and the environment beyond
the building. When we look at the energy efficiency of
a building, we should also consider the embodied en-
ergy used to manufacture and transport the materials
from which the building is made.
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Figure 3-2 Service core locations.

Power plants that supply electricity for buildings
use very large quantities of water, which is returned at
a warmer temperature, or as vapor. Mechanical and
electrical systems use metals and plastics, along with
some clay. These materials are selected for their
strength, durability, and fire resistance, as well as their
electrical resistance or conductivity. Their environmen-

tal impact involves the energy cost to mine, fabricate,
and transport them.

THE DESIGN TEAM

In the past, architects were directly responsible for the
design of the entire building. Heating and ventilating
consisted primarily of steam radiators and operable
windows. Lighting and power systems were also rela-
tively uncomplicated. Some parts of buildings, such as
sinks, bathtubs, cooking ranges, and dishwashers, were
considered separate items in the past, but are now less
portable and more commonly viewed as fixed parts of
the building. Portable oil lamps have been replaced by
lighting fixtures that are an integral part of the build-
ing, tied into the electrical system.

Today, the architect typically serves as the leader and
coordinator of a team of specialist consultants, includ-
ing structural, mechanical, and electrical engineers,
along with fire protection, acoustic, lighting, and eleva-
tor specialists. Interior designers work either directly for
the architect as part of the architectural team, or serve
as consultants to the architect. Energy-conscious design
requires close coordination of the entire design team
from the earliest design stages.
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Buildings provide environments where people can feel
comfortable and safe. To understand the ways building
systems are designed to meet these needs, we must first
look at how the human body perceives and reacts to in-
terior environments.

MAINTAINING THERMAL
EQUILIBRIUM

Our perception that our surroundings are too cold or
too hot is based on many factors beyond the tempera-
ture of the air. The season, the clothes we are wearing,
the amount of humidity and air movement, and the
presence of heat given off by objects in the space all in-
fluence our comfort. Contact with surfaces or moving
air, or with heat radiating from an object, produces the
sensation of heat or cold. There is a wide range of tem-
peratures that will be perceived as comfortable for one
individual over time and in varying situations. We can
regulate the body’s heat loss with three layers of pro-
tection: the skin, clothing, and buildings.

The human body operates as an engine that produces
heat. The fuel is the food we eat, in the form of proteins,
carbohydrates, and fats. The digestive process uses chem-
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icals, bacteria, and enzymes to break down food. Useful
substances are pumped into the bloodstream and carried
throughout the body. Waste products are filtered out dur-
ing digestion and stored for elimination.

The normal internal body temperature is around
37°C (98.6°F). The internal temperature of the human
body can’t vary by more than a few degrees without
causing physical distress. Our bodies turn only about
one-fifth of the food energy we consume into mechan-
ical work. The other four-fifths of this energy is given
off as heat or stored as fat. The body requires continu-
ous cooling to give off all this excess heat.

An individual’s metabolism sets the rate at which
energy is used. This metabolic rate changes with body
weight, activity level, body surface area, health, sex, and
age. The amount of clothing a person is wearing and the
surrounding thermal and atmospheric conditions also
influence the metabolic rate. It increases when we have
a fever, during continuous activity, and in cold condi-
tions if we are not wearing warm clothes. Our metabolic
rates are highest at age 10, and lowest in old age. The
weight of heavy winter clothing may add 10 to 15 per-
cent to the metabolic rate. Pregnancy and lactation in-
crease the rate by about 10 percent.

The amount of heat our bodies produce depends
on what we are doing. An average-sized person who
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Figure 4-1 Resting person.

is resting gives off about the same amount of heat as a
70-watt (70-W) incandescent lightbulb (Fig. 4-1). When
that person is sitting at a desk, the heat generated rises
to about that of a 100-W lightbulb (Fig. 4-2). The same
person walking down the street at two miles per hour
generates around the amount of heat given off by a
200-W lightbulb (Fig. 4-3). During vigorous exercise, the
amount rises to between 300 and 870 W (Fig. 4-4). This
is why a room full of people doing aerobic exercise heats
up fairly quickly.

The set of conditions that allows our bodies to stay
at the normal body temperature with the minimal
amount of bodily regulation is called thermal equilib-
rium. We feel uncomfortable when the body works too
hard to maintain its thermal equilibrium. We experience
thermal comfort when heat production equals heat loss.
Our mind feels alert, our body operates at maximum
efficiency, and we are at our most productive. As de-
signers of interior spaces, our goal is to create environ-
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Figure 4-2 Person working at desk.
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Figure 4-3 Person walking.
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Figure 4-4 Person engaged in vigorous exercise.



ments where people are neither too hot nor too cold to
function comfortably and efficiently.

Studies have shown that industrial accidents in-
crease at higher and at lower than normal temperatures,
when our bodies struggle to run properly. When we are
cold, we lose too much heat too quickly, especially from
the back of the neck, the head, the back, and the arms
and legs. When the body loses too much heat, we be-
come lethargic and mentally dull. The heart pumps an
increased amount of the blood directly to the skin and
back to the heart, bypassing the brain and other organs.
This puts an increased strain on the heart. Because we
transfer heat from one part of the body to another
through the bloodstream, it is sometimes difficult to fig-
ure out where the heat loss is actually occurring. We may
need to wear a hat to keep our feet warm!

Our skin surface provides a layer of insulation be-
tween the body’s interior and the environment, about
equal in effect to putting on a light sweater. When the
body loses more heat to a cold environment than it pro-
duces, it attempts to decrease the heat loss by con-
stricting the outer blood vessels, reducing the blood flow
to the outer surface of the skin. Goose bumps result
when our skin tries to fluff up our meager body hairs
to provide more insulation. If there continues to be too
much heat loss, involuntary muscle action causes us to
shiver, which increases heat production. We fold our
arms and close our legs to reduce exposed area. When
the level of heat loss is too great, muscle tension makes
us hunch up, a strained posture that produces physical
exhaustion. Ultimately, when deep body temperatures
fall, we experience hypothermia, which can result in a
coma or death. The slide toward hypothermia can be re-
versed by exercise to raise heat production, or by hot
food and drink and a hot bath or sauna.

When we get too hot, the blood flow to the skin’s
surface increases, sweat glands secrete salt and water,
and we lose body heat through evaporation of water
from our skin. Water constantly evaporates from our res-
piratory passages and lungs; the air we exhale is usually
saturated with water. In high humidity, evaporation is
slow and the rate of perspiration increases as the body
tries to compensate. When the surrounding air ap-
proaches body temperature, only evaporation by dry,
moving air will lower our body temperature.

Overheating, like being too cold, increases fatigue
and decreases our resistance to disease. If the body is
not cooled, deep-body temperature rises and impairs
metabolic functions, which can result in heat stroke and
death. We will be looking at strategies for designing
spaces that allow occupants to keep warm or cool
enough to function in comfort.
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EARS AND EYES

The buildings we design should help us use our senses
comfortably and efficiently. We can easily block out un-
wanted sights by closing our eyes or turning away, but
we can't stop our ears from hearing, and we receive un-
wanted sounds with little regard for the direction we
face. Loud sounds can damage our hearing, especially
over time. We have trouble hearing sounds that are
much less intense than the background noise. The art
and science of acoustics addresses how these issues af-
fect the built environment.

Our eyes can be damaged if we look even quickly
at the sun, or for too long at a bright snow landscape
or light-colored sand. Direct glare from lighting fixtures
can blind us momentarily. Interior designers should
avoid strong contrasts that can make vision difficult or
painful, for example, a very bright object against a very
dark background or a dark object against light. Low il-
lumination levels reduce our ability to see well. The ad-
justment to moderately low light levels can take several
minutes, an important consideration when designing
entryways between the outdoors (which may be very
bright or very dark) and the building’s interior. Lighting
levels and daylighting are important parts of interior
design.

OTHER HUMAN
ENVIRONMENTAL
REQUIREMENTS

We need a regular supply of water to move the products
of food processing around the body. Water also helps
cool the body. We need food and drinking water that is
free from harmful microorganisms. Contaminated food
and water spread hepatitis and typhoid. Building sys-
tems are designed to remove body and food wastes
promptly for safe processing. We look at these issues in
Part II of this book, on Water and Wastes.

We must have air to breathe for the oxygen it con-
tains, which is the key to the chemical reactions that
combust (burn) the food-derived fuels that keep our
body operating. When we breathe air into our lungs,
some oxygen dissolves into the bloodstream. We exhale
air mixed with carbon dioxide and water, which are
produced as wastes of combustion. Less than one-fifth
of the air’s oxygen is replaced by carbon dioxide with
each lungful, but a constant supply of fresh air is re-
quired to avoid unconsciousness from oxygen deple-
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tion and carbon dioxide accumulation. Building venti-
lation systems assure that the air we breathe indoors is
fresh and clean.

The human body is attacked by a very large assort-
ment of bacteria, viruses, and fungi. Our skin, respira-
tory system, and digestive tract offer a supportive envi-
ronment for microorganisms. Some of these are helpful,
or at least benign, but some cause disease and discom-
fort. Our buildings provide facilities for washing food,
dishes, skin, hair, and clothes to keep these other life
forms under control. Poorly designed or maintained
buildings can be breeding grounds for microorganisms.
These are issues for both the design of building sanitary
waste systems and indoor air quality (IAQ).

Our buildings exclude disease-carrying rodents and
insects. Pests spread typhus, yellow fever, malaria,
sleeping sickness, encephalitis, plague, and various par-
asites. Inadequate ventilation encourages tuberculosis
and other respiratory diseases. Adequate ventilation
carries away airborne bacteria and excess moisture.
Sunlight entering the building dries and sterilizes our
environment.

Our soft tissues, organs, and bones need protection
from hard and sharp objects. Smooth floor surfaces pre-
vent trips and ankle damage. Our buildings help us move
up and down from different levels without danger of
falling, and keep fire and hot objects away from our skin.
The interior designer must always be on the alert for as-
pects of a design that could cause harm from falling ob-
jects, explosions, poisons, corrosive chemicals, harmful
radiation, or electric shocks. By designing spaces with
safe surfaces, even and obvious level changes, and ap-
propriately specified materials, we protect the people
who use our buildings. Our designs help prevent and

suppress fires, as well as facilitating escape from a burn-
ing building.

SOCIAL REQUIREMENTS

Buildings give us space to move, to work, and to play.
Our residential designs support family life with a place
for the reproduction and rearing of children, preparing
and sharing food with family and friends, studying, and
communicating verbally, manually, and electronically.
We provide spaces and facilities to pursue hobbies and
to clean and repair the home. Our designs create op-
portunities to display and store belongings, and many
of us now work at home, adding another level of com-
plexity to these spaces. The spaces we design may be
closed and private at times, and open to the rest of the
world at others. We design buildings that are secure from
intrusion, and provide ways to communicate both within
and beyond the building’s interior. We provide stairways
and mechanical means of conveyance from one level to
another for people with varied levels of mobility.

Our designs also support all the social activities that
occur outside of the home. We provide power to build-
ings so that workshops, warehouses, markets, offices,
studios, barns, and laboratories can design, produce,
and distribute goods. These workplaces require the same
basic supports for life activities as our homes, plus ac-
commodations for the tasks they house. Humans also
gather in groups to worship, exercise, play, entertain,
govern, educate, and to study or observe objects of in-
terest. These communal spaces are even more complex,
as they must satisfy the needs of many people at once.
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When people gather together for activities, building
functions become more complex, and there is a greater
chance that someone will be injured. Governments re-
spond to concerns for safety by developing building
codes. These codes dictate both the work of the interior
designer and architect, and the way in which the build-
ing's mechanical, electrical, plumbing, and other sys-
tems are designed and installed.

Around 1800, many of the larger U.S. cities devel-
oped their own municipal building codes in response
to a large number of building fires. In the middle of the
nineteenth century, the National Board of Fire Under-
writers provided insurance companies with information
for fire damage claims, resulting in the National Build-
ing Code in 1905. This became the basis for the three
model codes we use today.

The Building Officials Code Administrators Inter-
national (BOCA) publishes the BOCA National Building
Code (NBC). The Southern Building Code Congress In-
ternational (SBCCI) publishes the Standard Building
Code (SBC), and the International Conference of Build-
ing Officials (ICBO) publishes the Uniform Building Code
(UBC). Each state or community either adopts one of
these three model codes or bases its own code on one
of them. Because different parts of the United States
have their own environmental and climatic issues that
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affect building construction, each model code is some-
what different from the others.

For interior design use, the three model building
codes are very similar. Each includes chapters relating
to the design of the building’s interiors, including Use
or Occupancy Classifications, the Special Use or Occu-
pancy Requirements, and the Types of Construction
sections. You will find yourself referring often to the sec-
tions covering Fire-Resistant Materials and Construc-
tion, Interior Finishes, Fire Protection Systems, Means
of Egress, and Accessibility when laying out spaces and
selecting materials.

The ICC International Performance Code (IPC) is a
fourth model building code that attempts to unify code
requirements across geographic barriers. Introduced by
the International Codes Council (ICC) in 2002, the IPC
is in the process of being adopted by states and other
jurisdictions.

The model building codes frequently refer to other
codes and standards. Each model code organization also
publishes other codes, including a plumbing code, a me-
chanical code, a fire prevention code, and an existing
structures code.

The jurisdiction of a project is determined by the
location of the building. A jurisdiction is a geographi-
cal area that uses the same codes, standards, and regu-
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lations. A jurisdiction may be as small as a township or
as large as an entire state.

Most jurisdictions have strict requirements as to
who can design a project and what types of drawings
are required for an interior project. Often, drawings
must be stamped by a licensed architect or licensed en-
gineer registered within the state. In some cases, inte-
rior designers are not permitted to be in charge of a proj-
ect, and may have to work as part of an architect’s team.
Some states may allow registered interior designers to
stamp drawings for projects in buildings with three or
fewer stories and below a certain number of square feet.
Working out the proper relationships with the architects
and engineers on your team is critical to meeting the
code requirements.

Another important task is keeping current on code
requirements. Some states have statewide codes based
on a model code, while others have local codes, and
sometimes both state and local codes cover an area. Not
every jurisdiction updates its codes on a regular basis,
which means that in a particular jurisdiction, the code
cited may not be the most current edition of that code.
The designer must check with the local jurisdiction for
which codes to follow. When codes are changed, one or
more yearly addenda are published with the changes,
and incorporated in the body of the code when the next
full edition of the code is published. Designers must
make provisions for acquiring these addenda, through
a code update subscription service or other notification
process.

CODE OFFICIALS

The codes department is the local government agency
that enforces the codes within a jurisdiction. The size of
the codes department varies with the size of the juris-
diction it serves. A code official is an employee of the
codes department with authority to interpret and en-
force codes, standards, and regulations within that ju-
risdiction. The plans examiner (Fig. 5-1) is a code offi-
cial who checks plans and construction drawings at both
the preliminary and final permit review stages of the
project. The plans examiner checks for code and stan-
dards compliance, and works most closely with the
designer.

The fire marshal usually represents the local fire de-
partment. The fire marshal checks drawings with the
plans examiner during preliminary and final reviews,
looking for fire code compliance.
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Figure 5-1 Reviewing plans.

The building inspector visits the project job site af-
ter the building permit is issued, and makes sure all con-
struction complies with the codes as specified in the
construction drawings and in code publications.

SPECIAL CODES AND
THE INTERIOR DESIGNER

In addition to the basic building code, jurisdictions is-
sue plumbing, mechanical, and electrical codes. Interior
designers are not generally required to know or to re-
search most plumbing or mechanical code issues. On
projects with a major amount of plumbing or mechan-
ical work, registered engineers will take responsibility for
design and code issues. On smaller projects, a licensed
plumber or mechanical contractor will know the codes.
However, the interior designer needs to be aware of some
plumbing and mechanical requirements, such as how to
determine the number of required plumbing fixtures.
The interior designer often meets with the architect
and engineers in the preliminary stages of the design
process to coordinate the interior design with new and
existing plumbing, mechanical, and electrical system
components. The location of plumbing fixtures, sprin-
klers, fire extinguishers, air diffusers and returns, and
other items covered by plumbing and mechanical codes
must be coordinated with interior elements. The plumb-
ing, mechanical, and electrical systems are often
planned simultaneously, especially in large buildings.
Vertical and horizontal chases are integrated into build-
ing cores and stairwells. Suspended ceiling and floor sys-

o



tems house mechanical, electrical, and plumbing com-
ponents. The locations of these components affect the
selection and placement of finished ceiling, walls, and
floor systems. We look at the details of this coordina-
tion in other parts of this book.

STANDARDS AND
ORGANIZATIONS

Codes cite standards developed by government agen-
cies, trade associations, and standard-writing organiza-
tions as references. A standard may consist of a defini-
tion, recommended practice, test method, classification,
or required specification.

The National Fire Protection Association (NFPA)
was formed in 1896 to develop standards for the early
use of sprinklers to put out fires. The NFPA develops
and publishes about 250 standards in booklet form. The
Life Safety Code and the National Electric Code (NEC) are
both NFPA publications that provide guidelines for fire
safety. The NFPA establishes testing requirements cov-
ering everything from textiles to fire fighting equipment
to the design of means of egress.

The American National Standards Institute (ANSI)
originated in 1918 to coordinate the development of
voluntary standards and approve standards developed
by other organizations, with an eye to avoiding dupli-
cations and establishing priorities. The standards devel-
oped by ANSI were the first to focus on achieving in-
dependence for people with disabilities by focusing on
accessible features in building design, and provided a
basis for the Americans with Disabilities Act (ADA).

The American Society for Testing and Materials
(ASTM) dates to 1898, and its standards are used to spec-
ify materials and assure quality. The ASTM methods in-
tegrate production processes, promote trade, and enhance
safety. While ASTM's 69 volumes of standards include all
types of products, a separate two-volume set of about 600
standards covers the building construction industry.

In 1959, the American Society of Heating, Refriger-
ation, and Air-Conditioning Engineers (ASHRAE) was
formed to sponsor research projects and to develop per-
formance level standards for heating, ventilating, and
air-conditioning (HVAC) and refrigeration systems. Me-
chanical engineers and refrigeration specialists and in-
stallers use ASHRAE standards. As an interior designer,
you will typically not need to refer to ASHRAE stan-
dards. However, Provision 90A: Energy Conservation in
New Building Design, is the basis of most building code
energy provisions in the United States, and will affect
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the total amount of energy use permitted for lighting,
heating, and cooling, and other functions in the proj-
ects you design.

Underwriters Laboratories (UL) is a testing agency
that tests products, systems, and materials, and deter-
mines their relationship to life, fire, casualty hazards,
and crime prevention. Underwriters Laboratories, Inc.
lists all the products it tests and approves in product di-
rectories. You will find UL tags on many household ap-
pliances, as well as on lighting and other electrical fix-
tures. Interior designers will find the Building Materials,
Fire Protection Equipment, and Fire Resistance directories
the most useful. Codes will require UL testing and ap-
proval for certain products, and you should specify
tested products when they are required.

FEDERAL REGULATIONS

The federal government regulates the building of fed-
eral facilities, including federal buildings, Veterans Ad-
ministration hospitals, and military establishments. The
construction of federal buildings is typically not subject
to state or local building codes and regulations. The fed-
eral government issues regulations for government built
and owned buildings, similar to the model codes. On a
particular project, the authorities involved may opt to
comply with stricter local requirements, so the designer
must verify what codes apply.

There are over 1000 separate codes and a wide va-
riety of federal regulations. In an effort to limit federal
regulation, the Consumer Product Safety Commission
encourages industry self-regulation and standardiza-
tion, and industry groups have formed hundreds of stan-
dards-writing organizations and trade associations rep-
resenting almost every industry.

Congress can pass laws that supersede all other state
and local codes and standards. The Federal Register pub-
lishes federal regulations daily. They are collected in the
Code of Federal Regulations, which is revised annually. The
Occupational Safety and Health Act (OSHA), Federal
Housing Act (FHA), and Americans with Disabilities Act
(ADA) are examples of congressionally passed laws with
wide implications for interior designers and architects.

Occupational Safety and
Health Administration

In 1970, the Occupational Safety and Health Act estab-
lished the Occupational Safety and Health Administra-
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tion (OSHA) as a branch of the Department of Labor
responsible for protecting employees in the workplace.
This administration adds to code requirements by reg-
ulating the design of buildings and interior projects
where people are employed, in order to ensure the safety
of employees in the workplace. Contractors and sub-
contractors on construction projects must strictly ad-
here to OSHA requirements. The regulations put forth
by OSHA stress safe installation of materials and equip-
ment in order to create a safe work environment for
construction workers and for future building occu-
pants. Interior designers should be aware that these reg-
ulations exist and that they affect the process of build-
ing construction and installation of equipment and
furnishings.

Americans with Disabilities Act

The term “accessible” in building codes refers to handi-
capped accessibility as required by codes, the Americans
with Disabilities Act (ADA), and other accessibility stan-
dards. The Departments of Justice and Transportation de-
veloped the provisions of the ADA, which was passed by
Congress in 1990 and became enforceable in 1992 and
1993. In addition, some states also have their own ac-
cessibility standards.

The ADA is a comprehensive civil rights law with
four sections. Title I protects individuals with disabili-
ties in employment. Title II covers state and local gov-
ernment services and public transportation. Title III cov-
ers all public accommodations, defined as any facility
that offers food or services to the public. It also applies
to commercial facilities, which are nonresidential build-
ings that do business but are not open to the general
public. Title IV deals with telecommunications services,
and requires telephone companies to provide telecom-
munications relay services for individuals with hearing
and speech impairments. Titles IIT and IV affect the work
of interior designers most directly, and we refer to ADA
provisions throughout this book.

The regulations included in Title III have been in-
corporated into the Americans with Disabilities Act Acces-
sibility Guidelines (ADAAG). The text of the ADAAG is
law, but its appendix, which offers helpful information
on interpretation and compliance, is not binding. The
ADAAG deals with architectural concerns such as ac-
cessible routes and the design of restrooms for wheel-
chair access. Communication issues covered include
alarms systems and signage for people with vision and
hearing impairments.

All new buildings with public accommodations
and/or commercial facilities must conform to specific
ADAAG requirements. This includes a wide range of
project types, including lodging, restaurants, hotels, and
theaters. Shopping centers and malls, retail stores,
banks, places of public assembly, museums, and gal-
leries are also covered. Libraries, private schools, day
care centers, and professional offices are all included.
State and local government buildings and one- and two-
family dwellings are not required to conform.

The requirements of the ADA are most stringent for
new buildings or additions to existing buildings. The
laws are not as clear concerning renovation of existing
buildings and interiors. When an existing building is
renovated, specific areas of the building must be altered
to conform to ADA requirements. These alterations are
limited to those deemed readily achievable in terms of
structure and cost. Exemptions may be made for undue
burden as a result of the difficulty or expense of an al-
teration. These situations are determined on a case-
by-case basis by regulatory authorities or the courts, and
often involve difficult judgment calls. For example, if a
restaurant must add an elevator in order to expand into
a second floor space, will the added seating create
enough income to offset the cost of the alterations? If
the business expands but doesn't provide access for peo-
ple who aren’t able to use stairs, they risk the bad pub-
licity and embarrassment of a lawsuit and perhaps a
public protest, and the even greater cost of retrofitting
the space after the initial renovation. Sometimes there
is no fair and easy answer.

Federal Housing Act

The U.S. Department of Housing and Urban Develop-
ment (HUD) enforces the Federal Housing Act, which
prohibits discrimination and provides protection for
people with disabilities and for families with children.
It applies to housing with four or more units. Such
buildings must have public and common areas accessi-
ble to people with disabilities. At least the ground floor
units must be accessible and must meet specific con-
struction requirements. The FHA is essentially a resi-
dential version of the ADA.

The three model code organizations recognize the
One and Two Family Dwelling Code (OTFDC). This is not
a federal regulation, but has been adopted by many ju-
risdictions in the United States. The OTFDC is the main
code used for construction of single and duplex family
residences.
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Water makes up most of our bodies and also most of
what we eat. In addition to the water we drink, the av-
erage home in the United States uses 53 liters (14 gal-
lons) per person each day for washing clothes and
dishes, and 79 liters (21 gallons) a day for bathing and
personal hygiene. The typical home flushes 121 liters
(32 gallons) per day down the toilet. That adds up to
958 liters (253 gallons) of water each day (Figs. 6-1,
6-2, 6-3). As interior designers, we want to help our
clients conserve water while maintaining a good qual-
ity interior environment. In order to understand the role
of water in the design of our buildings, let’s start by
looking at how we use it and where it comes from.

Water holds heat well and removes large quantities
of heat when it evaporates. Because water will vaporize
at skin temperatures, our bodies use evaporation to give
off excess heat.

We associate water psychologically with cooling, and
find water and splashing brooks or fountains refreshing.
We employ sprays of water, evaporative coolers, and cool-
ing towers to cool our buildings. We protect our build-
ings from fire with a system of very large pipes and valves
that deliver water quickly to sprinkler systems.

In the past, communities used a municipal foun-
tain or well as a water supply, and its sculptural form
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and central location made it the community’s social
hub. Today, a fountain or pool in the town center or in
a shopping mall becomes a meeting place.

We celebrate the importance of water in our lives
with ceremonial uses, which influence our feelings
about the presence of water in our buildings. Christian
churches practice baptism with water, sometimes in-
cluding complete immersion of the person being bap-
tized. The Jewish tradition includes ritual purification
baths. Catholic churches have containers for holy water
at their entrances, and pools are found in the forecourts
of Islamic mosques.

Rivers and seas have historically connected coun-
tries. With the advent of the industrial revolution, fac-
tories were located along rivers to take advantage of
water for power and for transportation. We use water to
generate electricity at hydroelectric plants.

Water is often the focus of landscaping, inside or
outside of the building. Reflections in water contrast
with plantings and ground covers, and the sparkle,
sound, and motion of water attract our attention. Water
in a garden supports the growth of desirable plants and
animals. Traditional Islamic architectural gardens in
arid regions take advantage of small, tightly controlled
channels to bring water into the center of buildings.
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Figure 6-1 Residential hot water use.

THE HYDROLOGIC CYCLE

The total amount of water on the earth and in the atmo-
sphere is finite, unless little icy comets melt in our atmo-
sphere and contribute a small additional amount. The

Figure 6-2 Residential cold water use.

ioee

ot Clothes Washer

Figure 6-3 Residential hot and cold water use combined.

water we use today is the same water that was in Noah's
proverbial flood. Ninety-nine percent of the earth’s
water is either saltwater or glacial ice. A quarter of the
solar energy reaching the earth is employed in con-
stantly circulating water through evaporation and pre-
cipitation, in a process known as the hydrologic cycle
(Fig. 6-4).

The most accessible sources of water for our use are
precipitation and runoff. Rain, snow, and other precip-
itation provide a very large but thinly spread supply of
relatively pure water. Precipitation can be captured on
a local basis in cisterns (containers for rainwater), a
strategy that is rarely used in the United States but
widely found in other parts of the world where rains are
rare and water is precious. Water that runs off the earth’s
surface results in a more concentrated flow that is more
easily captured in cisterns or ponds. Any daily precipi-
tation that doesn’t evaporate or run off is retained as
soil moisture. After plants use it to grow, it evaporates
back into the atmosphere.

Groundwater sinks into the soil and fills the open
spaces with water. The upper surface of the ground-
water is called the water table. Groundwater makes up
the majority of our water supply. It can also be used
to store excess building heat in the summer for use in
the building in winter. Groundwater can harm build-
ing foundations when it leaks into spaces below
ground.
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Figure 6-4 The hydrologic cycle.

RAINWATER

The earliest agrarian societies depended upon rain for
agriculture. Historically, rain falling in the countryside
ran into creeks, streams, and rivers, and rivers rarely ran
dry. Rainfall was absorbed into the ground, which served
as a huge reservoir. The water that accumulated under-
ground emerged as springs and artesian wells, or in
lakes, swamps, and marshes. Most of the water that
leaked into the ground cleansed itself in the weeks,
months, or years it took to get back to an aquifer, which
is a water-bearing rock formation.

Early towns developed near rivers for access to
transportation and wells. Streets sloped to drain in the
river, which ran to river basins and the sea. Later on,
marshy areas were filled in and buildings were built,
along with paved streets and sidewalks. Storm sewers
and pumping stations were constructed to carry away
the water. The rapid runoff increased the danger of
flooding, and concentrated pollutants in waterways.
Water ran out of the ground into overflowing storm sew-
ers, without recharging groundwater levels.

Today, subdivisions slope from lawns at the top to
street storm drains at the bottom. Once water enters a

storm drain, it dumps out in rivers far away from where
it started. Huge amounts of storm water also leak into
sewer pipes that mix it with sewage and take it even far-
ther away to be processed at treatment plants. The re-
sult is a suburban desert, with lawns that need watering
and restricted local water supplies.

In most of the United States, the rainwater that falls
on the roof of a home is of adequate quality and quan-
tity to provide about 95 percent of indoor residential
water requirements. However, a typical U.S. suburban
household could not meet all its water needs with rain
off the roof without modifying the members’ water use
habits. Rainwater can make a major contribution to the
irrigation of small lawns and gardens when a rain bar-
rel below a downspout or cisterns located above the level
of the garden collect and store water for later release.

For centuries, traditional builders have incorporated
rainwater into their designs. In the world’s drier regions,
small cisterns within the home collect rainwater to sup-
plement unreliable public supplies. With the advent of
central water and energy supplies in industrial societies,
rainwater collection and use became less common. It
has become easier to raise the funds (with costs spread
to consumers in monthly bills) to build a water treat-
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ment plant with the related network of pipes than to
convince individuals to collect, store, and recycle their
own water. An individual who chooses to use rainwater
to flush toilets must pay for this private system up front,
and continue to pay through taxes for municipal water
treatment, so conservation can add expense.

Designing buildings to hold onto even a part of the
50 to 80 percent of rainwater that drains from many
communities requires a radical rethinking of how neigh-
borhoods are built. Recently, progress has been made in
designing building sites to improve surface and ground-
water qualities. The community master plan for the Cof-
fee Creek Center, a new residential development located
50 miles southeast of Chicago, was completed in 1998
by William McDonough + Partners. Coffee Creek itself
is being revived with deep-rooted native plants that
build healthy and productive soil and assure biological
resiliency and variety. A storm water system makes use
of the native ecosystem to absorb and retain rainwater,
while wastewater will be treated on site, using natural
biological processes in a system of constructed wetlands.

In Bellingham, Massachusetts, workers are ripping
up unnecessary asphalt to let rainwater into the ground.
Concrete culverts are being replaced with tall grasses to
slow runoff from parking lots. Cisterns under school
roofs will catch rainwater for watering lawns. Tiny berms
around a model home's lawn are designed to hold water
until it is absorbed into the ground, and a basin under
the driveway will catch water, filter out any motor oil,
and inject the water back into the lawn.

In Foxborough, Massachusetts, the Neponset River
is being liberated from under the grounds of Foxborough
Stadium. The Neponset was partially buried in culverts
in the late 1940s, and weeds and debris choked the re-
maining exposed portion. Plastic fencing and hay bales
appeared to imprison the stream in an attempt to halt
erosion. The river is now being freed into a 20-meter
(65-ft) wide channel and wetlands corridor on the
edge of the new stadium complex, creating a 915-meter
(3000-ft) riverfront consisting of an acre of open water,
four acres of vegetated wetland, and three acres of vege-
tated upland. The new 68,000-seat Gillette Stadium will
use graywater to flush the toilets that football fans use
on game days. Storm basins that drain into retention
ponds filter out the oil, salt, and antifreeze that collect
in parking areas. The project also includes a 946,000-liter
(250,000-gallon) per day wastewater treatment facility
and extensive use of recycled construction materials.

Acid rain, a result of air pollution in the northeast-
ern United States, Canada, and some other parts of the
world, makes some rainwater undesirable. Dust and bird
droppings on collection surfaces and fungicides used for

moss control can pollute the supply. Steep roofs tend to
stay cleaner and collect less dirt in the rainwater.

PROTECTING THE
WATER SUPPLY

Individual water use has increased dramatically in the
recent past. People in Imperial Rome used about 144
liters (38 gallons) a day, and the use in London in 1912
was only 151 liters (40 gallons) per person. Just before
World War 11, typical daily use in American cities was
up to about 435 liters (115 gallons). By the mid-1970s,
Los Angeles inhabitants were using 689 liters (182 gal-
lons) per person each day.

Our current practices use large amounts of high-
quality water for low-grade tasks like flushing toilets.
Better conservation practices reserve high-quality water
for high-quality tasks like drinking and preparing
food, reduce overall use, and recycle water for lower
quality uses.

The increasing population and consumption per
person puts pressures on the limited supply of clean
water, threatening world health and political stability.
When people upstream use more than their share of
water, people downstream suffer. Agriculture and in-
dustry use very large quantities of water. Building and
landscape designs often disregard water conservation to
make an impression through water use. Extravagant wa-
tering of golf courses and swimming pools in desert ar-
eas flaunt an affluent lifestyle at the expense of other
priorities. Water pumped out of coastal areas pulls salt-
water into freshwater aquifers.

As the world’s water use rose from about 10 to 50
percent of the available annual water supply between
1950 and 1980, available potable water declined rap-
idly. Potable water is water that is free of harmful bac-
teria and safe to drink or use for food preparation. The
water carried from the public water supply to individ-
ual buildings in water mains—Ilarge underground
pipes—must be potable.

Protecting and conserving our clean water supplies
is critical to our health. Until recently, a reliable supply
of clean water was not always available, and epidemic
diseases continue to be spread through unsanitary water
supplies. Water from ponds or streams in built-up areas
is unsafe to drink, as it may contain biological or chem-
ical pollution.

Bacteria were unknown to science until discovered
in Germany in 1892. In 1817, thousands of people in
India died from cholera. The epidemic spread to New



York City by 1832, causing panic. A breakthrough came
in 1854, when a London physician showed that local
cases could be traced to one water pump that had been
contaminated by sewage from a nearby house. Cholera
remains a great danger today, with an epidemic origi-
nating in Indonesia in 1961 traveling slowly around the
wortld to reach Latin America in 1991.

In 1939, typhoid carried through the water supply
killed 30 people at an Illinois mental hospital. Typhus
and enteritis sickened people in Rochester, New York,
when polluted river water was accidentally pumped
into supply mains in 1940. As recently as 1993, crypto-
sporidiosis microorganisms in a poorly maintained
public water supply in Milwaukee, Wisconsin, killed 104
people and made 400,000 people ill.

Proper collection, treatment, and distribution of
water protect our supplies. Rainwater has almost no bac-
teria, and only small amounts of minerals and gases.
Many communities collect clean water from rain run-
ning down mountainsides into valleys in reservoirs.
They limit human access to these areas to avoid con-
tamination. Large aqueduct pipes carry the water from
the reservoir to communities, usually by gravity flow.
Communities without access to relatively uninhabited
mountain areas make do with water of less purity from
rivers, or tap underground water flows with wells.

The availability of clean water determines where
homes and businesses are located, and how many peo-
ple can live in or visit an area. Water from wells and
mountain reservoirs needs relatively little treatment.
River water is sent through sand filters and settling
basins, where particles are removed. Additional chemi-
cal treatment precipitates iron and lead compounds.
Special filters are used for hydrogen sulfide, radon, and
other dissolved gases. Finally, chlorine dissolved in
water kills harmful microorganisms. The result is an in-
creased supply of clean water to support the develop-
ment of residential and commercial construction.

WATER SUPPLY SYSTEMS

Water mains (Fig. 6-5) are large pipes that transport
water for a public water system from its source to ser-
vice connections at buildings. A service pipe installed
by the public water utility runs from the water main to
the building, far enough underground so that it doesn’t
freeze in winter. Within the building or in a curb box,
a water meter measures and records the quantity of
water passing through the service pipe and usually also
monitors sewage disposal services. A control valve is lo-
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Figure 6-5 Public water supply.

cated in the curb box to shut off the water supply to the
building in an emergency or if the building owner fails
to pay the water bill. A shutoff valve within the build-
ing also controls the water supply.

In rural areas and in many small communities, each
building must develop its own water supply. Most rely
on wells, supplemented by rainwater and by reliable
springs where available.

Wells

Wells supply water of more reliable quantity and quality
than a rainwater system. Water near the surface may have
seeped into the ground from the immediate area, and
may be contaminated by sewage, barnyards, outhouses,
or garbage dumps nearby. Deep wells are expensive to
drill, but the water deep underground comes from hun-
dreds of miles away, and the long trip filters out most
bacteria. Well water sometimes contains dissolved min-
erals, most of which are harmless. Hard water results from
calcium salts in the water, which can build up inside hot
water pipes and cause scaling. Hard water can also turn
soap into scum. A water softener installed on the pipe
leading to the hot water heater will help control it.
Well water is usually potable, if the source is deep
enough. It should be pure, cool, and free of discol-
oration and odor problems. The local health depart-
ment will check samples for bacterial and chemical con-
tent before use. Wells are sunk below the water table so
that they are not affected by seasonal fluctuations in the
water level. Pumps bring the water from the well to the
surface, where it is stored in tanks under constant pres-
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sure to compensate for variations in the flow from the
well. The water can be filtered and chlorinated at this
point. Pumps and pressure tanks are usually housed in
outbuildings kept above freezing temperatures.

The use of water should be related to its quality. Al-
most every North American building has potable water.
In most buildings, the majority of this clean water is
used to carry away organic wastes.

When water is used efficiently and supplied locally,
less water is removed from rivers, lakes, and under-
ground aquifers. Less energy and chemicals are required
for treatment and delivery, and less storm water is
wasted and discharged to pollute rivers, eliminating the
need for additional expensive water treatment plants.
Interior designers can help to conserve clean water by
specifying efficient fixtures and considering the use of
recycled water where appropriate.

Municipal Water Supply Systems

The water in a community’s water mains is under pres-
sure to offset friction and gravity as it flows through the

pipes. The water pressure in public water supplies is usu-
ally at or above 345 kilopascals (kPa), which is equal
to 50 Ib per square in. (psi). This is also about the max-
imum achieved by private well systems, and is adequate
pressure for buildings up to six stories high. For taller
buildings, or where the water pressure is lower, water is
pumped to a rooftop storage tank and distributed by
gravity, a system called gravity downfeed. The water stor-
age tank can also double as a reserve for a fire protec-
tion system.

Once the water is inside the building, its pressure
is changed by the size of the pipes it travels through.
Bigger pipes put less pressure on the water flow, while
small pipes increase the pressure. If the water rises up
high in the building, gravity and friction combine to de-
crease the pressure. The water pressure at individual
fixtures within the building may vary between 35 and
204 kPa (5-30 psi). Too much pressure causes splash-
ing; too little produces a slow dribble. Water supply
pipes are sized to use up the difference between the ser-
vice pressure and the pressure required for each fixture.
If the pressure is still too high, pressure reducers or reg-
ulators are installed on fixtures.
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Whether you are working on a new building or a reno-
vation, problems may arise with the quality of the water.
Pesticides, cleaning solvents, and seepage from landfills
pollute groundwater in some rural areas of the United
States (Fig. 7-1). In urban areas, the level of chlorine
added to prevent bacterial contamination sometimes re-
sults in bad tasting water and deterioration of pipes and
plumbing fixtures.

Electric power plants discharge great amounts of
waste heat into water, which can change biological and
chemical conditions and threaten fish. Steel, paper, and
textiles are the most polluting industries. The textile in-
dustry employs large quantities of water in fiber pro-
duction and processing and in fabric finishing, espe-
cially dyeing. As a designer, you have the power to avoid
products whose manufacturing includes highly toxic
technologies, and to seek out ones with low environ-
mental impact.

WATER QUALITY
CHARACTERISTICS

How do you tell whether the water you drink is safe?
Communities routinely check on the quality of their
municipal water supplies. If a home or business owner

is unsure whether his or her building’s supply meets
safety standards, a government or private water quality
analyst will provide instructions and containers for tak-
ing samples, and assess the purity of the water supply.
The analyst's report gives numerical values for mineral
content, acidity or alkalinity (pH level), contamination,
turbidity, total solids, and biological purity, and an
opinion on the sample’s suitability for its intended use.

Physical Characteristics

Even though cloudy or odd-smelling water may not ac-
tually be harmful to drink, we generally object to these
physical characteristics. Turbidity—a muddy or cloudy
appearance—is caused by suspended clay, silt, or other
particles, or by plankton or other small organic mate-
rial. Color changes can be due to dissolved organic mat-
ter, such as decaying vegetation, or other materials like
rust. Like turbidity, color changes don’t usually threaten
health. Unpleasant taste and odor can be caused by or-
ganic materials, salts, or dissolved gases, and can often
be treated after being diagnosed. Foaming is not neces-
sarily a health threat, but may indicate concentrations
of detergents present in water contaminated by domes-
tic wastes.

Most people prefer water at a temperature of 10°C
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to 16°C (50°F-60°F) for drinking. When water stand-
ing in pipes becomes warmer, people often run it down
the drain until it cools.

When water is piped under pressure throughout the
plumbing system, air can become trapped in the water
and cause cloudiness. This is only temporary and the
water clears up in a short time. You can safely drink,
cook with, or bathe in this water.

Chemical Characteristics

Groundwater dissolves minerals as it moves slowly down
through the soil and rocks. Testing individual water sup-
plies will detect harmful substances, corrosive chemicals,
or chemicals that may stain fixtures and clothing. Cor-
rosion produces scale that lines pipes and clogs open-
ings. It is affected by water acidity, electrical conductiv-
ity, oxygen content, and carbon dioxide content. Acid
neutralizers and corrosion inhibitors help, along with
various preventive coatings and linings for pipes.

Tests for water pH determine relative alkalinity or
acidity. A pH of 7 is neutral, with numbers as low as
5.5 indicating acid, corrosive conditions and as high
as 9 representing alkaline conditions. If tap water stains
tubs and sinks a bluish-green, it is overly acidic, and a
neutralizing filter should be installed.

High alkaline or base levels entail bitter, slippery,
and caustic qualities and are due to the presence of bi-
carbonate, carbonate, or hydroxide components. Bases
have the ability to combine with acids to make salts.
Hard water, caused by calcium and magnesium salts, in-
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hibits the cleaning action of soaps and detergents and
deposits scale inside hot water pipes and cooking uten-
sils. The simplest way to acquire a supply of soft water
for washing clothes is to collect rainwater in a cistern.

Toxic substances, including arsenic, barium, cad-
mium, chromium, cyanides, fluoride, lead, selenium,
and silver, sometimes contaminate water. Lead poses the
greatest threat to infants and young children with de-
veloping nervous systems. It is possible that lead levels
in one home may be higher than levels at other homes
in the same community as a result of lead solder or
pipes used in the plumbing. Infants and children who
drink water with high levels of lead may experience de-
lays in their physical or mental development, showing
slight deficits in attention span and learning abilities.
Adults who drink this water over many years may de-
velop kidney problems or high blood pressure. If you
are concerned about a possibility of elevated lead lev-
els in a water supply, you should have the water tested
(municipal water utilities will usually do this for you).
Flushing the tap for 30 seconds to two minutes before
using the water will help the water supply stay fresh, but
wastes a lot of water. Don't use hot water from the faucet
for drinking or cooking, especially when making baby
formula or other food for infants.

Arsenic occurs naturally in some water supplies. Ar-
senic in water can cause symptoms such as dry, hacking
coughs and burning hands and feet, and increases the
risk of lung, skin, or bladder cancer. A federal study in
2000 of the water supply in Fallon, Nevada, showed that
customers were exposed to 90 parts per billion (ppb) of
arsenic, more than any other large system. This is almost



twice the standard set in 1975, and nine times the
amount currently recommended by scientists and pub-
lic health doctors. Even if the community supply is
cleaned up, residents outside city limits rely on private
wells where the arsenic frequently reaches 700 ppb and
up to 2000 ppb.

Seepage of drainage from livestock manure can con-
taminate shallow wells with nitrates, which in high
concentrations cause a condition commonly known as
“blue baby” disease in infants. Wells near homes treated
for termites may contain pesticides.

Chlorides from marine sediments, brine, seawater,
or industrial or domestic wastes can affect the taste of
groundwater. When copper enters the water supply from
natural deposits or from corrosion of copper piping, it
gives the water an undesirable taste.

Iron is frequently present in groundwater, or from
corroded iron pipes. Changes in water speed or direc-
tion in local pipes can carry rust along. This can hap-
pen when the valves are being repaired, the system is
being flushed or tested, or fire hydrants are in use. Iron
produces a red, brown, or yellow color in water, and can
cause brownish stains on washed clothes. Iron affects
the water’s taste, but it is not harmful to health.

Iron manganese is similar in color and taste to iron
and acts as a natural laxative. Sulfates from natural de-
posits of Epsom salts or Glauber's salts are also natural
laxatives. Zinc is derived from natural deposits. Zinc
does not pose a health threat but leaves an undesirable
taste.

Too much sodium in water may be dangerous for
people with heart, kidney, or circulatory problems who
need to observe low-sodium diets. Sodium can enter
water through salts used for ice on roads. Some water
softeners also increase sodium levels.

Biological Contaminants

Disease-producing organisms, such as bacteria, proto-
z0a, and viruses, are sometimes found in water. A pos-
itive test for one particular kind of bacteria that is pres-
ent in the fecal wastes of humans and many animals
and birds—E. coli—indicates possible problems with
others. Coliform bacteria, including E. coli, outnumber
all other disease-producing organisms in water.

To avoid the growth of coliform bacteria, commu-
nities choose water sources without much plant or an-
imal life, such as groundwater rather than surface water,
and try to keep human activity away from watersheds
(the areas that drain into the water supply) to protect
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against contamination. Fertilizers and nutrient minerals
from farms and lawns can encourage bacterial growth.
Water stored in the dark and at low temperatures is less
likely to promote bacteria. When microorganisms do get
into the water supply, they are destroyed at water treat-
ment facilities.

Sometimes microorganisms do not pose a health
danger, but multiply and clog pipes and filters. They can
affect the water’s appearance, odor, and taste. Surface
water reservoirs may contain algae. Cooling towers can
also have high bacterial counts.

Radiological Characteristics

Radioactivity from mining and radioactive material used
in industry, power plants, and military installations can
contaminate water. Even low concentrations pose a dan-
ger because radioactive contamination accumulates in
the body over time.

WATER TREATMENTS

It is best to prevent contamination of safe water sup-
plies, and conserve them for high-quality uses. When all
else fails, water is treated. Distillation, the process of
heating water to produce water vapor, is a simple, low-
tech way to eliminate pollution and purify water for
drinking, cooking, and laboratory use. Distilled water is
pure but has a flat taste.

The most important health-related water treatment
is disinfection to destroy microorganisms. It is required
for surface water, or for groundwater in contact with sur-
face water. Primary water treatment begins with filtra-
tion, followed by disinfection to kill microorganisms
in the water. Secondary treatment keeps the level of dis-
infectant high enough to prevent microorganism re-
growth. Disinfection is accomplished by a variety of
means, including chlorination, nanofiltration (filtration
for extremely small organisms), ultraviolet (UV) light,
bromine, iodine, ozone, and heat treatment.

Suspended particles and some materials affecting
color or taste can be removed by filtration. Filters can
also remove some bacteria, including Giardia cysts. The
water is passed through permeable fabric or porous beds
of filtering material.

Aeration, also called oxidation, improves taste and
color and helps to remove iron and manganese. Water
is sprayed or run down turbulent waterfalls to expose
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as much of its surface to air as possible. Sculptural wa-
terfalls called flowforms, which have rhythmical, pul-
sating, or figure-8 patterns, are both efficient and beau-
tiful. The retailer Real Goods in Hopland, California,
uses flowforms as part of a recycled water irrigation
system. Aeration improves the flat taste of distilled and
cistern water, and removes odors from hydrogen sul-

fide and algae. Aeration may make the water more
corrosive.

The addition of fluoride to public water supplies
has greatly reduced the amount of childhood tooth de-
cay. Once we develop our adult teeth, we no longer ben-
efit from the fluoride, and too much fluoride can cause
yellow mottling on the teeth.
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Throughout history, a primary concern of architects,
builders, and homeowners has been how to keep water
out of buildings. It wasn't until the end of the nine-
teenth century that supplying water inside a building
became common in industrial countries. Indoor plumb-
ing is still not available in many parts of the world to-
day. Today, interior designers work with architects, en-
gineers, and contractors to make sure that water is
supplied in a way that supports health, safety, comfort,
and utility for the client.

For indoor plumbing to work safely without spread-
ing bacteria and polluting the fresh water supply, it's
necessary to construct two completely separate systems.
The first, the water supply system (Fig. 8-1), delivers
clean water to buildings. The second, a system of drains,
called the sanitary or drain, waste, and vent (DWV) sys-
tem, channels all the waste downward through the
building to the sewer below.

In small wood-frame buildings, indoor plumbing is
usually hidden in floor joist and wall construction
spaces. Masonry buildings require spaces that are built
out with wood furring strips or metal channels to hide
horizontal and vertical plumbing. In large buildings
with many fixtures, piping is located in pipe chases.
These are vertical and horizontal open spaces with walls
(or ceiling and floor) on either side. They often have ac-
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cess doors so that the pipes can be worked on without
disrupting the building’s occupants. The water supply
plumbing and the sanitary drainage plumbing must be
coordinated with the building’s structure and with other
building systems.

The weight of the vertical supply pipes and the water
they contain is supported at each story and horizontally
every 1.8 to 3 meters (6-10 ft). Adjustable hangers are
used to pitch the horizontal waste pipes downward for
drainage.

DISTRIBUTION SYSTEMS

In small, low buildings with moderate water use, the
pressure from water mains or pumped wells is adequate
to get the water to its highest point. This is called up-
feed distribution. The resulting pressure is usually more
than is required at the fixtures. If it causes splashing at
a lavatory, a flow restrictor can be used in the faucet out-
let. In medium-sized buildings where the pressure from
the street main is inadequate, pumps provide extra pres-
sure. This is referred to as pumped upfeed distribution.
In hydropneumatic systems, pumps force water into
sealed tanks. Compressed air then maintains the water



42 WATER AND WASTES

Figure 8-1 Water supply system.
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pressure. Downfeed systems raise water to storage tanks
at the top of a building, from which it drops down to
plumbing fixtures. The rooftop storage tanks may have
to be heated to prevent freezing. The water in a rooftop
storage tank is also available for fire hoses. The heavy
tank requires extra structural support.

A water storage tank shares the uppermost zone in
most high-rise buildings with two-story elevator pent-
houses, chimneys, plumbing vents, exhaust blowers, and
air-conditioning cooling towers. Solar collectors for hot
water heating are sometimes also on the roof. All of this
equipment is usually surrounded by a band or screen
two or more stories high.

SUPPLY PIPES

Lead was used for plumbing pipes by the Romans 2000
years ago, and the word “plumbing” is derived from the
Latin word for lead, “plumbum.” Lead pipes were used
through the 1950s. As a result, the U.S. Environmental
Protection Agency (EPA) is concerned even today that
lead may leach out of lead pipes and copper pipes joined
with lead solder and enter the water supply. Fortunately,
lead on the inside surface of a pipe quickly reacts with
sulfates, carbonates, and phosphates in the water to
form a coating that keeps it from leaching out of the
pipe. Experts believe, however, that the lead content in
water is likely to exceed safe guidelines when the water
is highly acidic or is allowed to sit in the lead pipes for
a long time.

ik

Plumbing supply pipes are made of copper, red
brass, galvanized steel, and plastic. Galvanized steel pipe
was the standard for water supply until copper took over
in the 1960s. Steel pipe is strong and inexpensive, but
is subject to corrosion, and eventually rusts and springs
leaks. Steel pipes last from about 20 to 50 years. Min-
eral deposits build up inside, reducing the inside di-
ameter and resulting in reduced water pressure at
faucets.

Red brass and copper tubing offer the best corro-
sion resistance, with copper being less expensive, easier
to assemble, more resistant to acids, and lighter weight
than brass. Copper pipe lasts about twice as long as gal-
vanized pipe. However, it costs nearly twice as much by
length. Both flexible (soft temper) and rigid copper tub-
ing can be soldered, but only the flexible copper tubing
will accept compression fittings or flare fittings without
soldering.

Iron (ferrous) pipes and large brass pipes use
threaded connections. Copper pipes are joined with sol-
der. Solder, which was formerly made of lead, is now a
tin and antimony alloy. The molten solder is drawn into
the joint. This allows piping to be set up without turn-
ing the parts to be connected, greatly facilitating instal-
lation. It also permits pipes with thin walls, because no
threads have to be cut into their thickness. The smooth
interiors contribute less friction to flowing water.

Plastic pipe is lightweight, low-cost, corrosion re-
sistant, and easy to work with. It is available in flexible
form for outdoor use, and as rigid pipe. Plastic pipe is
made from synthetic resins derived from coal and pe-
troleum. Rigid polyvinyl chloride (PVC, white or gray)



The design for the hair salon would involve a lot of
equipment. Right from the start, Harry made sure that
the engineers had spec sheets for all his client’s equip-
ment. There was just one problem. The client was look-
ing for a special shampoo sink for the project, and was
having trouble finding a supplier.

The engineer had to specify something so that the
building department could review and approve the
plans and the contractor could submit a bid. It was de-
cided to specify plumbing coming up into the cabinet
behind the sink, then out horizontally to the sink. The
drawings were prepared and sent to the contractor and
building department.

Meanwhile, the client found a supplier for the

and acrylonitrile-butadiene-styrene (ABS, black) pipes
are suitable for various cold-water applications. Both
ABS and PVC are thermoplastics, which can be molded
under heat. Because of their sensitivity to heat, however,
ABS and PVC are not used for hot water lines.

Chlorinated PVC (CPVC) pipe, which is usually
cream color, may be used for hot or cold water. It is a
thermoplastic and can be solvent welded, but it can be
used at higher temperatures than ABS or PVC. Poly-
butylene (PB) pipe cannot be welded with solvent, and
uses compression fittings. It is flexible, and can be
snaked through walls. It is also less susceptible to dam-
age from freezing.

More access to plastic pipes must be supplied in
case fittings need to be repaired than where soldered
joints are used with metal pipes. Plastic pipe used for
potable water is required to have a seal from the Na-
tional Sanitation Foundation (NSF). Because plastic
pipes are shockproof, they are used in mobile homes
where vibration would be a problem for other types of
plumbing.

Engineers determine pipe sizes by the rate at which
the pipes will transport water when there is the most
demand. Pipes in the supply network tend to be smaller
as they get farther from the water source and closer to
the point of use, since not all of the water has to make
the whole trip. The sizes depend on the number and
types of fixtures to be served and pressure losses due to
friction and vertical travel. Water flowing through a
smaller pipe is under greater pressure than the same
amount of water in a larger pipe. Each type of fixture is
assigned a number of fixture units. Based on the total
number of fixture units for the building, the number of
gallons per minute (gpm) is estimated. The engineer as-
sumes that not all the fixtures are in use at the same

Water Distribution 43

shampoo sink. Once construction began, the contractor
needed the specifications on how the sink would be
plumbed. Despite repeated calls to the sink supplier,
Harry couldn't get technical specs for the sink.

When the sinks arrived, the contractor discovered
that they were designed to be plumbed up the pedestal
from the floor below. The plumbing was already in-
stalled in the cabinets behind the sink. It was possible
to modify the sink to accept pipes from behind, but they
would be exposed. Harry and the contractor decided to
bring the plumbing from behind through a cutout in
the pedestal. The exposed pipes were covered by a lam-
inate panel to match the cabinets, giving a finished ap-
pearance and hiding the pipes.

time, so the total demand is not directly proportional
to the number of fixture units. The interior designer
needs to give the engineer specific information about
the number of plumbing fixtures and their requirements
as early in the process as possible.

Pipes sweat when moisture in the air condenses on
the outsides of cold pipes. The condensation drops off
the pipes, wetting and damaging finished surfaces. Cold
water pipes should be insulated to prevent condensa-
tion. Insulation also keeps heat from adjacent warm
spaces from warming the water in the pipes. When pipes
are wrapped in glass fiber 13 to 25 mm (3-1 in.) thick
with a tight vapor barrier on the exterior surface, the
moisture in the air can't get to the cold surface. Hot
water pipes are insulated to prevent heat loss. When hot
and cold water pipes run parallel to each other, they
should be a minimum of 15 cm (6 in.) apart, so that
they don't exchange heat.

In very cold climates, water pipes in exterior walls
and unheated buildings may freeze and rupture. Avoid
locating fixtures along exterior walls for this reason. If
water supply pipes must be located in an exterior wall,
they should be placed on the warm side (inside, in a
cold climate) of the wall insulation. A drainage faucet
located at a low point will allow the pipes to be drained
before being exposed to freezing weather.

SUPPLY LINES AND VALVES

From a branch supply line, a line runs out to each fix-
ture (Fig. 8-2). Roughing-in is the process of getting all
the pipes installed, capped, and pressure tested before
actual fixtures are installed. The rough-in dimensions for
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each plumbing fixture should be verified with the fix-
Air Chamber ture manufacturer so that fixture supports can be built
I in accurately during the proper phase of construction.

It is a good idea to have a shutoff valve to control
the flow of water at each vertical pipe (known as a riser),
with branches for kitchens and baths and at the runouts
to individual fixtures. Additional valves may be installed
to isolate one or more fixtures from the water supply
system for repair and maintenance. Compression-type
globe valves are used for faucets, drain valves, and hose
connections.

A dead-end upright branch of pipe located near a
fixture is called an air chamber. When a faucet is shut
off quickly, the water's movement in the supply pipe
drops to zero almost instantly. Without the air cham-
ber, the pressure in the pipe momentarily becomes very
high, and produces a sound like banging the pipe with
a hammer—appropriately called water hammer—that

\Slhlutoff may damage the system. The air chamber absorbs the
alve

shock and prevents water hammer.
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Domestic hot water (DHW) is hot water that is used for
bathing, clothes washing, washing dishes, and many
other things, but not for heating building spaces. Do-
mestic hot water is sometimes called building service
hot water in nonresidential uses. Sometimes, when a
well-insulated building uses very little water for space
heating but uses a lot of hot water for other purposes,
a single large hot water heater supplies both.

HOT WATER TEMPERATURES

Excessively hot water temperatures can result in scald-
ing. People generally take showers at 41°C to 49°C
(105°F-120°F), often by blending hot water at 60°C
(140°F) with cold water with a mixing valve in the
shower. Most people experience temperatures above
43°C (110°F) as uncomfortably hot.

Some commercial uses require higher tempera-
tures. The minimum for a sanitizing rinse for a com-
mercial dishwasher or laundry is 82°C (180°F). General-
purpose cleaning and food preparation requires 60°C
(140°F) water. Temperatures above 60°C can cause se-
rious burns, and promote scaling if the water is hard.
However, high temperatures limit the growth of the

harmful bacterium Legionella pneumophila, which causes
Legionnaire’s disease. Water heaters for high tempera-
ture uses have larger heating units, but the tanks can
be smaller because less cold water has to be mixed in.
Some appliances, such as dishwashers, heat water at the
point of use. Codes may regulate or limit high water
temperatures.

Lower temperatures are less likely to cause burns,
but may be inadequate for sanitation. Lower tempera-
ture water loses less heat in storage and in pipes, saving
energy. Smaller heating units are adequate, but larger
storage tanks are needed. Solar or waste heat recovery
sources work better with lower temperature water
heaters. For energy conservation, use the lowest possi-
ble temperatures.

WATER HEATERS

Water heating accounts for over 20 percent of the aver-
age family’s annual heating bill. Hot water is commonly
heated using natural gas or electricity. It is also possible
to use heat that would be wasted from other systems,
or heat from steam, cogeneration, or wood-burning
systems.

45
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Solar Water Heaters

Solar energy is often used for the hot water needs of
families in sunny climates. In temperate climates with
little winter sun, solar water heaters can serve as pre-
heating systems, with backup from a standard system.
The solar water heater raises the temperature of the
water before it enters the standard water-heating tank,
so that the electric element or gas burner consumes less
fuel. Solar water heaters can cut the average family's
water-heating bill by 40 to 60 percent annually, even in
a cold climate. Heavy water users will benefit the most.
Although initial costs of solar water heaters may be
higher than for conventional systems, they offer long-
term savings. A complete system costing under $3000
can provide two-thirds of a family’s hot water needs even
in New England. This is competitive with the still less
expensive gas water heater. Some states offer income tax
credits, and some electric utilities give rebates for solar
water heaters. Solar water heaters are required on new
construction in some parts of the United States.

Solar water heating isn’t always the best choice.
When considering a decision to go solar, the existing
water heater should first be made as efficient as possi-
ble. A careful analysis of the building site will determine
if there is adequate sun for solar collectors, which will
need to face within 40 degrees of true south. Trees,
buildings, or other obstructions should not shade the
collectors between 9 a.m. and 3 p.m.

Solar water heaters use either direct or indirect sys-
tems. In a direct system, the water circulates through a
solar collector (Fig. 9-1). Direct systems are simple, ef-
ficient, and have no piping or heat exchanger compli-
cations. In an indirect system, a fluid circulates in a
closed loop through the collector and storage tank. With
an indirect system, the fluid is not mixed with the hot
water, but heat is passed between fluids by a heat ex-
changer. This allows for the use of nonfreezing solutions
in the collector loop.

Solar water heater systems are categorized as either
active or passive. In passive systems, gravity circulates
water down from a storage tank above the collector. The
heavy tanks may require special structural support.
These systems tend to have relatively low initial instal-
lation and operating cost and to be very reliable me-
chanically. Active systems use pumps to force fluid to
the collector. This leaves them susceptible to mechani-
cal breakdown and increases maintenance and energy
costs. Active systems are more common in the United
States.

Solar energy can heat outdoor swimming pools dur-
ing the months with most sun. Solar pool heating ex-
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Figure 9-1 Solar water heater.

tends the swimming season by several weeks and pays
for itself within two years. The pool'’s existing filtration
system pumps water through solar collectors, where
water is heated and pumped back to the pool. More
complex systems are available for heating indoor pools,
hot tubs, and spas in colder climates.

Heat Pump Water Heaters

A heat pump water heater takes excess heat from the air
in a hot place, like a restaurant kitchen or hot outdoor
air, and uses it to heat water. In the process, the heat
pump cools and dehumidifies the space it serves. Be-
cause the heat pump water heater moves the heat from
one location to another rather than heating the water
directly, it uses only one-half to one-third of the amount
of energy a standard water heater needs. Heat pump
water heaters can run on the heat given off by refriger-
ation units such as ice-making machines, grocery re-
frigeration display units, and walk-in freezers.

Because a heat pump water heater uses refrigerant
fluid and a compressor to transfer heat to an insulated



storage tank, they are more expensive than other types
of water heaters to purchase and maintain. Some units
come with built-in water tanks, while others are added
onto existing hot water tanks. The heat pump takes up
a small amount of space in addition to the storage tank,
and there is some noise from the compressor and fan.

Storage Tank Water Heaters

Residential and small commercial buildings usually use
centrally located storage tank water heaters. Some build-
ings combine a central tank with additional tanks near
the end use to help reduce heat lost in pipes. Circulat-
ing storage water heaters heat the water first by a coil,
and then circulate it through the storage tank.

Storage-type water heaters are rated by tank capac-
ity in gallons, and by recovery time, which is the time
required for the tank to reach a desired temperature
when filled with cold water. This shows up as the time
it takes to get a hot shower after someone takes a long
shower and empties the tank. Storage water heaters usu-
ally have 20- to 80-gallon capacities, and use electricity,
natural gas, propane, or oil for fuel. The water enters at
the bottom of the tank, where it is heated, and leaves
at the top. The heat loss through the sides of the tank
continues even when no hot water is being used, so stor-
age water heaters keep using energy to maintain water
temperature. The tanks usually are insulated to retain
heat, but some older models may need more insulation.
Local utilities will sometimes insulate hot water tanks
for free. High-efficiency water heaters are better insu-
lated and use less energy.

Tankless Water Heaters

Small wall-mounted tankless water heaters (Fig. 9-2) are
located next to plumbing fixtures that occasionally need
hot water, like isolated bathrooms and laundry rooms.
They can be easily installed in cabinets, vanities, or clos-
ets near the point of use. Although they use a great
amount of heat for a short time to heat a very limited
amount of water, these tankless heaters can reduce en-
ergy consumption by limiting the heat lost from water
storage tanks and long piping runs. Because they may
demand a lot of heat at peak times, electric heaters are
usually not economical over time where electric utilities
charge customers based on demand.

These small tankless water heaters (also called in-
stantaneous or demand heaters) raise the water tem-
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Figure 9-2 Point-of-use water heater.

perature very quickly within a heating coil, from which
it is immediately sent to the point of use. A gas burner
or electrical element heats the water as needed. They
have no storage tank, and consequently do not lose heat.
With modulating temperature controls, demand water
heaters will keep water temperatures the same at differ-
ent rates of flow.

Without a storage tank, the number of gallons of
hot water available per minute is limited. The largest
gas-fired demand water heaters can heat only 3 gallons
of water per minute (gpm), so they are not very useful
for commercial applications, but may be acceptable for
a residence with a low-flow shower and limited demand.
Gas heaters must be vented.

The largest electric models heat only 2 gpm, and are
used as supplementary heaters in home additions or re-
mote locations, or as boosters under sinks. Electric
heaters require 240V wiring.

Instant hot water taps use electric resistance heaters
to supply hot water up to 88°C (190°F) at kitchen and
bar sinks. They are expensive and waste energy. Instant
hot water dispensers require a 120V fused, grounded
outlet within 102 cm (40 in.) from the hot water dis-
penser tank, plus a water supply.

Some tankless coil water heaters take their heat from
an older oil- or gas-fired boiler used for the home heat-
ing system. The hot water circulates through a heat ex-
changer in the boiler. The boiler must be run for hot
water even in the summer when space heating isn't
needed, so the boiler cycles on and off frequently just
to heat water. These inefficient systems consume 3 Btus
of heat energy from fuel for each Btu of hot water they
produce.
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Indirect Water Heaters

Indirect water heaters also use a boiler or furnace as the
heat source, but are designed to be one of the least ex-
pensive ways to provide hot water when used with a
new high-efficiency boiler. Hot water from the boiler is
circulated through a heat exchanger in a separate insu-
lated tank. Less commonly, water in a heat exchanger
coil circulates through a furnace, then through a water
storage tank. These indirect water heaters are purchased
as part of a boiler or furnace system, or as a separate
component. They may be operated with gas, oil, or
propane.

Integrated Water Heating
and Space Heating

Some advanced heating systems combine water heating
with warm air space heating in the same appliance. A
powerful water heater provides hot water for domestic
use and to supplement a fan-coil unit (FCU) that heats
air for space heating. The warmed air is then distributed
through ducts. Integrated gas heaters are inexpensive to
purchase and install. They take up less space and are more
efficient at heating water than conventional systems.

Water Heater Safety
and Energy Efficiency

Either sealed combustion or a power-vented system will
assure safety and energy efficiency in a water heater. In
a sealed combustion system, outside air is fed directly
to the water heater and the combustion gases are vented
directly to the outside. Power-vented equipment can
use house air for combustion, with flue gases vented
by a fan. This is not a safe solution in a tightly sealed
building.

In 1987, the National Appliance Energy Conserva-
tion Act set minimum requirements for water heating
equipment in the United States. Equipment is labeled
with energy conservation information. The U.S. De-
partment of Energy (DOE) developed standardized en-
ergy factors (EF) as a measure of annual overall effi-
ciency. Standard gas-fired storage tank water heaters may
receive an EF of 0.60 to 0.64. Gas-fired tankless water
heaters rate up to 0.69 with continuous pilots, and up
to 0.93 with electronic ignition. The 2001 DOE stan-
dards for water heaters will increase efficiency criteria,
and should result in significant utility savings over the
life of gas-fired water heaters and electric water heaters.

Water heaters lose less heat if they are located
in a relatively warm area, so avoid putting the water
heater in an unheated basement. By locating the
water heater centrally, you can cut down on heat lost in
long piping runs to kitchens and bathrooms.

Existing water heaters can be upgraded for improved
efficiency. By installing heat traps on both hot and cold
water lines at a cost of about $30 each, you will save
about $15 to $30 per year in lost heat. The cold water
pipe should be insulated between the tank and the heat
trap. If heat traps are not installed, both hot and cold
pipes should be insulated for several feet near the water
heater.

Low-flow showerheads and faucet aerators save
both heat and water. United States government stan-
dards require that showerheads and faucets use less than
2.5 gpm. Low-flow showerheads come in shower mas-
sage styles. Faucets with aerators are available that use
2 to 1 gpm. By lowering water temperatures to around
49°C (120°F), you save energy and reduce the risk of
burns.

A relatively inexpensive counterflow heat exchanger
can save up to 50 percent of the energy a home uses to
heat water. It consists of a coil of copper tubing that’s
tightly wrapped around a 76- to 102-mm (3-4-in.) di-
ameter copper pipe, and installed vertically in the
plumbing system. As waste water flows down through
the vertical pipe section, more than half the water’s heat
energy is transferred through the copper pipe and tub-
ing to the incoming cold water. There is no pump, no
storage tank, and no electricity used. The counterflow
heat exchanger only works when the drain and supply
lines are being used simultaneously, as when someone
is taking a shower.

Spas and hot tubs must be kept tightly covered and
insulated around the bottom and sides. Waterbeds are
found in up to 20 percent of homes in the United States,
and are sometimes the largest electrical use in the home.
Most waterbeds are heated with electric coils under-
neath the bed. Your clients can conserve energy by keep-
ing a comforter on top, insulating the sides, and put-
ting the heater on a timer.

HOT WATER DISTRIBUTION

Hot water is carried through the building by pipes
arranged in distribution trees. When hot water flows
through a single hot water distribution tree, it will cool
off as it gets farther from the hot water heater. To get
hot water at the end of the run, you have to waste the



cooled-off water already in the pipes. With a looped hot
water distribution tree, the water circulates constantly.
There is still some heat loss in the pipes, but less water
has to be run at the fixture before it gets hot. Hot water
is always available at each tap in one to two seconds.

Hot water is circulated by use of the thermosiphon
principle. This is the phenomenon where water expands
and becomes lighter as it is heated. The warmed water
rises to where it is used, then cools and drops back down
to the water heater, leaving no cold water standing in
pipes. Thermosiphon circulation works better the higher
the system goes.

Forced circulation is used in long buildings that are
too low for thermosiphon circulation, and where fric-
tion from long pipe runs slows down the flow. The water
heater and a pump are turned on as needed to keep
water at the desired temperature. It takes five to ten sec-
onds for water to reach full temperature at the fixture.
Forced circulation is common in large one-story resi-
dential, school, and factory buildings.
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Computer controls can save energy in hotels, mo-
tels, apartment houses, and larger commercial build-
ings. The computer provides the hottest water tempera-
tures at the busiest hours. When usage is lower, the
supply temperature is lowered and more hot water is
mixed with less cold water at showers, lavatories, and
sinks. Distributing cooler water to the fixture results in
less heat lost along the pipes. The computer stores and
adjusts a memory of the building’s typical daily use
patterns.

Hot water pipes expand. Expansion bends are in-
stalled in long piping runs to accommodate the expan-
sion of the pipes due to heat.

Where the pipes branch out to a fixture, capped
lengths of vertical pipe about 0.6 meters (2 ft) long pro-
vide expansion chambers to dampen the shock of hot
water expansion. Rechargeable air chambers on branch
lines adjacent to groups of fixtures are designed to deal
with the shock of water expansion. They require service
access to be refilled with air.
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Each building has a sanitary plumbing system that chan-
nels all the waste downward through the building to the
municipal sewer or a septic tank below. The sanitary
system begins at the sink, bathtub, toilet, and shower
drains. It carries wastewater downhill, joining pipes
from other drains until it connects with the sewer buried
beneath the building. The sanitary system has large
pipes to avoid clogs. Since the system is drained by grav-
ity, all pipes must run downhill. Underground pipes for
sewage disposal are made out of vitrified clay tile, cast
iron, copper, concrete pipe, polyvinyl chloride (PVC) or
acrylonitrile-butadiene-styrene (ABS) plastic. The large
size of waste pipes, their need to run at a downward an-
gle, and the expense and difficulty of tying new plumb-
ing fixtures into existing waste systems means that the
interior designer must be careful in locating toilets.

Until the advent of indoor plumbing, wastes were
removed from the building daily for recycling or dis-
posal. Historically, table scraps were fed to animals or
composted. Human wastes were thrown from windows
into the gutters of the street, or deposited in holes be-
low outhouses. Urban inhabitants continued to dump
sewage and garbage in gutters until the 1890s. Rural peo-
ple dumped wastes into lakes, rivers, or manmade holes
in the ground called cesspools, which were fed by rain-
water or spring water. These cesspools generated foul
smells and created a health hazard.

In the 1700s, shallow wells, springs, or streams pro-
vided potable water for farms. Widely separated dry-pit
privies (outhouses) produced only limited ground pol-
lution. By the nineteenth century, natural streams were
enclosed in pipes under paved city streets. Rain ran into
storm sewers and then to waterways. When flush toilets
were connected to the storm sewers later in the nine-
teenth century, the combined storm water and sanitary
drainage was channeled to fast-flowing rivers, which
kept pollution levels down. Some sewers continued to
carry storm water only, and separate sanitary sewers were
eventually installed that fed into sewage treatment
plants. Older cities still may have a combination of
storm sewers, sanitary sewers, and combined sewers, in
a complex network that would be difficult and expen-
sive to sort out and reroute.

WASTE PIPING NETWORKS

With the advent of readily available supplies of water
inside the house, water began to be used to flush wastes
down the drain. Water pipes from sinks, lavatories, tubs,
showers, water closets (toilets), urinals, and floor drains
form a network drained by gravity (Fig. 10-1). In order
to preserve the gravity flow, large waste pipes must run
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Figure 10-1 Waste piping network.

downhill, and normal atmospheric pressure must be
maintained throughout the system at all times. Clean-
outs are located to facilitate removal of solid wastes
from clogged pipes.

Cast iron is used for waste plumbing in both small
and large buildings. Cast iron was invented in Germany
in 1562 and was first used in the United States in 1813.
It is durable and corrosion resistant. Cast iron is hard
to cut, and was formerly joined at its hub joints using
molten lead. Today, cast-iron pipes use hubless or bell-
and-spigot joints and fittings or a neoprene (flexible
plastic) sleeve.

Plastic pipes made of ABS or PVC plastic are light-
weight and can be assembled in advance. Copper pipes
have been used since ancient times. Some building
codes also allow galvanized wrought iron or steel pipes.

Engineers size waste plumbing lines according to
their location in the system and the total number and
types of fixtures they serve. Waste piping is laid out as
direct and straight as possible to prevent deposit of
solids and clogging. Bends are minimized in number
and angled gently, without right angles. Horizontal
drains should have a 1 : 100 slope (5 in. per foot) for
pipes up to 76 mm (3 in.) in diameter, and a 1:50 slope
(i in. per foot) for pipes larger than 76 mm. These large,
sloping drainpipes can gradually drop from a floor
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through the ceiling below and become a problem for
the interior designer.

Cleanouts are distributed throughout the sanitary
system between fixtures and the outside sewer connec-
tion. They are located a maximum of 15 meters (50 ft)
apart in branch lines and building drains up to 10 cm
(4 in.). On larger lines, they are located a maximum of
30.5 meters (100 ft) apart. Cleanouts are also required
at the base of each stack, at every change of direction
greater than 45 degrees, and at the point where the
building drain leaves the building. Wherever a cleanout
is located, there must be access for maintenance and
room to work, which may create problems for the un-
wary interior designer.

Fixture drains extend from the trap of a plumbing
fixture to the junction with the waste or soil stack.
Branch drains connect one or more fixtures to soil or
waste stacks. A soil stack is the waste pipe that runs from
toilets and urinals to the building drain or building
sewer. A waste stack is a waste pipe that carries wastes
from plumbing fixtures other than toilets and urinals.
It is important to admit fresh air into the waste plumb-
ing system, to keep the atmospheric pressure normal
and avoid vacuums that could suck wastes back up into
fixtures. A fresh-air inlet connects to the building drain
and admits fresh air into the drainage system of the
building. The building sewer connects the building
drain to the public sewer or to a private treatment fa-
cility such as a septic tank.

Floor drains are located in areas where floors need
to be washed down after food preparation and cooking.
They allow floors to be washed or wiped up easily in
shower areas, behind bars, and in other places where
water may spill.

Interceptors, also known as traps, are intended to
block undesirable materials before they get into the
waste plumbing. Among the 25 types of interceptors are
ones designed to catch hair, grease, plaster, lubricating
oil, glass grindings, and industrial materials. Grease
traps are the most common. Grease rises to the top of
the trap, where it is caught in baffles, preventing it from
congealing in piping and slowing down the digestion
of sewage. Grease traps are often required by code in
restaurant kitchens and other locations.

Sewage ejector pumps are used where fixtures are be-
low the level of the sewer. Drainage from the below-grade
fixture flows by gravity into a sump pit or other recep-
tacle and is lifted up into the sewer by the pump. It is
best to avoid locating fixtures below sewer level where
possible, because if the power fails, the equipment shuts
down and the sanitary drains dont work. Sewage ejec-
tor pumps should be used only as a last resort.
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Residential Waste Piping

The waste piping for a residence usually fits into a
15-cm (6-in.) partition. In smaller buildings, 10-cm
(4-in.) soil stacks and building drains are common. It
is common to arrange bathrooms and kitchens back-to-
back. The piping assembly can then pick up the drainage
of fixtures on both sides of the wall. Sometimes an ex-
tra-wide wall serves as a vertical plumbing chase, which
is a place between walls for plumbing pipes. Fitting both
the supply and waste plumbing distribution trees into
the space below the floor or between walls is difficult,
as larger waste pipes must slope continually down from
the fixture to the sewer. Some codes require that verti-
cal vents that penetrate the roof must be a minimum of
10 cm (4 in.) in diameter, to prevent blocking by ice in
freezing weather; such a requirement, of course, adds
another space requirement between walls.

Large Building Waste Piping Systems

In larger buildings, the need for flexibility in space use
and the desire to avoid a random partition layout means
that plumbing fixtures and pipes must be carefully
planned early in the design process. The location of the
building core, with its elevators, stairs, and shafts for
plumbing, mechanical, and electrical equipment, affects
the access of surrounding areas to daylight and views.

When offices need a single lavatory or complete toi-
let room away from the central core (as for an executive
toilet), pipes must be run horizontally from the core. In
order to preserve the slope for waste piping, the farther
the toilet room is located from the core, the greater
amount of vertical space is taken up by the plumbing.

Wet columns group plumbing pipes away from
plumbing cores to serve sinks, private toilets, and other
fixtures, and provide an alternative to long horizontal
waste piping runs. Wet columns are usually located at
a structural column, which requires coordination with
the structural design early in the design process. Indi-
vidual tenants can tap into these lines without having
to connect to more remote plumbing at the core of the
building.

When running pipes vertically, a hole in the floor
for each pipe is preferred over a slot or shaft, as it in-
terferes less with the floor construction. Where waste
piping drops through the floor and crosses below the
floor slab to join the branch soil and waste stack, it can
be shielded from view by a hung ceiling. An alternative
method involves laying the piping above the structural
slab and casting a lightweight concrete fill over it. This

raises the floor 127 to 152 mm (5-6 in.). Raising the
floor only in the toilet room creates access problems, so
the whole floor is usually raised. This creates space for
electrical conduit and to serve as an open plenum
for heating, ventilating, and air-conditioning (HVAC)
equipment as well.

WASTE COMPONENTS OF
PLUMBING FIXTURES

Originally, the pipe that carried wastewater from a
plumbing fixture ran directly to the sewer. Foul-smelling
gases from the anaerobic (without oxygen) digestion in
the sewer could travel back up the pipe and create a
health threat indoors.

The trap (Fig. 10-2) was invented to block the waste
pipe near the fixture so that gas couldn’t pass back up
into the building. The trap is a U-shaped or S-shaped
section of drainpipe that holds wastewater. The trap
forms a seal to prevent the passage of sewer gas while
allowing wastewater or sewage to flow through it. Traps
are made of steel, cast iron, copper, plastic, or brass. On
water closets and urinals, they are an integral part of the
vitreous china fixture, with wall outlets for wall-hung
units and floor outlets for other types.

Drum traps are sometimes found on bathtubs in
older homes. A drum trap is a cylindrical trap made
from iron, brass, or lead, with a screw top or bottom.
Water from the tub enters near the bottom and exits
near the top, so the wastewater fills the trap and creates
a water plug before flowing out. Sometimes the screw-
off top, called a cleanout, is plated with chrome or brass
and left exposed in the floor so it can be opened for
cleaning. Drum traps can cause drainage problems be-
cause debris settles and collects in the trap. If not
cleaned out regularly, these traps eventually get com-

Figure 10-2 Trap.



pletely clogged up. Drum traps should be replaced dur-
ing remodeling.

Every fixture must have a trap, and every trap must
have a vent. Each time the filled trap is emptied, the
wastewater scours the inside of the trap and washes de-
bris away. Some fixtures have traps as an integral part
of their design, including toilets and double kitchen
sinks. There are a few exceptions to the rule that each
fixture should have its own trap. Two laundry trays and
a kitchen sink, or three laundry trays, may share a sin-
gle trap. Three lavatories are permitted on one trap.

Traps should be within 0.61 meters (2 ft) of a fix-
ture and be accessible for cleaning. If the fixture isn't
used often, the water may evaporate and break the seal
of the trap. This sometimes happens in unoccupied
buildings and with rarely used floor drains.

VENT PIPING

The invention of the trap helped to keep sewer gases out
of buildings. However, traps were not foolproof. When
water moving farther downstream in the system pushes
along water in front of it at higher pressures, negative
pressures are left behind. The higher pressures could
force sewer water through the water in some traps, and
lower pressures could siphon (suck) water from other
traps, allowing sewer gases to get through (Fig. 10-3).

Sewer Gases
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Trap
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Figure 10-3 Without a fixture vent.

Waste Plumbing 53

Fixture vent admits air,

maintain air pressure,
releases sewer gases

|

Water in trap blocks
sewer gases

ﬁ\

=

Figure 10-4 With a fixture vent.

Vent pipes (Fig. 10-4) are added to the waste pip-
ing a short distance downstream from each trap to pre-
vent the pressures that would allow dirty water and
sewer gases to get through the traps. Vent pipes run up-
ward, join together, and eventually poke through the
roof. Because the roof may be several floors up and the
pipes may have to pass through other tenants’ spaces,
adding vent pipes in new locations can be difficult. The
vent pipe allows air to enter the waste pipe and break
the siphoning action. Vent pipes also release the gases
of decomposition, including methane and hydrogen
sulfide, to the atmosphere. By introducing fresh air
through the drain and sewer lines, air vents help reduce
corrosion and slime growth.

The vent pipes connect an individual plumbing fix-
ture to two treelike configurations of piping. The waste
piping collects sewage and leads down to the sewer. The
vent piping connects upward with the open air, allow-
ing gases from the waste piping to escape and keeping
the air pressure in the system even. This keeps pressure
on foul gases so that they can’t bubble through the trap
water, and gives them a local means of escape to the
outdoors.

The vent must run vertically to a point above the
spillover line on a sink before running horizontally
so that debris won't collect in the vent if the drain
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clogs. Once the vent rises above the spillover line, it
can run horizontally and then join up with other vents
to form the vent stack, eventually exiting through
the roof.

When all fixtures are on nearly the same level, a sep-
arate vertical vent stack standing next to the soil stack
is not required. In one-story buildings, the upper ex-
tension of the soil stack above the highest horizontal
drain connected to the stack becomes a vent called the
stack vent. It must extend 31 cm (12 in.) above the roof

surface, and should be kept away from vertical surfaces,
operable skylights, and roof windows.

When a sink is located in an island, as in some
kitchen designs, there is no place for the vent line to go
up. Instead, a waste line is run to a sump at another lo-
cation, which is then provided with a trap and vent. A
fresh-air vent, also called a fresh air inlet, is a short air
pipe connected to the main building drain just before
it leaves the building, with a screen over the outdoor
end to keep out debris and critters.

A
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In the United States, each person generates almost
75,700 liters (20,000 gallons) of sewage each year.
Fruits, vegetables, grains, milk products, and meats de-
rived from nutrients in the soil are brought into cities,
to be later flushed out as sewage. Some communities
discharge bacteria-laden sewage into nearby lakes, rivers,
or the ocean. Most cities and towns send the sewage to
treatment plants, where the solid matter (sludge) settles
out. The remaining liquid is chlorinated to kill bacteria
and then dumped into a local waterway.

The sludge is pumped into a treatment tank, where
it ferments anaerobically (without oxygen) for several
weeks. This kills most of the disease-causing bacteria
and precipitates out most minerals. The digested
sludge is then chlorinated and pumped into the local
waterway.

Waterways can't finish the natural cycle by return-
ing the nutrients back to the soil, and end up with in-
creasing amounts of nutrients. This nutrient-rich water
promotes the fast growth of waterweeds and algae. The
water becomes choked with plant growth, and the sun
is unable to penetrate more than a few inches below the
surface. Masses of plants die and decay, consuming
much of the oxygen in the water in the process. With-
out oxygen, fish suffocate and die. The waterway itself
begins to die. Over a few decades, it becomes a swamp,

then a meadow. Meanwhile, the farmland is gradually
drained of nutrients. Farm productivity falls, and pro-
duce quality declines. Artificial fertilizers are applied to
replace the wasted natural fertilizers.

Designers can step into this process when they make
decisions about how wastes will be generated and han-
dled by the buildings they design. Sewage treatment is
expensive for the community, and becomes a critical is-
sue for building owners where private or on-site sewage
treatment is required. In a geographically isolated com-
munity, like Martha’s Vineyard off the Massachusetts
coast, restaurants have been forced out of business by
the high cost of pumping out their septic tanks. One lo-
cal businessman calculates that it costs him about one
dollar per toilet flush, and if his septic tank fills up, he
will have to shut down before it can be pumped. In
1997, Dee’s Harbor Café was closed after its septic sys-
tem failed, and the owner lost her life savings. Even in
less remote locations, dependence on a septic tank
often limits the size of a restaurant and prohibits
expansion.

Sewage disposal systems are designed by sanitary
engineers and must be approved and inspected by the
health department before use. The type and size of pri-
vate sewage treatment systems depend on the number
of fixtures served and the permeability of the soil as de-
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termined by a percolation test. Rural building sites are
often rejected for lack of suitable sewage disposal.

RURAL SEWAGE TREATMENT

In times past, rural wastes ended up in a cesspool, a
porous underground container of stone or brick, which
allowed sewage to seep into the surrounding soil. Cess-
pools did not remove disease-causing organisms. Within
a short time, the surrounding soil became clogged with
solids, and the sewage overflowed onto the surface of
the ground and backed up into fixtures inside the
building.

Cesspools have mostly been replaced by septic sys-
tems (Fig. 11-1). A typical septic system consists of a sep-
tic tank, a distribution box, and a leach field of perfo-
rated drainpipes buried in shallow, gravel-filled trenches.
Septic tanks are nonporous tanks of precast concrete,
steel, fiberglass, or polyethylene that hold sewage for a
period of days while the sewage decomposes anaerobi-
cally. Anaerobic digestion produces methane gas and
odor.

During this time, the sewage separates into a clear,
relatively harmless effluent and a small amount of min-
eral matter that settles to the bottom. Soaps and slow-

Figure I'1-1 Septic system.

to-degrade fats and oils float to the top of the tank to
form a layer of scum. Inlet and outlet baffles in the tank
prevent the surface scum from flowing out. The liquid
moves through a submerged opening in the middle of
the tank to a second chamber. Here finer solids con-
tinue to sink, and less scum forms. This part of the pro-
cess is known as primary treatment.

When the effluent leaves the septic tank, it is about
70 percent purified. The longer sewage stays in the tank,
the less polluted is the effluent. If the building and its
occupants practice water conservation, less water and
wastes flow through the septic tank, the effluent stays
in the tank longer before being flushed out, and it
emerges cleaner. Every few years, the sludge is pumped
out of the septic tank and is hauled away and processed
to a harmless state at a remote plant. The methane gas
and sewage odor stay in the tank.

Each time sewage flows into the tank, an equal vol-
ume of nitrate-rich water flows out and is distributed
into the leach field, which provides secondary treatment.
There the water is absorbed and evaporates. Nitrate-
hungry microbes in the soil consume the potentially
poisonous nitrates. In the process, plant food is manu-
factured in the form of nitrogen.

Nothing that can kill bacteria should ever be flushed
down the drain into a septic system. Paints, varnishes,
thinners, waste oil, photographic solutions, and pesti-

Leaching
Field



cides can disrupt the anaerobic digestion. Coffee grounds,
dental floss, disposable diapers, cat litter, sanitary nap-
kins and tampons, cigarette butts, condoms, gauze band-
ages, paper towels, and fat and grease add to the sludge
layer in the bottom of the tank. Some systems include a
grease trap in the line between the house and the septic
tank, which should be cleaned out twice a year.

Trained professionals must clean the tank at regu-
lar intervals. As the sludge and scum accumulate, there
is less room for the bacteria that do their work, and the
system becomes less effective. If the scum escapes
through the outlet baffle into the leach field, it clogs the
earthen walls of the trenches and decreases the neces-
sary absorption. Most tanks are cleaned every two to
four years.

Most septic systems eventually fail, usually in the
secondary treatment phase. If the septic tank or the soil
in the leaching field is not porous enough, or if the sys-
tem is installed too near a well or body of water, or be-
side a steep slope, the system can malfunction and con-
taminate water or soil. Most communities have strict
regulations requiring soil testing and construction and
design techniques for installing septic tanks. If the site
can’t support the septic tank, the building can’t be built.

Aerobic (with oxygen) treatment units (ATUs) can
replace septic tanks in troubled systems. By rejuvenat-
ing existing drainfields, they can extend the system'’s life.
Air is bubbled through the sewage or the sewage is
stirred, facilitating aerobic digestion. After about one
day, the effluent moves to the settling chamber where
the remaining solids settle and are filtered out. Because
aerobic digestion is faster than anaerobic digestion, the
tank can be smaller. However, the process is energy in-
tensive and requires more maintenance. The effluent
then moves on to secondary treatment.

Secondary treatment can use a number of different
techniques, with varying impact on the building site.
Disposal fields are relatively inexpensive, and do not re-
quire that the soil be very porous or that the water table
be very deep below the surface. Drainlines of perforated
pipe or agricultural tile separated by small openings are
located in shallow trenches on a bed of gravel and cov-
ered with more gravel. The effluent runs out of these
lines and through the gravel, until it seeps into the earth.
The gravel’s spaces hold the liquid until it is absorbed.

Buried sand filters that use sand, crushed glass, min-
eral tailings, or bottom ash are also used for secondary
treatment. They are applied where the groundwater level
is high, or in areas of exposed bedrock or poor soil. A
large site area is required, but the ground surface can
become a lawn or other nonpaved surface. Buried sand
filters can be a remedy for failed disposal fields.
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Seepage pits are a form of secondary treatment ap-
propriate for very porous soil and a low water table only.
Seepage pits can also be used as dry wells to distribute
runoff from pavement gradually.

MUNICIPAL SEWAGE
TREATMENT PLANTS

Larger scale sewage treatment plants continue to im-
prove the efficiency of their processes, and municipali-
ties are active in reducing the amount of sewage they
process. Larger plants use aerobic digestion plus chem-
ical treatment and filtration, and can produce effluent
suitable for drinking. Clean effluent is pumped into the
ground to replenish depleted groundwater. Digested
sludge is dried, bagged, and sold for fertilizer. Some
plants spray processed sewage directly on forests or crop-
land for irrigation or fertilizer.

ON-SITE LARGE-SCALE
TREATMENT SYSTEMS

After years of sending sewage to distant treatment plants,
it is becoming more common for groups of buildings
to treat their wastes on site. The advantages include sav-
ings to the community, reusable treated water for land-
scaping and other purposes, and even pleasant and
attractive outdoor or indoor environments. In some
campus-type industrial, educational, or military facili-
ties, septic tanks are installed at each building, and the
outflow is combined for the secondary treatment pro-
cess. Use of sand filters for secondary treatment offers
simple maintenance, very low energy use, and greater
available usable land area.

Constructed Wetlands

By constructing an environment that filters and purifies
used water and recycles it for additional use, we can re-
duce municipal sewage treatment costs and support lo-
cal plant and animal life. Free-surface (open) wetlands
use effluents to nourish vegetation growing in soil. Hu-
man contact with these secondary treatment areas must
be controlled.

The Campus Center for Appropriate Technology at
Humboldt State University in Arcata, California, uses a
graywater treatment marsh that consists of an open
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channel of water with a gravel-filled channel planted
with vegetation. A primary treatment tank filters out
large particles such as hair, grease, and food scraps.
Water then penetrates down through the gravel in the
channel. Once it reaches the end of the channel, the
water is removed from the bottom of the marsh by a
perforated pipe. This pipe then conveys water to the next
gravel marsh box, a process that supplies it with oxy-
gen. After treatment in the graywater marsh, water from
the sinks and shower is reused on the lawns and orna-
mental plants. Except for periodic maintenance, very lit-
tle energy is used.

Subsurface flow wetlands consist of a basin lined
with large gravel or crushed rock, and a layer of soil with
plants above. Plants encourage the growth of micro-
organisms, both anaerobic and aerobic, and bring air
underwater through their roots. The effluent is then fil-
tered through sand and disinfected. It is then safe to use
for many purposes, including landscape watering. This
secondary treatment option is safer for human contact,
and also attracts birds. The master plan for the Coffee
Creek Center southeast of Chicago features constructed
wetlands for on-site treatment of wastewater from
homes and businesses.

Pasveer Oxidation System

The Pasveer oxidation sewage treatment system was used
by the New York Institute of Technology in Old West-
bury on Long Island in New York. Purified effluent re-
turns to the ground through 48 leaching wells under the
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school’s athletic field. The sludge is processed using a
mechanical aerator for aerobic digestion. There is no
compressor, only the noise of splashing water. The pro-
cess has a low profile and is screened by trees.

Greenhouse Ecosystems

Greenhouse ecosystems (Fig. 11-2) are secondary sewage
treatment systems that are constructed wetlands moved
indoors. Marine biologist John Todd developed Living
Machines at Ocean Arks International. They consist of a
series of tanks, each with its own particular ecosystem.
The first is a stream, and the second is an indoor marsh
that provides a high degree of tertiary wastewater treat-
ment. The system costs less to construct and about the
same to maintain as a conventional sewage treatment
system. It uses less energy, depending upon solar energy
for photosynthesis and on gravity flow. There is no need
for a final, environmentally harmful chlorine treatment.
The system produces one-quarter of the sludge of other
systems.

These greenhouse environments are pleasant to
look at and smell like commercial greenhouses. They
are welcome in the neighborhoods they serve, and can
save huge costs in sewer lines that would otherwise run
to distant plants. Greenhouse ecosystems offer an op-
portunity to enrich the experience of an interior envi-
ronment while solving a serious ecological problem.

Within the greenhouse ecosystems, aerobic bacteria
eat suspended organic matter and convert ammonia to
nitrates, producing nitrites. Algae and duckweed eat the

Fish eat snails and
zooplankton

Snails and
zooplankton eat

Figure 11-2 Greenhouse ecosystem.
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products of the bacteria. Snails and zooplankton then
eat the algae. The floating duckweed creates shade that
discourages algae growth in the later stages of produc-
tion. Finally, fish eat the zooplankton and snails. The
systems support water hyacinth and papyrus, canna
lilies, bald cypress, willows, and eucalyptus, which re-
move phosphorus and heavy metals during the lives of
the plants, returning them to the earth when the plants
die. Small fish (shiners) are sold as bait, and dead plants
and fish are composted.

On-site wastewater treatment has a significant im-
pact on the design of the building’s site. Interiors are
also affected, as the system may use special types of
plumbing fixtures and may include indoor greenhouse
filtration systems.

RECYCLED WATER

Water is categorized by its purity. Potable water has usu-
ally been treated to be safe for drinking. Rainwater of-
fers a sporadic supply of pure water that can be used for
bathing, laundry, toilet flushing, irrigation, or evapora-
tive cooling with little or no treatment. Graywater is
wastewater that is not from toilets or urinals. It comes
from sinks, baths, and showers. Blackwater is water with
toilet or urinal waste.

Graywater may contain soap, hair, or human waste
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from dirty diapers and other laundry. It can be treated
and recycled for uses like toilet flushing and filtered drip
irrigation. Dark graywater comes from washing ma-
chines with dirty diaper loads, kitchen sinks, and dish-
washers, and is usually prohibited by codes from being
reused. If graywater contains kitchen wastes, grease and
food solids are a problem. Currently, few communities
allow the reuse of graywater; and those that do tend to
restrict its use to underground landscape irrigation for
single-family houses. New York-based architect William
McDonough has used gray and blackwater in designs
for Eurosud-Calvission, a software research and devel-
opment facility in southern France.

Future water conservation measures may include
the use of water from bathing for flushing toilets,
which would save 21 gallons per person each day. The
14-gallons per person used daily for laundry can help
with irrigation, preferably through underground distri-
bution systems that limit contact with people.

The Aquasaver Company in England has developed
a system that diverts and cleans water from lavatories,
baths, and showers for flushing toilets, washing clothes,
washing cars, and irrigation. A low-pressure system in-
stalled behind panels in the bathroom pumps graywater
through a series of filters, removing soaps, detergents,
and other impurities. The water then goes to a storage
tank in the attic or above points of use. The system uses
nonhazardous cleaning agents and a network of carbon
filters.
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SQ? As part of the building design team, interior designers

are responsible for making sure that the solid wastes
generated during construction and building operation
are handled, stored, and removed in a safe, efficient, and
environmentally sound way. Whether we are designing
an office cubicle to include a recycling basket or mak-
ing sure that an old fireplace mantle is reused rather
than discarded, we can have a significant impact on how
the building affects the larger environment.

Nature operates in closed cycles. One organism'’s
waste is another’s food. Nothing is really wasted except
a small amount of renewable energy from the sun. In-
sects and microorganisms feed on the excrement and
corpses of higher animals, releasing soil nutrients for
plants. Dead vegetable matter is attacked, broken down,
and used again.

In agrarian societies, people, along with water, air,
earthworms, and bacteria, convert animal and vegetable
wastes into rich soil. Sun and rain on the soil encour-
age plants to grow, feeding families and animals, and
providing fuel for heating and cooking. Animals also
provide food and clothing for people. Ashes from spent
fuel and animal excrement return to replenish the soil’s
nutrients.

Today we discard many more materials: paper, plas-
tics, glass, and metals; cinders, dust, dirt, and broken or
worn-out machinery; kitchen garbage, and old clothes;

and industrial by-products and radioactive and chemi-
cal wastes from laboratories and industries. All of this
averages out to about 45 kg (100 1b) of waste per per-
son annually in the United States. Some of these mate-
rials, such as food scraps and paper, are links in the bi-
ological recycling chain. Some, such as metals and
plastics, represent nonrenewable resources. Many waste
substances contain useful energy, but separation and re-
cycling of the mingled refuse is a Herculean task. Solid
waste is the main source of land and soil pollution, next
to the agricultural use of pesticides and fertilizers. Most
cities burn and bury ashes, or bury the refuse itself in
landfills. The organic components decompose, but
glass, metals, and plastic remain.

CONSTRUCTION WASTE

It is best to reuse, then to use up, and to recycle last of
all. This applies to the construction and operation of
the building. As interior designers, we can work with
contractors to ensure that the materials removed during
renovation and the waste generated by construction has
a second life, possibly by including recycling require-
ments in demolition specifications.

Nationwide, demolition debris adds up to 165 mil-
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lion tons of waste per year. Some of it, especially as-
phalt, concrete, bricks, and metal, is already recycled be-
cause there is a market for it, but vast amount of shin-
gles, carpet, wallboard, doors, windows, and other
pieces of homes and offices find their way into landfills
because the resale and recyclable market is poor. Be-
tween 65 and 85 percent of construction debris ends
up in landfills. Concrete and masonry can instead be
crushed and used as aggregate for road building. Glass
can be recycled into “glassphalt” road surface reflectors.
Wood becomes mulch. Pulverized wood helps the com-
posting of sludge at sewage treatment facilities.

Drywall (gypsum wallboard) disposal can pose an
environmental danger. Many landfills won't accept gyp-
sum wallboard scrap because it produces toxic hydro-
gen sulfide gas when buried. However, it can be recy-
cled, with up to 85 percent of the material reused for
new gypsum wallboard. Unpainted drywall can also be
composted, replacing lime in the soil.

Manufacturers currently sponsor programs that take
back used carpet, which is ground up for attic insula-
tion or recycled into new carpet. Plate glass becomes
fiberglass insulation. Acoustic tiles can be recycled into
new acoustic tiles.

Many new building materials can be made from
recycled materials. Scrap metal containing iron is used
to make reinforcing bars for concrete. Newsprint is
chopped into small pieces to become cellulose insula-
tion. Recycled plastic products include fence posts,
speed bumps, deck planking, and park benches. Incin-
erator ash is used in nonstructural concrete. Even yogurt
containers with aluminum seal scraps can become
terrazzo-like floors. Look for opportunities to use recy-
cled materials in your designs.

Demolition by hand salvage produces useful
building components and even some architectural
gems. The dismantling of a building generates reusable
roof boards, framing lumber, and tongue-and-groove
wood flooring. Doors, windows, bathroom fixtures,
plywood, siding, and bricks can all be reused. Furniture,
equipment, and appliances can be reused. When check-
ing out a building for a renovation project, consider
which elements can be reused in your design or salvaged
for another project.

Some contractors sort excess or used building ma-
terial into bins right at the site, and reuse and recycle
what they can. This isn’t always possible in crowded ur-
ban areas where projects take up every square inch of
space. Massachusetts, Florida, North Carolina, and Cal-
ifornia have embarked on state-mandated construction
recycling programs, including grants to nonprofit re-
tailers. Despite the need to build recycling markets and
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to develop strategies for dealing with wood covered with
toxic lead paint, asbestos, or other nonrecyclables, con-
struction-recycling programs promise to extend the lives
of overcrowded landfills. The donated materials may
also provide a tax deduction, and can help build af-
fordable housing.

In some communities, demolition auctioneers
arrange for do-it-yourselfers to deconstruct buildings by
hand and take away salvageable materials. Deconstruc-
tion specialists say they can take most homes and many
other buildings to their foundations, saving 80 percent
or more of the material for resale or reprocessing. Some
communities train welfare recipients for deconstruction
jobs, which can eventually lead to carpentry apprentice
programs and careers in construction. Although decon-
struction takes longer than conventional demolition,
the salvaged materials can often offset increased labor
costs.

According to a 2001 report by the U.S. Department
of Housing and Urban Development (HUD) that ex-
amines deconstruction activities in El Paso, Miami, Mil-
waukee, and Nashville, deconstruction fosters the cre-
ation and expansion of small businesses to handle the
salvaged material from deconstruction projects. Reusing
building materials can benefit the environment by di-
verting valuable resources from crowded landfills into
profitable uses, which in turn would enable decon-
struction to pay for itself by generating revenues and re-
ducing landfill and disposal costs.

PLANNING FOR RECYCLING

The design of a building includes tracking the flow of
supplies in and of refuse out. Solid wastes can take up
more space than the water-borne waste systems we have
discussed. The accumulation of solid wastes in a build-
ing can create fire danger, and their removal may pre-
sent severe local environmental problems. The separa-
tion of solid waste to permit resource recovery has
significant energy and environmental consequences. It
is now common to install mechanical equipment for
handling solid waste in buildings.

Since the late 1940s, the amount of packaging ma-
terial used for consumer products has greatly increased.
We buy food in bags and cans that we then discard. In-
dividual packaging takes up more space in stores than
does bulk storage. Wastes are stored in the home until
collection day, requiring increased space allocation. It
takes energy to make and transport packaging and to
collect trash. Trash compactors take up space and use
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electricity. Landfills continue to fill up, releasing meth-
ane and leaching out chemicals.

High-grade resources are valuable materials that can
be recycled. Paper and some plastics can be collected
and stored within the building. Glass bottles can be re-
turned for reuse or recycling. If recyclable materials are
kept separate at the site of their use, resource recovery
is much easier. Glass bottles should be washed for reuse,
not broken and recycled.

Recycled paperboard (cardboard or pasteboard)
saves 50 percent of the energy required to process pulp
from wood. Recycled aluminum saves an astounding 96
percent of the electrical energy required for its original
production. A 52-percent energy savings is achieved by
recycling steel.

Wood scrap chopped into wood fiber is worth more
than when it is burned as a fuel. Oriented strand board
(OSB), made of wood chips and scraps, is used in the
manufacture of structural insulated panels (SIPs), win-
dow frames, and other building products. Plastics are
more difficult to recycle. Due to consumer preferences
and regulations, recycled plastic is not often used in
food-related items. Recycled plastic pellets are used in
toys, building materials, and sports products. Recycled
plastic bottles are used in fabrics and some carpets.

It is possible to burn for fuel some materials that
are impractical to recycle. These are referred to as low-
grade resources, and include gaseous wastes, liquid and
semiliquid wastes, and solid wastes. Some industrial
wastes give off a lot of heat when you burn them, but
some are very toxic. Some cities use the heat generated
by burning rubbish to fuel electric power plants or cen-
tral heating installations. Trash burning is limited by en-
vironmental regulations. Burning vinyl wallcoverings
poses serious environmental problems.

When composted in landfills, some of these mate-
rials produce methane gas, which can be collected for
use as a high-grade fuel. Cities extract methane gas from
old garbage dumps by drilling wells to tap underground
pockets of decomposition gas. The quantities produced
by livestock farming or sewage treatment plants are ad-
equate to justify building gas-generating equipment.
Many municipal water treatment plants are heated,
illuminated, and powered by methane gas from the
plants’ digesters.

Incineration reduces the volume of materials that
are sent to landfills. Incinerator plants are fed by dump-
ing wastes down a chute, where they are consumed by
a gas- or oil-fueled fire at the bottom. The resulting toxic
ashes are then carried out of the building. Incinerators
can create air pollution and are rarely installed in build-
ings because of the strict regulations.

Sorting and storing recyclable materials within the
building requires more time and effort by the building’s
occupants. In an urban apartment, space and odor is-
sues can make recycling difficult. Containers for differ-
ent recyclables take up floor or cabinet space. A good
community recycling program with curbside pickup
helps keep accumulation down and provides some or-
ganization to the process. Some recycling programs are
set up to recycle valuables in the trash automatically by
mechanized sorting.

SOLID WASTE COLLECTION
IN SMALL BUILDINGS

Most of the waste in a home comes from the kitchen.
Finding recycling space within a pantry, air-lock entry,
or cabinet or closet that opens to the outside makes
daily contributions easier, facilitates weekly removal,
and simplifies cleaning (Fig. 12-1).

Trash compactors take up space in the kitchen, and
may have odor and noise problems. Some trash com-
pactors have a forced-air, activated-charcoal filter to help
control odors, and sound insulation to control noise. A
trash compactor requires a grounded electrical outlet.

Garbage disposals are often installed below the
kitchen sink, frequently along with the dishwasher. The
garbage disposal grinds organic food scraps, mixes them
with water, and flushes them to the sewer. Waste with
less moisture goes into the garbage can. The finely
chopped organic matter biodegrades better at the
sewage treatment plant than it would at a landfill. How-
ever, the garbage disposal uses energy and water—2 to
4 gallons for each minute of operation. The water co-
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Figure 12-1 Residential recycling.



agulates grease so that it can be chopped, washes the
blade, and cools the motor. More energy is used when
the waste reaches the sewage treatment plant.

If you specify a garbage disposal, look for one with
adequate motor horsepower and grind chamber capac-
ity to grind quickly and efficiently. Deluxe disposal
models use stainless steel extensively in the grind sys-
tem to prevent corrosion. Insulated sound shells shield
grind chamber noise, and some models offer a second-
ary sound baffle. Disposals require an electrical con-
nection, usually a 120V, 60-Hz, AC, 15- or 20-A three-
wire grounded circuit.

An alternative to the garbage disposal is the com-
post pile. Composting is a controlled process of de-
composition of organic material. Naturally occurring
soil organisms recycle nitrogen, potash, phosphorus,
and other plant nutrients as they break down the ma-
terial into humus. When decomposition is complete, a
dark brown, powdery material called humus has been
produced. As you can tell by its rich earthy aroma, the
finished compost is full of nutrients essential for the
healthy growth of plants and crops. Compost happens
as long as there is air and water to support it.

Composting is a convenient, beneficial, and inex-
pensive way to handle organic waste and help the en-
vironment. Composting reduces the volume of garbage
requiring disposal, saves money in reduced soil pur-
chases and reduced local disposal costs, and enriches
the soil. Self-contained units are available, and some
community groups sell bins made from recycled plas-
tics for very reasonable prices. Food wastes can be col-
lected in a covered container beside or under the sink.
Meats and animal wastes usually are not included, as
they attract animals and create odors. Collected food
wastes are then carried to the compost pile, where they
slowly decompose into clean, rich soil for gardens. Yard
wastes (leaves, grass clippings) are also added. The com-
post pile should have a cover, to keep out unwanted an-
imals. The odor of a well-maintained compost pile is
not unpleasant, and the compost itself has a pleasing
earthy smell.

Vermiculture is a simple, if somewhat unusual,
method of using worms to turn kitchen waste into ex-
tremely rich castings for use in the garden. The vericul-
ture bin is a very effective means of reducing the amount
of waste that goes into the landfill while also produc-
ing an organic fertilizer to return to the earth. Red wig-
gler worms are placed in one section of the worm box
with wet, shredded newspaper. Food scraps from the
kitchen are added to the box as they accumulate. Worms
feed on fruit and vegetable peels, tea bags, coffee
grounds, and pulverized eggshells, and can consume ap-
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proximately half of their body weight per day. With one
pound of worms, approximately one pound of soil can
be removed from the box each month, while the worms
stay behind to carry on the process.

Garbage compactors are designed to cut down on
storage space for solid wastes. They can be used to com-
pact separated items for recycling, such as aluminum,
ferrous metals, and box cardboard. When dissimilar ma-
terials are crushed together, recycling becomes difficult.
In a single family home, a garbage compactor may not
save more space than it takes up, but small stores and
businesses may find one beneficial.

LARGE BUILDING SOLID
WASTE COLLECTION

Large apartment complexes fence in their garbage can
areas to keep out dogs and other pests. This area is a
good place for bins for recycling, and even a compost
pile for landscaping. The solid waste storage area needs
garbage truck access and noise control, and should be
located with concern for wind direction to control
odors.

Both the building's occupants and the custodial staff
must cooperate for successful recycling in a large build-
ing. Office building operations generate large quantities
of recyclable white paper, newspaper, and box card-
board, along with nonrecyclable but burnable trash, in-
cluding floor sweepings. Offices also produce food
scraps (including coffee grounds) and metals and glass
from food containers. Dumping this all into one col-
lection bin saves space, but with high landfill use costs,
separation and recycling spaces are becoming more and
more common.

The collection process for recycling in larger build-
ings has three stages (Fig. 12-2). First, white paper, re-
cyclables, compostables, and garbage are deposited in
separate compartments near the employees’ desks. In
order to make an office building recycling system work,
the interior designer must often design a whole series
of multiple bins and the trails that connect them. Of-
fice systems manufacturers are beginning to address
some of these needs. The process often needs to be co-
ordinated with the sources of the materials, such as pa-
per suppliers, and with the recycling contractors who
pick them up.

Next, custodians dump the separate bins in a col-
lection cart. There are also bins for white paper in the
computer and copy rooms and for compostables and
garbage in the employee lunchroom. Floor sweepings
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are added to the garbage. The custodians take the full
cart to a service closet at the building’s core and deposit
each type of separated waste in a larger bin. The storage
closet also has a service sink to wash the garbage bins,
and may have a paper shredder.

Finally, white paper is shredded and stored for col-
lection by recycling and garbage trucks at the ground
floor service entrance, near the freight elevator. Com-
postables are stored or sent to a roof garden compost
pile. Garbage is compacted and bagged. Compactors re-
duce wastes to as little as a tenth of their original vol-
ume. The storage area should be supplied with cool, dry,
fresh air. Compactors and shredders are noisy and gen-
erate heat, and must be vibration-isolated from the
floor. A sprinkler fire protection system may be required,
and a disinfecting spray may be necessary. Access to a
floor drain and water for washing is a good idea.

In some buildings, wastes are ground and trans-
ported by a system of very large vacuum pipes, which
suck the wastes to a central location for incineration or
compression into bales. Garbage grinders flush scraps
into sewers, adding to sewage system loads.

The renovation of a late nineteenth century New
York building for the National Audubon Society is an

excellent example of making recycling work. Designed
by the Croxton Collaborative, the eight-story building
was renovated in the 1990s. The collection system uses
two desktop paper trays, one for reuse and one for re-
cycling. Central recycling points are located near four
vertical chutes that pass through each floor. The chutes
carry collected materials to a subbasement resource re-
covery center for recycling. The one for white paper is
near the copier. Food wastes and soft soiled paper, re-
turnable plastic bottles and aluminum cans, and mixed
paper (colored paper, file folders, paperboard, and self-
stick notes) are all collected in a pantry area near staff
kitchens. Shelves in the pantry hold returnable glass bot-
tles, coated papers (from juice and milk cartons), mag-
azines, and newspapers.

Custodians pick up the wastebasket contents from
work areas and the materials from the pantries, and take
them to the subbasement to sort. In the subbasement,
large movable bins collect material dropped down the
chutes. Glass bottles, newspapers, and other items are
boxed or baled. Recycled materials are taken to the de-
livery dock for pickup by recycling and garbage collec-
tors. Organic wastes are refrigerated until enough accu-
mulates for screening and adding to a composter. This



composter is closed for odor control, but supplied with
air for aerobic digestion. After about three months, the
waste turns to humus and is used for a roof garden.
Food and organic waste represents a significant
portion of the waste stream, and states and commu-
nities are creating opportunities for businesses to be-
gin organic waste diversion programs. In Boston, Slade
Gorton fishing company has established an effective
source-separation process that captured 15 tons of fish
by-products in its first two months. The Massachusetts
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Institute of Technology implemented a pilot source-
separation system in the year 2000 in the primary on-
campus dining hall. Food preparation waste from the
kitchen is collected daily for composting, helping MIT
to achieve its 30 percent recycling goal and reducing
the cost of waste disposal. MIT is now developing plans
to divert all of the school’s organic waste, including
yard waste and food, for composting. This will help to
maximize recycling while minimizing costs, odor com-
plaints, and the need for workers to carry all that trash.
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Interior designers are often involved in the selection and
specification of plumbing fixtures. Let’s start our dis-
cussion of this topic with a brief look at the history of
plumbing fixtures.

Indoor bathrooms were not common in homes un-
til around 1875, but their history goes back thousands
of years. Archeologists in Scotland’s Orkney Islands
discovered a latrine-like plumbing system dating to
8000 Bc that carried wastes from stone huts to streams
in a series of crude drains. Hygiene has been a religious
imperative for Hindus since 3000 Bc, when many homes
in India had private bathroom facilities. In the Indus
Valley of Pakistan, archeologists have found ancient pri-
vate and public baths fitted with terracotta pipes en-
cased in brickwork, with taps controlling the flow of
water.

The most sophisticated early baths belonged to
Minoan royal families. In their palace at Knossos on
Crete, bathtubs were filled and emptied by vertical stone
pipes cemented at their joints. These were eventually re-
placed by pottery pipes slotted together much like mod-
ern pipes. They provided both hot and cold water, and
removed drainage waste from the royal palace. The
Minoans also had the first flush toilet, a latrine with an
overhead reservoir fed by trapping rainwater or by fill-
ing with buckets from a cistern.

By 1500 Bc, aristocratic Egyptian homes used cop-
per pipes for hot and cold water. Whole-body bathing
was part of religious ceremonies, and priests were re-
quired to immerse themselves in cold water four times
a day. The Mosaic Law of the Jews (1000-930 BC) re-
lated bodily cleanliness to moral purity, and complex
public waterworks were built throughout Palestine
under the rule of David and Solomon.

Bathing became a social occasion in the second
century BC in Rome, when massive public bath com-
plexes included gardens, shops, libraries, exercise
rooms and lounge areas for poetry readings. The Baths
of Caracalla offered body oiling and scraping salons;
hot, warm, and cold tubs; sweating rooms; hair sham-
pooing, setting, and curling areas; manicure shops; and
a gymnasium. Shops sold cosmetics and perfumes. Up
to 2500 members at a time visited the spas and the ad-
jacent gallery of Greek and Roman art, library, and lec-
ture hall. In another room, slaves served food and wine
to spa visitors. All of this was only for men, but women
had their own smaller spa nearby. Eventually, men and
women mixed at spas, but apparently without major
promiscuous behavior, a practice that lasted well into
the Christian era until the Catholic Church began to
dictate state policy.

All this luxury ended around 500 aD, when invad-
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ing barbarians destroyed most tiled baths and terra-
cotta aqueducts, leading to a decline in bathing and
personal cleanliness during the Middle Ages. The
Christian view at the time emphasized the mortifica-
tion of the flesh, and whole-body bathing was linked
to temptation and sin. Nobody bathed, but the rich
used perfume to cover body odors. Outhouses, out-
door latrines and trenches, and chamber pots replaced
indoor toilets. Christian prudery and medical super-
stitions about the evils of bathing led to an end to san-
itation and the rise of disease and epidemics. In the
1500s, the Reformation’s emphasis on avoiding sin
and temptation led people to expose as little skin as
possible to soap and water. There was almost no bath-
room plumbing, even in grand European palaces. A
1589 English royal court public warning posted in the
palace, and quoted in Charles Panati’s Extraordinary
Origins of Everyday Things (Harper & Row, Publishers,
New York, 1987, p. 202), read, “Let no one, whoever,
he may be, before, at, or after meals, early or late, foul
the staircases, corridors, or closets with urine or other
filth.” Apparently this was quite a common problem.
Around 1700, a French journal cited by the same
source noted, “Paris is dreadful. The streets smell so
bad that you cannot go out. . . . The multitude of peo-
ple in the street produces a stench so detestable that it
cannot be endured.”

From medieval times on, wastes from chamber pots
were tossed into streets. Legally, wastes were supposed
to be collected early in the morning by night soil men,
who carted them to large public cesspools, but many
people avoided the cost of this service by throwing waste
into the streets. Many cartoons of the period show the
dangers of walking under second story windows late at
night. Ladies kept to the inside of sidewalks to avoid the
foul gutters.

By the 1600s, plumbing technology reappeared in
parts of Europe, but indoor bathrooms did not. The ini-
tial seventeenth century construction of Versailles in-
cluded a system of cascading and gushing outdoor water
fountains, but did not include plumbing for toilets and
bathrooms for the French royal family, 1000 nobles, and
4000 attendants who lived there.

Urbanization and industrialization in Britain in the
1700s resulted in overcrowding and squalor in cities.
There was no home or public sanitation, and picturesque
villages turned into disease-plagued slums. Cholera dec-
imated London in the 1830s, and officials began a cam-
paign for sanitation in homes, workplaces, public streets,
and parks. Throughout the rest of the nineteenth cen-
tury, British engineers led the western world in public
and private plumbing innovations.
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PLUMBING FIXTURE SELECTION
AND INSTALLATION

On commercial projects, the architect and mechanical
engineer usually select and specify plumbing fixtures.
On residential projects, the interior designer or archi-
tect helps the client with the selection. The interior de-
signer is often the key contact with the client for the se-
lection of fixtures, representing their preferences and
providing specification information to the engineer.
Kitchen and bath designers, who usually work for busi-
nesses selling fixtures, often help owners select residen-
tial fixtures on renovation projects.

Several inspections by the local building inspector
are required during the construction process, to assure
that the plumbing is properly installed. Roughing-in is
the process of getting all the pipes installed, capped, and
pressure-tested for leaks before the actual fixtures are in-
stalled. The interior designer should check at this point
to make sure the plumbing for the fixtures is in the cor-
rect location and at the correct height. The first inspec-
tion usually takes place after roughing-in the plumbing.
The contractor must schedule the inspector for a prompt
inspection, as work in this area can’t continue until it
passes inspection. The building inspector returns for a
final inspection after the pipes are enclosed in the walls
and the plumbing fixtures are installed.

The design of the building and the choice of fix-
tures affect the water and energy consumption over the
life of the building. The designer can encourage con-
servation both by the selection of appropriate fixtures
and by increasing the user’s awareness of the amount of
water being used.

Visible consumption measures allow the user to see
how much water is being used, and to modify use pat-
terns for better conservation. Rainwater storage tanks
with visible water level indicators outside the bathroom
window show how much water is used in each flush.
Slightly undersized pipes allow users to hear the water
flowing. This is especially useful for outdoor taps, where
water may be left on.

LAVATORIES AND SINKS

Despite the hundreds of lavatory designs available in
the interior design market, few consider the way our
bodies work and the way we wash. Lavatories (bathroom
sinks) are designed as collection bowls for water, but we
use them for washing our hands, faces, and teeth quickly
with running water. Because of the design of the spout,
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you usually have to bend at the waist and splash water
upwards to wash your face. Most lavatory fittings dump
running water directly down the drain. They are hard to
drink from and almost impossible to use for hair wash-
ing. Most handles are hand-operated, as the name im-
plies, and you have to move your hands out of the water
stream to turn them on and off. Foot-operated controls
solve this problem. The sink and adjacent counter area
are often difficult to keep clean and dry.

For cleanliness and durability, lavatories must be
made of hard, smooth, scrubable materials like porce-
lain, stainless steel, or resin-based solid surfacing ma-
terials. Look for faucet designs that are washerless,
drip-free, and splash free, and made of noncorrosive
materials. Models are available that have permanent lu-
brication, easy-to-change flow control cartridges, and
controlled compression to eliminate over-tightening
and wear on seals. Check for fixed faucet handle travel
and features that make servicing easy.

Faucets that comply with the American with Dis-
abilities Act (ADA) come in a variety of spout heights,
and feature single-lever, easy-to-grab models, wing han-
dles, and 4- and 5-in. blade handle designs.

Public restroom lavatories should have self-closing
faucets that save water and water-heating energy. Faucet
flow should be limited to a maximum of 1.9 liters
(0.5 gallons) per minute. Low-flow faucets that use 1.89
to 9.46 liters (0.5-2.5 gallons) per minute employ aer-
ators, flow restrictors, and mixing valves, which control
temperatures. They function as well as or better than
the 15- to 19-liter (4-5-gallon) per minute standard
faucets. Low-flow aerators save up to half the amount
of water used.

The term “sink” is reserved for service sinks, utility
sinks, kitchen sinks, and laundry basins. Utility sinks are
made of vitreous china, enameled cast iron, or enam-
eled steel. Kitchen sinks are made of enameled cast iron,
enameled steel, or stainless steel. The building code re-
quires sinks in some locations, and local health de-
partments may set additional requirements. Kitchen or
bar sinks in break rooms and utility sinks for building
maintenance are often installed even when not required
by code. Kitchen sinks are limited to a maximum flow
of 11.4 liters (3 gallons) per minute. Foot-operated
faucets free the hands, a great convenience and water
saver at kitchen sinks. The ADA sets standards for ac-
cessible kitchen sinks, including a maximum depth of
15 cm (6 in.). Service sinks, also called slop sinks, are
located in janitor's rooms for filling buckets, cleaning
mops, and other maintenance tasks. Wash fountains are
communal hand-washing facilities sometimes found in
industrial facilities.

Lavatories and other plumbing fixtures should have
an air gap, a clear vertical distance between the spout of
the faucet or other outlet of the supply pipe and the
flood level of the receptacle. The flood level is the level
at which water would overflow the rim of the plumb-
ing fixture. Bathroom sinks have overflow ports that
drain excess water before it can reach the end of the
faucet. Air gaps are required to prevent the siphoning
of used or contaminated water from the plumbing fix-
ture into a pipe supplying potable water as a result of
negative pressure in a pipe. Even if the water pressure
fails, there is no chance of contaminated water being
drawn into pipes as fresh water is drained back away
from the fixture.

BATHTUBS

The Saturday night bath was an American institution
well into the twentieth century. Bathing vessels were
portable and sometimes combined with other furniture.
A sofa might sit over a tub, or a metal tub would fold
up inside a tall wooden cabinet. Homes had a bath place
rather than a bathroom, and the bath and the water
closet were not necessarily near each other.

Modern bathing is done on a very personal scale,
in private, although tubs for two are currently in style.
Social bathing is limited to recreation, not cleansing, in
swimming pools, bathhouses, and hot tubs with spouts,
jets, and cascades.

Standing water is good for wetting, soaping, and
scrubbing, but running water is better for rinsing. We use
tubs primarily for whole-body cleansing, and also for re-
laxing and soaking muscles. We follow a sequence of
wetting our bodies, soaping ourselves, and scrubbing—
all of which can be done well with standing water. Then
we rinse, preferably in running water. Tubs work well in
the wetting through scrubbing phase, but leave us trying
to rinse soap off while sitting in soapy, dirty water. This
is particularly difficult when washing hair.

Moderately priced all-in-one shower/bath enclosures
in acrylic or fiberglass are very common. Fiberglass is the
most cost effective, but acrylic has more durability and
luster. Showers and tubs are often installed as separate
entities, sometimes separated by a half wall or a door.

Tubs are often uncomfortable and dangerous for
people to get into and out of. The design of the tub
should ideally support the back, with a contoured sur-
face and braces for the feet. A seat allows most of the
body to be out of the water, and makes it easier to en-
ter and leave the tub safely. A hand-held shower is very



helpful for rinsing body and hair. Bathtubs are made of
vitreous china, enameled cast iron, or enameled steel.

Old-fashioned cast-iron claw-foot tubs are still
available. Thermaformed acrylic tub liners that can be
installed over existing fixtures are a fast and economi-
cal way to upgrade a bathroom. Tubs are available with
integral skirts for easy installation and removable pan-
els for access.

For high-end designs, deeper than normal tubs
made of cultured marble, fiberglass, cast iron, or acrylic
may include whirlpools. Air tubs have a champagne
bubble-type effect, while river jets simulate the undu-
lating motion of white water river flow. Underwater
lights, vanity mirrors, and wall-mounted CD/stereo sys-
tems with remote control are other luxurious options.
Some tubs have built-in handrails and seats, while oth-
ers have integrated shower or steam towers.

Clients may request big, two-person tubs with
whirlpools, but often they don’t use them as much as
they think they will. Whirlpool baths are available in
a great variety of shapes, including corner tubs 150 by
150 cm (60 by 60 in.) with built-in television moni-
tors. Consider 183 by 107 cm (72 by 42 in.) a maxi-
mum practical size. As people become more conscious
of water use, they don't necessarily want to fill up a
1136-liter (300-gallon) tub.

For safety’s sake, all tubs should have integral braced
grab bars horizontally and vertically at appropriate
heights, and no unsafe towel or soap dishes that look
like grab bars. Manufacturers offer very stylish grab bars
that avoid an institutional look. Tubs should be well lit,
and have easily cleaned but nonslip floors.

A shower pan that converts a standard 152-cm
(60-in.) tub to a shower without moving the plumbing
can improve safety. In this process, the old tub is re-
moved and replaced with a slip-resistant shower pan.
An acrylic wall surround can cover up old tile and un-
sightly construction work.

A single-lever faucet offers two advantages. First, the
lever is easier to manipulate than round handles for
those who do not have full use of their hands. Second,
both temperature and flow rate can be adjusted with a
single motion. To protect children and people with dis-
abilities who have limited skin sensation, scald-proof
thermostatically controlled or pressure-balanced valves
should be used to control the flow of hot water.

Where a bathtub is required to be accessible, the
ADA specifies the clear floor space in front of the tub,
a secure seat within the tub, the location of controls
and grab bars, the type of tub enclosure, and fixed/
hand-held convertible shower sprays. One of the best
tub seats extends from outside the tub into the head of
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the tub, allowing a person to maneuver outside the tub
before sliding in.

SHOWERS

Showers are seen as a quick, no-nonsense way to clean
your whole body. They waste lots of fresh running water
while we soap and scrub, but do an excellent job rins-
ing skin and hair. With luck, you get a nice invigorat-
ing massage on your back, but a real soak is impossi-
ble. If you drop the soap, you may slip and fall retrieving
it. It is safer to sit when scrubbing, especially the legs
and feet, so an integral seat is a good idea.

Some showerheads encourage water waste. A flow
of 23 liters (6 gallons) per minute is typical, and as
much as 45 liters (12 gallons) per minute was once com-
mon, using 22 liters (60 gallons) for a five-minute
shower. Most codes require limited showerhead flow,
with 9.5 liters (2.5 gallons) per minute being common.
These low-flow showerheads can be designed in new
showers or retrofitted, and save up to 70 percent when
compared with standard models. Smaller pipes and
heads increase the pressure, to give a satisfying shower
with less water. The cost of installing low-flow faucets
or showerheads results in savings of water, lower water
bills, and energy savings for hot water. Domestic hot
water accounts for 40 percent of U.S. energy use. An ex-
tra minute in the shower puts another 0.23 kg (5 1b) of
carbon dioxide in the air.

When helping children bathe, you should be able
to reach the controls from the outside without wetting
your arm. Even with soap in your eyes, you should be
able to manipulate controls from inside without seeing
them. Adjustable handheld shower wall bars allow each
person to adjust the showerhead to the perfect height.
Shower controls and heads are available grouped to-
gether into a cleanly designed panel. Some showers fea-
ture multiple shower sprays and a steam generator. Sys-
tems that allow the sprays to be moved accommodate
people of different sizes, and some systems come with
programmable showerheads.

Where there is more than one shower in a public
facility, the ADA requires that at least one must be ac-
cessible. There are two types of accessible showers: trans-
fer showers and roll-in showers. Accessible showers have
specified sizes, seats, grab bars, controls, curb heights,
shower enclosures, and shower spray units. How the
bather with disabilities will enter the shower is an im-
portant design issue, particularly if a person is in a
wheelchair. For the bather who can physically transfer
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from a wheelchair to a shower seat, the seat and grab
bars must be positioned to facilitate that entry. For those
who must shower in a wheelchair, the threshold cannot
be more than 25 mm (5 in.) high to permit roll in, and
the shower floor must be sloped to contain the water.

Moderately priced shower stalls are made of fiber-
glass or acrylic. More upscale options include marble
and other stones, larger sized ceramic tile with borders,
glass block, and solid surfacing materials. Pre-plumbed,
all-in-one shower enclosures that include a steam gen-
erator are also available. Shower pans are typically made
of terrazzo or enameled steel and are available in solid
surfacing materials as well. Barrier-free shower pans are
available. Grab bars, seats, anti-scald valves, nonslip
bases, and adjustable shower arms all add to safety.

Different kinds of shower seats are available—
adjustable, fold-up, and stationary. Regardless of type,
the seat must be installed where it will allow a seated
bather to reach the showerhead, valves, and soap cad-
die. An adjustable showerhead can be hand-held by a
seated bather or bracket-held by a standing bather.

Grab bars, positioned to help the bather enter and
exit the shower, cannot extend more than 38 mm
(1.5 in.) from the wall; this is to prevent a hand or arm
getting caught between bar and wall. Walls behind the
seat and grab bars must be reinforced to support up to
114 kg (250 1b). This is done by installing 2” X 4" or
2" X 8" blocks horizontally between framing joists.
Controls should be installed above the grab bar.

Shower enclosures are usually enameled steel, stain-
less steel, ceramic tile, or fiberglass. Frames for shower
doors come in a variety of finishes. The handle that
comes with the door can be upgraded to match the bath-
room decor. Etched glass doors add a design element to
the bathroom. Glass panel anti-derailing mechanisms
add to safety. Open, walk-in styles of showers with no
doors are also an option.

Heavy glass frameless enclosures that can be joined
with clear silicone are available up to 13 mm (5 in.)
thick, although the thinner 10 mm (3 in.) is usually ad-
equate. Body sprays with lots of jets pounding right at
a frameless door will inevitably leak, so pointing them
against a solid wall may be a better option. A vinyl gas-
ket can deter leaks, but may defeat the visual effect of
the frameless glass, and is unlikely to be effective for
very long. Totally frameless enclosures always lose a cer-
tain degree of water, and glass doors generally don’t
keep steam in and don't retain the heat as well as framed
doors. Complete water tightness may encourage mildew
growth, so a vented transom above the door may be
necessary.

Prefabricated modular acrylic steam rooms are
available in a variety of sizes that can comfortably fit
from two to eleven people. They include seating and
low-voltage lighting. An average steam bath consumes
less than one gallon of water. Steam generators are usu-
ally located in a cabinet adjacent to the shower enclo-
sure, but may be located up to 6 meters (20 ft) away.
Look for equipment with minimal temperature varia-
tions, an even flow of steam, quiet operation, and steam
heads that are cool enough to touch. Plumbing and elec-
trical connections are similar to those of a common res-
idential water heater. Controls can be mounted inside
or outside the steam room.

Modular saunas combine wood and glass in sizes
from 122 X 122 cm (4 X 4 ft) to 366 X 366 cm (12 X
12 ft). There are even portable and personal saunas that
can be assembled in minutes. Heating units are made
of rust-resistant materials and hold rocks in direct con-
tact with the heating elements. Models are available in
cedar, redwood, hemlock, and aspen.

Showers may be required by code in assembly oc-
cupancies such as gyms and health clubs, and in man-
ufacturing plants, warehouses, foundries, and other
buildings where employees are exposed to excessive heat
or skin contamination. The codes specify the type of
shower pan and drain required.

There are alternatives to our typical showers and
tubs. Traditional Japanese baths (Fig. 13-1) have two
phases. You wet, soap, and scrub yourself on a little stool
over a drain, rinse with warm water from a small bucket,
then (freshly cleansed) you soak in a warm tub. An up-
dated version uses a whirlpool hot tub for the soak. Lo-
cate the hot tub in a small bathhouse with a secluded
view, and you approach heaven.

\

Figure 13-1 Traditional Japanese bath.



TOILETS, URINALS, AND BIDETS

In 1596, Queen Elizabeth had a toilet installed by Sir
John Harrington, who came from Bath, giving us two
euphemisms still in use today. A high water tower was
located on top of the main unit, with a hand-operated
tap for water flow to the tank, and a valve that released
sewage to a nearby cesspool. Harrington'’s toilet was con-
nected directly to the cesspool, with only a loose trap-
door in between. The queen complained about cesspool
fumes in this toilet without a trap. The new toilet fell
into disuse because Sir John wrote an earthy, humorous
book about it, which angered the queen.

British watchmaker and mathematician Alexander
Cummings put a backwards curve into the soil pipe di-
rectly underneath the toilet bowl in 1775, which re-
tained water and cut off the smell from below. Cum-
ming’s patent application for a “stink trap” introduced
the trap that has been used on all subsequent designs.

What most of us call a toilet is technically called a
water closet. Toilets are not usually designed to facili-
tate proper washing while eliminating. A toilet seat that
provides a cleansing spray is available from several
American manufacturers for use on existing toilets.
Bidets, which are popular in Europe and less often seen
in the United States, are designed for personal cleans-
ing. Toilets are available without a separate toilet seat,
with a warmer for the seat, and with warm water within
the toilet for washing.

Water closets, urinals, and bidets are made of vitre-
ous china. Toilet bowls could never be leak proof and
free of contamination until all the metal and moving
parts were eliminated. In 1885, an English potter named
Thomas Twyford succeeded in building the first one-piece
earthenware toilet that stood on its own pedestal base.
Porcelain toilets will not accumulate bacteria-harboring
scratches when cleaned. His toilet design is essentially the
same as the one used in the modern bathroom.

The height of the conventional toilet seat is a com-
promise. A lower toilet seat is healthier for the average
person, as it approximates a squatting position, but is
more difficult for standing male use, and for some el-
derly people or people with some disabilities. Higher
toilets provide more support. Toilets are often used as
chairs in the bathroom, and low ones are not at a com-
fortable chair height. The standard toilet is somewhere
in between the lower and higher limits. Toilet manu-
facturers offer toilets with seats at the same height as a
standard chair seat, marketed as comfortable for people
of all ages and statures. The recommended height for
a toilet that is accessible for people with disabilities is
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457 mm (18 in.). Toilets are available at this height, or
an existing toilet can be retrofitted with special thick
seats or with a spacer ring placed between the toilet rim
and a standard seat. In addition, a grab bar next to the
toilet will help the user get up and down. Urinals for
use by men in wheelchairs are either wall mounted at
lower heights, or floor mounted.

Water closets and urinals can’t be designed to have
the type of air gaps found in lavatories. For example,
water closets and urinals in public buildings have a sup-
ply pipe connected directly to the rim. Consequently, it
is a legal requirement in most areas that at each fixture
where a connection between the supply and waste
plumbing is possible, a vacuum breaker must be in-
stalled on the supply line. When the pressure fails, air
is allowed to enter the line, destroying the siphon ac-
tion and preventing contaminated water from being
sucked into the system. You may have noticed the
chrome plated flush valve on every public toilet fixture;
this contains the vacuum breaker. Vacuum breakers are
also manufactured for outdoor faucets, where the end
of a hose may be left in a swimming pool or garbage
pail full of water.

Most codes require that all water closets specified
for public use have elongated bowls and seats with open
fronts. Specific clearances are required on each side and
in front of the bowl. Automatic flushing controls add
to the toilet’s accessibility and keep toilets clean. They
work by radiant heat from body pressure or by reflect-
ing a light off the user and back to the control. Toilets
designed for handicapped accessibility are usually wall-
hung and have elongated fronts.

The ADA doesn’t apply to private residences, but
many designers incorporate the principles of universal
design to accommodate present or future needs of their
clients. The Federal Housing Act (FHA) applies to mul-
tiple unit housing built with government funds, and
may require partial or full accessibility or provisions for
easy conversion of some units. Structural reinforcement
for future grab bars and wall-mounted water closets may
be required, and is a good idea anyway.

Toilet Plumbing

Our modern toilet (water closet) emerged in the 1940s
with tanks that hold about 19 liters (5 gallons) of water
mounted on the backs of the bowls. When you trip the
handle on the toilet, a flapper valve opens in the bot-
tom of the tank, releasing the water to flush waste away
and rinse the bowl clean. A portion of the water flows
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Figure 13-2 Toilet bowl.

out around the top rim, swirling to wash down the sides
of the bowl (Fig. 13-2). Most of the water flows rapidly
through a hole near the bowl bottom and propels waste
out through the drain trap.

The volume of water needed to do a thorough job
determines the size of the tank, so some tanks are big-
ger than others, depending on the bowl design. Once
the tank empties, the flapper valve falls closed, and the
tank and bowl refill from the household water supply.

Water closets have large traps that are forced to
siphon rapidly during the flushing process and are re-
filled with fresh water to retain the seal. The water closet
must be vented nearby to prevent accidental siphoning
between flushes. The small supply piping available in
houses can't provide the quick, ample rush of water nec-
essary to operate a toilet’s siphon trap. Instead, water is
slowly collected in a tank at the back of the fixture. In
public buildings with frequent flushing of toilets, slow-
filling tanks could not keep up with the demand. Con-
sequently, commercial toilet installations use larger sup-
ply pipes with special valves to regulate the strength and
duration of each flush.

Toilets That Conserve Water

Approximately 70 percent of the water flushed down
traditional-sized toilets isn’'t required for effective
sewage transport. If a toilet predates 1985, it probably
uses between 19 liters and 28 liters (5-7.5 gallons) per

flush. The older the toilet, the more water it probably
uses. Studies performed in Massachusetts show that in
an average 3.2 person household where each person
flushes four times a day, the 27 liters (7 gallons) per
flush toilet uses 123,770 liters (32,700 gallons) of water
a year. Even a 13-liter (3.5-gallon) toilet reduces water
use per household to 62,074 liters (16,400 gallons) per
year. Studies done at various places around the country
show that toilets account for anywhere from 35 to 42
percent of all indoor household water use.

Low-consumption toilets lower building water use
by 30 to 40 percent. This reduces the load on munici-
pal sewer systems and saves fresh water supplies. Be-
ginning in 1994, it became illegal to make or sell in the
United States any toilet that uses more than 6 liters (1.6
gallons) per flush. These toilets became the center of
controversy when the law got ahead of technology, re-
sulting in steep price increases, problems with perfor-
mance, and unhappy consumers. Once they decided to
take a serious look at water consumption levels and
water conservation, fixture manufacturers responded
with only slight modifications in the basic product de-
sign. The flush valve on existing water closets was shut
off prematurely, and less water was used with minimum
changes to the china fixture. What resulted has contrib-
uted more to the negative impressions about 1.6 gpf
(gallons per flush) low-consumption toilets than any
other factor. Repeated flushing was often necessary to
clean the bowl after use.

Even so, two 6-liter flushes still use less water than
the former 13 liters (3.4 gallons) per flush, and most
times only one flush is actually needed. Over time, man-
ufacturers found ways to increase the swirling effect of
the water and clean the bowl better. To achieve low-
consumption gravity performance, the size of the trap
and other openings were decreased. This resulted in a
stronger siphoning action to withdraw the waste, and
much improved performance. Still, there was double
flushing going on, and modifications continued to be
made to enlarge the trapway and water surface areas.

Although no longer legal for new installations in
the United States, many older, higher consumption toi-
lets are still in place in existing buildings. Older styles
include two-piece, lower pressure models, shallow trap
models, and one-piece styles that eliminate the seams
between the tank and the toilet. The mechanical systems
range from flush-valve commercial toilets to wash down
toilets, siphon jets, siphon vortex toilets, and blowout
toilets. These styles range between 9.5 liters (2.5 gal-
lons) and 30 liters (8 gallons) per flush. Toilet dams in-
stalled in toilet tanks limit the amount of water used in
existing toilets.



Watersaver toilets use 6.4 liters to 13.2 liters
(1.7-3.5 gallons) of water per flush, which may not be
enough of a water savings to meet strict U.S. require-
ments. They use a conventional flushing action, but save
water by employing higher water pressure and better
bowl shapes, better methods of filling and emptying,
and improved trap configurations.

Some toilets conserve water by offering variable
flushing controls. Dual cycle controls allow you to
choose how much water you need, as do vertical flush
sleeve valves. Pressure-reducing valves save water com-
ing in on supply lines.

There are two types of ultra-low-flow (ULF) toilets
currently available to homeowners that meet the legal
requirements: the gravity ULF and pressurized ULE
Gravity ULF toilets have steeper-sided bowls to increase
the flushing velocity. The tanks are taller and slimmer
than older models, raising the water higher and in-
creasing the flushing power. These taller tanks also hold
more than 6 liters (1.6 gallons) of water, but the flush
valves don't release it all, harnessing only the force of
the topmost 1.6 gallons. The tank never empties its en-
tire capacity, and it's a clever way to increase flushing
power.

Pressurized ULF toilets look conventional from the
outside but use a unique air-assisted flush mechanism
inside the tank. The pressure-assist vessel inside the toi-
let's tank traps air, and as it fills with water, it uses the
water supply line to compress the trapped air inside. The
compressed air is what forces the water into the bowl,
so instead of the pulling or siphon action of a gravity-
fed toilet, the pressure-assist unit pushes waste out. This
vigorous but somewhat noisy flushing action cleans the
bowl better than gravity units.

Pressure-assist flushing systems (Fig. 13-3) reduce
water use by elimination of leakage and double flush-
ing. The U.S. Department of Housing and Urban De-
velopment (HUD) has calculated that a fixture can leak
up to 95 liters (25 gallons) per day, depending on the
age of the parts inside, but the pressure-assist unit holds
the water within the tank, eliminating leaks. A larger
water surface keeps the bowl cleaner, and a larger trap-
way and fewer bends eliminate stoppages. Because the
water is contained inside the vessel within the tank, con-
densation doesn’t form on the toilet tank. Fewer mov-
ing parts reduce maintenance.

Pressure-assist toilets install in the same space as
conventional toilets, and require 138 kPa (20 pounds
per square inch, psi) of water pressure, which is typical
in residential housing. Pressure-assist toilets are used in
homes, hotels, dormitories, and light commercial ap-
plications, and are available in handicapped accessible
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Figure 13-3 Pressure-assist toilet tank.

models. More and more states are mandating the use of
pressure technology in commercial structures, primarily
to prevent blockages.

In 1986, a severe drought brought the water supplies
of San Simeon, California, to a severe crisis level at the
same time that the wastewater treatment plant demand
was reaching full capacity during the peak use season.
The choices were rather grim: new, supplemental water
sources, additional waste treatment capacity, or more ra-
tioning that would close some of the motel rooms that
the city depended on for income. The alternative on
which the city finally settled was replacing all toilets with
low-consumption pressure assisted types, which reduced
water consumption in the town by 39 percent compared
to the older 3.5-gpf toilets. As a bonus, bowl stoppages
were almost completely eliminated.

With a central compressed-air system, very low water
consumption can be achieved. The Microphor flush toi-
let has a design with two chambers for a flush that uses
only 1.4 liters (1.5 quarts) per flush. In the Envirovac
system, a vacuum is used to provide a 1.4-liter flush. This
system can be used in basements, as the sewer line may
run horizontally or even vertically.

Some toilets use a mechanical seal rather than a
water trap, and use only about 5 percent of the usual
amount of water. Chemical toilets use even less.

An alternative type of toilet is made by Incinolet.
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Available as a toilet or a urinal, it has no plumbing con-
nections and reduces waste to a small volume of ash.
It requires connection to electric power and a 10-cm
(4-in.) diameter vent to the outside.

Composting toilets, sometimes called biological
toilets, dry toilets, and waterless toilets contain and con-
trol the composting of excrement and toilet paper by
aerobic bacteria and fungi. Aerobic digestion generally
produces much less odor than anaerobic processes. The
composting process transforms the nutrients in human
excrement into forms that can be used as a soil condi-
tioner. Composting toilets can be installed where a
leaching field or septic tank, with their inherent prob-
lems and expenses, are undesirable or impractical, in-
cluding areas that have placed limits on new septic sys-
tems, and in parks and nature sanctuaries.

All composting toilets require a continuous supply
of room air drawn into the composting chamber and
vented out through the roof to provide oxygen for the
aerobic microorganisms that digest the wastes. Com-
posting toilets eliminate or greatly reduce water for
flushing but increase energy consumption, although the
amount needed to run a fan and keep the compost from
freezing is small, and is often supplied by a solar panel
on the roof. Grates, screens, electric fans, and ventila-
tion chimneys can provide ventilation. Airtight lids on
the toilet, screens over vents, proper maintenance, and
keeping kitchen scraps from the composting toilet will
deter unwanted insects. Some government agencies re-
quire a permit before installing a composting toilet.

Urinals

Urinals reduce contamination from water closet seats
and require only 46 cm (18 in.) of width along the wall.
Urinals are not required by code in every occupancy
type. They are usually substituted for one or more of the
required water closets. Many bars and restaurants install
urinals in addition to the number of required toilets
to accommodate large crowds. The wall-hung type (Fig.
13-4) stays cleaner than the stall type, but tends to be
too high for young boys and for men in wheelchairs.
Where urinals are provided, the ADA Accessibility Guide-
lines (ADAAG) requires that a minimum of one of them
comply with access requirements: a stall-type urinal or
a wall-hung fixture with an elongated rim at a specified
maximum height above the floor. Clear front space must
be allowed for a front approach.

Although uncommon, urinals can be built into res-
idential walls for pullout use, where they might be a so-
lution to the eternal male/female toilet seat dilemma.

—

Figure 13-4 Urinal.

Waterless urinals use a floating layer of a special bio-
degradable and long-lasting liquid that serves as a bar-
rier to sewer vapors in the trap while still allowing urine
to pass.

PLUMBING CONSIDERATIONS
FOR APPLIANCES

Although such appliances as dishwashers and clothes
washers are not usually considered to be plumbing fix-
tures, we are including them here as an aid to interior
designers, who frequently assist clients in selecting
them, and who locate them on their plans. We also dis-
cuss appliances under the section on electricity.

A conventional dishwasher uses 45 to 68 liters
(12-18 gallons) of water per cycle, much of it heated
beyond the 49°C (120°F) household hot water supply.
Optional shorter cycles use around 26 liters (7 gallons).

Washing machines use 151 liters to 208 liters
(40-55 gallons) per full-size load cycle. Older-style
washers with “suds savers” allowed soapy, hot wash
water to be reused. Newer models have wider water
quantity and temperature selections, saving water and
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energy. Front-loading machines greatly reduce the quan-
tity of hot water used per wash cycle. They also give you
cleaner clothes with less detergent and less energy than
agitator-type machines, and reduce wear and damage to
clothes.

Dishwashers and clothes washers have relatively
simple plumbing requirements. Be sure to leave ade-
quate space for access, especially in front of front-load-
ing machines. Both dishwashers and clothes washers use
vacuum breakers to prevent clean and dirty water from
mixing. Kitchens need regular water supply lines for the
sink and dishwasher, and waste lines for the sink,
garbage disposal, and dishwasher.

FIXTURE LAYOUT AND
INSTALLATION

As with other plumbing, fixtures should never be in-
stalled in exterior walls where there is any chance of be-
low-freezing weather. Small-scale fixture plumbing will
fit into a 15-cm (6-in.) interior partition, but wall-hung
fixtures require chases 46 to 61 cm (18-24 in.) thick.
Plumbing chases are required where there are more than
two or three fixtures. Plastic pipes are not allowed in
residences in many jurisdictions.

Fixtures should be located back-to-back and one
above the other wherever possible for economical in-
stallation. This allows piping space to be conserved and
permits greater flexibility in the relocation of other par-
titions during remodeling. Wherever possible, locate all
fixtures in a room along the same wall.

Bathroom fixtures should be located with space
around the fixture for easy cleaning and for access for
repair and part replacement. Faucets and toilet valves
are subject to constant repairs, and drains must be kept
free of obstructions. Waste piping clogs with hair, pa-
per, cooking fats, and tree roots. When water supply pip-
ing fills with mineral scale, it must be replaced, which
is something to be checked when the bathroom is un-
dergoing a major renovation. Access panels may be re-
quired in the walls of rooms behind tubs, showers, and
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lavatories. Trenches with access plates may be required
for access to pipes in concrete floors. Water heaters are
especially prone to scale from mineral-rich water, and
their electrical or fuel-burning components need peri-
odic attention.

Prefabricated bathrooms are available, with manu-
factured assemblies of piping and fixtures. One-piece
bathrooms have no seams between the fixtures and the
floors. Fixture replacement is difficult and expensive,
and access for plumbing repairs must be provided
through adjacent rooms.

Some types of occupancies present special plumb-
ing design challenges. Plumbing fixtures for schools
should be chosen for durability and ease of mainte-
nance. Resilient materials like stainless steel, chrome-
plated cast brass, precast stone or terrazzo, or high-im-
pact fiberglass are appropriate choices. Controls must be
designed to withstand abuse, and fixtures must be se-
curely tied into the building's structure with concealed
mounting hardware designed to resist exceptional forces.

Prisons employ extreme measures to prevent plumb-
ing fixtures from becoming weapons. Heavy-gauge stain-
less steel fixtures with nonremovable fittings are very ex-
pensive and require tamper-proof installation.

COMPRESSED AIR
AND VACUUM LINES

In some urban locations, vacuum lines, compressed air
lines, or high-pressure water mains for driving tools
were once run below streets as utility systems. Today,
gas, electric, and steam are the only energy utilities in
common use.

An electric-powered compressor in some buildings
furnishes compressed air, which is supplied through
pipelines for use in workshops and factories. Com-
pressed air is used to power portable tools, clamping
devices, and paint sprayers. Air-powered tools tend to
be cheaper, lighter, and more rugged than electrical
tools. Vacuum lines are installed in scientific laboratory
buildings.
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The design of bathrooms and public restrooms involves
not only the plumbing system, but also the mechanical
and electrical systems. There are special space planning
considerations in bathroom design as well, which have
an impact on the plumbing layout.

DESIGNING PRIVATE
BATHROOMS

The minimum code requirements for a residence in-
clude one kitchen sink, one water closet, one lavatory,
one bathtub or shower unit, and one washing machine
hookup. In a duplex, both units may share a single
washing machine hookup. Each water closet and bath-
tub or shower must be installed in a room offering pri-
vacy. Some jurisdictions require additional plumbing
fixtures based on the number of bedrooms. Many
homes have more than one bathroom. Here are some
guides to terminology and to area requirements.

The basic three-fixture bathroom with lavatory, toi-
let, and combination tub/shower is designed for one
user at a time. You should allow a minimum of 3.25
square meters (35 square ft), although elegant master
baths may be much larger. A compartmented bathroom

has the lavatory in a hallway, bedroom, or small alcove,
with the toilet and bath in a separate space close by. The
toilet can also be separate, with its own lavatory. Com-
partmented bathrooms are very convenient for couples
or multiple children using the components simultane-
ously. They are often found in hotels. A guest bath gen-
erally includes a lavatory, toilet, and shower stall, rather
than a full bathtub. You should allow a minimum of 3
square meters (30 square ft). The term half-bath refers
to a lavatory and toilet, and uses about 2.3 square me-
ters (25 square ft). The classic powder room under the
stairs is a half-bath. If located near the mudroom en-
trance, they work very well for kids playing outdoors,
allowing a quick visit without tracking dirt through the
house.

Bathrooms are often the victims of the one-size-fits-
all philosophy. Pullout step stools help children at lava-
tories. Counters and mirrors at varying heights for seated
and shorter people help accommodate everyone.

Within such a usually limited space, storage can be-
come a major problem. Families often buy toilet paper
and other supplies in bulk, and need storage for at least
some of these supplies within the room and the rest
nearby. Towels should be stored within the room. Mul-
tiple users can leave a plethora of toiletries and groom-
ing supplies on counters and shelves, and building in
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appropriate and easy to maintain storage can reduce clut-
ter. Cleaning supplies need to be convenient but safe
from small children, and preferably out of sight. The
scale, toilet brush, and plunger also need to be dealt with.
Specially designed accessories are available to accom-
modate some of these items. Designing bathroom stor-
age that works realistically and efficiently is a challenge.

DESIGNING PUBLIC
TOILET ROOMS

On many projects, the interior designer allocates the
space for the public restrooms and places the fixtures.
Toilet rooms in public facilities are often allotted min-
imal space and have to be designed with ingenuity to
accommodate the required number of fixtures. The lo-
cation of public restrooms should be central without
being a focal point of your design.

Usually a licensed engineer designs the building's
plumbing system. On small projects like adding a break
room or a small toilet facility, an engineer may not
be involved, and a licensed contractor will work directly
off the interior designer's drawings or supply their
own plumbing drawings. The design of public restrooms
also involves coordination with the building’s mechan-
ical system. The type of air distribution system, ceiling
height, location of supply diffusers and return grills
on ceilings, walls, or floor, and the number and loca-
tions of thermostats and heating, ventilating, and air-
conditioning (HVAC) zones influence the interior
design.

Interior designers must be aware of the specific num-
bers and types of plumbing fixtures required by codes
for public buildings. The model building codes that cover
plumbing include the Building Officials Code Adminis-
trators International’s (BOCA's) National Plumbing Code
(NPCQ), the Standard National Plumbing Code (SPC), and
the Uniform National Plumbing Code (UPC). These codes
are geared toward plumbing engineers and professional
plumbing contractors. The chapter in the codes dealing
with plumbing fixtures is useful to the interior designer
in determining the minimum number and types of fix-
tures required for particular occupancy classifications.
There may be more than one code applying to a partic-
ular project, and sometimes the codes don't agree with
each other.

The plumbing codes also include privacy and fin-
ish requirements and minimum clearances. The en-
trances to public restrooms must strike a balance be-
tween accessibility and privacy, so that they are easy to
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find and enter, but preserve the privacy of users. Fre-
quently men’s and women's toilet rooms are located
next to each other, with both entries visible but visually
separate. This avoids splitting families up across a pub-
lic space, is convenient for those waiting, makes find-
ing the restrooms easier, and saves plumbing costs. The
area just outside the restroom should be designed to al-
low people to wait for their friends, but should avoid
closed-off or dark areas where troublemakers could
loiter.

Restrooms with multiple water closets must have
toilet stalls made of impervious materials, with mini-
mum clearance dimensions and privacy locks. Urinals
have partial screens but do not require doors. Generally,
lavatories are located closer to the door than toilets, in
part to keep the most private functions out of the line
of sight, and also to encourage washing after toilet use.
Both men’s and women'’s rooms should have baby-
changing areas where appropriate. Some facilities, such
as health clubs, have family changing and toilet rooms,
small rooms designed for use by a parent or two and
their children. This eliminates the dilemma of the dad
with a four-year-old daughter, or the mom with a young
son, especially when changing clothes.

The Americans with Disabilities Act Accessibility Guide-
lines (ADAAG) and the American National Standards
Institute (ANSI) accessibility standards list access re-
quirements, as do model codes. These requirements in-
clude minimal clearances, location requirements, and
controls that are easy to use. Generally, washroom ac-
cessories must be mounted so that the part that the user
operates is between 97 and 122 cm (38-48 in.) from
the floor. The bottom of the reflective surface of a mir-
ror must not be more than 102 cm (40 in.) above the
floor. Grab bars must be 84 to 91 cm (33-36 in.) above
the floor. Wheelchair access (Figs. 14-1, 14-2, 14-3) gen-
erally requires a 152-cm (5-ft) diameter turn circle. The
turn circle should be drawn on the floor plan to show
compliance. When this is not possible, a T-shaped space
is usually permitted. Special requirements pertain to toi-
let rooms serving children aged three to twelve. States
may have different or additional requirements, so be
sure to check for the latest applicable accessibility codes.

The conventional height of a toilet seat is 38 cm
(15 in.). The recommended height for people with dis-
abilities is 43 to 48 cm (17-19 in.). Doors on accessi-
ble stalls should generally swing out, not in, with spe-
cific amounts of room on the push and pull sides of
doors.

The ADA requires that all restrooms, even if only
partially accessible, be fully accessible to the public, with
adequate door width and turning space for a wheelchair.
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Figure 14-1 Accessible toilet stall: front approach.

A single toilet facility is usually required to be accessi-
ble or at least adaptable to use by a person with dis-
abilities. A door is not allowed to impinge on the fix-
ture clearance space, but can swing into a turn circle.
The ADA also regulates accessories such as mirrors, med-
icine cabinets, controls, dispensers, receptacles, disposal
units, air hand dryers, and vending machines. The
heights of light switches and electrical receptacles are
also specified. Where nonaccessible toilets already exist,
it may be possible to add a single accessible unisex toi-
let rather than one per sex.

The ADA requires a minimum of one lavatory per
floor to be accessible, but it is not usually difficult to
make them all usable by everyone. An accessible lava-
tory has specific amounts of clear floor space leading to
it, space underneath for knees and toes, covered hot
water and drain pipes, and lever or automatic faucets.
The ADA lists requirements for clearance and height.

The number of required plumbing fixtures must be
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Figure 14-2 Accessible toilet stall: side approach.
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front.



calculated in new construction, in building additions,
and when an occupancy classification changes. The
number of required fixtures is based on the total num-
ber of occupants within the building or space. Typically,
each floor requires a minimum of one toilet or rest-
room. Some tenant facilities may require their own toi-
let facilities, which can then be deducted from the to-
tal building requirements. The fixtures that may be
required include water closets and lavatories, urinals,
drinking fountains, bathtubs, showers, and washing ma-
chines. The NPC and UPC base the number of occu-
pants on the occupant load used by the building code.
The SPC requires a separate calculation. Code require-
ments are minimal, and buildings where many people
may want to use the restrooms at the same time may
want to install additional facilities.

Urinals may be required in some male restrooms
depending upon the occupancy. Schools, restaurants,
lounges, transportation terminals, auditoriums, the-
aters, and churches may have specific requirements. Fa-
cilities that tend to have heavy male restroom use, such
as bars, often install additional urinals beyond the fix-
tures required by code.

Some occupancies with limited square footage and
minimal numbers of occupants, such as small offices,
retail stores, restaurants, laundries, and beauty shops,
are permitted to have one facility with a single water
closet and lavatory for both men and women. These fa-
cilities must be unisex and fully accessible. Adjustments
may be made for facilities used predominantly by one
sex if the owner can provide satisfactory data to the code
officials.

In larger buildings, fixtures may be grouped to-
gether on a floor if maximum travel distances are within
the limits established by code. Employee facilities can
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be either separate or included in the public customer fa-
cilities. It is common to share employee and public
facilities in nightclubs, places of public assembly, and
mercantile buildings.

Wherever there are water closets, there must be lava-
tories. However, lavatories are not required at the same
ratio as toilets. Large restrooms usually have more water
closets than lavatories.

DRINKING FOUNTAINS

Drinking fountains are not permitted in toilet rooms or
in the vestibules to toilet rooms, but are often located in
the corridor outside. One drinking fountain (water
cooler) is typically required for each 75 occupants. In
multistory buildings, each floor must have its own foun-
tain. The ADA requires that one drinking fountain per
floor be accessible. If there is only one fountain on a floor,
it must have water spigots at wheelchair and standard
heights. Where there are multiple drinking fountains on
a floor, typically half must be accessible. Accessible foun-
tains have controls on the front or side for easy opera-
tion, and require clear floor space for maneuvering a
wheelchair. Cantilevered models require space for a front
approach and minimum knee space. Freestanding mod-
els require floor space for a parallel approach.

Drinking fountains are available with filter systems
that remove lead, chlorine, and sediment from the water,
and remove cysts, such as cryptosporidium and Giardia
as well. They use a quick-disconnect cartridge, and may
have an optional audible filter monitor to indicate when
the filter needs to be changed. Safety bubblers flex on
impact to prevent mouth injury.
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Throughout history, people have coped with cold
weather by putting on more clothes, finding a warm
place, and heating their immediate surroundings with
whatever energy sources were available. Over time, our
tolerance for a range of indoor temperatures that
changes with the seasons has become more limited. Un-
til the 1920s, most people preferred indoor tempera-
tures around 20°C (68°F) in winter, and tolerated higher
temperatures during the summer. People would save the
cost of expensive energy in winter by wearing warmer
clothes. Between 1920 and 1970, energy for heating and
cooling became less expensive, and people developed a
preference for year-round indoor temperatures in the
range of 22°C to 25.5°C (72°F-78°F).

Each of us has our own preferred temperature that
we consider comfortable. Most people’s comfort zone
tends to be narrow, ranging from 18°C to 24°C (65°F
to 76°F) during the winter. Our body’s internal heating
system slows down when we are less active, and we ex-
pect the building’s heating system to make up the dif-
ference. The design of the heating system and the qual-
ity of the heating equipment are major elements in
keeping the building comfortable. Air movement and
drafts, the thermal properties of the surfaces we touch,
and relative humidity also affect our comfort. The inte-
rior designer should be aware of the impact of the heat-
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ing system components on the interior design, and on
the comfort of the client.

Our bodies are always giving off heat. We vary in-
dividually in the amount of heat we produce and retain
in our bodies. The complex physical and chemical pro-
cesses involved in the maintenance of life are called our
metabolism. The rate at which we generate heat is called
our metabolic rate. Some people perspire more than
others, and perspiration helps carry heat away from the
body. The amount of insulating fat under our skin, and
the ratio of skin surface area to body volume also make
a difference; thinner people stay cooler than fatter peo-
ple. Certain areas of our bodies are more sensitive to
heat and cold than others. Our fingertips, nose, and el-
bows have the most heat receptors. Our upper lip, nose,
chin, chest, and fingers are the areas most sensitive to
cold. The temperature in the fingertips is usually in the
high twenties in degrees Celsius (high eighties in de-
grees Fahrenheit).

When we are able to give off heat and moisture at
a rate that maintains a stable, normal body temperature,
we achieve a state of thermal comfort. Thermal comfort
is the result of a balance between the body and its
environment.

We can control our thermal comfort by becoming
more active or less active, thereby speeding up or slow-
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ing down our metabolism, by wearing lighter or heav-
ier clothing, by moving to a warmer or cooler place, or
by consuming warm or cold foods. Psychological fac-
tors also influence our thermal comfort. We associate
colors as being warm or cool. Smooth or airy textures
suggest coolness, and fuzzy ones imply warmth. The
sound of water or a breeze makes us feel cooler, while
just hearing the furnace come on may help us feel
warmer. We may associate bright, glaring light with heat,
and shade with cooling. The movement of leaves inti-
mates a cooling breeze, and the rattle of a window on
a winter day incites chilly thoughts. Odors often create
subconscious associations with environmental temper-
atures, such as tropical floral smells or smoky sandal-
wood. These conditions may or may not be accompa-
nied by actual warmth or cooling, but psychologically
contribute to our thermal sensations.

HOW BUILDINGS SUPPORT
THERMAL COMFORT

We use both the heating and cooling systems of build-
ings to control how much heat our bodies give off. Heat-
ing systems do not usually actually raise body tempera-
ture directly, but adjust the thermal characteristics of the
indoor space to reduce the rate at which our bodies lose
heat. Cooling and air-conditioning systems help the
body to cool more rapidly when the weather is hot. En-
gineers refer to heating, ventilating, and air condition-
ing systems and equipment with the acronym HVAC.

Men and women perceive temperatures differently.
Men generally feel warmer than women when first in a
room of a certain temperature, but later on feel cooler
than a woman would. It takes a man about one to two
hours to feel as warm or cold as a woman does in the
same space. This probably accounts for the ongoing
thermostat battles in many households. People at work
don’t seem to experience any preference between the
temperatures they consider comfortable during the day
or at night. Each individual has his or her own tem-
perature sensitivities, but has consistent preferences
from day to day. The same person in the same clothes
will have different thermal requirements depending
upon whether they are exercising vigorously, digesting
a heavy meal, or sleeping. No matter what the temper-
ature is in a space, some occupants will probably be dis-
satisfied.

The American Society of Heating, Refrigeration, and
Air-Conditioning Engineers (ASHRAE) has published
Standard 55-1992, Thermal Environmental Conditions for

Human Occupancy, which describes the combinations of
indoors space conditions and personal factors that cre-
ate comfort. They looked at experimental conditions to
find which combinations were acceptable to at least 80
percent of the occupants of a space. These results are
based on 60 percent relative humidity, no drafts, and
an activity level typical of miscellaneous office work.
They reported that our sense of being warm or cool
enough is a result of interactions between the tempera-
ture, thermal radiation, humidity, air speed, personal ac-
tivity level, and clothing. Building occupants in typical
winter clothing prefer indoors temperatures between
20°C and 24°C (68°F-74°F). When dressed in summer
clothes, they prefer 23°C to 26°C (73°F-79°F) temper-
atures. The recommended temperature for more than
one hour of a sedentary occupation is 17°C (65°F) or
higher.

Since the ideal thermal conditions vary with each
person and seasonally, we can only try to satisfy the ma-
jority of people. Where people remain in one location
for long periods of time, as in an airplane, a theater, an
office, or a workshop, we can try to give each person
control over at least one element of thermal comfort. In
airplanes, we have individual air vents. Small operable
windows or electric heaters can help people at work. Al-
lowing people to dress for comfort also helps. By de-
signing interiors with a variety of conditions within one
space, people can move to the area in which they are
most comfortable. Sunny windows and cozy fires offer
many degrees of adjustment as a person moves closer
or farther away.

Our bodies become used to seasonal temperature
changes. In the summer, our bodies adjust to higher out-
door temperatures. When we go into an air-conditioned
interior, it takes some time for us to readjust to the lower
temperatures and lower humidity. After we are in a space
for a long time, as at an office where we work, the body
adjusts to the conditioned interior environment. Interi-
ors that are designed for short-term occupancy, such as
stores or lobbies, should try to maintain a relatively
warm, dry climate in the summer, so that our perspira-
tion rate doesn’t change dramatically when we come in
from hot outdoor weather. In many commercial facili-
ties, the HVAC system designer must compromise be-
tween the long-term needs of the employees and the
short-term preferences of the more transient customers.
Restaurants pose a special case. Although we tend to stay
in a restaurant for a short period, our metabolic rate is
increased when we digest food. Consequently, a restau-
rant dining room may require cooler temperatures and
more humidity to balance the extra heat generated by a
roomful of diners.



Restaurant designers know that the window seats are al-
ways the most popular. When Yumi visited the site for
her new project the first time, she noticed that the small
retail space destined to become a restaurant had metal-
framed windows all across the front wall from floor to
ceiling. The windows faced south, and customers would
roast in the full sun all summer. To make matters worse,
the local building commission would not allow exterior
awnings that could provide some shade. The heating
was supplied from ceiling registers, so in the winter, the
windows would be cold.

Yumi started by selecting wood horizontal blinds
for the window that would be left in the open (but
down) position most of the time. The blinds blocked

The temperatures inside a building are affected by
the outdoor air conditions on the exterior envelope of
the building. The heat of the sun warms buildings both
directly and by reradiating from the warmed earth.
Warm air enters buildings through windows, doors, and
the building’s ventilation system. In the winter, the tem-
peratures of building structures and contents tend to be
lower than in summer at the perimeter and in the top
floors of a building, where most heat is lost. The op-
posite is true in the summer, with the outside sun and
high air temperatures having the greatest influence at
the perimeter.

We generally feel uncomfortable when more heat
radiates toward us from one direction than from the op-
posite direction, making us hot on one side and cool
on the other. Most people find heat coming from the
ceiling to be annoying, and prefer cool walls and ceil-
ings. In most rooms, the rising of warm air results in
higher temperatures at the ceiling than at the floor. We
are more tolerant of greater temperature differences
within the room when the air at the level of our heads
is cooler than the air at the floor, so air-conditioning
systems generally try to target the upper body zones.
People also like warm, sunny walls in the winter, al-
though they may prefer cooler walls at other times.

The heat given off by a building’s occupants—their
metabolic heat—affects temperatures in buildings. The
heat of the people in crowded auditoriums, full class-
rooms, and busy stores warms these spaces. Cooking,
laundry, bathing, lighting, and electrical equipment in-
cluding computers are other sources of heat generation
within a building. Small residential buildings usually
gain less heat internally than larger office or factory
buildings housing many people and lots of equipment.
Such small buildings may need to turn on their heating
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the sun’s glare, while still letting the customers see out.
Even more importantly, with the lights on inside at
night, people passing by would be able to see into the
restaurant, all the way to the back wall.

Next, Yumi designed an upholstered banquette
along the windows to create a cozy seating alcove. The
back of the banquette blocked the lower part of the
windows, and kept both hot sun and drafts at bay. The
back of the banquette was exposed to the window.
Yumi commissioned a commercial artist to paint this
surface in a design that warmed up the outside facade
of the restaurant. This gave potential customers a
glimpse of the interior design scheme. Problems
solved!

systems sooner than larger buildings as outdoor tem-
peratures fall.

Heat leaves buildings when heated air is exhausted
or leaked to the outdoors. The building’s materials also
conduct heat to the outdoor air. Additional heat is ra-
diated to cooler surfaces outdoors, and carried out with
heated water into the sewers.

PRINCIPLES OF HEAT TRANSFER

In order to understand the work and priorities of me-
chanical engineers, we need to become familiar with the
principles of heat transfer. One way to look at how heat
moves from one place to another is to think of it as the
energy of molecules bouncing around. Heat is trans-
ferred from one thing to another when the bouncing of
the molecules causes nearby, less active molecules to
start moving around too. The motion that is transferred
from one bunch of molecules to another also transfers
heat from the more excited group of molecules to the
less excited group. A cold area is just an area with qui-
eter molecules, and therefore with less thermal energy.
A warm area is one with livelier molecules. As long as
there is a temperature difference between two areas, heat
always flows from a region of higher temperature to a
region of lower temperature, which means that it flows
from an area of active movement to one of less move-
ment. This tendency will decrease the temperature and
the amount of activity in the area with higher temper-
ature, and increase temperature and activity in the area
with the lower temperature. When there is no difference
left, both areas reach a state of thermal equilibrium, and
the molecules bounce around equally.
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The greater the difference between the temperatures
of the two things, the faster heat is transferred from one
to another. In other words, the rate at which the amount
of molecular activity is decreased in the more active area
and increased in the quieter area is related to the
amount of temperature difference between the two ar-
eas. Some other factors are also involved, such as con-
ditions surrounding the path of heat flow and the re-
sistance to heat flow of anything between the two areas.

Heat energy is transferred in three ways: radiation,
conduction, and convection. We investigate each of
these, along with evaporation, in upcoming sections.

HEAT TRANSFER AND THE
BUILDING ENVELOPE

How much heat the building envelope—the construc-
tion that separates the interior spaces from the outside
environment—gains or loses is influenced by the con-
struction of the outside of the building envelope, along
with the wind velocity outside the building. Each layer
of material making up the building’s exterior shell con-
tributes some resistance to the flow of heat into or out
of the building (Fig. 15-1). The amount of resistance de-
pends on the properties and thickness of the materials
making up the envelope. Heavy, compact materials usu-
ally have less resistance to heat flow than light ones.
Each air space separating materials in the building en-
velope adds resistance as well. The surface inside the
building also resists heat flow by holding a film of air
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Figure 15-1 Insulated wall.

along its surface. The rougher the surface is, the thicker
the film and the higher the insulation value. Think of
how a very thick fur coat creates a rough insulating sur-
face that traps a lot of air around the person wearing it.

Warmer air moving around with cooler air creates
a gentle motion in otherwise still air within a room.
This results in the flow of room air in contact with the
inside surface of the building envelope.

Walls and roofs don’t usually have uniform thermal
resistance across their surfaces. Some parts, such as fram-
ing members and structural ties in metal and masonry
construction, transmit heat more rapidly than others.
These elements that conduct heat quickly are called ther-
mal bridges. Thermal bridges increase heat loss signifi-
cantly in an otherwise well-insulated assembly. Metal
studs can also create thermal bridges. When a thermal
bridge exists in a ceiling or wall, the cooler area can at-
tract condensation, and the water can stain the interior
finish. Cooler areas of the interior surface collect a
thicker layer of dust because of the higher electrostatic
charge that they carry in dry air. In cold weather, con-
densation or frost can form on interior surfaces of ther-
mal bridges. To avoid this, insulated masonry systems
use ties made of fiber composite materials with less ther-
mal conductivity than steel.

The easiest way to control the transfer of heat
through a building envelope is to control heat transfer
within the building envelope itself. You can increase
thermal resistance by adding insulation or reflective
sheets, or by creating more air spaces. The thickness of
the air space is not usually critical, but the number of
air spaces makes a difference. Highly efficient insulation
materials, like fiberglass batt insulation, which hold
multiple air spaces within their structure, are better than
empty air spaces alone. High levels of insulation main-
tain comfortable interior temperatures, control con-
densation and moisture problems, and reduce heat
transmission through the envelope.

Structural insulated panels (SIPs) are now available
in a wide variety of structural surfaces and interior in-
sulation type and thickness. A single factory-built panel
replaces site-built framing, and thermal performance is
considerably improved because no framing members
penetrate the insulated core. The typical SIP consists of
two structural surfaces, often oriented-strand board
(OSB), enclosing a core of either expanded polysty-
rene or polyisocyanurate foam between 15 and 30 cm
(6-12 in.) thick. Panels are connected with plywood
splines or shiplap joints that don't break the insulating
layer, and their uniform thickness and construction re-
sult in sound walls without the voids common in wood
framing.



So-called super insulated buildings are designed to
eliminate the need for a central heating system. By us-
ing state-of-the-art energy conservation practices, little
heat is lost through the building envelope, and the heat
generated by cooking, appliances, lighting, and the oc-
cupant’s bodies is sufficient to heat the building. A
building with enough insulation and the ability to store
heat well can hold a comfortable temperature overnight
without additional heating. Some additional heat is
usually still required to warm the building up in the
morning after a cold winter night.

RADIATION

As mentioned above, the movement of energy from
more active (warmer) areas to less active (cooler) areas
occurs through radiation, conduction, and convection.
The first of these, radiation, occurs when heat flows in
electromagnetic waves from hotter surfaces through any
medium, even the emptiness of outer space, to detached
colder ones. With conduction, heat is transferred by con-
tact directly from the molecules of warmer surfaces to
the molecules of cooler surfaces. In convection, mole-
cules of cooler air absorb the heat from warmer surfaces
and then expand in volume, rise, and carry away the
heat energy. Let's look at radiation first.

The internal energy that sets molecules vibrating
sets up electromagnetic waves. Electromagnetic energy
comes in many forms, including cosmic-ray photons,
ultraviolet (UV) radiation, visible light, radio waves,
heat, and electric currents, among others. Infrared (IR)
radiation is made up of a range of longer, lower fre-
quency wavelengths between shorter visible light and
even longer microwaves. The sun’s heat is mostly in
wavelengths from the shorter, and hotter, end of IR
radiation.

Infrared radiation is an invisible part of the light
spectrum, and behaves exactly like light, that is, IR radi-
ation travels in a straight line, doesn’t turn corners, and
can be instantly blocked by objects in its path. You can
visualize whether radiated energy will be spread to or
blocked from an object by checking whether the source
object can “see” the other object through a medium that
is transparent to light (air, a vacuum). Breaking the line
of sight breaks the transmission path. For example, you
will feel the radiated heat from a fireplace if you are sit-
ting in a big chair facing the fire, but if you are behind
the chair, the heat will be blocked (Fig. 15-2).

Your work as an interior designer can have a direct
effect on how radiant heat is distributed in a space.
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Figure 15-2 Radiation.

Buildings get heat in the shorter IR wavelengths directly
from the sun. Buildings also receive thermal radiation
from sun-warmed earth and floors, warm building sur-
faces, and even contact with human skin, all of which
emit irradiation at much lower temperatures and at
longer wavelengths. Radiation warms our skin when the
sun strikes it, or when we stand near a fire. When we
stand near a cold wall or under a cool night sky, radia-
tion cools our skin. A cold window in a room usually
has the greatest effect of draining radiated heat away
from our bodies, making us feel colder. Closing the
drapes blocks the heat transfer, and helps keep us warm.

Infrared electromagnetic waves are what emanate
from an object and carry energy to all bodies within a
direct line of sight of that object. The electromagnetic
waves excite the molecules in the objects they hit, in-
creasing the internal energy, and thereby raising the tem-
perature. All objects give off heat in the form of IR elec-
tromagnetic radiation, and they all receive radiation
from surrounding objects. When objects are close in
temperature, the transfer of heat from the warmer to the
cooler will be relatively slower than if there was a great
difference in temperature. If two objects are at the same
temperature, they will continue to radiate to each other,
but no net exchange of heat takes place.

When electromagnetic waves contact an object or a
medium, they are either reflected from the surface, ab-
sorbed by the material, or transmitted through the ma-
terial. Different materials transmit some wavelengths of
electromagnetic radiation, and reflect or absorb others.
Materials that reflect visible radiation (light), such as
shiny, silvered, or mirrored surfaces, also reflect radiant
heat. Glass is transparent to visible light and to radiant
energy from the hot sun, but is opaque to wavelengths
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of thermal radiation released by objects at normal earth
temperatures. That is why the sun warms plants inside
a glass greenhouse, but the heat absorbed and reradi-
ated by the plants and soil can't escape back out through
the glass, a situation known as the greenhouse effect.
Radiation is not affected by air motion, so a breeze
doesn’t blow away the sunlight that pours down on your
sunburned back at the beach.

How Building Materials Radiate Heat

The ways that building materials interact with the ther-
mal radiation that reaches them is of great importance
to designers. Three properties that describe these inter-
actions with radiant heat are reflectance, absorptance,
and emittance. Each of these can be influenced by the
interior design of a space.

Reflectance (Fig. 15-3) refers to the amount of in-
coming radiation that bounces off a material, leaving
the temperature of the material unchanged. If you think
of radiant heat acting like visible light, a heat-reflective
material is similar to a mirror. The electromagnetic
waves bounce off the reflective material and don't enter
it, so its temperature remains the same. New white paint
will reflect 75 percent of the IR radiation striking it, as
will fresh snow.

Absorptance (Fig. 15-4) is just the opposite of re-
flectance. An absorptive material allows thermal energy
to enter, raising its temperature; when the sun shines on
a stone, the stone becomes warmer. All the radiant en-

Figure 15-3 Reflectance.
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Figure 15-4 Absorptance.

ergy that reaches a material is either absorbed or re-
flected. Dark green grass will absorb about 94 percent of
the IR radiation shining down on it. Clean asphalt and
freshly tilled earth will both absorb about 95 percent.

The color of a building’s surroundings and surfaces
influences how much radiation is reflected, and how
much is absorbed. A building painted white reflects
about three-quarters of the sun’s direct thermal radia-
tion, but only about 2 percent of the longer wavelength
IR radiation that bounces back onto it from its sur-
roundings. The less intense radiation from the sur-
rounding area tends to get absorbed by the building.
For example, the heat bouncing back onto a building
from a light-colored concrete parking lot outside is rel-
atively likely to be absorbed by the building.

Once a stone has absorbed the sun’s heat during the
day, it will radiate that stored heat out to cooler sur-
rounding objects through the night air. This ability of a
material to radiate heat outward to other objects is
called emittance (Fig. 15-5). The amount of energy
available for emittance depends upon the amount ab-
sorbed, so a highly reflective material would have less
absorbed energy to emit.

Black surfaces absorb and then emit the sun'’s heat.
Sun-heated lawns and pavements emit almost as much
heat to the building as if these surfaces were painted black.
A building with a bright metallic exterior reflects most of
the radiation emitted from the earth back out into space.

Materials can emit radiation only through a gas that
is transparent to IR wavelengths (or light waves) or



Figure 15-5 Emittance.

through a vacuum. They can't radiate heat if they are
sandwiched tightly between other layers of construction
materials. Metal foils are good heat conductors, but
work as a mirror-like insulation to prevent radiation
from being emitted when there is a space with air on
one or both sides. Metal foils are often used inside walls.
In cold climates, they are installed facing the warmer in-
terior, to keep heating energy indoors. In hot climates,
they are used facing the sunny outside to keep the build-
ing from heating up.

Mean Radiant Temperature and
Operative Temperature

The air temperature alone doesn’t adequately measure
comfort in a space. Especially in spaces that use passive
solar heating or passive cooling techniques, radiant tem-
perature or air motion may be more important in cre-
ating comfort. If you are losing a lot of body heat to a
cold surface nearby, you will feel chilly, even if the air
temperature is acceptably high.

To try to take such conditions into account, engi-
neers sometimes use a calculation called the mean ra-
diant temperature (MRT) that measures the temperature
of each surface in a space and determines the specific
spot in the space where the MRT is to be measured. The
calculation takes into account how much heat each sur-
face emits, and how the surface’s location relates to the
point where the MRT is being measured. The MRT is de-
rived by a detailed analysis and complex calculations.

A more useful measurement for determining ther-
mal comfort is the operative temperature, which can be
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measured physically and doesn't involve difficult calcu-
lations. The operative temperature is essentially an av-
erage of the air temperature of a space and the average
of the various surface temperatures surrounding the
space.

Engineers use the MRT or operative temperature to
help determine the amount of supplementary heating or
cooling needed in a space. In winter, when the surfaces
surrounding you are warm, the air temperature can be
somewhat lower without your feeling chilled. In summer,
buildings that have thick, massive walls, such as adobe
houses, are likely to have cool interior surfaces, helping
you keep comfortable even at higher air temperatures.

Heating Floors and Ceilings

A building’s heating system can warm very large surfaces
such as floors and ceilings by heating them to a few de-
grees above the skin temperature of your body. A cold
floor gives a chill to a room, and a warm floor welcomes
bare feet and a cozy feeling. The disadvantage to heat-
ing the room through heating the floor is that you can’t
provide enough heat to warm your body without pro-
ducing hot feet. In addition, furniture blocks radiant
heat to the upper body, and carpets reduce the floor’s
effectiveness as a heat source. Floors tend to be slow to
react to changes in the demand for heat, and repair can
be messy and expensive.

Systems for heating ceilings can be run at higher
temperatures than those for floors, as we don’t usually
come in contact with ceilings. Repair and maintenance
are easier, and ceilings react fairly quickly to changing
demands for heat, as they usually have a lower mass
than floors. However, air movement doesn’t do a good
job of bringing warm air downward from a ceiling, and
legs and feet blocked from radiant heat by furniture may
be too cold.

Small surfaces like electric filaments, gas-heated ce-
ramic tiles, metal stoves, or fireplaces, when heated to
temperatures hundreds of degrees above skin tempera-
ture, also radiate heat. Small, high-temperature IR
heaters have reflectors to focus the heat. They are good
for producing heat instantly and beaming it to where it
is needed, and are used in large industrial buildings and
outdoors. Small focused sources are more efficient than
open fires or stoves, which radiate heat in all directions.
The heat from these small sources feels pleasant to bare
skin, and they are sometimes used in swimming pool
areas, shower rooms, and bathrooms.

Creating cold surfaces is not a very successful way
to make a space feel cooler, as even a moderately cold

o
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surface is moist and unpleasant in humid summer
weather. This is why we don’t usually actively cool ceil-
ings and floors. Alternatives that work better are shad-
ing and insulating roofs, walls, and windows from the
summer sun, and using highly reflective surface coat-
ings on these external surfaces where practical. By using
materials in the interior that heat up and cool down
slowly, we can retain cool temperatures throughout the
day. By opening the building to the sky at night, we can
allow heat to radiate back to the cool night sky.

Averages of the surface temperatures and air tem-
perature in a room don't tell the whole story. We may
be in a room with a comfortable average air tempera-
ture, but be very hot on one side from a fireplace, and
very cool on the other side facing an open window. The
room'’s heat may be mostly up by the ceiling, leaving
our feet down on the floor cold. The distribution of
heated surfaces may be uneven, and large cold windows
and uninsulated walls may radiate heat outside so rap-
idly that we feel chilly even in a room with a warm air
temperature.

CONDUCTION

Conduction (Fig. 15-6) is the flow of heat through a
solid material, as opposed to radiation, which takes
place through a transparent gas or a vacuum. Molecules
vibrating at a faster rate (at a higher temperature) bump
into molecules vibrating at a slower rate (lower tem-
perature) and transfer energy directly to them. The mol-

Figure 15-6 Conduction.

ecules themselves don't travel to the other object; only
their energy does. When a hot pan comes in contact
with our skin, the heat from the pan flows into our skin.
When the object we touch is cold, like an iced drink in
a cold glass, the heat flows from our skin into the glass.
Conduction is responsible for only a small amount of
the heat loss from our bodies. Conduction can occur
within a single material, when the temperature is hot-
ter in one part of the material than in another.

CONVECTION

Convection (Fig. 15-7) is similar to conduction in that
heat leaves an object as it comes in contact with some-
thing else. In the case of convection, the transfer of heat
happens by means of a moving stream of a fluid (liquid
or gas) rather than another object. Our skin may be
warmed or cooled by convection when it is exposed to
warm or cool air passing by it. The air molecules pass by
the molecules on the surface of our skin and absorb heat,
and we feel cooler. The same thing happens when we
run cold water over our skin. The amount of convection
depends upon how rough the surface is, its orientation
to the stream of fluid, the direction of the stream’s flow,
the type of fluid in the stream, and whether the flow is
free or is forced. When there is a large difference between
the air temperature and the skin temperature, plus more
air or water movement, more heat will be transmitted by
convection.

Convection can also heat, as well as cool. A hot bath
warms us thoroughly as the heat from the water is trans-

Figure 15-7 Convection.



ferred by convection to our skin. Hot air from a room's
heating system flowing past us will also warm our skin.

EVAPORATION

Evaporation (Fig. 15-8) is a process that results from the
three types of heat transfer (radiation, conduction, and
convection). When a liquid evaporates, it removes a
large quantity of heat from the surface it is leaving. For
example, when we sweat, and the moisture evaporates,
we feel cooler as some of the heat leaves our body. In
order to understand evaporation, we need to look at the
difference between latent and sensible heat. This will
also be helpful later on in understanding how air-
conditioning works.

The kind of heat we have been talking about up to
now that comes from the motion of molecules is known
as sensible heat. Sensible heat is a term to describe how
excited the molecules of a material get due to radiation,
the friction between two objects, a chemical reaction, con-
tact with a hotter object, and so forth. Every material has
a property called specific heat, which is how much the
temperature changes due to a given input of sensible heat.

Figure 15-8 Evaporation.
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Latent heat is heat that is transferred when a mate-
rial changes from a solid to a liquid or from a liquid to
a gas, or the other way around. So, where sensible heat
is all about the motion of molecules, latent heat de-
scribes the structure of the molecules themselves. The
latent heat of fusion is the heat needed to melt a solid
object into a liquid. The latent heat of vaporization is
the heat required to change a liquid into a gas. When a
gas liquefies (condenses) or a liquid solidifies, it releases
its latent heat. For example, when water vapor con-
denses, it gives off latent heat. The same thing happens
when liquid water freezes into ice. The ice is colder than
the water was because it gave off its latent heat to its
surroundings.

Our bodies contain both sensible heat and latent
heat. A seated man at rest in a 27°C (80°F) environ-
ment gives off about 53 watts (180 Btu) per hour of
sensible heat as the warm molecules in his body
bounce around. (A watt is a unit of power, and is ab-
breviated W. A Btu—British thermal unit—is another
way to measure a unit of power. One watt is equal to
3.43 Btu.) This same fellow will simultaneously give
off 44 W (150 Btu) per hour of latent heat when he
perspires and the water changes from a liquid to a gas,
for a total of about 97 W (330 Btu). You can visual-
ize this amount of heat as that produced by an ordi-
nary 100-W electrical lightbulb.

Evaporative cooling takes place when moisture
evaporates and the sensible heat of the liquid is con-
verted into the latent heat in the vapor. We lose the water
and its heat from our bodies, and we feel cooler. Adding
humidity to a room will decrease evaporative cooling,
and is a useful technique for healthcare facilities and el-
derly housing, where people may feel cold even in a
warm room.

Air motion increases heat loss caused by evapora-
tion, which is why a fan can make us feel more com-
fortable, even if it does not actually lower the tempera-
ture of the room. This sensation is called effective
temperature, producing apparently higher or lower tem-
peratures by controlling air moisture without actually
changing the temperature of the space.

Air Temperature and Air Motion

Air motion may be caused by natural convection, be me-
chanically forced, or be a result of the body movements
of the space’s occupants. The natural convection of air
over our bodies dissipates body heat without added air
movement. When temperatures rise, we must increase
air movement to maintain thermal comfort. Insufficient
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air movement is perceived as stuffiness, and air strati-
fies, with cooler air near the floor and warmer air at the
ceiling.

A noticeable amount of air movement across the
body when there is perspiration on the skin is experi-
enced as a pleasant cooling breeze. When surrounding
surfaces and room air temperatures are 1.7°C (3°F) or
more below the normal room temperature, we experi-
ence that same air movement as a chilly draft. Our necks,
upper backs, and ankles are the most sensitive to chills.
This accounts for the popularity of scarves, sweaters, and
socks in the winter.

When the moving air stream is relatively cooler than
the room air temperature, its velocity should be less than
the speed of the other air in the room to avoid the sen-
sation of a draft. Air velocities between 3 and 15 meters
per minute or mpm (between 10 and 50 ft per minute
or fpm) are generally comfortable. We sense a 2°C (1°F)
for each 4.6 mpm (15 fpm) increase above a velocity of

9.2 mpm (30 fpm). Air motion is especially helpful for
cooling by evaporation in hot, humid weather.

Air Temperature and
Relative Humidity

Relative humidity (RH) is the ratio of the amount of
water vapor actually present in air to the maximum
amount that air could hold at the same time, expressed
as a percentage. Hot air temperature and high RH are
very uncomfortable. The higher the RH of a space, the
lower the air temperature should be. RH is less critical
within normal room temperature ranges.

High humidity can cause condensation problems.
Humidity below 20 percent can create a buildup of static
electricity and can dry out wood in furniture and inte-
rior trims.
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Thermal capacity is the ability of a material to store heat,
and is roughly proportional to a material’s mass or its
weight. A large quantity of dense material will hold a
large quantity of heat. Light, fluffy materials and small
pieces of material can hold small quantities of heat.
Thermal capacity is measured as the amount of heat re-
quired to raise the temperature of a unit (by volume or
weight) of the material one degree. Water has a higher
thermal capacity than any other common material at or-
dinary air temperatures. Consequently, the heat from
the sun retained by a large body of water during the day
will only gradually be lost to the air during the cooler
night. This is why, once a lake or ocean warms up, it
will stay warm even after the air cools off.

THERMAL MASS

Masses of high thermal capacity materials heat up more
slowly and release heat over a longer time. A cast iron
frying pan takes a while to heat up, but releases a nice
even heat to the cooking food, and stays warm even
when off the burner.

Materials with high thermal capacity have low ther-
mal resistance. When heat is applied on one side of the
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material, it moves fairly quickly to the cooler side until
a stable condition is reached, at which time the process
slows down.

Brick, earth, stone, plaster, metals, and concrete all
have high thermal capacity. Fabrics have low thermal ca-
pacity. Thin partitions of low thermal capacity materi-
als heat and cool rapidly, so the temperature fluctuates
dramatically; a tin shack can get very hot in the sun and
very cold at night. Insulating materials have low ther-
mal capacity since they are not designed to hold heat;
they prevent heat from passing through them by incor-
porating lots of air spaces between their thin fibers.

Massive constructions of materials with high ther-
mal capacity heat up slowly, store heat, and release it
slowly. Think of how a brick or stone fireplace works.
The effect is to even out the otherwise rapid heat rise
and fall of temperatures as the fire flares and dies.
Masses of masonry or water can store heat from solar
collectors to be released at night or on cloudy days.

A portion of a room’s operative temperature can be
composed of radiant energy stored in thermal mass. This
allows changes in the room's air temperature to be
evened out over time. When the air temperature of a
room normally kept at 21°C (70°F) is allowed to drift
down to 10°C (50°F) for the night, the room’s opera-
tive temperature gradually follows down to 10°C as well.
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If the air temperature is rapidly brought back up to 21°C,
the operative temperature rises back up more gradually.
The resulting lag in heating or cooling depends upon
the amount of mass in the room, and its ability to give
off or take on heat. The effect may take a few hours to
work, or even more. This thermal lag can help moder-
ate changes and is useful in passive solar design, but
may also mean that the room won't heat back up to the
desired level fast enough. Heating or cooling the room’s
air temperature more than the usual amount can com-
pensate for this slow change in temperature during
warm-up or cool-down periods.

High thermal mass materials can be an integral part
of the building envelope, or may be incorporated into
the furnishings of the space. For maximum benefit, they
must be within the insulated part of the building. The
building’s envelope will store heat if it has a large
amount of mass. This will delay the transmission of heat
to the interior, resulting in a thermal lag that can last
for several hours or even for days; the greater the mass,
the longer the delay. Where thermal mass is used inap-
propriately, excessively high temperatures or cooling
loads may result on sunny days, or insufficient storage
may occur overnight.

The choice of whether or not to use high quantities
of thermal storage mass depends on the climate, site,
interior design conditions, and operating pattern of the
building. High thermal mass is appropriate when out-
door temperatures swing widely above and below the
desired interior temperature. Low thermal mass is a bet-
ter choice when the outside temperature remains con-
sistently above or below the desired temperature.

Heavy mud or stone buildings with high thermal
mass work well in hot desert climates with extreme
changes in temperature from day to night (Fig. 16-1).
The hot daytime outdoor air heats the exterior face of
the wall, and migrates slowly through the wall or roof
toward the interior. Before much of the heat gets to the
interior, the sun sets and the air cools off outside. The
radiation of heat from the ground outside to the sky
cools the outdoor air below the warmer temperature of
the building exterior, and the warm building surfaces
are then cooled by convection and radiation. The result
is a building interior that is cooler than its surround-
ings by day, and warmer by night.

In a hot damp climate with high night tempera-
tures, a building with low thermal capacity works best.
The building envelope reflects away solar heat and re-
acts quickly to cooling breezes and brief reductions in
air temperatures. By elevating the building above the
ground on wooden poles to catch breezes, using light
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Figure 16-1 Taos Pueblo, New Mexico, around 1880.

thatch for the roof, and making the walls from open
screens of wood or reeds, the cooling breeze keeps heat
from being retained in the building (Fig. 16-2).

In a cold climate, a building that is occupied only
occasionally (like a ski lodge) should have low thermal
capacity and high thermal resistance. This will help the
building to warm up quickly and cool quickly after
occupancy, with no stored heat wasted on an empty in-
terior. A well-insulated frame coupled with a wood-
paneled interior is a good combination.

The high thermal capacity of soil ensures that base-
ment walls and walls banked with earth stay fairly
constant in temperature, usually around 13°C to 15°C
(mid-fifties in degrees Fahrenheit) year-round. Earth-
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Figure 16-2 Treehouse in Buyay, Mount Clarence, New
Guinea.



Figure 16-3 Dugout home near McCook, Nebraska, 1890s.

bound walls are not exposed to extreme air temperatures
in cold weather (Fig. 16-3). They should be insulated to
thermal resistance values similar to the aboveground
portions of the building. Burying horizontal sheets of
foamed plastic insulation just below the soil’s surface can
minimize frost penetration into the ground adjacent to
the building.

THERMAL CONDUCTIVITY

Our sense of touch tells us whether objects are hot or
cold, but can be misleading as to just how hot or cold.
Our senses are influenced by the rapidity with which ob-
jects conduct heat to and from our body rather than by
the actual temperatures of objects (Fig. 16-4). Steel feels
colder than wood at the same temperature, as heat is
conducted away from our fingers more quickly by steel
than by wood. This sensation is very useful to interior
designers, who can specify materials that suggest warmth
or coolness regardless of their actual temperatures.

If you touch a material that conducts heat rapidly—
for example, a metal shelf that isn’t directly in the sun—
it will probably feel cool to your touch. This is because the
metal will conduct the heat from your fingertips quickly
away from your body and off into the surrounding air.
Conductivity is a measurement of the rate at which heat
will flow through a material. High conductance encour-
ages heat transfer between a solid material and the air.

Good conductors tend to be dense and durable, and
to diffuse heat readily. Smooth surfaces make better con-
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Muffin doesn't conduct
heat as well as pan

Muffin and pan are
both at same
temperature

Metal pan is
good heat
conductor

Figure 16-4 Thermal conductivity.

tact than highly textured ones, resulting in better con-
duction of heat and a cooler feeling.

THERMAL RESISTANCE

Where there is a minimal amount of air motion, a wall
surface will retain an insulating layer of air. The ability
of this insulating air layer to resist the flow of heat away
from the wall surface is called its resistance.

A good insulating material resists the conduction of
heat. The higher the thermal resistance of a part of the
building envelope is, the slower the heat loss. The bigger
the difference between the temperature inside and out-
side the building is, the faster the building gains or loses
heat. Designing a building’s walls, roofs, and floors for
the maximum amount of thermal resistance results in the
best body comfort and the most energy conservation.

Solid materials have varying amounts of thermal re-
sistance. Metals, which have very low thermal resistance,
are good conductors of heat and poor thermal insula-
tors. Masonry has moderately low resistance, and wood
has moderately high resistance. Air is the best resistor
of heat flow commonly found in buildings. If you keep
it from moving by trapping it in a loose tangle of glass
or mineral fibers, you create materials with very high
thermal resistance. The fibers themselves have poor re-
sistance to heat flow, but create resistance to air move-
ment, and thereby trap the air for use as insulation.
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When the air is disturbed, this insulating property
drops to about a quarter of its value. If air circulates
within a wall, a convective flow is created, which trans-
fers heat from warmer to cooler surfaces pretty quickly.

Glass has a low resistance to heat flow, so double
or triple glazing with air trapped in thin layers between
sheets of glass is used for a great increase in thermal re-
sistance. Increasing the thickness of the air space up to
one inch increases the resistance slightly, as the friction
between the glass surface and the air prevents convec-
tive heat flow. Spaces wider than one inch offer no ad-
ditional advantage; the wider space allows convective
currents, and the moving air is less effective.

Using a gas of lower thermal capacity than air can
increase the thermal resistance of insulated glass. Tan-
gles of glass fibers in the airspace also increase resis-
tance, but block the view and reduce the amount of light
transmitted. A thin metallic coating on the surface of
the glass facing the airspace can reduce the emittance of
the glass, and reduce the conductivity of the entire glaz-
ing assembly. Such coatings are called low emissivity
coatings, or low-e coatings.

THERMAL FEEL

Interior designers can use an awareness of how we per-
ceive the temperature of different materials to select ap-
propriate materials for projects. A wood edge on a bar
will be perceived to be warmer than a brass edge. Some
of the materials we like close to our skin—wood, car-
peting, upholstery, bedding, some plastics—feel warm
to the touch, regardless of their actual temperature. We
perceive materials to be warm that are low in thermal
capacity and high in thermal resistance, and that are
quickly warmed at a thin layer near their surfaces by our
bodies. Materials that feel cold against the body, like
metal, stone, plaster, concrete, and brick, are high in
thermal capacity and low in thermal resistance. They
draw heat quickly and for extended periods of time from
our body because of the relatively larger bulk of cooler
material.

An example of this phenomenon can be seen in the
difference between a 22°C (72°F) room, which we per-
ceive as warm, and a 22°C bath, which feels cool to us.
The air is a poor conductor of heat, and has low ther-
mal capacity, while water is the opposite. Our body gives
off heat to the 22°C air at a comfortable rate, but loses
heat rapidly to the 22°C water. Similarly, a carpeted floor
is comfortable to bare feet at 22°C, while a concrete
floor is perceived as cold.

R-VALUES

R-values measure the thermal resistance of a given ma-
terial. As we discussed above, the greater the tempera-
ture difference from one side of a material to the other,
the faster the heat will flow from the warmer side to the
cooler side. To determine the R-value of a material,
testers set up an experimental situation where heat flows
through a unit of the material at the rate of one heat
unit per hour. When this condition is established, the
temperature on each side of the material is measured,
and the R-value is an expression of that difference in
temperature. R-values are used for comparing the effec-
tiveness of solid materials as insulators, and refer to the
material’s resistance to heat flow.

The materials and construction assemblies used in
a building’s envelope affect its R-value. Different build-
ing shells vary in their ability to block heat transmis-
sion, depending upon the way they are constructed and
the materials from which they are made. The structure’s
orientation to the sun and exposure to strong winds also
influence the amount of heat that will pass through the
barrier. By knowing the building’s R-value, along with
the desired indoor temperature and outdoor climate
conditions, you can estimate the building envelope’s
ability to resist thermal transfer and to regulate indoor
conditions for thermal comfort.

In the early 1970s, walls were often rated at around
R-7, indicating that they tested out at a seven-degree dif-
ference between the two sides, compared to ratings of
R-26 in 2001. Structural systems using structural insu-
lated panels (SIPs) offer less thickness and lighter weight
for walls, floors, and roofs. Structural insulated panels
offer ratings around R-25, with new designs expected
to be even lighter and thinner, and to have even higher
ratings.

The insulating effectiveness of any airspace or air-
containing building material depends upon its position
and the direction of the heat flow. In the winter, heat
flows up to the roof, and the warm air within the roof
assembly rises to the cold upper surface, where it gives
up its heat. In hot weather, the heat flow through the
roof is reversed. Air warmed by the hot upper roof sur-
face remains stratified against that surface, and heat
transfer through the roof is slowed. The hot air below
the roof doesn’t drop to circulate with the cooler air be-
low. A reflective foil surface will eliminate about half of
the heat flowing out through roofs and walls, and about
two-thirds of the heat flowing downward through floors.
Foil surfaces can also reduce the transmission of heat
from the sun on the roof down into the building in
summer.
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TYPES OF INSULATION

Insulation is the primary defense against heat loss trans-
fer through the building envelope. The walls are the
most important area to insulate, as they have the largest
area. You can check if an existing building’s walls are in-
sulated by removing an electrical outlet cover and look-
ing inside, or by drilling two 6-mm (j-in.) holes above
one another about 100 mm (4 in.) apart in a closet or
cabinet along an exterior wall, and shining a flashlight
in one while looking in the other. An insulation con-
tractor can blow cellulose or fiberglass insulation
into an existing wall. To add insulation to an unheated
attic without flooring, add a layer of unfaced batts about
305 mm (1 ft) deep across the joists. To insulate a space
with a finished cathedral ceiling, either the interior dry-
wall is removed to install insulation, or a new insulated
exterior roof is built over the existing roof.

Uninsulated foundation walls are responsible for as
much as 20 percent of a building’s heat loss. Insulating
the foundation or basement floor can save several hun-
dreds of gallons of oil or therms of gas (100,000 Btus
equal 1 therm). To insulate an unheated, unfinished
basement, install unfaced fiberglass batts between floor
joists, supported from below with wire or metal rods
as necessary. The underside of the batts can be covered
with a moisture-permeable air barrier such as Tyvek® or
Typar”. Insulate heated basement walls by adding frames
made of 2" X 4” wood studs filled with fiberglass insu-
lation against the concrete foundation walls, and cov-
ering them with drywall. Be sure to correct any drainage
problems before insulating the basement.

Insulation comes in many forms. Loose-fill insula-
tion consists of mineral wool fibers, granular vermicu-
lite or perlite, or treated cellulose fibers. It is poured by
hand or blown through a nozzle into a cavity or over a
supporting membrane above ceilings on attic floors.

Foamed-in-place materials include expanded pellets
and liquid-fiber mixtures that are poured, frothed,
sprayed, or blown into cavities, where they adhere to
surfaces. Foamed-in-place insulation is made of foamed
polyurethane. By filling all corners, cracks, and crevices
for an airtight seal, foamed insulation eliminates ran-
dom air leakage, which can account for up to 40 per-
cent of heating energy. Environmentally sound foamed
insulation made without formaldehyde, chlorofluoro-
carbons (CFCs), hydrochlorofluorocarbons (HCFCs), or
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volatile organic compounds (VOCs) is available, and is
safe for use by individuals who are chemically sensitive
or suffering with allergies or asthma. Aerogel is one of
the lightest existing solid materials. It is transparent and
porous and contains no CFCs. Foamed into cavities, it
can create walls rated up to R-32. Foamed insulation
can also reduce levels of airborne sound from plumb-
ing, outside noises, or indoor activities such as home
theaters.

Flexible and semirigid insulation is available in
batts and blankets. Batt insulation is made of glass or
mineral wool. It comes in various thicknesses and
lengths, and in 41- and 61-cm (16- and 24-in.) widths,
to fit between studs, joists, and rafters in light frame
construction. Batt insulation is sometimes faced with a
vapor retarder of kraft paper, metal foil, or plastic sheet-
ing, and is also used for acoustic insulation.

Rigid insulation comes in blocks, boards, and sheets
and is preformed for use on pipes. It is made of plastic,
or of cellular glass. Cellular glass is fire resistant, im-
pervious to moisture, and dimensionally stable, but has
a lower thermal-resistance value than foamed plastic in-
sulation. Foamed plastics are flammable, and must be
protected by a thermal barrier when used on the inte-
rior surfaces of a building.

Rigid insulation with closed-cell structures, made of
extruded polystyrene or cellular glass, is moisture resis-
tant, and may be used in contact with the earth. Such
insulation is often applied to the outside of the build-
ing and covered with fabric-reinforced acrylic.

Sheets and rolls of insulation with reflective surfaces
offer a barrier to radiant heat. Reflective insulation uses
material of high reflectivity and low emissivity, such as
paper-backed aluminum foil or foil-backed gypsum
board, in conjunction with a dead-air space to reduce
the transfer of radiant heat.

Gas-filled panels are a new development in insula-
tion. Hermetically sealed plastic bags enclose honey-
comb baffles of thin polymer films and a low conduc-
tivity gas such as argon, krypton, or xenon. Gas-filled
panels are rated up to R-19.

Powder-evacuated panels are another new develop-
ment. They combine a vacuum with a silica-based pow-
der sealed within a multilayer gas barrier, and offer
ratings of R-20 to R-25. Currently, powder-evacuated
panels are expensive and subject to punctures, but con-
tinue to be developed.



Chapter

Humidity

00—

Water vapor is a colorless, odorless gas that is always
present in air in widely varying quantities. The warmer
the air, the more water vapor it can contain. The amount
of water vapor in the air is usually less than the maxi-
mum possible, and when the maximum is exceeded, the
water vapor condenses onto cool surfaces or becomes
fog or rain.

As indicated earlier, relative humidity (RH) is the
amount of vapor actually in the air at a given time, di-
vided by the maximum amount of vapor that the air
could contain at that temperature. For example, 50 per-
cent RH means that the air contains half as much water
vapor as it could hold at a given temperature. Colder air
can hold less water vapor. If the temperature drops low
enough, it reaches the dew point, which is the point at
which the air contains 100 percent RH. When the RH is
raised to 100 percent, as in a gym shower room or a
pool area, fog is produced. Cooling below the dew point
causes the water vapor—a gas—to turn into liquid
droplets of fog. The vapor condenses only enough to
maintain 100 percent RH, and the rest stays in the air
as a gas.

People are comfortable within a wide range of hu-
midity conditions. In the winter, relative humidity in the
20- to 50-percent range is acceptable. In summer, rela-
tive humidity can be as high as 60 percent when tem-

peratures rise up to 24°C (75°F), but above that we are
uncomfortable, because the water vapor (sweat) does not
evaporate off our bodies well to help us cool off.

Some industrial and commercial settings, such as
textile manufacturing, optical lens grinding, and food
storage, require 60 percent RH. Some pharmaceutical
products and the cold pressing of plywood need hu-
midity below 20 percent. Hospitals have found that an
RH of 50 to 55 percent supports the lowest amount of
bacteria growth.

Humidity levels affect interior design materials.
Too much moisture causes dimensional changes in
wood, most plant and animal fibers, and even in ma-
sonry. Steel rusts, wood rots, and frost action causes
spalling (chips or fragments breaking off) in masonry.
Surface condensation damages decorative finishes and
wood and metal window sashes, as well as structural
members.

With the advent of smaller, tighter homes, moisture
problems in residences have increased. A typical family
of four produces about 11 kg (25 1b) of water vapor per
day from cooking, laundering, bathing, and breathing.
Humidifiers and automatic dryers give off even more.
The drying of concrete slabs, masonry, or plaster in new
construction, and the presence of bare earth in crawl
spaces or basements add to moisture in a building.

98



My
:\

My
:\

CONDENSATION

When hot, humid air comes in contact with a cold sur-
face, condensation forms. For example, when you take
a glass of iced tea outside on a hot humid day, little
drops of water will appear on the outside of the glass
and run down the sides. The water vapor in the air con-
denses to form visible droplets of water on the cooler
surface. In cold climates, water vapor can condense on
the cold interior surfaces of windows. Condensation can
result in water stains and mold growth.

Cooled air in summer may reach the dew point and
condense on pipes and windows. Air in buildings can
be cooled below the dew point by coming into contact
with cold surfaces. In humid summer weather, conden-
sation forms as “sweat” on cold water pipes, the cold-
water tanks of toilets, and cool basement walls. In sum-
mer, concrete basement walls, floors, and slabs on grade
that are cooled by the earth will collect condensation.
Rugs on the floor or interior insulation on basement
walls inhibit the rise in the concrete slab temperature
and make matters worse. Both rugs and insulation may
be damaged if the relative humidity is very high or if
condensation occurs. Insulating the exterior or below
the slab with well-drained gravel can help.

In winter, air cooled below the dew point fogs and
frosts windows, and condensation can cause rust or de-
cay when it collects under window frames. Wintertime
condensation collects on cold closet walls, attic roofs,
and single-pane windows.

Visible condensation can be controlled with meth-
ods that don't use additional energy (as do fans, heaters,
and dehumidifiers), and that don't increase heat loss in
winter and heat gain in summer. Interior surfaces should
be insulated from the cold outdoors in the winter, and
cold water pipes and ductwork should be insulated in
the summer. Blowing warm air across perimeter win-
dows artificially warms cold surfaces, and avoids con-
densation. You can use room arrangements to avoid
pockets of still air and surfaces shielded from the radi-
ant heat of the rest of the room.

In the winter, enough air motion should be provided
to keep condensation from settling on cold surfaces. Re-
ducing the amount of water vapor in the air avoids con-
densation in all seasons, as does ventilating moist air out
of the space. When the dew point is higher outdoors than
inside, ventilation rates should be reduced.

Insulated curtains that can be moved over windows
can contribute to condensation problems, since the in-
terior surface of the window is shielded from the heat-
ing source in the room and becomes cold. If warm room
air can pass around or through the insulating window
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treatment, moisture will condense on the window. Ther-
mal window treatments designed to seal out cold air
need to be properly gasketed or sealed at the top, bot-
tom, and sides to prevent moist room air from entering
the space between the insulation and the glass, where
it will condense against the cold window. The insulat-
ing material must also be impervious to moisture that
might accumulate.

HIGH HUMIDITY

High summer air humidity reduces evaporation of mois-
ture from our skin surfaces, and encourages mold and
fungus growth in buildings. Refrigerant dehumidifiers
are an option for spaces that don’t need mechanical
cooling but do need to reduce humidity.

Dehumidifiers chill air, which lowers the amount of
moisture the air can hold, and thus leads to water vapor
condensing on the cooling coils of the dehumidifier. The
condensed water then drops off into the dehumidifier’s
collection container. Water accumulating in the dehu-
midifier may harbor disease-causing bacteria. Refrigerant
dehumidifiers don’t work well below 18°C (65°F), be-
cause frost forms on their cooling coils, so they might
not be an appropriate choice in a cool basement.

LOW HUMIDITY

Heated winter air can be very dry, causing wood in
buildings and furniture to shrink and crack. Wood
shrinks in the dimension perpendicular to the grain,
leaving unsightly cracks and loose furniture joints. Very
low humidity causes plants to wither. Our skin becomes
uncomfortable and dry, and the mucous membranes in
our nose, throat, and lungs become dehydrated and sus-
ceptible to infection. Added moisture helps, as do lower
air temperatures that reduce evaporation from the skin
(and lower heating costs). Dry air creates static shocks.
Carpeting is commercially available with a conductive
material (copper or stainless steel) woven into its pile
and backing that reduces voltage buildup and helps al-
leviate static electric shocks.

In warm-air heating systems, moisture can be added
to the air as it passes through the furnace with water
sprays or absorbent pads or plates supplied with water.
Pans of water on radiators are an old-fashioned but ef-
fective method of raising humidity in the winter. Boil-
ing water or washing and bathing release steam. Plants
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release water vapor into the air, and water evaporates
from the soil in their pots. Spraying plants with a mist
increases the air humidity, and the plants like it, too.
We also release water vapor when we breathe.

Electric humidifiers help relieve respiratory symp-
toms, but may harbor bacteria or mold in their reservoirs
if not properly maintained. Some humidifiers include an
ultraviolet (UV) lightbulb to inhibit bacterial growth.

CONTROLLING
HIDDEN MOISTURE

Indoor air in cold climates may be more humid than
outdoor air, and vapors will then flow from the warmer
interior to the colder exterior surfaces of the walls, ceil-
ings, and floors. This can leave the building envelope
permeated with moisture. Wet insulation becomes less
effective, and dry rot, a fungus disease of timber that
can cause it to become brittle and crumble into pow-
der, can afflict wood structural members.

In hot humid climates, you need to keep the mois-
ture from getting into the interior of the building. A
drainage plane inside the exterior surfacing material,
such as tarpaper, will let moisture that gets through wick
away to the inside. This is safer than using a vapor bar-
rier that may keep the moisture trapped in the wall.

When the moisture content of the air rises inside a
building, it creates vapor pressure, which drives water
vapor to expand into areas of lower vapor pressure like
the exterior walls, seeking equilibrium. When there is
moist air on one side of a wall and drier air on the other,
water vapor migrates through the wall from the moist
side to the drier side. Water vapor will also travel along
any air leaks in the wall. Most building materials have
relatively low resistance to water vapor. When the tem-
perature at a given point within a wall drops below the
dew point at that location, water vapor condenses and
wets the interior construction of the wall. This conden-
sation causes an additional drop in vapor pressure,
which then draws more water vapor into the area. The
result can be very wet wall interiors, with insulation ma-
terials saturated and sagging with water, or frozen into
ice within the wall. The insulation becomes useless, and
the heating energy use of the building increases. The
wall framing materials may decay or corrode, and hid-
den problems may affect the building’s structure. The

—
Gypsum
wallboard

Wood Vapor

siding —

9 retarder

Plywood

sheathing

Insulation L[ ‘| ™ Surface air also
provides some
insulation.

Surface air

| \

Figure 17-1 Vapor barrier.

amount of vapor pressure within a building depends on
the amount of vapor produced, its inability to escape,
and the air temperature.

A solid coat of exterior paint that keeps the water
vapor from traveling out through the building’s wall will
trap vapor inside. Vapor pressure can raise blisters on a
wall surface that will bubble the paint right off the wall.
This is sometimes seen outside kitchens and bathrooms,
where vapor pressure is likely to be highest.

By using a vapor barrier (Fig. 17-1) as close to the
warm side of the building envelope as possible, this
creeping water vapor can be prevented from traveling
through the wall. The vapor barrier must be between the
main insulating layer and the warm side of the wall. In
a cold climate, the vapor barrier should be just under
the plaster or paneling inside the building. In an artifi-
cially cooled building in a warm climate, the warm side
is the outside.

Vinyl wallcoverings or vapor barrier paints on inte-
rior surfaces offer some protection, but don’t replace the
need for a vapor barrier. Aluminum-foil faced insula-
tion is effective for thermal insulation, but does not
make an adequate vapor barrier. Plastic films are tight
against both moisture and infiltration. Where adding a
vapor barrier to an older building is not practical, plug-
ging air leaks in walls and applying paint to warm-side
surfaces, and providing ventilation openings on cool-
side surfaces clears moisture from the construction in-
terior. Special vapor retardant interior paints are avail-
able for this purpose.
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The decisions made by the designers of the building’s
heating, ventilating, and air-conditioning (HVAC) sys-
tem are crucial in determining thermal comfort, the
quality of the indoor air, and the efficiency of energy
use by the building. Air exchange rates affect the amount
of energy used to heat or cool fresh air, and the energy
lost when used air is exhausted. The American Society
of Heating, Refrigerating, and Air-Conditioning Engi-
neers (ASHRAE) requirements for ventilation include
minimum rates for replacing previously circulated air in
the building with fresh air.

Energy costs can be reduced or eliminated by im-
proving building insulation, lighting design, and the ef-
ficiency of HVAC and other building equipment. Build-
ings that allow natural ventilation, and those that
employ such techniques as heat reclamation, thermal-
storage systems, and flexible air handling and chiller
units lower energy use and reduce costs. The architect
and engineers usually make the decisions on what sys-
tems to employ, but the responsibility for finding ap-
propriate solutions depends on creativity and integrated
efforts of the entire design team, in which the interior
designer should play a significant role.

The mechanical systems of the building have their
own model codes, which are geared toward professional
mechanical engineers and installers. They are based on

three model codes: the Building Officials Code Adminis-
trators International (BOCA) National Mechanical Code
(NMC), the Standard National Mechanical Code (SMC),
and the Uniform National Mechanical Code (UMC). These
model codes are revised every three years.

As an interior designer, you will rarely need to re-
fer to the mechanical codes, but you should be famil-
iar with some of their general requirements and terms,
especially those affecting energy conservation require-
ments. In buildings where there is a minimum of me-
chanical work, the mechanical engineer or contractor
will work directly off the interior designer’'s drawings.
For example, the interior design drawings may be the
source for information in a renovation project where a
few supply diffusers or return grilles are being added to
an existing system. In any event, you may need to co-
ordinate your preliminary design with the mechanical
engineer or contractor to make sure you leave enough
room for clearances around HVAC equipment.

The mechanical engineer, like the interior designer,
is trying to achieve an environment where people are
comfortable, and to meet the requirements of applica-
ble codes. By calculating how much heating or cooling
is needed to achieve comfort, the engineer is able to de-
velop design strategies that affect both the architecture
and the mechanical systems of the building, such as the
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optimal size of windows, or the relative amounts of in-
sulation or thermal mass. The engineer will figure out
how big the HVAC system components should be to
provide enough heating and/or cooling for the most ex-
treme conditions the building is likely to experience.
The engineer will calculate the amount of energy used
for normal conditions in a typical season and adjust the
design to reduce long-term energy use. The number of
people using the building both seasonally and hourly
is also taken into account.

The amount of heat gained or lost from the outside
environment will be considered. The materials, areas,
and rates of heat flow through the building’s envelope
affect this calculation. The amount of fresh air intro-
duced into the system also influences these calculations,
so the engineer will look at the volumes of the spaces
in the building and the rates of fresh air exchange. The
engineer will suggest window locations and other de-
sign elements that minimize the heat gain within the
building.

PHASES OF THE
DESIGN PROCESS

The phases of the engineering design process are simi-
lar to those of architects and interior designers: prelim-
inary design, design development, design finalization
and specification, and the construction phase. During
the preliminary design phase, the engineer considers the
most general combinations of comfort requirements
and climate characteristics. The schedule of activities
that will take place in the space is listed, along with the
conditions required for comfort during performance.
The engineer analyzes the site’s energy resources and
lists strategies to design with the climate. Building form
alternatives are considered and discussed with the ar-
chitect. Available systems are reviewed, including both
passive (nonmechanical) and active alternatives. Then
the engineer figures out the size of one or more alter-
native systems using general design guidelines.

In smaller buildings, the architect may do the sys-
tem design. For larger, more complex buildings, the me-
chanical engineer will work as a team with architects,
landscape architects, and the interior designer. The team
approach helps to assess the value of a variety of design
alternatives arising from different perspectives. When
mutual goals are agreed upon early in the design pro-
cess, this team approach can lead to creative innova-
tions. The more that the siting, layout, and orientation

of the building reduces heat loss, the less energy the
heating and cooling equipment consumes. Opportuni-
ties may arise for the design of the HVAC system to be
expressed in the form of the building. Creative team-
work can lead to new designs that offer better environ-
ments with less energy use, and that can be applied to
many other buildings later on.

During the design development phase, one alterna-
tive is usually chosen as presenting the best combina-
tion of aesthetic, social, and technical solutions for the
building’s program. The engineer is given the latest set
of drawings and programming information for the
building. The architect and engineer then establish the
design conditions by listing the range of acceptable air
and surface temperatures, air motions, relative humidi-
ties, lighting levels, and background noise levels for each
activity to take place in the building. A schedule of op-
erations for each activity is also developed.

By considering these activities and their schedule,
the amount of heat that will be generated by the activ-
ities, and the building’s orientation, the engineer then
determines the HVAC zones for the building. Each of
these zones has its own set of functional, scheduling,
and orientation concerns that determine when and how
much heating, cooling, or ventilation is needed. For
each zone, the engineer establishes the thermal load
(the amount of heat gained or lost) for the worst win-
ter and summer conditions, and for average conditions
during the majority of the building’s operating hours.
An estimate of the building’s annual energy consump-
tion may also be made at this time.

With all this detailed information in place, the en-
gineer next selects the HVAC systems. More than one
system may be used to meet different conditions in a
large building. For example, one system may serve zones
that are completely within the interior of the building,
with a separate system for perimeter zones.

Next, the engineer identifies the components of the
HVAC system, and locates them within the building. Me-
chanical rooms, distribution trees (vertical chases and
horizontal runs of ductwork), and components like fan-
coil units (FCUs) under windows and air grilles within
specific spaces all have to be selected and located. Sizes
for these components are also specified.

Once the engineer lays out the system, it is time to
coordinate conflicts with other building systems, such
as the structure, plumbing, fire safety, and circulation.
By drawing sections through the building, architects and
engineers can identify clearance problems and see op-
portunities to coordinate the HVAC system with other
building systems.



The process of design finalization involves the de-
signer of the HVAC system verifying the load on each
component, and the component’s ability to meet this
load. Then the final drawings and specifications are
completed. During construction, the engineer may visit
the site to assure that work is proceeding according to
design, and to deal with unanticipated site conditions.

THERMAL COMFORT ZONES

The way zones for heating and cooling are set up by the
mechanical engineer has implications for the architec-
ture and interior design of the space. Zones may occupy
horizontal areas of a single floor, or may be vertically
connected between floors. The function of a space af-
fects both its vertical and horizontal zoning (Fig. 18-1).
Some functions may tolerate higher temperatures than
others. Some functions require daylight, which may add
heat to the space, while others are better off away from
the building’s perimeter. In some areas, such as labora-
tories, air quality and isolation is a major concern. The
input of the interior designer can be an important com-
ponent in making sure that the client’s needs are met.

Zones also take into consideration the schedule of
use of the space. Spaces that gain heat from daylight or
electric lighting during the day only may be able to flush
that heat to another space for use at night. An isolated
activity with a different schedule from the rest of the
building may need a separate mechanical system.

The building'’s orientation will also affect the HVAC
zones. Exposure to daylight, direct sun, and wind all cre-
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Figure 18-1 Thermal zones based on activity patterns.
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ate specific heating and cooling requirements. Perime-
ter spaces have different needs from interior spaces.

In multistory buildings, interior spaces on inter-
mediate floors—those spaces not at the building’s pe-
rimeter or on the top or ground floors—may be able
to use ventilation air as their only heating load source.
These areas are so well shielded from the building’s
exterior that they may not need additional heat, and
can be served only by cooling. The amount of elec-
trically generated heat, plus that produced by human
activity and other heat-generating sources, usually
outweigh the cooling effect of the amount of outdoor
air supplied by minimal ventilation, even in winter
weather. In the summer, most of the interior cooling
loads are generated inside the building. The perime-
ter areas of the building are much more weather sen-
sitive.

HEATING AND COOLING LOADS

Heating and cooling loads are the amounts of energy
required to make up for heat loss and heat gain in the
building (Fig. 18-2). The rate of flow of hot or cold air
coming into the building from ventilation and infiltra-
tion influences the amount of heating or cooling load.
It is also dependent upon the difference in temperature
and humidity between the inside and outside air. The
amount of outside air coming in is expressed in liters
per second (cubic feet per minute, or cfm).
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Heat Loss and Heating Loads

A heating load is created when a building loses heat
through the building envelope. Cold outside air enter-
ing a building through ventilation, such as an open win-
dow, or as a result of infiltration, as when air leaks
through cracks in the building envelope, also add to the
heating load.

Convection, radiation, or conduction of heat
through the building’s exterior walls, windows, and roof
assemblies and the floors of unheated spaces are the main
sources of heat loss in cold weather. Wind passing the
building both draws warm air out and forces cold air in.
Infiltration of cold air through cracks in the exterior con-
struction, especially around doors and windows contrib-
utes significant heat loss. This heat loss places a heating
load on the building’s mechanical system, which must
make up heat in spaces that lose it through cracks and
poorly insulated areas.

Energy auditors use equipment to locate air leaks
and areas with inadequate insulation. They know what
to look for in new and older buildings, and the cost of
an energy audit is a good investment for a building
owner. Some utilities will supply basic energy audits for
free. Trained experts, sometimes called house doctors or
home performance contractors, look at the building as
a system and evaluate safety, comfort, energy efficiency,
and indoor air quality. You can get a listing of qualified,
trained energy auditors from your state energy office or
cooperative extension service.

The most common sources of air leaks are where
plumbing, wiring, or a chimney penetrates through an
insulated floor or ceiling, or along the sill plate or band
joist on top of the building’s foundation wall. Fireplace
dampers and attic access hatches are other likely suspects.

Anywhere that walls and ceilings or floors meet or
where openings pierce the building’s exterior is an op-
portunity for air to infiltrate. Air can leak where the tops
of interior partition walls intersect with the attic space
and through recessed lights and fans in insulated ceil-
ings. Missing plaster allows air to pass through a wall,
as do electrical outlets and switches on exterior walls.
Window, door, and baseboard moldings can leak air, as
can dropped ceilings above bathtubs and cabinets. Air
can also leak at low walls along the exterior in finished
attics, especially at access doors, and at built-in cabinets
and bureaus.

Gaps under 4 mm (5 in.) wide can be sealed with
caulk, which is available in a variety of types for differ-
ent materials. Specify caulks with 20-year flexibility life-
times, and select either colored or paintable caulk for
visible use. Avoid using the cheapest caulks, as they

don't hold up well. Larger cracks and holes that are pro-
tected from the sun and moisture can be filled with ex-
panding one-part polyurethane foam sealant. Look for
a safe-for-ozone label for foam sealants without chlo-
rofluorocarbons (CFCs).

For even larger cracks and for backing in deep cracks,
specify backer rod or crack filler, usually in the form of a
round 4- to 25-mm (;-1-in.) diameter coil made of a
flexible foam material. The crack is then sealed with caulk.
Rigid foam insulation or fiberglass insulation wrapped in
plastic can be used for very large openings like plumbing
chases and attic hatch covers. Avoid using plastic in places
with high temperatures, as it may melt. Metal flashing
with high temperature silicone sealants may be permit-
ted around chimneys by some building codes.

Heat Gains and Cooling Loads

Buildings gain heat from occupants and their activities.
Cooling loads are defined as the hourly rate of heat gain
in an enclosed space, and are expressed in Btu per hour.
Cooling loads are used as the basis for selecting an air-
conditioning unit or a cooling system.

Cooling loads represent the energy needed to off-
set the heat gained through the building envelope in
hot weather or from hot air entering by infiltration or
ventilation. People’s body heat, showering, cooking,
lighting, and appliances and equipment use also create
cooling loads.

The heat generated by lighting is often the greatest
part of the total cooling load in a building. All types of
electric lighting convert electrical power into light plus
heat. Eventually, the light is also converted to heat
within the space (think about a lamp shining on a desk
and the desk becoming warmer). All the electrical power
that enters a lighting fixture ends up as heat in the space.

Some of the heat from lighting is convected from
the lighting fixture to the surrounding air and becomes
part of the cooling load. The rest is radiated to sur-
rounding surfaces, except for a small amount that is con-
ducted to adjacent material. This radiated and con-
ducted heat is then convected to the air, becoming part
of the cooling load. Recessed fixtures tend to heat the
surrounding structure, while hanging fixtures convey
heat more directly to the air. Some fixtures are designed
so that air returns through them, absorbing heat that
would otherwise go into the space.

Electric, gas, or steam appliances and equipment in
restaurants, hospitals, laboratories, and commercial
spaces such as beauty salons and restaurants release heat
to interiors. Hoods over kitchen appliances that exhaust



air may reduce heat gain, but the exhausted air must
be replaced with outdoor air, which may need to be
cooled. Steam or hot water pipes that run through air-
conditioned spaces and hot water tanks within spaces
contribute to the cooling load.

In warm or hot weather, buildings gain heat by con-
vection, radiation, and conduction through the exterior
walls and window and roof assemblies. The amount of
heat gain varies with the time of day, the orientation of
the affected building parts to the sun, the exposure to
the wind, and the amount of time it takes for the heat
to reach the interior of the building (thermal lag). The
heat gain from sun shining on windows varies with
the orientation to the sun and the ways the windows
are shaded.

In hot weather, warm makeup air enters when spaces
are ventilated to remove odors or pollutants. The use of
a dehumidifier to lower relative humidity (RH) in a space
adds to heat gain, due to the latent heat released into
the space when moist air is condensed and the heat pro-
duced by running the dehumidifier’s compressor.

Measuring Heating and Cooling Loads

A degree-day is a unit used in computing heating and
cooling loads, sizing HVAC systems, and calculating
yearly fuel consumption. It represents one degree of dif-
ference in mean daily outdoor temperature from a stan-
dard temperature. A heating degree-day is one degree-
day below the standard temperature of 18°C (65°F), and
is used in estimating fuel or power consumption by a
heating system. A cooling degree-day is one degree-day
above the standard temperature of 24°C (75°F), and
helps in calculating energy requirements for air-condi-
tioning and refrigeration systems. Degree-day informa-
tion is usually published in daily newspapers.

Systems are rated in tons of refrigeration, which is the
cooling effect obtained when a ton of ice at 0°C (32°F)
melts to water while at the same temperature over a pe-
riod of 24 hours. It is equal to 3.5 kW (12,000 Btu/hr).

The energy-efficiency rating is an index of the effi-
ciency of a refrigerating unit. It expresses the number of
Btus removed per watt of electrical energy input.

ENERGY USE CALCULATIONS

Mechanical engineers perform load calculations to de-
termine the correct size for heating and cooling equip-
ment, airflow rates, and duct and pipe sizes. Architects
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calculate loads to make sure that the building envelope
is adequately insulated, to compare alternative envelope
designs, to estimate preliminary mechanical system
costs, and to evaluate the potential benefits of solar en-
ergy design. Load calculations provide the basis for es-
timates of annual building energy use. They can become
very complicated when used for detailed cost compar-
isons of alternative systems.

Hourly computer simulations of heating and cool-
ing loads are necessary for accurate calculations for large
industrial or commercial buildings. Calculating the
hourly heating and cooling energy use for a year requires
a substantial computer program. Looking at hourly so-
lar angles and intensities and analyzing shading patterns
can determine when the peak load occurs in the course
of a year. However, even the best estimates are based on
average weather conditions, and can't take into consid-
eration potential problems with construction quality
and unusual weather. Any computer program'’s results
are dependent upon the assumptions of the person se-
lecting the input data. Hourly annual calculations are
not usually done for simple residences, but may be re-
quired to estimate energy use for a passive-solar heated
home.

When one design costs less to install but another is
more energy efficient, engineers may perform energy de-
sign value analyses. For example, an analysis may help
with decisions about optimizing the quantity of insu-
lation, choosing between double and triple glazing, se-
lecting types of lighting, deciding on solar energy use,
and balancing aesthetic considerations with their cost
to the client.

There are four methods of design value analysis. The
first looks at the payback period, which is the length of
time required for the investment in the building to pay
for itself in energy savings. This is a relatively simple
method to understand, and is often used to screen out
options. A second, lifecycle costing, looks at the total cost
of owning, operating, and maintaining a project over its
useful life, and considers salvage values and disposal
costs. A third method, return on investment (ROI) con-
siders whether the same money could be better invested
elsewhere for more profit. The final method, compara-
tive value analysis, also considers issues like improved
worker efficiency, reduced air and water pollution, and
appearance, and weight factors for relative importance.
Then all competing designs are compared in an evalua-
tion matrix, a graphic tool that helps the user decide on
which of several complex choices to select.

Energy improvements, such as improving insulation
or upgrading windows, can often be planned as part of
other building renovations. The payback period for in-
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sulating oil- and gas-heated buildings is around five
years, and much faster with electric heat. New energy-
efficient construction typically reduces heating bills in
cold climates by 75 percent. Building a super-efficient
house, with R-30 walls, R-38 ceilings, and R-19 foun-
dations, adds about $5000 to $10,000 to the cost of con-
ventional construction, money that can be recovered in
five to ten years in energy savings. Such a house also
creates less environmental pollution. Look for contrac-
tors with experience in energy-efficient construction for
the best ideas and workmanship.

HEATING AND COOLING
SYSTEM COMPONENTS

Although we, as interior designers, don’t design the
HVAC system, we do have to deal with the space that
components take up, their noise, their terminal outlets
in occupied rooms, and the access space needed for re-
pair and maintenance. There are three main parts to an
HVAC system: the equipment that generates the heating
or cooling, the medium by which the heat or cooling is
transported, and the devices by which it is delivered. For
example, a building might use an oil-fired boiler to gen-
erate hot water. The water is the medium that carries the
heat throughout the building, and the pipes and radia-
tors are the delivery devices.

The front end (or head end) of the system is where
the energy or fuel consumption or heat collection oc-
curs. The equipment here is selected for its capacity to
offset the peak load of the zones it is serving, and to
bring them back from the lower temperature that they
are set at when not in use to the normal operating con-
dition. For example, the air-conditioning equipment will
be sized to cool the spaces in an office building it serves
enough to counteract the hottest days that are expected.
When the air-conditioning is shut off or reduced at night,
the building will warm up somewhat. The equipment
will need to be able to cool off the building to an ac-
ceptable temperature the next morning. The front end
may consist of a central heat source, such as a furnace,
a steam or hot water boiler, a solar collector, a geother-
mal well, or a heating water converter. The front end may
also include a central cooling source like a chiller, direct
expansion (DX) air conditioner, or evaporative cooler.

The conveying medium transports the heated or
cooled steam, water, or air through a system of pipes or
ducts throughout the building. Steam will travel under
its own pressure. Air is moved by fans, and water is
moved by pumps.

Terminal delivery devices are located within the
spaces to be heated or cooled. The heated or cooled
medium is delivered to the space by air registers and dif-
fusers, hydronic radiators or convectors, or FCUSs.

It is becoming more common for buildings to be de-
signed for localized, rather than centralized, HVAC pro-
duction and control. Multipurpose buildings with frag-
mented occupancy schedules call for many diverse HVAC
zones. Digital control systems allow both overall build-
ing coordination and localized thermal response. Em-
ployees are more satisfied when they can control their in-
terior environment. Self-contained package units can
provide heating and/or cooling directly to the space, com-
bining all three components in one piece of equipment.

ARCHITECTURAL
CONSIDERATIONS

The design of the HVAC system affects the building’s ar-
chitecture and interior design. The architect must coor-
dinate with all consultants from the beginning of the
project to allow realistic space allotments for HVAC
equipment. The design of the mechanical system must
merge with the architectural and structural planning,
and should be developed concurrently. Spaces requiring
quiet, such as bedrooms and conference rooms, should
be located as far away from noisy HVAC equipment as
possible, both horizontally and vertically. Interior de-
sign issues, such as whether to use an open office plan
with modular furniture systems or private enclosed of-
fices, have a great impact on the mechanical system, and
should be shared with the engineer early in the design
process.

The mechanical engineer decides which HVAC sys-
tem will be used in a large building. The mechanical en-
gineer selects the system based on initial and life-cycle
costs, suitability for the intended occupancy, availabil-
ity of floor space for the required equipment, mainte-
nance requirements and reliability of the equipment,
and simplicity of the system'’s controls. The architect
must communicate and coordinate with the engineer,
and ask questions about the impact the engineering sys-
tem will have on the architectural and interior design.

Together, the architect and engineer evaluate issues
that affect the thermal qualities of the building, such as
the amount and type of insulation and the shading of
the building from the sun’s heat, that influence the me-
chanical equipment size and fuel consumption. The ar-
chitect may develop design elements that reduce the op-
erating expenses of the system and decrease the size and
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initial cost of HVAC equipment, but increase the initial
cost of the building’s construction. The use of cost-
effectiveness analyses help determine the optimal eco-
nomic balance between passive (built into the build-
ing’s architectural design) and active (mechanical
system) approaches.

Early in the project, the architect must consider the
number, position, and size of central HVAC stations,
and ensure that they are located near the areas they serve
and with access to outdoor air. Clearances must be al-
lowed around the equipment for access during normal
operation, inspection, routine maintenance, and repair.
Plans should be made for eventual replacement of ma-
jor components without substantial damage to existing
building materials. Space for flue stacks, access for fuel
delivery, and room for fuel storage may be needed.
HVAC requirements can have a substantial impact
on the space plan, ceiling heights, and other interior de-
sign issues, so getting involved early in the process is a
good idea.

Mechanical rooms often take up around 5 to 10 per-
cent of the gross building area. Furnace and boiler
rooms, fan rooms, and refrigeration rooms may be sep-
arate spaces or may be combined. They may require
doors of adequate width for equipment replacement,
and the doors might need to be louvered to allow air
to enter the space. Their size, location, and noise can be
important interior design considerations.
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The locations and dimensions of piping and duct-
work will determine where chases must be located for
clusters of piping and ductwork running vertically be-
tween floors. Ductwork, and especially areas where ducts
connect, requires regular access for maintenance. Sus-
pended ceiling grids allow easy duct access. Gypsum wall-
board ceilings may require access doors at specific loca-
tions, including at all fire dampers within ducts. With
proper early planning, only minor changes in the floor
plan will be needed to fit in the final mechanical design.

Within occupied areas, space must be allocated
along exterior walls for exposed terminal delivery de-
vices, such as registers and diffusers. Their form and po-
sition must be coordinated with the interior design, to
avoid conflicts between furniture arrangements and the
location of grilles or wall-mounted units. Thermostat lo-
cations are determined by the engineer and are depen-
dent upon the surrounding heat sources, but have a sig-
nificant effect on the visual quality of the interior space.
The architect is also concerned with the appearance on
the exterior of the building of grilles and openings in
outside walls.

Improved electronic communications networks have
made possible the increasing use of residences as work-
spaces. Residential design has consequently become
more complex, entailing office-quality lighting, new
zones for heating and cooling, added electrical raceways,
and improved sound isolation.



Chapter

Indoor Air
Contaminants

00

Americans spend 80 to 90 percent of their time indoors.
As our buildings become more tightly controlled envi-
ronments, the quality of indoor air and its effects on
our health becomes an increasingly critical issue. There
are over 80,000 synthetic chemicals in use today, most
of which have not been tested individually or in com-
bination for their effects on human health. Materials
used in building, furnishing, and maintaining a build-
ing potentially contain many toxic chemicals.

According to the U.S. Environmental Protection
Agency (EPA), indoor air in the United States is now on
average two to ten times more contaminated than the
air outside. The World Health Organization (WHO) as-
serts that 40 percent of all buildings pose significant
health hazards from indoor pollution, and WHO ex-
perts have observed unusually high rates of health and
comfort complaints that could be related to indoor air
quality (IAQ) from occupants in up to 30 percent of
new or remodeled commercial buildings.

Twenty percent of all workers report building-re-
lated irritations or illnesses. The EPA has declared poor
IAQ the number one environmental health problem in
the United States. According to the American Medical
Association, a third of our total national health expen-
diture is spent on ailments directly attributable to in-
door air pollution. The EPA cites an 18 percent decrease
in overall worker productivity due to poor IAQ.

Three major reasons for poor IAQ in office build-
ings are the presence of indoor air pollution sources;
poorly designed, maintained, or operated ventilation
systems; and uses of the building that were unantici-
pated or poorly planned for when the building was de-
signed or renovated. Interior designers play a significant
role in specifying materials that may contribute to in-
door air pollution. We also are key players in the reno-
vation of buildings to new uses and to accommodate
new ways of working.

Air pollution problems can start with the building’s
materials and finishes and/or with the construction meth-
ods used to build or renovate the building. Indoor air
quality is compromised when inadequate ventilation fails
to provide enough outside air. Chemicals used in clean-
ing and office products thus get trapped inside the build-
ing, and outdoor pollutants that enter get caught inside,
adding to the problem. Mold or other microorganisms
that grow, multiply, and disperse particles through heat-
ing, ventilating and air-conditioning (HVAC) systems are
a significant source of IAQ problems as well. Poor design
and maintenance of the HVAC system supports the
growth of microorganisms.

People contribute skin scales, carbon dioxide that
we exhale, and airborne particles, vapors, and gases.
Cleaning, cooking, broiling, gas and oil burning, per-
sonal hygiene, and smoking all add pollutants to indoor
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air. Pesticides from pest management practices can also
pollute the building’s air. Indoor air pollutants can be
circulated from portions of the building used for spe-
cialized purposes, such as restaurants, print shops, and
dry-cleaning stores, into offices in the same building.

Prior to 1973, energy for buildings was relatively in-
expensive, and large quantities of outdoor air were used
to ventilate buildings. During the oil embargo of 1973,
Americans became more aware of the limited supply of
fossil fuels for energy. New energy-conserving designs
were developed that often limited the amount of out-
door air entering the building, thereby saving the cost
of heating or cooling this fresh air. Insulation was in-
creased, air leakage through the building envelope was
reduced, and mechanical ventilation rates were de-
creased. Heat exchangers were introduced to recover the
heat of exhaust air.

Air quality was originally ignored in the quest to
produce energy-efficient buildings, leading to concen-
tration of contaminants at levels that threatened public
health. Scientists developed new chemical compounds
for use in the manufacture of synthetic building mate-
rials, in equipment inside the building, and in cleaning
and maintenance products. With the decrease in fresh
air entering the building, these potential air pollutants
became concentrated in the indoor environment of
some buildings. Some chemicals were concentrated at
levels 100 times higher than would ever occur in the
open air. Because updating codes takes years, and ven-
tilation standards have changed, the code in force when
an HVAC system was designed may have permitted a
lower ventilation rate than the current standards.

Contaminants in buildings are so widespread that
virtually every building contains one or more recognized
contaminants. Asbestos and lead have been used in
building products for many years in the past. Heating
systems can give off carbon monoxide. Interior finishes
and building materials often contain formaldehyde. Ben-
zene and chlordane are both petroleum products found
in detergents, insecticides, and motor fuels. Mercury,
ozone, and radon can contaminate buildings as well. Pa-
per copying and inks produce irritating fumes, and dust
and tobacco smoke contain particles that irritate the res-
piratory system. Plastics can give off offensive gases. Fab-
rics treated with fire-retardant chemicals can cause prob-
lems for some people.

The overall result of these pollutants can be sick
building syndrome (SBS), which is diagnosed when
more than 20 percent of the building’s occupants com-
plain of symptoms such as headaches, upper respiratory
irritation, or eye irritation, and when these symptoms
disappear after leaving the building on weekends. Symp-
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toms may also include irritation of mucous membranes,
dizziness, nausea, throat irritation, and fatigue. Al-
though the specific causes aren’t identified, the symp-
toms coincide with time spent in a particular building
and disappear once the sufferer leaves. The related term
“building related illness” (BRI) is also used to describe
the same range of ailments, from mild allergic reactions
to more serious infections such as pneumonia; the dif-
ference is that BRI is applied to those cases where the
specific cause of the ailment is known. Both SBS and
BRI are largely the result of poor IAQ.

The EPA conservatively estimates the potential eco-
nomic impact of employee illness and loss of produc-
tivity due to indoor air pollution to total $4.4 to $5.4
billion per year. The most susceptible people, who are
also those who spend the most time indoors, include
children, elderly people, and people with chronic ill-
nesses. Contamination by multiple chemicals has an ef-
fect greater than the sum of the same chemicals indi-
vidually. Allergies and asthma are rising dramatically,
and may be caused by contaminants in a sick building.

Symptoms that appear suddenly after a change in
the building, such as painting or pesticide application,
are another indication of IAQ problems. Some individ-
uals may be affected by IAQ problems, while others
sharing the same space are not.

Frequently, TAQ problems in large commercial
buildings cannot be effectively identified or remedied
without a comprehensive building investigation. Diag-
nosing symptoms that relate to IAQ can be difficult,
time consuming, and expensive. If a professional com-
pany is hired to conduct an investigation of a commer-
cial building, the building’s owner should select a com-
pany on the basis of its experience in identifying and
solving IAQ problems in nonindustrial buildings, as the
methodology and standards are different for industrial
settings.

These investigations may start with written ques-
tionnaires and telephone consultations in which build-
ing investigators assess the history of occupant symp-
toms and building operation procedures. In some cases,
these inquiries may quickly uncover the problem and
on-site visits are unnecessary. More often, investigators
will need to come to the building to conduct personal
interviews with occupants, to look for possible sources
of problems, and to inspect the design and operation
of the ventilation system and other building features.
Taking measurements of pollutants at the very low lev-
els often found in office buildings is expensive and may
not yield information readily useful in identifying prob-
lem sources. The process of solving IAQ problems that
result in health and comfort complaints can be a slow
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one, involving several trial solutions before successful
remedial actions are identified.

Unusual odors, too hot an indoor environment, im-
proper lighting, noise, vibration, overcrowding, ergo-
nomic stressors, and job-related psychosocial problems
can all produce symptoms that are similar to those as-
sociated with poor air quality, but IAQ may not be the
culprit. Because of the complexity of IAQ problems and
building dynamics, as well as the potential for serious
human health effects, building owners or managers who
suspect IAQ problems should seek the help of compe-
tent, qualified IAQ specialists to investigate, diagnose,
and mitigate problems.

In order to improve IAQ and prevent contamina-
tion by pollutants, the building’s architect, engineers,
and interior designer must work together. The interior
designer can specify appropriate materials, products,
and equipment. You should evaluate the amount and
toxicity of emissions given off during installation or use,
especially where surfaces of possibly polluting materi-
als are exposed to the air and to people. Review main-
tenance requirements for cleaning processes, stain re-
sistant treatments, and waxing that emit pollutants.
When the construction is complete, the interior designer
should provide the building’s management, users, and
owners with appropriate information about mainte-
nance requirements.

Many of the problems people have with reactions
to building contaminants begin with new or renovation
construction. Renovations in occupied buildings are
especially likely to introduce pollutants into the build-
ing’s interior. Construction can be compartmentalized
using partitions and doors with closers, and connecting
plenums can be blocked. The work area must be securely
isolated from other occupied spaces, and supplied with
extra ventilation via window- or door-mounted fans.
Keeping the construction area under negative pressure
prevents contaminants from spreading throughout the
building. Plugging up air-conditioning returns so that
contamination from a construction area can’t spread
throughout the building also helps. If appropriate, con-
struction workers should use organic vapor respirators
with charcoal filters. Emphasize that complying with
IAQ requirements also protects construction workers.

GASES AND PARTICLES

Indoor air contains gases and particles, some organic
and some inorganic, some visible and others invisible,
which may be toxic to humans—or harmless. Air nor-

mally contains about 80 percent nitrogen, 20 percent
oxygen, and a small amount of carbon dioxide, along
with varying amounts of particulate materials. What we
experience as dust, fumes, or smoke is mostly solid par-
ticulates suspended in the air. Fumes arise as vapors
from solid materials and are sometimes detectable by
distinctive odors. Smoke is produced by the incomplete
combustion of organic substances like tobacco, wood,
coal, or oil so, as the saying goes, where there’s smoke,
there’s fire. The air we breathe can suspend tiny living
organisms, from submicroscopic viruses to pollen
grains, bacteria, and fungus spores. When we sneeze, we
spray droplets containing microorganisms.

Carbon Dioxide

Carbon dioxide is an odorless gas that we exhale every
time we breathe. It is also produced by combustion of
carbon in machinery. Carbon dioxide is always present
in the air, but excess carbon dioxide causes stuffiness and
discomfort. At high enough levels, it dulls our ability to
think. The presence of excess carbon dioxide is used as
an indicator of an inadequate ventilation rate in enclosed
or high-occupancy spaces.

Where people are concentrated in confined spaces,
such as theaters, the carbon dioxide produced by their
respiration must be removed and replaced with oxygen
by ventilation with fresh air. Concentrations of oxygen
in the air below 12 percent and carbon dioxide con-
centrations greater than 5 percent are dangerous, even
for short periods. For longer periods, even smaller car-
bon dioxide concentrations can cause problems.

Irritating Particles

Irritating particles in the air tend to be imperceptible at
first, but your distress increases over time. Your symp-
toms may include itching or burning eyes, sneezing,
coughing, dry nose and throat, a sore throat, or tight-
ness in your chest. Sources of irritants can be the build-
ing itself, its equipment, or its occupants.

Several common air pollutants are the products of
combustion. Outdoors, coal-burning factories, vehicle
exhaust, and heating exhaust from oil, wood, or coal
contribute to air pollution that contaminates the sup-
ply of air available for building ventilation. Forest fires
and open incineration of trash and yard waste also gen-
erate particles that can enter buildings through poorly
placed air intakes. Indoors, heating and cooking appli-
ances add to small amounts of particles from dry-
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process photocopiers. The largest contributor of com-
bustion particles in offices and residential buildings is
environmental tobacco smoke inhaled by nonsmokers,
which accounts for 50 to 90 percent of the total parti-
cles where smoking occurs. Combustion burners (fur-
naces, etc.) that are not sealed, vented, and exhausted
properly can also add pollutants.

Carbon monoxide is an odorless gas produced by in-
complete combustion in furnaces, stoves, and fireplaces.
It is also present in automobile exhaust. It is often found
near garages, combustion equipment, or indoor air con-
taminated with tobacco smoke. It seeps into buildings
adjacent to underground or indoor garages. The U.S. De-
partment of Energy (DOE) reports that, in many office
buildings, afternoon concentrations of carbon monoxide
are sometimes known to exceed the recommended daily
allowance for outdoors. Carbon monoxide interferes with
oxygen intake, causes headaches, dizziness, sleepiness,
and muscular weakness, and at high concentrations it can
cause unconsciousness and death. The symptoms of car-
bon monoxide poisoning are sometimes confused with
the flu or food poisoning. Fetuses, infants, elderly peo-
ple, and people with anemia or with a history of heart or
respiratory disease can be especially sensitive to carbon
monoxide exposure. Prolonged exposure decreases the
oxygen-carrying capacity of the blood, resulting in short-
ness of breath, fatigue, and nausea.

Nitrogen oxide is a yellowish brown gas that is a
product of high-temperature combustion and is found
in tobacco smoke. It can cause respiratory irritation, in-
terferes with breathing, can cause lung damage, and may
suppress the immune system.

Nitrogen dioxide is a colorless, odorless gas that is
used in some chemical processes as a catalyst or oxidiz-
ing agent. It irritates the mucous membranes in the eye,
nose, and throat, and causes shortness of breath after ex-
posure to high concentrations. There is evidence that high
concentrations or continued exposure to low levels of ni-
trogen dioxide increases the risk of respiratory infection,
and repeated exposures to elevated levels may lead or con-
tribute to the development of lung disease.

Heating systems using coal and oil may generate
sulfur oxides, which have been implicated in acid rain
and cause damage to plants and building envelope ma-
terials. Sulfur oxides irritate the respiratory tract and
complicate cardiovascular disease, causing burning eyes
and reduced lung function.

Tobacco smoke, burning wood or coal, barbecuing,
and burning food all produce polynuclear aromatic hy-
drocarbons. These are cancer-causing irritants. Irritation
tends to increase with low humidity. Where smoking oc-
curs, proper separation and isolation of spaces is a must.
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Fireplaces should be carefully designed and supplied
with sufficient fresh air for a proper draft. Kitchen cook-
ing equipment, especially grilling equipment, must be
properly exhausted and supplied with adequate fresh air.

Humidifiers and humidification systems spray min-
eral particles suspended in water mist. These may in-
clude asbestos, lead, aluminum, and dissolved organic
gases present in the water source for the humidifier.

Exposure to combustion products can be reduced
in homes by taking special precautions. When operat-
ing fuel-burning unvented kerosene or gas space heaters,
the type of fuel used and the quality of the flame must
be monitored. While this type of space heater is in use,
it is recommended that a door from the room where
the heater is located be opened to the rest of the house,
and that a window be opened slightly. However, this is
rarely done, as it allows the warm air to escape.

Install exhaust fans over gas cooking stoves and
ranges and keep the burners properly adjusted to avoid
exposure to pollutants during cooking. Choose properly
sized new stoves that are certified as meeting EPA emis-
sion standards. Emphasize to clients that they should
have central air-handling systems, including furnaces,
flues, and chimneys, inspected annually, and promptly
repair cracks or damaged parts. Blocked, leaking, or
damaged chimneys or flues release harmful combustion
gases and particles, and even fatal concentrations of car-
bon monoxide. Carbon monoxide detectors are inex-
pensive, easy to install and use, and can save lives.

Ozone

Ozone is an irritating pale blue gas composed of three
oxygen atoms. It is explosive and toxic even at low con-
centrations. Buildings may contain ozone from copy
machines, high-voltage electronic equipment, or elec-
trostatic air cleaners. Ozone in our air supply can in-
flame the windpipe, resulting in wheezing, shortness of
breath, dizziness, or asthma.

The risk of ozone irritation is highest in small poorly
ventilated offices, even at low concentrations. A level of
under 80 parts per billion (ppb) is considered normal and
acceptable. Levels over 100 ppb can irritate eyes and res-
piratory systems, while levels over 500 ppb are considered
extremely high and can result in nausea, headaches, and
the increased risk of lung infections. Elevated levels near
high traffic can create health problems for elderly people
and people with asthma. Outdoor fumes can be drawn
into buildings through poorly located intake vents.

Laser printers, photocopiers, small motors, and elec-
tronic air cleaners produce ozone. Dry-process photo-
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copying machines also release hydrocarbons and res-
pirable suspended particulates. Wet-process photocopiers
give off aliphatic hydrocarbons and other volatile organic
compounds (VOCs), as well as ozone. These emissions
don't dissipate in areas with poor ventilation, and build
up in large copying areas during the week. Laser and other
computer printers produce hydrocarbons and ozone.
Computer terminals, fax machines, and other electronic
equipment and the documents they generate also emit
ozone and VOCs.

Proper maintenance and exhausting contaminated
air at the source may help with these equipment sources
of pollution, or the equipment may have to be removed
from occupied areas. Emissions can be reduced by se-
lecting lower-emitting equipment in consultation with
the manufacturer and authorities on emissions. Mini-
mizing the use of equipment, turning it off when pos-
sible, and educating operators on use and maintenance
also help. Consolidate equipment in isolated rooms
with separate exhaust and supply ducts and increased
outdoor air. When equipment such as computer termi-
nals must be near workers, locate return air ducts nearby
to dilute contaminants, and make sure that operators
get adequate breaks away from the equipment.

Radioactive Air Contaminants

Radioactivity in the air is not common, with one ex-
ception: radon. Radioactivity may be in the form of par-
ticles or gases. Many radioactive materials are chemi-
cally toxic in high concentrations, but the radioactivity
itself is the main problem for air quality. Radioactive
particles and gases can be removed from the air by fil-
ters and other devices. They release gamma radiation,
which can penetrate solid walls, so areas where radio-
active materials are in use require special treatment. The
danger to people arises when the radioactive materials
are taken into and retained inside the body.

Radioactive substances may generate enough heat to
damage filtration equipment, or to spontaneously ignite.
Even very low concentrations may be dangerous, and can
be detected with special electronic instruments. Radioac-
tivity must be prevented from entering sensitive facilities,
like photographic plants. Where radioactivity is handled
within a building, it should be removed from the air as
close to its source as possible before the air is released to
the outdoors. The air ducts serving spaces where X-rays
and radiation therapy are used must be lined with lead
to contain radiation, as must the room itself be.

Radon is a colorless, odorless radioactive gas produced
by the decay of radioactive uranium. It occurs naturally in

soil, groundwater, and air all over the United States. Radon
can move through soil and into buildings through cracks
and openings in the foundation around plumbing, espe-
cially below grade. Sometimes radon enters the home
through well water. In a small number of homes, the build-
ing materials can give off radon, too. However, building
materials rarely cause radon problems by themselves.
Radon decays rapidly, releasing radiation as it does.

If radon becomes concentrated within a building,
it may result in an increased risk of lung cancer over a
long period of time. Radon breaks down into decay
products that may become trapped in the lungs, releas-
ing small amounts of radiation as they continue to de-
teriorate. The eventual result may be lung damage or
lung cancer. The EPA conservatively estimates that radon
causes about 4000 deaths per year in the United States,
but suggests that the number may actually be as high as
30,000 deaths per year. Radon is the second leading
cause of lung cancer after smoking.

The U.S. federal government recommends that
homeowners measure the level of radon in their homes.
A good time is when purchasing a new house, or reno-
vating an old one, and as an interior designer, you are
in a good position to advocate for radon testing. Test-
ing is easy and quick. There are many kinds of inex-
pensive, do-it-yourself radon test kits available through
the mail and in hardware stores and other retail outlets.
Look for kits that are state certified or have met the re-
quirements of some national radon proficiency pro-
gram. Trained contractors can also do radon testing.
Radon is detected with special instruments, which mea-
sure it in picocuries per liter (pCi/L) in air. The average
outdoor level is around 0.4 pCi/L, and the EPA recom-
mends action when indoor readings exceed this level.

Radon may be unevenly distributed in a building,
depending on its concentration in the bedrock or soil
under the building, and the openings to the ground and
permeability of the foundation slab. Pressure differences
between indoors and the area below the slab affect radon
levels, as does the amount of outdoor air brought into
the indoors. Sealing foundations and floor drains and
ventilating the subsoil can control radon. Where the risk
is high, under-slab ventilation is recommended.

Tobacco Smoke

Tobacco smoke is the most common indoor pollutant.
Increasingly, people find it extremely objectionable. The
isolation of the smoker doesn’t help if nonsmokers
breathe the same air circulated by the air-handling sys-
tem, which only dilutes, but does not remove, the smoke.



Tobacco smoke is a very complicated mixture of
over 4700 chemical compounds, irritating gases, and
carcinogenic tar particles. Visible smoke consists of tens
of trillions of fine particles of carcinogenic tar and nico-
tine per cigarette. Gaseous contaminants include nitro-
gen dioxide, formaldehyde, hydrogen sulfide, hydrogen
cyanide, carbon monoxide, ammonia, and nicotine,
which are extremely noxious at high concentrations.
Short-term exposure is irritating to the eyes, nose, and
throat. Prolonged exposure can result in death.

Interior designers are often involved in creating seg-
regated smoking areas. In some parts of the United
States, smoking is banned from entire buildings. In
other communities, smoking is allowed only in certain
types of businesses, such as bars. Yet other localities re-
quire restaurants and other establishments to create sep-
arate smoking and nonsmoking sections. Often, the
choice of a smoke-free environment rests with the busi-
ness owner, and the interior designer is likely to have a
considerable say in whether to go smoke-free. Offering
customers a truly smokeless environment will often at-
tract more people than it will drive away. Second-hand
smoke is also a very real health threat to the employees
of businesses where smoking is allowed.

When you do create a space for smoking, be sure
you are up to date on the current local restrictions and
requirements, which are subject to frequent changes and
are sometimes very complex. The barriers you design
between smoking and nonsmoking spaces should not
only comply with the letter of the law, but also truly
provide a smoke-free environment. Ceiling-hung smoke-
filtering equipment does not ensure a smoke-free envi-
ronment, and smoke is often drawn by the HVAC sys-
tem from one area into another.

Soil Gases

Methane and other gases in the soil are released by de-
composing garbage in landfills, leaking sewage lines,
and toxic waste. They can be explosive or toxic, and have
obnoxious odors. The history of a site should be known
before building begins, and soil removed if necessary.
The foundation and floor drains should be sealed, and
the subsoil ventilated if there is a problem.

ODORS

Foul-smelling air is not necessarily unhealthy, but can
cause nausea, headache, and loss of appetite. Even a
mild but recognizable odor can make us uneasy. Our
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noses are more sensitive than most detection equipment
available today. It is possible to detect harmful sub-
stances by their odors, and eliminate them before they
reach dangerous levels.

Building intakes for outdoor air may pick up auto
exhaust, furnace and industrial effluents, or smog, and
bring the contamination into the building’s air supply.
In industrial spaces, odors arise from chemical products
such as printing inks, dyes, and synthetic materials, and
from manufactured products. Body odors accumulate in
offices, assembly rooms, and other enclosed and densely
occupied spaces. Smoking adds to the contamination of
the air supply. Some materials, such as cotton, wool,
rayon, and fir wood, absorb odors readily, and give them
off later at varying rates, depending upon temperature
and relative humidity. Occupancy odors can accumulate
on furnishings and continue to be released after the peo-
ple who produced them have left the space.

Some of the odors we sense indoors can come from
moisture or certain kinds of metals and coatings used
on air-conditioning coils. Linoleum, paint, upholstery,
rugs, drapes, and other room furnishings may add
odors, which tend to be reduced with lower relative hu-
midity. Food, cooking, and the decomposition of ani-
mal and vegetable matter produce odors that may be
offensive.

As our environment is freed of multiple odors, we
become more sensitive to the remaining ones. The ob-
vious presence of human body odor in a space is usu-
ally an indication of inadequate ventilation. Removing
gases or vapors or reducing their concentration below
perceptible levels help to control odors. We can also act
to interfere with the perception of the odor. Ventilation
with clean outdoor air dilutes odors. Air washers or air
scrubbers are pieces of equipment that can clean away
odors. Odors can be adsorbed (assimilated by the sur-
face of a solid) by activated charcoal filters or other ma-
terials. Equipment is also available to remove odors by
chemical reactions, odor modification, oxidation, or
combustion.

VOLATILE ORGANIC
COMPOUNDS

Volatile organic compounds (VOCs) are chemical com-
pounds that tend to evaporate at room temperature and
normal atmospheric pressure (and are thus volatile),
and that contain one or more carbon atoms (and are
thus called organic compounds). They are invisible
fumes or vapors. Some VOCs have sharp odors, while
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others are detectable only by sensitive equipment. Al-
most any manufactured or natural product may give off
VOC:s in a confined space. VOCs commonly evaporate
from building and furnishing products. Plywood, plas-
tic, fibers, varnishes, coatings, and cleaning chemicals
are common sources. Solvents used in paints, waxes,
consumer products, and petroleum fuels all emit VOCs,
many of which are toxic and can affect the central ner-
vous system, the eyes, and the respiratory system.

As interior designers, clients sometimes call on us
to minimize the use of potentially polluting materials
in the spaces we design. Products sometimes advertise
that they are less polluting than a competing material
or even than an earlier version of the same product. In
order to evaluate the claims of manufacturers for
“green” products, we need to have some understanding
of the components that are most likely to cause prob-
lems for sensitive users. The information that follows is
intended as a reference for some of the more common
chemicals, but is by no means an exhaustive list.

Most of the research on acceptable levels of VOCs
has been done in industrial settings, and is influenced
by what is achievable rather than what is safe based on
health studies. Preliminary research suggests that the ef-
fects of various VOCs can add together to have a greater
impact than the individual components separately.

Volatile organic compounds enter the air when the
surfaces of solid materials evaporate or offgas at room
temperatures. The list of irritating VOCs includes
methane, ethane, methylene chloride, trichloroethane,
chlorofluoracarbons (CFCs), hydrochlorofluorocarbons
(HCFCs), hydrofluorocarbons (HFCs), formaldehyde,
and hydrocarbons (HCs) such as styrene, benzene, and
alcohols, all of which can be found in newly constructed
or renovated spaces. Some products will offgas VOCs for
a period, during which time the space must be venti-
lated, and then revert to a safe state.

Methylene chloride is found in paint strippers, ad-
hesive removers, and aerosol spray paints. It is known to
cause cancer in animals, and is converted to carbon
monoxide in the body. Xylenes are found in varnishes
and solvents for resins and enamels. Xylene is a narcotic
and irritant that affects the heart, liver, kidney, and ner-
vous system. Toluene is a petrochemical found in various
adhesives and solvents and in chipboard. It is narcotic
and may cause anemia. Styrene is a possible carcinogen
in many paints, plastic foams, plastics, and resins.

Benzene is a respiratory tract irritant and carcino-
gen in cigarette smoke, automobile emissions, and in
paints, stains, and varnishes used on furnishings. Ethyl
benzene, which is found in some solvents, causes severe
irritation to the eyes and respiratory tract. Trichloroeth-

ylene is found in furniture varnishes and may affect the
control of the nervous system. It is also probably a car-
cinogen. Methylene chloride is a narcotic found in
acoustical office partitions that can affect the central ner-
vous system and probably also causes cancer. Methyl-
ethylketone, also called 2-butanone, is an ingredient in
fiberboard and particleboard. It is an irritant and cen-
tral nervous system depressant.

Tetrachloroethylene, also known as perchloroethyl-
ene, is the chemical most widely used to dry-clean fab-
rics and draperies. It can irritate the skin and eyes or de-
press the central nervous system, and has been shown
to be a carcinogen in animals. People breathe low lev-
els of this chemical both in homes where dry-cleaned
goods are stored and as they wear dry-cleaned clothing.
Dry-cleaners recapture the perchloroethylene during
the dry-cleaning process so they can save money by
reusing it, and they remove more of the chemical dur-
ing the pressing and finishing processes. Some dry-
cleaners, however, do not remove as much as possible
all of the time. If goods with a chemical odor are re-
turned to you repeatedly, look for a different dry-cleaner.

Paints, solvents, carpets, soft plastics, adhesives,
caulks, soft woods, paper products, and cleaning and
maintenance products may all emit VOCs. Building oc-
cupants may experience intoxication, loss of judgment,
and panic, in addition to the symptoms typical of
formaldehyde.

Most of the more serious effects are the result of ex-
posures at levels higher than those normally expected
indoors. However, some common situations are likely
to cause mild to serious health effects from VOC expo-
sure. These include installation of large volumes of new
furniture or wall partitions and dry cleaning of large vol-
umes of draperies or upholstered furniture. Large-scale
cleaning, painting, or installation of wall or floor cov-
erings also results in unusually high levels of VOCs.
Temporary temperature fluctuations and inadequate
ventilation can also increase VOC levels.

Both building maintenance workers and other
building occupants are exposed to higher levels of VOCs
when the HVAC system is shut down at night or during
weekends. VOCs are not adequately cleared from the
building, and the accumulation is circulated through the
building when the system is turned on again.

Formaldehyde

Formaldehyde is the most widespread VOC, and a ma-
jor contributor to SBS. Formaldehyde is a colorless,
strong-smelling gas used in the manufacture of synthetic



resins and dyes, and as a preservative and disinfectant.
It is present in buildings in urea-formaldehyde foam in-
sulation (UFFI) and in pressed wood products. The U.S.
National Institute of Occupational Safety and Health has
implicated formaldehyde emissions, primarily from fur-
nishings, as the cause of 4 percent of BRIs investigated.

Because it is a gas at room temperature that dis-
solves readily in water, formaldehyde irritates moist
body surfaces, such as the mucous membranes of the
eyes, the upper respiratory tract, and the skin. Ten to
twenty percent of healthy people experience nausea,
vomiting, histamine allergic reactions, or asthmatic at-
tacks when exposed to levels of formaldehyde as low as
0.03 parts per million (ppm). Healthy people can have
difficulty breathing, and may cough, wheeze, and feel
tightness in the chest at 5 to 30 ppm.

At high levels, formaldehyde causes tearing, burn-
ing, and stinging eyes, a tingling sensation in the nose
and sneezing, and soreness and dryness in the throat.
The irritation persists even after removal of the source,
and can temporarily heighten sensitivity to other con-
taminants. Higher levels can produce pulmonary edema,
lung inflammation, pneumonia, and death. Formalde-
hyde may also increase the risk of cancer in humans.
Formaldehyde has been clearly demonstrated to have
negative effects on people with chemical sensitivities.

Formaldehyde is found in particleboard, interior
laminated panels, glues, fabric treatments, and paints.
Interior-grade plywood or particleboard, medium-
density fiberboard, insulation, and some textiles emit
it. Carpeting and panelboard in new and renovated
buildings may give off small quantities of formaldehyde
for years. Its effects are most severe when new, but can
last from a few hours to many years after installation.
Areas where formaldehyde is evaporating should be
thoroughly ventilated.

Interior designers should seek alternatives to parti-
cleboard if possible, although it can be very difficult to
avoid, especially on a limited budget. Seek out particle-
board with lower VOCs. Some manufacturers have done
emissions testing, and can provide information. De-
mands by architects and interior designers will encour-
age testing and availability of safer materials. If emissions
information is not available, look for manufacturers us-
ing European standard board, or U.S. board rated “ex-
posure one,” which have lower emissions. You can also
reduce exposure to formaldehyde by purchasing exterior-
grade products, which emit less formaldehyde.

Particleboard should be sealed with a secure coat-
ing to encapsulate the VOCs. Some sealants are applied
by the manufacturer before shipping, while others are
applied on site after installation. Sealants can prevent
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formaldehyde release, and prevent moisture from seep-
ing into the material. Some products react with the
formaldehyde to create nonemitting or inert com-
pounds. Thin liquid coatings that form a hard surface
after curing and drying, including acid-curing lacquers,
polyacrilamide, polyurethane lacquer or varnish, and la-
tex paints, may also emit VOCs while drying, but the
end effect is to seal in the long-term formaldehyde emis-
sions. If the particleboard you specify is sealed with ve-
neers or laminate, check that all surfaces are completely
sealed, including edges, backs, under desktops or table-
tops, and inside cabinets and drawers. If there are un-
sealed areas, request application of a liquid sealer for-
mulated especially for formaldehyde reduction.
During the 1970s, many homeowners had urea-
formaldehyde foam insulation (UFFI) installed in the
wall cavities of their homes as an energy-conservation
measure. However, many of these homes were found to
have relatively high indoor concentrations of formalde-
hyde soon after the UFFI installation. Few homes are now
being insulated with this product. Studies show that
formaldehyde emissions from UFFI decline with time,
so homes in which UFFI was installed many years ago
are unlikely to have high levels of formaldehyde now.

Controlling VOCs

Some building materials may act as sponges for VOCs,
absorbing them for later release. Carpeting, ceiling tiles,
and freestanding partitions have high surface areas that
can absorb VOCs. Rougher surfaces and lower ventila-
tion rates increase absorption. Higher air temperatures
increase VOC emissions and air concentrations. VOC
emissions can be managed by limiting sources, provid-
ing proper ventilation, and controlling the relative hu-
midity of the air.

The stability of materials has an impact on the in-
terior air quality over an extended period. Interior de-
sign finishes that don't produce or retain dust and
designs that limit open shelving or dust collecting areas
help control VOC retention in the space. Durable ma-
terials, such as hardwoods, ceramics, masonry, metals,
glass, baked enamels, and hard plastics, are generally
low in VOC emissions. Low VOC paints are available as
well. Fibers like cotton, wool, acetate, and rayon have
low VOCs, but their dyes and treatments may release
toxic chemicals.

Rerelease of VOCs that have been absorbed by fur-
nishings can be controlled by using the maximum
amount of outside air ventilation during and following
installation of finishes and furnishings. Air should be ex-
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hausted directly to the outside rather than through the
HVAC system. Ventilation should continue constantly
when VOC levels are elevated. Installed materials can be
protected from collecting VOC emissions from other
products by sealing them in plastic vapor barriers. Fiber-
lined HVAC ducts and return air plenums should also
be protected, especially the exposed upper surfaces of
ceiling panels and exposed spray-on insulation. Newly
occupied buildings should be operated at the lowest ac-
ceptable temperatures to slow VOC emissions.

The period immediately following the finishing of
the building's interior is critical for VOC exposure. Ag-
ing materials before installation may help release some
of the VOCs outside of the space. If possible, occupancy
should be delayed to allow for outgassing from adhe-
sives, paints, and other materials and finishes.

In new construction, it may be possible to use a bake-
out period. The unoccupied building is sealed, and the
temperature is raised to around 27°C (80°F). The space
is periodically completely ventilated, over a period of
from 72 hours to a week. This process increases the ag-
ing rate for shorter-lived VOC sources. Baking-out must
be thoughtfully planned and professionally monitored.
The effectiveness of bake-out procedures are mixed, de-
pending upon the materials and procedures involved.

BIOLOGICAL CONTAMINANTS

Most of us don't even want to think about bacteria, fungi,
viruses, algae, insect parts, dead mice, and dust in the air
we breathe. Yet these contaminants are all less common
than human skin scales. We shed skin cells constantly
from our skin and in our breath, and our environment
is littered with our dead cells. It is estimated that a per-
son sheds 40,000 biological particles containing bacteria
per minute while sitting at a desk, and as many as 45 mil-
lion per minute when exercising. The number of bacte-
ria able to reproduce in an office environment is often in
the range of 1000 colony-forming units per cubic meter.

Bacteria and fungi are present indoors and out, but
office buildings provide an exceptionally favorable en-
vironment of high humidity and standing water in cir-
culation and air-conditioning ducts, ceiling tiles, insu-
lation, and even ice machines. These microorganisms
release bioaerosols, which include tiny spores from
molds and other fungi that float through the air and ir-
ritate skin and mucous membranes.

Mold in carpets eats skin scales, as do dust mites.
Mold and dust mite excrement are two very common
causes of allergies. Other biological particulates include
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Figure 19-1 A dust mite in carpet.

pollens, spores, cat dander allergens, and finely ground
food products like grains, coffee, and cornstarch. The
protein in urine from rats and mice is a potent allergen.
When it dries, it can become airborne.

Dust mites (Fig. 19-1) congregate where nutrients
(dead skin cells) collect, in and around beds, bedding
materials, in upholstered furnishings, in carpet, and in
places of high human activity. They require at least 60
percent relative humidity to survive. A relative humid-
ity of 30 to 50 percent is generally recommended for
homes. Dust mites are common in both residential and
commercial spaces.

Dust mites are relatively large, so they settle out of
the air and usually live at floor level, only becoming air-
borne when the dust is disturbed. About 53 percent of
allergic individuals are sensitive to household dust, and
more than 37 percent are allergic to dust mite allergens.
Dust mite allergens include enzymes in their feces, mite
saliva, and the soluble proteins from mite body parts.
Reactions include nasal inflammation, asthma, and
itching, inflammation, and rash.

Nearly everything organic releases particles or micro-
scopic bits of solid or liquid matter that can stay airborne
for long periods of time. Larger particles are usually caught
in the nose before they can reach the lungs. Pollen grains
from weeds, grasses, and trees, which cause seasonal al-
lergies for many people, are larger than ordinary dust par-
ticles, and can be filtered out mechanically. Most pollen
grains are also hygroscopic, which means they vary in size
and weight when they absorb water from humid air.

Particles less than 10 microns in diameter are
known as respirable suspended particles or RSPs. (A
hundred microns is about the diameter of a human
hair.) When they get past the nose and invade deep into



the lungs, they can cause coughing, wheezing, and res-
piratory tract infections. Respirable suspended particles
can cause chemical or mechanical irritation of tissues,
including nerve endings wherever they are deposited.
They can affect respiration and aggravate cardiovascular
disease. In addition, RSPs may have an impact on the
immune system, and can cause changes in lung tissue,
including cancer. They are linked to SBS, respiratory dis-
eases, and asthma. They tend to affect preadolescent
children, older people, and people with respiratory con-
ditions most severely. Many people become increasingly
sensitive to RSPs through repeated contact, resulting in
allergic reactions.

It is often difficult to test for biological contami-
nants, as many of the specific test substances are not
widely available, and the symptoms are varied and sim-
ilar to those from other causes. Estimates of the impact
of RSPs on building problems vary from 5 to 50 per-
cent of sick building cases.

Biological contaminants need four things to grow in
a building: a source, water, nutrients, and favorable tem-
peratures. Contaminants arrive in buildings from outdoor
air, and live in air-handling and humidification systems,
and in building materials and furnishings. Building occu-
pants, pets, and houseplants all contribute as sources.
Water is provided by roof and plumbing leaks, vapor mi-
gration and condensation, houseplants, humidifiers,
aquariums, and building occupants. Biological contami-
nants can eat dust, dirt, food, water, houseplants, dead
plant tissue, building materials, and furnishings—almost
anything you are likely to find in a building! They enjoy
temperatures between 4.4°C and 37.8°C (40°F-100°F).

Biological contamination is often the result of in-
adequate preventive maintenance. The internal compo-
nents of air-handling units, fan-coil units (FCUs), and
induction units are seldom cleaned. Drain pans hold
stagnant contaminated water that should be drained.
Wet cooling coils and porous insulation collect dirt and
debris, especially in air-conditioning systems.

Inaccessible, poorly designed mechanical systems
defeat efforts at proper maintenance. Access doors to
heat exchangers, air-handling units, and heat pumps
may be in inaccessible locations over ceiling tiles. Air-
handling units may be confined in small rooms or
plenums. Fan-coil and induction units are often diffi-
cult to disassemble for cleaning. Locating an outdoor
intake within 7.6 meters (25 ft) of a cooling tower or
other unsanitary location allows microorganisms to en-
ter the building. Whenever an area is flooded, cleanup
must be thorough and prompt.

Moisture encourages the retention and growth of
molds, fungi, viruses, and algae, and prime growth con-
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ditions often exist in heating and cooling systems. Stand-
ing warm water, as in untreated hot tubs, air-conditioning
drain pans, and humidifier reservoirs, can harbor haz-
ardous bacteria. Dead mold and other biological con-
taminants don't always show up on tests, so diagnosis of
problems can be difficult. Filters are rarely effective for bac-
teria, and evaporative humidifier filters can even harbor
bacteria that eat cellulose and thrive in the warm, wet en-
vironment. Air-conditioning coils can hold skin cells, lint,
paper fibers, and water, a perfect environment for mold
and bacteria. Building air quality specialists tell horror sto-
ries of mold-covered mechanical systems supplying the air
for an entire building.

Excessive humidity in occupied spaces encourages
the growth of biological contaminants. Keeping the rel-
ative humidity below 70 percent discourages fungus,
and below 50 percent minimizes condensation on cold
surfaces during summer months.

Contamination of the central air system and lack of
proper ventilation create breeding conditions for mi-
croorganisms. Incorrectly specified building and interior
materials or finishes provide homes for bacteria and
fungi. For example, carpet that is not resistant to mois-
ture can become wet in the wrong location and harbor
microorganisms.

Fungus particles and dust mites grow in basements,
damp carpets, bedding, fabrics, walls, ceilings, and clos-
ets. Covering beds and upholstery with barrier cloth and
increasing ventilation can contain them. Borax treat-
ments can retard fungus. Many types of bacteria and
fungi produce toxic substances called endotoxins as by-
products of their metabolic processes.

Microorganisms become airborne by attaching to
dust particles suspended in the air by activity nearby.
Dust control, air sterilization, and carefully designed
ventilation systems can help. Operating rooms may re-
quire special downdraft ventilation. The air supplied to
nurseries for premature babies or to laboratories is
sometimes sterilized with ultraviolet (UV) light in the
ductwork, although this system is difficult to maintain.
Air from high infection risk areas, like medical treatment
and research areas, is normally isolated from the air sup-
ply for uninfected areas. The safety precautions taken
include increasing outside air supplies, avoiding air
movement from one room into another, and specifying
cleaning of recirculated air.

In the 1960s, a group of American Legion members
at a convention in a hotel suddenly began to die of a
mysterious malady, which became known as Legion-
naire’s disease. This fatal respiratory illness was eventu-
ally traced to the bacterium Legionella growing in an im-
properly maintained HVAC system. Legionella grows in
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cooling towers and plumbing systems, and on other sur-
faces within water-containing systems. Most people have
been exposed to Legionella, which is present in about a
quarter of fresh water samples, but it rarely causes dis-
ease except under certain indoor conditions and in sus-
ceptible human hosts. Legionnaire’s disease is a pro-
gressive, potentially fatal form of pneumonia that
infects only about 5 percent of those who inhale drop-
lets of water with the bacteria. Fifteen percent of those
infected die of the disease. Pontiac fever is a two- to
three-day-long flu-like illness also caused by Legionella
that infects 95 percent of exposed individuals.

Legionnaire’s disease continues to cause periodic
deaths in poorly maintained buildings, including the
Ford Motor Co’s Cleveland Casting Plant, which was
temporarily closed after an outbreak in 2001. The air-
conditioning system in the new aquarium in Mel-
bourne, Australia, was reported in 2000 to have spread
the bacteria responsible for a deadly outbreak of Le-
gionnaires’ disease. Two women died, eight people were
in critical condition, and 66 people were confirmed to
have the disease.

Pseudomonas is responsible for humidifier fever or
humidifier lung, and produces flu-like symptoms with
fever, chills, difficulty breathing, muscle aches, and
malaise when toxins produced by microbes are distrib-
uted through the air. The water reservoirs of humidified
heating systems, air-conditioning units, cool-mist hu-
midifiers, and evaporative air coolers can harbor
pseudomonas. Humidifier fever symptoms emerge 4 to
12 hours after exposure, and then subside. Humidifier
lung can cause permanent, potentially fatal changes in
lung tissue with continual exposure.

Fungi are plantlike organisms that lack the chloro-
phyll needed for photosynthesis, and include molds,
mildew, and yeasts. Mildew is a fungus that appears as
a thin layer of black spots on a surface; you may see it
on your shower curtain. Fungi live on decomposed or-
ganic matter or living hosts, and reproduce by spores.
Some spores are dry, and can become airborne. Others
are slimy, and it is these that create mold-infested build-
ing materials or furnishings implicated in SBS. They will
grow on almost anything, including glass, paint, rubber,
textiles, electrical equipment, mineral wool, or fiberglass
duct lining materials, and the substances that hold
buildings together. Molds grow where there is moisture
or a relative humidity over 70 percent, often from water
damage from leaks in pipes or floods or from conden-
sation on walls and ceilings. Synthetic carpets contain-
ing large amounts of dust make excellent mold envi-
ronments, especially after water damage. Spores in
air-conditioning systems may contribute to SBS.

Mycotoxins are digestive by-products of fungi. Some
are helpful, like penicillin, while others, like aflatoxin,
are carcinogens. Some mycotoxins become toxic in
combination with other substances. Fungi emit VOCs,
creating a distinctive odor that is often the first indica-
tion of their presence. Ethanol is one common VOC
emitted by fungi, and enhances the toxic and irritant ef-
fects of other VOCs. Exposure to fungi spores, myco-
toxins, and VOGCs can result in allergic reactions, which
are usually hard to test for, and other immune system
disorders and toxic reactions.

Free-living amoebas are microscopic protozoa that
can form dormant cysts when food isn't available and
hide away until times of plenty. Amoebas are implicated
in some BRIs. In addition, bacteria that have been eaten
by amoebas can stay alive, and are thus protected from
disinfectants like chlorine. Viruses are submicroscopic or-
ganisms that reproduce in living hosts, and that can cause
disease. Blue-green algae and green algae are one-celled
microscopic organisms that grow in fresh or salt water
and sunlight. They can be dispersed through the humid-
ification and HVAC systems from areas of standing water.

Installing and using exhaust fans that are vented to
the outdoors in kitchens and bathrooms, and venting
clothes dryers outdoors can reduce moisture and cut down
on the growth of biological contaminants. Ventilate the
attic and crawl spaces to prevent moisture buildup. If us-
ing cool mist or ultrasonic humidifiers, clean appliances
according to manufacturer’s instructions and refill with
fresh water daily. Thoroughly clean and dry water-dam-
aged carpets and building materials, within 24 hours if
possible, or consider removal and replacement.

Keeping the building clean limits exposure to house
dust mites, pollens, animal dander, and other allergy-
causing agents. As an interior designer, avoid specifying
room furnishings that accumulate dust, especially if they
cannot be washed in hot water. Using central vacuum
systems that are vented to the outdoors or vacuums with
high-efficiency filters may also be of help. Do not fin-
ish a basement below ground level unless all water leaks
are patched and outdoor ventilation and adequate heat
to prevent condensation are provided. Operate a dehu-
midifier in the basement if needed to keep relative hu-
midity levels between 30 and 50 percent.

OTHER POLLUTANTS

As if biological contaminants and chemicals didn't pose
enough of a threat to the well-being of our clients and
us, there are even more dangers posed by mineral



and glass fibers, lead, and pesticide residues. Renova-
tion work in older buildings often generates exposure
to problems that have been in the building for a long
time. As interior designers, it is our responsibility to un-
derstand and avoid these dangers.

Mineral and Glass Fibers

The breakdown of interior duct lining and fireproofing
can put fibrous mineral particles into the air. Fire-resis-
tant acoustic tiles and fabrics can add irritating fibers as
well. Mineral and glass fibers are potential irritants,
burning the eyes, itching the skin, and creating a long-
term risk of lung damage and cancer. They should be
handled only with a respirator and gloves, should
be sealed and enclosed and not disturbed in place.

Asbestos has been known since ancient times for its
resistance to fire. It was used in the nineteenth century
as a structural fire-resistant coating. Up until 1975, as-
bestos was widely used for steam pipe and duct insula-
tion and in furnaces and furnace parts. Before 1980,
acoustic tiles and fiber cement shingles and siding con-
tained asbestos. Vinyl floor tiles made from the 1940s
to the 1980s contain asbestos, as does their adhesive.

Inhalation of asbestos fibers presents a long-term
risk of cancer, asbestosis (fibrous scarring of the lungs),
and fluid in the lungs.

Citing the growing costs of asbestos-related lawsuits,
W. R. Grace & Co. filed for Chapter 11 Bankruptcy pro-
tection in 2001. Most of the suits stem from the asbestos
added to some of Grace’s fire-protection products. The
company stopped adding any asbestos to its products
in 1973.

Asbestos fibers may still be found in existing con-
struction, in the insulation on heating system compo-
nents and other equipment, in acoustic tiles, in drywall
joint-finishing material, and in textured paint purchased
before 1977. Some sprayed and troweled ceiling finish-
ing plaster installed between 1945 and 1973 also con-
tains asbestos.

Asbestos is white, light gray, or light brown, and
looks like coarse fabric or paper. It may also appear as
a dense pulpy mass of light gray stucco-like material ap-
plied to ceilings, beams, and columns. Most asbestos
can be left undisturbed, as long as it doesn’t emit fibers
into the air. Asbestos can be sealed with a special sealant,
and covered with sheet metal if it is not crumbling, but
it remains in place and must be dealt with later during
renovation or demolition. Avoid drilling holes, hanging
materials onto walls or ceilings, causing abrasion, or
removing ceiling tiles below material containing as-
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bestos. Wrapping can repair asbestos-covered steam
lines and boiler surfaces. Asbestos in walls and ceilings
can’t usually be repaired, as it is difficult to keep it air-
tight. Enclosures are possible in small areas not likely
to be disturbed, without water damage, deteriorating as-
bestos, or low ceilings.

Encapsulation may cost more than removal. Re-
moval is the only permanent solution, but since it may
release fibers if not done correctly, removal can be more
dangerous than leaving the asbestos in place. If removal
is required, get an expert to identify and remove the as-
bestos. Be sure that the expert you select to remove
asbestos is properly certified and licensed. Investigators
found five instances in Massachusetts where contractors
falsely claimed in telephone listings that they were li-
censed. Four people were arrested in Massachusetts in
2000 for violating the state’s Clean Air Act and haz-
ardous material handling law when they removed as-
bestos from a school, a home, an apartment building,
and two demolition sites. In one case, the homeowner
used a hidden camera to discover workers ripping off
pipe insulation by hand, releasing asbestos fibers into
the air. The same company was working at a private el-
ementary school nearby, where violations were also
found. Another contractor knocked down two buildings
that were sided with asbestos shingles, contaminating
the sites. In another case, an apartment building owner
hired a tenant to remove asbestos, which was then
tossed into a common dumpster. The tenant did not use
safety gear and was exposed to high levels of asbestos.
Do not accept a contractor’s assurances that he or she
can take care of the asbestos problem for you, and that
“we do it all the time.”

Areas where asbestos is being removed must be iso-
lated by airtight plastic containment barriers, and kept
under negative pressure with high-efficiency particulate
air (HEPA) filtration (which we discuss later) within the
barrier. The asbestos-containing material must be wet-
ted prior to removal and disposed of in leak-tight con-
tainers. All surfaces should be wet-mopped or HEPA vac-
uumed for two consecutive days after the removal is
completed. The work site should be inspected and air
quality tested after the work is done.

Manmade mineral fibers are generally larger than
asbestos fibers, and therefore less dangerous. They are
commonly found in wall insulation, ceiling tiles, and
duct insulation. An initial blowout period for duct in-
sulation removes broken fibers. Fiberglass insulation is
made of glass wool. Continuous-filament fiberglass is
used to reinforce plastic, and for specialty textiles and
fiber optics. Mineral wool, also called rock wool and
slag wool, is used for insulation and fireproofing. Man-
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made mineral fiber manufacturing workers have in-
creased cancer rates.

Lead

Lead has been known and used throughout the world
for over 5000 years. The Phoenicians, Egyptians, Greeks,
Indians, Chinese, and later the Romans used lead ves-
sels, water ducts, and utensils. Lead was present in most
paint in the United States until it was banned in 1978
by federal law, although it had been banned in most
other countries decades earlier. Until 1985, pipes and
solder contained lead, as did gasoline, and it was com-
monly found in dust and soil near roads. Old pipes and
solder should be replaced. Soil near roads or where lead
paint residues may have washed off buildings should be
tested before being used to grow food.

Improperly glazed ceramics and leaded crystal con-
tain lead, and the foil on wine bottles may be lead. Lead
is also used for fabricating leaded glass artwork, and
should be handled and stored carefully to avoid com-
ing in contact with children or food.

Lead poisoning is considered the number one
health hazard to children under the age of seven. Young
children can ingest or inhale lead-based paint chips or
dust. Many cases occur in adults and children of all so-
cioeconomic levels in buildings undergoing renovation,
and during improperly conducted lead abatement pro-
cedures. Particles are suspended in the air or settle on
surfaces, which can release the particles back into the
air when disturbed. Carpets can collect particles. A quar-
ter of the homes built before 1990 with shag or plush
carpets that have been vacuumed with a loose belt, a
full bag, or less than once a month show high levels of
lead. Lead accumulates in the body. Children ingest and
inhale lead through playing on floors and other dusty
surfaces, and then putting their hands in their mouths.

Many American children now demonstrate some
level of irreversible lead poisoning that can impair mo-
tor function and intelligence. Lead is a neurotoxin, and
is especially damaging to fetuses, infants, and young
children, causing learning disabilities, nausea, trem-
bling, and numbness in the arms and legs. Lead expo-
sure has been implicated in attention deficit disorder
(ADD), impaired hearing, reading, and learning dis-
abilities, delayed cognitive development, reduced IQ
scores, mental retardation, seizures, convulsions, coma,
and death. In adults, lead exposure can cause high blood
pressure, and occupational exposure has been impli-
cated in kidney disease.

Houses built prior to 1950 are likely to contain paint
with high levels of lead. Lead-based paint is in three quar-
ters of U.S. homes built prior to 1975, amounting to
nearly 60 million private homes. This residential expo-
sure accounts for 80 to 90 percent of total lead exposure.
The woodwork and walls of many homes were painted
with lead-based paints. It is critical that old lead paint
be identified and removed, or sealed in an approved
manner. As an interior designer, you are in a position to
advocate for proper handling and disposal of lead paint.

A professional licensed contractor should remove
lead. Occupants must be out of the building during the
process, and workers must be properly protected. Lead
paint should not be sanded or burned off. Moldings and
other woodwork should be replaced or chemically
treated. Wood floors must be sealed or covered, be-
longings should be removed or covered, and dust
should be contained during the process. The final
cleanup should be done using a HEPA vacuum.

If the condition of the lead-based painted surfaces
is clean and intact and there is no cracking, peeling, blis-
tering or flaking of existing paint, building and health
authorities sometimes permit surfaces to be encapsu-
lated, using a coating that is applied in liquid form that
provides a flexible, impact-resistant barrier. These prod-
ucts can be used on almost any surface, including wood,
concrete, brick, cement, sheetrock, plaster, or gypsum.
Some coatings contain a bitter-tasting, FDA-approved
ingestion deterrent to discourage oral contact or inges-
tion by children. Encapsulation is the most economical
and simplest procedure, and does not require hazardous
waste removal or relocation of building occupants.
Some products are formulated for professional use only,
while others are designed for homeowners and do-it-
yourselfers. The effectiveness of encapsulation versus re-
moval remains a controversial issue.

Pesticide Residues

Prior to the 1980s, buildings may have been treated with
pesticides that contained toxic substances. Treatments
for termites, roaches, and mice might all present prob-
lems. Basements, foundations, ceilings, wall cavities,
cabinets, closets, and the soil outside foundations may
contain dangerous pesticide residues. These residues
may be neurotoxins, and may present a long-term risk
of liver or kidney disease or cancer. If the history of the
contamination is known, the materials can be identi-
fied and removed by experts. It is sometimes possible
to seal the pesticides permanently.
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Asthma and allergies have reached an all-time high, es-
pecially among children. Workers struggling with mul-
tiple health problems are forced to quit their jobs and
face unemployment. Public buildings are emptied of
employees and require expensive and time-consuming
renovations. Each year, news reports highlight schools
that are unable to open in time for classes while they
are stripped of contaminants. These are some of the re-
sults of poor air quality.

How does the quality of the air in buildings become
a public health, public policy, and public funding issue?
The building may take in contaminated outside air
when air intake locations and building exhaust loca-
tions are poorly designed. Buildings designed without
operable windows limit fresh air. Indoor air quality
(IAQ) needs to be a priority, right from the start of the
design process, through construction and continuing
with proper maintenance of heating, ventilating, and
air-conditioning (HVAC) equipment. You can choose
what you eat and drink, but not what you breathe. You
can't see contaminated air (except smoke), and you may
not be aware that the air you breathe could be the cause
of health problems. When the HVAC system recirculates
air, the building depends heavily on filtration to pre-
serve air quality. You can filter particles, but not gases,
and masks don’t work for vapors.

According to the American Society of Heating, Re-
frigeration, and Air-Conditioning Engineers (ASHRAE),
increasing ventilation and air distribution is the best and
most cost-effective way to freshen the air inside most
buildings. Blowers and fans that move the air, ductwork
that delivers it to the building’s rooms, and vents that
distribute it accomplish ventilation in a modern office
building. A good ventilation design will distribute sup-
ply air uniformly, except in areas with heat- and vapor-
producing office machines that require added airflow.
Placing supply and exhaust vents sufficiently far apart
allows fresh air to circulate more freely. ASHRAE has es-
tablished a general guideline of 20 cubic feet of outside
air per minute per person for an office environment to
dilute building contaminants sufficiently and maintain
a healthy environment.

Indoor air quality (IAQ) considerations affect the
decision of whether to use local or centralized HVAC
equipment. Equipment that includes individual exhaust
fans may help keep some areas under low pressure and
contain possible pollutants, as opposed to systems that
exhaust up a very tall central stack. Local air cleaners
can be selected to cope with local pollution problems.
On the other hand, centralized air cleaning makes main-
tenance easier and encourages regular maintenance. Ex-
terior air intakes scattered in many locations may need
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many small heat exchangers to temper outside air, while
one large exchanger can accommodate a central intake.
In practice, large buildings use a mix of local and cen-
tralized equipment.

The HVAC system can contribute to indoor air pol-
lution. Worn fan belts and motors can emit particulates.
Maintenance activities, such as changing filters, can cause
sudden bursts of contaminants to flow through the sys-
tem. HVAC systems can harbor a variety of biological
contaminants that grow within the system and are then
distributed by it. The system can draw contaminated out-
door air into the system and distribute it. The condition
of the outdoor air, the location of outdoor air intakes,
and the ability of the system to remove contaminants
before distribution will determine the degree to which
an HVAC system spreads contaminants. The HVAC sys-
tem may also distribute contaminants from areas of
higher concentration, such as smoking lounges or pho-
tocopying rooms, to those of lower concentration. The
contaminants from one business can travel to adjoining
businesses through shared HVAC systems.

Design practices that support good IAQ start with
carefully locating the building on the site, and include
limiting pollution at the source by selecting materials
and equipment with care. The HVAC system should pro-
vide for an adequate supply of fresh air, and the filter-
ing of both fresh and return air. Upon completion of
construction, the building ventilation should be run in
a flush mode to thoroughly change the air.

When looking for products that emit low amounts
of volatile organic compounds (VOCs), consider how
much of the surface area of the product is exposed to
circulating indoor air, and how much of the product is
used in the building. Seek manufacturer’s information
on the chemical composition of the product. Find out
what is known of the toxicity or irritation potential of
the major chemical constituents of the product. Try to
find out how stable the product is in a warm, dry office
environment, or in the intended use.

Manufacturers of office systems have published
studies evaluating workstations, panels, fabrics, and
coating for their impact on IAQ. Check with the sup-
pliers of products you specify for this information.

Building materials can be tested for air quality con-
siderations in full-scale time tests. The contractor is
given a target for allowable air concentrations of vari-
ous chemicals in the work to be done. Materials likely
to contribute more than one-third of the allowable
amount are tested as assemblies before acceptance for
use in the building. This procedure shortens or avoids
the 90-day flush out of the completed building with out-
door air before occupancy. Full-scale tests were used in

the U.S. Environmental Protection Agency (EPA) cam-
pus at Research Triangle Park, North Carolina, which
was designed by Hellmuth, Obata + Kassabaum of
Washington, DC.

Unavoidable sources of pollution should be iso- EQ%
lated. Isolating sources of pollution can be difficult.
Copying machines are essential in open offices. You
should try to erect as much of a barrier as possible, and
provide local ventilation to remove contaminated air
immediately (Fig. 20-1). Healthcare and laboratory
buildings are usually broken into clean and dirty zones,
sometimes with separate circulation paths. By using
higher air pressure in clean areas, airflow from dirty ar-
eas to clean ones is discouraged. Exhaust fans are in-
stalled in low-pressure spaces, to push out dirty air. The
amount of clean air supplied to dirty areas is limited,
to keep air pressures low. Makeup air or supply air is
added from the HVAC system to the clean, higher-
pressure side of the system.

Keeping the building and its equipment clean and
well maintained is critical to good IAQ. Many of the
cleaners that custodians use can be hazardous to their
health. Toilet bowl and general-purpose cleaners can be
corrosive to the eyes and skin. Glass cleaner and disin-
fectants may be flammable or poisonous. Metal clean-
ers and carpet spotters may contain cancer-causing
chemicals. Cleaning agents should be carefully selected,
and the building air should be flushed out after unoc-
cupied weekends and holidays to remove accumulated
pollutants from furnishings and finishes.

Some custodial companies are making a point of us-
ing environmentally preferable products (EPPs), defined
as products that have a reduced effect on human health
and the environment when compared with competing
products. These products have reduced amounts of VOCs
that contribute to respiratory and central nervous system
problems. Environmentally preferable products also re-
duce the amount of toxins dumped down the drain.
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Figure 20-1 Copier isolation and exhaust.



Chemicals such as chlorine are not biodegradable and
can be toxic to aquatic life.

Interior designers have a responsibility to make sure
that building owners, managers, and maintenance staff
understand the original IAQ design elements and prin-
ciples in order to ensure benefits in the future. Main-
taining and monitoring the HVAC system reduces sick
building risk and assures that problems are identified
and corrected at minimum expense. A broad-spectrum
antimicrobial additive can help control microorgan-
isms, as will keeping the interior clean, free of humid-
ity, and well ventilated. The interior designer should
come back to the space a few months after the con-
struction is finished, and again a few years later, to learn
how the process could be improved for future projects.
The feedback of an environmental consultant is very
helpful as well.

As many as one-third of schools may have unac-
ceptable IAQ, with students and teachers complaining
about headaches, asthma attacks, and fatigue from
poorly ventilated classrooms or mold from leaking
roofs. Many older homes contain lead paint or lead-
contaminated yards in which children play. Even the
small amount of mercury in a broken thermometer can
lead to severe neurological damage in children.

Dr. Michael Rich, a specialist in adolescent medi-
cine at Children’s Hospital in Boston, has observed that
95 percent of his patients with asthma had elements in
their environment that were precipitating asthma, ele-
ments that they knew about but didn’t mention during
doctor’s visits. Asthma tends to be linked with poverty,
and many of the obvious problems for kids with asthma
are elements that are beyond their control if they are
poor, such as avoiding forced-air heating or industrial
fumes. Fixing the quality of housing is the first step to
fixing children’s health.

An EPA program to promote [AQ targets health
threats to children at school, at home, and outside.
Thousands of children are still threatened by lead poi-
soning, mercury, and bouts with asthma. In schools, the
EPA program will train more officials on how to detect
and fix air quality problems, and eliminate toxic chem-
icals in science labs. At home, a lead safety program will
help to clean up lead-tainted yards and to crack down
on landlords who do not get rid of lead paint or mold
that can contribute to asthma. Outside, the agency will
help finance and run programs to publicize air quality
reports from areas with high asthma rates.

The Blackstone School, built in Boston, Massachu-
setts, in 1975, is one EPA success story. Higher than av-
erage asthma rates of two cases per classroom, combined
with mice, mold from water leaks, and poor mainte-
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nance of ductwork, made it clear that this was a sick
building. After a study by the EPA, an overhaul was or-
dered. Pest control was introduced and the leaking roof
was fixed. Grimy air ducts were cleaned, walls were
washed, and light covers were cleaned regularly. Chil-
dren are now healthier, and the school is safer and
cleaner.

ALLERGIES AND MULTIPLE
CHEMICAL SENSITIVITY

Interior designers are more and more often being called
on to help people with allergies or other physical sen-
sitivities in the design of healthy, nonpolluting homes.
Businesses too are becoming more aware of the costs of
sick employees, and more concerned about the health
of the indoor environment. Some interior designers
have made environmentally sensitive and healthy de-
sign a specialty. As our homes and workspaces are ex-
posed to increasing levels of more exotic chemicals, it
becomes ever more important that designers have the
knowledge and skills necessary to create safe indoor en-
vironments. Here are a couple of examples of real peo-
ple who developed serious illnesses as a result of un-
healthy interior environments.

The computer programmer was a young man who
prided himself on his good work habits and general
good health. He had heard about people who claimed
to become ill from working in a “sick building,” but al-
ways thought that these folks were probably hypochon-
driacs or neurotics. Shortly after his office was moved
into a newly renovated building, however, he began to
get headaches at work. He blamed them on tension, or
maybe just overwork, and continued to come to work
in his new office. Gradually the headaches increased,
and it would take him longer and longer after leaving
work to get rid of them.

Eventually, the headaches began to occur at home
or wherever the programmer went. The severity in-
creased as well. Still, his work ethic pushed him to go
to work, and he was reluctant to make a connection be-
tween his job and his health problems. Finally, with
work becoming impossible due to the constant and very
severe headaches, he talked to his supervisor about the
problem. No, his boss was not aware of anyone else
complaining of headaches.

Only later did the young man learn that other work-
ers in other departments throughout the building were
experiencing similar symptoms. Like him, most had hes-
itated to complain to their bosses, and most of their



124 THERMAL COMFORT

bosses were unaware of related problems throughout
the company.

The computer programmer was forced by his health
to quit his job. He now must avoid not only the con-
taminants introduced in the new building’s construc-
tion that eventually were implicated in his problems,
but many other common materials. His sensitivity to
many chemicals has had a profound effect on his health,
his career, and his ability to live and work where and
how he likes. He now knows that people who complain
of an unusual sensitivity to chemicals in their environ-
ment are not always inventing imaginary problems.

A high school teacher in Gloucester, Massachusetts,
had never had allergies until her school underwent ren-
ovations. She noticed she was coughing a lot and had
burning eyes in the spring of 1996, when renovations
began at the school. She would come home from work
exhausted, fall asleep around 4 p.m., and not wake up
until the next morning. Her voice became raspy and
hard to hear. Her doctor ordered her not to return to
the school. She now becomes dizzy and feels ill from
odors as minor as a whiff of perfume, the smell of new
clothes, or the scent of a window cleaner, and must wear
a microphone at work because her vocal cords are so
damaged students have trouble hearing her. She and 18
other current or former staff members have filed law-
suits against the architect and contractors of the project,
claiming that improperly used chemicals sensitized
some staff and students so greatly they now become ill
at the slightest provocation, while others developed
asthma and respiratory problems. Students at the school
had to be tutored off-site because of poor air quality.
The city of Gloucester also sued the contractor and ar-
chitect in 2000, alleging shoddy workmanship and bad
design. The general contractor has also had to settle a
lawsuit stemming from a botched waterproofing proj-
ect at a Boston courthouse that left scores of employees
ill, and was fined by the federal office of Occupational
Safety and Health Administration (OSHA) for letting
fumes seep into a science wing at another school in
1997.

Multiple chemical sensitivity (MCS) is a controver-
sial illness. There is no standard medical definition, di-
agnosis, or cure. The Center for Disease Control doesn’t
recognize it, and scientists and doctors argue about
whether it is a real or an imagined disorder. Disbeliev-
ers claim that those who complain of chemical sensi-
tivities often have a history of other problems, includ-
ing depression, which has led many to label MCS a
psychological problem.

Multiple chemical sensitivity is usually triggered by
an acute, but sometimes continuous, exposure to toxic

chemicals after which one develops intolerance for
lower levels of a range of substances. In other words,
someone can develop MCS after one massive exposure
to, say, a pesticide spraying or a chemical spill, or after
years of working at a factory that uses toxic substances.
Less commonly, it can result from built-up exposure to
the chemicals we all come into contact with each day.

The Social Security Administration and the U.S. De-
partment of Housing and Urban Development (HUD)
now recognize MCS as a disability in the United States.
It is a preventable chronic condition in which people
develop increased sensitivities to synthetic chemicals
or irritants. MCS is caused by acute and high-level or
chronic and low-level exposure to chemicals in pesti-
cides, petrochemicals, gas, building materials including
formaldehyde, furnishings, office equipment, carpets,
personal care and laundry products, biological contam-
inants, and other materials. People exposed to toxins
may develop injuries to their nervous, endocrine, im-
mune, and respiratory systems that make them sensitive
to even minute amounts of common, synthetic chemi-
cals. Symptoms may vary widely from person to person
and may appear unrelated to one another. Continued
exposure causes a person to react to many other syn-
thetic chemicals. Symptoms may become disabling
or life threatening. Multiple chemical sensitivity starts
with symptoms manifesting only in the contaminated
building. With continued exposure, symptoms begin to
occur everywhere, including at home. The level of sen-
sitivity increases, too, eventually leading to extreme sen-
sitivity to a wide range of chemicals.

The source of the problem could be fireproofing on
fabrics or pesticides outside an air intake. It may be
made worse by the lack of operable windows to venti-
late the building. Occupying a building while construc-
tion continues exposes office workers to paints and sol-
vents, as well as many other chemicals common in
construction.

When the human body’s ability to react to chemi-
cals and other substances in the environment is altered,
exposure to these substances can result in illness. Aller-
gic disorders, triggered by foods, dust, pollens, bacteria,
fungi, medicines, or other chemicals, include hay fever,
asthma, eczema, and contact dermatitis. Dust, irritating
gases, or changes in the temperature and humidity in
the indoor environment can trigger asthma attacks in
allergic individuals, even without exposure to specific
allergens.

The Ecology House in San Rafael, California, was
designed for low-income people with MCS. The de-
signers avoided plywood, and used Douglas fir sheath-
ing. The floors are tiled, not carpeted. Cabinets are made



of metal rather than plywood or oriented strand board
(OSB). Heat is supplied by radiant hot water, rather than
forced air. Painted surfaces are minimized, and no fire-
places or barbecues are allowed. Window coverings that
do not collect dust are installed rather than curtains. The
facility includes an airing room, where items like news-
papers can be hung while ink odors evaporate.

INTERIOR DESIGN MATERIALS

We have looked at the ways IAQ can become contami-
nated, how that contamination affects building occu-
pants, and how the building’s design can influence IAQ.
Now let’s examine how interior construction and fur-
nishing materials relate to issues of indoor air quality.

Wall and Ceiling
Construction Materials

Volatile organic compound emissions from ceiling and
wall materials are highest just after installation. Most
wall finishes have a slow decay rate, emitting VOCs grad-
ually for a prolonged period. Finishes that are applied
wet give up their VOCs more quickly, and become in-
ert after a shorter ventilation period.

Gypsum board may emit a wide range of VOCs, in-
cluding xylenes, butylacetate, and formaldehyde during
an initial outgassing period, then continue to emit VOCs
at a lower rate for up to seven years. Joint compounds
give off formaldehyde, toluene, ethyl-benzene, styrene,
xylenes, and other VOCs. Many ceiling tiles and panels
are made of fibers held in formaldehyde-based resin,
and may emit formaldehyde.

Pressed Wood Products

Pressed wood products originated in Europe in the
1960s as an alternative to wood furnishings, and en-
tered the U.S. market in the 1970s. Pressed wood prod-
ucts (Fig. 20-2) include particleboard, medium-density
fiberboard (MDF), hardwood plywood, chipboard, and
hardboard such as pegboard. These materials emit VOCs
including formaldehyde, a-pinene, xylenes, butanol,
butyl acetate, hexanal, and acetone.

Chemicals that emit VOCs are used in pressed wood
products to provide strength and moisture resistance.
Phenol-formaldehyde (PF) resins resist moisture degra-
dation, and are used in products destined for exterior

Designing for Indoor Air Quality 125

Plywood:

High-density overlay
(HDO) plywood is
exterior plywood with
resin-fiber overlay on
both sides.

Medium-density
overlay (MDO)
plywood has phenolic
or melamine resin
overlay on one or both
sides.

Particle
board

Oriented
strand
board

Figure 20-2 Plywood, particle board, and oriented strand
board (OSB).

applications, as well as interior plywood and as bond-
ing for laminates on wood and steel surfaces. Urea-
formaldehyde (UF) resins are less expensive, but can only
be used for interior applications. Urea-formaldehyde
resins offgas 10 to 20 times as much as PF resins. They
are present in particleboard and in MDE which has the
highest VOC content of the pressed wood products.
Pressed wood products are used extensively in res-
idential and commercial interiors projects. Worksurfaces
in offices account for 15 to 35 percent of the floor space.
Shelving adds another 10 to 20 percent, is usually lo-
cated near workers’ faces, and is exposed to air on both
upper and lower sides. In mobile homes, where pressed
wood products cover virtually every surface within a
confined space, formaldehyde is concentrated and poses
an increased threat to the health of occupants. Newly
constructed and furnished buildings present a greater
threat than older buildings, where the VOCs have had
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time to dissipate. High temperatures and humidity in-
crease the decomposition of VOCs, releasing more
formaldehyde during summer months.

Particle board, also called industrial board, is made
of chips and shavings of soft woods such as pine held
together with UF resins and glues, which constitute 6 to
10 percent of the product’s weight. Medium-density
fiberboard (MDF) combines wood pieces and chips
with UF adhesives and other chemicals comprising 8 to
14 percent of its weight. These are pressed together in a
hot hydraulic press. Medium-density fiberboard is used
for drawer fronts, cabinet doors, and furniture tops.

Hardwood plywood consists of thin sheets and ve-
neers of hardwoods like oak and maple, held together
by PF resins and glues that make up 2.5 percent of its
weight. Hardwood plywoods are used for cabinets and
furniture.

Chipboard is made of untreated wood fiber and pa-
per by-products pressed together with small amounts of
formaldehyde resins. Chipboard is used for the inner-
most layer of many modular office partitions. Hard-
board is used for pegboard and other inexpensive func-
tions. Wood fibers are pressed into a dense sheet while
applying heat to allow the natural resins to hold the
sheet together without glue. Relatively small amounts
of formaldehyde resins are then added along with other
chemicals to improve strength and moisture resistance.

Other pressed wood products, such as softwood ply-
wood and flake strand board or OSB, are produced for
exterior construction use and contain the dark, or red/
black-colored PF resin. Although formaldehyde is present
in both types of resins, pressed woods that contain PF
resin generally emit formaldehyde at considerably lower
rates than those containing UF resin. Where you are us-
ing extensive amounts of pressed wood products in an in-
terior, investigate whether PF resin products are an option.

Since 1985, HUD has permitted only the use of
plywood and particleboard that conform to specified
formaldehyde emission limits in the construction of pre-
fabricated and mobile homes. In the past, some of these
homes had elevated levels of formaldehyde because of
the large amount of high-emitting pressed wood prod-
ucts used in their construction and because of their rel-
atively small interior space. We should note here that
some natural wood products can also emit VOCs.

Flooring

Around 3 billion yards of carpet is sold each year in the
United States, 70 percent of which is replacement car-
pet. More than 2 billion yards of carpet ends up in land-

fills each year, where it remains largely intact for hun-
dreds of years.

Carpets may emit VOCs including formaldehyde,
toluene, benzene, and styrene, among others. The most
common emission is from 4-phenylcyclohexene (4-PC),
an odorous VOC from styrene-butadiene (SB) latex that
is used to bind the carpet fibers to the jute backings. Us-
ing heat fusion bonding for carpet backing eliminates
the high-VOC latex bond. Low emission carpets have fu-
sion bonded backing and use alternative fastening sys-
tems to eliminate latex and adhesives. Emissions from
4-PC may be initially high and tend to diminish quickly.
The amount of emissions varies with the carpet type.
Emissions of 4-PC have been linked to headaches, runny
eyes, mucous membrane irritation, dizziness, neurolog-
ical symptoms, and fatigue occurring after carpet in-
stallation. Carpets require three to four weeks for out-
gassing, with added ventilation and an increased air
exchange rate.

Carpet pads made of foamed plastic or sheet rub-
ber are high in VOCs. Felt pads, which use recycled syn-
thetic fibers or wool, or jute backings have low VOC
emissions. Cork, which is a quick-growing natural re-
source, can also be used. Tacking with nail strips rather
than gluing down carpet lowers emissions as well. If glue
is used, it should be water based or low-toxicity. Some
carpet adhesives emit xylenes, toluene, and a host of
other VOCs. Adhesives often emit VOCs for up to one
week.

Standard particleboard is often used as an under-
layment for carpet. It can be replaced with formalde-
hyde-free particleboard or exterior plywood. The best
option is low-density panels made from recycled paper.

Once a carpet is installed, it can continue to con-
tribute to IAQ problems. Carpets collect dust and parti-
cles. Vacuuming with plastic bags that retain microscopic
particles can contain these. The cleaning solutions used
on carpeting may include highly toxic chemicals.

The Carpet and Rug Institute (CRI) has developed
an Indoor Air Quality Testing Program. Environmen-
tally responsible carpet is identified with the CRI IAQ
label. New nylon formulations can be recycled into
useful products. Synthetic carpet can by made from re-
cycled post-consumer plastic, such as soda bottles.
DuPont and BASF both have developed nationwide
commercial carpet recycling programs. You can incor-
porate these programs into your projects by specifying
products that have the CRI IAQ label, and checking with
manufacturers about recycling.

Vinyl flooring emits VOCs. Soft vinyl used for sheet
flooring, which must bend into a roll, is made from petro-
chemical polymers with chemicals added for flexibility,



and emits large amounts of VOCs for long periods of time.
Vinyl floor tiles emit formaldehyde, toluene, ketones,
xylenes, and many other VOCs. Vinyl sheets and tiles are
made of polyvinyl chloride (PVC) or a copolymer of vinyl
chloride, a binder of vinyl resins and plasticizers, fillers,
and pigments. Sheet vinyl also has a foam interlayer and
a backing of organic or other fiber or plastic.

Natural linoleum, made of linseed oil, cork, tree
resin, wood flour, clay pigments, and jute backing, is a
durable, attractive, and environmentally friendly alter-
native. The linseed oil is slowly oxidized and mixed with
pine resins into jelly-like slabs, then mixed with the cork
and wood flour and pigment granules. It is passed
through rollers onto the jute backing to form sheets,
and cured in heated drying rooms. Natural linoleum is
extremely long wearing, as the linseed oil continues to
oxidize even after curing, creating additional chemical
bonds. However, linoleum may emit VOCs including
toluene, hexanal, propanal, and butyl formiate when
initially installed.

Floor tile adhesives may emit toluene, benzene,
ethyl acetate, ethyl benzene, and styrene. Adhesives with
low VOCs are available.

The UF or polyurethane coatings on hardwood
flooring emit butyl acetate, ethyl acetate, ethyl benzene,
xylenes, and formaldehyde VOCs for a few days. Some
of the adhesives used with wood flooring also emit
VOCs.

Paints, Stains, and Other Coatings

The types of VOCs and the rate at which they are emit-
ted by paints depend on the chemical makeup, appli-
cation, indoor environment, and surface characteristics
of the substrate. Water-, oil-, or solvent-based paints all
emit aromatic hydrocarbons, alcohols, and aliphatic hy-
drocarbons. Latex- and solvent-based paints may give
off benzene, toluene, xylenes, ethanol, methanol, and
other VOCs. Paints can continue to emit VOCs even af-
ter drying, with water-borne paints emitting some chem-
icals even six months later.

Solvent-based paints contain hydrocarbons (HCs)
and other VOCs, which evaporate as the paint dries.
When the HCs react with sunlight and pollutants in the
air, they produce ozone. Solvent-based paints require
the use of hazardous solvents for thinning and cleanup.
Solvent-free paints are available in Europe.

Water-based paints, like latex paints, release much
lower VOCs than oil-based paints and varnishes. How-
ever, they may still be associated with irritation of mu-
cous membranes, resulting in headaches and both acute
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and chronic respiratory affects. Latex paint may give off
VOGCs, including butanone, ethyl benzene, and toluene.
Paints have information about VOCs on their labels. A
rating of less than 100 grams per liter (about 13 oz per
gallon) is good. Latex paints have biocides to prevent
fungus growth and spoilage. Latex paints with mercury-
based preservatives and antimildew agents can increase
the risk of liver and kidney damage, and if inhaled, can
affect the lungs and brain, but even so are less hazardous
than solvent-based paints.

Most varnishes are solvent-based urethanes. They
are highly noxious to handle, but stable when cured.
Water-based emulsion urethanes are low-emission, and
perform well. Solvents for mixing, removal, and appli-
cation of paints also emit VOCs. Paint stripper emits
methylene chloride.

When acid-cured or acid-catalyzed paints and coat-
ings are applied to pressed wood surfaces, they seal in
the emissions from the UF resin in the pressed wood,
and the outcome is fewer VOC emissions. Acid-cured
coatings do contain formaldehyde, acetone, toluene, and
butanol, but their ability to seal in formaldehyde out-
weighs the short-lived VOCs they emit. Emissions from
sprayed-on coatings decline by 90 to 96 percent during
the first 16 weeks after application, and brushed-on coat-
ings similarly decline 82 to 96 percent. Wood stains also
emit a variety of VOCs, as does polyurethane varnish.

Polymer oils for floor and cabinet finishes contain
formaldehyde gas. They remain toxic for several weeks
after application. If you must use them, select water-
based urethane, low toxic sealers, and wax finishes. Fur-
niture polish emits a range of VOCs as well.

Increasing ventilation alone may not be enough to
disperse VOCs during application of wet materials. Iso-
late the workspace from adjacent sections of the build-
ing. Block return registers, and open temporary local ex-
hausts like doors and windows. Increase ventilation to
other areas of the building, as well.

Wall Finishes

Wallcoverings vary in their impact on [IAQ, depending
upon the materials from which they are made. Metal foils
have very low emissions, but present disposal problems.
Vinyl and vinyl-coated wallcoverings are less stable if
made of soft plastics, and have long outgassing times.
Vinyl wallcoverings emit vinyl chloride monomers and a
variety of other VOCs, but some studies indicate that they
are responsible for only negligible amounts of vinyl chlo-
ride emissions. Both metallic and vinyl wallcoverings
have highly polluting manufacturing processes.
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Wallcoverings made of paper, plant fibers, silk, cot-
ton, and similar materials may also pose problems. Wall-
paper is usually made of four layers: a facing, an inter-
mediate layer, a backing, and the paste. They may contain
VOC-emitting inks, printing solvents, adhesives, binding
agents, finishing compounds, resins, glues, paper, vinyl
sheeting, or plasticizers. Most wallpaper now uses or-
ganic dyes and water-based inks that emit fewer VOCs.
Some wallpaper emits VOCs including methanol, etha-
nol, toluene, xylenes, and others, and may emit far more
formaldehyde than vinyl wallcoverings. Wallpaper may
remain above recommended exposure limits for one to
three days after installation. VOC emissions from all
types of wallcoverings drop after a few days.

The adhesives used for heavy wallcoverings can be
a problem. Wallpaper paste may emit a wide variety of
VOCs. Low-toxic adhesives are available. Lightweight pa-
pers can be applied with light, water-based glue.

Acoustic panels, tiles, and wallcoverings are typi-
cally made with a mineral fiber or fiberglass backing
with fabric coverings. They can be long-term sources of
formaldehyde and other gases, and tend to retain dust.
Ceiling panels of wood fibers, tapestries, or cork are bet-
ter choices, if permitted by the fire codes.

Wood paneling may be made of hardwood plywood,
MDE solid hardwood, or UFFI simulated wall paneling.
Depending on its composition, wood paneling may emit
formaldehyde, acetone, benzene, and other VOCs, espe-
cially with higher temperatures and humidity.

Plastic or melamine panels can give off formalde-
hyde, phenol, aliphatic and aromatic HCs, ketones and
other VOCs. Polyvinyl chloride paneling emits phenol,
aliphatic and aromatic HCs, and glycol ethers and es-
ters. Plastic tiles contain polystyrene and UF resins.

When choosing a finish, consider where and how it
will be used, the client’s level of concern about avoiding
VOCs, whether proper ventilation will be provided be-
fore occupancy, and what alternatives exist that might
have less impact on the quality of the indoor air. It is not
always possible to completely avoid VOC emissions on
a project, but with care and resourcefulness, you can keep
high standards for appearance and maintenance, while
cutting pollutants and observing budget constraints.

Fabrics and Upholstered Furniture

The chemicals used to manufacture synthetic fabrics can
emit VOCs. Upholstered furniture coverings may emit
formaldehyde, chloroform, methyl chloroform, and
other VOCs. Polyurethane foam used in cushions and
upholstered furniture emits toluene di-isocyanate (TDI)

and phenol, but emissions decrease over time. Other
furniture components, such as pressed wood products,
adhesives, and formaldehyde resins, emit VOCs.
Natural and synthetic fabrics are often treated with
chemicals for strength, permanent press features, fire re-
sistance, water repellant properties, and soil repellency.
These treatments may emit VOCs. Formaldehyde is often
used as the carrier solvent in dying fabrics and in cross-
linking plant fibers to give rigidity to permanent press fab-
rics. Its use has decreased by up to 90 percent since 1975,
but it can still contribute substantially to VOC emissions
in a building. Draperies are often treated for soil, wrin-
kle, and fire resistance, and may emit VOCs as a result.

Modular Office Partitions

Although new office systems are less dependent on
fabric-covered cubicles, the majority of offices continue
to use these corporate workhorses. In fact, many offices
save money and avoid adding to landfills by purchas-
ing refurbished panels. Panels surround workers right at
breathing level, and add up to large amounts of square
footage. Since modular office partitions absorb pollut-
ants and later release them back into the air, long-term
use of older panels can add to their impact on [AQ.

Many modular office partitions consist of fabric at-
tached to fiberglass batt insulation, which is bonded to
a tempered hardboard or chipboard frame with vinyl ac-
etate adhesive. A metallic outer frame and support legs
complete the panel. Office partitions expose a great deal
of surface to the indoor air, totaling as much as twice
the floor surface area. The chipboard, hardboard, and
treated fabrics they contain have a high potential for
VOC emissions. The panels are in close proximity to of-
fice workers, and often nearly surround them, cutting off
air circulation, and keeping the VOCs near the workers.

Modular office partitions have the highest danger for
VOC emission right after installation. Manufacturers
may treat the panels with chemicals for soil and wrinkle
resistance just before wrapping and shipping, increasing
the amount of formaldehyde and other VOCs. Methyl-
ene chloride solvents are often used to clean panels dur-
ing manufacture and storage, and can be released when
the panels are unwrapped and installed.

Office partitions collect air contaminants, which can
be held in the fabric coverings and released later. Textured
fabric surfaces can absorb VOCs emitted by carpets, paints,
copying fluids, and tobacco smoke. Their absorption in-
creases with higher temperatures and decreased ventila-
tion, conditions that often occur in offices on weekends.
Because of their low thermal mass, office partitions emit



surges of VOCs whenever there is a rapid change in air
temperature, as when the air-conditioning is turned back
on and ventilation increased on a Monday morning.

Some manufacturers will precondition furnishings,
including office partitions, during the storage, shipping,
and installation process. Since most of the outgassing
occurs in the first few hours, days, or weeks after removal
of the packaging, VOCs can be eliminated from the site
by unpacking and exposing materials before bringing
them into the building.

Plastics

Technically, plastics are not solids, but viscoelastic fluids,
and they evaporate. The plastics used to make wallcover-
ings, carpets, padding, plumbing pipes, and electric wires
and their insulation emit toxic chemicals. These include
nitrogen oxide, cyanide, and acid gases. Fumes can be pro-
duced by polymers or by additives used as colorants or
plasticizers. Plasticizers soften plastics, making them less
stable. Polyvinyl chloride plastics are safe to use, but their
manufacturing process is hazardous and produces health
risks. They also emit toxic fumes in fires. Most plastic lam-
inates have very low toxicity levels. They are made from
petroleum. Other chemicals have replaced chlorofluoro-
catbons (CFCs) for upholstery foams and insulating
foams. One type of replacement, hydrochlorofluorocar-
bons (HCFCs), contributes to the greenhouse effect.

Plastics last for hundreds of years, and pollute both
the land and the marine environment. The best solu-
tion for their disposal is recycling, which also saves raw
materials and energy. Recycled plastics are used for out-
door furniture, floor tiles, carpets, and an increasing
number of other products.

Adhesives, Sealants, and Coatings

Most adhesives used in the building process are solvent-
based with toluene, xylene, acetone, and other haz-
ardous solvents. Water-based adhesives are safer, but still
contain some solvents, including benzene, toluene, ace-
tone, and xylenes. The lowest toxicity is found in water-
soluble casein or plain white glue.

Caulking compounds used to seal cracks and seams
may emit VOCs. Silicone caulking is very safe and sta-
ble. Latex caulking is safe once cured, but some types
produce odors for weeks after installation from a variety
of VOCs including benzene and toluene. Uncured rub-
ber caulkings, such as butyl caulk, acoustical sealant, and
polysulfide caulk, are harmful, and may emit formalde-
hyde, acetic acid, toluene, xylenes, and other VOCs.
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The process of painting or plating furniture can cre-
ate air and water pollution and toxic waste. Coating pro-
cesses are less polluting and safer. Metals can be coated
with powder coating. Polymer coating has replaced cad-
mium plating, which produced air and water pollution.
Check specifications for metal tables and chairs to see
how they are coated.

MATERIALS SAFETY
DATA SHEETS

Manufacturers of products that have health and safety
implications are required to provide a summary of the
chemical composition of the material including health
risks, flammability, handling, and storage precautions.
Materials Safety Data Sheets (MSDS) list all chemical
constituents that make up a minimum of 1 percent of
the material and are not proprietary. The sheets do not
predict VOC emission rates, and you have to make as-
sumptions about whether higher percentages of a chem-
ical imply higher outgassing rates. It is best to require
MSDS for all products and materials used indoors. If
questionable components are present, you may have to
obtain additional information on chemical formula-
tions, storage, drying times, and airing procedures.

Some definitions are useful to decipher the infor-
mation in an MSDS. The accepted toxicity for a haz-
ardous material is referred to as its threshold limit value
(TLV). The lower the TLV, the more toxic the material.
The allowable exposure limit over a working day is
called the time weighted average (TWA). The lower the
TWA, the more toxic the material. The lethal dose, 50
percent (LD50) is the dose at which, when ingested, half
of tested lab animals will die. (The U.S. government has
recently changed its policy to permit other tests that do
not result in high mortality for lab animals.) The lower
the LD50, the more toxic the material. The total volatile
organic content (TVOC) is the volume of the product
that will evaporate over time. High TVOC adds more in-
door air pollution.

INDOOR AIR
QUALITY EQUIPMENT

Once the sources of IAQ problems have been removed
or isolated wherever possible, increased ventilation and
improved air filtration are usually the next most practi-
cal measures. The most expensive part of running a busi-
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ness is the cost of employing people. The projected
health and productivity benefits of increasing ventila-
tion for a large building are many times the cost. Im-
proving air filtration also produces great benefits for
each dollar spent.

Let's look at some of the building system compo-
nents that address IAQ issues. We discuss these in more
detail later, so consider this an introduction to some of
the terminology and design considerations.

Building codes specify the amount of ventilation re-
quired for specific purposes and occupancies in terms of
air change per hour, or in cubic feet per minute (cfm)
per person. ASHRAE Standard 62-1989, Ventilation for
Acceptable Indoor Air Quality, recommends 15 to 20 cfm
of outdoor air per person for most applications. The me-
chanical engineer will use the appropriate figure to de-
termine what equipment is needed for a specific project.

Increasing ventilation for improved air quality must
strike a balance with energy conservation. Energy con-
servation efforts have resulted in reduced air circulation
rates in many central air-handling systems. Fewer fans
use less power, but distribution is poorer, and the air
mix within individual spaces suffers. Individual space
air-filtering equipment provides a higher circulation rate
and a proper air mix. Each unit has a fan that operates
with or without the central HVAC fan, and circulates air
six to ten times per hour. The air is then ducted to dif-
fusers, from which it circulates across the space to re-
turn air intakes on the opposite side of the room.

There are a number of ways that good ventilation
can be assured while controlling heat loss. Heat ex-
changers recover heat from air that is being exhausted
and transfer it to makeup outside air coming into the
building, saving heating energy. By tracking occupancy
patterns in the building, ventilation can be tailored to
the number of people in the building at any one time.
Opening outside air dampers for one hour after peo-
ple leave an area for the day, where possible, can dilute
large volumes of room air and dissipate collected
contaminants.

Engineers find that it is easiest to get good IAQ with
a heating and cooling system using forced air motion
(fans and blowers), with some filtering equipment built
into the air-handling equipment. Separate air-cleaning
systems are commonly used with radiant heating systems.
Cooling systems can use economizer cycles at night, when
they vent warm indoor air to the outside, and bring in
cooler outdoor air for overnight cooling. Evaporative
cooling systems use a continuous flow of outdoor air
where you want to add humidity to the indoor air.

The general types of technologies used by air clean-
ers include mechanical filters, electronic air cleaners,

and hybrid filters for the capture of particles, plus gas
phase filters to control odors. Air cleaners that operate
by chemical process, such as ozonation, also exist. The
selection of a type of air filter should depend on the in-
tended use of the filter, as explained below.

Air filters protect the HVAC equipment and its com-
ponents and the furnishings and decor of occupied
spaces, and protect the general well-being of residents.
They reduce housekeeping and building maintenance,
as well as furnace and heating equipment fire hazards.
The lower efficiency filters generally used in central
HVAC systems will usually cover all of these functions
except protecting the health of the occupants, for which
much higher performance filtration is required. It may
not always be possible to install such equipment in
older existing environmental systems, so self-contained
portable room air cleaners must sometimes be used to
obtain sufficiently high levels of filtration effectiveness.

Residential Air Cleaners

Until recently, small, inexpensive, tabletop appliance-
type air cleaners have been quite popular for residential
use. They generally contain small panels of dry, loosely
packed, low-density fiber filters upstream of a high-
velocity fan. Tabletop units may also consist of a fan
and an electronic or other type of filter. Small tabletop
units generally have limited airflow and inefficient
panel filters. Most tests have shown these tabletop units
to be relatively ineffective. The combination of low fil-
ter efficiency and low airflow in these units causes them
to provide essentially no cleaning when assessed for im-
pact on the air of the entire room. Some of the units
produce harmful levels of ozone and do not have au-
tomatic controls to limit ozone output.

Another major type of residential air cleaner is the
larger but still portable device designed to clean the air
in a specific size room (Fig. 20-3). Due to their larger
and more effective filters or collecting plates, these
portable room air cleaners are considerably more effec-
tive in cleaning the air in a room than the tabletop units
and have become increasingly popular in the past sev-
eral years. Room-size air cleaners are generally utilized
when continuous, localized air cleaning is necessary.
Most units may be moved from room to room to re-
duce pollutant concentration levels as needed. As with
tabletop units, room units incorporate a variety of air-
cleaning technologies.

Air-cleaning systems can also be installed in the cen-
tral heating or air-conditioning systems of a residence
or in an HVAC system. These units are commonly re-
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Figure 20-3 Portable air cleaner.

ferred to as in-duct units, although they are not actually
located in the distribution ductwork, but rather in un-
ducted return air grilles or ducted return air plenums.
These central filtration systems provide building-wide
air cleaning and, by continuously recirculating building
air through the unit, can potentially clean the air
throughout the entire air-handling system, ductwork,
and rooms. However, with these types of units, the
HVAC fan must be in constant operation for air clean-
ing to occur, since the airborne contaminants must be
captured and carried back to the centralized filter for
capture and retention. Thus central filtration systems
must be operated with the fan on for constant air move-
ment through the HVAC system. Generally, residential
HVAC systems run their fans only intermittently to
maintain a comfortable indoor temperature. Research
indicates that a highly efficient room unit will be more
effective at removing pollutants in the room where it is
located than a central filtration system.

Both outside air and recycled air must be filtered.
Inadequate filtration is a result of low-efficiency filters,
improper installation, or torn, clogged, or otherwise in-
effective filters. Ductwork is often installed without any
provision for access or cleaning, leading to a massive
buildup of contamination that can spread to building
occupants. Poor maintenance in the ducts puts even
more demands on the filters. It is best to remove pol-
lutants at the source, and therefore ASHRAE recom-
mends dust collectors at the source rather than filters
for dusty areas. For example, the maintenance workshop
in a hotel would have a vacuum that removed sawdust
immediately from the worktable, rather than a filter in
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the air-conditioning system that would allow the dust
to spread throughout the area.

If the sources of allergy problems are present in a
residence, air cleaning alone has not been proven ef-
fective at reducing airborne allergen-containing particles
to levels at which no adverse effects are anticipated. Cats,
for example, generally shed allergen at a much greater
rate than air cleaners can effect removal. Dust mites ex-
crete allergens in fecal particles within the carpet or the
bedding, where air cleaners are ineffective. For individ-
uals sensitive to dust mite allergen, the use of imper-
meable mattress coverings appears to be as effective as
the use of an air-cleaning unit above the bed. Source
control should always be the first choice for allergen
control in residences.

If the choice is made to use an air cleaner, choose
one that ensures high efficiency over an extended pe-
riod of time and does not produce ozone levels above
0.05 parts per million (ppm).

Mechanical Filters

Mechanical filters may be used in central filtration sys-
tems as well as in portable units using a fan to force air
through the filter. Mechanical filters capture particles by
straining larger and then smaller particles out of the
airstream thorough increasingly smaller openings in
the filter pack. Very small submicron-sized particles are
captured by being drawn toward the surfaces of the fil-
tration medium, where they are held by static electric
charges. This is the factor responsible for the effective-
ness of the highest efficiency mechanical filters’ removal
of submicron-sized particles. There are three major types
of mechanical filters: panel or flat filters, pleated filters,
and high-efficiency particulate air (HEPA) filters.

Flat or panel filters (Fig. 20-4) usually contain a low
packing density fibrous medium that can be either dry
or coated with a sticky substance, such as oil, so that
particles adhere to it. Less-expensive lower efficiency fil-
ters that employ woven fiberglass strands to catch par-
ticles restrict airflow less, so smaller fans and less en-
ergy are needed. The typical, low-efficiency furnace filter
in many residential HVAC systems is a flat filter, 13 to
25 mm (-1 in.) thick, that is efficient in collecting large
particles, but removes only between 10 and 60 percent
of total particles, and lets most smaller, respirable-size
particles through.

Older buildings were designed with only crude
panel filters in HVAC equipment. Engineers now also
use a combination of high-efficiency particle filters and
adsorption filters to achieve high IAQ. Panel filters are
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Figure 20-4 Dry mat panel air filter.

placed ahead of the HVAC unit’s fan (upstream), and
the high-efficiency systems are located downstream
from the HVAC's cooling units and drain pans. This way,
microbiological contaminants in wet components of the
system are removed before they are distributed with the
air through the entire building.

Not all pollutants can be removed by filters. Large
sized particles are the easiest to remove, but smaller par-
ticles may be the most dangerous. Panel filters come
with HVAC equipment, and are designed primarily to
protect fans from large particles of lint and dust, not for
proper air cleaning. Standard commercial grade filters
remove 75 to 85 percent of particles from the air.

Media filters use much finer fibers. However, any
increase in filter density significantly increases resistance
to airflow, slowing down the air flowing through the fil-
ter. Media filters are around 90 percent efficient. They
are usually a minimum of 15 cm (6 in.) deep, and have
a minimum life cycle of six months. Filters, and espe-
cially media filters, require regular maintenance. If
blocked, they can damage HVAC equipment, so they
must be replaced frequently. Filters for large units can
cover an entire wall in a room-size air-handler plenum.

The most effective approach to increasing effective-
ness in a filter is to extend the surface area by pleating
the filter medium. This slows down the airflow velocity
through the filter and decreases overall resistance to air-
flow to reduce the drop in pressure. Pleated filters use
highly efficient filter paper in pleats within a frame.
Pleating of filter media increases the total filtering area
and extends the useful life of the filter. The efficiency of

pleated media filters is much higher than for other dry-
type filters.

High-efficiency particulate air filters provide the best
protection. Such HEPA filters were originally developed
during World War II to prevent discharge of radioactive
particles from nuclear reactor facility exhausts. They are
now found in special air cleaners for very polluted en-
vironments, and for spaces that demand the highest
quality IAQ. High-efficiency filters are used in hospitals
and laboratories, as well as in portable residential air
cleaners. They are generally made from a single sheet of
water repellent fiber that’s pleated to provide more sur-
face area with which to catch particles. The filter is made
of tiny glass fibers in a thickness and texture very simi-
lar to blotter paper. To qualify as a HEPA filter, the filter
must allow no more than three particles out of 10,000
(including smaller respirable particles) to penetrate the
filtration media, a minimum particle removal efficiency
of 99.97 percent. Because they are more densely woven
than other filters, HEPA filters require larger and more
energy-intensive fans, making them more expensive and
noisier. Consequently, HEPA filters are generally reserved
for hospital operating rooms, manufacturing clean
rooms (for example, where computer chips are made),
and other especially sensitive places. HEPA filters are gen-
erally not applied to central residential HVAC systems
due to their size and horsepower requirements. They
need a powerful fan, leading to increased energy costs.
Replacement filters range from $50 to $100, but last up
to five years when used with a prefilter.

Similar HEPA-type filters with less efficient filter pa-
per may have 55 percent efficiencies. These filters, which
are still very good when compared to conventional
panel type and even pleated filters, have higher airflow,
lower efficiency, and lower cost than their original
version.

In summary, there is little reason to use inexpensive
tabletop, appliance-type air cleaners, regardless of the
technology they employ. In general, high-efficiency par-
ticle collection requires larger filters or electronic air
cleaners.

Electronic Air Cleaners

Electronic filters, generally marketed as electronic air
cleaners, employ an electrical field to trap particles. Like
mechanical filters, they may be installed in central fil-
tration systems as well as in portable units with fans.
Electronic air cleaners require less maintenance than
systems with filters, but produce ozone. Air rushing
through a mechanical filter produces static electricity.



Larger particles cling to the filter, which loses efficiency
with more humidity and higher air velocity.

The simplest form of electronic air cleaner is the
negative ion generator. A basic electronic air cleaner uses
static charges to remove particles from indoor air. They
operate by charging the particles in a room, which be-
come attracted to and deposit on walls, floors, table-
tops, curtains, or occupants, from which they must then
be cleaned up.

More advanced units are designed to reduce soiling
in a room. They generate negative ions within a space
through which air flows, causing particles entrained in
the air to become charged. The charged particles are then
drawn back into the cleaner by a fan, where they are
collected on a charged panel filter. In other ionizers, a
stream of negative ions is generated in pulses, and neg-
atively charged particles are drawn back to the ionizer.
While personal air purifiers using this technology can
have a beneficial effect on airborne particles, they also
require frequent maintenance and cleaning.

Electrostatic precipitators are the more common
type of electronic air cleaner. They employ a one-stage
or a two-stage design for particle collection. In the less
expensive but less effective single-stage design, a charged
medium acts to both charge and collect airborne parti-
cles. This polarizes particles, which then cling to the fil-
ter material. If the field is not strong enough, many par-
ticles fail to be polarized and pass through.

In a two-stage electronic air cleaner, dirty air passes
between the ionizing wires of a high-voltage power sup-
ply. Electrons are stripped from the particles in the air,
leaving the particles with a positive charge (ions). The
ionized particles then pass between closely spaced col-
lector plates with opposing charges. They are repelled
by the positive plates and attracted to the negative ones,
where they are collected.

The advantages of electronic filters are that they gen-
erally have low energy costs because they don't create a
lot of resistance. The airflow through the units remains
constant, and the precipitating cell is reusable, avoiding
long-term filter replacement costs. The major disadvan-
tages are that they become less efficient with use, pre-
cipitating cells require frequent cleaning, and they can
produce ozone, either as a by-product of use or inten-
tionally. Those installed into HVAC systems have a rel-
atively high initial cost, including expensive installation.

Hybrid Filters

Hybrid filters incorporate two or more of the filter con-
trol technologies discussed above. Some combine me-
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chanical filters with an electrostatic precipitator or an
ion generator in an integrated system or single self-
contained device.

Gas Phase Filters

Compared to particulate control, gas phase pollution
control is a relatively new and complex field that seeks
to remove gases and associated odors. Two types of gas
phase capture and control filters are chemisorption and
physical adsorption.

Chemisorption occurs when the active material at-
tracts gas molecules onto its surface, where a bond is
formed between the surface and the molecule. The ma-
terial that absorbs the pollutant is changed by the in-
teraction, and requires replacement regularly.

Physical adsorption filters are used to remove gases
by physically attracting and adhering a gas to the sur-
face of a solid, usually activated carbon in the case of
air filtration. The process is similar to the action of a
magnet attracting iron filings. The pollutant doesn’t
bond with the solid, which can thus be reused. Once
the gas is on the activated carbon, it moves down into
the carbon particle, eventually condensing into a liquid.

Activated carbon adsorbs some gaseous indoor air
pollutants, especially VOCs, sulfur dioxide, and ozone,
but it does not efficiently adsorb volatile, low molecu-
lar weight gases such as formaldehyde and ammonia.
Although relatively small quantities of activated char-
coal reduce odors in residences, many pollutants affect
health at levels below odor thresholds.

Some recently developed systems use more active
particles of carbon, permanganate alumina, or zeolite
that are incorporated into a fabric mat. Other adsorp-
tion filters use porous pellets impregnated with active
chemicals like potassium permanganate, which react
with contaminants and reduce their harmful effects.

All adsorbents require frequent maintenance, and
may reemit trapped pollutants when saturated. High-
quality adsorption filters are designed to be used 24
hours per day, seven days a week, for six months, at
which time they must be regenerated or replaced. While
effective, these filters only capture a small percentage of
certain specific gases and vapors.

Air Washers

Air washers are sometimes used to control humidity
and bacterial growth. In some large ventilation sys-
tems, air is scrubbed with jets of water that remove
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dust from the air. If the equipment is not well main-
tained, the moisture within the air washer can be a
source of pollution.

Ozone Generators

Although it is harmful in high concentrations, ozone
may be used to reduce indoor pollutants. When the two
molecules that make up oxygen are broken down with
an electrical discharge, the molecules end up coming
back together in groups of three to form ozone mole-
cules. Once released into the air, ozone actively seeks
out pollutants, attaching itself to a wide range of con-
taminants including chemical gases, bacteria, mold, and
mildew, and destroying them by cracking their molecu-
lar membranes. Because ozone has a very short life
span—between 20 and 30 minutes—it’s easy to avoid
achieving the high concentrations that can damage peo-
ple’s health. However, some experts, including the EPA,
do not agree that ozone is an effective air treatment.

Ozone generators use a chemical modification pro-
cess instead of mechanical or electronic filters. Ozone
has been used in water purification since 1893, and is
used in cooling towers to control contaminants without
negative side effects. Ozone introduced into the air-
stream can help control microbial growth and odors in
uses such as meat storage or in fire- and flood-damaged
buildings where humans are not exposed.

Appliance-sized ozone generating units have typi-
cally been marketed in the United States as air cleaners.
However, the high concentration levels required for con-
taminant control are in conflict with potential health ef-
fects as established by the National Institute of Occupa-
tional Safety and Health, the EPA, and the U.S. Food and
Drug Administration. Because of the documented health
dangers of ozone, especially for individuals with asthma,
and the lack of evidence for its ability to effectively clean
the air at low concentrations, the American Lung Associ-
ation suggests that ozone generators not be used.

Ultraviolet Light

Ultraviolet (UV) light rays kill germs and destroy the
DNA structure of viruses, bacteria, and fungi. These are
the same rays that emanate from the sun and Kkill
microorganisms on laundry on a clothesline. Ultravio-
let light has been used for years in hospitals to sanitize
rooms and equipment, and is also effective in elimi-
nating many odors and controlling the spread of cold

and flu viruses. However, it can be more expensive than
other purification techniques.

Ultraviolet light is installed within HVAC systems
to control fungi, bacteria, and viruses, helping cooling
coils and drain pans stay cleaner. It works best at room
temperatures and warmer, and with UV-reflective alu-
minum duct interiors. The lamps used for UV light take
up very little space within the ductwork, and no ozone
or chemicals are produced. Tube life is 5000 to 7500
hours, so if the tubes are on all the time, they need ac-
cess for replacement in less than a year.

Ultraviolet lamps may also be installed directly in
rooms, such as Kkitchens, sickrooms, or overcrowded
dwellings. The lamps must be mounted high in the
room and shielded from sight, as they can damage the
eyes and skin. Some personal air purifiers also use UV
light. Laboratory fume hoods and other IAQ equipment
use a UV lamp focused on a catalyst in the presence of
water vapor. This process destroys airborne microor-
ganisms and VOCs better than chlorine.

The National Renewable Energy Laboratory is de-
veloping a process for using UV to control VOCs. Pol-
luted air is bombarded with UV in the presence of spe-
cial catalysts. The process quickly breaks down cigarette
smoke, formaldehyde, and toluene into molecules of
water and carbon dioxide.

Future Developments in
Testing and Filters

Filter strips precoated with testing compounds that will
affordably detect harmful pollutants in specific loca-
tions are being developed. Hanging these strips in a
building may eliminate the need for expensive surveys
and tests by air quality consultants.

Compounds that are specifically designed to target
particular gases such as formaldehyde and carbon
monoxide are also under development. When sprayed
onto lower efficiency and carbon-activated filters, these
compounds will extract the offending gases from the air
through adsorption. By combining test strips with these
new compounds, IAQ problems will be targeted more
easily.

Central Cleaning Systems
Central cleaning systems have been used in homes

and commercial buildings for years. They are essentially
built-in vacuum cleaners with powerful motors. As such,



they can be used to trap dirt and dust inside the power
unit equipment and away from rooms where people live
and work, or they can be vented outdoors, decreasing
exposure for people with dust allergies. The power unit
is usually installed in a utility room, basement, or
garage. Tubing running under the floor or in the attic
connects through the walls to unobtrusive inlets placed
conveniently throughout the building. When it's time
to vacuum, a long flexible hose is inserted into an inlet
and the system turns on automatically. The noise is kept
at the remote location of the power unit. Most power
units operate on a dedicated 15-A normal residential
electrical circuit, but some larger units may require heav-
ier wiring. Systems come with a variety of hoses and
brushes. Installation is simplest in new construction.
With a day or two'’s work, a builder, a plumber, a sys-
tem dealer, or even a building owner with some knowl-
edge of electricity, can install a system. Central cleaning
systems are commonly found in commercial office
buildings and restaurants.
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Odor Control

We perceive an odor most when we first encounter it,
and then the odor gradually fades in our awareness. This
is why you notice an odor more when first entering a
room, but later become unaware of it. Typical office
odors include tobacco smoke, body odor, grooming
products (perfumes), copy machines, cleaning fluids,
and outgassing from materials such as carpets, furniture,
and construction materials. Testing equipment doesn't
detect odors as well as your nose, so it may be difficult
to test for specific sources of odors.

You can cut down on odors by increasing the rate
of outdoor ventilation. In order to control human body
odor, engineers recommend that three to four liters per
second or L/s (6-9 cfm) of outdoor air per occupant
should be added to the space. Where smoking occurs,
7 to 14 L/s (15-30 cfm) per person is required, which
is bad for energy conservation in hot and cold weath-
ers. This is yet another cost to society from smoking.



Chapter

Ventilation

00—

Before the invention of mechanical ventilation, the com-
mon high ceilings in buildings created a large volume of
indoor air that diluted odors and carbon dioxide. Fresh
air was provided by infiltration, the accidental leakage
of air through cracks in the building, which along with
operable windows created a steady exchange of air with
the outdoors. The high ceilings of older auditoriums har-
bor a reserve where fresh air can build up when the build-
ing is unoccupied between performances.

NATURAL VENTILATION

Natural ventilation requires a source of air of an ac-
ceptable temperature, moisture content, and cleanliness,
and a force—usually wind or convection—to move the
air through the inhabited spaces of a building. Air flows
through a building because it moves from higher pres-
sure to lower pressure areas. Controls are provided for
the volume, velocity, and direction of the airflow. Fi-
nally, the contaminated air must be cleaned and reused
or exhausted from the building.

The simplest system for getting fresh air into a build-
ing uses outdoor air for its source and wind for its power.
Wind creates local areas of high pressure on the wind-

ward side of the building, and low pressure on the lee-
ward side. Fresh air infiltrates the building on the wind-
ward side through cracks and seams. On the opposite
side of the building, where pressure is lower, stale in-
doors air leaks back outside. Wind-powered ventilation
is most efficient if there are windows on at least two
sides of a room, preferably opposite each other. The pro-
cess of infiltration can be slow in a tightly constructed
building. Loose-fitting doors and windows result in
buildings with drafty rooms and wasted energy.

Depending on the leakage openings in the building
exterior, the wind can affect pressure relationships
within and between rooms. The building should be de-
signed to take advantage of the prevailing winds in the
warmest seasons when it is sited and when the interior
is laid out.

Very leaky spaces have two to three air changes or
more per hour. Even when doors and windows are
weather-stripped and construction seams are sealed air-
tight, about one-half to one air change per hour will oc-
cur, but this may be useful for the minimum air re-
placement needed in a small building. Weather-stripping
materials generally have a lifespan of less than ten years,
and need to be replaced before they wear out.

In convective ventilation, differences in the density
of warmer and cooler air create the differences in pres-

136



sure that move the air. Convective ventilation uses the
principle that hot air rises, known as the stack effect.
The warm air inside the building rises and exits near the
building’s top. Cool air infiltrates at lower levels. The
stack effect works best when the intakes are as low as
possible and the height of the stack is as great as possi-
ble. The stack effect is not noticeable in buildings less
than five stories or about 30.5 meters (100 ft) tall. In
cold weather, fans can be run in reverse to push warm
air back down into the building. Fire protection codes
restrict air interaction between floors of high-rises, re-
ducing or eliminating the stack effect. To depend on
convective forces alone for natural ventilation, you need
relatively large openings. Insect screens keep out bugs,
birds, and small animals, and admit light and air, but
cut down on the amount of airflow. Systems using only
convective forces are not usually as strong as those de-
pending on the wind.

The ventilation rate is measured in liters per second
(L/s) or in cubic feet per minute (cfm). It takes only very
small amounts of air to provide enough oxygen for us to
breathe. The recommended ventilation rate for offices is
9.44 L/s (20 cfm) of outside air for each occupant in non-
smoking areas. About a quarter of this amount is required
to dilute carbon dioxide from human respiration, while
another quarter counteracts body odors. The remainder
dilutes emissions from interior building materials and of-
fice equipment. This works out to slightly more than one
air change per hour in an office with an eight-foot high
ceiling. Lower ceilings create greater densities of people
per volume, and require higher rates of ventilation.

Especially high rates of air replacement are needed
in buildings housing heat- and odor-producing activi-
ties. Restaurant kitchens, gym locker rooms, bars, and
auditoriums require extra ventilation. Lower rates are
permissible for residences, lightly occupied offices, ware-
houses, and light manufacturing plants.

Using natural ventilation helps keep a building cool
in hot weather and supplies fresh air without resorting
to energy-dependent machines. However, in cold cli-
mates energy loss through buildings that leak warm air
can offset the benefits of natural cooling. Careful build-
ing design can maximize the benefits of natural venti-
lation while avoiding energy waste.

Attic ventilation is the traditional way of control-
ling temperature and moisture in an attic. Ventilating
an attic reduces temperature swings. It makes the build-
ing more comfortable during hot weather and reduces
the cost of mechanical air conditioning. William Rose,
with the Building Research Council at the University of
Illinois, has been conducting some of the first research
into how and why attic ventilation works.
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Thermal buoyancy—the rising of warm air—is a
major cause of air leakage from a building’s living space
to the attic, but Rose’s research shows that wind is the
major force driving air exchange between an attic and
the outdoors, and that the role of thermal buoyancy in
diluting attic air with outdoor air is negligible. Gener-
ally, we assume that warmer air rises and escapes from
high vents in an attic, while cooler air enters in lower
vents. Some ridge vents at the roof’s peak may in fact
allow air to blow in one side and out the other, with-
out drawing much air from the attic. Ridge vents with
baffles may create better suction to draw air out.

Soffit vents, which are located in the roofs over-
hang, work well as inlets and outlets. There's less prob-
lem with rain and snow getting in, because soffit vents
point downward. Soffit vents should always be installed
whenever there are high vents on ridges or gables, which
pull air out of the attic. Without soffit vents, makeup
air would be drawn through the ceiling below, which
increases heat loss and adds moisture to the attic.

To get maximum protection, soffit vents should be
located as far out from the wall as possible, so that rain
or snow blowing into the soffit is less likely to soak the
insulation or drywall. They should be distributed evenly
around the attic, including corners. At least half of the
vent area should be low on the roof. The net free area
(NFA), which is stamped on the vents, indicates resis-
tance, with higher numbers indicating less resistance
and better airflow.

Rose’s research shows that a ventilated attic is
slightly warmer on a clear, cold night than an unvented
attic. In winter, venting maintains uniform roof sheath-
ing temperature, which reduces the likelihood that ice
dams will form. Without good ventilation, warm spots
form near the eaves that melt snow against the roof shin-
gles, which can later refreeze into an ice dam. Water runs
down until it is over the eaves, where it refreezes. This
ice then builds up and causes the water collecting above
it to seep in under the shingles and into the eaves or
the house. More melting snow can build up behind the
ice dam and damage the building.

Chronic ice dam problems often lead to the use of
electric heater cables or snow shoveling to attempt to
clear the snow out of the way. Using self-stick rubber-
ized water and ice membranes plus roof ventilation can
prevent ice dams.

Warm air rising up through plumbing, electrical,
and other penetrations into the attic will also heat the
roof sheathing. Adding ventilation without sealing air
leaks into the attic can actually increase the amount of
air leaking from the house, wasting valuable heat and
potentially making ice dams worse. Air leaking out of
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air handlers and ducts, and heat leaving the system by
conduction can be among the largest causes of heat loss
and ice damming.

Heated air escaping into the roof not only contrib-
utes to ice dams and heat loss, it is also the primary
means for moisture to get into attic or roof framing,
where it can condense and cause mold, mildew, and
structural damage to the roof. Surprisingly, much of the
moisture that rises through openings around plumbing,
ducts, and wires comes as water vapor in air vented from
crawlspaces. Once in the attic, the air cools, allowing its
water vapor to condense on roof sheathing. Ventilation
alone can’t take care of moisture in the attic. Keeping
dampness out of the building—especially out of the
basement and crawlspace—helps protect against con-
densation and mildew in the attic. An airtight ceiling is
also important.

Installing rigid insulation in the eaves (the project-
ing overhang at the lower edge of a roof) reduces heat
loss in the eave area. Another option is to change the
framing detail to one that leaves more room between
the top plate and the rafter. Cardboard or foam baffles
precut to fit 16- or 24-in. on center framing can elimi-
nate wind blowing across insulation.

Eliminate leaks that allow heated air to escape into
the attic at top plates, wiring penetrations, plumbing
vents, and chimney and duct chases. Recessed lights are
responsible for significant heat loss; be sure to use fixtures
rated for insulation contact (IC rated) and air tightness.

Heating, ventilating, and air-conditioning (HVAC)
equipment and ductwork in attics will waste leaking air.
If there is no alternative, all ducts should be sealed tightly
and run close to the ceiling, buried in loose fill insula-
tion to the equivalent R-value of the attic insulation.

Once you eliminate the heat loss in the attic, there
is little driving force to pull air through the vents.
However, code-required ventilation openings in attics
and cathedral ceilings should be installed as a backup
measure.

Though now valued for style, symbolism, and at-
tractiveness, cupolas (Fig. 21-1) represented early air-
conditioning. The cupola was a high point in which the
hottest air in the house could collect and from which it
could escape outside because hot air’s natural buoyancy
causes it to rise. Cooler air was in turn drawn into the
house through the open windows below. This stack ef-
fect becomes most effective when there is a good source
of hot air to accelerate the flow, as from an attic. When
the wind was blowing briskly through the cupola, an
updraft throughout the house pulled cooler air in
through the windows. However, without at least a little
wind, you didn’t get much ventilation. Using a cupola

Figure 21-1 Cupola.

or ridge vents along the top of the roof will cool only
the attic if there is an air and vapor barrier and blanket
of insulation isolating the attic from the house below,
as is customary today.

Roof windows, also called operable or venting sky-
lights (Fig. 21-2), can create the same updraft through-
out the house as an old-fashioned cupola. When shaded
to keep direct sunlight out, they are one of the best nat-
ural ventilating devices available. However, their value
for cooling alone does not compensate for their initial
cost. Roof windows also allow moisture to escape from
kitchens, baths, laundry rooms, and pool enclosures.

Figure 21-2 Roof window.
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Roof windows are available with remote controls
and rain sensors. Skylights can be prewired for sun-
screening accessories, including sun-blocking shades,
pleated shades, venetian blinds, or roller shades. Exte-
rior awnings block up to 40 percent more heat than in-
terior shades, and are available with manual and auto-
matic controls. ENERGY STAR® skylights use low-emissivity
(low-e) glass coatings, warm edge technology that en-
sures that the areas around the frames don't reduce the
insulating properties of the glazing, and energy-efficient
blinds that improve overall energy efficiency.

Roof ventilators also increase natural ventilation.
Some roof ventilators are spun by the wind, drawing air
from the room below. Some rely on convective flow,
while some create low-pressure areas that are then filled
with interior air. Wind gravity or turbine ventilators cre-
ate suction when wind blows across the top of a stack,
pulling air up and out of the building. Roof ventilators
require control dampers to change the size of the open-
ing as necessary.

Doors should not be relied upon for essential build-
ing ventilation unless they are equipped with a holder
set at the desired angle. An ordinary door can't control
the amount of air that flows past it.

In residences, ventilation is tied to the quantity of
exterior windows and the amount of natural ventilation
they supply. If the bathroom does not have a window,
it is required to have a fan with a duct leading directly
to the exterior. A window provides not only ventilation,
but also daylight and possibly a room-expanding view.
A percentage of the windows in a residence must be op-
erable for ventilation and emergency egress.

William McDonough + Partners designed the offices
for Gap Inc. in San Bruno, California, in 1994 around
the concept that people would rather spend their day
outside. Daylight, fresh air, and views of the outdoors
are celebrated throughout the two-story structure. Fresh
air is available through operable windows throughout
the building. A raised floor provides ventilation that puts
fresh air directly at the occupant’s breathing level as oxy-
gen-depleted air and indoor air pollutants are carried up-
ward. At night, cool night air is run across the thermal
mass of the slab within the raised floor. The raised floor
also eliminates the need for dropped acoustic ceilings,
allowing the exposed acoustical deck to reflect lighting.
Through careful use of daylighting, fresh air, and other
methods, the Gap office building exceeds its goal of be-
ing 30 percent more energy efficient than is required by
California law, at a cost that was expected to be repaid
by energy savings within six years.

The Lewis Center for Environmental Studies at
Oberlin College bases ventilation rates on carbon diox-
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ide levels in the building. As more students enter the
building, the carbon dioxide levels rise, triggering the
HVAC system or automatically opening clerestory win-
dows. This ensures that the building is not being venti-
lated more than it needs, thus saving heating and cool-
ing energy.

In the past, the American Society of Heating, Re-
frigeration, and Air-Conditioning Engineers (ASHRAE)
standards for building ventilation have shown a prefer-
ence for mechanical ventilation systems. In response to
energy conservation issues, however, these standards
have been modified, and in 2002, ASHRAE is scheduled
to introduce an alternative ventilation standard for nat-
urally ventilated buildings.

FANS

Mechanical ventilation options include unit ventilator
fans on the outside wall of each room to circulate room
air and replace a fraction of it with outdoor air. Win-
dow or through-wall air-conditioning units can also be
run as fans. A central heating and cooling system with
coils of hot or chilled water will temper the air in room
ventilation units. Fixed location fans can provide a re-
liable, positive airflow to an interior space.

Some residences have a principal exhaust fan de-
signed for quiet, continuous use in a central location.
This whole-house ventilator (Fig. 21-3) has a motor-
driven fan for pulling stale air from living areas of the
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Figure 21-3 Whole house fan.
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Figure 21-4 Kitchen exhaust fan.

house and exhausting it through attic vents. Without
an adequate exhaust fan, the building may not have
enough air for combustion equipment, such as furnaces
and stovetop barbecues, to function correctly, and fumes
may not be exhausted properly. Equipment that de-
mands a large amount of exhaust should have another
fan supplying makeup air running at the same time.

Bathrooms and kitchens have exhaust fans (Fig.
21-4) to control odors and humidity. By creating neg-
ative pressures, exhaust fans help contain odors within
the space where they originate. In radiant heated build-
ings, exhaust fans are sometimes the only source of air
movement. The air that residential kitchen and bath-
room fans dump outdoors is replaced by air leaking
into various parts of the house. The result is a loss of
heating or cooling energy.

Codes prohibit discharging exhaust fans into attics,
basements, or crawlspaces. The American National Stan-
dards Institute (ANSI) and ASHRAE have jointly pub-
lished ANSI/ASHRAE 90.2-1993, Energy-Efficient Design
of New Low-Rise Residential Buildings, which requires
user-controlled exhaust fans of at least 23.6 L/s (50 cfm)
capacity for bathrooms, and 47.2 L/s (100 cfm) for
kitchens. The intake should be as close as possible to
the source of the polluted air, and the air path should
avoid crossing other spaces. Kitchen fans can exhaust
grease, odors, and water vapor directly above the range,
with a duct vertically through the roof, directly through
an exterior wall, or horizontally to the outside through
a soffit above wall cabinets. Self-ventilating cooktops

Figure 21-5 Recessed bathroom ceiling fan-light.

may exhaust directly to the outside or, when located in
an interior location, through a duct in the floor.

In bathrooms, the exhaust fan (Fig. 21-5) should be
in the ceiling above the toilet and shower or high on
the exterior wall opposite the door. It should discharge
directly to the outside, at a point a minimum of 91 cm
(3 ft) away from any opening that allows outside air to
enter the building. Residential exhaust fans are often
combined with a lighting fixture, a fan-forced heater, or
a radiant heat lamp.

Residential fans are often very noisy, which can be
an advantage when masking toilet sounds, but may
be annoying at other times. Models are available with a
high-efficiency centrifugal blower that provides virtually
silent performance, and a lighted switch that indicates
when the fan is on. Highly energy-efficient motors are
available that use about a third of the electricity of stan-
dard versions, and which may qualify for local utility
rebates. Some designs allow easy installation in new
construction as well as retrofit applications. Models are
available that activate automatically to remove excess
humidity. Fluorescent or incandescent lighting fixtures,
and even night-lights, are included in some designs.
Fans for use over bathtubs and showers should be Un-
derwriters Laboratories (UL) listed and connected to
ground fault circuit interrupter (GFCI) protected branch
circuits. Larger multiport exhaust fans are designed for
larger master bathroom suites, where they can vent the
toilet area, the shower, and a walk-in closet with one
quiet unit. The acoustically insulated motor is mounted
in a remote location, and flexible ducts are run to un-
obtrusive grilles at three separate areas.
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Fan models are available for use in business or small
offices that offer computerized operating programs to
ensure regular exchanges of air. Again, quiet operation
and high energy efficiency are available. In addition to
ceiling mounts, exhaust fans come in models for mount-
ing through the wall without ducting, with a concealed
intake behind a central panel that can be decorated to
match the room, and for moving air from one room to
another through the intervening wall via grilles on both
sides. Blower fans that use an activated charcoal filter to
remove odors are offered in unducted models, which
filter and recirculate air but do not remove the air from
the room. In-line fan systems for residential and light
commercial applications locate fans in flexible round
ducts or rigid square and rectangular ducts to exhaust
air from several rooms.

Operable exterior openings (windows or sky-
lights) are permitted instead of mechanical fans, but
must have an area of not less than one-twentieth of
the floor area, and a minimal size of 0.14 square me-
ters (1.5 square ft). If natural ventilation is used for
kitchen ventilation, openings must be a minimum of
0.46 square meters (5 square ft).

Public toilet room plumbing facilities must be co-
ordinated with the ventilation system to keep odors
away from other building spaces while providing fresh
air. The toilet room should be downstream in the air-
flow from other spaces. The air from toilet rooms should
not be vented into other spaces, but exhausted outdoors.
By keeping slightly lower air pressure in the toilet rooms
than in adjacent spaces, air flows into the toilet room
from the other spaces, containing toilet room odors.
This is accomplished by supplying more air to sur-
rounding spaces than is returned. The surplus is drawn
into the toilet rooms and then exhausted. Exhaust vents
should be located close to toilets and above them.

Overall room exhaust fans are also used in storage
rooms, janitor’s closets, and darkrooms. The amount of
outdoor air supplied is slightly less than the amount ex-
hausted, resulting in negative air pressure within the
room. This draws air in from surrounding areas, pre-
venting odors and contamination from migrating to
other areas.

LOCALIZED EXHAUST SYSTEMS

Industrial process areas, laboratories, and critical med-
ical care areas may require one or more fans and duct-
work to the outside. Kitchens, toilet rooms, smoking
rooms, and chemical storage rooms also should be di-
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rectly exhausted to the outside. Photocopiers, blueprint-
ing machines, and other equipment may need localized
exhaust ventilation. Buildings with many exhausts have
greater heating and cooling loads.

Hoods can be built over points where contamina-
tion originates. Commercial kitchen hoods collect
grease, moisture, and heat at ranges and steam tables.
Sometimes outside air is introduced at or near the ex-
haust hood with minimal conditioning, and then
quickly exhausted, saving heating and cooling energy.

Since hot air rises, an overhead hood works best
over a range. Fans that pull from several inches above
the burner surface at the back of the stove, and down-
draft fans, including those on indoor grills, require sig-
nificantly more airflow to be effective. It is best to in-
stall a fan that’s no bigger than needed. The Home
Ventilating Institute, a fan manufacturers’ trade associ-
ation, recommends range hood capacity of 40 to 50 cfm
per linear foot of range, or about 120 to 150 cfm for
the standard 76-cm (30-in.) range. To work properly,
the range hood should be at least as wide as the stove
with an extra 76 to 152 mm (3-6 in.) for good mea-
sure. It should be located no more than 51 to 61 cm
(20-24 in.) above the stovetop. A 51-cm deep hood will
capture fumes better than the typical 43-cm (17-in.)
deep models. Wall-mounted hoods are generally more
effective than freestanding island hoods, because there
are fewer air currents to blow fumes away from the
hood. Slide-out ventilation hoods are mounted below
wall cabinets, and can be vented or unvented. Some
manufacturers offer hoods with dishwasher-safe grease
filters. Retractable downdraft vents behind cooktop
burners also have washable grease filters. Residential
kitchen hoods generally require a 115V, 60-Hz, AC,
15-A grounded fused electrical supply.

The rising popularity of commercial-style ranges is
partly responsible for the increasing airflow capacity of
range fans. More airflow is required to remove the heat
from high-output ranges and to make up for the re-
duced effectiveness of more stylish, slimmer hoods.
High-powered kitchen range hoods may create health
hazards. Typical range hoods are rated at 175 to 250 cfm.
Many new fans remove air at a rate of more than
600 cfm, and some exceed 1000 cfm. These high-
capacity fans are easily powerful enough to pull exhaust
gases out of a fireplace, wood stove, water heater, or
furnace, a problem called backdrafting. Backdrafting ex-
poses building occupants to fumes containing carbon
monoxide, oxides of nitrogen, and other pollutants. A
1994 study by the Bonneville Power Administration of
new homes without special air sealing in Oregon,
Washington, and Idaho showed that 56 percent of the
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homes could easily have backdrafting problems from
typical exhaust fans.

To protect against backdrafting, you must be sure to
provide a reliable source of makeup air to replace the
air that is being exhausted. Suggesting that occupants
open a window doesn’t work well, since even if they re-
member to do it, they are likely to open it only a crack,
especially in bad weather. According to standards es-
tablished by the Canadian R-2000 program, a 200-cfm
range hood would require a 61-cm (24-in.) wide win-
dow to be raised 13 cm (5 in.) to create enough venti-
lation area. The Uniform National Mechanical Code
(UMC) contains a similar provision.

Canada'’s national building code requires a separate
fan wired to blow outside air into the same space when
the rating of any exhaust device, including fans and clothes
dryers, exceeds 160 cfm. In colder climates, preheating the
incoming air can eliminate cold drafts. Range hood man-
ufacturers may not provide an integrated makeup air so-
lution, so the range hood installer has to find a way to ac-
tivate the supply fan when the exhaust fan starts. After
installation, it's important to verify that the exhaust fan is
not depressurizing chimneys or flues. It is possible to get
a rough idea whether backdrafting is occurring by using a
stick of incense or a smoking match, closing all interior
doors except between the kitchen and combustion appli-

ances. While the fan is running, watch to see if the smoke
rises up the flue. Also perform the test while the furnace
blower is operating, because unbalanced air flows in duct-
work can also contribute to depressurization problems. A
contractor can use a pressure device called a manometer
for a more exact reading.

Residential range hoods are available in a wide va-
riety of styles and materials, including stainless steel and
glass. Some models extract air almost noiselessly. Inno-
vative self-cleaning features and lighting fixtures are in-
cluded with some styles. Where hoods are installed
without ducts, heavy-duty charcoal filters are advertised
for ensuring the removal of smoke and odors.

Most buildings are designed to have a positive air
pressure as compared to the outdoors, so that uncon-
ditioned air doesn’t enter through openings in the
building envelope. Corridors should be supplied with
fresh air, and residential units, including apartments,
condominiums, hotels, motels, hospitals, and nursing
homes, should have exhausts.

Multistory buildings have chases for exhaust ducts
through successive floors, which can double up with
plumbing in apartments, hotels, and hospitals. Kitchen
exhausts must remain separate, due to the risk of fires.
In major laboratory buildings, many exhaust stacks can
be seen rising high above the roof.
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The fenestration of a building—its windows, skylights,
and clerestories (high windows)—greatly influences the
amount of heat gain and loss, as well as the infiltration
and ventilation. The proportion of glass on the exterior
affects energy conservation and thermal comfort.
Windows can be used to improve energy conserva-
tion by admitting solar thermal energy, providing natural
ventilation for cooling, and reducing the need for artifi-
cial illumination. The proper amount of fenestration is
determined by architectural considerations, the ability to
control thermal conditions, the first cost of construction
versus the long-term energy and life-cycle costs, and the
human psychological and physical needs for windows.

WINDOW ORIENTATIONS

In temperate northern hemisphere locations, north-
facing windows lose radiated heat in all seasons, espe-
cially in winter. East-facing windows gain heat very rap-
idly in summer when the sun enters at a very direct
angle in the mornings. South-facing windows receive so-
lar heat most of the day in the summer, but at a low in-
tensity, as the higher position of the sun strikes at an

acute angle. In the winter, the low sun angle provides
sun to south-facing windows all day long. West-facing
windows heat up rapidly on summer afternoons when
the building is already warm, causing overheating. This
is especially a problem when it results in hot bedrooms
at night. Planting shade trees to the west and installing
deep awnings over windows can help. East and west
windows must be shaded in tropical latitudes. Hori-
zontal skylights gain the most solar heat in the summer,
when the sun is overhead, and the least in the winter,
when the sun angle is lower.

WINDOWS AND NATURAL
VENTILATION

The open position of a window determines how well
it provides natural ventilation. The wind is deflected if
it strikes the glass surface. The direction of wind is un-
predictable, and in order to provide ventilation without
cold drafts, you have to keep the wind away from peo-
ple. When you want the wind to provide cooling, it
needs to flow across the body. Windows with multiple
positions can offer control.
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Figure 22-1 Casement window.

Fixed glazing allows heat and light to pass through,
but provides no ventilation. Casement windows (Fig.
22-1) open fully, and the swing of the sash can divert a
breeze into a room. Double-hung windows (Fig. 22-2)
can only open half of their area, either at the top, the
bottom, or part of each. Sliding windows also only al-
low ventilation through half of their surface area. Awning
or hopper (Fig. 22-3) windows allow air through while
keeping rain out. Jalousie windows are horizontal glass
or wood louvers that pivot simultaneously in a common
frame. They are used primarily in mild climates to con-
trol ventilation while cutting off visibility from outside.
Sashes that pivot 90° or 180° about a vertical or hori-
zontal axis at or near their centers are used in multistory
or high-rise buildings. They are operated only for clean-
ing, maintenance, or emergency ventilation.
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Figure 22-2 Double-hung window.

Figure 22-3 Awning window.

THERMAL TRANSMISSION

Windows and doors account for about one-third of a :\Qi

home’s heat loss, with windows contributing more than
doors. Windows should be replaced, or at least undergo
extensive repairs, if they contain rotted or damaged
wood, cracked glass, missing putty, poorly fitting sashes,
or locks that don’t work. New windows may cost $200
to $400 each, including labor for installation.

Glass conducts heat very efficiently. Glazed areas
usually lose more heat than insulated opaque walls and
roofs. Windows and skylights are typically the lowest
R-value component of the building envelope, allowing
infiltration of outdoor air and admitting solar heat.
Without some kind of adjustable insulation, they are
much less thermally resistant. Glazed areas at the pe-
rimeter of the building cool adjacent interior air in the
winter, and the cooler, denser vertical layer of air along
the glass drops to the floor, creating a carpet of cold air.
The inside and outside surfaces of a pane of glass are
around the same temperature, which is in turn about
half way between the indoor and outdoor temperatures.
Consequently, where there are windows, the temperature
inside the building is strongly affected by the exterior
temperature. In walls with a lot of glazing, the interior
surface and air temperatures approach the exterior
temperature.

Windows can give off surprisingly large amounts of
heat. Each square foot of unshaded window facing east,
south, or west in mid-summer admits about as much
heat as one-half square foot of cast-iron radiator at full
output. This is perhaps an impossible amount to cool
in the summer. A similarly huge energy loss occurs in
the winter.



In order to conserve energy, building codes and
standards prescribe relatively small windows in rela-
tionship to residential floor areas and commercial wall
areas. You may have to prove a significant benefit in or-
der to increase these sizes. Large glass areas for day-
lighting increase heating requirements, but use less elec-
tricity for lighting. Less electric lighting means less heat
load that must be removed by air-conditioning. Less ex-
posed glazing is needed for daylighting in summer than
in winter. All of these factors offer some options for
good trade-offs, with passive solar heating or surplus
heat from another source making up some of the added
heating load. Increasing insulation in walls or roofs may
also justify more glass areas.

When sunshine and heat transmission through glass
is controlled properly, light and warmth enter the space
without glare and radiant heat buildup. Solar heat gain
can be collected within the space with control devices
that admit heat but control glare. Where added heat is
not wanted in the building’s interior, it is best to use ex-
terior controls.

The best new windows insulate almost four times
as well as the best windows available in 1990. A win-
dow’s solar heat gain coefficient (SHGC) is a measure-
ment of the amount of solar energy that passes through
the window. The SHGC measures how well a product
blocks heat caused by sunlight, and is expressed as a
number between 0 and 1. A lower SHGC means less
heat gain. SHGC is particularly important in warmer cli-
mates, where you want to keep most of the heat out-
side. Typical values range from 0.4 to 0.9, with the
higher numbers indicating more solar energy transmit-
ted to the inside. Sunlight passing through glazing
warms objects, but the radiant heat then emitted by the
objects can't escape quickly back through the glazing,
so the space warms up.

Solar gains through windows and skylights range
from none at night to 1058 W per square meter (335 Btu
per square ft) per hour. The amount of heat gain de-
pends on the time of day, the time of the year, cloudi-
ness, the orientation and tilt angle of the glass, the lati-
tude of the site, and the type and number of layers of
glazing. Internal and external shading devices also affect
heat gain. Solar heat gain is a desirable quality for pas-
sive solar heating, but is undesirable when you want to
prevent overheating in the summer.

The interior designer’s choice of window frames and
glazing materials can influence the interior climate.
Windows and skylights are responsible for up to a quar-
ter of the building’s energy loss. All windows produced
today for use in the building’s exterior have two layers
of glass. Using low-emissivity (low-e) coatings, which
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affect the windows’ ability to absorb or reflect radiant
energy, may cost 10 to 15 percent more, but can reduce
energy loss up to 18 percent. Adding low-e coatings to
all the windows in the United States would save one-
half million barrels of oil per day, a reduction equal to
one-third of the oil imported from the Persian Gulf.

Energy-efficient windows can reduce the cost of the
building’s heating, ventilating, and air-conditioning
(HVAC) by minimizing the influence of outside tem-
peratures and sunlight. This also reduces maintenance,
noise, and condensation problems. Over time, the extra
initial cost usually pays for itself.

Ordinary window glass passes about 80 percent of
the infrared (IR) solar radiation, and absorbs the ma-
jority of longer-wave IR from sun-warmed interior sur-
faces, keeping the heat inside. In cold weather, it loses
most of the absorbed heat by convection to the outside
air. Because ordinary glazing prevents the passage of
heat from sun-warmed interior surfaces back to the out-
doors, greenhouses and parked cars get hot on sunny
days. This principle is also used in the design of flat-
plate solar collectors.

Until the 1980s, adding a second or third layer of
glazing was the determining factor for energy perfor-
mance in windows. Insulating glass consists of multiple
layers of glass with air spaces between. Double-glazing
is almost twice as efficient as single, but has no effect
on air leaking through the edges of the sash. In the
1970s, triple- and even quadruple-glazed windows were
introduced. Thin plastic films are sometimes used for
the inner layers. The sashes of high-performance win-
dows have double or triple gaskets. Metal sashes can be
designed with thermal breaks to prevent shortcuts for
escaping heat.

Edge spacers hold the panes of glass apart in insu-
lated windows, and provide an airtight seal. Edge spac-
ers were usually constructed of hollow aluminum chan-
nels filled with desiccant beads to absorb any small
mount of moisture that gets into the window. Alu-
minum is highly heat conductive, and aluminum frames
without thermal breaks are very inefficient. Around
1990, new better edge spacers were developed using
thin-walled steel with a thermal break or silicone foam
or butyl rubber. These newer edge spacers made win-
dow energy performance 2 to 10 percent more efficient.
When specifying insulated windows, check warranties
against seal failure, which can lead to fogging and loss
of the low-conductivity gas fill. Choose windows with
long warranties.

In the late 1990s, window ratings of R-1 were the
norm. Today, ratings of R-6.5 or higher are possible with
a second layer of glass, wider air spaces between layers,
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tinted, reflective, and low-e coatings, and films between
glazings. Windows are available with operable blinds in-
stalled between glazing layers for sun control. So-called
“smart windows” are being developed for the future that
will offer variable light transmission.

A quick and inexpensive way to improve window
thermal transmission is to weatherstrip all window
edges and cracks with rope caulk. This costs less than a
dollar per window, and the rope caulk can be removed,
stored in foil, and reused until it hardens. Other types
of weatherstripping cost $8 to $10 per window, but are
more permanent, are not visible, and allow the window
to be opened. Either compression-type or V-strip type
weatherstripping is used, depending upon the type of
window. The upper sash of a double-hung window can
be permanently caulked if it is not routinely opened for
ventilation.

Weatherstripping is available in metal, felt, vinyl, or
foam rubber strips that are placed between a door or
window sash and the frame. It can be fastened to the
edge or face of a door, or to a doorframe and thresh-
old. Weatherstripping provides a seal against wind-
blown rain and reduces infiltration of air and dust. The
material you choose should be durable under extended
use, noncorrosive, and replaceable. Spring-tensioned
strips of aluminum, bronze or stainless or galvanized
steel, vinyl or neoprene gaskets, foam plastic or rubber
strips, or woven pile strips all are options. Weather-
stripping is often supplied and installed by manufac-
turers of sliding glass doors, glass entrance doors, re-
volving doors, and overhead doors. An automatic door
bottom is a horizontal bar at the bottom of a door that
drops automatically when the door is closed to seal the
threshold to air and sound.

A separate sash, or storm window, added to a sin-
gle-glazed window cuts thermal conductivity and infil-
tration in half. A single sash with insulated glazing plus
a storm window results in one-third as much heat trans-
mission, and half as much infiltration. Storm windows
will save about 3.8 liters (1 gallon) of home heating oil
per 0.09 square meters (1 square ft) of window per year
in a cold climate.

The simplest storm window is a plastic film taped
to the inside of the window frame, which costs only
about $3 to $8 per window and will last from one to
three years. The plastic is heated with a blow dryer to
shrink tight. A slightly more complex interior storm
window consists of a sturdy aluminum frame and two
sheets of clear glazing film, creating a layer of air be-
tween them. A secondary air layer is established between
the existing window and the interior storm window. The

windows are held in place by fasteners screwed into the
sash or molding, and are sold as do-it-yourself kits for
about $50.

Exterior removable or operable glass or rigid acrylic
storms are more common than internal styles. The tight-
est aluminum-framed combination storm/screen win-
dows have air leakage ratings as low as 0.01 cubic ft per
minute (cfm) per foot, although some leak over 1 cfm
per foot. Specify storm/screen windows rated lower than
0.3 cfm per foot. Storm-screen units are available with
low-e coatings on the glass, and cost from $50 to $120
each, including labor. Aluminum frames should be
tightly sealed where they are mounted to the window
casings. All cracks should be caulked, but the small weep
holes at the bottom edges must not be sealed to pre-
vent moisture buildup.

Older wood-framed storm windows can be re-
painted and used, and may be more energy efficient than
newer styles. Wood-framed storm windows have sepa-
rate screens that have to be taken up and down yearly.

Double- or triple-sealed panes filled with a low-con-
ductivity gas such as argon, krypton, carbon dioxide, or
sulfur hexafluoride can reduce heat loss even further
than windows with air between the glazing layers. The
inert gas reduces convective currents, and the inner sur-
face stays close to the indoor temperature, with less con-
densation occurring. These windows require very reli-
able edge seals.

Low-emittance (low-e) coatings are applied to one
glass surface facing the air gap. Low-e coatings were de-
veloped and commercialized in the 1980s. They consist
of thin, transparent coatings of silver or tin oxide that
allow the passage of visible light while reflecting IR
heat radiation back into the room, reducing the flow of
heat through the window. Hard-coat low-e coatings are
durable, less expensive, but less effective than soft-coat
ones. Soft-coat low-e coatings have better thermal per-
formance, but cost more, and can be degraded by oxi-
dation during the manufacturing process. Low-e coatings
reduce ultraviolet (UV) transmission, thereby reducing
fading.

High-transmission low-e coatings are used in colder
climates for passive solar heating. The coating on the
inner glass surface traps outgoing IR radiation. Varia-
tions in design are available for different climate zones
and applications. Selective-transmission low-e coatings
are used for winter heating and summer cooling. They
transmit a relatively high level of visible light for day-
lighting. The coating on the outer glazing traps incom-
ing IR radiation, which is convected away by outdoor
air. Low-transmission low-e coatings on the outer glaz-



ing reject more of the solar gain. A building may need
different types of low-e coatings on different sides of the
building. The south side may need low-e and high so-
lar heat gain coatings for passive solar heating, while
the less sunny north side may require the lowest U-value
windows possible (U-value is discussed below). Some
window manufacturers offer different types only at a
premium cost.

U-Value

The National Fenestration Rating Council (NFRC) was
established in 1992 to develop procedures that deter-
mine the U-value, also known as the U-factor, of fenes-
tration products accurately. The NFRC is a nonprofit col-
laboration of window manufacturers, government
agencies, and building trade associations that seeks to
establish a fair, accurate, and credible energy rating sys-
tem for windows, doors, and skylights. The U-value
measures how well a product prevents heat from es-
caping a building. U-value ratings generally fall between
0.20 and 1.20. The smaller the U-value, the less heat is
transmitted. The U-value is particularly important in
cold climates.

The “U” in U-value is a unit that expresses the heat
flow through a constructed building section including
air spaces of 19 mm (5 in.) or more and of air films.
After testing and evaluation of a window is completed
by an independent laboratory, the manufacturer is au-
thorized to label the product with its U-value. U-values
measure whole-window conditions, not just center or
edge conditions of the window.

Designers, engineers, and architects can evaluate the
energy properties of windows using their U-values. Rat-
ings are based on standard window sizes, so be sure to
compare windows of the same size. The use of U-values
makes heat gain and loss calculations more reliable. A
U-value is the inverse of an R-value, which indicates the
level of insulation, so a low U-value correlates to a high
R-value.

Solar Heat Gain Coefficient (SHGC)

The U-value tells you how much heat will be lost through
a given window. The NFRC also provides solar heat gain
ratings for windows that look at how much of the sun’s
heat will pass through into the interior. Solar heat gain
is good in the winter, when it reduces the load for the
building’s heating equipment. In the summer, however,
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added solar heat increases the cooling load. The solar
heat gain coefficient (SHGC) is a number from 0 to 1.0.
The higher the SHGC, the more solar energy passes
through the window glazing and frame.

Windows for colder climates should have SHGCs
greater than 0.7, while warmer climates should have
lower coefficients. ENERGY STAR® products for northern
climates must have a U-factor of 0.35 or less for win-
dows and 0.45 or less for skylights. Central climate EN-
ERGY STAR windows should have 0.40 U-factors, and
SHGCs of 0.55 or less. Windows for southern, warm
climates should have 0.75 U-factors, and SHGCs below
0.40 to earn the ENERGY STAR label.

SELECTING GLAZING
MATERIALS

The material selected for windows and skylights should
be appropriate to the amount of light that needs to pass
through for its intended use. Thermal performance and
life-cycle costs are important economic considerations.
Strength and safety must also be considered. Sound re-
duction can be another important factor, and the aes-
thetic impact of the glazing’s appearance, size, location,
and framing has a major impact on the interior and ex-
terior of the building.

The color of glazing can be critical for certain func-
tions. Artists’ studios, showroom windows, and com-
munity building lobbies all require high quality visi-
bility between the interior and exterior. Warm-toned
bronze or gray glazing can affect the interior and exte-
rior color scheme. Tinted glazing controls glare and ex-
cess solar heat gain year round, so solar warmth is de-
creased in the winter as well as the summer. The tinting
can also modify distracting or undesirable views. It can
provide some privacy from the street for occupants,
while allowing some view out when the illumination
outside is substantially higher than inside during the
day. Unfortunately, this effect may be reversed at night,
putting occupants on display. Reflective glazing may
bounce glare onto nearby buildings or into traffic.

Heat-absorbing glass is usually gray or brownish. It
absorbs selected wavelengths of light. The glass absorbs
about 60 percent of the solar heat, with around half of
that reradiated and convected into the building’s inte-
rior. Heat-reflecting glass bounces off most of the sun’s
heat. A large wall can reflect enough sun to overheat ad-
jacent buildings, and cause severe visual glare in neigh-
boring streets and open spaces.
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Tinted or reflective glass is especially vulnerable to
thermal stress. Warm air from a floor register can cause
the glass to break from tension stresses on the glass edges.

The U-value of a wall depends primarily on the
choice of glass and frame for any window in that wall,
so improving the efficiency of windows is the most im-
portant thing you can do to decrease the heat loss of
a wall. A typical double-glazed window has an R-value
of around 2. High-performance glazings use low-e
glass and heat mirror films. Low-e glazing is rated
around R-3.5, and gas-filled glazing around R-5. Some
super window designs add additional layers for a rat-
ing of around 5.6. Super windows use a combination
of glazings and films, coatings, and inert gases with
sealed, thermally broken frame construction. They can
substantially lower heat flow rates, but are higher in
cost.

Building codes require shatter-resistant glass in some
circumstances. Tempered, laminated, or wired glass, and
some plastics, may meet these requirements. Sunlight
tends to deteriorate plastic glazing, and it scratches more
easily than glass. Plastics may expand or contract with
temperature extremes more than glass, although newer
products continue to show improvements.

PLASTIC FILMS

Plastic films glued to the inside face of window glass
work like reflective and absorptive glass to intercept
the sun’s energy before it enters the building. The films
can be reflective or darkening. Silver and gold films
block out slightly more total radiated energy than vis-
ible light. Bronze and smoke colored films intercept
more of the visible light. Silver film is the most effec-
tive at reflecting solar radiation, rejecting up to 80 per-
cent. During the winter, the films reflect radiated heat
back inside the room, and improve the room'’s opera-
tive temperature. They also reduce drafts due to cold
glass surfaces and make the window glass more shat-
ter-resistant. Tinted glass coatings are continuing to be
improved, and lightly tinted coatings that reduce visi-
bility less are available for climates with high cooling
loads.

Selective-transmission films admit most of the in-
coming solar radiation, but reflect far-IR radiation from
warm objects in the room back into the room. Glass
does this to a degree anyway, but these films increase
the effect. As separate sheets, these films can be applied
to existing windows to reduce the amount of building
heat lost through the window.

Plastic window films can cause cracking of thermal
pane and other windows from thermal expansion and
contraction of the self-contained insulated window
units. Plastic films should not be used on tinted glass
or on very large areas of glass. The films themselves are
relatively fragile and have a limited service life.

WINDOW FRAMES

There are three main types of frame materials, each of
which addresses aspects of the lifespan of the windows.
Wood is the most common material and a moderate in-
sulator that requires staining or painting to prevent rot
from moisture buildup. It remains warm to the touch
all winter, and stays at room temperature in the sum-
mer. Vinyl is usually not paintable, but offers a lifetime
free of maintenance. Some radical climatic changes over
time may stress vinyl to failure at the joints, allowing
water penetration, although this is rare with quality
manufacturers. Vinyl (PVC) frames with fiberglass can
provide better insulation than wood. Aluminum frames,
common in the western United States, must have a ther-
mal break or they will conduct heat rapidly. Aluminum
is lightweight and is usually not paintable, but it re-
mains free of maintenance for its lifetime. Over the
course of many years, aluminum will oxidize, leaving a
dull pitted appearance. If not well insulated with a ther-
mal break, it is very cold to the touch in winter and hot
in summer.

The window’s dimensions affect its energy perfor-
mance. The glass, low-e coating, and gas fill work bet-
ter at conserving energy than the edge spacer, sash, and
frame, so the center is actually more efficient than the
edges of the window. True divided lights (many small
panes, each in its own frame) have a great deal more
edge area per window, and are much less efficient.

The air tightness of a window frame is measured
in cubic feet of air per linear foot of crack (cfm/ft)
along the opening in which they are installed. The
tightest windows rate 0.01 cfm/ft, with an industry
standard of 0.37 cfm/ft. Better windows rate in the 0.01
to 0.06 cfm/ft range, with some as high as 1 cfm/ft.
The actual performance in the building depends on the
quality control at the factory and the care taken dur-
ing shipping and installation. An experienced contrac-
tor is a good investment. In general, casement and
awning windows are tighter than double-hung and
other sliding windows, as they pull against a com-
pression gasket.



WINDOW TREATMENTS

The type of window coverings you specify can affect the
heating and air-conditioning load in a space. The loca-
tion of drapery may interfere with supply air diffusers
or other heating units near a window. As the interior
designer, you should have the mechanical engineer or
architect check the proposed type, size, and mounting
of window treatments to verify that they will not create
a problem with the HVAC system.

Thermal shades (Fig. 22-4) can be made in many dif-
ferent ways. The curtain needs to be sealed tightly against
the wall, or cold air will flow out of the openings in the
seal. Insulating fabric is available that is made up of a
layer of cotton, then insulation, then a Mylar (plastic and
aluminum material) layer that acts as a vapor barrier and
reflects the IR component of heat back to the room, then
more insulation. One side comes unfinished so you can
add fabric to match the room’s décor. The fabric can sim-
ply be wrapped around a 1” X 2" wood strip and stapled,
and the 1” X 2" strip is screwed above the window, or
hung from a wooden pole or other type of bar. A heavy
wooden dowel is inserted at the bottom so that the cur-
tain hangs straight. The curtain can be attached to the
wall with magnets, snaps, hook-and-loop fasteners, or
channels. The curtain can be rigged like a Roman shade
or rolled up by hand and tied.

Draperies fitted with foam or other insulating back-
ing can be used as thermal barriers for windows. Insu-
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Figure 22-4 Thermal shade.
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lating curtains and drapes are available that fit into
tracks. In-Sol Drapes, which were designed by Massa-
chusetts-based designer Frank Bateman, use a combi-
nation of Mylar and polished aluminum to stop up to
80 percent of heat loss through windows. The reflecting
material also keeps out UV radiation. Any fabric can be
added to the drapery material for aesthetic purposes.

Insulating shades are available in a great variety of
styles, and stop up to 80 percent of winter heat loss and
86 percent of summer heat gain. They insulate and seal
a window on all four sides, providing an added R-value
of 4.99. Five layers of air- and moisture-tight fabric are
ultrasonically welded without perforating the internal
solar barrier. Systems are available for sunrooms with
straight or curved eaves and wood or aluminum frame-
work. Skylight shades use a high temperature track and
can be surface mounted or recessed into the opening of
the frame. Some styles, suitable for locations where the
window shade does not have to be opened and closed
frequently, use hook-and-loop attachments instead of
tracks. Roman shade styles can be covered in the man-
ufacturer’s or custom fabrics.

Honeycomb window shades over double-glazing
offer improved winter R-values. Translucent 10-mm
(3-in.) shades produce a rating of R-3.23, while translu-
cent 19-mm (3-in.) shades are rated R-3.57, and opaque
shades rate R-4.2. Cellular honeycomb shades can be
mounted in tracks and can move horizontally or verti-
cally on flat or curved surfaces. Motor or manual oper-
ation is available.

Operating insulating shutters can act as rigid win-
dow insulation. Shutters may be hinged, sliding, fold-
ing, or bi-fold. Interior shutters are usually manually
operated, and exterior shutters are mechanical.

Both draperies and shutters require storage space
when they are not in place across the window. An air-
tight seal around the edges keeps thermal performance
high and prevents condensation from forming.

Mesh materials of loosely woven fiberglass fabric
are designed to intercept specific percentages of sun-
shine. They are mounted in frames over windows, and
have fairly long life spans. Mesh shades with different
dot densities are specified by transmittance. They con-
trol brightness while still leaving a view to the outside.

Motorized window treatment controls are available
for both residential and commercial installations, and for
vertical blinds, drapery, metal or wood blinds, roller or
Roman shades, and cellular shade systems. Systems for
blinds offer either a single motor or separate motors
for tilting and traversing, and the ability to control mul-
tiple windows with one remote. The headrail may serve
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as its own valance. Factory preset limit switches make in-
stallation easier. Controls are by low-voltage modular
switches or wireless remote control.

DOORS

Doors also contribute to heat loss. The entire perimeter
of the door should be weatherstripped, with a door
sweep at the bottom of the door. Storm doors are prob-

ably not cost effective when added to old, uninsulated
metal or fiberglass doors, and trapped heat may dam-
age their plastic trim.

The NFRC has established a rating procedure for de-
termining the thermal performance of doors and side-
lights, as they have for windows. A permanent label at-
tached to the edge of the door slab lists the certified
U-factor. A temporary label also appears on the face of
the door. The energy rating is listed as a U-factor, the
rate of heat loss. Higher numbers mean more heat loss.
The values presented include the door and its frame.



Chapter

Solar Heating

00—

It is estimated that if the sunlight that reaches the earth’s
surface in one day were converted into useful energy
forms, it would satisfy the energy needs of the world for
over 50 years. The amount of sunlight falling on a build-
ing typically carries enough energy to keep the building
comfortable throughout the year. The limited supply
of fossil fuels encourages their conservation for uses in
industry rather than as sources of building heat. Elec-
tric energy is an inefficient source of heat, and may be
generated by fossil fuels or by nuclear power plants. So-
lar energy offers an alternative with fewer air polluting
emissions and no danger of harmful radioactivity. So-
lar energy also offers insurance against the possibility
that conventional energy technologies could suddenly
become too expensive, unavailable, or undesirable for
social, political, or physical reasons. The ability to pro-
duce energy on site leads to decentralization and social
stability.

Despite the availability of free energy from the sun,
the cost of solar systems has not been competitive with
cheaper conventional fuel systems. Solar equipment
tends to be relatively expensive, and solar installations
have taken a long time to pay back the initial invest-
ment. Initial costs for solar collectors for heating range
from $645 to $1500 per square meter ($60-$140 per
square ft). Pool-heating systems run from $110 to $800

per square meter ($12-$75 per square ft). Most solar
systems can handle 40 to 70 percent of the heating load
for a building.

We begin this discussion of solar heating by con-
sidering the nature of this energy source. The part of the
radiation from the sun that is not scattered or absorbed
and that reaches the earth’s surface is called direct radi-
ation. When the sunlight has been scattered or reemit-
ted, it is called diffuse radiation.

Solar energy comes in four useful forms. First, by
providing the energy for photosynthesis, the sun main-
tains life by producing food and converting carbon diox-
ide into oxygen. Photosynthesis is also necessary for the
growth of wood, and indirectly for fossil fuels, which
were once living plants and animals. Second, natural
daylight provides illumination both outside and inside
buildings. The third form is provided when photovoltaic
cells convert sunlight directly into electrical energy, and
the fourth form, thermal energy, is used for space heat-
ing, domestic hot water, power generation, distillation
processes, and heating of industrial processes. You could
even include wind power as a fifth form, since the sun’s
heat drives the wind. Solar heating is primarily con-
cerned with the sun’s thermal energy, but solar designs
have implications for photovoltaics, lighting, and even
photosynthesis as well.
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A passive solar heating system is actually the build-
ing itself, has no moving parts, and is dependent on the
local site and climate conditions. Passive systems in-
corporate solar collection, storage, and distribution into
the architectural design of the building's structure, with-
out pumps or fans. This is accomplished by selecting
the optimal location, type, and size of windows, and by
employing overhangs and shading. Thermal storage
mass is integrated into the building’s construction. The
payback cost with fuel cost savings for passive solar sys-
tems is generally one to thirteen years. Passive solar
systems can present conflicts between access to the sun
and space use, view, and ventilation, since collecting the
sun'’s radiation for heating may dictate a massive wall
where a window would offer a great view instead. Avoid-
ing glare and overheating are major concerns.

Active solar heating systems offer better control of
the environment within the building, and can be added
onto most existing buildings. Active systems use pumps,
fans, heat pumps, and other mechanical equipment to
transmit and distribute thermal energy via air or a liq-
uid. Most systems use electricity continually to operate
the system. Active systems take around 30 years to pay
back, but systems typically last only 20 years before ma-
jor components need replacement. Many buildings use
hybrid systems, with passive solar design features and
electrically driven fans or pumps.

PASSIVE SOLAR DESIGNS

All-passive solar systems utilize south-facing glass or
transparent plastic for solar collection. The low winter
sun puts out 90 percent of its energy during the period
from 9:00 a.m. to 3:00 p.m. Where other buildings or
tall trees block access to the sun during this critical pe-
riod, solar energy systems are not practical. The area of
the glazing amounts to 30 to 50 percent of the floor
area in cold climates, and 15 to 25 percent in temper-
ate climates, depending on the average outdoor winter
temperature and projected heat loss. Glazing materials
must be resistant to degradation by the sun’s ultravio-
let (UV) rays. Double-glazing and insulation are used
to minimize heat loss at night.

A second essential component of a passive solar de-
sign is the presence of thermal mass for heat collection,
storage, and distribution, oriented to receive the maxi-
mum amount of solar exposure. Concrete, brick, stone,
tile, rammed earth, sand, water, or other liquids can
be used. The thicknesses necessary for effective ther-
mal storage are significant: for concrete, 30 to 46 cm

(12-18 in.); for brick, 25 to 36 cm (10-14 in.); for
adobe, 20 to 31 ¢cm (8-12 in.); and 15 cm (6 in.) or
more of water. Some systems use materials that hold
and release energy through phase changes (changing
from liquid to gas, for example), like eutectic salts and
paraffins. Dark-colored surfaces absorb more solar ra-
diation than lighter ones. Vents, dampers, movable in-
sulating panels, and shading devices can assist in bal-
ancing heat distribution.

When designing a building to take advantage of so-
lar heating, provisions must be made to prevent over-
heating in warm weather. Roofs provide a barrier to ex-
cess summer solar radiation, especially in the tropics
where the sun is directly overhead. The transmission of
solar heat from the roof to the interior of the building
can result in high ceiling temperatures. Surfaces that re-
flect most infrared (IR) rays heat up very little in the
sun. High ceiling temperatures can be reduced with ther-
mally resistant materials, materials with high thermal
capacity, or ventilated spaces in the roof structure.

Orienting building entrances away from or pro-
tected from prevailing cold winter winds, and buffering
entries with airlocks, vestibules, or double entry doors
dramatically reduces the amount of interior and exte-
rior air change when people enter. Locating an unheated
garage, mudroom, or sunspace between the doors to a
conditioned interior space is a very effective way to con-
trol air loss in any building.

The interior layout of a passively solar heated build-
ing should be designed at the same time as the build-
ing’s siting, rough building shape, shading, and orienta-
tion for maximum compatibility. Spaces with maximum
heating and lighting needs should be located on the
building's south face. Buffer areas, such as toilet rooms,
kitchens, corridors, stairwells, storage, garage, and
mechanical and utility spaces need less light and air-
conditioning, and can be located on a north or west wall.
The areas with the greatest illumination level needs, for
accounting, typing, reading, or drafting, should be next
to windows and have access to natural lighting. Confer-
ence rooms, which need few or no windows for light and
views, can be located farther away from windows. Spaces
that need a lot of cooling due to high internal heat gains
from activities or equipment should be located on the
north or east sides of the building.

Shading

In 1960, 12 percent of all American homes had air con-
ditioners, a figure that rose to 64 percent by the late
1980s. By 1989, air conditioners were installed in 77 per-



cent of new single-family homes. The cost of the equip-
ment, labor and energy involved in air-conditioning is
climbing rapidly. The environmental cost of chlorofluo-
rocarbon (CFC) refrigerants is now being felt by the re-
frigeration industry and by consumers. To fight these
rising costs, designers and builders can look to the time
before air-conditioning for natural cooling ideas. In
many climates, the right combination of properly im-
plemented natural methods can provide cooling equiv-
alent to mechanical air-conditioning. At the very least,
natural cooling allows you to install smaller cooling
equipment that will run fewer hours and consume
less energy.

Providing shade from the sun is essential for pas-
sively cooled buildings, and for passively heated build-
ings that might become overheated in hot weather. The
best shading occurs before the sun’s heat reaches the
building. If sunrays are intercepted before passing
through the glass, the air-conditioning cooling load can
be cut in half, saving anywhere from 10 to 50 percent
of energy costs. Place the highest priority on the surfaces
that receive the most summer heat. That’s usually the
east and west.

Shading options, in order of effectiveness, are trees
and shrubs, trellises, overhangs, awnings, shade screens,
window coatings, and interior shades. Trees throw shade
over the walls and roof, and will also shade driveways,
sidewalks, and patios that can bounce heat to the build-
ing. Since big trees give more shade than little ones, de-
vise a site plan that preserves as many existing trees as
possible. Then plant new trees immediately after con-
struction. Trees provide a cooling bonus. To keep them-
selves cool, trees pump water from the ground into their
leaves. As this water evaporates from the surface of the
leaves, it cools the tree. This evaporative cooling cools
the surrounding area, too.

Deciduous trees are best for south yards, because
their canopies are broad and dense. Deciduous shade
trees and vines can provide shade for low buildings,
while allowing more sunlight through when their leaves
fall in the winter. Evergreens can work well for north
and northwest yards.

The closer a tree is to the building, the more hours
of shade it will give. To be effective, trees should be
planted between 1.5 and 6 meters (5-20 ft) from the
building. Shrubs offer less shading, but also cost less,
reach mature size more quickly, and require less space.
Shrubs can shade walls and windows without blocking
roof-mounted solar panels.

Trellises are permanent structures that partially
shade the outside of a building. Clinging vines growing
over the trellis add more shade and evaporative cool-
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Figure 23-1 Deciduous vines for seasonal shade.

ing. A special trellis to shade air conditioners, heat
pumps, and evaporative coolers improves the equip-
ment’s performance. Be sure not to restrict airflow to the
equipment. Fast growing vines create shade quickly,
while trees can take years to provide useful shade. De-
ciduous vines (Fig. 23-1), such as grape, clematis, and
wisteria, lose their leaves in winter, allowing the sun'’s
heat to strike the building. Trellises and climbing plants
are a design solution that’s attractive and flexible.
Most homes have a built-in shading device where
the roof overhangs the building. Overhangs block the
high-angle, summer sun, but allow the lower winter sun
to strike the building. They are only effective for the up-
per story of a multistory building, and don't provide re-
lief for east and west windows. Roof overhangs or hor-
izontal-shading devices (Fig. 23-2) at each floor of taller
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Figure 23-2 Horizontal overhang.
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buildings can block high summertime sun angles on
south-facing walls, while admitting lower winter sun.

Horizontal louvers parallel to the wall permit air
circulation near the wall and reduce conductive heat
gain. Manual or automatic timer-controlled photoelec-
tric controls allow the louvers to adapt to the sun’s an-
gle. Slanted louvers offer even more protection than par-
allel ones, with angles varying to coordinate with solar
angles. Louvers hung from a solid overhang protect
against low sun angles, but may interfere with the view.
Vertical louvers are most effective on the east or west.
Egg-crate louvers (known as brise soleil) combine hori-
zontal and vertical elements to produce a lot of shade.
They are very efficient in hot climates.

Outside shade screens on windows exposed to di-
rect sunlight prevent sun from entering a window. These
devices are often called sun screens, shade cloths, or so-
lar shields. The screens are made from aluminum or plas-
tic and are lightweight, durable, and easy to install. Un-
like insect screens, shade screens are specially made to
block a certain amount of the sun’s energy, usually be-
tween 50 and 90 percent. The shading coefficient is the
amount of heat that penetrates the screen, with lower
numbers indicating that less energy gets through. While
you can see through a shade screen, the view is obscured.
Fixed sunshades can block sun in early spring, when it
is desirable to have sun penetrate to the interior.

Adjustable sunshades, such as awnings, avoid this
problem. Manual controls for adjustable sunshades are
inexpensive and relatively trouble-free but require oc-
cupants to make the adjustment when necessary. Mo-
torized devices also depend on someone to operate
them, but are good for large or heavy devices in remote
places, such as clerestory windows. Automatic systems
with computerized controls can be set to consider the
thermal needs of the entire building.

Awnings can cover individual windows or sections of
outside walls, and are most effective on the south side of
the building. Awnings come in a variety of shapes, sizes,
and colors to match many building designs. Fixed awnings
block light at a given angle, while adjustable awnings can
be rolled up in the winter to allow low-angle sun to reach
into the building. Awnings have the disadvantage of block-
ing the view from the top half of the window.

Exterior shading rejects about 80 percent of the so-
lar energy striking the window. Interior shading devices
absorb and reradiate 80 percent of it into the interior,
increasing interior temperatures dramatically. Outside
louvers can cool off in a breeze, while draperies become
part of a heat trap, giving off radiant heat in hot weather.

Interior shading devices like roller shades, blinds,
and curtains, absorb solar radiation and convert it to

convected heat in the interior air. They also prevent di-
rect solar radiation from striking occupants and fur-
nishings. Interior shades don’t block sunlight as well as
exterior shades. Blinds and drapes can reduce solar ra-
diation by as much as half, depending upon their re-
flectivity. They also reduce visual glare from direct sun-
light. Interior shading devices don’t have to deal with
weathering, are exposed to less dirt, and are usually easy
to adjust manually.

To give the most benefit, interior shades should
have a light-colored surface on the side facing the win-
dow, and be made of an insulating material. They
should fit tightly to prevent air movement into the room
and should cover the whole window.

Direct Gain Solar Designs

Direct gain systems (Fig. 23-3) collect heat directly
within the interior space. The surface area of the stor-
age mass, which is built into the space, accounts for 50
to 60 percent of the total surface area of the space, in-
cluding interior partitions. Surfaces are constructed of
concrete, concrete block, brick, stone, adobe, or other
thick, massive materials. Brick veneer or clay tile over a
bed of grout is an effective finish. Floors are typically
slab-on-grade without carpets or rugs. The sun should
strike directly or be reflected onto the massive surfaces
as soon as possible after entering the space. During the
winter, the warm surfaces raise the mean radiant tem-
perature (MRT) in the room higher than the air tem-
perature, allowing comfortable conditions at 3°C-6°C
(5°F-10°F) below normal. The mass also keeps room
temperatures from becoming too hot in the summer.
When additional cooling is needed, ventilation is pro-
vided with operable windows and walls.

Direct gain systems are simple, and offer daylight
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Figure 23-3 Direct gain passive solar design.



and views to the south. Site conditions and window treat-
ments must prevent bright winter sun from creating
glare. Too much heat may enter the space on sunny days.
Operable window insulation at night keeps the heat in-
side the space. Glass filters out much of the sun’s UV,
but enough gets through to the interior to bleach paints,
interior furnishings, and other building materials. You
should select fade-resistant colors and materials if they
will be exposed directly to the sun for a long time.

Daily temperatures in direct gain passive solar
spaces typically fluctuate 6°C-17°C (10°F-30°F). A well-
designed system can be 30 to 70 percent efficient in cap-
turing and using the solar energy that strikes the build-
ing. Direct gain design demands skillful and total
integration of all architectural elements within the
space, including walls, floor, ceiling, and interior surface
finishes. The patterns of sun and shade create texture
and rhythm, and the shadows cast on the exterior have
a strong impact on the appearance of the building
facade.

Indirect Gain Designs

Indirect gain heating places a thermal storage mass be-
tween the sun and the occupied space. A sheet of glass
covers an opaque wall 20 to 30 cm (8-12 in.) thick. The
sun strikes the mass, where its energy is stored and
slowly transferred to the interior space. The absorbed
solar energy moves through the wall by conduction and
then to the space by radiation and convection. The in-
terior side of the wall must be kept free of hangings and
large furniture so that radiant heat can transfer into the
space. Indirect gain systems admit less daylight than di-
rect gain systems, and offer little or no view to the south.
Radiant heat continues to flow into the space in the
evenings after sunny days.

Thermal storage walls are painted black on the out-
side surface, which is then covered with a sheet of glaz-
ing. Due to thermal lag, heat takes hours to conduct
through the wall. During the hottest part of the day,
some of the heat flows back out through the glass be-
fore it can be passed into the building. There may be
vents at the top and bottom of the wall to circulate room
air, thus delivering warmer air sooner, but this feature
also adds dust and dirt to the space between the mass
and the glass.

The first example of a thermal storage wall was con-
structed in a house built by Felix Trombe and Jacques
Michel in Odeillo, France, in 1967. Openings in this
61-cm (2-in.) thick concrete Trombe wall were double-
glazed. Trombe walls are a classic element in indirect
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gain passive solar design. Trombe walls can have large
openings for daylight and view. It can be difficult to
clean the airspace between the Trombe wall and the
glass, and placing objects near the interior surface must
be minimized.

Water walls are made of corrugated galvanized steel
culverts, steel drums, or fiberglass-reinforced plastic
tubes. An air space is provided for expansion of the water
when heated. Water walls are opaque, and can be fitted
below windows. The use of water allows convection,
which moves the heat more rapidly through the wall.
Steve Baer constructed a wall of 55-gallon drums filled
with water and stacked horizontally at his residence in
Corrales, New Mexico. The home includes adobe walls
and a concrete floor. A rigid insulation panel is hinged
at the bottom with its reflective surface on the interior
side. It can be opened flat on the floor in front of the
collector, reflecting additional sun on the system, and
is folded up out of the way when not in use.

Greenhouses and sunspaces (Fig. 23-4) combine di-
rect and indirect gain systems. When a greenhouse is used
as part of a solar heating system, a masonry or water
thermal wall is used between the greenhouse and the oc-
cupied space. Solar greenhouse efficiency can be as high
as 60 to 75 percent. Only 10 to 30 percent of the energy
entering the greenhouse is supplied to the occupied space
unless an active heat storage system is used. The remain-
der of the heat is used to heat the greenhouse itself.

Sunspaces are glass-enclosed porches or rooms ad-
joining another living space, and oriented to admit large
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amounts of sunlight. They are used in passive solar de-
signs with thermal mass. Where sunspaces don’t include
thermal mass for night heating, and are not heated at
night, they are only used as weather permits. If an in-
sulated, lightweight frame is the common wall with the
occupied space, the sunspace should contain a row of
water containers along the full east-west width of the
space. These containers, two times as wide as they are
tall and sitting adjacent to the floor and common wall,
take up much of the sunspace’s floor area. Heat is trans-
ferred into the occupied space for use as it builds up in
the sunspace. Greenhouses and sunspaces are easy to
retrofit onto the south side of an existing building. The
floor should be a thermally massive slab-on-grade, with
perimeter insulation. The greenhouse or sunspace needs
shading and ventilation through windows or with fans
to prevent overheating.

Sunspaces, solariums, and greenhouses are available
as manufactured systems with wood or metal frames,
complete with glazing and flashing. A ventilating fan can
be mounted on the roof or in either of the gable ends.
Insulated shades and blinds that follow the slope of the
roof can be operated manually or by remote control.
Awning and casement sashes for ventilation, ventilated
roof sashes, and doors are available from manufacturers.

Indirect gain passive solar systems are fairly versa-
tile for retrofitting existing buildings, where they can be
added to the south wall of buildings with a clear south-
ern exposure. Their appearance may be more difficult to
integrate into the building's architecture. The overall ef-
ficiency of indirect gain systems runs about 30 to 45
percent, with water walls being slightly more efficient
than masonry.

Roof ponds expose water to the sun during the
day. Water in large plastic bags, typically 15 to 30 cm
(6-12 in.) deep, is usually supported by a metal deck
roof structure, which also serves as the finished ceiling
of the room below. The metal deck conducts heat from
the water storage and radiates it to the space below. An
insulating panel is moved mechanically with an electric
motor over the roof pond at night, so that stored heat
radiates downward into the space rather than up into
the sky.

The roof structure must be able to support the 160-
to 320-kg per square meter (32- to 65-1b per square ft)
dead load of the water. Indoor masonry partitions mod-
erate the indoor temperature fluctuations, and help sup-
port the weight of the roof. Roof ponds are limited to
one-story buildings. The indoor temperatures remain
very stable, in the range of 5°C to 8°C (9°F-14°F) fluc-
tuations when using lightweight materials, and 3°C to
4°C (5°F-8°F) when masonry is used.

In summer, reversing the process allows internal
heat to be absorbed during the day to be radiated to the
sky at night. The outside of the water bags can be sprayed
or flooded for added evaporative cooling in summer, in-
creasing the cooling effect fourfold. The original roof
pond system was built by Harold Hay in Atascadero,
California, where it has provided all of the heating and
cooling needs of the building since 1973.

Most glass and plastics do not pass long-wave ther-
mal radiation, so closed windows and glass- or plastic-
covered solar collectors do not radiate much heat to the
night sky. Open windows work better, but if warm trees,
buildings, or earth are within the radiation’s path, rather
than colder open sky, less heat will be removed.

Isolated Gain Designs

Isolated gain systems allow solar radiation to be col-
lected and stored away from the space to be heated. So-
lar collectors can have a significant impact on the ar-
chitectural design of a building, but they can be located
anywhere near or on the building, such as the roof, a
south wall, the ground, or even on an adjacent build-
ing. Wherever they are located, they must be exposed to
the sun, so they are likely to be very visible.

Typically, solar collectors in the United States are
0.9 by 2.1 meters (3 by 7 ft). Two or three panels will
provide domestic hot water for a typical family of four.
Each installation should be studied to determine the op-
timum size of the collector array. The array size will de-
pend on the energy load required, the amount of backup
storage needed, the proposed application, and the cost
of competing local energy sources. As a rule of thumb,
5 square meters (54 square ft) of collectors per resi-
dential user should be allotted for heating domestic hot
water. Collectors should equal one-quarter to one-half
of the internal floor area served for space heating, with
even larger amounts for cooling.

South wall installations of collectors work best for
space heating in northern climates, where the winter sun
is very low in the sky and strikes vertical walls directly.
Collectors must be kept free of snow cover.

Flat plate collectors are the more common and less
expensive type of collector panels. The sun's rays pass
through a cover plate and strike the blackened metal sur-
face. This absorbent plate collects the solar radiation.
Fluid circulating through tubes or channels in the plate
picks up the heat and carries it to an isolated storage unit.
Flat plate collectors can use both direct and diffuse solar
radiation. The glazing over the absorbent plate reduces
the radiation and convection heat losses to a cooler sur-



rounding environment. These cover plates of glass, clear
plastic, or fiberglass block some of the solar radiation but
slow down heat loss to the environment. An insulating
box contains the heat loss at the back and sides of the
collector. As the sun warms air or water in the solar col-
lector, the air or water rises either to the space where the
heat is used, or to a thermally massive storage area where
the heat can be stored until it is needed. Simultaneously,
cooler air or water is pulled from the bottom of the ther-
mal storage area, using a natural convection loop.

Solar-concentrating collectors use only direct solar
radiation, but achieve much higher temperatures than
flat plate collectors. The higher temperatures can be used
for cooling or to produce steam for electrical-generation
turbines. These collectors use optical lenses or reflectors
to focus solar radiation onto a point much smaller than
the area that receives the sun’s rays, concentrating en-
ergy and producing higher temperatures. They use track-
ing mechanisms to follow the sun throughout the day.

Solar storage typically holds one to three days’ out-
put from collectors. Most systems need to be drained
when not collecting to prevent freezing. Antifreeze and
heat exchangers are also used. Some systems store heat
in air spaces in a large bed of river rocks.

The reflections from solar collectors on walls and
sloped roofs can produce glare into neighboring build-
ings. Although the heat reflected into neighboring
buildings may be welcome in the winter, it adds to their
cooling load in the summer. Strategically placed exter-
nal projections on the building and foliage can elimi-
nate the problem.

ACTIVE SOLAR DESIGNS

Active solar systems use solar collector panels plus cir-
culation and distribution systems along with a heat ex-
changer and a storage facility to absorb, transfer, and
store energy from solar radiation for building heating
and cooling. Systems use air, water, or another liquid
for the heat transfer medium, which carries collected
heat energy from solar panels to the heat exchange
equipment or storage utility for later use.

Liquid systems use pipes for circulation and distri-
bution. They are protected from freezing with antifreeze
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solutions. Aluminum pipes require the use of a corro-
sion-retarding additive.

Air systems use ductwork, which requires more in-
stallation space. Larger collector surfaces are also re-
quired, as air transfers heat less efficiently than liquids.
Air system panels are easier to maintain, however, since
leaking, corrosion, and freezing are not problems.

The storage facility for active systems holds heat for
use at night and on overcast days. It is an insulated tank
filled with water or other liquid, or a bin of rocks or
phase-change salts for air systems.

Heat distribution in an active solar system is simi-
lar to that in a conventional heating system, using all-
air or air-water delivery. A heat pump or absorptive cool-
ing unit accomplishes cooling.

For efficiency, the building should be thermally ef-
ficient and well insulated. The siting, orientation, and
window openings should take advantage of seasonal so-
lar radiation. A backup heating system is recommended.

SOLAR WATER HEATING,
COOLING,AND
OTHER APPLICATIONS

Using solar energy to heat water is one of the most cost-
effective solar applications. Solar water heaters manu-
factured as packages, including collectors, storage tank,
and controls, are available in many countries worldwide.

Solar energy is also used for the heating loads of in-
dustrial processes, including drying lumber or food,
chemical or metallurgical process extraction operations,
food processing and cooking, curing masonry products,
and drying paint. Solar cooling is used for refrigeration
of food or chemical preservation.

The need for cooling with a solar design comes
at the time when the greatest amount of solar energy
is available. The solar energy is stored as hot water as it
comes out of collectors, or as chilled water. Solar air-
conditioning systems operate by absorption, by the
Rankine cycle, in which solar steam turns a turbine to
power an air conditioner, or by desiccant cooling, which
uses dehumidification to cool. The equipment for solar
cooling is expensive, so it is used only where cooling
loads can't be avoided by good building design.
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Heating and cooling systems have evolved over time, as
equipment has become more complex. As an interior
designer, you should be aware of how heating and cool-
ing equipment works, and be aware of how the equip-
ment will affect your design, energy efficiency, and your
client’s comfort.

The Romans developed the first centralized heating
systems in the first century Ap. Charles Panati, in his Ex-
traordinary Origins of Everyday Things (New York: Harper
& Row Publishers, 1987, page 131), says that, according
to the Stoic philosopher and statesman Seneca, several
patrician homes had “tubes embedded in the walls for
directing and spreading, equally throughout the house,
a soft and regular heat.” The hot exhaust from wood or
coal fires in the basement was collected under the floor
in an area called a hypocaust and distributed through
terracotta tubes. The remains of these systems have been
discovered in parts of Europe where Roman culture
flourished. Unfortunately, central heating disappeared
with the fall of the Roman Empire.

In the vast, drafty castles of the eleventh century,
about 80 percent of the heat went up the chimneys of
the huge central fireplaces while people huddled close
to the fire to keep warm. Sometimes a large wall of clay
and brick several feet behind the fire was used to ab-
sorb and reradiate the heat later on, but this construc-
tion was relatively rare until the eighteenth century.

In 1642, French engineers installed single-room
heating systems in the Louvre in Paris that sucked room-
temperature air through passages around the fire and
discharged heated air back into the room. This contin-
ual reuse resulted in stale air and stuffy rooms.

The industrial revolution brought steam heat to Eu-
rope in the eighteenth century. Steam conveyed in pipes
heated schools, churches, law courts, assembly halls,
greenhouses, and the homes of wealthy people. The ex-
tremely hot surfaces of the steam pipes dried out the air
uncomfortably and generated the odor of charred dust.

Eighteenth century America used a system similar
to the Roman hypocaust. A large coal furnace in the
basement sent heated air through a network of pipes
with vents in major rooms. Around 1880, many build-
ings were converted to steam systems. A coal furnace
heated a water tank, and hot air pipes carried both steam
and hot water to vents connected to radiators. These
steam radiators are still seen in many older homes.

FUELS

We have already discussed the most powerful heating
source at our disposal: the sun. Any building heating
system must start with an assessment of the available
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free heat from the sun, and look to other fuel sources
as supplements. Currently, solar energy supplies only
about 2 percent of our energy needs. Our primary source
of energy is fossil fuels.

Fossil fuels include gas, oil, and coal, and are the
most common sources of energy for heating and cool-
ing systems. Heating systems in the United States gen-
erate over 1 billion tons of carbon dioxide per year, and
about 12 percent of the sulfur dioxide and nitrogen ox-
ides that pollute the air. The heating system is respon-
sible for the largest energy expense in most homes, ac-
counting for two-thirds of the annual energy bill in
colder climates. Buildings consume more than 30 per-
cent of all energy used in the United States.

The early cave dwellers tamed fire for cooking and
heating. Wood provided an easy to harvest, store, and use
supply. Wood fires are so much a part of our human past
that we still love to sit by a fire on a cold evening. Where
properly harvested, wood is a sustainable resource. How-
ever, in desert areas, destroying the few available trees can
lead to expansion of the desert and eventual famine.
Wood harvesting can also result in habitat destruction
and endanger the survival of forest animals.

Wood fires in fireplaces lose most of their heat up
the chimney. Much of the room air goes with it, and it
is sometimes in doubt whether the room actually gets
warmer. Wood requires extensive storage space, which
should be covered, well ventilated, and easy to access.
Wood brought directly into the house from a woodpile
may contain insects, making storage problematic. In-
complete combustion of wood can give off dangerous
gases. Wood fires leave deposits of creosote, an oily
product of burning wood tar, inside chimneys. Creosote
is highly combustible, and can spontaneously erupt into
a chimney fire at high temperatures. Due to this extreme
hazard, chimneys must be cleaned frequently.

Wood pellets made from wood by-products offer a
clean alternative to burning solid wood. Pellet stoves
were introduced in 1984, and use dense pellets of qual-
ity sawdust, which is highly efficient and produces less
pollution. Pellets are cleaner and need less storage space
than cordwood, but are more expensive. They are auto-
matically fed into special stoves by an electric auger.

Natural gas is the second most common heating
fuel. Natural gas is usually piped thousands of miles di-
rectly from the wellhead to the consumer. Natural gas
burns cleanly. Because it is delivered through a pipeline,
it does not require storage space in the building. Some
homes that use oil for heat use natural gas for hot water
and for stoves and clothes dryers.

The odor we associate with natural gas is not its own.
Odorless natural gas was in use at the New London Con-

solidated School in London, Texas, on March 18, 1937,
when a spark emitted by a sander in a shop class caused
a gas explosion that killed 298 students and teachers.
The Texas state legislature passed a law three days later,
mandating the addition of a distinctive odor to natural
gas, so that leaks could be readily detected.

Gas piping systems are relatively simple. A regula-
tor steps down the high pressure from the gas main or
storage tank. A meter measures consumption, and pipes
of appropriate sizes serve various appliances. The Amer-
ican Gas Association (AGA) conducts research and gives
information on safe and efficient installation and op-
eration of gas-fired equipment. The AGA issues stan-
dards and proposes installation requirements that usu-
ally are incorporated in major building codes.

Local gas utilities working with governmental agen-
cies offer rebates to encourage customers to purchase
and install high-efficiency gas heating systems. Equip-
ment covered includes ENERGY STAR® hot water boilers,
hot air furnaces, and steam boilers.

Propane gas is also clean burning, but slightly more
expensive than natural gas. Propane and butane are pe-
troleum gases that become liquids under moderate pres-
sure. They are transported in pressurized cylinders that
are connected to the building’s gas piping. Liquefied
gas is most often used for small installations in remote
locations.

Oil is an efficient energy source that is delivered by
truck. The size of the storage tank in the building de-
pends on the proximity of the supplier and the space
available in the building. Newer construction without
basements limits space for oil tanks. Outdoor tanks
sometimes leak and can contaminate soil and ground-
water, so they are often allowed only in aboveground
locations. Fuel oil is derived from refined crude petro-
leum, and is classified by its viscosity, with #2 being
used in residential and light commercial burners, and
#4, 5, 6, or heaver used for large commercial and in-
dustrial facilities.

Despite the fact that coal is much more plentiful
than oil or gas, it is rarely used for heating new resi-
dential construction. Coal requires a complex heating
system with high maintenance requirements. It is bulky,
heavy, and dirty to distribute, store, and handle. Coal is
difficult to burn efficiently and cleanly, and expensive
emissions control equipment is mandated for air pol-
lution abatement. Chinese cities are currently battling
extreme pollution problems brought on by the exten-
sive use of coal for heat. When coal is burned, the re-
sulting heavy, dusty ash must be removed. Mining coal
underground is dangerous and open pits destroy the
countryside.



Electrical energy has the lowest installation cost of
common fuels and is clean and easy to distribute within
the building. However, generating electricity remotely
for heat is about half as efficient as direct combustion
of another fuel in the building itself. Electricity is sev-
eral times more expensive than any other fuel in most
parts of the world. It can be an efficient fuel when used
in an electric heat pump system.

Electricity is distributed through small wires and
uses relatively small, quiet equipment. The major space
considerations are in larger buildings for transformers,
switchgear, or large substations. Electrical billing rates,
determined by a usage meter, are higher than other fuel
options in most regions of the United States. When elec-
tricity is generated from fossil fuels or nuclear energy,
for every unit of heat released through electric resistance
into a room, two to three units are discarded into wa-
terways and the atmosphere due to losses in electrical
generation and transmission.

Water-generated power is clean and renewable, and
early industrial communities were sited along rivers to
use waterpower. However, the huge dams required to
generate electricity from water (hydroelectric energy)
can displace people from their homes, devastate vast ar-
eas through flooding, and decimate fish populations
that need open rivers to spawn. A recent development
by Northeastern University engineering professor emer-
itus Alexander Gorlov represents a new solution to the
problem of how to harness hydropower without build-
ing a dam. Gorlov's helical turbine design is potentially
suitable for use in most of the world’s rivers, as well as
in ocean channels. They have been installed in test in-
stallations in Brazil and in Vinalhaven, Maine.

Wind is slowly becoming a more popular energy
source. By tying the electrical energy it produces into the
electrical distribution grid, the uneven character of the
wind is less of a problem. Because the cost of a wind-
mill is about the same as the cost of a house, small-scale
wind energy is not yet an efficient option. At large-scale
wind farms in southern California and west Texas, wind
turbines generate electricity profitably. The development
of relatively small wind farms in New York State and
New England is limited by siting and transmission con-
straints. Large offshore wind farms are popular in north-
ern Europe, and could be located off Cape Cod and
other coastal regions in the United States.

Where a large quantity of solid waste is available,
useful heat can be recovered by using it as refuse de-
rived fuel. Modern heat recovery incinerators use a high
temperature process called pyrolysis to dispose of solid
waste. The waste is converted to carbon dioxide, water
vapor, flue gases, and ash. Pyrolysis allows the system
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to meet U.S. Environmental Protection Agency (EPA)
emission standards, even when using pathological
wastes and plastics as refuse. Hospitals generate up to
9.1 kg (20 Ib) of solid waste per patient per bed day,
making incineration a fuel source for space heating, hot
water, sterilization, kitchens, and laundries.

An incinerator can easily be added to a boiler to
serve as a supplemental source of heat. Small, pre-
assembled domestic incinerators take up about 2.8
square meters (30 square ft) of floor space, including
working room.

The earth itself gives off heat that can be tapped for
use in buildings. Direct geothermal energy has been
used for space heating since the nineteenth century. It
is currently used in large building complexes, or through
direct wells into individual buildings. Geothermal en-
ergy is used for space heating, domestic hot water, in-
dustrial processing, and occasionally for cooling.

The Lewis Center for Environmental Studies at Ober-
lin College uses 24 geothermal wells to heat and cool the
building. Water circulates to heat pumps located in each
space throughout the building. In addition, two larger
pumps serve the ventilation needs for the building. Each
pump is controlled individually, allowing each unit to ei-
ther reject or extract heat from the circulating water as
needed. This reduces energy use by enabling simultane-
ous heating and cooling within the building.

High-pressure city steam is available from under-
ground mains in some urban areas. The source is usu-
ally exhaust steam from a local electrical generating
plant, reheated somewhat and distributed through
mains and meters to users. This by-product increases the
efficiency of the generating plant’s use of fuel. City steam
generates no pollutants and presents virtually no fire
hazard. Many large buildings use city steam for heating
and absorption cooling use. High-pressure steam avoids
the need to install individual boilers and chimneys in
buildings. In the past, it has been used to power eleva-
tors, fans, and pumps, but these functions have now
been replaced by electricity.

Biopower is the process of using plant and other or-
ganic matter to generate electricity. Biomass—plant and
animal matter—has been used for lighting, cooking, and
heating ever since humans first discovered fire. Biomass
residue for power production comes from agricultural
waste, forest products residue, urban wood waste, and en-
ergy crops such as willow, poplar, switchgrass, and euca-
lyptus. One-third of the electricity consumed in the state
of Maine comes from biopower facilities, with the forest
products industry providing the fuel. Biomass power can
reduce sulfur emissions that are linked to acid rain, and
reduces the amount of waste sent to landfills.
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ENERGY CONSERVATION

Architects and engineers are designing buildings with
systems that will eventually wean us from our depen-
dence on nonrenewable fuels. With an eye to protect-
ing natural resources and preserving the environment,
building engineers are seeking ways to share heating and
cooling tasks between mechanical systems and natural
ventilation and daylighting.

ENERGY STAR certifications have been developed by
the EPA and the U.S. Department of Energy (DOE) for
energy-efficient furnaces, central and room air condi-
tioners, and heat pumps. ENERGY STAR homes are iden-
tified as at least 30 percent more energy efficient than
the current International Energy Conservation Code
requirements.

Utility companies have realized that it costs less to
offer rebates for the purchase of energy-efficient appli-
ances than to build new power plants. Local electric
utilities and some gas companies offer rebates for high-
efficiency heat pumps and central air conditioners. Gas
companies offer rebates for high-efficiency furnaces and
boilers.

Modifying Existing Heating Systems

Many existing home heating systems dating from the
1950s and 1960s are much too large for their buildings.
Consequently, they keep cycling on and off to first heat
the building then allow it to cool off, a process that
wastes energy. A heat loss analysis of the building can
determine the proper size for the equipment.

Modifying an existing heating system can produce
significant energy savings. A new, more efficient oil
burner is another option. A device that senses the out-
door temperature and keeps the boiler only as hot as
necessary, called a modulating aquastat, is available for
hot water systems. Hot water time delay relays circulate
already warmed water through radiators without turn-
ing on the boiler to heat more water. Pilotless ignition
of gas heaters saves the gas used to run the pilot light.
Flue economizers recover heat from hot gases that go
up the flue.

Photovoltaics and Fuel Cells

The development of fuel cells and photovoltaics is
offering increased energy autonomy for larger build-
ings. Hydrogen is being developed as a high-grade
fuel, extracted from water using electricity from solar

and wind sources. With an increase in the use of so-
lar energy, half of the world energy supply is expected
to come from alternatives to fossil fuels by the year
2050.

The 48-story office building constructed in 1998 at
4 Times Square in New York was designed by Fox and
Fowle, Architects, P.C. to integrate a variety of energy-
saving features. Photovoltaic cells in the building facade
along with fuel cell power packages generate power for
hot water heating and electricity. A high-performance
low-emissivity (low-e) glass curtain wall and efficient
lighting with occupancy sensors and controls reduce the
heating and cooling loads. Fresh air is increased by more
than 50 percent above the usual amount for improved
indoor air quality (IAQ), and a dedicated exhaust shaft
rids the building of tobacco smoke and other pollution
along with excess heat. Waste chutes and storage facili-
ties expedite recycling. Centralized, automatic building
management monitors air quality floor by floor to fil-
ter air and purge the system of pollutants. Environ-
mentally friendly building materials and maintenance
feature recycled and recyclable materials and supplies,
further improving air quality.

The initiation of space exploration required a com-
pact, safe, and highly efficient source of energy for elec-
tricity, heat, and water purification. Fuel cells were de-
veloped to use stored oxygen and hydrogen to generate
direct current power. They convert the chemical energy
of hydrogen and oxygen into electricity and heat with-
out combustion. Virtually no nitrous oxides or carbon
monoxide are produced.

The development of building fuel cell power plants
promises the potential of high-efficiency, low-pollution
energy. Fuel cells are designed to run on hydrogen.
When a source of hydrogen isn’t available, a fuel proces-
sor uses petroleum or natural gas to make hydrogen-
rich fuel for the fuel cell stack. The fuel processor also
gives off by-products that are released to the air. The fuel
cell uses the hydrogen to make direct current (DC) elec-
trical energy. An inverter converts the DC energy that
the fuel cell produces to alternating current (AC) for
building use.

Solar energy is becoming available as electricity di-
rectly at the point of use through photovoltaic (PV) tech-
nology. Site-generated PV uses DC electrical current,
which is already being used in televisions, lighting, mo-
tors, and appliances for recreational vehicles. The power
is then converted to AC power and tied to the central
electrical energy grid. During periods of low supply, the
energy grid provides backup energy. When extra pro-
duction is available on-site, the meter runs backwards,
effectively selling the extra energy to the grid.



Storing Energy on Site

Energy can be generated and stored on site in several
ways. With hydrogen storage, wind-generated electrical
energy splits water into oxygen and hydrogen, which
can be stored for future use. Solar energy is stored in
thermally massive surfaces for night use. These same
masses can retain the night's coolness for daytime use.
Heated rainwater stored in cisterns can be kept at var-
ied temperatures depending upon the use schedule.

FIREPLACES

Wood-heating devices are the oldest method of heating
after the sun. Campfires evolved into fireplaces and
eventually into the wood stove, which offers fuel effi-
ciency within an enclosed space. Wood is popular for
heating homes in regions where energy costs are high
and local regulations permit burning wood. Not all fire-
places are good heaters, however, and any fireplace or
wood stove requires timely maintenance if it is to re-
main reliable and safe.

Fireplaces and stoves can add to both indoor and out-
door air pollution, emitting carbon monoxide, irritating
particles, and sometimes nitrogen dioxide. Wood smoke
causes nose and throat irritation, and can trigger asthma
attacks. To keep chimneys clean and minimize pollution
risks, burn small hot fires, not large smoky ones, use sea-
soned wood, and provide adequate ventilation.

A fireplace (Fig. 24-1) is really a framed opening in
a chimney, designed to hold an open fire and sustain
combustion of fuel. Modern fireplaces combine ma-
sonry and steel construction; some are almost entirely
steel. Fireplaces should be designed to carry smoke and
other combustion by-products safely outside, and to ra-
diate the maximum amount of heat comfortably into
the room. The design must keep the fireplace adequate
distances from combustible materials. Multifaced fire-
places are sensitive to drafts in a room, so avoid plac-
ing their openings opposite an exterior door.

The firebox is the chamber where combustion takes
place. In traditional fireplaces, the firebox is steel, lined
with noncombustible firebrick. The firebox is typically
91 or 107 cm (36 or 42 in.) wide and about 64 cm
(25 in.) high. The top of the firebox tapers to a throat,
a narrow opening that connects the firebox and the
smoke chamber. The throat is fitted with a damper that
regulates the draft in the fireplace.

The smoke chamber connects the throat to the flue
of the chimney. At the bottom of the smoke chamber, a
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Figure 24-1 Section through a fireplace and chimney.

smoke shelf deflects downdrafts from the chimney, pre-
venting cold air and smoke from entering the room. The
flue creates a draft and carries smoke and gases of the fire
safely outside. The hotter air that has been heated by the
fire, being less dense than the fresh air in the chimney,
rises up and out of the flue. The flue is usually a metal
or tile liner inside a masonry chimney. Masonry chim-
neys must have a minimum of 5 cm (2 in.) clearance
from combustible construction. Normally, fire stopping
is provided between the chimney and wood framing.
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To burn properly, a fire requires a steady flow of air.
Traditional fireplaces draw the air for combustion from
inside the house. A grate on the floor of the fireplace
holds logs so air can stoke the fire from underneath.
Other fireplaces pull in outside air through an air in-
take underneath the fireplace floor. A flue damper en-
ables you to regulate the draft and can be completely
closed to keep air from escaping up the flue when the
fireplace is not in use.

The hearth extends the floor of the fireplace out
into the room, with noncombustible material like brick,
tile, or stone to resist flying sparks. Many fireplaces have
an ash drop in the hearth, which can be opened to
dump ashes into a pit underneath. Some also have a
gas starter, which sets logs ablaze without kindling. On
the wall of the room, the chimneybreast often projects
a few inches into the room. A mantle may trim the top
of the fireplace.

Ordinary fireplaces generate mostly radiant heat,
which warms only the immediate vicinity. Heat-circu-
lating fireplaces produce some radiant heat, but mainly
warm the air that circulates around the firebox. One,
and sometimes two, shells surround the firebox in a
heat-circulating fireplace. A room air intake under the
firebox lets cool air in. As the air absorbs heat, it rises
to a warm air outlet at the top of the fireplace. Some
fireplaces have a fan that increases the airflow to speed
up the heat transfer. Convection currents in the room
carry warm air away from the fireplace and cool air back
for reheating.

Most heat-circulating fireplaces gain further effi-
ciency by enclosing the firebox with glass doors that let
you see the flames without wasting their energy in ra-
diant heat. A damper at the bottom of the door lets you
control the supply of air for combustion. Some highly
efficient heat-circulating fireplaces have an outside air
intake and do not require room air for combustion.

In some areas, including Washington, Colorado,
and parts of California, strict environmental laws pro-
hibit burning of wood on certain days to all but certi-
fied, clean-burning appliances, which usually means
factory-built fireplaces or wood stoves. These environ-
mental measures have cut into the number of traditional
masonry fireplaces that are constructed. The relatively
low cost of zero-clearance fireplaces, which don’t need
space between their enclosures and nearby combustible
materials, also compete with traditional fireplaces, as do
gas fireplaces.

In response, manufacturers have introduced clean-
burning masonry fireplaces that are certified under state
environmental regulations. The manufacturers supply
the pieces critical to combustion efficiency, and the lo-

cal dealer supplies firebrick, backup material, flue liner,
and stone, along with accessories. Some of these clean
burners are variations of the Rumford design that was
developed in England in the later 1700s. The Rumford
is a tall, shallow fireplace, about as tall as it is wide, that
burns hot and easily radiates heat into the room. To pre-
vent smoking, the fireplace is built with a rounded
throat that draws air up into the smoke chamber. Some
current models can be used in new construction or retro-
fitted into an existing fireplace.

Another design uses a standard brick fireplace on
the outside and a masonry heater on the inside. Burn-
ing gases are mixed with oxygen in five separate loca-
tions in the fireplace, and the burning continues as the
gases travel down hidden channels between the firebox
and the chimney. The heat from the burning, which
greatly reduces pollutants, is stored in the masonry
mass. After the fire goes out, heat is slowly released over
the ensuing 12 to 16 hours.

WOOD STOVES

Many modern wood-burning stoves are more efficient
than heat-circulating fireplaces. Some stoves only radi-
ate heat, while others also heat air passing around the
firebox in convention currents. The EPA certifies pre-
fabricated fireplaces and stoves for burning efficiency
and allowable particulate emissions. New models that
meet EPA requirements are quite clean burning.

A wood stove (Fig. 24-2) may be the only source of
heat for a residence or small commercial building. The
location of the wood stove has a significant impact on
the building design. It is easier to add a freestanding stove
than a built-in fireplace, but because a stove must be lo-
cated at safe distances from combustible surfaces, it oc-
cupies a great deal more floor space. Noncombustible
materials must be used below and around the wood
stove, with a minimum clearance provided to com-
bustible materials. Wood-burning stoves require 46 cm
(18 in.) minimum between uninsulated metal chimneys
and combustible wall or ceiling surfaces. The stove must
be at least 91 cm (36 in.) from the nearest wall. This may
be reduced to 46 c¢m if the wall is protected by a non-
combustible heat shield or 25-mm (1-in.) clear air space.

The stove’s location affects furniture arrangements
and circulation paths. Areas that “see” the stove get most
of the radiant heat, resulting in hot spots near the stove
and cold spots where visual access is blocked. You have
to leave circulation paths around hot stove surfaces. Re-
member also to plan space for wood storage, which
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Figure 24-2 Woodburning stove.

should be covered, well ventilated, accessible, and large
enough for an ample supply.

Circulation stoves convert the fire’s radiant heat to
convected heat in the air. The hot air rises in a layer to
the ceiling level. If a path exists at ceiling level between
rooms, this heat can spread through a building and to
upper floors. Thermally massive ceilings hold heat
longer for release overnight.

Catalytic combustors on wood stoves reduce air pol-
lution. Honeycomb-shaped ceramic disks up to 152 mm
(6 in.) in diameter and 76 mm (3 in.) thick are inserted
into the flue or built into the stove. The disks ignite
wood smoke at a lower temperature, burning up gases
and producing more heat and less creosote. Wood stoves
with catalytic combustors can’t burn plastic, colored
newsprint, metals, or sulfur. Precision dampers and
other controls let you adjust the heat output.

CHIMNEYS AND FLUES

We usually associate chimneys with fireplaces, but boil-
ers and furnaces have chimneys too. Older, less efficient
fuel-burning equipment use chimneys to carry high-
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temperature flue gases. These must be isolated from
combustible construction. Traditional flues are built 10
to 12 meters (35-40 ft) high to provide an adequate
draft. In newer flues, fans now provide this draft.

Burning produces carbon monoxide (CO) and car-
bon dioxide (CO;). Carbon monoxide is toxic and odor-
less and can cause death. We exhale carbon dioxide with
every breath we take, but carbon dioxide can also be
dangerous if it replaces the oxygen in the air we breathe.
Chimneys carry these gases and other products of com-
bustion up and out of the building.

Chimneys in homes are usually constructed of a ter-
racotta flue lining surrounded by 8 in. of brick, with a
2-in. space between the brick and any wood. This space
is filled with incombustible mineral wool. Prefabricated
chimneys are replacing heavier, bulkier field-built ma-
sonry. High-efficiency boilers and furnaces remove so
much heat from exhaust gases that the flues used can
be smaller, and can be vented through a wall to the ex-
terior, eliminating a chimney.

Where you have a chimney, you need a source of
fresh air. Chimneys work by convection, with warmer air
and gases rising up and out of the chimney. The removal
of air through the chimney leaves the room with the fire-
place at a lower air pressure than the outdoors. This lower
pressure often draws air from the surrounding room.
Oxygen is only about one-fifth of the air, so it takes a
lot of air to provide enough oxygen for combustion.

This makeup air should be drawn from the out-
doors, with an intake located close to the fuel burner or
a duct that is connected to a more remote intake. A duct
or grille draws air directly from the outdoors to the fire
without passing through the room. When an intake
isn't supplied, outdoor air is sucked through building
cracks, creating a draft through the room that can can-
cel out the heat from the fireplace. If the air leaks are
all plugged, the fire becomes smoky and sluggish, and
the chimney won’t work properly. Smoke buildup in the
room depletes oxygen.

Most of the heat from a fireplace goes up the chim-
ney, which can result in a net heat loss. The colder it is
outside, the more heat is lost. Masonry masses around
the fireplace can store and release some heat, especially
when the fireplace is surrounded by the building and is
not on an exterior wall. The American National Stan-
dards Institute (ANSI) and the American Society of
Heating Refrigeration, and Air-Conditioning Engineers
(ASHRAE) have jointly put forth Standard 90.2-1993,
Energy Efficient Design of New Low-Rise Residential Build-
ings, which requires a tight-fitting damper, firebox
doors, and a source of outside combustion air within
the firebox for a safe and efficient fireplace.
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MASONRY HEATERS

Masonry heaters can be used to heat an entire residence.
They take up a small floor area relative to their height.
An inner vertical firebox provides a hot, clean, and ef-
ficient burn. Combustible gases flow down into outer
chambers, and transfer heat to external masonry sur-
faces. The cool room air rises when heated by the ma-
sonry. Masonry heaters provide gentle, even heat with-
out dangerous hot surfaces. You can build a fire at
dinnertime to burn until bedtime, and the heater will
provide radiant heat all night without a fire.

GAS-FIRED HEATERS

Vent-free gas heating appliances include unvented, wall-
mounted, and freestanding gas heaters and gas fire-
places. They require that a nearby window be kept open
a couple of inches for an adequate fresh air supply to
prevent oxygen depletion, which results in heat loss. Un-
vented gas heaters are similar to unvented kerosene
heaters, which have been banned in most states for res-
idential use. Unvented gas heaters produce nitrous ox-
ides, which cause nose, eye, and throat irritation, along
with carbon monoxide. They also produce a great deal
of water vapor that can cause condensation, mildew, and
rot in wall and ceiling cavities. Unvented gas heaters
and gas fireplaces are prohibited in homes statewide
in California, Minnesota, Massachusetts, Montana, and
Alaska, and in cities throughout the United States and
Canada.

Gas-fired infrared (IR) heating units are used in
semioutdoor locations, like loading docks and repair
shops. They use natural gas or propane. If they are
vented, they can be installed in warehouse-type retail
stores. Gas-fired heaters heat surfaces first, not the air,
providing thermal comfort without high air tempera-
tures. They are large and usually noisy.

Gas-fired baseboard heaters also use natural gas or
propane to heat by convection and radiation. They use
a built-in fan to vent directly to the outside, so they must
be located at or near an external wall. Gas-fired base-
board heaters come in 1.2- and 1.9-m (4- and 6-ft)
lengths.

Gas logs and gas fireplaces burn natural or propane
gas to provide flames that are largely decorative, al-
though some units also provide quiet a bit of heat. Ce-
ramic gas logs can be hooked up to an existing gas starter
in a fireplace or to a new line brought to the firebox.

Operate gas logs in fireplaces with the damper open, so
carbon monoxide will vent up the chimney.

Gas fireplaces require only a small vent. Direct-vent
models expel carbon monoxide out the rear, which
means you can vent directly through an exterior wall
and do not need to build a chimney to the roofline.
Some gas fireplaces also draw combustion air from
outside.

HOT WATER AND STEAM
HEATING SYSTEMS

Originally, mechanical systems in buildings were de-
signed to provide additional heat in cold weather. Cool-
ing was taken care of by the way the building was sited,
shaded, and ventilated. Our first look at mechanical sys-
tems will consider these heating-only systems. In prac-
tice today, most heating equipment is used in conjunc-
tion with cooling and ventilating equipment, which we
look at later.

Hot water systems were the residential standard un-
til about 1935. Hot water (hydronic) systems heat a
building by means of water heated in a boiler and cir-
culated by a pump through pipes to a fin-tube radiator,
convector, or unit heater for heating only. Fan-coil units
(FCUs) and radiant panels are used for both heating
and cooling. Hydronic systems are used in residences,
and in perimeter areas of commercial buildings with
separate cooling-only ducted systems in the interior
spaces. Steam boilers generate steam that is circulated
through piping to radiators.

Frank Lloyd Wright used a hot water heating system
in the Robie House in Chicago. Wall radiators were in-
tegrated below the north windows in the living room.
Under floor radiators with grilles in the floor were de-
signed for the full-height south windows, but were never
installed. The boiler was located in a basement room.

In Mies van der Rohe’s Farnsworth House in Fox
River, Illinois, four walls of ceiling-to-floor glass pre-
sented a heating system design challenge. Radiant heat-
ing pipes were installed in the floor slab, and a boiler
was located in a central utility closet.

Boilers

Boilers heat the water for recirculating hot water systems
used for building heating. They can provide enough heat
for entire buildings. A boiler (Fig. 24-3) is a closed
arrangement of vessels and tubes in which water is
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Figure 24-3 Steam boiler.

heated or steam is generated. The type of boiler used
depends on the size of the heating load, the heating fu-
els available, the efficiency needed, and whether the
boilers are single or modular. Fuels for boilers include
wood, coal, solid waste, fuel oil, gas, or electricity, and
some boilers use more than one fuel. Fossil-fuel burn-
ing boilers need flues to exhaust gases, fresh air for com-
bustion, and pollution-control equipment. A horizon-
tal pipe carries exhaust gas from the boiler, and is
connected to a vertical flue section called the stack. Boil-
ers also need ventilation air, with an inlet and outlet on
opposite sides of the room.

In older coal-fueled boilers, the coal was shoveled
by hand into the boiler’s firebox. Newer boilers use a
mechanized stoker and automated ash-removal system.
The ash is removed to a landfill, or can be used to im-
prove the qualities of concrete. Coal boilers require an-
tipollution equipment to control fly ash, which consists
of various sizes of particles, and flue gas containing sul-
fur and nitrogen. Flue gases contribute to acid rain,
which damages plant life and animals and erodes an-
cient monuments and ruins as well as modern statues
and buildings. Acid rain pollutes water systems and af-
fects tree growth.

Electric boilers eliminate the need for combustion
air, flues, and air pollution in the building. However,
these improvements are offset by the use of high-grade
electrical energy for the low-grade task of heating. As
discussed earlier, electricity is inefficient to generate, and
produces pollution at the electrical generating plant. It
is also expensive.
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Boilers sometimes use recovered industrial waste
heat to generate steam, often in combination with oil
or gas. Hot water converters use a steam or hot water
heat source such as geothermal, district heating, or a
central steam boiler to heat hot water for building use.
Hot water converters are essentially heat exchangers that
transmit heat from a steam or hot water source to the
water to be heated.

Boilers have safety release valves that open when va-
por pressure is above a set level, allowing vapor to es-
cape until the pressure is reduced to a safe or acceptable
level. An air cushion tank, also known as a compression
tank or expansion tank, is a closed tank containing air
that is usually located above the boiler. Heated water
expands and compresses air in the tank, which keeps
the water from boiling and avoids frequent opening of
the pressure relief valve.

Boiler systems require a fuel, a heat source, and a
pump or fan to move the water. A distribution system,
heat exchanger or terminal within the space to be
heated, and a control system complete the equipment.
Any heat escaping through the boiler’s walls also helps
heat the building. If a boiler is too small for the build-
ing, the building temperatures will be too low. Boilers
that are too large waste money and space.

Cast-iron boilers are used for low-pressure steam and
low-temperature hot water systems, and are generally less
efficient than other types. Small steel boilers, called
portable boilers, are assembled from welded steel units.
They are prefabricated on a steel foundation and trans-
ported as a single package from the factory. Large boilers
are installed in refractory brick settings built at the site.

Gas-fired cast-iron hot water boilers use hot gases
rising through cast-iron sections to heat water inside.
Additional heat is collected from a heat extractor in the
flue. Oil-fired, cast-iron hot water boilers regulate the
amount of air at a burner unit. The flame enters a re-
fractory (resistant to heat) chamber, and continues
around the outside of water-filled cast-iron sections.

In oil-fired steel boilers, the hot flame from burn-
ing oil produces combustion within a refractory cham-
ber and fire tubes. The refractory chamber heats water
outside the chamber. A domestic hot water coil can be
connected, but this requires a larger boiler for support.
An aquastat (a thermostat for water) turns on to keep
the water hot. Newer, small-dimension compact boilers
have high thermal efficiencies. They are available with
venting options suitable for small equipment rooms.

Boilers are most efficient when in operation con-
tinuously. Modular boilers provide an efficient alterna-
tive, as sections can be used as needed, resulting in ease
of maintenance and smaller size.
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Gas-fired pulse boilers are even smaller and more
energy efficient. They produce 60 to 70 small explosions
per second, which cause the flue gases to pulse, and cre-
ate a highly efficient heat transfer. Gas-fired pulse boil-
ers operate at lower temperatures at efficiencies as high
as 90 percent. They exhaust moist air, not hot smoke.
To receive ENERGY STAR certification, a boiler must have
an annual fuel usage efficiency of 85 percent or higher.

Steam boilers for space heating and domestic hot
water are usually low-pressure. They are also used for
electrical power generation for hospitals, kitchens, and
industrial processes. A pressure gauge and an automatic
safety control shut down boiler operation if needed, and
a relief valve will blow off dangerous excess pressure. A
glass water-level gauge shows the water level in the
boiler and a shutoff valve in the water supply line per-
mits water to be added manually as needed. Some boil-
ers have an automatic water feed instead of a manual
one. A low-water cutoff automatically shuts down the
boiler if the water level drops too far.

With a pump added, low-pressure water systems
can serve larger areas, including high-rise buildings.
Medium-high-pressure steam boilers are found in high-
rise buildings. High-pressure steam or water can carry
more heat, allowing for smaller distribution piping for
heat delivery throughout the building. High-pressure
plants are more complex, and require added safety pre-
cautions and the presence of a qualified operating en-
gineer when in use. Hot water is quieter and easier to
distribute than steam.

Distribution Systems

In steam heating systems, steam that is produced in a
boiler is circulated under pressure through insulated
pipes, and then condensed in cast-iron radiators. In the
radiator, the latent heat given off when the steam cools
and becomes water is released to the air of the room.
The condensed water then returns to the boiler through
a network of return pipes. The system is reasonably ef-
ficient but difficult to control precisely, as the steam
gives off its heat rapidly.

Steam pipes are larger than those for water, but
smaller than air ducts. The steam moves by its own
power, and the rate can’t be controlled as water can. It
is also harder to control temperature. The condensation
of steam in pipes is noisy, and hot water systems (Fig.
24-4) are now more common than steam. In order for
the condensed water to collect and drain in the steam
pipes, the drainpipes must be sloped, taking up more
space in construction.

Control

Figure 24-4 Hot water (hydronic) heating system.

The old style of cast-iron radiator, located near out-
side walls and under windows in every room, is not in-
stalled anymore, but are still in service in older build-
ings. Old-fashioned radiators are made of from 2 to 50
cast-iron sections, each with four or six tubes. Some
models stand on the floor, others hang on wall brack-
ets. Such radiators have pipes that are exposed to the
room, and thus leaks in these radiators are easily re-
paired.

Radiators lose much heat to the adjacent exterior
walls. Foil-covered cardboard radiator reflectors are
available at building supply stores, and can be placed
between the wall and the radiator. Keeping a radiator
clean will also maximize heat reflection out into the
room.

Fin-tube radiation devices, fan-coil units (FCUs),
unit heaters, and IR heaters are currently used with
steam. Fin-tube radiators (Fig. 24-5) are longer and
smaller than the old-fashioned cast-iron radiators.

o
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Radiators (Fig. 24-6) are also used in hot water sys-
tems. Hot water (or hydronic) systems are much easier
to control. Only the sensible heat of the water is trans-
mitted to the air, not the latent heat of vaporization as
with steam. A very even, controlled release of heat to
the air is achieved by regulating the temperature and
rate of circulation of the water. Hydronic systems are
silent when properly installed and adjusted, and pro-
duce comfortable heat.

Hot water baseboard and radiator systems are laid
out in four different arrangements. In a series loop sys-
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Bleeder valve
(hot water)

steam tap
(steam)

Older styles are available in many new colors.

Figure 24-6 Radiators.
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tem, water flows through each baseboard or fin tube ra-
diator at the building’s perimeter in turn. The water be-
comes somewhat cooler by the time it gets to the end
of the loop. A damper at each baseboard adjusts heat
by reducing the amount of air that passes over the fins.
Because all elements are turned on or off together, a se-
ries loop should only serve spaces within a single zone
that share the same heating requirements.

One-pipe systems are very common. A single pipe
supplies hot water from the boiler to each radiator or
convector in sequence. Special fittings divert part of the
flow into each baseboard. A valve at each baseboard al-
lows for the heat to be reduced or shut off. Because it
uses a little more piping than the series loop system, it is
not as economical to install. Temperatures are still lower
at the end of the loop, as with a series loop system.

Two-pipe systems use one pipe to supply water from
the boiler to radiators or convectors, and a second pipe
to return water to the boiler. In a two-pipe reverse re-
turn system, the lengths of supply and return pipes for
each radiator or convector are nearly equal. The water
is supplied to each baseboard or radiator at the same
temperature, as the supply pipe doesn't pass through
the baseboard or accept cooled return water. This sys-
tem uses more pipe than a one-pipe system, increasing
the cost.

In the final system, a two-pipe direct return system,
a return pipe from each radiator or convector takes the
shortest route back to the boiler. This diversion of most
of the water before it reaches the end results in hotter
spaces at the beginning and cooler spaces at the end of
the run. This is a generally unsatisfactory system.

Hot water circulating through pipes causes pipe ex-
pansion, so expansion joints are inserted into long pipe
runs. Clearance around all pipes passing through floors
and walls is also provided to accommodate pipe ex-
pansion. Air vents keep air from accumulating at high
points in the piping or at convector branches. Access is
required for air vents in piping, which have to be bled—
have the excess air let out—by hand. Water vents pre-
vent water in the low points of a drained, inoperative
system from freezing and bursting the tubing and fit-
tings. A water vent is also located at the bottom of a
boiler to allow it to be drained.

Natural Convection Heating Units

Radiators and convectors are used to supply heat only
in residential and small light-commercial buildings.
What we usually call radiators, including both fin-tube
radiation devices and old-fashioned cast-iron radiators,



172 HEATING AND COOLING SYSTEMS

actually use convection as their primary heating princi-
ple. There are various styles of baseboard and cabinet
convection heating units used in smaller buildings.
Their appearance and the space they occupy are of con-
cern to the interior designer. When located below a win-
dow, they can affect the design of window treatments.

Radiators consist of a series or coil of pipes through
which hot water or steam passes. The heated pipes warm
the space by convection and somewhat by radiation.
Fin-tube radiators (also called fin-tube convectors) are
usually used along outside walls and below windows.
They raise the temperatures of the glass and wall sur-
faces. Along an interior wall, a fin-tube radiator would
reinforce the cold air circulation pattern in the room,
and occupants would be too cold on one side and too
hot on the other.

Fin-tube baseboard units have horizontal tubes with
closely spaced vertical fins to maximize heat transfer to
the surrounding air. The aluminum or copper fins are
5 to 10 cm (2-4 in.) square and are bonded to copper
tubing. Steam or hot water circulates through the tub-
ing. There are also electric resistance fin-tube units with
an electrical element instead of the copper tubing. Cool
room air is drawn in from below by convection, and
rises by natural convection when heated by contact with
the fins. The heated air is discharged out through a grille
at the top, and more air is drawn into the bottom of the
unit. Baseboard unit enclosures usually run the length
of the wall, but the element inside may be shorter. They
tend to be less conspicuous than cabinet-style units.

Convectors are a form of fin-tube radiator, with an
output larger than a baseboard fin-tube convector for a
given length of wall. Convectors are housed in free-
standing, wall-hung, or recessed cabinets 61 cm high by
91 cm wide (2 by 3 ft). Air must flow freely around the
units in order to be heated. Each unit has an inlet valve,
which can be adjusted with a screwdriver to control the
flow of water or steam. Hot-water units have bleeder
valves to purge air. With the system operating, the valve
can be opened with a screwdriver or key until water
comes out, and then closed.

Controls

Thermostats are set to temperatures that will trigger
turning the heating system on and off. If a thermostat
controls both the circulation pump that distributes the
heat and boiler that heats the water or steam, the sys-
tem will operate almost continually in cold weather, as
the average temperature in the system gradually rises.

When a thermostat controls only the boiler, with a con-
tinuous circulation pump, more energy is used for the
pump but variations in the system’s temperature are
minimized, as are expansion noises.

RADIANT HEATING

As we have seen, thermal comfort depends on more than
air temperature. The temperature of surrounding sur-
faces also comes into play. Warm surfaces can maintain
comfort even when air temperature is lower. Radiant
heating is a more comfortable way to warm people than
introducing heated air into a space.

Radiant heat can be more energy efficient than hot
air systems, as it transfers heat directly to objects and
occupants without heating large volumes of air first. The
warmer surfaces that result mean that more body heat
can be lost by convection without the room becoming
uncomfortably cold. As a result, the temperature of the
air in the space can be kept cooler, and less heat will be
lost through the building envelope.

Radiant heating systems use ceilings, floors, and
sometimes walls as radiant surfaces. The heat source
may be pipes or tubing carrying hot water, or electric-
resistance heating cables embedded within the ceiling,
floor, or wall construction. Radiant heat is absorbed by
the surfaces and objects in the room, and reradiates
from the warmed surfaces. Radiant panel systems can't
respond quickly to changing temperature demands, and
are often supplemented with perimeter convection
units. Separate ventilation, humidity control, and cool-
ing system are required for completely conditioned air.

Radiantly Heated Floors

Floors can be heated by electrical resistance wires, warm
air circulating through multiple ducts, and warm water
circulating through coils of pipe to warm the surfaces
of concrete or plaster. Heated floors warm feet by con-
duction, and set up convective currents to heat the room
air evenly. Tables and chairs can block IR waves coming
up from a floor, thereby blocking heat to the upper
body.

Without good insulation, heated floors can’t pro-
vide all the heat needed in a cold climate unless the
floor is brought up to a temperature too hot for feet.
Rugs and carpets reduce the efficiency of heated floors.
Heated floors can’t react quickly to small or sudden



changes in demand, due to the high thermal mass of
concrete floors. Repairs are messy and expensive.

Hydronic radiant panels are better used in floors
than ceilings. Hydronic radiant heating systems circu-
late warm water through metal or plastic pipes, either
encased in a concrete slab or secured under the subfloor
with conductive heat plates. They are directly embed-
ded in concrete cast-in-place floors. Radiant coils under
wood floors are quite popular. A rug or carpet over the
floor will interfere with the exchange of heat. Special
under-carpet pads can help with heat transfer, or higher
water temperatures can be used.

The water supplied for radiant heating may be
heated in a boiler, heat pump, solar collector, or geo-
thermal system. In response to a thermostat setting, a
control valve in each coil adjusts the supply water tem-
perature by mixing it with cooler water that has been
circulated already. Adjacent spaces must be insulated, as
radiant panels generate very high temperatures, and
there is the strong potential for great heat loss. With
higher insulation, smaller panels can be used. They are
usually located near exterior walls, but this may not be
the case in solar-heated buildings, where they can sup-
plement areas that aren’t heated well by the sun. Cop-
per was formerly used for the piping, but connections
could fail, so synthetic one-piece systems are now used.

Electric radiant floors aren’t appropriate for every
home because of the cost of electricity, but they can be
an excellent solution to certain design problems. Choos-
ing the right system means knowing what you want it
to do, and looking past manufacturers’ claims to the sys-
tem's real costs and benefits. Electric systems are easier
and less expensive to install than their hydronic coun-
terparts. They're also less expensive to design for differ-
ent zones. They can be used to heat a whole house or
to provide spot comfort in kitchens and baths.

Electric radiant floor elements can consist of cables
coated with electrical insulation (Fig. 24-7), or of fab-
ric mats with the cables woven into them, which are
more expensive. Like hydronic tubes, electric elements
are embedded in the floor system. Cables are usually
embedded in a 38-mm (1.5-in.) thick slab of gypsum
underlayment or lightweight concrete. As with hydronic
tubing, you need to consider the ability of the framing
to support the slab’s weight and make adjustments to
window and door heights for the slab’s extra thickness.

Mats generally require less floor thickness than ca-
bles, and can often be placed in a mortar bed beneath
floor tiles. This adds as little as 3 mm (5 in.) to the floor
height. Some mats can be rolled out on the subfloor be-
neath a carpet and pad. Mats are available in a range of
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Figure 24-7 Electric radiant floor.

standard and custom sizes and shapes. Mats heat up a
tile floor faster than buried cables, but the thermal mass
of the cable system will keep the floor warm for a longer
period of time.

Hydronic radiant heating systems can use gas, oil,
electricity, or even solar energy as their energy source.
On the other hand, electric cables don’t require a boiler,
and may be more cost-effective for small floors. An elec-
tric system for a small bathroom could cost $300 to
$400, compared to $4000 to $5000 for a hydronic sys-
tem, not including fuel costs, which are generally higher
for electric systems. Electric floors are often used to sup-
plement heating systems in homes with forced-air sys-
tems. Highly efficient homes with thick insulation, air-
tight construction, and passive solar features may also
be appropriate sites for electric floors.

Radiantly Heated Ceilings

Ceiling installations are usually preferred over floors sys-
tems. Ceiling constructions have less thermal capacity
than floors, and therefore respond faster. They can also
be heated to higher temperatures. The system is con-
cealed except for thermostats and balancing valves.
The wiring for electric resistance heating can be in-
stalled in the ceiling. It is acceptable for ceilings to get
hotter than walls or floors, since they are not usually
touched. However, downward convection is poor and
the hot air stays just below the ceiling. When the ceil-
ing is at its warmest, the room may feel uncomfortable.
Overall efficiency suffers, and cooler air may stratify at
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floor level. Tables and desks block heat from above, re-
sulting in cold feet and legs.

Hidden wires in radiant ceiling systems can be
punctured during renovations or repairs. Even though a
plaster ceiling may have to be torn down for system re-
pairs, the expense is less than tearing up a concrete floor.
Some systems use snap-together metal components for
easy maintenance.

Preassembled electric radiant heating panels (Fig.
24-8) are also available. They can be installed in a mod-
ular suspended ceiling system, or surface mounted to
heat specific areas. Radiant heating panels can be in-
stalled at the edges of a space to provide additional heat
with variable air volume systems. Applications include
office building entryways and enclosed walkways. They
are useful in hospital nurseries, and in hydrotherapy,
burn, and trauma areas. Residential uses include bath-
rooms, above full height windows, and in other cold
spots. Factory silicone sealed panels are available for use
in high-moisture areas. Some panels can be silk-
screened to provide an architectural blend with acousti-
cal tiles. Custom colors are also available. Radiant heat-
ing panels operate at 66°C to 77°C (150°F-170°F).

Research has found that heating a home with ceil-
ing-mounted radiant panels produced energy savings of
33 percent compared to a heat pump and 52 percent
compared to baseboard heaters. The research project,
completed in May 1994, was sponsored by the U.S.
DOE, the National Association of Home Builders
(NAHB) Research Center, and Solid State Heating Cor-
poration, Inc. (SSHC), the maker of the panels used in
the tests. These panels differ from other types of radi-
ant heaters in several ways. They mount to the ceiling
surface, not behind or inside gypsum board. Their light-
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Figure 24-8 Surface-mounted radiant ceiling panel.

weight construction has little thermal mass that must
come up to temperature, and the textured surface ad-
heres directly to the heating element. These characteris-
tics make the panels able to reach operating tempera-
ture in only three to five minutes. Because the panels
respond quickly, people can turn the heat on and off as
they would the lights. The panels operate quietly and
without air movement.

Most of the heat from radiant heating panels flows
directly beneath the panel and falls off gradually with
greater distance, dropping by about 5°F over the first
6 feet. This may seem like a disadvantage, but some oc-
cupants like to find a spot that is relatively cooler or
warmer within the room. Proper placement of panels
must be coordinated with ceiling fans, sprinkler heads,
and other obstructions, which can be a problem when
installing them in an existing building.

Manufactured gypsum board heating panels use an
electrical heating element in 16-mm (3-in.) fire-rated
gypsum wallboard. They are 122 cm (4 ft) wide and
183, 244, 305, or 366 cm (6, 8, 10, or 12 ft) long. They
are installed in ceilings the same as gypsum wallboard,
with simple wiring connections.

Radiant panels avoid some of the problems inher-
ent with forced-air systems, such as heat loss from ducts,
air leakage, energy use by furnace blowers, and inabil-
ity to respond to local zone conditions. Installation
costs for energy-efficient radiant panels are considerably
less than the cost for a forced-air system, but radiant
panels can’t provide cooling, as a forced-air system can.

Embedded radiant heating systems went out of fa-
vor in the 1970s due to the expense of the large quan-
tity of piping and ductwork, and high electrical energy
costs. Malfunctions were difficult and expensive to cor-
rect. Systems were slow to react to changing room ther-
mal demands, due to the thermal inertia of concrete
slabs, so they were slow to warm up after being set back
for the night.

Radiant devices are also used to melt snow on drive-
ways, walks, and airport runways. They circulate an an-
tifreeze solution or use electric cables. Newer products
use flexible plastic piping that operates continually at
around 49°C (120°F) or higher, and have a 30-year ex-
pected lifetime.

TOWEL WARMERS

Towel warmers (Fig. 24-9) are designed to dry and warm
towels, and also serve as a heat source in a bathroom
or spa. They are available in electronic and hydronic
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Figure 24-9 Towel warmer.

models, with a variety of styles and finishes. Electric
towel warmers are easy to install and fairly flexible as
to location. They should not be located where you can
reach them while in bath water. Some towel warmers
have time clocks to turn them on and off. Models are
available that attach to a door’s hinge pins, to the wall,
or are free standing.

Hydronic towel warmers are connected to either the
home’s heating system or to a loop of hot water that cir-
culates from the home’s hot water tank. If they are con-
nected to the heating system, the heat must be turned
on for the towel warmer to operate. They are more com-
plicated to install than electric warmers, but are more
flexible in location, as they can be installed near a tub
or whirlpool. Multirail towel warmers have several cross
rails, allowing the towel warmer to be sized to heat the
bathroom.

UNIT HEATERS

Unit heaters are used in large open areas like ware-
houses, storage spaces, industrial shops, garages, and
showrooms, where the heating loads and volume of
heated space are too large for natural convection units.
Unit heaters can heat cold spaces rapidly. Smaller cab-
inet models are used in corridors, lobbies, and vesti-
bules. They spread their heat over a wide area from a
small number of units.

Unit heaters take advantage of natural convection
plus a fan to blow forced air across the unit’s heating
element and into the room. The source of heat may be
steam, hot water, electricity, or direct combustion of oil
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or gas. For direct combustion, fuel is piped directly to
the unit and a flue vents to the outdoors for removal of
combustion products. Through-wall models vent flue
gases and introduce fresh outdoor air.

Unit heaters are made of factory-assembled com-
ponents including a fan and a heating mechanism in a
casing. The casing has an air inlet and vanes for direct-
ing the air out. Units are usually suspended from the
roof structure or floor mounted, and located at the
building’s perimeter. Mounting the unit overhead saves
floor space.

ELECTRIC RESISTANCE HEAT

When your feet get cold but you don’t want to turn up
the heat throughout the building, you might want to
use an electric resistance space heater. These common,
low-cost, and easy-to-install small heaters offer individ-
ual thermostatic control and don’t waste heat in un-
occupied rooms. However, they use expensive electric-
ity as their fuel, so their use should be limited to
spot-heating a small area for a limited time in an oth-
erwise cool building.

The first electric room heater was patented in 1892
by the British inventors R. E. Compton and J. H. Dows-
ing, who had attached several turns of high-resistance
wire around a flat rectangular plate of cast iron. The glow-
ing white-orange wire was set at the center of a metallic
reflector, which concentrated the heat into a beam. The
success of their heater depended upon homes being wired
for electricity, which was becoming more popular thanks
to Edison’s invention of the electric light.

In 1906, 1llinois inventor Albert Marsh modified the
original design with a nickel and chrome radiating ele-
ment, producing white-hot temperatures without melt-
ing. In 1912, the British heater replaced the heavy cast-
iron plate with a lightweight fireproof clay one, creating
the first really efficient portable electric heater.

An electrical resistance system works like a toaster:
wires heat up when you turn it on. Electric resistance
heating takes advantage of the way electrical energy is
converted to heat when it has difficulty passing along a
conductor. Most of the time such a system consists of
baseboard units or small, wall-mounted heaters, both
of which contain the hot wires. The heaters are inex-
pensive and clean, and don’t have to be vented. No space
is used for chimneys or fuel storage.

Electric heating units designed for residential use
combine a radiant heating element with a fan and a
light in a ceiling-mounted unit. Some units include a
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nightlight as well. Bulb heaters provide silent, instant
warmth using 250W R-40 IR heat lamps. Bulb heaters
are available vented and unvented, and recessed or sur-
face mounted. Auxiliary heaters are available for mount-
ing in or on walls, and in kickspaces below cabinets.

Electrical resistance heating units (Fig. 24-10) are
compact and versatile, but lack humidity and air qual-
ity controls. Electric resistance heaters use high-grade
electrical energy for the low-grade task of heating. These
heaters have hot surfaces, and their location must be
carefully chosen in relation to furniture, drapery, and
traffic patterns.

The elements of an electric resistance heating sys-
tem can be housed in baseboard convection units
around the perimeter of a room. Resistance coils heat
room air as it circulates through the units by convec-
tion. Electric unit heaters use a fan to draw in room air
and pass it over resistance-heating coils, then blow it
back into the room.

Units are available that can be wall- or ceiling-
mounted for bathrooms and other spaces where the
floor might be wet but where quick heat for a limited
time in an enclosed space is needed. Infrared heat lamps
are also installed in bathroom ceilings for this purpose.

Toe space unit heaters are designed to be installed
in the low space under kitchen and bathroom cabinets.
Wall unit heaters are available in surface mounted or re-
cessed styles for use in bathrooms, kitchens, and other
small rooms. Fully recessed floor unit heaters are typi-
cally used where glazing comes to the floor, as at a glass
sliding door or large window. Industrial unit heaters are
housed in metal cabinets with directional outlets, and
are designed to be suspended from the ceiling or roof
structure. Quartz heaters have resistance heating ele-
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Recessed floor unit heaters with
fans are located below windows.

ments sealed in quartz-glass tubes that produce IR ra-
diation in front of a reflective background.

Small high-temperature IR heat sources with focus-
ing reflectors can be installed in locations where they
don’t cast IR radiation shadows, such as overhead. They
are useful where high air temperatures can’t be main-
tained, as in large industrial buildings or outdoors. IR
heaters are often used at loading docks, grandstands,
public waiting areas, garages, and hangers. They will
melt snow over limited areas.

Small IR heaters radiate a lot of heat instantly from
a small area, and beam the heat where needed. High-
temperature IR heaters may be electrical, gas-fired, or
oil-fired. Venting is required for oil and sometimes for
gas. The temperatures in the units can be greater than
260°C (500°F). Their radiant heat feels pleasant on bare
skin, making these devices desirable for swimming
pools, shower rooms, and bathrooms.

Portable electric resistance heaters heat a small area
in their immediate vicinity without heating an entire
building. However, their use as a substitute for building
heating inevitably leads to deaths each year, when they
are left running all night and come in contact with bed-
ding or drapery, or where they are connected to unsafe
building wiring.

There are several types of portable electric resistance
heaters available today. Quartz heaters use electricity to
quietly heat the floors and furniture within about 15
feet. You only feel their warmth if you stand nearby.
Electrical forced air heaters are best used in a room that
can be closed off. Electrical forced air heaters blow warm
air and circulate it throughout a room. Ceramic forced
air heaters use a ceramic heating element that is safer
than other electric space heaters. Electricity heats the oil

Recessed or surface-mounted
wall unit heaters are used in
bathrooms, kitchens, and small
rooms.
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Figure 24-10 Electric resistance heating.



inside oil-filled heaters to heat a room or temporarily
replace a main heat source.

Electric resistance heating elements can also be ex-
posed to the airstream in a furnace or mounted inside
ductwork in forced air heating systems. Sometimes they
are used to provide heat for a boiler in a hydronic heat-
ing system.

WARM AIR HEATING

Around 1900, warm air heating systems began to take
the place of fireplaces. The original warm air systems
used an iron furnace in the basement, which was hand-
fired with coal. A short duct from the top of the sheet
metal enclosing the furnace delivered warm air to a large
grille in the middle of the parlor floor, with little heat
going to other rooms.

Over time, oil or gas furnaces that fired automati-
cally replaced coal furnaces, and operational and safety
controls were added. Air was ducted to and from each
room, which evened out temperatures and airflow. Fans
were added to move the air, making it possible to re-
duce the size of the ducts. Adjustable registers permit-
ted control within each room. Filters at the furnace
cleaned air as it was circulated. Eventually, with the ad-
dition of both fans and cooling coils to the furnace, it
became possible to circulate both hot and cold air.

During the 1960s, fewer homes were being built with
basements, and subslab perimeter systems took the place
of basement furnaces. The heat source was located in the
center of the building's interior, where heat that escaped
would help heat the house. Air was delivered from be-
low, up and across windows and back to a central high
return grille in each room. The air frequently failed to
come back down to the lower levels of the room, leaving
occupants with cold feet. In addition, water penetrating
below the house could get into the heating system, caus-
ing major problems with condensation and mold.

Electric heating systems became popular at this time,
as they eliminated combustion, chimneys, and fuel stor-
age. Horizontal electric furnaces were located in shallow
attics or above furred ceilings. Air was delivered down
from the ceiling across windows, and taken back through
door grilles and open plenum spaces. Heat pumps have
mostly replaced less-efficient electric resistance systems.

Today, air is heated in a gas, oil, or electric furnace,
and distributed by fan through ductwork to registers or
diffusers in inhabited spaces. Forced-air heating is the
most versatile widely used system for heating houses
and small buildings. The system can include filtering,
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humidifying, and dehumidifying devices. Cooling can
be added with an outdoor compressor and condensing
unit that supplies refrigerant to evaporator coils in the
main supply ductwork. Fresh air is typically supplied by
natural ventilation. Warm air distribution systems offer
good control of comfort through air temperature and
air volume control. The moving stream of air stirs and
redistributes air in the room. Warm air systems work es-
pecially well in tall spaces where air stratifies with warm
air at the top and cold air at the bottom.

Well-designed warm air heating systems are gener-
ally considered to be comfortable. The air motion in a
warm air heating system can create uniform conditions
and reasonably equal temperatures in all parts of the
building. A forced-air (using fans) system usually burns
gas or oil inside a closed chamber, called a heat ex-
changer, inside a furnace. A large blower located inside
the furnace compartment forces cool air across the hot
outer surface of the heat exchanger, heating the air. Fans
move the heated air through a system of supply ducts
located inside the walls and between floors and ceilings.
Supply registers are equipped with dampers within the
ducts that balance and adjust the system by controlling
airflow. The dampers’ vanes disperse the air, controlling
its direction and reducing its velocity.

A separate system of exhaust ducts draws cool air back
through return air grilles to be reheated and recirculated.
Return air grilles are located near the floor, on walls, or
on the ceiling. They can sometimes be relocated during
design or renovation projects to avoid conflict with an-
other piece of equipment. Sometimes there is no sepa-
rate ductwork for the return air. Return grilles are then
placed in the suspended ceiling to collect return air. The
mechanical system draws return air back to a central col-
lection point. It is then returned through ducts to the
building’s heating plant. This use of the space between
the suspended ceiling and structural floor above as one
huge return duct is referred to as a plenum return.

Filters and special air-cleaning equipment can clean
both recirculated and outdoor air. The system circulates
fresh air to reduce odors, and to make up for air ex-
hausted by kitchen, laundry, and bathroom fans. The
system can also add humidity as needed.

A wide variety of residential systems are available,
depending upon the size of the house. The heating sys-
tem must be large enough to maintain the desired tem-
perature in all habitable rooms.

Energy-saving designs for warm air systems start
with insulated windows, roof, walls, and floors, reduc-
ing the amount of heat needed. Warming the windows
directly is less essential when they are well insulated, so
a central furnace or heat pump connects to short ducts
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to the inner side of each room. Air is returned to the
central unit through open grilles in doors and the fur-
nace, or to a heat pump enclosure.

Warm air systems can be noisy. A quiet motor with
cushioned mountings should be selected for the blower
(fan), and it should not be located too close to the re-
turn grille to avoid noise. The blower housing should
also be isolated from conduits or water piping, with flex-
ible connections attaching equipment to ductwork.
Ducts can be lined with sound absorbing materials, but
care must be taken to avoid creating an environment for
mold and mildew growth. Warm air distribution sys-
tems can circulate dust and contaminants as well as air
through the building.

Mechanical systems all require regular maintenance
for efficient operation and proper indoor air quality. The
air filters of heating, ventilating, and air-conditioning
(HVAC) equipment must be cleaned and replaced at reg-
ular intervals. Burners should occasionally be cleaned
and adjusted for maximum efficiency of combustion.
Motors, fans, pumps, and compressors should have their
rubber belts checked and replaced as necessary. Duct-
work may need to be vacuum cleaned.

Furnaces

Systems using air as the primary distribution fluid have
a furnace as a heat-generating source, rather than the
boiler used for water or steam. Warm air furnaces (Fig.
24-11) are usually located near the center of the build-
ing. The furnace is selected after the engineer determines
the type of system and fuel source. Cool air returns from
occupied spaces at around 16°C to 21°C (60°F-70°F)
and passes through a filter, a fan or blower, and a heat-
ing chamber. When the air goes to the supply air duct-
work, it is between 49°C and 60°C (120°F-140°F). The
bonnet or plenum is a chamber at the top of the fur-
nace from which the ducts emerge to conduct heated or
conditioned air to inhabited spaces. The furnace may
include a humidification system that evaporates mois-
ture into the air as it passes through.

In a forced-air gas furnace, a thermostatically con-
trolled valve feeds gas to a series of burner tubes, where
it is lighted by an electric spark or pilot light flame. Air
is warmed in a heat exchanger above the burners and
circulated by the furnace blower. The exchanger must
heat the air inside without allowing odorless, deadly car-
bon monoxide to get into the supply ducts, and should
be checked for safety every few years. The burner and
blower chambers have one or more access panels, and
room must be left around the furnace for maintenance.

Return

register

Fresh air Furnace

Figure 24-11 Warm air furnace and ducts.

Oil-fired forced-air furnaces are very efficient and
durable, but more complicated than gas-fired furnaces.
Oil is pumped from a storage tank into a combustion
chamber, where it is atomized and ignited by a spark.
The flame heats a heat exchanger that warms the air that
is circulated through the system by a blower. If the burner
fails to ignite, a safety switch opens when it senses that
no heat is being produced. A second safety device is a
photoelectric cell that detects when the chamber goes
dark and shuts the system down. A safety note: both de-
vices may have reset switches, which should never be
pushed more than twice in succession, as excess fuel
pumped into the combustion chamber could explode.

No combustion occurs in an electric forced-air fur-
nace, so there is no flue through which heat can escape,
resulting in very high efficiency. Electric furnaces are
clean and simple and have fewer problems than com-
bustion furnaces. However, even with high efficiency,
the high cost of electricity may make them more ex-
pensive to operate.

In residential design, the burner is started and
stopped by a thermostat, usually in or near the living
room in a location where the temperature is unlikely to
change rapidly, protected from drafts, direct sun, and
the warmth of nearby warm air registers. When the ther-
mostat indicates that heat is needed, the burner and
blower start up. The blower continues after the burner
stops, until the temperature in the furnace drops below
a set point. A high limit switch shuts off the burner if
the temperature is too high.

Conventional combustion techniques in furnaces
are usually only around 80 percent efficient. Newer



pulse-combustion and condensing combustion pro-
cesses are designed to be up to 95 percent efficient, as
they recover much of the heat that goes up the flue stack
with other equipment. These newer furnaces have sim-
ple connections, requiring only a small vent and out-
side air pipes, and a condensate drain pipe. To receive
ENERGY STAR certification, a furnace must have an annual
fuel usage efficiency of 90 percent. Furnaces can typi-
cally be expected to function for 15 to 20 years.

Gas and oil furnaces require combustion air and
ventilation for exhausting combustion products to the
outside. Gases rise up the flue from the furnace as a re-
sult of the chimney's heat and the temperature differ-
ence between the flue gases and the outside air. When
either is increased, the force of the draft is increased.
Flues extend past the top of the highest point of the
building so combustion products are not drawn back
into the building. Where the chimney is not high
enough, a fan can help create the needed draft.

Energy can be recovered from exhausted air with a
regenerative wheel, a rotating device of metal mesh that
uses its large thermal capacity to transfer heat from one
duct to another. Air-to-air heat exchangers with very
large surfaces also save energy.

Heat Pumps

Heat pumps derive their name from their ability to
transfer heat against its natural direction. As we know,
heat normally flows from warmer to cooler areas. But
any air above absolute zero always contains some ther-
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mal energy. The higher the temperature, the more en-
ergy is available. A heat pump can deliver 1.5 to 3.5
units of heat for each unit of electricity it uses. This can
save 30 to 60 percent over the cost of electric heating,
depending on geographic location and the equipment
used. Heat pumps do this without combustion or flues.

In a heat pump (Fig. 24-12), a relatively small
amount of energy is used to pump a larger amount of
heat from a cold substance (the water, the ground, or
outdoor air) to a warmer substance, such as the air in-
side the building. Heat pumps work especially well with
relatively lower temperature heat sources, such as the
water inside the jacket of an internal combustion en-
gine, or warm water from a flat-plate solar collector. The
heat pump increases the heat from these sources to the
higher temperatures needed for space heating. Heat
pumps can be part of a total energy system, concen-
trating waste heat from an electrical generating system
to heat the same buildings served by the electrical gen-
erators. Heat pumps that pump heat from water or
ground sources are more dependable than air sources
in cold weather.

Heat pumps offer some energy advantages over
other systems. A typical gas heating unit is about 60 to
80 percent efficient, with the rest of the energy going up
the flue. Electrical resistance heating turns all the energy
used into heat, but the process of creating electricity is
highly inefficient. Heat pumps run at 150 to 350 per-
cent efficiency; that means they transfer more energy
than they use. They are always more efficient than elec-
trical resistance heating in the long run, but heat pump
equipment is more expensive to purchase, install, and
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maintain. Some heat pumps use the energy they gener-
ate to heat by electrical resistance, and are usually the
most expensive. Other types use a refrigerant, such as
HCFC-22 or one of the newer HFC alternatives, like a
modern refrigerator. Air source heat pumps are not ef-
ficient where the temperature drops lower than —7°C
to —1°C (20°F-30°F).

Air-to-air heat pumps use a refrigeration cycle to
both heat and cool. Heat is pumped from the indoors
to the outdoors in summer, and from outside to inside
in winter. Air-to-air heat pumps are the most common
type used in small buildings.

Air-to-water heat pumps cool and dehumidify inte-
rior spaces, with the heat going into useful water. Res-
taurants use air-to-water heat pumps to cool hot cook-
ing areas, taking advantage of the hot water produced
for food preparation and dishwashing. Heat pumps are
also used for indoor pools, athletic facilities, small-scale
industrial operations, motels and hotels, and apartment
buildings.

In the heating mode, the heat pump extracts heat
from outside the building and delivers it to the build-
ing, usually in conjunction with a forced warm air de-
livery system. When the heat pump uses air as the source
of heat, the heat output and efficiency decline with
colder weather. Air-to-air heat pumps operating below
freezing temperatures generally rely on electric resis-
tance heating elements for backup heating. They work
best in areas with mild winters, where there is a balance
between heating and cooling loads, or where electrical
heating is the only option.

Water-to-air heat pumps rely on water as the source
of heat and deliver warmed air to the space. Water
sources have relatively consistent and high tempera-
tures, around 10°C (50°F) in the north and 16°C (60°F)
in the southern United States. If well water is used as
the source, it must be treated for corrosion, which is ex-
pensive. Added to this is the cost of drilling, piping, and
pumping the well.

Water source heat pump systems use an interior
closed water loop to connect a series of heat pumps. One
zone of the building can be heated while another is
cooled, and the extra heat from the cooling process can
be used to heat another area. A boiler serves as a supple-
mentary heat source and a cooling tower rejects heat to
maintain useable water temperatures within the loop. This
is a good system for motels where some rooms get south-
ern sun and some are in the shade, some are occupied
and some not, and domestic hot water needs are high.

Water-to-air heat pumps use a closed piping loop,
with heat rejected by one heat pump in the cooling
mode being used by another in the heating mode. The

water can also double as a water source for the fire sup-
pression sprinkler system. Water-to-water heat pumps
replace a boiler and chiller. Dairies use them to simul-
taneously cool milk and heat water for cleaning.

Ground source heat pumps (ground-to-air) are known
as geothermal heat pumps or geo-exchange systems.
Ground source heat pumps take advantage of the fact that
underground temperatures are more constant year round
than air temperatures. Geothermal heat pumps are 25 to
45 percent more efficient than air-source heat pumps. They
can supply energy for heating, cooling, and domestic hot
water. An environmentally safe refrigerant is circulated
through a loop that is installed underground in long 1- to
2-meter (3- to 6-ft) deep trenches or vertical holes. The re-
frigerant takes heat from the soil in winter and discharges
heat to the soil in summer. Ground source systems are out
of sight and require no maintenance. Noise is confined to
a compressor in a small indoor mechanical room. These
systems are often used in retrofits of schools with large
land areas, and when historic structures have very limited
indoor mechanical equipment spaces. Ground source heat
pumps are more costly and more difficult to install than
air-source pumps. However, they offer life-cycle savings
and low energy bills, and require less maintenance.

A geo-exchange system was installed in the 1990s
in a building near Central Park in New York City. Heat
was taken from two wells drilled 458 meters (1500 ft)
deep into bedrock. In Cambridge, Massachusetts, a co-
housing project in a densely settled urban area features
41 living units with passive solar heat and central heat-
ing and cooling via ground-source heat pumps with lo-
cally controlled thermal zones. The system is relatively
quiet and avoids discharging heat in the summer and
cold air in the winter.

Heat pumps are either single package (unitary) sys-
tems, where both incoming and outgoing air passes
through one piece of equipment, or split systems with
both outside and inside components. Single package
heat pumps are usually located on roofs for unlimited
access to outdoor air and to isolate noise. With split sys-
tems, the noisy compressor and outdoor air fan are out-
doors, away from the building’s interior.

Ducts and Dampers

Ducts are either round or rectangular, and are made of
metal or glass fiber. Flexible ducting is used to connect
supply air registers to the main ductwork to allow ad-
justments in the location of ceiling fixtures, but is not
permitted in exposed ceilings. Duct sizes are selected to
control air velocity. The dimensions for ducts on con-
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struction drawings are usually the inside dimensions,
and you can add an extra 51 mm (2 in.) to each di-
mension shown to account for the duct wall and insu-
lation. Ductwork can be bulky and difficult to house
compared to piping. With early coordination, ducts can
be located within joist spaces and roof trusses, and be-
tween bulky recessed lighting fixtures.

Vertical duct shafts take up about 1 to 2 square me-
ters for every 1000 square meters of floor served. In ad-
dition, fan rooms use up 2 to 4 percent of the total floor
area served, rising to 6 to 8 percent for hospitals. Fan
rooms are located to serve specific zones or levels. A sin-
gle air-handling unit can serve between 8 and 20 floors.
The smaller the number of floors, the smaller the verti-
cal ducts can be.

Ductwork can be concealed or exposed. Concealed
ductwork permits better isolation from the noise and
vibration of equipment and from the flow of air. Sur-
faces are less complicated to clean, and less visible. Con-
struction can be less meticulous, and construction costs
are lower. It costs more to install visually acceptable ex-
posed ductwork than to construct a ceiling to hide stan-
dard ducts. Concealed ductwork provides better archi-
tectural control over the appearance of the ceiling and
wall surfaces. Access panels and doors or suspended ceil-
ings must provide access for maintenance.

Rectangular medium- and high-velocity ducts can
transmit excessive noise if not properly supported, stiff-
ened, and lined with sound-absorbing material. Rigid
round ducts are stronger, and have better aerodynamic
characteristics, so they have fewer noise problems. High-
velocity ducts can route air through a terminal box,
called a sound trap or sound attenuator, which is lined
with an acoustic absorber, to diminish noise. Air can
also be slowed down as it enters a room, reducing the
noise of friction through the ducts.

Ducts should be insulated and all joints and seams
sealed for energy efficiency. All hot-air ducts passing
through unheated spaces should be wrapped with in-
sulation. Foil-faced, vinyl-faced, or rigid foam insula-
tion can be used. Duct insulation should have a mini-
mum rating of R-5 for cold climates, and an R-8 rating
is even better. All joints or seams in the insulation
should be sealed with duct tape.

Ducts will conduct noise from one space to another,
so they are sometimes lined with sound-absorbing ma-
terial. During the 1970s, cheaply made materials prone
to deterioration were used to reduce noise in high-
velocity locations. Damaged or improperly stored ma-
terial has also been installed in ducts. In these cases, de-
lamination of fiberglass in the duct linings resulted in
glass particles in the air. Duct linings are still in use, but
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better quality materials are installed with more care.
Even good quality duct linings should not be used
downstream from moisture, which can encourage the
growth of mold and bacteria. In difficult acoustic situ-
ations, use double-walled ducts with lining enclosed be-
tween the walls.

Airborne dust is a common source of problems in
a forced-air heating system. As air is pulled through the
furnace, dust will readily adhere to oily or greasy com-
ponents. Because household dust usually contains at-
omized cooking grease, even nonoily parts acquire a
coat of fuzz. This will inhibit the cooling of the com-
ponents, and when motors and bearings run hot, their
lives are shortened. Dust can also clog furnace filters, re-
stricting the flow of air. This places stress on the blower
motor, reducing its efficiency and making it run hotter.
To avoid these problems, remind clients that the regis-
ters in each room should be vacuumed at least once a
month. Remove the air return grilles and clean the re-
turn duct as far as the vacuum cleaner will reach. Also,
service the furnace filter and blower regularly.

To help you know what you are looking at on a job
site, here are a few duct terms. Leaders are ducts that
convey warm air from the furnace to stack or branch
ducts. Stacks convey warm air from the leader vertically
to a register on upper floors. The tapered section of duct
forming a transition between two sections with differ-
ent areas is called a gathering. A boot is a duct fitting
forming the transition between two sections that vary
in the shape of their cross sections. Manifolds are duct
components that have several outlets for making mul-
tiple connections. The cold air return is the ductwork
that conveys cool air back to the furnace for reheating.
An extended plenum system is a perimeter heating sys-
tem in which a main duct conveys warm air to a num-
ber of branch ducts, each of which serves a single floor
register.

Perimeter heating is the term for a layout of warm
air registers placed in or near the floor along exterior
walls. A perimeter loop system consists of a loop of
ductwork, usually embedded in a concrete ground slab,
for distribution of warm air to each floor register. A pe-
rimeter radial system uses a leader from a centrally lo-
cated furnace to carry warm air directly to each floor
register.

A damper is a piece of metal positioned in the duct
to open or close the duct to the passage of air. Dampers
balance the system and adjust to the occupants’ needs.
Balancing dampers are hand operated, and locked in
position after adjustment to correctly proportion airflow
to all outlets. Motorized control dampers vary airflow
in response to signals from automatic control systems.
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Splitter dampers and turning vanes guide air within
ducts to prevent turbulence and airflow resistance by
turning the air smoothly. Splitter dampers are used
where branch ducts leave larger trunk ducts. Turning
vanes are used at right angle turns, where space is not
available for larger radius turns. The flow of air within
risers can be controlled by adjusting a damper in the
basement at the foot of the riser. Dampers should be la-
beled to indicate which rooms they serve.

Large commercial structures have fire-rated parti-
tions, floors, and ceilings that confine fires for specified
periods of time. Air ducts through a fire barrier are re-
quired by codes to have fire dampers made of fire-re-
sistive materials. A fire damper is normally held open,
but in the event of a fire, a fusible link melts, releasing
the catch that holds the damper open, thus closing it
automatically. This prevents the spread of fire and
smoke through the system. Access doors are normally
installed at fire dampers for inspection and servicing.

Supply Registers, Diffusers,
and Return Grilles

= Air for heating, cooling, and ventilation is supplied
through registers and diffusers (Fig. 24-13). Grilles are
rectangular openings with fixed vertical or horizontal
vanes or louvers through which air passes. A register is
a grille with a damper directly behind the louvered face
to regulate the volume of airflow. The selection and
placement of supply and return openings requires ar-
chitectural and engineering coordination, and has a dis-
tinct effect on the interior design of the space. Registers,
diffusers, and grilles are selected for airflow capacity and
velocity, pressure drop, noise factor, and appearance.

The register or diffuser that introduces air into the
space should create an air pattern that maintains the de-
sired air temperature, humidity, and motion with only
minor horizontal or vertical variations. Unwanted ob-
structions result in uneven, ineffective delivery. Ther-
mostats should not be in the direct line of the supply
air stream, or the result will be erratic operation of the
system. Room air always moves toward the outlet as it
is replaced by new air. This often results in smudge
marks from dirt particles in heavily used or smoky
spaces. If the ceiling surface is textured, the accumula-
tion of dirt is even heavier. This is often a problem with
existing ceilings in renovation projects.

Diffusers have slats set at angles for deflecting warm
or conditioned air from the outlet in various directions.
Ceiling diffusers spread low-velocity air out from the
ceiling. They may be round, square, rectangular, or lin-

Square ceiling
diffuser

Round ceiling
diffuser and
round duct

Linear diffuser

The slats in diffusers deflect air in various directions.

Grilles are gratings or
perforated screens that
cover and protect an
opening.

Wall register with adjustable
blades to control the flow of air

Floor register controls heat
loss and condensation
along exterior windows and
walls.

Figure 24-13 Registers, diffusers, and grilles.

ear, or may be perforated ceiling tiles. In spaces where
noise control is critical, like recording or telecasting stu-
dios, pinhole perforated diffusers can provide a large
quantity of low-velocity air. Flat, linear slotted diffusers
are used at the base of glass doors or windows. Careless
placement of curtains, flowerpots, or other objects of-
ten obstruct floor diffusers.

Sidewall registers direct air above the space, paral-



lel to the ceiling. Floor registers control heat loss and
condensation along exterior windows and walls, and are
commonly located in the floor below areas of glass. Per-
forated metal faceplates can be placed over standard
ceiling diffusers, creating a uniform perforated ceiling.
It is generally best to use a mixture of register types to
accommodate both heating and cooling.

Air supply units are designed to distribute air per-
pendicular to the surface. The throw distance and spread
or diffusion pattern of the supply outlet, as well as ob-
structions to the air distribution path, are considered in
their placement. The throw distance is the distance a
projected air stream travels from the outlet to a point
where its velocity is reduced to a specified value. The air
velocity and the shape of the outlet determine the throw.
The spread is the extent to which projected air stream
diffuses at the end of the throw. The spacing of outlets
is approximately equal to their spread.

Return grilles are commonly louvered, eggcrate, or
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perforated designs. They may be referred to as either
grilles or registers. Return grilles are connected to a duct,
lead to an undivided plenum above the ceiling, or trans-
fer air directly from one area to another.

Return grilles can be located to minimize the
amount of return air ductwork. High return grilles
pick up warmer air that needs less reheating. Air may
circulate continuously, being warmed or cooled as
needed. The slotted type of return grille is usually used
in walls, and the grid type in floors. Floor grilles tend
to collect dirt.

Return air inlets for heating systems are usually lo-
cated near the floor and across the space from supply
outlets. Return inlets for cooling are located in ceilings
or high on walls to avoid removing cooled air that has
just been supplied to the room. Exhaust air inlets are
usually located in ceilings or high on walls, and are al-
most always ducted. Supply registers can also sometimes
be used as return grilles.
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Cooling
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The invention of air-conditioning has made sweltering
summers more bearable. Sunbelt cities, such as Atlanta,
Miami, and Houston, have grown larger thanks to air-
conditioning, which has made it easier for people to live
and work there year round by reducing the heat and hu-
midity indoors. Mechanical cooling systems were orig-
inally developed as separate equipment, to be used in
conjunction with mechanical heating equipment. To-
day, cooling equipment is often integrated into heating,
ventilating, and air-conditioning (HVAC) systems, as we
discuss later.

The earliest known home air-cooling systems were in
use in Egypt around 3000 Bc. Egyptian women put water
in shallow clay trays on a bed of straw at sundown. The
rapid evaporation from the water’s surface and the damp
sides of the tray combined with the night temperature
drop to produce a thin film of ice on top, even though
the air temperature was not below freezing. The low hu-
midity aided evaporation, and the resulting cooling
brought the temperature down enough to make ice.

Around 2000 Bc, a wealthy Babylonian merchant
developed a home air-conditioning system. At sun-
down, servants sprayed water on the walls and floor of
a room. Evaporation plus nocturnal cooling brought re-
lief from the heat.

Evaporative cooling was also used in ancient India.
At night, wet grass mats were hung over openings on

the westward side of the house. Water sprayed by hand
or trickling from a perforated trough above the windows
kept the mats wet through the night. When a gentle
warm wind struck the cooler wet grass, evaporation
cooled temperatures inside as much as 30°.

By the end of the nineteenth century, large restau-
rants and public places were embedding air pipes in a
mixture of ice and salt, and circulating the cooled air with
fans. The Madison Square Garden Theater in New York
City used four tons of ice per night. None of these sys-
tems addressed how to remove humidity from warm air.

The term “air-conditioning” is credited to physicist
Stuart W. Cramer, who presented a paper on humidity
control in textile mills before the American Cotton Man-
ufacturers Association in 1907. Willis Carrier, an upstate
New York farm boy who won an engineering scholar-
ship to Cornell University, produced the first commer-
cial air conditioner in 1914. Carrier was fascinated with
heating and ventilating systems. One year after his grad-
uation from Cornell in 1902, he got his first air-cooling
job for a Brooklyn lithographer and printer. Tempera-
ture and humidity fluctuations made paper expand and
shrink. Ink flowed too freely or dried up, and colors var-
ied. Carrier modified a conventional steam heater to ac-
cept cold water and fan-circulated cooled air. He calcu-
lated and balanced the air temperature and airflow, and
succeeded in cooling the air and removing the humid-
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ity. Carrier is known today as the father of modern air-
conditioning.

By 1919, Chicago had its first air-conditioned movie
house. That same year, the Abraham & Strauss depart-
ment store in New York was air-conditioned. In 1925,
a 133-ton air-conditioning unit was installed in New
York’s Rivoli Theater. By the summer of 1930, over 300
theaters were air-conditioned, drawing in hordes of peo-
ple for the cooling as well as the movie. By the end of
the 1930s, stores and office buildings claimed that air-
conditioning increased workers’ productivity enough to
offset the cost. Workers were even coming early and stay-
ing late to stay cool.

Today, cooling accounts for 20 percent of the en-
ergy use in the United States, and 40 percent in the
southern states alone. One-third of the U.S. population
spends substantial amounts of time in air-conditioned
environments. Two-thirds of U.S. homes have air con-
ditioners. Residential air conditioning uses almost 5 per-
cent of all energy in the United States—over $10 billion
worth—and adds about 100 million tons of carbon
dioxide to the atmosphere from the electric power gen-
eration stations that use fossil fuels.

The combination of air conditioning with electric
lights has had a profound effect on the design of build-
ings. With fewer windows needed for ventilation and day-
lighting, interior spaces became windowless. Less need
for daylight penetration also lowered ceilings, encouraged
designs with less exterior wall area, and permitted using
less exterior land space for the building itself.

Although the term “air-conditioning” is often asso-
ciated only with cooling, it actually has a broader mean-
ing. Air-conditioning is the treatment of air so that its
temperature, humidity, cleanliness, quality, and motion
are maintained as appropriate for the building’s occu-
pants, a particular process, or some object in the space.

Engineers use some common terms when dis-
cussing air conditioning. The rate at which heat needs
to be removed from air is referred to as the cooling load.
The capacity of equipment is its ability to remove heat.
The total load on a cooling system equals its heat gain,
which is almost the same thing as saying its cooling
load, although from the engineer’s viewpoint there is a
technical difference.

DESIGN STRATEGIES
FOR COOLING

To make an air conditioner effective, you have to close
yourself up tightly in your building to keep the cooled
air from escaping. When you shut out the summertime
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heat, you shut yourself in. You miss the fresh air, the
smells and sounds of the yard, and the pleasure of re-
laxing on a shaded deck or porch. The natural cooling
features of the building can decrease your reliance on
air conditioning during hot weather. By improving ven-
tilation and air movement inside and by providing
shade outside, you can conserve energy, cut utility bills,
and enjoy summer more without being held hostage by
the heat.

We have already looked at several design techniques
that can reduce cooling loads and increase comfort.
Shading with horizontal overhangs on southern expo-
sures keeps out the sun’s heat. Shaded areas on the
building’s face can also serve as balconies, porches, ve-
randas, and cantilevered upper floors. Covered awnings,
screens, landscaping plants, and other shading devices
keep the sun'’s heat outside.

Cooling issues frequently have a relationship to
building form and daylighting decisions. The number
and location of openings that allow in the breeze, and
the need to close them sometimes to retain cool air, af-
fect the building’s appearance and the amount of day-
light admitted. East and west windows may be mini-
mized to keep direct sun out of the building. The
amount of exposure to daylight needed in the winter
may be enough to cause overheating in the summer.

Natural ventilation offsets higher air temperatures
by increased air motion. This is especially effective in
humid, hot climates with little change between day and
night temperatures. Building designs for natural venti-
lation are very open to breezes, but closed to direct sun.
Such buildings are often thermally lightweight, as night
air is not cool enough in some locations to remove
stored daytime heat. A good design for cooling brings
in outdoor air when the exterior temperature is 25°C
(77°F) or lower, and closes the building up tight on hot
days while opening it up at night. When designing for
cooling, the need to keep hot air out is balanced by the
need for fresh air and comfortable breezes.

Cross ventilation is driven by wind through win-
dows. Buildings with narrow floor plans with large ven-
tilation openings on both sides favor cross ventilation.
This type of layout also works well for daylighting. Stack
ventilation uses very low openings to admit outside air,
and very high openings to exhaust rising hot air. Stack
ventilation is generally weaker than cross ventilation.

The structure of the building may be able to absorb
heat by day, and be flushed by cool air at night. High
thermal mass cooling works well in places with warm,
dry summers. The thermal mass of the building stays
cool during the hot daytime, and the heat drains away
slowly during the cool night. Such buildings use ther-
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mal mass on the floors, walls, or roofs. Fans are often
used with high thermal mass systems. Large, high build-
ings with concrete structures are good candidates for
high thermal mass cooling.

In a high thermal mass design, the building needs
a heat sink, a place from which heat is ejected at night.
The roof can radiate heat to a cold night sky, but needs
protection from exposure to the sun by day. The ma-
sonry courtyards of traditional Mediterranean buildings
use toldos, movable shading devices that protect the
courtyard floors and roofs, and open to the sky at night.

Roof ponds collect water that has been sprayed over
the roof at night in a storage pond, which can also be
used for passive solar heating. Sliding panels of insula-
tion over bags of water are opened on winter days to
capture the sun. On summer nights, the panels are again
opened to radiate heat to the sky.

When mechanical cooling is required, sometimes it
can run at night when electrical power is least expen-
sive. Incoming air can be precooled to reduce the equip-
ment’s cooling load. For buildings with relatively short
but intense peak load periods, the space, its contents,
and the surrounding mass can be precooled to a desired
temperature prior to occupancy. This increases the
amount of heat that can be soaked up by the building
when the daily heat gain is at its peak. Precooling min-
imizes the amount of heat released to the room air dur-
ing the peak period. Precooling works where the build-
ing has high thermal storage capacity, or where the
cooling system is more efficient during cooler night pe-
riods. The occupancy patterns of churches and theaters
offer opportunities to use precooling.

Fans can be very effective in cooling small build-
ings. A person perceives a decrease of 1°C for every 2.5
meters per minute (1°F per 15 feet per minute—fpm)
increase in the speed of air past the body. The air mo-
tion produced varies with the fan’s height above the
floor, the number of fans in the space, and the fan's
power, speed, and blade size.

The American Society of Heating, Refrigerating,
and Air-Conditioning Engineers’ (ASHRAE's) acceptable
temperature range for people wearing light summer
clothes is 22°C to 26°C (72°F-78°F) at between 35 and
60 percent relative humidity. A slow-turning ceiling
mounted paddle fan can extend this comfort range to
about 28°C (82°F).

The correct size for a ceiling fan is determined
by the size of the room in which it is located. A
91-cm (36-in.) diameter fan is adequate for a 9-square-
meter (100-square-ft) room. For a 3.9-square-meter
(150-square-ft) room, use a 107-cm (42-in.) fan; for
a 2l-square-meter (225-square-ft) room, a 122-cm

(48-in.) fan; and for a 35-square-meter (375-square-ft)
room, a 132-cm (52-in.) diameter fan. Two fans are re-
quired for rooms over 37 square meters (400 square ft).

Two out of three homes have ceiling fans, but most
of these fans have inefficient blade shapes and motors.
Residential ceiling fans often include incandescent
lights, which increase the heat in the room. In addition,
the heat from the motor adds to the room'’s heat, and
the fan only cools you if it moves air past you.

Many people believe that using ceiling fans will re-
duce energy use, because occupants can raise the ther-
mostat setting point two or three degrees thanks to the
cooling effect of the air movement. A study by the Florida
Solar Energy Center looked at 400 new homes in cen-
tral Florida, with an average of four or five ceiling fans
that operated 13 to 14 hours per day. Surprisingly, the
survey and monitoring revealed no correlation between
using ceiling fans and saving energy. Instead, a computer
simulation showed a potential energy use increase of 10
percent. Apparently, the energy that runs all those fans
exceeds the potential savings of lowering the thermostat
setting.

Ceiling fans are now part of the ENERGY STAR® pro-
gram for energy efficiency. New ceiling fans with aero-
dynamically curved fan blades are being marketed
through national home building supply stores. These
innovative fans are more efficient, and as a result can
be run at lower speeds, saving energy. They use fluores-
cent lights with electronic ballasts, which are more en-
ergy efficient and produce less heat. Remote controls
and temperature sensors make it easier to use the fan
only when it will improve conditions in the room.
When run at a low speed in the winter, a ceiling fan will
bring warm air that has stratified at the ceiling back
down to body level.

Attic fans decrease air-conditioning costs by reduc-
ing the temperature in the attic, and protect attic spaces
from condensation damage in the winter. They are ac-
tivated by heat and moisture. Some roof-mounted fans
are available with energy-efficient, quiet motors. Gable
fans come with louvers that can be automatically con-
trolled, for houses without louvered vents in the attic.

Window fans should be located on the downwind
side of a house, facing outward to increase air flow.
Open a window in each room and leave interior doors
open. Window fans don’t work well in long, narrow
hallways, or in buildings with many small rooms and
interior partitions.

A whole house fan removes heat from a central area
and exhausts it through a ventilated attic. The fan is
mounted in the hallway ceiling on the top floor of the
building, and blows air into the attic. It is covered on



the bottom with a louvered vent. The fan develops a
continuous draft that draws air in through open win-
dows and doors and blows it out through the attic,
maintaining a steady, cooling breeze throughout the
house. A whole house fan costs about the same as three
or four window fans. Operating the fan costs less than
operating the air conditioner, so it is a good cooling al-
ternative if the outdoor temperature isn’t too high.
Whole house fans should have at least two speeds.
Belt-driven models have low speed fans (700 rpm or
less) for quiet operation. For proper ventilation and ef-
ficient operation, any whole house fan requires ade-
quate, unobstructed outlets in the attic through soffits
vents, grilles, or louvers, equal to 1 square foot for every
300 cubic feet per minute (cfm) of air moved. The open-
ing size of the ventilation area in the attic, excluding the
area blocked by screens or louvers, must be at least twice
the free opening size of the fan. Several windows should
remain open in the house when the fan is in use. The
fan should have manual controls, even if it also has au-
tomatic controls, and a fusible link for shutdown in the
event of fire. Careful installation will avoid vibrations.

EVAPORATIVE COOLING

When moisture is added to air, the relative humidity in-
creases and we perceive the temperature to have decreased.
This works where the air is very dry and not too hot, and
requires a large quantity of water and outdoor air. For cen-
turies, fountains have cooled courtyards in hot arid cli-
mates. Passive evaporative cooling systems can be as sim-
ple as a sprinkler on the roof of a conventional building,
or as complex as a roof pond with adjustable louvers.

Outdoor conditions in about half of the United
States are suitable for mechanical evaporative cooling.
Known as swamp coolers or desert coolers, evaporative
coolers (Fig. 25-1) are also used in high-heat applica-
tions such as restaurant kitchens. Dry fresh air from out-
doors is circulated through a wet pad, where it absorbs
moisture as water vapor. After use, the air exits the build-
ing through grilles or open windows. Evaporative cool-
ers are often located on the roof. Through-wall coolers
are also common.

When the outdoor air is at 41°C (105°F) and the
relative humidity is a low 10 percent, evaporative cool-
ing can produce indoor air at 26°C (78°F) and 50 per-
cent relative humidity with only the power necessary to
operate a fan. However, the fans that drive evaporative
coolers are noisy, and the aroma of the wetted cooler
may be unpleasant.
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Absorptive pad

Figure 25-1 Evaporative cooler.

Misting or fogging systems make people feel cooler
with no total change in the heat content of the treated
air. Roof sprays have been used in the past to keep poorly
insulated roofs cool. Misting can be used for small out-
door areas, such as team benches at football stadiums
or refreshment pavilions. It has also been used in very
large spaces in hot dry climates, including a railroad sta-
tion in Atocha, Spain, and a conservatory in Michigan.
Night roof spray thermal storage systems cool water on
the roof at night via radiation and evaporation. The
water is stored on or below the roof for use the next day
in building cooling, or in a tank to precool entering air.

Indirect evaporative cooling actually uses both di-
rect and indirect evaporative techniques, and may be
combined with direct refrigerant cooling systems. Warm,
dry outdoor air that has been cooled by evaporation is
passed through a rock bed under a building at night.
The next day, very hot dry air is cooled by passing
through the rock bed, and then through an evaporative
cooler.

PROCESS OF
AIR-CONDITIONING

When all else fails and the outdoor temperature climbs,
we must choose to suffer the heat or turn on the air-
conditioning. In order to understand the discussions
that take place between your client, the architect, the en-
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gineers, and the contractors, you should have a basic
understanding of air conditioning.

Let's look at how an air conditioner works. A fan
sucks warm indoor air across a series of coils containing
refrigerants and blows it back into the room. The refrig-
erant absorbs heat in the evaporator and then exhausts it
outside through another system of fans and coils in the
condenser. When the indoor air cools, it also dehumidi-
fies. The moisture taken out of the air condenses on the
cool coils just like water collects on a glass of iced lemon-
ade on a hot day. The water runs down a drain or drips
off the air conditioner outside. The lower humidity of the
conditioned air contributes to the cooling effect you feel.

Air-conditioning cools by removing sensible heat—
the heat transferred by the motion of molecules—from
the air. As we already know, the transfer of sensible heat
requires a temperature difference between a warmer area
and a cooler one. A surface, such as a coil or a cooling
panel, is placed in contact with the air and kept at a tem-
perature below that of the air by continuous extraction
of heat. If the temperature of this surface is below the
dew point temperature of the air, condensation will form
on it. The air, in losing moisture because of the conden-
sation, also loses latent heat—the heat transfer that takes
place because of a change in the structure of the mole-
cules. Consequently, it is both cooled and dehumidified.
The condensation must be drained away from the air-
conditioning equipment, so the equipment needs a drain.

A well-designed air-conditioning system must elimi-
nate both the heat and humidity unintentionally leaking
into the building or generated within it, and that intro-
duced with air for ventilation. Engineers try to design air-
conditioning systems that are large enough to assure ad-
equate comfort, but not so large that they cycle on and
off too frequently, which would wear out the equipment
faster. With some equipment, excessive cycling on and off
results in decreased efficiency and more energy use.

REFRIGERATION CYCLES

As we have just seen, when humid summer air is cooled
to a temperature below the dew point, the condensa-
tion that forms is collected in a metal pan and drained
away. The dew point is, by definition, 100 percent rela-
tive humidity, which is uncomfortable even in cooled
air. Since cooler air can hold less water, cooling the air
to an even lower temperature reduces the humidity level
even further. When the super-cooled air is then reheated,
the relative humidity at the new, desirable level is lower
and more comfortable. The power for reheating the air

comes from a hot water or steam coil, and the chilled
air is usually also mixed with warmer room air.

The mechanical equipment in buildings can rapidly
concentrate heating and cooling on demand. In larger
buildings, a central heating and cooling device is ad-
justed to individual spaces, or conditions are controlled
within the space served. This greatly reduces the amount
of distribution ducts required.

The refrigeration cycle, which is used for cooling,
is also used in heating. The mechanical refrigeration
equipment in HVAC systems uses two types of heat
transfer processes: the compression cycle and the ab-
sorption cycle. Both of these cooling cycles have a hot
side and a cold side. The cold side is used for cooling,
while the hot side can provide supplemental heat in
cold weather by being used as a heat pump. In large
buildings, the perimeter areas may need to be heated in
cool weather, while the interior spaces may need venti-
lation and cooling.

Compression Refrigeration

Most common home air-conditioning systems use a
compressor cycle, similar to that of a refrigerator. A com-
pressor on the outside of the house is filled with a re-
frigerant, which is a fluid that can change back and forth
between a liquid and a gas. As it changes, it absorbs or
releases heat, so that it can carry heat from inside the
house to the outside. It uses a lot of electricity to take
heat from the cooler inside of the house and dump it
in the warmer outside.

Air conditioners work by circulating a refrigerant
through two sets of coils in one continuous loop. One
set, the evaporator coils, cools the room; the other set,
the condenser coils, gives off heat to the outdoors. Be-
tween them, a barrier (the expansion valve) keeps the
two parts from working against each other. Near the bar-
rier and as part of the refrigerant loop is the compres-
sor. The two fans help transfer the heat from the air to
the coils, and then to the outside air.

When the condenser coils and compressor work to-
gether to remove heat from the system, it is called the
compression cycle (Fig. 25-2). The compressor circulates
the refrigerant and compresses it. In the compressor,
heat energy is released as the refrigerant changes from
vapor to a liquid state. The released heat is absorbed by
cooling water and pumped from the building, or ab-
sorbed by fan-blown air and pushed to the outdoors.
Heated water may be dumped into sewers, or may re-
lease heat through evaporation and convection in an
outdoor cooling tower. The cooling water is then recir-
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Figure 25-2 Cooling compression cycle.

culated to warm vapor emerging from the compressor
to liquefy the refrigerant at fairly high pressures. The
warm liquid refrigerant then passes through the expan-
sion valve, and as it evaporates in the evaporator, it cools
the chilled water system.

Compression refrigeration systems in small build-
ings transfer heat from one circulating water system
(chilled water) to another (condenser water), and the
system is referred to as a water-to-water system. Cooling
takes place by changing a refrigerant from a liquid to a
vapor. Heat can be extracted from water or from air.

The compression refrigeration process essentially
pumps heat out of the chilled water system and into the
condenser water system, continually repeating the cycle.
Water or air cooled by the expansion (evaporator) coils
is distributed throughout the building, absorbing heat
from occupants, machinery, lighting, and building sur-
faces, and then returned for another chilling cycle.

With an air-to-air system, indoor air is cooled by
passing over an evaporator coil in which refrigerant is
expanding from liquid to gas. This direct expansion gives
these evaporator coils the name DX coils. The compres-
sor and condenser unit is often located outdoors, be-
cause it is noisy and hot. The cooled air is distributed
through the ducts of a warm air heating system.

A refrigerant is a gas at normal temperatures and
pressures, so it can vaporize at low temperatures. Freon,
the most common refrigerant up to the 1990s, can es-
cape into the atmosphere as chlorofluorocarbon (CFC)

gases. These CFCs have long atmospheric lives, up to 145
years for CFC-12, and lead to ozone depletion, so even
with the worldwide ban on the production of CFCs in
the 1990s, they will be around for a long time. Many ex-
isting older CFC chillers still haven't been replaced. In
addition, there is currently a black market demand for
the CFC-containing refrigerant Freon. This is despite the
fact that ozone depletion increases the burning of skin
by ultraviolet (UV) radiation from the sun, resulting in
skin cancers, eye cataracts, and possible damage to crop
production. Hydrochlorofluorocarbons (HCFCs) are still
a threat to the environment but are less harmful than
CFCs. Because they contain chlorine, which leads to
ozone depletion, HCFCs are also being phased out.

Hydrofluorocarbons (HFCs) also pose some threat
of global warming and have long atmospheric lifetimes,
but have low toxicity and are nonflammable. Natural
hydrocarbons (HCs) have a negligible effect on global
warming and short atmospheric life. However, they are
flammable and explosive. Lower-threat alternative re-
frigerants may use more energy, which may mean more
fossil fuel use and more pollution. Production of re-
frigerants with photovoltaic energy is an alternative.

Ammonia is a refrigerant that is acutely toxic and
flammable. Fortunately, its distinctive odor warns of
leaks. Use of ammonia as a refrigerant requires regular
maintenance, good ventilation, and good access and es-
cape routes. Equipment must be kept in closed me-
chanical rooms.
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Absorption Refrigeration

Another type of air-conditioning system uses a salt so-
lution to cool spaces (Fig. 25-3). In the absorption cy-
cle, water vapor is attracted to a concentrated salt solu-
tion, which absorbs water from the evaporator vessel.
The water cools rapidly as it is evaporated into the evap-
orator vessel. The water is now diluting the salt solution
in the evaporator. The diluted salt solution is drawn off
from the vessel continually, sprayed into a piece of
equipment called a generator that boils excess water off,
and returned to repeat the absorption cycle. The steam
that boils off condenses at a condenser with cool water
or air, and returns to the evaporator vessel. The cooled
water left in the evaporator can be tapped through a
heat exchanger as a source of chilled water.
Absorption cycles are about half as efficient as com-
pression cycles. Energy for the system can come from
the sun or from high-temperature waste heat from steam
or hot water. Even though an absorption cycle is less ef-
ficient, it may use less energy, since it can use lower-
grade heat to run a generator, as opposed to the elec-
tricity the compression cycle uses for its compressor.

Desiccant Cooling

Cooling with desiccants does not use any refrigerants
with CFCs. Desiccants are porous materials, such as sil-
ica gel, activated alumina, and synthetic polymers with
a high affinity for water vapor, that lower humidity
without overcooling the air. In active desiccant systems,
desiccants are heated with natural gas or solar energy to
drive out the moisture that they have removed from the
air. Passive systems use the heat from the building’s
exhaust air to release and vent moisture removed from
incoming air.

COOLING EQUIPMENT

Air-conditioning systems range from small window
units to very large air conditioners integrated into a
building’s HVAC system. Some air-conditioning com-
ponents are noisy, and most must be protected from ex-
cessive sun, and all use a lot of energy.

As we mentioned previously, an air conditioner em-
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Figure 25-3 Cooling absorption cycle.



ploys a condenser, which is a heat exchanger used in a
refrigeration cycle to discharge heat to the outside en-
vironment. Air-cooled condensers, which are less ex-
pensive and don't require as much maintenance as
water-cooled units, are common on small refrigeration
systems. Medium-sized systems may use water or air.
Large condensers are water cooled for higher efficiency,
but have higher installation and maintenance costs.

In the early days of air-conditioning, city-supplied
water was run through water-cooled condensers to pick
up waste heat before going into the sewer. This wasted
water and increased the burden on the sewer system,
and is now prohibited in most large communities. To-
day condenser water is typically recirculated through a
cooling tower, where the heat is given off to the atmo-
sphere. Evaporative condensers are a cross between a
cooling tower and an air-cooled condenser. They use less
energy than a water-cooled condenser with a cooling
tower and are more efficient.

Packaged Terminal Air Conditioners

Packaged terminal air conditioners (PTAC) are factory-
assembled units that can be added to a building as
needed and located in the space to be served. Each unit
contains a compressor, condenser, expansion valve, and
evaporator. Available PTACs include window air condi-
tioners, through-wall room units, and heat pumps,
which we discussed earlier. Most through-wall units are
located near the floor, and look like a wall mounted
fan-coil unit (FCU) below the window.

PTACs are simple to install, and permit occupants
to have direct thermal control of the space. They offer
individual metering for separate tenants. Removal for

The tight layout for the retail store left only one space
for the cash/wrap desk to go, and that turned out to be
right next to the old, ugly, and highly visible air-han-
dling unit. Richard thought he could probably tuck the
desk into the available space with enough room around
it for staff and customers, and covering the unit to im-
prove its appearance wouldn't be too difficult. The tricky
parts would be providing access to the unit for repairs
and maintenance, and hiding the large air intake grille.

Once Richard had worked out the space planning
issues and come up with a finish materials palette, he
addressed the air-handling unit. He enclosed the unit
in veneer plywood stained to match the adjacent wood-
work. The plywood panels were attached with screws
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repair or replacement is easy, and the failure of a unit
affects only one room. There is no need for ductwork,
a central chiller, a cooling tower, pumps, or piping,
which saves space and money.

Unit Air Conditioners

Unit air conditioners are small, electrically powered
PTACs mounted in windows or exterior walls. The unit
air conditioner is the most common piece of mechani-
cal equipment in the United States. They are common
in new and existing rooms and buildings. Unit air con-
ditioners are easy to select, install, and service or replace.
They provide the option of separate zones for individ-
ual apartments or motel rooms. If they are turned on
only as needed, they may offer energy savings.

Unit air conditioners (Fig. 25-4) are not as efficient
as a larger central unit, however, especially if a fuel other
than electricity would power the larger unit. They don’t
offer energy-conserving options like exchange of waste
heat. Unit air conditioners are noisy and, due to high
air velocity, can cause drafts. Sometimes the noise is wel-
come, as it can mask street noise. In moderate climates,
air can be circulated either through cold-side or hot-side
coils, using the unit as a heat pump to cool in hot
weather and heat in cool weather. This doesn’t work eco-
nomically in very cold weather, when there is not
enough heat outdoors.

In many homes, a room air-conditioning unit is
installed in the window or wall with the compressor
located outside. The efficiency of air-conditioning equip-
ment is listed on an EnergyGuide label. Room air condi-
tioners measure energy efficiency with the energy effi-
ciency ratio (EER), which divides the cooling output in

that were covered by removable wood plugs, so that the
panels could be taken down for major maintenance.
They also provided a perfect spot for a sign.

The air intake grille, which was about 2 ft square
and near the floor, faced directly out toward the cus-
tomer side of the desk. Richard designed a counter
just to the side of the unit that butted up against the
front of the unit. The counter gave the store a spot for
impulse and informational items adjacent to where
the customers would stand, and the grille was much
less visible hidden below the counter. Maintenance
personnel could duck under the counter to remove the
grill and replace the filter. The solution worked fine
and looked great.
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Figure 25-4 Unit air conditioner.

Btu by the power consumption. On average, the 1990 stan-
dard requires a minimum EER of about 8.6. New room
air conditioners, as of October 2000, must have an aver-
age EER rating of around 10, and even stricter regulations
are under consideration by the federal government.

Window air-conditioning units are also best kept
out of direct sun, so east or west windows are to be
avoided. The north wall of the house, or possibly the
south wall, is a possibility.

Some home air conditioners save energy with a fan-
only switch that allows you to use cooler, noncondi-
tioned outside air at night. A filter check light reminder
for maintenance and an automatic delay fan switch that
turns the fan off a few minutes after the compressor
shuts off also improve energy efficiency. Quiet opera-
tion, which is not usually rated, is a valuable feature,
but you will probably have to turn the air conditioner
on to check this out. Highly energy-efficient units may
not dehumidify as well as less efficient units. Air con-
ditioners must be kept clean and refrigerant must be
recharged as needed to keep efficiency up.

Central Residential Air Conditioners

Some homes have central air conditioners that cool the
entire house, with a large compressor unit outside. Cen-
tral air conditioners are rated by the seasonal energy ef-

ficiency ratio (SEER), which takes the seasonal cooling
output in Btus and divides it by the seasonal energy in-
put in watt-hours for an average U.S. climate. Many
older home central air conditioners have SEER ratings
between 6 and 7. In 1988, the average SEER for central
air conditioners was around 9, but the minimum re-
quirement has been raised to 10. To earn an ENERGY
STAR® certification, the air conditioner must achieve a
SEER of 12 or higher.

Building codes regulate the permissible amount of
energy use for residential heating and cooling systems.
The American National Standards Institute (ANSI) and
the American Society of Heating, Refrigeration, and Air-
Conditioning Engineers (ASHRAE) have jointly put
forth Standard 90.2-1993, Energy Efficient Design of New
Low-Rise Residential Building. ASHRAE, along with Board
of Standards Review (BSR) of the American National
Standards Institute (ANSI) has published BSR/ASHRAE/
IESNA 90.1, Energy Standard for Buildings Except Low-Rise
Residential Buildings. These standards set minimum effi-
ciency ratings for heating and cooling equipment.

In addition to the EER and SEER, several other rat-
ings apply, depending upon the size and type of equip-
ment. The annual fuel utilization efficiency (AFUE) rat-
ing is a ratio of the annual fuel output energy to annual
input energy. The coefficient of performance (COP) as-
sesses the rate of heat removal for cooling equipment,
and the efficiency of heat pump systems for heating. The



integrated part load value (IPLV) expresses the efficiency
of air-conditioning and heat pump equipment.

The location of the air-conditioning equipment for
aresidence or small commercial building will frequently
influence both the interior design and the landscaping
close to the building. A cool, shaded outdoor location
is best for the compressor. The north side of a house
under trees or tall shrubs is a good choice, as long as
the plantings don’t block the unit’s ability to dump heat.
Because of exposure to direct sun, a rooftop or the east
or west side of the building is usually a poor choice of
location. Compressors are noisy and should be kept
away from patios or bedroom windows.

Residential Heat Pumps
for Air-Conditioning

In climates without extreme temperature changes, resi-
dences may employ heat pumps that can be reversed for
heating the house in the winter. Residential heat pumps
are electrically powered heating and cooling units. They
are similar to through-wall units, but reverse the cycle
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to pump heat from outside in the winter. Room size
heat pumps may distribute heating or cooling from
water to air or from air to air. As we discussed previ-
ously, water source units are called hydronic heat
pumps. They require a piping loop connected to a cen-
tral boiler, and a cooling tower. Heat pumps are usually
located on the south side of the building for heating
and cooling, especially in cooler climates. A sunscreen
can be added in the summer.

For cooling, heat pumps use a normal compressive
refrigeration cycle to absorb and transfer excess heat to
the outdoors. For heating, heat energy is drawn from
outdoor air by switching the air heating and cooling
ducts (the heat exchange functions of the condenser and
evaporator remain the same).

Earth Tubes

Earth tubes cool air before it enters a building. A fan
forces air through long underground tubes. These tubes
are sometimes located in trenches designed for under-
ground water lines or other purposes.
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Now that we have reviewed both mechanical heating
and cooling systems, it is time to look at how they
are used together. A heating, ventilating, and air-
conditioning (HVAC) system integrates mechanical
equipment into one complex system that is designed to
provide thermal comfort and air quality throughout a
building. The difficulty of doing this is apparent when
we consider that a building may be hot from the sun
on one side, colder on the other, and warm in its inte-
rior, all at the same time on a winter day. Keeping every-
one inside the building comfortable while conserving
energy is a formidable task.

In the 1960s, when energy costs were low, architects,
engineers, and building owners didn’t worry about how
easily heat was transmitted through the building enve-
lope. Dramatic architectural effects like all-glass buildings
took precedence over energy conservation. Omitting roof
and wall insulation minimized initial building costs. The
HVAC system designer made the building comfortable by
using as much mechanical equipment as necessary.

With increased fuel costs, energy has become one
of the largest expenses in any building’s operating
budget. Some energy conservation strategies came at the
expense of comfort. The better the building interior is
isolated from severe outside conditions, the more com-
fortable the occupants remain.

The design of the building envelope influences
comfort in the way it transmits heat to surfaces and
slowly changes air temperature. Air and surface tem-
peratures can often be controlled by passive design
techniques. Air motion and air humidity contribute to
comfortable cooling. Access to outdoor air improves air
quality, and also provides daylight, view, and solar heat
on cold days.

There are limits to what can be accomplished with-
out mechanical systems. It is difficult to get the building
itself to provide adequate air motion for comfort when
temperatures exceed 31°C (88°F). Without some way to
remove humidity from the air, most North American
buildings are clammy in summer and mold becomes a
serious problem. It is difficult to filter air without the
use of fans. All this leaves the mechanical designer with
the job of deciding whether mechanical equipment will
supplement and modify conditions occasionally, always
modify and control the interior environment, or per-
manently exclude the outdoor environment.

The temperature, humidity, purity, distribution, and
motion of air within interior building spaces are all con-
trolled simultaneously by an HVAC system. These sys-
tems use air, water, or both to distribute heating and
cooling energy. Systems include furnaces that supply hot
air and boilers that heat water or produce steam. Some
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systems include electric heaters that use electrical resis-
tance to convert electricity to heat.

The mechanical engineer selects the HVAC system
based on performance, efficiency, and initial and life
costs of the system. The engineer considers the avail-
ability of fuel, power, air and water, and the means for
their delivery and storage. The need for access to out-
door air is taken into account. The system is evaluated
for its flexibility to serve different zones with different
demands. The type and layout of the distribution sys-
tem for heating and cooling is reviewed, with an eye to
laying out efficient, short, direct runs while minimizing
the number of turns and offsets, to minimize friction
losses.

The equipment of an HVAC system can take up 10
to 15 percent of the building area. The size requirements
for a building depend on the heating and cooling loads.
Some pieces require additional access space for service
and maintenance. Codes may require mechanical areas
to have noise and vibration control and fire resistant en-
closures. Heavy equipment may need additional struc-
tural support.

CENTRALIZED VERSUS
LOCAL EQUIPMENT

The designer of the mechanical system for a building
looks at whether the building’s needs are dominated by
heating or by cooling concerns. Because climate is such
a strong factor in small buildings and heating and cool-
ing needs may vary room by room, localized equipment
rather than a centralized system may be the better
choice. A local system can respond more rapidly to in-
dividual room needs and scheduling differences. No
large central equipment spaces are needed, as equip-
ment can be distributed throughout the building or over
the roof in the case of low-rise buildings. Distribution
trees are shorter, and breakdowns are localized. Control
systems are greatly simplified. Energy is conserved when
heating and cooling is used only as needed.

On the other hand, the noise from many machines
all over the building can be objectionable. The presence
of maintenance workers within occupied areas can be
disruptive. Multiple pieces of equipment mean many fil-
ters to clean and change to assure air quality. There is
less opportunity to use waste energy than with a cen-
tralized system.

Central systems have some distinct advantages. The
equipment has its own space, and does not take up
room within occupied spaces. Maintenance need not in-
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terrupt room activities. Energy recovery from boilers and
chillers is possible in a central equipment room. Cen-
tralized mechanical spaces concentrate the noise and
heat for easier control. Air intakes can be high above
street pollution, and regular maintenance of centralized
air filtering equipment results in longer equipment life.

Mechanical rooms need to be centrally located near
the area served, with direct access to the outside for fresh
air and for installation and removal of equipment.
Achieving both a central location and outside access is
often difficult. Rooms for heating, cooling, and air-
handling equipment need ceilings around 3.7 meters
(12 ft) high.

Distribution trees of centralized systems are larger
and controls are more complex than for localized sys-
tems. Breakdown of a single piece of equipment may
affect the entire building. Energy is wasted when the en-
tire system is activated to serve one zone.

INTERIOR DESIGN
IMPLICATIONS

Uniformity in the design of the building has implica-
tions for the HVAC system and for the interior design
of the building. Uniform ceiling heights, lighting place-
ment, and HVAC grille locations increase flexibility in
office arrangements and extend the building’s useful
lifespan. Four basic types of office space can be inter-
changed within a flexible overall plan. These include en-
closed offices; bullpen offices with repeated, identical
workstations with desk-height dividers; uniform open
plan offices with higher partitions; and free-form open
plan offices with partitions of varying heights. However,
uniformity in ceiling lighting, air handling, and size can
make design of connecting corridors, lounges, and other
support services difficult.

On the other hand, diverse design elements require
complete and detailed design of a space, but the result-
ing design may be a more complex and interesting
building for designer, builder, and user. Variety aids user
orientation and distinguishes spaces from one another.

Some spaces require diverse thermal conditions. In
winter, we expect offices to be relatively warmer than
circulation spaces, which are transitional from the exte-
rior to the interior. Just like a space can seem lighter and
higher if preceded by a lower, darker space, transitional
spaces that are closer to outside temperatures can make
key spaces seem more comfortable without extreme
heating or cooling, saving energy over the life of the
building.
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The design of the air-circulation and ventilation sys-
tem interacts with the layout of furniture. Even furni-
ture like filing cabinets and acoustic screens less than
1.5 meters (5 ft) high can impede air circulation, espe-
cially if they extend to the floor. Some sources recom-
mend an open space of at least 25 to 51 mm (1-2 in.)
at the base for furniture pieces, with 152 mm (6 in.) al-
lowing even better airflow. If walls or full-height parti-
tions enclose spaces, each enclosed space should have
one supply vent and one return or exhaust vent.

HVAC ZONES

The numbers and types of HVAC zones required for
thermal comfort influence the selection of centralized
versus local HVAC equipment systems. A zone placed
away from the building envelope may not have the ac-
cess to outdoor air required for a localized system. Space
must be available for equipment within a local zone.

Large multipurpose buildings conventionally use
a system of 16 zones (Fig. 26-1). Each function—
apartments, offices, and stores—has five zones: north,
east, south, and west sides, and a central core. Under-
ground parking is the sixteenth zone. Fach of these
zones may encompass more than one floor. Adding in
scheduling considerations may increase the number of
zones. If apartments need individual controls, each
apartment may become one zone.

Apartments:
5 zones

Offices: 5
zones

Retail: 5
zones

s

N
N

/
/

Underground
parking: 1 zone

Figure 26-1 Building perimeter and interior zones.

TYPES OF HVAC SYSTEMS

There are hundreds of types of HVAC systems in use in
large buildings, but most can be classified into one of
four main categories. One type, direct refrigerant sys-
tems, are heating and cooling systems that respond di-
rectly to the needs of individual zones. The other three,
all-air, air and water, and all-water systems, produce
heating and cooling in a central location, far from some
zones. Air-handling equipment for these last three sys-
tems is either central or located on each floor.

As the size of a building’s structural elements has
decreased due to improved material strength, the size
of building mechanical systems has increased. Where
smaller structural elements leave more floor area open,
more flexibility in space planning is possible. Mechan-
ical components are often located at or within structural
columns. It is common to have a structural column with
an air duct crossing it at the top. Because the moving
parts of the mechanical system need maintenance and
change with user needs but the structure rarely changes,
it is impractical to wrap the mechanical system com-
pletely inside the structural envelope.

Exposing the mechanical system within the space
permits easy access for maintenance, repair, and alter-
ation. Exposed systems may add visual interest. Office
buildings sometimes expose the HVAC system in corri-
dors and service areas, but conceal it in offices. Exposed
systems aid flexibility and reveal elements that users can
manipulate, reminding them of the opportunity and en-
couraging user interaction.

A dramatic example of an exposed system is the
Centre Georges Pompidou in Paris, designed by Piano
+ Rogers, Architects. This design competition winner
houses a museum of modern art, reference library, cen-
ter for industrial design, and center for music and
acoustics research, and supporting services. The struc-
tural and mechanical systems, including columns, duct-
work, and piping, are revealed through the building fa-
cade in a way reminiscent of the Visible Man models
that show the muscles, organs, and circulatory system
of the human body.

The location of centralized HVAC equipment in a
large building has implications for the building’s space
use and function. The heat, noise, moisture, air motion,
and vibration from equipment may annoy adjacent
floors or neighboring buildings. Mechanical floors can
be used to separate floors of apartments from floors of
offices, isolating daytime-use spaces from housing used
more heavily at night. Very large buildings often require
several intermediate mechanical floors. Basement loca-
tions offer noise isolation, utility access, and support for
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heavy machinery. Rooftops provide access to air for re-
jecting excess heat, plus unlimited headroom. However,
top floor spaces often bring top rental fees, which are
lost when these spaces are devoted to mechanical
equipment.

HVAC EQUIPMENT

HVAC systems are made up of a number of separate
pieces of equipment, which may be combined into the
comprehensive term air-handling units. Preheaters
warm air that is below 0°C (32°F) to a temperature
slightly above freezing before it is sent on for other proc-
essing. Blowers (fans) supply air at a moderate pressure,
to create the forced drafts that operate the HVAC sys-
tem. Humidifiers maintain or increase the amount of
water vapor in the air. A chilled water plant powered by
electricity, steam, or gas delivers chilled water to the air-
handling equipment for cooling, and pumps condenser
water to the cooling tower to dispose of excess heat.

The boiler generates hot water or steam for heating,
and requires fuel and air supplies. Hot water (hydronic)
heating is more common than steam heat today. The
fan room contains air-handling equipment in large
buildings. Sometimes individual fan rooms are located
on each floor or in each zone. Chimneys exhaust gases
from the burning fuel.

Cooling towers extract heat from the water that has
been used for cooling by blowing air over the water to
create water vapor and liberate the latent heat. They are
typically located on the roof. Cooling towers use a huge
quantity of outdoor air, and create an unpleasant mi-
croclimate, with fog in cold weather. The evaporation
and exposure of water to the outdoors in hot, humid
conditions leads to scaling and corrosion in pipes. The
growth of bacteria and algae in cooling towers has been
linked to Legionnaire’s disease. Vapor from cooling tow-
ers must be isolated from fresh air intakes, neighboring
buildings, and parked cars. Cooling towers are very noisy
due to the forced air motion, and require acoustic iso-
lation from the structural frame of the building. It is dif-
ficult to shield the noise and view of the cooling tower
without a solid barrier that would limit access to air.

Special control equipment in HVAC systems for
large buildings maintains comfort through central mon-
itoring and coordination of equipment and building
conditions. Controls increase fuel economy by running
equipment in the most efficient way, and act as safety
devices to limit or override mechanical equipment in
emergencies. They are able to eliminate human error,
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and are reliable except during power failures. Controls
for an HVAC system usually maintain conditions within
a range called a deadband, which attempts to avoid the
need for heating or cooling.

Control equipment includes controllers, actuators,
limit and safety controls, and other accessories. Con-
trollers measure, analyze, and initiate actions. Actuators
get the pieces of equipment to carry out the controllers’
commands. Limit and safety controls prevent damage
to the equipment or the building by shutting down
equipment before an emergency can occur.

Unitary Air-Handling Units

Self-contained, weatherproof units with a fan, filters, a
compressor, condenser, and evaporator coils for cooling
are referred to as unitary air-handling units. A unitary
air-handling unit is made up of a factory-assembled unit
plus a cooling compressor in a compact enclosure, which
can be connected to ductwork. The unitary air-handling
unit may be connected to a cooling tower or fluid cooler,
or to a remote condenser. For heating, the unit may op-
erate as a heat pump or contain auxiliary heating ele-
ments. Unitary air-handling units are powered by elec-
tricity or by a combination of electricity and gas.

Unitary air-handling units are installed on the roof
directly above the space to be air-conditioned, or
mounted on a concrete pad along the exterior building
wall. Rooftop units may be placed at intervals along long
buildings. Unitary air-handling units are self-contained,
and are used where the utility services of individual ten-
ants are metered separately. Packaged systems with ver-
tical shafts that connect to horizontal branch ducts can
serve buildings up to four or five stories high. They have
a life of about 10 years and require little maintenance.
Furnaces, with or without cooling coils, are also con-
sidered to be air-handling units.

The supply and return ductwork for unitary air-
handling units passes horizontally through an outside
wall. Split systems have an indoor module with an evap-
orating coil, an expansion valve, a provision for heat-
ing, and an air handler, plus a separate outdoor con-
densing unit with a noisy compressor and air-cooled
condenser. Insulated refrigerant tubing and control
wiring connect the two parts.

Computer Room Units

Computer room units use a highly reliable air-handling
unit with extremely precise temperature, humidity, and
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dust controls for sensitive electronic equipment, all lo-
cated in the space served. High-quality components, re-
serve capacity, and redundant components to take over
in case of equipment failure add to the expense of com-
puter room units.

Central Air-Handling Units

Central air-handling unit systems are found in large
buildings with multiple zones of at least 450 square me-
ters (5000 square ft) and in tall multistory buildings.
Hospitals with stringent air quality controls use central
air-handling systems exclusively. Large central air-
handling unit systems require routine daily checking
and regularly scheduled maintenance. They are built on
site, and take longer to install than prefabricated units,
but may be more energy efficient. Central air-handling
systems have a 20- to 30-year life expectancy.

In air-handling unit systems for large buildings, air
is passed over the air-handling unit’s heat exchanger
coil, which contains steam or hot water pipes. Heating
is transferred to the air, then to ducts and into the spaces
where it will be used.

The air distributed from the central air-handling
unit ends up in the building’s individual occupied
spaces. Small terminal units may be mounted directly
below a window or in openings in the exterior wall of
each space served. Window-mounted units typically are
used to retrofit existing buildings.

DISTRIBUTION TREES

Centralized HVAC systems (Fig. 26-2) distribute heat-
ing and cooling through systems called distribution
trees. Distribution trees take up a lot of space, both hor-
izontally and vertically. They need to be coordinated
with the lighting, ceiling design, and other interior de-
sign elements. Like trees in nature, distribution trees
have roots—the machines heating or cooling the air or
water. The trunk of the tree is the main duct or pipe
from the mechanical equipment to the zone served. The
tree’s branches are the many smaller ducts or pipes lead-
ing to individual spaces. The leaves are the point of in-
terchange between the piped or ducted heating or cool-
ing and the space served. This point may be a large,
bulky fan-coil unit (FCU) on an exterior wall below the
window. The leaves could also be perforated ceiling tiles
with thousands of small holes like an almost invisible,
widely spreading grille.
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Figure 26-2 HVAC system.

A building can have one giant distribution tree, sev-
eral medium-sized trees, or a veritable forest of much
smaller trees. A large mechanical room is the source of
all heating and cooling production, the large trunk duct,
and lots of branches. Alternatively, each zone in a build-
ing can have its own mechanical system, such as a
rooftop heat pump, with short trunks and few branches.

Current trends in HVAC distribution for large build-
ings feature decentralized air handling, with small fan
rooms on each floor, resulting in smaller vertical air dis-
tribution trees. Daylighting considerations and indirect
lighting for computer screens are pushing office ceilings
higher. Raised floor displacement systems are being used
with exposed concrete structures. It is logical to put the
parts of the system that deal with sun, shade, and tem-
perature changes at the perimeter, and to use the build-
ing core for more stable interior areas. However, pe-
rimeter distribution usually costs more to construct and
must respond to the temperature extremes at the build-
ing envelope.
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An HVAC system can distribute heating and cool-
ing by means of air, water, or both. All-air systems have
the largest trees, followed by air and water systems. Air
systems use ducts, which are bulky and have a signifi-
cant visual impact. All-water systems with local control
of fresh air have the smallest distribution trees. Water
systems use pipes, which take up less space, and are eas-
ier to integrate with the building’s structural columns.

All-air systems provide the best comfort of these
three systems. The air is heated or cooled, humidity con-
trolled, and filtered, and fresh outdoor air is added, all
under controlled conditions. Within each zone, supply
registers and return grilles ensure a stream of condi-
tioned air to all areas.

The buildings we live with today reflect a variety of
historic approaches to building design for thermal com-
fort. Multistory buildings constructed in the late nine-
teenth and early twentieth centuries needed daylight
and cross ventilation, and thus were designed with nar-
row plans and high ceilings. The Marquette Building,
designed by Holabird and Roche, is a typical example
of Chicago architecture of the 1890s. The architects sat-
isfied the owners’ demand that not one inch of the in-
terior be unlighted by locating three corridors with of-
fices on each side around a central court. Small-diameter
steam or heated water distribution trees were installed
at the perimeter to compensate for heat gain or loss.

With the increasing use of electric lighting and air-
conditioning, floor plans became wider and large cen-
tral internal areas developed. The R.C.A. Building in
New York’s Rockefeller Center (1931-1932) retained a
slab-like floor plan to allow daylight to reach the work-
ing areas arranged around a core containing elevators
and other service spaces. Central boilers, chillers, and
fan rooms supplied lots of forced cooled air through
bulky air distribution trees.

The advent of glass curtain walls and the slick, two-
dimensional modern look in the mid-twentieth century
made air-distribution trees visually intrusive, and they
were pushed to the building’s core. The work of Mies van
der Rohe, including New York’s Seagram Office Building
(1958) and Chicago’s Lake Shore Drive Apartments
(1951), represents the epitome of this style, but there are,
of course, many less distinguished examples. The exten-
sive glass perimeters led to extreme demands in heating
and cooling, and large distribution trees were installed
above suspended ceilings to get the heat and air-condi-
tioning to the building perimeter. The result was often
vast, visually dull, low-ceilinged offices without daylight.

These large office buildings often had greater core
than perimeter areas. The low efficiency of high light-
ing levels assured that this large interior always needed
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cooling. Air supply from suspended ceilings fell down
toward the occupants. The suspended ceiling was also
used for air return, either as a plenum or with ductwork.
Lighting fixtures were made to serve as air supply and
return fixtures. As returns, they removed most of the
heat from the lighting before it was added to the office
space, resulting in less work for the cooling system.

Within large office spaces, a supply diffuser and re-
turn grille circulated air to enclosed offices. Air diffusers
and grilles on the ceiling allowed rearrangements of cu-
bicles and furniture in open offices. Ceiling locations
did not depend upon the exact locations of low parti-
tions, or on whether the cubicle partitions had open
spaces at the bottom or not.

Distribution trees not only spread horizontally, but
vertically as well. Vertical distribution layouts affect floor
space, the flexibility of the space plan, and the amount
of available rental space. Vertical distribution chases are
located at circulation cores, in structural elements, or at
the edges of the building. Vertical distribution within in-
ternal circulation cores is common, and keeps the me-
chanical system away from windows. Containing vertical
distribution within circulation cores also permits a flexi-
ble plan for the remainder of the floor. Usually there will
be only one core vertical duct, with very large branches
near the core. Due to the large size, the placement of this
duct and its main branches is critical. Vertical distribu-
tion can be integrated with the building structure, with
multiple trees at columns, resulting in small horizontal
trees. Distribution trees may conflict with girder connec-
tions to columns, so soffits are often used to create an-
other layer to accommodate horizontal and vertical ducts.
Where horizontal distribution is at the edges of the build-
ing, it must be integrated with sun-shading devices and
light shelves. Ductwork must be carefully laid out, and
integrated with the structure and spaces of a building,
and with the plumbing and electrical systems.

When the building’s architect and engineers lay out
the HVAC distribution pattern, the interior designer’s
work is directly affected. Ceiling heights are determined,
and the transition from higher to lower spaces has a di-
rect impact on interior volumes and relationships. Hor-
izontal distribution takes up room at the ceiling and
lowers ceiling heights, which may be an issue in day-
lighting design. Code-mandated building height limits
may in turn limit floor to ceiling heights. Horizontal
layouts are located at circulation paths, at structural el-
ements, at the building perimeter, or in separate layers
above or below other floors.

Horizontal distribution above corridors is very com-
mon, and the reduced headroom is not usually a prob-
lem. Circulation spaces are usually away from windows,
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so daylight is not affected. Corridors provide logical con-
nections from one space to another, and are good paths
for distribution trees. The change from lower service
spaces to higher ceilings in office spaces enhances the
openness of the higher spaces.

Some distribution systems run under floors rather
than overhead. Underfloor HVAC supply is combined
with ventilation with cool, fresh air. Instead of supply-
ing large quantities of low-velocity air through very large
ducts, a raised-floor system provides a plenum below
the floor. The air is warmed by heat from lighting, peo-
ple, and equipment, and rises to the ceiling. Outlets at
the floor are adjustable, and easy for workers to reach.

Raised floors are built on a 0.6 by 0.6 meter (2 by
2 ft) module. The diffusing module may also contain
an outlet for power and cable service. Codes may restrict
the height of raised floor plenums, or require specially
coated wiring within the plenum to resist wear by
moving air washing over the wires for years on end. The
decision to use raised floors increases the minimum
floor-to-floor height in the building. In order to accom-
modate warm air stratification, a floor-to-floor height of
at least 2.75 meters (9 ft) is recommended.

Air delivery through access-floor plenums brings
cool air directly to where it's needed, and reduces en-
ergy consumption. As the chilled air delivered through
the floor warms, it rises to return-air vents in the ceil-
ing or very high on walls. In order to eliminate the sus-
pended ceiling, the vents must be located at least 3 me-
ters (10 ft) above the floor, and placed at fixed, regular
intervals throughout the space, which might impair flex-
ibility in room layout. Ceiling space is also generally
required for lighting and sprinkler systems, unless light-
ing is provided indirectly and sprinklers are brought
through the slab above, making reconfiguration diffi-
cult. In general, a ceiling air return requires about 15 to
20 cm (6-8 in.) of space, and the space required for ceil-
ing-mounted light fixtures continues to diminish as very
small fluorescent tubes and shallow fixtures become
more common. Though underfloor systems still require
a slightly greater slab-to-slab height than conventional
systems, that difference is becoming very small.

The elimination of the suspended ceiling and sup-
ply ductwork also eliminates the open space above, and
exposes the lighting, fire sprinkler, and public address
systems below the ceiling structure. Some systems, such
as public address, can puncture the structural floor and
use the open space below the raised floor above.

If all the components of an underfloor system are de-
signed, installed, and maintained properly, the system will
offer as great a degree of fire protection as any other ca-
bling system. Wiring must conform to code no matter

where it’s placed, and there’s no reason that an underfloor
system can’t incorporate code-mandated smoke barriers.
Noise transmission also isn't a problem, as the depth of
the underfloor space and the carpet covering the floor pro-
vide acoustical insulation that's more than sufficient. Fears
that an underfloor system might feel “bouncy” may have
been true in the past, but today’s dense, high-quality floor-
ing products have removed this drawback.

Some contractors may not be familiar with access
floors, increasing initial costs. In some installations, the
need for special treatments of the perimeter cooling/
heating zone can add to underfloor system expenses.
Multitenant floors may require fire barriers down to the
slab, which could interrupt airflow. The solution is to
introduce fire dampers, but this too can be costly. Al-
though underfloor plenums are shallow enough that
neighboring tenants can't squeeze through them, they
do have some security considerations. The systems must
be carefully designed to preserve secure telecommuni-
cations. Wet areas with sinks and toilets must be iso-
lated from the underfloor system.

The development of flat-screen computer technolo-
gies promises to reduce the amount of heat generated by
office equipment, and offers the possibility of smaller un-
derfloor ducts. However, this is balanced against the ten-
dency to cram offices with more and more electronic de-
vices and higher densities of people. It is unlikely that, in
the end, new technologies will result in smaller duct sizes.

Ceiling heights are also important for distribution
of air from the ceiling. Higher ceilings above cubicles
allow colder air to be used, and that means smaller
ducts. High ceilings also allow deeper daylight penetra-
tion and a larger pool of air, which stays fresher longer.

Sometimes the best solution for a building’s HVAC
system combines centralized heating and cooling equip-
ment with local air distribution. A remote central boiler
and chiller serve fan rooms on each floor. Distribution
runs horizontally from the fan rooms, minimizing the
bulk of the air-distribution tree.

Distribution trees can be located outside the build-
ing to save rentable floor space. However, exterior trees
require expensive coverings and are more likely to gain
or lose heat, increasing energy use.

ALL-AIR DISTRIBUTION
SYSTEMS

Some all-air systems distribute air through a single sup-
ply duct and a single return duct. Double-duct systems
use two supply ducts and a single return duct. In some
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smaller buildings, one system serves a single zone, and
all spaces in the building receive the same air from the
same source. In other, larger buildings, the system may
serve a larger number of zones, with the air customized
to the needs of each zone. In addition to the number
of supply ducts and the number of zones, all-air distri-
bution systems vary as to whether air temperature is con-
trolled at a central location or at the room in which it
is used.

Single-Duct Systems

Single-duct systems may serve one or many zones. In
small buildings, a single-zone air-distribution system
with a master thermostat regulates the temperature
for the whole building. Such a system has a very low
first cost.

A multizone single-duct system is a collection of up
to eight single-zone systems served by one supply fan.
Separate ducts from the central air-handling unit serve
each zone with its own centrally conditioned air stream.
Multizone systems have very large distribution trees. En-
ergy is always being expended for ventilation, even if
there is no need for heating or cooling. Multizone sys-
tems are used in medium-sized buildings or in large
buildings with central equipment on each floor.

The constant air volume (CAV) system is the sim-
plest central air-conditioning system. Single-duct CAV
systems supply conditioned air at a constant tempera-
ture through a low-velocity duct system. Fans circulate
air past heating and cooling coils through a duct system
that delivers it to all rooms. Heated coils are active only
when the building requires heat. Small systems use a
firebox burning gas or oil instead. Cooling coils in res-
idential systems can be the cool side of a refrigerant sys-
tem connected directly to a compressor. In larger build-
ings, cooling coils carry water chilled by refrigerant coils
from a nearby compression or absorption chiller. Elec-
trically controlled dampers exhaust a percentage of air
from the return ductwork, and admit an equal amount
of fresh air from outdoors to ventilate the building. A
single thermostat controls the entire system.

In the 1990s, single-duct, variable air volume (VAV)
systems (Fig. 26-3) became the most popular. Each zone
has its own thermostat that operates a damper. The
dampers at terminal outlets control the flow of condi-
tioned air to the local ductwork in that zone according
to temperature requirements for each zone or space.

Single-duct VAV systems are the most common sys-
tem for new institutional and office buildings where
precise control is not critical. Older buildings with less
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Figure 26-3 Single-duct variable air volume (VAV) system.

efficient systems can be converted to VAV to reduce en-
ergy consumption. The single duct takes up less space
than multiple-duct systems. Single-duct VAV systems
work better for stable interior spaces than for more vari-
able perimeter zones. They do not work well where the
internal zones generate a lot of heat. Fan-powered VAV
systems use individual units that can supply heat while
the main supply system is providing cooling elsewhere,
and these systems improve ventilation and circulation
of air. They work well with the variations in tempera-
tures at less stable perimeter zones. The fan draws air
from the ceiling or floor plenum, heating it as required.
When new, cool outdoor air is reduced to a minimum,
energy is saved but air quality suffers.

Terminal reheat systems offer more flexibility in
meeting changing space requirements. A single duct sup-
plies a central air stream at around 13°C (55°F) to ter-
minals with electric or hot water reheat coils. The reheat
coils regulate the temperature of the air to each indi-
vidually controlled zone or space. Where water is used
in the reheat coils, the system must circulate both the
air and hot water to each zone. Most of the time, the
13°C air stream has been cooled from warmer air tem-
peratures, and this wastes a lot of energy. Single-duct re-
heat systems have small duct networks that save space.
Terminal reheat systems are more expensive to install
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and operate than CAV or VAV systems. They are restricted
by codes and by American Society of Heating, Refriger-
ation, and Air-Conditioning Engineers (ASHRAE) stan-
dards to use in critical areas like laboratories, electron-
ics factories, and hospital operating rooms.

Double-Duct Systems

Where temperatures must be closely controlled in a
large number of rooms or zones, double-duct systems
(Fig. 26-4) circulate both heated and cooled air to a con-
trol box in each zone. Double-duct systems offer supe-
rior comfort control and flexibility for simultaneous
heating and cooling zones. Double-duct CAV systems
use two supply ducts and a separate return duct. Both
warm and cool air ducts supply large mixing boxes con-
trolled by dampers. In summer, the cooling air stream
is used alone, and in winter, the warming one is used.
The mixing boxes proportion and blend warm and cold
air to the desired temperature before delivering it to the
zone or space.

Air quality in a double-duct system is controlled
through positive and negative pressures. Spaces that gen-
erate odor, excess heat and humidity, or pollutants, such
as kitchens, toilets, or retail pet stores, are supplied with
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Figure 26-4 Double-duct system.

less air than adjacent spaces, resulting in lower air pres-
sure. Air will naturally flow from higher-pressure spaces
into lower-pressure ones, and the lower-pressure spaces
can then be exhausted directly outdoors, keeping pol-
lutants from spreading into adjacent spaces.

In some spaces, like shopping malls, the corridors
of apartment houses, and stair towers, more air is in-
troduced into the space than is mechanically removed.
These spaces are kept under positive pressure, so that air
tends not to flow into them. This pressurization helps
prevent unheated or uncooled outdoor air or smoke
from a fire from entering these spaces. Higher air pres-
sures also reduce discomfort from drafts and uneven
temperatures from infiltration of air through the build-
ing envelope.

Double-duct CAV systems provide the best comfort
under conditions where the amount of actual heating
or cooling is below the maximum for which the system
was designed, as in a partially occupied room. They
work less well with perimeter zones in cold climates.
They are usually high-velocity systems, so smaller duct
sizes can reduce installation space, but they still use a
great deal more space and energy than a single-duct VAV
system. The mixing boxes are also expensive and require
maintenance. Double-duct systems are very expensive to
install, and are usually used only in larger buildings,
such as hospitals, where a variety of zones with differ-
ing needs justifies a separate CAV for each zone.

ALL-WATER DISTRIBUTION
SYSTEMS

All-water systems are a simpler alternative for heating
and cooling than all-air systems. The distribution trees
are slim. Water systems provide temperature control
only. Air quality is provided by windows or infiltration,
or by a separate fresh air supply system.

Water for the HVAC system is heated in a boiler to
between 71°C and 121°C (160°F-250°F). Cold water is
cooled in a chiller to 4°C to 10°C (40°F-50°F). Chillers
remove heat collected by a recirculating chilled water
system as it cools a building. New chiller designs avoid
ozone-depleting chlorofluorocarbons (CFCs) and hy-
drochlorofluorocarbons (HCFCs). In order to accom-
modate unstable energy prices, newer chillers can
change quickly from electricity to natural gas.

As discussed earlier, absorption chillers use an ab-
sorptive refrigeration cycle, which is less efficient than
compressive refrigeration cycle equipment. Absorption
chillers are compact and have fewer moving parts, there-
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fore requiring less maintenance, and don't use CFCs or
HCEFCs. They produce less vibration and are quieter as
well. Centrifugal chillers use a compression refrigeration
cycle and require a cooling tower.

Once the water is heated or chilled, it is then piped
to a fan-coil unit (FCU) or radiant panel for both heat-
ing and cooling. An FCU contains an air filter and a fan
for drawing a mixture of room air and outdoor air over
coils of heated or chilled water, then blowing it back
into the space.

Fan-Coil Units

A fan-coil unit (FCU) (Fig. 26-5) is a factory-assembled
unit with a heating and/or cooling coil, fan, and filter.
Wall, ceiling, and vertical stacking models are available.
Some designs are concealed in custom enclosures, semi-
recessed into the wall, or installed as floor consoles with
various cabinets. Recessed units are often found along
corridors. Ceiling models are available in cabinets for
exposed locations, or without a cabinet for concealed
mounting. They should not be mounted above solid
ceilings, as the condensate drains are prone to clogging
and the drain pans can overflow, requiring maintenance.
One ceiling unit can be ducted to supply several adja-
cent small spaces. Vertical stacking units are used in mul-
tiple-floor apartment buildings, condominiums, office
buildings, and hotels. They eliminate the need for sep-
arate piping risers and runouts.

Fan-coil units may have one or two coils. Those with
a single coil can only heat or cool without a seasonal
changeover period, but the design saves plumbing costs.

Heated or
cooled air

Figure 26-5 Fan-coil unit (FCU).
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Adding an electrical heating coil gives more versatility,
and even with the electrical hookup and electricity for
heat, is still less expensive than two-coil units. Units
with cooling have condensate drip pans connected to
drain lines. Units with a cooling coil also dehumidify.
A single unit serves one or a small number of rooms.
Baseboard, valance (above window), and corner FCUs
are available.

Fan-coil units are a good choice for serving a large
number of small, individually controlled rooms with a
variety of occupants, such as hotels and motels, apart-
ments, nursing homes, and medical centers. Since FCUs
don't provide fresh air for ventilation, each space must
have operable windows for ventilation. Maintenance oc-
curs in the room, along with fan noise, and the drain
pans may support bacterial growth. The filters on FCUs
are relatively ineffective.

Unit ventilators are FCUs with an opening through
the exterior wall for outside air. Unit ventilators offer in-
dividual temperature control in each room. They circu-
late only chilled or heated water from a central unit to
the room. An inside damper controls the amount of fresh
air. Room air plus a percentage of fresh outdoor air is
filtered and passed by a heated or cooled water coil.

The opening through the wall is covered with a lou-
vered grille, which may leak air. The result can be drafts,
energy waste, and the possibility of freezing and rup-
turing coils. Circulation of cooled water causes con-
densate to form on the coil, as with other FCUs.

Unit ventilators are good for spaces with high-
density occupancies and perimeter rooms without oper-
ating windows, like school classrooms, meeting rooms,
and patient rooms in hospitals and nursing homes. With
automatic controls and a motorized damper, unit venti-
lators can use an economizer cycle to save energy.

Because little air mixes between zones, FCUs pro-
vide isolation from potential air contaminants. They are
easy systems to retrofit, and are often used in hotels,
motels, or apartments. However, the use of all-water sys-
tems requires a lot of maintenance. Each FCU has fil-
ters that must be cleaned, and a drain pan to treat and
empty. The noisy fan can provide masking noise, or may
be objectionable.

Fin-Tube Radiation

An alternative to FCUSs is hot water fin-tube radiation,
used in a room with operable windows for ventila-
tion. It is best to have separate internal cooling zones
and perimeter heating zones. Sometimes, a single fin-
tube is used to provide both heating and cooling in
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one space, in order to save money. Since air-cooling
is best introduced into the space from above and heat-
ing works best at the base of perimeter walls below
windows, when one system is used for both, the qual-
ity of thermal comfort and energy efficiency suffer. Lo-
cating the fin-tube below a window may interfere with

drapery.

All-Water Piping Systems

Systems that distribute heating and cooling by means of
water are configured in a variety of ways. One-pipe sys-
tems (Fig. 26-6) use less piping and cost less money to
install. The same water passes through each terminal in
series, becoming cooler (or warmer, when chilled water
is used) as it nears the end of its run. Thermal control
is very poor, particularly between different zones.

Two-pipe systems (Fig. 26-7) have separate pipes for
supply and return, so each terminal draws from the sup-
ply pipe and returns water to the return pipe as needed.
All terminals get water at approximately the same tem-
perature, either all hot water, or all chilled water.

A three-pipe system distributes one pipe for heating
and one pipe for cooling to each terminal. The third
pipe returns all the water to both the chiller and the
boiler. Mixing the hot and cold in the return pipe re-
sults in water that is too cold for the boiler, and too hot
for the chiller, which wastes energy. Three-pipe systems
are nearly obsolete.

The four-pipe system is the most expensive to in-
stall, but it provides year-round independent zone com-
fort control without energy waste. Each terminal has a
chilled water supply and return and a heating water sup-
ply and return. This system can provide simultaneous
heating and cooling as needed in various zones. Four-
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pipe systems also allow a quick seasonal changeover
from heating to cooling.

AIR-WATER DISTRIBUTION
SYSTEMS

Air-water systems provide superior comfort control. The
water distribution tree does most of the heating or cool-
ing. A small centrally conditioned airstream filters, con-
trols humidity, and adds fresh air. The total distribution
tree space is less than for all-air systems. Where the water
distribution is either heat only or cool only, a two-pipe
system is used. A four-pipe system is used where both
heating and cooling are desired.

Air is not recirculated in air-water systems, making
this a good choice for hospitals and other facilities
where contamination may be a problem. Exhaust air is
returned via return air ducts, making energy recovery
possible, or is exhausted locally.

Air-water systems are often used in perimeter zones
of large buildings, where the extra heating or cooling is
provided by water. Single-duct VAV systems are used in
the interior spaces. Air-water systems are commonly
used in the perimeter zones of office buildings, hospi-
tals, schools, apartments, and laboratories.

The first cost of both air and water supply and re-
turn trees is higher than some other systems. Space is
needed for both the air ducts and water piping. Filters
must be maintained within the space, and the system
offers less humidity control than all-air systems. Within
the space served, air-water systems may be distributed
by induction systems, by fan-coil units with supple-
mentary air, by radiant panels with supplementary air,
or by a water loop heat pump.
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Induction systems are located either above a sus-
pended ceiling or below windows. The latter location is
easier to maintain. A high-velocity, high-pressure, con-
stant volume air supply is forced through an opening
in a way that induces existing air in the room to join
the new air. The air then passes over finned tubes for
heating and cooling. Thermostats control the output by
controlling the flow of water or flow of new air. The re-
sult is thorough circulation of room air with only a lit-
tle centrally heated air.

Fan-coil units for air-water distribution systems add
a fan at each unit. Fan-coil units are usually located be-
low windows. Horizontal FCUs can be located above
suspended ceilings. A supply air plenum over the corri-
dor feeds rooms on each side. The fan moves both new
and existing room air over a coil to heat or cool, circu-
lating the air in the process. This system is widely used.

Medium-temperature radiant panels are large flat
surfaces too hot to touch. They consist of prefabricated
metal panels heated by electrical resistance elements or
tubes with hot water circulation bonded to a radiant
surface, and are mounted on walls or ceilings. Panels
that circulate water also provide cooling. Radiant pan-
els with supplementary air offset the loss from large ar-
eas of cold glass on a winter day, or when occupants are
sedentary or lightly dressed, as in nursing homes. Cen-
trally conditioned, tempered fresh supplementary air is
brought to the space in a constant volume stream.

Low-temperature radiant floor, wall, and ceiling sys-
tems operate near room temperature. Heat is supplied
from electrical elements, water piping, or ducts embed-
ded in the floor or laid above the ceiling. Ceiling or
wall panels may also contain cooled water, and the ceil-
ing or wall provides a large surface for radiant heat
exchange.

The radiant panel’s large surface must be kept clear
of obstructions, but it has the advantage that there are
no volumes of visible equipment within the room. Pan-
els need to be well insulated from adjoining spaces. Lo-
cated in the ceiling, radiant panels are supplied with
chilled as well as heated water. In the floor, they can pro-
vide a cooled floor in the summer and a warm one in
the winter without drafts, and can be used with most
floor finishes, including carpet. This can be a good op-
tion where occupants spend a lot of time at floor level,
as young children or children with some disabilities may.

Water loop heat pumps are a variation on the two-
pipe water distribution system. Heat pumps either draw
heat from the loop to heat the space, or discharge heat
into it to cool the space. In a large building in cold
weather, excess interior zone heat can be used to warm
perimeter spaces. In hot weather, a cooling tower is used
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to discharge excess heat. In cold weather, a boiler adds
extra heat.

COOLING ADDED
ONTO HEATING

Historically, mechanical cooling started out as retrofits
to existing heating systems. Cooling coils were added to
a warm air furnace, creating air-to-air refrigeration. The
air was then used to cool a condenser, and indoor air
was cooled directly by being passed over an evaporat-
ing coil in which a refrigerant expanded from a liquid
to a gas. The resulting excess heat was moved from in-
door to outdoor air. The direct cooling of air by ex-
panding refrigerant is called direct expansion, and the
cooling coils are called DX (for direct expansion) coils.

A hydronic system plus coils combines a perimeter
hot water heating pipe with an overhead air-handling
system. The hydronic system with coils was used in the
original Levittown standardized houses on New York
State’s Long Island. The heat output from a boiler with
a tankless coil that provides domestic hot water supplies
the perimeter space heating loop and a coil in the air-
handling unit of the duct system. The total heating load
is met by a combination of radiant heat from the pe-
rimeter loop and heated air from the overhead air-han-
dling system. The sharing of the heating load between
these two systems provides more constant indoor tem-
peratures. However, there is less air distribution than in
conventionally ducted systems.

HEAT RECOVERY AND
ENERGY CONSERVATION

The simplest form of energy conservation is insulating
heating pipes with foam or fiberglass. Pipe insulation costs
about $0.30 to $0.80 per foot, and saves around $0.50
per foot each year. Fiberglass pipe insulation should be at
least 19 mm (3 in.) thick, and foam insulation 13 mm
(; in.) thick. Foam insulation should not be used on steam
pipes, as it may melt. Steam pipes were usually asbestos-
wrapped in the past, and existing ones can be left alone
if they are well sealed, not flaky and not in a living space.
If the white protective sheathing is damaged or missing,
call a certified asbestos abatement contractor.

One way to conserve energy in a building while
maintaining an adequate flow of fresh air is to use a
heat exchanger, which maintains an adequate supply of
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fresh air without major increases in energy consump-
tion. Heat exchangers are often included within heating
and cooling systems, as part of other equipment or as
separate units. In tightly built small buildings, the in-
coming and outgoing air streams are often adjacent to
one another. By using a heat exchanger, 70 percent or
more of the heat in the exhausted air can be extracted
and used to preheat incoming air. For best diffusion of
fresh air, the heat exchanger should be located at the
central forced-air fan. Where there is no central fan, the
heat exchanger should have its own fan.

There are a variety of types of heat exchangers, each
with its own advantages and limitations. Air-to-air heat
exchangers are not to be used on exhaust air streams
with grease, lint or excessive moisture, as from cooking
or clothes drying, due to risk of clogging, frosting, and
fire hazards. A built-in defroster that uses energy (and
thus reduces the energy saved by the heat exchanger) is
required for cold winter conditions. The outdoor air in-
take must be carefully located, as far as possible from
the exhaust air outlet and away from pollution sources
such as vehicle exhaust, furnace flues, dryer and exhaust
fan vents, and plumbing vents.

Another form of heat exchanger is the energy re-
covery ventilator (ERV), which draws air out beside a
toilet, and exchanges 85 percent of the heat in this
warmed air with incoming fresh air. The fresh air is
mixed with some return air, fed to a heat pump above
the ERV, then on to other rooms, maintaining negative
pressure in the bathroom. The ERV system has been used
in student apartments in Greensboro, North Carolina.

Energy transfer wheels are heat exchangers that re-
cover heat from exhausted air in winter and cool and
dehumidify incoming air in summer. Both incoming
and outgoing streams of air pass through a wheel, where
they are kept separate by seals and by the airflow pat-
tern itself. Energy transfer wheels are up to 3.66 meters
(12 ft) in diameter, and are 70 to 80 percent effective in
reusing heating or cooling energy.

The heat pipe is a heat exchanger that uses refriger-
ant to dehumidify and cool incoming air before it
reaches the evaporating coil of an air conditioner, and
adds heat back in after use, all without any additional
energy input. Refrigerant is sealed inside a bundle of
tubes with radiating fins. The refrigerant alternately
evaporates, condenses, and migrates by capillary action
through a porous wick, within a self-contained unit.
Heat pipes are 50 to 70 percent efficient, have no mov-
ing parts so require no maintenance, and have an ex-
tremely long useful life.

Another heat recovery system uses closed-loop run-
around coils in the incoming and exhaust airstreams to

heat a fluid that is circulated by a pump. Run-around
coils transfer heat between intake and exhaust air ducts
when they are rather far apart. Run-around coils are easy
to retrofit in existing buildings, and recover about half
of the exhaust heat. Open run-around coils use fluid
sprayed on the airstreams to take heat and moisture
from warm areas and release it to cool areas.

The Canadian National Research Council offers in-
formation on a “breathable wall” to be used with an ex-
haust air heat pump. When the heat pump takes heat
from forced exhaust air for space heating or domestic
hot water, the result is a house under negative pressure.
Fresh replacement air then infiltrates through the out-
side walls. This is made possible by the breathable wall
construction, a combination of fiberglass lap siding
board, fiberglass insulation batts, breathable sheathing,
and no vapor barrier. The slow, steady stream of cold
air that enters is warmed by the insulation as it enters
the house.

Economizer cycles take advantage of buildings with
interior zones that need only cooling and some tem-
pering of ventilation air, and perimeter zones that need
both heating and cooling in response to conditions at
the building envelope. The perimeter zones usually
extend about 3 to 6 meters (10-20 ft) into the build-
ing, so small buildings may not have an identifiable in-
terior zone.

With a well-insulated perimeter, adjusting the
amount of new ventilation air can control the amount of
heat removed from interior zones in cold weather. An
economizer cycle uses cool outside air for neutralizing
interior heat gains instead of mechanical cooling. Econ-
omizer cycles use automatically opening dampers to draw
in a large amount of outside air to the ventilating system
when needed to offset interior heat. Boiler flue econo-
mizers pass the hot gases from a boiler’s stack through a
heat exchanger. The heat is then used to preheat incom-
ing boiler water.

CONTROLS

A thermostat (Fig. 26-8) is a temperature-activated
switch that turns heating and cooling equipment on and
off in order to maintain a preset temperature. Ther-
mostats also control the flow of water to radiators and
convectors. The fans that circulate warm air also use
thermostats. The thermostat triggers a low-limit switch,
which turns fans and pumps on for the heat-distribu-
tion system when a preset low temperature is reached.
An upper-limit switch shuts off the furnace when the
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70°

Figure 26-8 Thermostat.

specified temperature is reached. A safety switch pre-
vents fuel from flowing to the heating plant if the pilot
light or fuel-ignition system is not working.

A 1° reduction in the thermostat setting can save 2
percent of the heating bill for a home. Clock thermo-
stats set back the temperature automatically at night,
and turn back up one-half hour before the occupants
get up in the morning. Clock thermostats pay for them-
selves in about one year.

The mechanical engineer determines the location of
a thermostat based on the location of surrounding heat
sources. Most thermostat malfunctions result from im-
proper location, poor maintenance, or inappropriate
use of the device. To work properly, the thermostat must
be mounted on an inside wall away from doors and
windows, so that it will not be affected by the outside
temperature or by drafts. Do not place lamps, appli-
ances, TV sets, or heaters under the thermostat, as their
heat will affect furnace operation. If the thermostat is
in a location where the space’s occupants usually change
the temperature, it should be in an accessible location,
although there is no specific requirement in the Amer-
icans with Disabilities Act (ADA).

The interior designer should make it a point to
know where the thermostat is to be located, as it could
end up in the middle of a featured wall, right where the
designer had planned to hang a piece of art. Thermostats
are available with a flush-mounted wall plate, and with
remote sensing wires that could be wrapped around a
picture, sculpture, molding, or other decorative element.
When thermostats must be concealed for aesthetic rea-
sons or to avoid damage, they can be located in a re-
turn air duct.

Self-contained thermostats provide inexpensive
room-by-room control for water or steam distribution
systems. Self-contained thermostatic control valves can
be mounted directly on cast-iron radiators, fin-tube ra-
diators, FCUs, and unit heaters. They can be retrofitted
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in dormitories, apartments, and offices that have only
one thermostat for each floor of the building. They pro-
vide highly cost-effective energy conservation by con-
trolling the temperature locally, eliminating the need to
open windows in overheated rooms. Self-contained mi-
croprocessor-based thermostats can be fine-tuned for
flexible, simple control.

The HVAC controls for small buildings are usually
thermostats. The American National Standards Institute
(ANSI) and ASHRAE have published Standard 90.2-
1993, Energy Efficient Design of New Low-Rise Residential
Buildings, which set standards for thermostats. Ther-
mostats must be able to be set from 13°C to 29°C
(55°F-85°F). They must also have an adjustable dead-
band, the range of which includes settings at 5.6°C (10°F)
increments. The deadband is a range of temperatures sep-
arating a lower temperature that triggers the heat to go on
from a higher temperature that starts the cooling system.

Workstation delivery systems (Fig. 26-9) offer per-
sonalized air-distribution controls. Some systems use
conditioned air supplied through conventional ceiling
systems, while others supply the air from a floor, wall,
or column plenum. Both types of systems utilize a large
under-the-desk fan and electronics unit that requires
a single utility outlet. This outlet is equipped with
telescoping ducts attached to desktop diffusers to dis-
tribute the airflow as desired. Individual users can con-
trol air temperature, airflow, under-desk radiant heat,
task light level, and background noise from a desktop
control unit. When the West Bend Mutual Insurance
Company headquarters installed 370 of these units in
the early 1990s, thermal complaints were immediately
cut down from 40 a day to 2 per week.

Diffusers for air and masking
sound

/ Control panel

!

sound. Control panel adjusts task lighting, sound, fan,
air mix and radiant heating.

Figure 26-9 Workstation delivery system.
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One workstation delivery system provides each
workstation with a fan, air filters, an air mixing box, and
a masking sound generator. The control panel allows
adjustment of task lighting, background sound, fan
speed, air mixture, and radiant heating located below
the desk. Another type of system uses ductwork integral
to the workstation panels. Conditioned air flows from
the building’s HVAC system through a control box and
the ductwork, then through dampers and down into the
workstation. Workers turn the control dial within their
workstation to regulate the volume of conditioned air
flowing into the workstation. Research by Professor Alan
Hedge of Cornell University indicates that having indi-
vidual control of conditioned air results in reduced
stress and increased productivity.

Building management control systems are designed
to meet the needs of commercial office buildings, hos-
pitals, hotels, schools, manufacturing facilities, univer-
sities, and other specialized facilities. Systems are de-
signed to be easy to use and to have extensive reporting
capabilities. Building management systems use direct
digital control (DDC), with microcontrollers on each
piece of regulated equipment. The DDC system can re-
spond to the needs of specific users. DDC systems can
be integrated with energy management systems for in-
dividual buildings, as well as centralized management
of individual systems in separate locations. A central
controller connects the operator’s workstation to other
controllers that handle specific task locations, such as
equipment and machine rooms. These are in turn con-
nected to the end devices, such as motors and sensors,
which produce the desired action. Systems are designed
for the specific application, and the manufacturer also
provides training for facility staff.

Control systems for mechanical and electrical
equipment can automatically warm up or cool down
rooms in time for the occupants’ arrival. Central auto-
matic systems control fresh air quantities, adjust mov-
able sun-shading devices, and adjust the intensity of
lighting, promoting the maximum amount of on-site,
renewable energy use. Control systems use little space,
but must be accessible for upgrades. Where buildings
use automatic controls for HVAC systems, the specifica-
tions for mechanical work usually require an operating
manual and orientation session for the building man-
ager on how the system works.

Building management systems for small buildings
can be activated by remote control in anticipation of the
owner’s arrival. Door and window locks, security cam-
eras, lighting, and appliances can be part of a compre-
hensive control system.

Central logic control systems are building manage-
ment systems for large buildings, and are used in most
new large buildings. The goal of central logic control
systems is to maintain comfort with energy conserva-
tion. They coordinate relationships between the build-
ing’s structure, systems, services, and management for
improved productivity and cost effectiveness. The cen-
trally regulated HVAC is tied into the lighting, electrical
power, elevators, service hot water, access control and
security, telecommunications, and information man-
agement systems. These systems alert building staff to
malfunctions and can learn from past practice and keep
records on performance.

The fume hoods in laboratories exhaust a large
quantity of air, and may need to isolate hazardous sub-
stances, toxic materials, and disease or other biological
organisms. The building control system can keep the lab
under positive pressure and balance the needs for iso-
lation and fresh air.

Hotels risk energy loss in unoccupied rooms or rooms
with open windows. By tying the building control system
into the registration desk, the system can respond to re-
mote unoccupied rooms and open windows. A purge
mode can clear the air completely for a new occupant.

Offices use building control systems to tie together
VAV supply units, ventilating windows, daylight reflec-
tors, venetian blinds, radiant heaters, electrical lighting,
and insulating shades. A control panel allows an indi-
vidual worker to interact with the control system.

Building management systems that include indoor
air quality (IAQ) sensors automatically measure 1AQ
and control outside air intake. The HVAC system is then
adjusted automatically.

Very sophisticated systems are currently under de-
velopment for small buildings, such as residences, retail,
and commercial occupancies. In buildings with varied
and unpredictable use patterns, adaptive control of
home environment (ACHE) systems anticipate users’
needs and save energy. These ACHE systems use a neu-
ral network that adapts to its environment and antici-
pates users’ needs to control lighting, air temperature,
ventilation, and water heating, providing just enough
energy when needed. Lights are set to the minimum re-
quirement and heated water is maintained at the mini-
mum level to meet demands. Only occupied rooms are
kept at the optimal temperature. The control framework
compares the cost of energy against a level of minimal
acceptable comfort. The settings develop as the building
is used over time. They adjust to overrule of the mini-
mum levels, but test that minimum occasionally to make
sure that a more energy-efficient level isn't acceptable.
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Building management systems are not without prob-
lems. A study of 60 new buildings found that half suf-
fered from controls problems, 40 percent had HVAC
problems, and a quarter had malfunctioning energy man-
agement systems, economizers, and variable speed drives.
Most shocking of all, 15 percent had missing equipment!

VERY LARGE HEATING AND
COOLING SYSTEMS

Large projects with many large buildings can be served
by one central station heating and cooling plant. This
offers economy of scale. The system uses very large, ef-
ficient, and well-maintained boilers and chillers. Energy
is recovered through a heat exchanger, and air pollution
is reduced. Noisy equipment is removed from other
buildings and concentrated in the one plant.
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District heating and cooling is used in Europe for
residences and small commercial buildings. District
steam systems serve central areas of many U.S. cities.

Cogeneration was used in paper mills in the early
1900s, but has been developed for use in hundreds of
commercial, industrial, and academic buildings since
the 1960s. Cogeneration plants use waste heat from a
generating plant for space heating or for steam absorp-
tion cooling. The cogeneration plant recovers some of
the heat wasted in the creation of electricity by steam
turbines. Electricity for power and lighting is generated
at the site. Cogeneration plants supply building heat in
the winter and cooling in the summer.

High-temperature water and chilled water is used at
Air Force bases in the United States, and at airports, in
hospital complexes, and on college campuses. It uses
smaller mains than steam, and water treatment and cor-
rosion are minimal. Installation costs are greater than
for steam, but operating costs are less.
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Electricity is the most prevalent form of energy in a
modern building. Electricity supplies electrical outlets
and lighting fixtures. Ventilation, heating, and cooling
equipment depends upon electrical energy. Electricity
provides energy for elevators and material transporters,
and energy for signal and communication equipment.

Lighting is the major user of electrical energy in
most buildings. In commercial buildings, motors are
the second heaviest user of electrical energy, for heat-
ing, ventilating, and air-conditioning (HVAC) systems,
plumbing pumps, elevators, and most industrial pro-
cesses. Working with the building’s architect and engi-
neers, you, as the interior designer, are responsible for
seeing that power is available where needed for your
client’s equipment, and for making sure that the light-
ing and appliances are appropriate and energy efficient.

Until around 1870, only fire and muscle power were
commonly used in buildings to perform useful work.
Historically, coal and oil were burned for heat and light
or converted into energy for machines that generated
heat. Since the end of the nineteenth century, heat has
been converted into electricity. Even nuclear energy pro-
duces heat for conversion to electricity. Converting heat
to electricity is inherently inefficient, with about 60 per-
cent of the energy in the heat wasted.

Today, electricity offers a clean, reliable, and very

convenient source of energy for illumination, heating,
power equipment, and electronic communication. Elec-
tricity is not usually generated on the building site.
Small generating units powered by internal-combustion
engines, water, sun, or wind have generally been con-
sidered expensive to buy and maintain, of limited ca-
pacity, and less reliable and efficient than central gen-
erating plants, although this is changing. Local energy
generation can be noisy or smelly. The water levels, wind
speeds, or sunlight levels used for local energy produc-
tion tend to fluctuate and may be unable to generate a
steady alternating current (AC). Private generating sys-
tems have been relegated to use as standby generators
to keep critical buildings electrified during power fail-
ures, or as generators installed in large building com-
plexes as part of a total energy system. As fuel prices rise,
we are examining fuel efficiency and use more closely.
Techniques for generating and storing energy are ad-
vancing, and we can look forward to a significant in-
crease in locally produced electrical energy.

Currently, large centralized electrical generating
plants are usually powered by water or steam turbines.
The steam is generated by coal, oil, gas, or nuclear fuel.
The efficiency of electrical generation plants rarely ex-
ceeds 40 percent, which means that one and one-half
times as much heat goes up the chimney and into wa-
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terways as to transmission lines for energy. Further losses
occur in the transmission lines to the user, so that the
electrical energy we receive is only one-third of the ini-
tial energy available from the fuel. Compare this with
modern heat-producing equipment that burns fuel in
the building itself, which is generally 70 to 90 percent
efficient.

PRINCIPLES OF ELECTRICITY

Electricity is a form of energy that occurs naturally only
in uncontrolled forms like lightning and other static
electrical discharges, or in natural galvanic reactions that
cause corrosion. As Vaughn Bradshaw explains in Build-
ing Control Systems (New York: John Wiley & Sons, Inc.,
1993, 295):

No one knows exactly what electricity is or how it
works. It does, however, behave in predictable ways,
that is, when a light switch is thrown, the light con-
sistently goes on, or if it doesn’t go on, prescribed steps
(such as replacing the lamp) can be taken to correct
the problem. Because the experience is repeatable, ob-
servers have made up theories about what constitutes
the electrical phenomenon. These theories have
changed and evolved over time, and undoubtedly will
continue to be improved upon.

The currently accepted theory is that electrical current
consists of a flow of electrons along a conductor. The
flow is induced by an imbalance of positive and nega-
tive charges. Like charges repel and opposite charges at-
tract. Electrons, with their negative charges, are repelled
by a negatively charged area and attracted to a positively
charged one. When a positive area is connected to a neg-
ative area by a material that will conduct electricity, elec-
trons flow from the negative side to the positive side.

Lightning

A lightning bolt is an instantaneous release of very high
electrical potential between a rain cloud and the earth.
Tall buildings and buildings in exposed locations are
most susceptible to lightning strikes. It is a fallacy that
lightning never strikes twice in the same spot. Tall, con-
ductive targets get struck repeatedly. The Empire State
Building in New York is hit a hundred times during an
average year. Buildings are protected from lightning by
pointed metal rods that connect directly with the earth
through heavy electrical conductors. By leaking a charge

off their points, they neutralize electrical charges of
clouds before lightning bolts even form. If lightning still
strikes the building, the lightning rods and conductors
offer a path to the ground of much less resistance than
the building itself, thereby protecting the building.

Protection of a building against lightning strikes
should be done completely and properly, with Under-
writers Laboratories (UL) label equipment and a UL-
approved installer. Partial protection is improper pro-
tection, and may be worse than none at all.

Circuits

When electricity flows from one point to another along
a closed path (a wire, for example), the electrons flow
from a point with a negative charge to one with a pos-
itive charge. Any closed path followed by an electrical
current is called a circuit (Fig. 27-1). An electrical cir-
cuit is a complete conduction path that carries current
from a source of electricity to and through some elec-
trical device (or load) and back to the source. Current
can’t flow unless there is a closed circuit back to the
source.

Electrical circuits can be arranged in a couple of dif-
ferent ways. In a series circuit, the parts of the circuit are
connected one after another, and the resistances and
voltages add up. The current is the same in all points of
a series circuit. Old-fashioned Christmas tree lights that
all went out when one light blew were in series. When
the single light blew out, the circuit was broken, and
the electricity couldn’t make the trip around the circuit
to light the other lights.

When two or more branches or loads in a circuit
are connected between the same two points, they are

Load (light)

Hot bus

bars
Circuit
breaker

Hot wire —

Neutral wire

Neutral bus bar

Voltage source
(electrical panel)

Figure 27-1 Circuit.



said to be connected in parallel. Parallel circuits are the
standard arrangement in all building wiring. Each par-
allel group acts as a separate circuit. If one of these
smaller circuits is broken, only the devices on that sec-
tion are affected, and the rest of the circuit continues to
circulate electricity.

Sometimes, due to worn insulation on a wire or an-
other problem, an accidental connection is made be-
tween points on a circuit. This connection shortens the
circuit and lets the electricity take a shortcut back to the
source. The electricity doesn’t encounter the resistance
that would be in the normal wiring, and the current rises
instantly to a very high level. This is called a short circuit.
If the flow of electricity isn’t stopped by a fuse or circuit
breaker, the heat generated by the excessive current will
probably start a fire.

Amps, Volts, Watts, and Ohms

This process of electricity flowing along a circuit is called
electrical current, or amperage. It is measured in am-
peres (abbreviated amps or simply “A”), named after
André Ampere, a French mathematician and physicist
who lived from 1775 to 1836. Electricity flows at a con-
stant speed, and moves virtually instantaneously. An
ampere is defined as one coulomb per second flowing
past a given point. To give you an idea of what this is,
a coulomb is in turn defined as 6.28 X 10'8 electrons—
a very, very large number of very, very tiny things.

The force that drives the current is considered to be
a difference in electrical voltage. The more voltage in a
system, the more current flows, the more electrons move
along the conductor each second, and the more amperes
are measured in the circuit. A unit of voltage is called a
volt (V), after Count Alessandro Volta (1745-1827), an
[talian physicist and a pioneer in the study of electric-
ity. A volt is defined as a measure of the difference in
electrical potential between two points of a conductor
carrying a constant current of 1 A, when the power dis-
sipated between the two points is equal to one watt. To
get an idea of how much power is in a volt, try build-
ing up a static charge by scuffing your feet on a wool
carpet. You can actually generate about 400V by doing
this, enough to make a visible spark jump between your
finger and a metal object—or another person. A static
shock has an extremely tiny current flow (amperage), so
only a limited number of electrons are available to make
the jump. Its effect is startling rather than harmful, de-
spite the high voltage. However, the current flow avail-
able from the utility grid is almost unlimited, making
our 120V household systems powerful and dangerous.
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The electrical current could easily melt all the wiring in
your home.

Well, now we have to explain what a watt is, and pre-
dictably, it is named after somebody famous, James Watt
(1736-1819), a Scottish engineer who invented the mod-
ern steam engine. A watt (W) is defined as 1 A flowing
under the electromotive force of 1V. This is, of course, a
circular definition, but we already know that electricity is
a mysterious subject. Just remember that a watt is used
to measure how many electrons are passing a point, and
how much force is available to move them.

Utility meters measure electrical power use in kilo-
watt-hours (kWh). In physics, energy is technically de-
fined as the work that a physical system is capable of
doing in changing from its actual state to a specified ref-
erence state. We define power as the ability to do work,
or the rate at which energy is used in doing work. Power
is energy used over time. A watt represents the rate at
which energy is being used at any given moment, and
1000 W equal 1 kilowatt (kW). Electrical power is ex-
pressed in watts or kilowatts, and time is expressed in
hours, so units of energy are watt-hours or kilowatt-
hours (kWh). One kWh equals 1 W of power in use for
1000 hours. The amount of energy used is directly pro-
portional to the power of a system (the number of watts)
and the length of time it is in operation (hours).

The oldest and simplest method of getting electrons
moving is electrochemical action. This is the method
used in a dry cell or storage type battery. Chemical ac-
tion causes positive charges to collect on a positive ter-
minal, while electrons, which have negative charges, col-
lect on a negative terminal. With nothing connected to
the battery, there is a tendency for the electrified parti-
cles at the positive and negative terminals to flow. This
tendency, or potential difference, is voltage. The higher
the voltage, the higher the current is for a given amount
of resistance. We discuss resistance shortly.

We are familiar with watts as indications of the
amount of electricity a lightbulb (lamp) will use. A
60-W incandescent lamp uses 60 W of power to oper-
ate. When the lamp is placed in an electrical circuit, with
voltage on one side 120V higher than voltage on the
other side, then 60 divided by 120 or § A of current will
flow through the circuit. The current is said to be drawn
through the circuit by the lightbulb, which is called the
load on the circuit. When the voltage is lower, more cur-
rent is needed to get the same power at a lower voltage.
For example, if the voltage difference were only 12V in-
stead of 12