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For generations. Americans have viewed cheap
and plentiful energy as their birthright. Coal.
otl or gas have always been abundantly avail-
able 10 heat our homes, power our automobiles,
and fuel our industries. But just as the supply
of these fossil fuels begins to dwindle and we
look to the atom for salvation, we are beginning
10 perceive the environmental havoc being
wrought by our indiscriminate use of energy.
Our urban and suburban skies are choked with
smog; our nivers and shores are streaked with
oil; even the food we eat and the water we drink
are suspect. And while promising us temporary
relief from energy starvation, nuclear power
threatens a new round of pollution whose se-
verity is still a matter of speculation.

The residential use of solar energy is one step
toward reversing this trend. By using the sun
to heat and cool our homes. we can begin to
halt our growing dependence on energy sources
that are polluting the environment and rising in
cost. The twin crises of energy shortage and
environmental degradation occur because we
have relied on concentrated forms of energy
imported from afar. We had little say in the
method of energy production and accepted its
by-products just as we grasped for its benefits.
But solar energy can be collected right in the
home, and we can be far wiser in its distribution
and use,

Foreword

Unlike nuclear power, solar energy produces
no lethal radiation or radioactive wastes. Its
generation is not centralized and hence not open
to sabotage or blackmail, Unlike oil. the sun
doesn’t blacken our beaches or darken our skies.
Nor does it lend itself to foreign boycott or
corporate intrigue. Unlike coal, the use of solar
energy doesn’t ravage our rural landscapes with
strip mining or our urban atmospheres with soot
and sulphurous fumes.

Universal solar heating and cooling could ease
fuel shoriages and environmental pollution sub-
stantiatly. Almost 15 percent of the energy con-
sumed in the United States goes for home heating.
cooling, and water heating. !f the sun could
provide two thirds of these needs. it would reduce
the national consumption of non-renewable fuels
by 10 percent and world consumption by more
than 3 percent. National and global pollution
would drop by similar amounts.

But solar energy has the drawback of being
diffuse. Rather than being mined or drilled at
a few scattered places, it falls thinly and fairly
evenly across the globe. The sun respects no
human boundaries and is available to all. Gov-
emments and industries accustomed to concen-
trated energy supplies are ill-equipped, by rcason
of economic constraints or philosophical prej-
udices, to harness this gentle source of energy.
Thess institutions are far more interested in forms




Foreword

of energy that lend themselves to centralization
and control. Hence the United States govern-
ment spends billions for nuclear power while
solar energy is just a subject for study—a future
possibility, maybe, but not right now.

This book speaks to the men and women who
cannot wait for a hesitant government to ‘‘an-
nounce’’ a new solar age. We can begin to fight
energy shortages and environmental pollution
in our own homes and surroundings. Solar heat-
ing and cooling are feasible roday—not at some
nebulous future date. The solar energy failing
on the walls and roof of a home during winter
15 several times the amount of energy needed
1o heat it. All it takes to hamess this abundant
supply is the combination of ingenuity, econ-
omy and husbandry that has been the American
ideal since the days of Franklin and Thoreau.

Bruce Anderson
Harrisville, New Hampshire

Michael Riordan
Menlo Park, California
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Now in houses with a south aspect. the sun's
rays penetrate into the porticoes in winter, but
in sununer the path of the sun is right over our
heads and above the roof, so that there is shade.
If. then, thix ix the best arrangement, e should
build the south side loftier 1o get the winter sun
and the north side lower to keep owt the cold
winds,

Socrates, as quoted by
Xenophon in Memorabilia

The design of human shelter has often reflected
an understanding of the sun’s power. Primitive
shelters in tropical areas have broad thatched
roofs that provide shade from the scorching
midday sun and keep out frequent rains. The
open walls of these structures allow cooling
breezes to carry away accumulated heat and
moisture. In the American southwest, Pueblo
Indtans built thick adobe walls and roofs that
kept the interiors cool during the day by ab-
sorbing the sun’s rays. By the time the cold
desert night rolled around. the abserbed heat
had penetrated the living quarteres 10 warm the
inhabitants. Communal buildings faced south or
southeast to absorb as much of the winter sun
as possible.

Even the shelters of more advanced civili-
zations have been designed to take advantage
of the sun. The entire Meso-American city of

Introduction

Teotihuacan. the size of ancient Rome, was laid
out on a grid facing 15 degrees west of south.
Early New England houses had masonry filled
walls and compact layouts to minimize heat loss
during frigid winter months. The kitchen, with
its constantly buming wood stove, was located
on the north side of the house to permit the
other roums to occupy the prime southern ex-
posure. Only in the present century. with abun-
dant supplies of cheap fossil fuels available, has
the sun been ignored in building design.

Serious technical investigations into the use
of the sun to heat homes began in 1939, when
the Massachusetts Institute of Technology built
its first solar house. For the first time, solar
collecrors placed on the roof gathered sunlight
for interior heating. By 1960, more than a dozen
structures had been built to use modem methods
of hamessing the sun’s energy.

During the 19705, following the Arab oil em-
barpo, thousands of solar homes were built.
Hundreds of manufacturers produced solar col-
lectors, and the sun’s energy was used to heat
domestic water as well. But the steep rise in
crude oil prices also triggered conservation on
a scade that dramatically cut worldwide oil con-
sumption, forcing crude oil prices back down.
Widespread popular interest in energy subsided
momentarily. but did leave behind a legacy of
real progress in the uses of renewable energy.
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The electromagnetic spectrum.

SOLAR AND HEAT BASICS

Mast of the solar energy reaching us comes in
the form of visible light and infrared rays. These
two forms of radiation ditfer only in their wave-
lengths. When they strike an object, part of the
radiation is absorbed and transformed into an
cquivalent amoeunt of heat energy. Heat is sim-
ply the motion of atoms and molecules in an
object. It s stored n the material itself or con-
ducted to surrounding matenials, warming them
i tum. Heat can also be carried off by air and
water flowing past these wanm materials, in whist
is called comection heat Now.

That a materiai can be heated by the sun is
obvious 0 anyone who has walked barefoot
over a sun-baked pavement. What may not be
s0 obvious 1s that the pavement also radiares

some of the beat energy away in the form of

mnfrared rays. You can feel this thermal radia-
fion by putting your hand near an iron poker
atier it has been heaied in a fireplace. [t s this
radiation of energy back into space that Keeps
the earth from overheating and frying us to a
crisp.

FLOWING F@M

THE EARTH
BACK INTO SPACE

(Miller, Living in the Environment. Wadsworth.)

The amount of solar energy reaching the earth’s
surtace is enormous. It frequently exceeds 200
Btu per hour on a square foot of surface. enough
to power a 60-waltt light bulb if ail the solar
energy could be converted to electricity. But
the technology of solar electricity is in its in-
fancy; we are fortunate if we can convert even
15 percent. On the other hand, efficiencies of
60 percent are not unreasonable for the con-
version of solar energy into heat for a house.
The energy falting on a house during the winter
is generally several times what is needed inside.
s0 the sun can provide a substantial fraction of
its annual needs.

Glass is the “*miracle™ substance that makes
solar heating possible. Glass transmits visible
light but not thermal radiation. You can prove
this to yourselt by sitting in front of a blazing
fire. Your face becomes unbearably hot if you
sit too close. But what happens if you place a
pane of glass in front of your face? You can
still see the fire but your face is not nearly as
hot as before. The longwave infrared rays car-
rying most of the fire’s radiant energy are ab-
sorbed by the plass. while the shortwave visible




rays penetrate to your eyes. In the same way.
once sunlight passes through a window and is
transformed into heat energy inside, this energy

cannot be radiated directly back outside. This
phenomenon, known as the greenhouse effect,

is responsible for the hot, stuffy air in the car
you left in the sun after the doors locked and
the windows rolled up. Other transparent ma-
terials, particularly plastics, also absorb this

——rn i e . ...‘.II g
therma! radiation. but nonc I.|I.|I < 80 W€ as
glass.

The basic principles of solar collection for
home heating and cooling are embodied in the
greenhouse. The sun’s rays pass through the
glass or transparent plastic glazing and are ab-

sorbed by a dark surface. The heat produced
cannot escape readily because thermal radiation
and warm air currents are trapped by the glaz-
ing. The accumulated solar heat is then trans-

ported to the living quarters or stored.
There 1 18 ‘often an overaburdance of solar en-
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ergy whet it is not needed, and none at all when
tt is most in demand. Some neans is required
to store the collected solar heat for use at night
or during exiended periods of cioudiness. Any
material absorbs heat as its temperature rises
and releases heat as its temperature falls. The
objects inside a house—the walls. ceilings,
floors, and even furniture-—can serve as heat
storage devices.

Measurement of Heat and Solar Energy

There are tiwo basic rvpes of measurement used
lo describe  heat energy—temperature and
quantity. Temperature is a measure of the av-
crage vibrational encrgy of molecules. For ex-
ample, the molecules in water at 40°C (degrees
Centigrade) are vibrating more rapidly than
molecules in water at 10°C. Heat quantiry is
determined both by how rapidiv molecules are
vibrating and by how many molecules there are.
For example, it takes . much larger quantity of
heat 1o raise a swimming pool to 40°C than 1o
raise a kettle of water to 40°C, even though the
lemperature is the same in both.

In the English svstem of measurement, the
unit of heat quantiey is the British Thermal Unit,
or Buu, the amount of heat needed to raise one
pound of water one degree Fahrenheit (°F). In
the metric svstem, the unit of heat quantity is
the calorie, or cal, the amount of hear required
ter raixe one gram of water one degree Centi-
grade. One Bt is equivalent to about 252 cal.
It takes the same quantite of keat, 100 B or
25.200 cal, 10 heat 100 pounds of water I°F ays
it does to heat I} pounds of water 1°F.

Heat is one form of energy and sunlight is
another—radiant energy. An importam char-
acteristic of energy is that it is never lost—

energy may change from one jorm to another,
but it never disappears. Thus we can describe
the amount of solar energy striking a surface
in terms of an equivalent amount of heat. We
measure the solar energy striking a surfuce in
a given time period in units of Btulft' ihr or call
cm*imin. Outside the carth’s atmosphere, for
example, solar energy strikes at the average
rate of 429 Btuift'thr or .94 calicarimin,

The radiant energy reaching us from the sun
has u distribution of wavelengths (or colors).
We describe these wavelengths in units of mi-
crons, or millionths of a meter. The wavelength
distribution of solar energy siriking the earth's
atmosphere and reaching the ground is shown
in the accompanving chart.

About half of the solar radiation reaching
the ground falls in the visible range, 0.4 10 0.7
microns. Most of the radiation in the ultraviolet
range, with waveiengths below 0.4 microns, is
absorbed in the upper atmosphere. A substan-
tial portion of the infrared radiation, with wave-
lengths greater than 0.7 microns, reaches the
earth’s surface. A warm body emits even longer
wave infrared radiation. Since glass transmits
very little radiation at these longer wave-
lengths, it traps this thermal radiation.
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MEATER

HEAT STORAGE
TANK

A typical active system for solar heating.

SOLAR HEATING METHODS

The great variety of methods used to trap solar
radiation for home heating can be grouped into
two broad categories—passive and active. In
passive systems, the sun’s energy is collected.
stored. and transmitted without the use of elec-
trical or mechanical energy. Passive systems
can be further subdivided into direct gain and
indirect gain systems. Direct gain systems are
the simplest way to solar heal. They require at
most a rearrangement of standard construction
practices. Almost all solar homes employ some
direct gain, unless poor orientation or unsightly
tews prohibit it.

Indirect gain systems cellect the sun’s energy
before it enters the home. Then they either di-
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rect the heat into the building to be stored there,
or use ingenious adaptations of the natural ther-
mal properties of materials to store and distrib-
ute the heat. The energy flows to rooms without
the help of complex ducts, piping, or pumps.
Such systems are often an integral part of the
home itself. Although they may call for non-
standard building practices, they can be simple
and effective.

Active systems for solar heating generally use
rooftop solar collectors and separate heat stor-
age devices. although if small enough, they too
can use the mass of the house itself for storage.
Heat moves from the collectors to storage or to
interior spaces through pipes or ducts. Pumps




or fans circulate a Guid through the collector
and back to the house or 10 an insulated heat
storage container. In the second case. if the
house needs heat. the fuid from the central heat-
ing system is warmed by the stored heat and
circulated through the rooms. Such heating sys-
tems are called acrive because they rely on me-
chanical and electrical power to move the heal.

Most active solar heating systems use an ar-
ray of flat-plate collectors to gather solar en-
ergy. These collectors have one or more glass
or plastic cover plates with a black absorber
beneath them. The cover plates reduce the Joss
uf energy through the tront, and insulation be-
hind the absorber reduces the heat loss through
the back. Heat from the absorber s conducted
to a transter fluid, either a gas (uswally wiry or
a liquid {water or antifreeze). which flows in
contact with it and carries oft the heat.

In concentrating collectors, reflective sur-
faces concentrate the sun’s rays onto a very
small area—often an evacuated tube. This solar
energy is then absorbed by a black surface and
converted to heat that is carried otf by a fluid.
Concentrating collectors can produce very high
temperatures, and some require mechanical de-
vices to track the sun across the sky. They are
most often seen 1n large scale apphications, such
as industrial heating or generation of clectricity.

Depending on the climate, the house, and the
solar heating system design, 50 to 90 percent
of a house’s heating needs can be readily sup-
plied by the sun. However, solar heating sys-
tems almost always require a backup, or auxiliary
heating system. Rarely is it economical to build
a heat storage unit with the capacity o carry a
house through long periods of cold and cloudy
weather,
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OTHER SOLAR APPLICATIONS

Two other uses of sunlight have a strong place
in the market: systems for heating domestic hot
water and attached greenhouse solariums called
sunspaces. A third application. photovoltaics.
is still struggling to achieve a cost-benefit ratio
that will attract major attention, but it has long-
lerm promise.

Solar heating of domestic hot water (DHW)
is a smaller scale application of the same con-
cepts and technigues used for home heating. It
can have a fower first cost and can fit in casily
with existing conventional water heating sys-
tems.

Sunspaces are a modern version of traditional
sunporches or attached greenhouses, designed
to serve many purposes. Depending on the par-
ticular design combination, sunspaces can be
attractive living spaces. economical sources of
auxiliary heat, a place tor growing plants, or a
combination of all three.

In photovoltaics, a way of getting electricity

directly from the sun, solar cells use the sem-
iconducting propenties of materials such as sil-
icon to  convert sunlight o0 clectricity,
Photovoltaics has enormous potential. At pres-
ent, however, only in remote areas can solar
cells compete on overall cost with other meth-
ods of generating electricity.
Using sunlight for heat and energy goes back a
long way in human history. But the last fony
years have seen the most dramatic progress in
developing solar technology. The purpose of
this book is to present the principles of solar
design, so that you can understand how and why
these principles can be applied to using the iree
and abundant energy of the sun.



Fundamentals

Is it not by the vibrations given to it by the sun
that light appears to us: and may it not be that
every one of the infinitely small vibrations, strik-
ing common matter wirth a ceriain force, enters
ity substance. is held there by atiraction and
augmented by successive vibrations, il the
matter has received as much as their force can
drive o it?

Is it not thus that the surface of this globe is
heated by such repeated vibrations in the day,
and cooled by the escape of the heat when those
vibrations are discontinued in the night?

Benjamin Franklin.
Loose Thoughts on a Universal Fluid

Before you design and build a solar home, you
need to become familiar with your surround-
ings. You need to know the position of the sun
in order (o orient a house or collector to receive
its warm rays. To gauge the solar heat flows
into a house you must calculate the solar radia-
tion hitting the walls, windows, roofs and col-
lector surfaces. You also need to calculate the
heat escaping from a house in order to select
the best methods to slow it down. Only when
you have grasped the fundamentals can you take
advantage of these natural energy flows.

First you need to understand some of the
language others use to describe and measure
energy. Become familiar with climatic data and
the properties of common building materials.
The aim of this is to aquaint you with these and
other essentials that will help you use the abun-
dance of solar energy falling all around you.
Some of this may seem tedious. but it is all very
important to good solar home design.



After centuries of observation, ancient astron-
omess could accurately predict the sun’s motion
across the sky. Stonchenge was probably a gi-
gantic ““computer’” that recorded the move-
ments of the sun and moon in stone. From their
earthbound viewpoint, ecarly peoples reckoned
that the sun gave them night and day by moving
in a path around the earth. But today, thanks to
the work of the sixteenth-century Polish astron-
omer Copernicus. we know that the earth travels
in an orbit around the sun and that the rotation
of the earth, not the motion of the sun. gives
us the cycles of night and day.

The earth actually follows an elliptical (egg-
shaped) path around the sun. As it travels this
orbit, its distance from the sun changes
slightly —it is closest in winter and most distant
in summer. The amount of solar radiation strik-
ing the earth’s atmosphere is consequently most
intense in winter. Then why are winters so
dreadfully cold?

This scemning paradox is readily explained.
The earth’s axis is tilled relative to the plane of
its orbit, as shown in the first diagram. The
north pole is tilted roward the sun in summer
and away from the sun in winter. This angle is
called the declination angle. From our view-
point here on earth. this tilt means that the sun
is higher in the sky in summer, and lower in
winter. Consequently, the sun’s rays have a

Solar Phenomena

greater distance to travel through the atmos-
phere¢ in winter, and they strike the earth’s sur-
face at a more glancing angle. The amount of
solar radiation eventually striking a horizontal
surface is less during the winter., and the weather
is colder.

This tilt of the earth’s axis results in the sea-
sons of the year. If the axis were perpendicular
to the orbital plane. there would be no notice-
able change of seasons. Each day the sun would
follow the same path across the sky. and the
weather would be uniformly dull. Likewise, if
the earth did not rotate on its axis, the sun would
creep slowly across the sky. and a single day
would last a whole year. The diurnal {(daily) and
seasonal cycles that we take for granted are a
direct result of this rotation of the earth about
a tilted axis,

SOLAR POSITION

Most people have probably noticed that the sun
is higher in the sky in summer than in winter.
Some also realize that it rises south of due east
in winter and north of due east in summer. Each
day the sun travels in a circular path across the
sky. reaching its highest point at noon. As win-
ter proceeds into spring and summer, this cir-
cular path moves higher in the sky. The sun
rises earlier in the day and sets later.
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The earth’s elliptical path around the sun. The tilt of the
earth’s axis results in the seasons of the year. The dec-
lination angles on June 22 and Dec. 22 are +23.5 and
—23.5, respectively. The declination angles on Mar. 21
and Sept. 23 are both 0.

The actual position of the sun in the sky
depends upon the latitude of the observer. At
noon on Maech 21 and September 23, the vernal
and autumnal equinoxes, the sun is directly
overhead at the equator. At 40°N latitude, how-
ever, its angle above the horizon is 50° (90 —
40°). By noon on June 22, the summer solstice
in the Northern Hemisphere, the sun is directly
overhead at the Tropic of Cancer, 23.5°N Jat-
ttude. Its angle above the horizon at 40°N is
73.5°(90° + 23.5° — 40°), the highest it gets
at this lztitude. At noon on December 22, the
sun is directly overhead at the Tropic of Ca-
pricomn, and its angle above the horizon at 40°N
latitude is only 26.5% (90° — 23.5° - 40°).

A more exact description of the sun’s posi-
tion is needed for most solar applications. In
the language of trigonometry, this position is
expressed by the values of two angles—the so-
lar altitude and the solar azimuth. The solar
altitude (represented by the Greek letter theta
0) is measured up from the horizon to the sun,
while the solar azimuth (the Greek letter phi &)
is the angular Jeviation from true south,.

These angles need not be excessively
mysterious—you can make a rough measure-
ment of them with your own body. Stand facing
the sun with one hand pointing toward it and
the other pointing due south. Now drop the first
hand so that it poinis to the horizon directly
below the sun. The angle that your arm drops

0

TIME OF DAY

(6)

\ SUMMER
SOLSTHCE

WINTER
SOLSTICE

The sun’s daily path across the sky. The
sun is higher in the sky in sumnmer than
in winter due to the tilt of the earth’s axis.
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Measuring the sun’s position. The solar altitude (theta
) is the angle between the sun and the horizon, and
the azimuth (phi ¢) is measured from true south.
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SOLAR POSITIONS FOR 40°N LATITUDE

AM PM  Jan2l Feb2@ Mar2il Apr2l May 2t Jun 21 Jul 21 Aug2l Sep2t Oct21 Nov2l Dec2l
5 7 1.9 4.2 23
1147 117.3  115.2
6 6 7.4 127 148 131 7.9
989 [05.6 1084 106.1 99.5
7 5 4.3 1.4 189 240 260 241 19.3 114 4.5
72.1 80.2 895 966 997 972 900 802 723
4 8.1 14.8 225 303 354 374 358 307 225 15.0 8.2 5.5
553 616 696 793 ¥72 907 878 799 696 619 554 530
gy 3 168 243 328 413 468 488 472 418 328 245 17.0 14.0
440 497 573 672 760 802 767 679 573 498 441 4.9
i 2 238 321 416  S51.2 575 598 579 517 416 324 240 207
309 354 419 514 609 658 617 52.1 e 3O 204
1 1 24 373 477 587 662 692 667 5393 477 AT6 286 250
16.0 186 226 293 371 419 379 297 226 18.7 16.1 15.2
12 0.0 W2 50 616 700 735 706 623 500 395 a2 2606
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0 0.0

Notes: Top number in each group is altitude angle. measured from the horizon. Second number is azitnuth angle,
measured from true south. Angles given in degrees, and solar times used.

is the solar altitude (8) and the angle between
your arms in the final position is the solar azi-
muth ($). Much better accuracy can be obtained
with better instruments. but the measurement
process is essentially the same.

The solar altitude and azimuth can be cal-

Why do you need to know these solar po-
sitions? A knowledge of the sun’s position helps
you determine the orientation of a house and
placement of windows to collect the most winter
sunlight. This knowledge is also helpful in po-
sitioning shading devices and vegetation to block

culated for any day. time, and latitude. For 40°N
latitude (Philadelphia, for example) the values
of 8 and ¢ are given at each hour for the 21st
day of each month in the accompanying table.
Note that ¢ is always zero at solar noon and
the 8 varies from 26.6° at noon on December
21 w0 73.5% at noon on June 21. You can find
similar data for latitudes 24°N, 32°N, 48°N,
56°N. and 64°N in the table titled **Clear Day
Insolation Data’ in the appendix. This appen-
dix also shows you how to calculate these angles
directly for any day. ime, and latitude.

the summer sun., Often the available solar ra-
diation data only applies to horizontal or south-
facing surfaces, and exact solar positions are
needed to convert these data into values that are
valid for other surfaces.

INSOLATION

Arriving at a quantitative description of the solar
radiation striking a surface. or the insolation
(not to be confused with insulation), is a dif-
ficult task, Most of this difficulty arises from
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WEAN DAILY SOLAR RADIATION, ANNUAL

o 1 Langleys.Day)

the many variables that affect the amount of
solar radiation striking a particular spot. Length
of day. cloudiness. humidity, elevation above
sea level, and surrounding obstacles all affect
the insolation. Compounding this difficulty is
the fact that the total solar radiation striking a
surface is the sum of three contributions: the
direct radiation from the sun, the diffuse ra-
diation from the entire sky, and the reflected
radiation from surrounding terrain, buildings,
and vegetation. Fortunately. however, we do
not need exact insolation data for most low-
temperature applications of solar energy.

12

Although insolation data has been recorded
at about 80 weather stations across the country,
much of it is inaccurate and incomplete. The
information is usually provided in units of lang-
leys striking a horizontal surface over a period
of time. usually a day. A langley is one calorie
of radiant energy per square centimeter, and one
langley is equivalent to 3.69 Btu per square
foot, the more familiar English measure. An
example of the information available is the map
of **Mean Daily Solar Radiation, Annual’* pre-
sented here. You can find monthly maps of the
mean daily solar radiation in the appendix. These
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Diffuse and Reflected Radiation

The total solar radiation striking a surface is
the sum of three components: the direct solar
radiation (I;). the diffuse sky radiation (1), and
the radiation reflected from surroundings (1.).
The direct component consisis of rays coming
straight from the sun—casting strong shadows
on a clear dav. If all our davs were clear, we
could simply use the Clear Day Insolation Data,
add a small percentage for ground reflection,
and have a very good estimate of the total in-
solation on our walls, roofs, and collectors. But
all of us can’t live in Phoenix or Albuguerque,
s we ust learn to deal with cloudy weather.

As it passes through the atmosphere, sunlight
is scattered by air molecudes, dust, clouds, ozone,
and water vapor. Coming uniformly from the
entire sky, this scattered radiation makes the
skyv blue on clear davs and grey on hacy days.
Although this diffuse radiation amounts to be-
tween 10 and 100 percent of the radiation
redaching the earth’s surface, littlle is known about
its strength and variability.

The Clear Day Insolation Data aren’t much
help on a clowdy day. But frequently we only
need to know the average daily insolation over
a period of @ month. In such a case we can use
the mosihly maps of the percent of possible
sunshine to help us estimate this average. If P
is the percentage of possible sunshine for the
month and location in question, then we com-
pute a factor F according to

F =030 + 0.65( PlIX0)

The numbers 0.30 and (.65 are coefficients that
actually vary with climate, location, and sur-
face oriemtation. Bur their variation is not too
severe, and we can use these average values
Jor estimating average daily insolation. If 1, is
the Clear Day Insolation (whole dav total) on
u plane surface. then we compute the average
duily insolation {1,) according to

Iu = Ff’n)

These formudus estimate the diffuse radiation
that still strikes the surface on cloudy and partly

cloudy davs. Even in a completely cloudy month
(P = 0), we would still be receiving 30 percent
(F = 0.30) of the clear day insolation, ac-
cording to these equations. This is perhaps a
bit high, but the coefficients have been selected
to produce accurate results under normal con-
ditions, not blackouts.

For example, calculate the average daily in-
solation striking a horizomtal roof in Philadel-
phia during the months of June and January.
Using the first equation and P = 65 (June) and
49 (January) from before, we get for June:

F = 030 + 0.65(65/100) = 0.72
For January:

F = 030 + 0.65(49/100) = 0.62

Therefore, the average dailv insolation is, for
June:

1, = 0.72(2618) = 1907 Buuift’
For January:
I, = 0.62(948) = 588 Buf’

These numbers may be compared with the 1721
Buuift* and 464 Buu/ft* calculated earlier. If we
include diffuse radiation during cloudy weather,
our results are 10 to 20 percent higher than
before.

The diffuse and reflected radiation striking a
surface also depend upon the orientation of the
surface. Under the same sky conditions, a hor-
izontal roof {which *‘sees’” the entire sky) re-
ceives abour rwice the diffuse radiation hitting
a vertical wall (which *‘sees’" only one half the
skv). Tilted surfaces receive some average of
these two. Ground reflection depends a lot upon
the shape and texture of the surroundings and
the altitude of the sun. Snow reflects much more
sunlight than green grass, and more reflection
occrrs when the sun is lower in the sky. During
the winter, as much as 30 percent of the hori-
zomal clear day insolation may be reflected up
onte the surface of a south facing wall. But a
roof receives no reflected radiation in any sea-
son, because it fuces the sky, not the ground.

13
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CLEAR DAY INSOLATION FOR 40°N LATITUDE

TOTAL INSOLATION, Buy/fi?

South facing surface tilt angle

2Lt Normal Horizomal

Day Surface Surface 3oe 40° 500 60° 900
January 2182 948 1660 1810 1906 1944 1726
February 2640 1414 2060 2162 2202 2176 1730
March 2916 1852 2308 2330 2284 2174 1484
April 3092 2274 2412 2320 2168 1956 1022
May 3160 2552 2442 2264 240 1760 724
June R0 2648 2434 2224 1974 1670 610
July 3062 2534 2409 2230 2006 1728 702
August 2916 2244 2354 2258 2104 1894 978
September 2708 1788 2210 2228 2142 2074 1416
October 2454 1348 1962 2060 2048 2074 1654
November 2128 942 1636 1778 1870 1908 1686
December 1978 T2 1480 1634 1740 1796 1646

data apply only to horizontal surfaces, and can
be misleading. Complicated trigonometric con-
versions, which involve assumptions about the
ratio of direct to diffuse radiation, are necessary
10 apply these data to vertical or tilted surfaces.
The trigonometric conversions are also dis-
cussed the the appendix.

The weather bureau also provides informa-
tion about the percentage of possible sunshine,
defined as the percentage of time the sun *casts
a shadow.”’ An example of these data is the
map shown here titled “*Mean Percentage of
Possible Sunshine, Annual.”” In the appendix
you will find monthly maps that are more useful
for calculations of insolation. By themselves,
these maps tell us little about the amount of
solar radiation falling on a surface. but when
coupled with the *‘Clear Day Insolation Data,""
they make a powerful design tool.

Clear Day Insolation tables, prepared by the
American Society of Heating, Refrigerating. and
Air-Conditioning Engineers (ASHRAE), pro-
vide hourly and daily insolation (and solar po-
sitions) for a variety of latitudes. Tables for
24°N, 32°N, 40°N, 48°N, and 36°N latitude are
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reprinted in the appendix. The values of the
daily insolation from the 40°N latitude table are
included here as an example. These tables list
the average clear day insolation on horizontal
and normal (pzrpendicular to the sun) surfaces,
and on five south-facing surfaces tilted at dif-
ferent angles (including vertical). The insola-
tion figures quoted include a diffuse contribution
for an "‘average’’ clear sky, bui do not include
any contribution for reflections from the sur-
rounding terrain.

Hourly and daily insolation data are given in
the appendix for the 2Ist day of each month.
You can readily interpolate between these num-
bers to get values of the insolation for other
days, times, latitudes, and south-facing orien-
tations. Trigonometric conversions of these data
to other surface orientations are explained there.

When multiplied by the appropriate **per-
centage of possible sunshine,™” these data pro-
vide an estimate of the hourly and daily insolation
on a variety of surface orientations. You will
note, for example, that the total clear day in-
solation on a vertical south-facing wall in Phil-
adelphia (40°N) is 610 Bw/ft* on June 21 and




1726 Bw/ft* on January 21 —almost three times
greater! Multiplied by the percentage of pos-
sible sunshine for this locale {about 65% in June
and 49% in January). the total insolation be-
comes 396 Btw/ft* in June and 846 Btu/ft® in
January, or still a factor of two greater. On the
other hand. the clear day insolation on a hori-
zontal roof is 2648 Btw/€t” in June and only 948
Bw/ft’ in January, or almost a factor of four
smaller. Clearly, the roof is taking the heat in
summer and the south walls are getting it in
winter.

LIMITATIONS OF INSOLATION DATA

You must be careful to note the limitations of
the Clear Day Insolation table. These data are
bused upon *average’” clear day conditions, but
“average can vary with locale. Many loca-
tions are 10 percent clearer, such as deserts and
mountains, and others, such as industrial and
humid areas, are not as clear as the “*average.™
Reflected sunlight from vegetation and ground
cover is not included in the values given in the
tables. Another 15 to 30 percent more sunlight
may be reflected onto a surface than the ainount
listed. In the winter. even more radiation will
be reflected onto south-facing walls because the
sun s lower in the sky and snow may be cov-
ering the ground.

Other difficulties arise from the subjective
evaluations of ““percentage of possible sun-
shine.”" In the method of calculating average
insolation described above, an assumption was
niade that the sun is shining full blast during
the *‘sunshine™ period and not at all during

Solar Phenomena

other times. In reality. up to 20 percent of the
clear day insolation may still be hitting the sur-
face during periods of total cloudiness. During
hazy periods when the sun still casts a shadow,
only 50 percent of the clear day insolation may
be striking the surface. More accurate calcu-
lations, in which the diffuse and direct com-
ponents of solar radiation are treated separately.
are provided in the appendix.

Another problem is the variability of weather
conditions with location and time of day. The
weather maps provide only area-wide averages
of the percent of possible sunshine. The actual
value in your exact building location could be
very different from your county average. On
the other hand, the cloudiness in some areas,
particularly coastal ateas, can occur at specific
times of the day, rather than being distnbuted
at random over the entire day. There may be a
morning fog when the sun is low on the horizon,
and a clear sky from mid-morning on, but this
would be recorded as 75 percent of possible
sunshine, while 90 percent of the total clear day
insolation was actually recorded that day.

You may need more detailed information than
is available from national weather maps. Oc-
casionally. friendlier-than-usual personnel will
assist you at the local weather station. but you
will almost always be referred to the National
Weather Records Center in Asheville, North
Carolina. This center collects, stores, and dis-
tnibutes weather data from around the country.
and makes it available in many forms. You should
first obtain their **Selective Guide to Climate
Data Sources,”” 10 give you an overview of the
types of data available. You may obtain a copy
from the Superintendent of Documents there.

15



Heat Flow Calculations

Heat energy is simply the motion of the atoms
and molecules in a substance—their twirling,
vibrating, and banging against each other. It is
this motion that brings different atoms and mol-
ecules together in our bodily tluids. allowing
the chemical reactions that sustain us. This is
why our bodies need warmth. Seventeenth-cen-
tury natural philosphers thought heat was a
fluid—"'phlogiston”" they called it—that was
released by fire and flowed from hot bodies to
cold. They were comect about this last obser-
vation, for heat always flows from warm areas
to colder ones.

The rate of heat flow is proportional to the
temperature difference between the source of
the heat and the object or space to which it is
flowing. Heat flows out of a house at a faster
rate on a cold day than on a mild one. It there
is no intemat source of heat, such as a furnace
or wood stove, the temperature inside the house
approaches that of the outdoor air. Heat always
flows in a direction that will equalize temper-
atures.

While the rate of heat flow is proportional to
the temperature difference, the quantity of heat
actually flowing depends on how much resist-
ance there 15 to the flow. Since we can do little
aboul the temperature difference between inside
and outside. most of our effort goes into in-
creasing a building’s resistance to heat flow.
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The actual mechanisms of heat flow are nu-
merous, and so are the methods of resisting
them. Therefore, we will review briefly the three
basic methods of heat flow—conduction, con-
vection and radiation.

As children, we all learmed about heat con-
duction intuitively by touching the handle of a
hot skillet. When an iron skillet sits on a hot
stove for a while, heat from the burner flows
through the metal of the skillet to the handle,
But the rate of flow to the handle of an iron
skillet is much slower than if the skillet were
made of copper. The heat fow through copper
is quicker because it has a greater conductance
(less resistance to heat flow) than cast iron. It
also takes less heat to warm copper than iron,
and therefore less time to heat the metal between
the burner and the handle. These principles are
basic to the concept of conduction heat flow.

Convection is heat flow through the move-
ment of fluids—liquids or gases. In a kettle of
water on a stove. the heated water at the bottom
rises and mixes with the cooler water above,
spreading the heat and warrning the entire vol-
ume of water far more quickly than could have
been done by heat conduction alone. A house
with a wann air furnace is heated in much the
same way. Air is heated in the firebox and rises
up to the living spaces. Since the house air is
cooler than the hot furnace air, the heat is trans-




ferred from the hot furmace air to the cooler
room air and then to the surfaces in the rooms.

Heated fluids can maove by natural convection
or forced convection. As a fluid is warmed.
expands and becomes less dense, making it
buoyant in the surrounding cooler fAuid. it rises
and the cooler fluid that flows in to replace it
is heated in turn. The warmed fAuid moves to a
cooler place where its heat is absorbed. Thus
the fluid cools down, becomes heavier and sinks.
This movement is known as natural convection
or thermosiphoning. When we want more con-
trol over the heat flow. we use a pump or a
blower to move the heated fluid. This is called
forced convection.

Note that convection works hand-in-hand with
conduction. Heat from a warm surface is con-
ducted to the adjacem fluid before it is carried
away by convection, and heat is also conducted
from a warm Huid to a cool surface nearby. The
greater the temperature difference between the
warm and cool surfaces. the greater the heat
flow between them.

Therma! radiation is the flow of heat energy
through an open space by electromagnetic waves,
This flow occurs even in the absence of any
material in that space —just as sunlight can leap
across interplanetary voids. Objects that stop
the flow of light also stop thermal radiation,
which is primarily invisible longwave radiation.
Warmer objects constantly radiate their thermal
energy 1o cooler objects (as fong as they can
**see’” each other) at a rate proportional to their
temperature difference.

We experience radiative heat flow to our bod-
ies when we stand in front of a fireplace or hot
stove. The same transfer mechanism. although
more subtle and difficult to perceive, is what
makes us feel cold while sitting next to a win-
dow on a winter night. Our warm bodies are
radiating energy 10 the cold window surface,
and we are chilled.

Of the three basic kinds of heat loss, radiation
1s the most difficult to calculate a1 the scale of
a house. Calculation of convection heat loss
through open doors or cracks and around win-
dow frames is educated guesswork. Conduction

Heat Flow Calculations

heat loss through the exterior skin of the house
(roofs. walls. and floors) is perhaps the easiest
to estimate. Fortunately. this is the thief that
can pilfer the most heat from our homes.

CONDUCTION HEAT LOSS

The ability of a material to oermit the How of
heat is called its thermal conductivity or con-
ductance. The conductance (C) of a slab of ma-
terial is the quantity of heat that will pass through
one square foot of that slab per hour with a 1°F
temperature difference maintained between its
two surfaces. Conductance is measured in units
of Btu per hour per square foot per degree Fahr-
enheit. or Buw/(hr fi* °F).

The total conductance ot a slab of material
decreases as its thickness increases. While 10
Btu per hour may flow through a 1-inch slab of
polystyrene. only § Btu per hour will flow through
a 2-inch slab under the same conditions.

20

The thicker a slab, the less heat it conducts.

17
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The opposite of conductance is resistance,
the tendency of a matenal to retard the Aow of
heat. All mawrials have some resistance to heat
flow—those with high resistance we call in-
sutation. The resistance (R) of a slab of materiat
is the inverse of its conductance, R = (1/C).
The higher the R-value of a material, the better
its insulating properties. R-values are expressed
in (hr ft° °F¥Buu. In the table you can find R-
values for a few common building materials.
More detailed lists are provided in the appendix
under ““lasuviating Value of Materials.™

A related quantity. the overall coefficient of

heat transmission (U). is 2 measure of how well
a wall, roof, or floor conducts heat. The lower
the U-value of a wall, the higher its insulating
ability. Numerically. U is the rate of heat Joss
in Btu per hour through a square toot of surface
with a 1 degree (°F) temperature ditterence be-
tween the inside and outside air. Similar to con-
ductance, U is expressed in units of Bu/(hr {t°
°F). To find the conduction heat loss {AH,,,).
through an entire watl, we multiply its U value
by the number of hours (h). the wall area (A).
and the temperature differer » (AT), between
the inside and ortside air:

AH, ., = (UXhXARAT)

SAMPLE CALCULATIONS OF LI-VALUES

Wall Construcoon R-values
Components Uninsulted  Insulated
Outsade air tilm. 15 mph wind 017 0.7
0.757 beveled womd siding, lapped 0,81 081
(150" plywood sheathing 0.62 .62

157 air space 1.01 -

157 mineral fiber ban - 11.00
L5 gypsum board 045 .45
Inside air film .68 0.6%
TOTALS (R;) 374 1373
U-Values (U = I/Rp 0.27 007

1}.]

RESISTANCES OF COMMON BUILDING

MATERIALS
Thickness R-Value
Material (inches)  (f12 OF hr)/Biu

Hardwood (cak) 1.0 0.91
Softwood (pine) 1.0 1.25
Gypsum board 05 045
Wood shingles lapped 0.87
Wood bevel siding lapped 0.81
Brick, common 4.0 0.80
Concrete (sand and gravel) 8.0 0.64
Concrete blocks {filled cores) B.¢ 1.93
Gypsum fiber concrete 8.0 4.80
Minerai fiber (bat) 35 11.00
Mineral fiber (batt) 6.0 19.00
Molded polystyrene beads 1.0 385
Fiberglass board 1.0 4.35
Extruded polystyrene 1.0 3.00
Cellular polyurethane 1.0 6.25
Polyisocyanurate 1.0 7.04
Phenolic foam 1.0 8.33
Loose fill insulation:

Cellulose fiber 1.0 113370

Mineral wool 1.0 293

Sawdust 1.0 2n
Flat glass 0.125 0.91
Insulating gliss (0.257 space) .69

SOURCE: ASHRAL Handbook, 1985 Fundomentals.

To tind the heat loss through a 50 sq ft wall
with a U-value of 0.12 over an 8-hour time
span, when the inside temperature is 65°F and
the outside temperature is 40°F, multiply:

AHon = (0L 12HBHS0KO5 — 40) = 1200 Biu

If the inside temperature is 70°F instead of 65°F.
then the heat loss is 1440 Btu over the same
ume span.

The U-value includes the theemal eftects of
all the materials in a wall, roof, or floor—in-
¢luding air gaps inside, and air films on the inner
and outer surfaces. It can be computed from the
conductances or resistunces of all these separate
components. The total resistance R, is the sum
of the individual resistances of these compo-
nents. As U is the conductance of the entire
building section, it is the inverse of R;. or



Thus, computation of U invelves adding up all
the R-values, including R-values of inside and
outside air films, any air gap greater than three
quarters of an inch. and all building materials.

As an example, the U-values of two typical
walls, one insulated and the other uninsulated,
are calculated here. Note that the uninsulated
wal! conducts heat almost four times more rap-
idly than the insulated wall.

This 1s a simplified version of the heat Alows.
Heat will pass more guickly through the framing
of the wall than through the insulation. If the
total R-value through the framing section of the
wall is 7.1, and the traming takes up 20 percent
of the wall cavity. then the weighted R-value
of the insulated wall is:

R. = 0.20(7.1) + 0.80(13.73) = 12.4

The weighted R-value of the uninsulated wall
s

Ry = 0.20(7.1) + 0.80(3.74) = 4.4

Notice that the weighted R-value of the insu-
tated wall is now less than three times better
than the uninsulated wall.

Once you have calculated the U-values of all
exterior surtaces (windows. walls, roots, and
floors) in a house. you can begin calculating
the total conduction heat loss. One important
quantity is the hourly heat loss of the house at
outside temperatures close 10 the lowest ex-
pected. These extreme temperatures are called
design temperaiures. A list of the recommended
design temperatures for a number of U.S. cities
15 provided here; those for many other locations
tn the United States are provided in the appendix
under “'Degree Days and Design Tempera-
fures.”’

The following approach is used to find the
Btu per hour your heating system will have to
supply in order to keep your house warm under
all but the most extreme conditions. Subtract
the design temperature from the normal inside
temperature 1o find the temperature difference
(AT). Next, determine the total area (A) of each
type of extersor building surface and multiply

Heat Flow Calculations

it by the temperature difference and the appro-
priate U-value (U,), to get the total conduction
heat loss (AH,) of that suriace per hour:

AH, = U/(A)AT)

The total conduction heat loss of the house is
merely the sum of the conduction heat losses
through all these building surfaces. For exam-
ple, the conduction heat loss of the 50-square
foot insulated wall with a U-value of 0.07 under
design temperature conditions { — 2°F) in Den-
ver, Colorado, is

AH,= 0.07(50)[70 -- (—2)] = 252 Buw/hr,

To compute the total conduction heat loss for
a single heating season, you miist first grasp the
concept of degree days. They are somewhat
analogous to man-days of work. If a man works
one day. the amount of work he does is often
called a man-day. Similarly, if the outdoor tem-
perature is one degree below the indoor tem-
perature of a building for one day, we say one
degree dav (D) has accumulated.

Standard practice uses an indoor temperature
of 65°F as the base from which to calculate
degree days, because most buitdings do not re-
quire heat until the outdoor air iemperature falls
between 60°F and 65°F. If the outdoor temper-
ature is 40°F for one day, then 65 - 40 = 25
degree days result. If the outdoor temperature
is 60°F for five days. then 5(65 — 60) = 25
degree days again result. (When we refer 10
degree days here. we meun degrees Farenheit
(°F). unless otherwise noted.)

The Weather Service publishes degree day
tnformation in special maps and tables. Maps
showing the monthly and yearly total degree
days are available in the Climatic Atlas. Tables
of degree days. both annual and monthly, are
provided for many cities in the appendix under
“"Degree Days and Design Temperatures.™ Your
local otl dealer or propane distributor should
also know the number of degree days for your
town.

To compute the total conduction heat loss
during the heating season. you first multiply the
total degree days for your locality by 24 (hours

9
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DEGREE DAYS AND DESIGN TEMPERATURES

(HEATING SEASON)
Design ~ Degree Design  Degree
Temperature Days Temperature  Days
State City {°F)  (°F day») State City (°F)  (°F days)

Alabama Birmingham 19 2,600 Nevada Reno 2 6,300
Alaska Anchorage -5 10,900 New Hampshire Concord -1 7,400
Arizona Phoenix 3 1.800 New Mexico  Albuquerque 14 4,300
Arkansas Little Rock 9 3,200 New York Buffalo 3 7.160
California Los Angeles 4] 2,100 New York New York 11 4,900
California San Francisco 42 3,000 North Carolina Raleigh 16 3400
Colorado Denver -2 6,300 North Dakota Bismarck -24 8.900
Connecticut  Hartford l 6.200 Ohio Columbus 2 5.700
Florida Tampa 36 700 Oklahoma Tulsa i2 3.900
Idaho Boise 4 6.200 Pennsylvania Philadelphia 11 5.100
lllinois Chicago -4 6.600 Pennsylvania  Pittsburgh 5 6.000
Indiana Indianapolis 0 5,700 Rhode Island  Providence 6 6,000
lowa Des Moines -7 6.600 South Carolina Charleston 26 1.800
Kansas Wichita 5 4.600 South Dakota  Sioux Falls  -14 7.800
Kentucky Louisville 8 4.700 Tennessee Chattanooga 15 3.300
Louisiana New Orleans 12 1400 Texas Dallas 19 2.400
Maryland Bahimore 12 4.700 Texas San Antonic 25 1.500
Massachusetts Boston 6 5,600 Utah Sah Lake City 5 6,100
Michigan Detroit 4 6.200 Vermont Burlingion -12 8,300
Minnesota Minneapotis  -K $.400 Virginia Richmond 14 3060
Mississippi  Jackson 2 2,200 Washinglon  Seattle 2% 4,400
Missouri St. Louis 4 4,900 West Virginia  Charleston 9 4,500
Montana Helena 17 8.200 Wisconsin Madison 9 7.900
Nebraska Lincoln -4 5.900 Wyoming Cheyenne -6 ?.m

per day) to get the wtal degree hours dunng
that time span. Now your calculation proceeds
as in the earlier example: you multiply the area
of each section (A,) by its U-value (U.) and the
number of degree hours (24D) to get the sea-
sonal heat loss through that section:

Scasonal AH, = A, (U NXKD)

The seasonal conduction heat loss from the en-
tre house is the sum of seasonal heat losses
through all the building surfaces. A short cut is
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to multiply the U-value of each section times
the area of each section to get the “"UA™ for
that section. Add together all the UA s and then
multiply by 24D to get the total seasonal con-
ductive heat loss:

Seasonal AH = (UA, + UA> + UA, . ..
+ UA24KD)
But to get the total seasonal heat loss. you must

include the convection heat losses described in
the next section.




CONVECTION HEAT LOSS

There are three modes of convection which in-
fluence the heat loss from a building. The first
two have already been included in the calcu-
lation of conduction heat losses through the
building skin. They are the convection heat flow
across air gaps in the wall and heat flow to or
from the walls through the surrounding air. These
two effects have been included in the calculation
of U-values by assigning insulating values to
air gaps or air films. The third mode of con-
vection heat flow is air infiltration through
openings in walls (such as doors and windows)
and through cracks around doors and windows.
In a typical house, heat loss by air infiltration
is often comparable to heat loss by conduction.

The tirst mode of convection heat loss occurs
within the walls and betwezn the layers ot glass
in the skin of the building. Wherever there is
an air gap, and whenever there is a temperature
difference between the opposing surtaces of that
gap. natural air convection results in a heat Aow
across that gap. This process is not very etfi-
cient, so air gaps are considered to have some
insulating value. For the insulating vatue W be
significant. the width of the air gap must be
greater than 34 inch. However, a quick glance
at the insulating values of air gaps in the ap-
pendix reveals that further increases in the width
don’t produce signilicant increases in insula-
tion. Wider air gaps allow freer circulation of
the air in the space, offsetting the potentiatly
greater insulating value of the thicker air blan-
ket.

Most common torms of insulation do their
job simply by trapping air in tiny spaces to
prevent air circulation in the space they occupy.
Fiberglass blanket insulation. rigid board in-
sulation, cotton, feathers. crumpled newspaper.
and even popeom make good insulators because
they create tiny air pockets to slow down the
convection flow of heat.

Conduction heat flow through the exterior
skin of a house works together with air move-
ments within the rooms and winds across the
exterior surface 10 siphon off’ even more heat.

Lieat Flow Calculztions

Intertor surfaces of uninsulated perimeter walis
are cooler than room air. They cool the air film
right next to the wall. This cooled air sinks
down and runs across the floor, while warmer
air at the top of the room flows in to take its
place, accelerating the cooling of the entire room.
The inside surface of a well-insulated wall will
have about the same temperature as the room
air. But the inside surface of a window will be
much colder, and the air movement and cooling
effects are severe. Heating units or warm air
registers have traditionally been placed beneath
windows in an effort to climinate the cold draft
coming down from the glass surfaces. While
this practice improves the comfort of the living
areas. it substantially increases the heat losses
to the outdoors. With the advent of new, higher
R-value glazing materials, better insulated walls,
and lower infiltration rates, this location isn't
as important in energy-conserving home.
Though not very large. the insulating value
of the air films on either side of a wall or roof
do make a contribution to the overall U-value.
The air fitms on horizontal surfaces provide more
insulation than those on vertical surfaces. (Con-
vection air flow. which reduces the effective
thickness of the still air insulating film, is greater
down a vertical wall than across a horizontal
surface.) Similarly. the air film on the outside
surface is reduced by wind blowing across the
surface. The higher the wind speed. the lower
the R-value. The heat that leaks through the
wall is gquickly transmitted to the moving air
and carried away. The outer surface is cooled,
drawing more heat through the wall. These heat
losses can be reduced by wind screens or plant-
ings that prevent fast-moving air from hitting
the building skin. }
Air infiltration heat losses through opemings
in buildings and through cracks around doors
and windows are not easy to calculate because
they vary greatly with tightness of building con-
struction and the weatherstripping of windows.
doors, and other openings. Small openings such
as holes around outside electrical outlets or hose
faucets can channel large amounts of cold air
into heated rooms. Every intersection of one
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building material witk: another can be a potential
crack if care isn’t taken during construction.
This is why, in home construction today, air/
vapor barriers of 6-mil polyethylene sheets are
commonly (and carefully) installed around the
warm side of the building frame. They slow the
passage of warm air (and moisture vapor) from
inside to outside. Air barriers, sheets of poly-
ethylene fibers that allow vapor, but not air, to
pass through, are also installed around the out-
side of many buildings before the siding is in-
stalled. They keep cold air from passing through
cracks between materials—cold air that forces
warm air out the leeward side of the building.
In both cases, special care is also taken around
doors and windows, between floors, and around
electrical and plumbing penetrations, to seal

against the infiltration of cold air. This cold air
has to be heated to room temperature. In the
following calculations, we assume that the gen-
eral wall construction is air-tight, and that only
the infiltration through windows and doors needs
to be considered.

The magnitude of air infiltration through cracks
around doors and windows is somewhat pre-
dictable. It depends upon wind speeds and upon
the linear footage of cracks around each window
or door, usually the perimeter of the opening.
If the seal between a window frame and the
wall is not airtight, you must also consider the
length of this crack. From the table “* Air Infil-
tration Through Windows,”" you can approxi-
mate the volume of air leakage (Q) per foot of
crack. With the temperature difference (AT) be-

AIR INFILTRATION THROUGH WINDOWS

Window Type Remarks

Air leakage (Q)l at
Wind velocity (mph)

5 W0 15 2 25

Double-hung

Average fitted?

wood sash non-weatherstripped 7 21 3 59 RO

Average fitted”

weatherstripped 4 13 24 3 49

Poorly fitted?

non-weatherstripped 27 69 1L 154 19

Poorly fitted?

weutherstripped 6 19 M st 7
Double-hung Non-weatherstripped 20 47 74 104 137
metal sash

Weatherstripped 6 19 32 46 60
Rolled-section Industrial pivoted3 52 108 176 244 304

steel sash

Residential casementd 14 32 52 76 100

L. Air feakage, Q. is measured in cu ft of air per ft of crack per hr.

2. Crack = 1/16 inch.

3. Crack = 3/32 inch. 4. Crack = 1/32 inch.

SOURCE: ASHRAE, Handbook of Fundamentals.
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tween inside and outside. you can determine the
amount of heat required to warm this air to room
temperature (AH;):

AH,¢ = (€XQNL)hXAT)

where ¢ = 0.018 Btw/(ft*°F) is the heat capacity
of air, L is the total crack length in feet, and h
is the time span in hours.

With 10 mph winds beating aginst an average
double-hung. non-weatherstripped, wood-sash
window. the air leakage is 21 cubic feet per
hour for each foot of crack. Assuming the total
crack length is 16 feet and the temperature is
65°F inside and 40°F outside, the total infiltra-
tion heat loss during an eight-hour time span is;

AH, = 0.01B2IX16)X8)65 — 40)
1210 Btu

I

If the same window is weatherstripped (Q =
13 instead of 21), then the infiltration heat loss
is 749 Btu over the same time span. You can
make a multitude of other comparisons using
the Q-values given in the table.

Apply the above formula to the total crack
length for each different type of crack leakage.
The total crack length varies with room layout:
for rooms with one exposure, use the entire
measured crack length; for rooms with two or
mose exposures, use the length of crack in the
wall having most of the cracks: but in no case
use less than one-half of the total crack length.

You can also use this formula to calculate
the heat loss through infiltration under the worst,
or ““design”” conditions your house will un-
dergo. For these conditions, use the outdoor
design temperatures and average wind speed for
your area. Fortunately, the design temperature
does not usually accompany the maximum wing
speed. Average winter wind velocities are given
for a aumber of localities in the Climatic Atlas
of the United States.

The total seasonal heat loss through air in-
filtration is calculated by replacingh x AT with
the total number of degree hours, or 24 times
the number of degree days:

Seasonal AH,.y = c(QXL)24% D}

Heat Flow Calculations

Infrared photographs showing thermal radiation from
a conventional house. Note that more heat escapes from
an uninsufated attic (top) than from an insulated one
(bottom). SOURCE: Pacific Gas and Electric Co.

RADIATION HEAT FLOW

- Radiation works together with conduction to

accelerate heat flow through walls, windows,
and roofs. If surrounding terrain and vegetation
are colder than the outside surfaces of your house,
there will be a net flow of thermal radiation o
these surroundings. Your roof will also radiate
substantial amounts of energy to the celd might
sky. If the relative humidity is low. as much as
30 Btu per hour can be radiated to the sky per
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square foot of roof. This radiation can rapidly
cool your roof surface to temperatures lower
than the outside air temperature, thereby in-
creasing the temperature difference across the
roof section and the overall heat flow through
the roof.

In summer, this radiative heat flow provides
desirable nocturnal cooling, particularly in arid
greac. In the winter, however, this nocturnal
cooling is an undesirable effect. Well-insulated
roofs are necessary to prevent excessive losses
of heat.

If the interior surfaces of walls and windows
are colder than the objects (and people') inside
a room, there will be a net flow of thermal

radiation to these surfaces. A substantial flow
of heat radiates to the inside surfaces of win-
dows, which are much colder during winter than
adjacent walls. This flow warms the inside sur-
face of the glass, and more heat is pumped to
the outside air because of the greater tempera-
wre difference across the glass. Extra glazing.
special glazing, or window insulation can re-
duce this Aow drastically.

In both examples above, radiation heat flow
enhances the transfer of heat from warmer to
cooler regions. Its effects are included in the
calculation of conduction heat loss through sur-
faces of the house. But don’t ignore radiation
heat flow when taking preventive measures.

Heat Load Calculations

So far, you have learned to calculate the heat
losses through the individual surfaces and cracks
of a house. To calculate the overall heat loss
(or heat load) of a house, you merely sum the
losses through all surfaces and cracks. The heat
load of a house depends on its construction and
inswlation and varies with the outside temper-
ature and wind velocity.

To indicate just how bad things can get. let's
use a drafiv. uninsulated, wood-frame house as
an example. Assume it's 40 feet long and 30
Jeet wide. It has uninsulated stud walls and a
hardwood floor above a ventilated crawl space.
The low-sloped ceiling has acoustical tile but
is otherwise uninsulated, under a roof of ply-
wood and asphalt shingles. The house has eight
single-pane, double-hung, wood-sash windows
(each 4 feet high by 2.5 feet wide) and two solid
vak doors (each 7 feet by 3 feet).

First we need the U-values of each surface.
From the “‘Sample Calcuiations of U-values"'
given earlier in this chapter. we know that an
uninsulated stud wall has a U-value of 0.27.
From the appendix, we get U = 1.13 for single-
pane windows, and R = 0.9] fur one inch of
oak. Adding the resistance of the inside and
outside air films, we get:
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R, =068 + 09!+ 0.17 =176 0r

U= 1/1.76 = 0.57
for the doors.

The calculation of the U-values of the floor
and ceiling is a bit more involved. The hard-
wood floor has three lavers—interior hardwood

Sinish (R = 0.68). felt (R = 0.06). and wood

subfloor (R = 0.98)—and essentially still air
films above and below (R = 0.61 each). The
resistances of all five lavers are added 10 give

R, =29 orlU = 11294 = 0.34.

About half the floor area is covered by carpets
(an additional R = [.23 including the rubber
pad), and this half has a U-value of 0.24, The
toral resistance of the ceiling and roof is the
sum of the resistances of eight different layers,
including the acoustical 1ile (R = 1.19), gvp-
sum board (R = 0.45), rafter air space (R =
0.80), plywood (R = 0.62), building paper (R
= 0.12), asphalt shingles (R = 0.44), and the
inside and outside air films (R = 0.62 and
0.17). These add to R, = 4.41, and the U-value
of the ceiling is U = 11441 = 023,

For a I°F temperature difference benveen
indoor and outdoor air, the conduction heat loss




Heat Flow Calculations

HEAT LOAD CALCULATIONS

Conduction heat losses

Area U-value LOF temp Giff 359F outside

Surface (ft2)  Btu/hr ft29F)  BwAhr°F)  Buwhr
Walls Q0% 0.27 269 8,084
Windows 80 1.13 oG 2.712
Doors 42 0.57 24 718
Bare floor 600 0.34 204 6,120
Carpeted floor 600 0.24 144 4,320
Ceiling 1200 0.23 276 8,280
Total Conduction Heat Losses 1.007 30.234

Infiltration Heat Losses

Crack Length Q-value 19F temp diff  35°F outside
around: (f1) (ft2hr ft)  Btu/(hr OF) Buu/hr
Window sash 62 124 3,716
Door 20 220 79 2,376
Window &

Door frames 82 16 487
Total Infiltration Heat Losses 219 6,579

All calculations assume 15 mph wind.

through euch surface is the product of the area
of the surface times the U-value of the surface.
If the design temperature is 25°F, for example,
we multiply by (65 — 35) to get the design heat
loss through that surface. The conduction heat
losses through all surfaces are summarized in
the table.

Infiltration heat losses are calculated using
Q-values from the table *"Air Infiltration Through
Windows."* Poorly fitted double-hung wood-sash
windows have a Q-value of 111 in a 15 mph
wind. Assume that around poorly fitted doors.
the infiltration rate is twice that: 220 fr’ihr for
each crack foot. Also assume that there is still
some infiltration through cracks around window
and door frames as well, with a Q-value of 1.

These Q-values are then multiplied by the
heat capacity of a cubic foor of air [0.018 Btu/
(f* °F)] and the total length of each type of

crack to get the infiltration heat loss. Oniv win-
dows and doors on two sides of the house (that
is, four windows and one door) are used 1o get
total crack lengths. The infiltration heat losses
through all cracks are also summarized in the
rable.

In a I5 mph wind, the conduction heat loss
of this house is 1007 Brulhr for a I°F temper-
ature difference berween indoor and outdoor
air. Under the same conditions, the infiltration
loss is 219 Btulhr, or a total heat load of of
1226 Bru/(hr °F ). Over an entire dav, the house
loses 24 (hours) times 1226 {Btu per house) for
each I°F temperature difference, or 29,424 B
per degree day. Under design conditions of 35°F
and a 15 mph wind, the heat load of this house
is 36,813 Btulhr (30, 234 + 6.579). The fur-
nace has to crank out almost 37,000 Bruthr 1o
keep this house comfy during such iimes.
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SEASONAL AND DESIGN HEAT LOADS

The total heat escaping from a house is the sum
of the conduction heat loss and the convection
heat loss through air infiltration. because the
effects of radiative heat flow have already been
included in these two contributions. The total
conduction heat loss is itself the sum of con-
duction losses through all the exterior surfaces,
including walls, windows, floors, roofs, sky-
lights, and doors. The total conduction heat loss
is generally one to four times the total convec-
tion heat loss through air infiltration. which in-
¢ludes all convection heat losses through cracks
in walls and around windows and doors.

The ratio of the two losses depends heavily
on the quality of construction. For example, the
total conduction heat loss from a typical poorly
insulated 1250 square feet house may be 1000
Btu/(hr °F) temperature difference between the
inside and outside air, while the convection heat
loss is only 250 Btu/(hr °F). If the temperature
drops to 45°F on a typical winter night, the
house loses a total of

125065 — 45) = 25,000 Bww/hr

assuming the indoor temperature is 65°F,

The design temperatures introduced earlier
allow us to estimate the maximum expecied heat
loss from a house. The design temperature for
a locality is the lowest outdoor temperature likely
to occur during winter. Houses are ofien rated
in their thermal performance by the number of
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Btu per house that the heating system must pro-
duce to keep the building warm during these
conditions. The design temperature for Qak-
land, California, is 35°F, so that

1250(65 —35) = 37,500 Btwhr

is the design heat load that the heating system
must be able to produce in the above house.
The same house would have design heat loads
of 62,500 Bru/hr in Chattanooga, Tennessee,
where the design temiperature is 15°F, and 98,750
Btu/hr in Sioux Falls, South Dakota, where the
design temperature is — [4°F. The cost to heat
the house in Sioux Falls might persuade the
owner to add some insulation!

Degree day information allows us to calculate
the amount of heat a house loses in a single
heating season. The greater the number of de-
gree days for a particular location, the greater
the total heat lost from a house. Typical homes
lose 15,000 to 40,000 Btu per degree day, but
energy conservation measures can cut these by
more than half. Our example house loses
(24)(1250) = 30,000 Bt per degree day, for
example. If there are 2870 degree days, as in
Oakland, California, the total heat loss over an
entire heating season is 86.1 million Btu [(30,000)
(2870)] or about 1230 therms (1 therm = 100,000
Btu) of gas bumned at 70 percent efficiency [86.1/
(100.000X0.7)}. In most other regions of the
country, where seasonal heat loads are much
greater and energy costs higher, energy codes
are more stringent.




Passive Solar
Systems

As the position of the heavens with regard 1o a
given tract on the earth leads naturally to dif-
ferent characteristics, owing to the inclination
of the circle of the zodiac and the course of the
sun, it is obvious that designs for houses ought
similarly to conform to the nature of the country
and the diversities of climate.

Vitruvius,
Ten Books on Architecture

Energy conservation is the first step in good
shelter design. Only the house that loses heat
begrudgingly can use sunlight to make up most
of the loss. Some people might think it rather
dull 10 let sunlight in through the windows and
keep it there, but others delight in its simplicity.
In fact, conserving the sun’s energy can often
be more challenging than inventing elaborate
systems to capture it.

Nature uses simple designs to compensate for
changes in solar radiation and temperature. Many
flowers open and close with the rising and set-
ting sun. Many animals find shelters to shield
themselves from intense summer heat, and bury
themselves in the earth to stay warm during the
winter.

Primitive peoples took a hint or two from
nature in order to design shelters and clothing.
Bu: as we learned to protect ourselves from the
clements, we lost much of this intuitive under-
standing and appreciation of natural phenom-
ena. We 1ely more on technology than nature
and the two are often in direct conflict.
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The earth’s heat storage capacity and atmos-
pheric greenhouse effect help to moderate tem-
peratures on the surface. These temperatures
fluctuate somewhat, but the earth’s large heat
storage capacity prevents it from cooling off too
much at night and heating up too much during
the day. The atmosphere slows thermal radition
from the earth’s surface, reducing the cooling
process. Because of these phenomena, after-
noon temperatures are warmer than morning,
and summer temperatures reach their peak in
July and August.

A shelter design should reflect similar prin-
ciples. Weather variations from one hour to the
next or from cold night hours to warm daytime
hours should not affect a shelter’s internal chi-
mate. Ideally. not even the wide extremes of
summer and winter would affect it. There are
countless examples of indigenous architecture
based on these criteria. Perhaps the most fa-
miliar of these is the heavy adobe-walled homes
of the Pueblo fndians. The thick walls of hard-
ened clay absorb the sun’s heat during the day
and prevent it from penetrating the interior of
the home. At night, the stored heat continues
its migration into the interior, warming it as the
temperatures in the desert plummet. The cool-
ness of the night air is then stored in the walls
and Kkeeps the home cool during the hot day. In
many climates houses made of stone, concrete,
or similar heavy materials perform in a like
fashion.

A shelter should moderate extremes of tem-
perature that occur both daily and seasonally.
Caves, for example, have relatively constant
temperatures and humidities year round. Like-
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wise, you can protect a house from seasonal
temperature variations by berming earth against
the outside walls or molding the structire of the
house to the side of a hill.

On sunny winter days, you should be able to
open a house up to the sun’s heat. At night, you
should be able to close out the cold and keep
this heat in. In the summer, you should be able
to do just the opposite: during the day close it
off to the sun, but at night open it up to release
heat into the cool night air.

The best way to use the sun for heating is to
have the house collect the sun’s energy itself,
without adding a solar collector. To achieve
this, a house must be designed as a rotal solar
heating svstem and meet three basic require-
ments:

The house must be a heat trap. It must be
well insulated against heat loss and cold air
infiitration. There’s no point in making the house
a solar collector if the house isn’t energy-con-
serving. This is done with insulation, weath-
erstripping, shutters, and storm windows, or
special glazings.

The house must be a solar collector. It must
use direct-gain systems to let the sunlight in
when it needs heat and keep it out when ii doesn’t;
it must also let coolness in as needed. These
feats may be accomplished by orienting and
designing the house to let the sun penetrate the
living space during the winter and by using
shading to keep it out during the summer.

The house must be a heat storehouse. It must
store the heat for times when the sun isn’t shin-
ing. Houses built with heavy materials such as
stone and concrete do this best.



The House as a Solar Heating System

The best way of using the sun’s energy to heat
a bouse 1s to let ii penetrate directly through the
roof. walls, and windows. You should attempt
to maximize your heat gain from insolation dur-
ing cold periods, and minimize it during hot
weather. You can do this with the cotor of your
house, its orientation and shape, the placement
of windows, and the use of shading.
Traditionally, solar heat gains have not en-
tered into the computation of seasonal heating
supply or demand. Unfortunately, most of ihe
reseach done on solar gain applied to hot weather
condutions and to reducing the energy required
for cooling. But all that changed in the early
1980s. Still, the data that apply to heating are
difficult to understand and difficult to use in
building design. This chapter is an attempt to
translate these data into useful design tools.

ORIENTATION AND SHAPE

Since solar radiation strikes surfaces oriented in
different directions, with varying intensity, a
house will benefit if its walls and roofs are ori-
ented to receive this heat in the winter and block
it in the summer. After much detailed study of
this matter, a number of researchers have reached
the same conclusion that primitive peoples have
always known: the principal facade of a house

should face within 30 degrees of due south (be-
tween south-southeast and south-soutirwest), with
due south being preferred. With this orientation,
the south-facing walls can absorb the most ra-
diation from the low winter sun, while the roofs,
which can reject excess heat most easily. caich
the brunt of the intense summer sun.

In his book Design With Climate, however,
Victor Olgyay cautions against generalizing to
all building focations. He promotes the use of
**sol-air temperatures’” to determine the optimal
orientation. These ternperatures recognize that
solar radiation and outdoor air temperatures act
together to influence the overall heat gain through
the surfaces of a building. Because the outdoor
air temperatures are lower in the moming and
peak in the mid-afternoon, he suggests that a
house be oriented somewhat cast of due south
to take advantage of the early morning sun when
heat is needed most. In the summer, the prin-
cipal heat gain comes in the aftermnoon, from
the west and southwest. so the house should
face away from this direction to minimize the
solar heat gain in that season. Depending upon
the relative needs for heating and cooling, as
well as upon other factors (such as winds), the
optimum orientation will vary for different re-
gions and building sites. The accompanying
diagram gives the best orientations for four typical
U.S. climate zones, as determined by Olgyay’s
sol-air approach.
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Optimum house orientations for
four different U.S. climates.

A house also benefits in solar heat gain be-
cause of different ratios of length to width to
height. The ideal shape loses the minimum
amount of heat and gains the maximum amount
of insolation in the winter. and does just the
reverse in the summer. Olgyay has noted that:

* In the upper latitudes (greater than 40°N),
south sides of houses receive nearly twice as
much solar radiation in winter as in summer.

East and west sides receive 2.5 times more in
summer than they do in winter.

* Ai lower latitudes {(less than 35°N) houses
gain even more on their south sides in the winter
than in the summer. East and west walls can
gain two to three times more heat in summer
than the south walls.

* The square house is not the optimum form in
any location.

+ All shapes elongated on the north-south axis
work with less efficiency than the square house
in both winter and summer. The optimum shape
in every case is a form elongated along the east-
west direction.

Of course, other factors influence the shape
of a house, including local climate conditions
{(e.g., early moming fog), the demands of the
site, and the needs of the inhabitants. But en-
ergy conservation can often be successfully in-
tegrated with these factors.

The relative insolation for houses with var-
ious shapes, sizes, and orientations can be a
very useful aid at the design stage, particularly
for placement of the windows. The first chart
shown here lists the relative insolation for dif-
ferent combinations of house shape, orienta-
tion, and floor and wall area. Values in this
chart are for January 21, and are based on the
next chart, **Solar Heat Gain Factors for 40°N
Latitude.”” The ASHRAE Handbook of Fun-
damentals provides similar information for many
other latitudes. These factors represent the clear
day solar heat gain through a single layer of
clear, double-strength glass. But they can be
used to estimate the insolation on the walls of
a house.

From the relative solar insolation data, you
may note that a house with its long axis oriented
east-west has the greatest potential for total solar
heat gain, significantly greater than that for a
house oriented north-south. The poorest shape
is the square oriented NNE-SSW or ENE-WSW.
In doubling the ground floor area, the optimal
east-west gain increases by about 40 percent
because the perimeter increases by 40 percent.
If you doubled the floor area of a house by




INSOLATION ON WALL (Btu/day)
FACADE ORIENTATIONS
a l b I [ l d Total
Al 118 508 1630 508 2764
B B4 722 1160 122 2668
c| 168 361 2320 36l 3210
OOuBLEB | (18 1016 1630 1016 3780
DOUBLEC | 236 508 3260 508 @ 4512
Al 123 828 1490 265 2706 |
B 87 1180 1060 376 27103
Ct 174 590 2120 188 3072
DOUBLER | 123 1656 1490 530 3799
DOUBLEC | 246 828R 2980 265 4319
Al 127 1174 1174 127 2602
B 90 1670 R3S §230 2775
Cc | 180 835 1670 9 2775
DOUBLEB | 127 2348 1174 254 3903
DOUBLEC | 254 1174 2348
A| 265 1490 828 %31"'%%%'
Bl IS8 2120 590 174 3072
C| 316 1060 1180 87 2703
DOUBLEB | 265 2980 828 246 4319
DOUBLEC | 530 1490 _1656 123 3799
BUILDING SIZES. AELATIVE WALL AND FLOOA AREAS.
Variateon O Varaunon B or € Varigtion double B or double ©
2 1"
- 1" 3 - 2t
H £
1A w
Tw Iw

Relative insolation on houses of different shape and orientation on January 21 at 40°N
latitude. Listed values represent the insolation on a hypothetical house with w =1 foot.
To get the daily insolation on a house of similar shape with w = 100 feet, multiply these

numbers by 100.

adding a second floor, the wall area and the
total solar insolation would double.

This study does not account for the color of
the walls, the solar impact on the roof. the var-
iations in window location and sizes. or the
effects of heat loss. A detailed analysis would
also include the actual weather conditions.
However, this study does produce relative val-
ues (o help you make preliminary choices.

COLOR

The color of the roofs and walls strongly affects
the amount of heat which penetrates the house,
since dark colors absorb much more sunlight
than light colors do. Color is particularly im-

portant when little or no insulation is used, but
it has less effect as the insulation is increased.
Ideally, you should paint your house with a
substance that turns black in winter and white
in summer. In warm and hot climates, the ex-
terior surfaces on which the sun shines during
the summer should be light in color. In cool
and cold climates. use dark surfaces facing the
sun (o increase the solar heat gain.

Two properties of surface materials, their ab-
sorptance (represented by the Greek letter al-
pha, o), and emitiance (represented by the Greek
letter epsilon, €), can help you estimate their
radiative heat transfer qualities. The wbsorp-
tance of a surface is a measure of its tendency
to absorb sunlight. Emirtance gauges its ability

%) |




SOLAR HEAT GAIN FACTORS FOR 40° N LATITUDE. WHOLE DAY TOTALS
Buu(fi2 day): Values for 21st of each month

Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov  Dec

N 18 162 224 306 406 484 422 322 232 166 122 98
NNE 123 200 300 400 550 700 550 400 300 200 123 100
NE 127 225 422 654 813 894 821 656 416 226 132103
ENE 265 439 691 ol 1043 1108 1041 903 666 431 260 205
E 508 715 961 1115 1173 1200 1163 1090 920 694 504 430
ESE K28 1011 1182 1218 119 1179 175 188 1131 971 BiS5 M48
SE 1174 1285 13I8 1199 1068 1007 1047 1163 1266 1234 1151 114
SSE 1490 1509 1376 1081 848 761 831 149 1326 1454 1462 1430
S 1630 1626 13 978 712 622 694 942 1344 1566 1596 M4RD
SSw 1490 1509 1370 1081 248 761 831 1049 1326 1454 1462 1430
Swoo11id 1285 1318 1199 1068 1007 1047 1163 1266 1234 1151 114
WSW BB 01N g2 1218 1191 1179 1175 188 113 971 RIS 748
w 508 715 961 1S 1173 1200 1163 1090 920 694 504 430
WNW 265 439 691 911 1043 1108 1041 903 665 431 260 205
NW 127 225 422 658 813 894 821 656 416 226 132103
NNW 123 200 300 400 350 700 550 400 300 200 123 100
HOR 06 1092 1528 1024 266 2242 2148 1890 1476 1070 706 564

Figures in bold type: Month of highest gain for given orientations,
Figures in itafic: Orientations of highest gain in given month,

SOURCE: ASHRAE, Handbook of
Fundamenials.

Figures in bold italic: Both month and orientation of highest gains.

Absorptance, Reflectance, and Emiitance

Sunlight striking a surface is either absorbed
or reflected. The absorptance (o) of the surface
is the ratio of the solar energy absorbed 1o the
sedar eneryy siriking that surface: o = 1,
where 1, is absorbed solar energy and I is in-
cidemt solar energy. A hypothetical *"black-
body'™ has an absorptance of 1 —it absorbs all
the radiation hitting it, and would be to1ally
black to our eves.

But all real substunces reflect sonte portion
of the sunlight hitting them, even if onlv a few
percent. The reflecrance (p) of a surface is the
ratio of solar energy reflected to that striking
it: p = 1, where 1, is reflected solar energy
and 1 is incidemt solar energy. A hyvpothetical
blackbody has a reflectance of 0. The sum of o
and p for opaque surfuces is abwvavs 1.

All warm badies emit thermal radiation, some
better than others. The emittance (€) of ¢ ma-
terial is the ratio of thermal energy being ra-
diated by that material to the thermal energy
radiated by a blackbody at that same temper-
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ature: € = RIR,, where R is radiation from the
material and Ry, is radiation from the black-
body. Therefore, a blackbody has an emittance
of I.

The possible values of o, p and € lie in a
range from 0 to 1. Values for a few common
surface materials are listcd in the accompa-
nving table. More extensive listings can be found
in the appendix under *‘Absorptances and Emit-
tances of Materials.”

The vaiues listed in this table (and those in
the appendix) will help vou compare the re-
sponse of various maierials and surfaces to so-
{lar and thermal radiation. For example, flai
black puaint (with a = 0.96) will absorb 96
percent of the incoming sunlight. But green paim
fwith o = 0.50) will abs. rb only 50 perceni.
Both parts (with emitgances of 0.88 and 0.90)
emit thermal radiation at about the same rate
if they are ai the same temperature. Thus, black
paint (with a higher value of «/€) is a better
absorber of sunlight and will become hotter when
exposed 1o the sun.




to emit thermal radiation. These properties are
explained further in the sidebar given here. and
sample values of o and € are listed in the table.
Also listed in the table are the materials’ re-
flectance values (represented by the Greek letter
ho, p).

Substances with large values of a are good
absorbers of sunlight; those with large values
of € are good emitters of thermal radiation. Sub-

The House as a Solar Heating System

stances with a small value of «, particularly
those with a small value of a/e, like white paint,
are good for surfaces that will be exposed to
the hot summer sun (your roof and east and
west walls, for example). Those that have a
large value of o, particularly those with large
o/e, like black paint, are good for south-facing
surfaces, which you want to absorb as much
winter sunlight as possible.

ABSORPTANCE. REFLECTANCE. AND EMITTANCE OF MATERIALS

Absorptance/
Material Absorptance Retleciance Eminance Eminance
White plaster 0.07 .93 0.9 .08
Fresh snow 0.13 0.87 0.82 0.16
White paint 0.20 .80 091 0.22
White enamel (.35 {1.65 0.90 (0,39
Grreen paint (1.50) 0.5 .90 0.56
Red brick 0.55 045 .92 0.60
Concrete (.60 0.40 (.88 0.68
Grey puint 0.75 0.25 (.95 0.79
Red paint 0.74 .26 (.90 .82
Dry sand .82 0.18 0.90 0.91
Green roll roofing 054 .12 0.94 0.54
Water (1,04 0.06 0.96 0.98
Black tar paper (.93 0.07 093 1.00
Flat black paint 1LY6 0.04 (.88 1.9
Granite 0.55 0.45 044 1.25
Graphile (.78 0.22 0.4 1.90
Aluminum foil (.15 (.85 0.05 300
Galvanized steel 0.65 0.35 13 5.00
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Conservation First:

The House as a Heat Trap

If you design a house to collect and store sojar
heat. you should design the house 10 hold that
heat. The escape of heat from a house during
winter is usually called its ““heat loss.”” In ad-
dition, houses also absorb heat through their
walls and windows during summer—their **so-
lar heat gain.”” Retarding this movement of heai
both into and out of a house is the essence of
energy conservation in housing design. Fortu-
nately, most efforts to reduce winter heat loss
also help reduce summer heat gain.

There are three primary ways that heat es-
capes from a houst: (1) by conduction through
walls, roofs, and floors, (2) by conduction
through windows and doors. and (3) by con-
vection of air through openings in the exierior
surface. Conduction works together with radia-
tion and convection—within the walls and fAoors
and at the inner and outer wall surfaces—to
produce the overall heat flow. The third mode
of heat loss includes air infiltration through open
windows, doors, or vents, through penetrations
in the building “*envelope,” and through cracks
in the skin of the house or around windows and
doors.

Depending upon the insuiation of the house,
the number and placement of windows, and the
movement of air, the ratios of the three modes
to the total can vary widely. If the total heat
loss is divided evenly among these modes, and
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any one mode is reduced by half, the total heat
loss is reduced by only one sixth. Clearly. you
should attack all three modes of heat loss with
the same vigor if you want to achieve the best
results.

AIR INFILTRATION

People require some outdoor air for ventilation
and a feeling of freshness. and the penetration
of air through the cracks in the surface of a
house usually satisfies this need—particulasly
it cigarette smoking is avoided. You should make
every effort, however, to reduce such uncon-
trolled air infiltration. As you reduce other heat
toss factors, the penetration of outdoor air he-
comes a greater part of the remaining heat loss,
Air infiltration can account for 20 to 55 per-
cent of the total heat loss in existing homes. In
those with some insulation, the heat foss from
air infiltratation exceeds conduction losses
through the walls, ceiling, and floor by up to
25 percent. Insulating older homes often re-
quires a major overhaul, and tackling infiltration
problems is the logical place to begin.
Measures for reducing infiltration include
general “‘tightening up™™ of the structure and
foundation. caulking and weatherstripping the
doors and windows. redesigning fireplace air




flow, creating foyer or vestibule entrances, in-
stalling a vapor barmier in or on the walls, and
creating windbreaks for the entrances and the
entire house.

One of the main reasons historically for in-
stalling building paper between the plywood
sheathing and the exterior siding of houses was
to reduce air infiltration through cracks in the
walls. However, the fragile material did little
to reduce infiltration after being penetraied by
siding nails. Today’s energy-conserving homes
have a polyethylene-fiber air barrier wrapped
around the sheathing—a continuous sheet that
blocks the infiltration of cold air, but not the
exfiltration of moisture vapor. Good trim details
on a house exterior also reduce air penetration.
Mortar joints in brick and concrete block fa-
cades should be tight and complete.

To tighten up your house. start with the ob-
vious defects. Close up cracks and holes in the
toundation. and replace missing or broken shin-
gles and siding. Hardened. cracked caulking on
the outside of the house should be removed and
replaced with fresh caulking. Be sure 1o refit
obviously ill-fiting doors and windows. And
plug up mtenor air leaks around moulding.
baseboards, and holes in the ceiling or floor.
More important than cricks in the wall surfaces,
however, are those around the windows and
doors, Different types of windows vary greatly
n their relative air infiltration heat losses, but
weatherstripping improves the performance of
any window, particularty in high winds, be-
cause it checks infiltration where the edges of
doors and windows meet {or don’t quite meet!)
their frames.

Weatherstripping is readily available at the
local hardware store. Difterent types are re-
quired for different applications. For example,
gasket compression-type weatherstripping (with
a fabric face. peel-off hack. and adhesive coat-
g} is best siied for hinged door and casement
and awning type windows. For sliding win-
dows, the spring bronze or felt-hair weather-
stnpping is more approprite. Forget about the
cheap. spongy stuff. Its effectiveness deterio-
rates rapidly and so does its appearance.

Conservation First: The House as a Heat Trap

Fixed windows save the most energy. You
need operable windows for ventilation, but how
many do you really need? In an existing house
some windows can usually be rope-caulked shut
for the winter. Double-hung windows are more
of a problem. Your best bet is to rely on storm
windows or insulating shutters to reduce infil-
tration and conduction losses. Be sure to caulk
around the perimeter of storm window frames.

Before you try to stem infiltration between
windows or doors and their frames. make sure
no air is leaking around the ourside edges of
the frames. Caulking will remedy any such
problems and prevent water seepage during
driving rainstorms. The caulking compounds with
superior adhesive qualities are generally called
sealants. It is worthwhile to obtain high quality
sealants because caulking is a lot of work, and
inferior compounds can decompose after one
winter!

It you plan to install new windows, you should
be careful in selecting them. Operable windows
should be chosen for their tight fit when
closed~-not only when first installed. but also
after being used hundreds of times over a period
of decades. Pivoled and sliding windows are
the lvosest. and casement and awning windows
are among the closest fitting.

One obvious energy conservation step is to
close a fireplace when not in use. If the fireplace
is old and doesn’t have a damper, install one.
You can get more heat from a fireplace by using
a C-shaped wbular grate to cradle the burning
wood. Cold air is drawn into the tubes at the
bottom. warmed and delivered back into the
room from the top by thermosiphoning. Fire-
place insert packages are available with built-
in vents, and glass doors that block room air
from rising up the chimney. Another way to
extract more heat is to install vents in the flue
that reclaim heat from hot air rising up the chim-
ney. You should also provide a fresh intake air
inlet for the fireplace or woodstove to draw air
directly from the basement or outdoors. Oth-
erwise, the fire will continue to draw warm air
from the rooms, effectively cooling the same
living space you want to heat by causing cold
air w be pulled in from the outside.
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AIR QUALITY

Better energy-conserving building techniques
and infiltration control can mean kess fresh air
passing through the house. Houses with less
than 0.5 air changes per hour can have excessive
levels of carbon dioxide and moisture from oc-
cupants and cooking; formaldehyde from ply-
wood, furniure, carpets, and tobacco smoke;
radon from soils and groundwater; and com-
bustion gases from kerosene heater. wood-
stoves, gas appliances. and furnaces. Controlling
indoor air pollution at each source is the best
remedy. Choose building materials and furni-
ture without urea-formaldehyde glues or foams.
Vent combustion appliances and provide sep-
arate outside combustion air. Install fans (on
timers}) in kitchens and bathrooms. Seal cracks
and openings around penetrations to the base-
ment. These will take care of the problem in
the average home.

In superinsulated houses with air-infiltration
rates less than 0.5 air changes per hour, an air-
to-air heat exchanger may be necessary. Heat
exchangers remove the heat from stale exhaust
air and transfer it to fresh intake air. Air-to-air
heat exchangers can be centrally located or wall-
mounted like an air-conditioner. Central heat
exchangers can provide fresh air to all the rooms.

In average construction, an exhaust-only fan
may suffice. As it exhausts air, the negative
pressure it creates inside the building draws clean
air in through tiny cracks around windows and
between floors, but does nothing to recover heat
from the exhausted air. In houses where indoor
air pollution is controlled at each source. oc-
casional opening of a window may be all that’s
necessary.

WIND CONTROL

Wind is the arch-culprit in the moment-to-mo-
ment variation of the amount of air that pene-
trates a house. Olgyay reports in Design With
Climate that a 20 mph wind doubles the heat
toss of a house normally exposed to 5 mph

SUMMER WINDS

Proper orientation and vegetation shields protect a

house from the wind.

winds. He also notes that the effectiveness of
a belt of sheltering trees increases at higher wind
velocities. With good wind protection on three
sides, fuel savings can be as great as 30 percent.

Buildings should be oriented away from pre-
vailing winter winds or screened by natural veg-
etation to block heat-pilfering air flows around
windows and doors. Vegetation should be dense
and eventually reach as high as the house. The
distance from the house to the wind-break,
measured from the home's leeward side. should
not exceed five times the building height. Local
agricultural extension services can suggest the
trees and shrubs best suited to your climate and
the appropriate planting distance from the house.
Man-made windscreens, such as baffles. can
also be very effective.

Winter winds blow, whistle, and wail from
the north and west in most locales. Entrances
should not be located on these sides. and the




number of windows (the smaller the beiter!;
should be kept to a minimum. Wind directions
do vary, however, with locality and season.
Monthly maps of the **Surface Wind Roses,"
in the Climatic Atlas of the United States, can
be most helpful in the layout of windows and
doors. These maps give the average wind ve-
locity at many weather stations and show the
percentage of each month that the wind blows
in various directions. But remember that wind
direction and speed depend very much on local
terrain.

Plenty of cold outside air lows into a house
every time you open a door, particularly if the
door is on the windward side. However, a foyer
or vestibule entrance can reduce this problem
by creating an "*air lock’” effect. If a door opens
into a hallway. another door can be positioned
about four feet into that hallway o make a foyer.
If your entrance has no hallway. you can build
two walls out from either side of the door, add
a roof. and install a second door. This addition
can be simple and inexpensive—you needn’t
insulate the vestibule walls, just weatherstrip
both doors. And be sure that the new door opens
outwards for rapid exit in case of fire!

It may come as a surprise that air can infiltrate
the walls themselves. Wind pressure forces air
through the tiny cracks in the wall materials. A
goad vapor barrier will keep that cold air from
reaching the living spaces while fulfilling its
primary purpose. that of maintaining comfort-
able indoor humidity. For older homes with no
such vapor bartier. installing one is only prac-
tical if the inside surface of the walls is being
removed for extensive rehabilitation or remod-
eling. If your home needs a vapor barrier but
you have no intention of ripping your walls
apart, certain paints with low permeabilities are
sold as vapor barriers.

AIR AND VAPOR BARRIERS

The daily activites of a family of four can pro-
duce two to three gallons of water vapor per
day. Water vapor also flows into the building

Counservation First: The House as a Heat Trap

from basements and crawlspaces. Just as heat
flows from areas of greater to lower tempera-
tures (hot to cold), vapor migrates {or diffuses)
from areas of greater to lower vapor pressures,
[t also travels in the air that infiltrates through
cracks in walls, ceilings, and floors. Almost all
of the moisture is carried by infiltration. Less
than two percent moves by diffusion in a home
with a typical vapor barrier and an infiltration
rate of one air change per hour,

Moisture in the warm air wifl condense in
the wall and ceiling cavities if it meets a cold
surface. If enough of the moisture vapor con-
denses. it can saturate the insulation, reducing
its R-value and eventually causing rot and de-
cay. Vapor flow due to diffusion can be pre-
vented with the use of a vapcr barrier. such as
polyethylene fitm or aluminum foil. Infiltration
and exfiltration, which {orce moisture vapor
through the building cracks and accounts for as
much as 50 percent of the heat loss in a well-
insulated home. can be slowed with a reason-
ably tight air bamier.

The following guidelines will help control
condensation in homes:

* Avoid trapping moisture within a cavity. Use
materials in the outer skin that are at least five
times as permeable as the inner skin. Seal all
cracks and joints, The air barrier should be as
tight as possible.

* There should be at least twice as much in-
sulation outside the vapor barrier as inside. [n
high-moisture areas. the vapor barrier should be
on the warm side of all the insulation.

* Avoid any gaps in the insulation that could
cause cold spots and result in condensation.

Condensation on double-glazing may indi-
cate that you have problems in walls and ceil-
ings that have inadequate vapor barriers. To
prevent moisture infiltration from crawlspaces,
vent them in all seasons except the dead of
winter. Place a continuous 6—mil polyethylene
moisture barrier across the floor of the crawl-
space, and provide a tight vapor barrier above
the fAoor insulation. If winter humidity levels
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Relative heat losses through various types of windows and
walls. These values represent only conduction heat loss.

inside the living space are kept below 40 per-
cent. the potential for damage in wall and ceil-
ing cavities will be fimited.

Besides chimneys and flues, sources of n-
filtration that carry cold air in and moisture out
are walls and basement (60 percent). windows
and doors (20 percent), and ceilings (20 per-
cent). Air enters through joints in materials in
the building envelope and holes in the vapor
barrier. To limit infiliration, use high-quality
caulking to seal gaps between surfaces that do
not move, such as where windows and framing,
trim and siding. or sill and foundation meet.
Weatherstrip all doors and windows. Air
barriers-—high density polyethylene fiber films
stretched around the outside of the building
frame—are also used to reduce infiltration. They
allow moisture vapor to pass, but testing shows
they can reduce infiltration from 35 to 47 per-
cent in the average home.

As the infiltration rate is reduced below 0.5
air changes per hour, the relative humidity in-
creases rapidly. The tighter the infltration con-
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trols, the more important the vapor barrier
becomes. Vupor barmiers—large thin sheets of
transparent polyethyiene around the inside of
the building envelope—limit moisture migra-
tion. If you seal it very carefully ai every seam
and at window, door, plumbing, mechanical,
and electrical penetrations, it will also serve as
an air barrier. Instatling two separate barriers,
one air and one vapor, may be only slightly
more expensive than insialling one very tight
vapor barrier, and they offer a greater defense
and are easier to install. An alterpative to the
very tight polyethylene vapor barrier is caulking
between the frame and the subfloor, and be-
tween the gypsum wallboard and the framing,
and then painting the interior walls with a vapor
barrier paint.

WINDOWS

The conduction heat losses through the surfaces
of a house also increase with wind velocity.
The lower the R-value of a surface, the more
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Relative heat conduction and air infiltration losses fom various
windows. An added storm window cuts both kinds of heat loss.

you need to protect it from wind. A single-pane
window or skylight needs much more wind pro-
tection than a well-insulated wall, because the
air film clinging to its exterior surface contrib-
utes more to its overall thermal resistance. As
the air film thickness decreases with the increase
in the air velocity striking it. the effective in-
sulating value of the film decreases. The de-
crease is large for doors and windows but almost
negligible for well-insulated walis.

Various types of window and wall construc-
tions differ widely in the amount of heat they
transmit. Under the same indoor and outdoor
air conditions, a single pane of glass will con-
duct 115 Btu, double glass will conduct 60 Btu,
and a well-insulated wall will conduct only 4
Btu. You will lose the same quantity of heat
through a well-insulated wall 30 feet long and
8 feet high as through a single glass window 2
feet wide and 4 feet high! A single-pane window
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loses heat about 20 times as quickly as a well-
insuiated wall of the same total area. There are
a number of ways you can cut these losses, with
high-pertormance glazings, storm windows, and
window insulation.

In existing buildings, a storm window almost
halves conduction heat loss for single-pane win-
dows and also reduces air infiltration. A two-
window sash (the standard single-pane window
in combination with a storm window) can be
superior to a single-sash insulating glass (be-
cause of the larger insulating air space) as long
as it is sealed well around the perimeter. A
standard window of double glazing in conjunc-
tion with a storm window is even better.

Insulating curtains are made of tightly woven
material lined with loose stuffing, a blanket-
type insulating material, or other heavy mate-
ral. They are fitted at the top and bottom and
travel in tracks at the sides to create a tight seal
yet permit opening during times of winter sun.
These curtains create a dead air space. With a
reflecting layer on the outer surface, such in-
sulating cunains can also be vsed to reduce solar
heat gains in summer.

Another option is to insulate the windows
with insulating shutters. Depending upon its
thesmal resistance, an insulating shutter can re-
duce conduction heat loss through a window by
a factor ranging from two to ten. Shutters also
reduce radiative heat transfer from warm bodies
1 the cold window glass and, depending upon
construction, can practically eliminate air leak-
age. But window insulation can be very expen-
sive, and it is not effective unless it is properly
used more than 75 percent of the time. If its
use canaot be guaranteed when operated man-
ually, it should either have automatic controls
that respond to light levels, or it should be passed
up in tavor of a special glazing, which works
24 hours a day without help.

HIGH-PERFORMANCE GLAZING

High-performance glazings are making their mark
in new home construction. and may soon take
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the place of three layers of glass or two layers
of glass with night insulation. These special
windows are made to reduce heat loss. Their
main advantage is that they cut heating bills
over a 24-hour period.

There are only two approaches to improving
the performance of a window: design it to trans-
mit more light (i.e., heat) into the house, or
manufacture it to lose less heat out. For years,
low-iron glass was the solution to the first. Mul-
tiple glazings and window insulation sotved the
second.

In the 1970s, a vacuum-coated polyester film
called Heat Mirror™ was introduced. Sus-
pended between two panes of glass, the film
allows less heat to escape by creating two in-
sulating air spaces. But in addition, the coating
itself is very selective in the wavelengths of
radiation it transmits. Visible and near-infrared
light pass through easily. But once changed to
heat, the energy has a hard time passing back
out becanse Heat Mirror™ reflects long-wave
radiation (heat) back in. When placed between
two layers of glass, it makes a lighter window
than one made with three panes of glass (also
cheaper to install), and has an R-value greater
than 4.0.

Glass manufacturers took this vacuum-de-
posited metal oxide *‘sputtering’’ process a step
further in the early 1980s and developed a proc-
e€ss to "'soft’” coat glass. The coating is placed
on an inner surface of an insulated glass unit.
By being inside the secaled air space betwesn
the two layers of glass, the low-emissivity coat-
ing is protected from moisture, which can de-
stroy it. These soft-coated windows have R-
values greater than 2.0. (See table, ‘*Glazing
Properties.’”) That is slightly less than triple-
glazed units, but the small difference is made
up in lower costs and lighter weight.

In the mid-1980s, glass manufacturers de-
veloped a way to make a tougher coating that
needs no special handling or protection. As the
glass comes off the float line, the metai-oxide
coating is sprayed onto the hot glass and be-
comes an integral “‘hard’’ coat as the glass
cools. This pyrolitic process produces windows
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GLAZING PROPERTIES
Glazing Air Transmittance  Shading Winter
/8" Space {Solar) Coefficient  U-Value
Single - 0.85 1.00 1.16
Double 1/4" 0.74 0.90 0.55
Triple 1/4" 0.61 0.85 0.39
Double,
with low-¢
soft coat on outer
surface of inner pane  1/4" 0.52 0.74 0.44 .

Double,

with low-¢

hard coat on outer

surface of inner pane  1/4"
Triple.

with Heat Mirror

between two

glass panes /8"
Tripane,

with anti-reflective

film between two

glass panes 3/8"
Quadpane,

with two anti-reflective

films between two

glass panes 38"

with slightly lower R-values than the sofi-coats.
but a longer life makes them more aitractive.

Another high-performance film increases
window efficiency by transmiiting more light.
Anti-reflective glazings such as 3M Sungain®™
have R-values of 3.85 wher two layers are sus-
pended in a double-glazed window called Quad-
pane™. These windows have a solar transmittance
of 0.63—better than the quadrupled glass trans-
mittance of 0.50. The units are also available
with one layer of film called Tripane™. Added
benefits of both low-emissivity and anti-reflec-
tive glazings are warmer interior glass surfaces
for greater comfort and less condensation, lighter
weight for easier installation, and less intetior
fabric fading because they block more ultraviolet
light.

INSULATION

The only way further to reduce heat loss through
air-tight walls, floors, and roof’s is to add more
resistance to this heat fow. Insulation retards
the flow of heat, keeping the interior surfaces
warmer in winter and cooler in summer. Be-
cause of radiation heat transfer from your body
to the walls (which can be 8°F to 14°F colder
than the room air during winter if the walls are
poorly insulated), you can feel cold and uncom-
fortable even when the room air is 70°F, Elim-
inate this **cold-wall effect’’ by adding insulation
and you will feel comfortable at lower ther-
mostat settings.

Lowering the thermostat is the easiest way
to reduce winter heating cost (but perhaps the
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most difficult for many of us to accept). The
heat loss through walls and windows is pro-
portional to the difference between indoor and
outdoor temperatares. Reducing this difference
can definitely reduce your heat loss. You can
do this without undue discomfort by wearing an
extra sweater, or by using more blankets while
sleeping. The accompanying table shows that
lowering the thermostat at night does save en-
ergy. A nightly 10°F setback reduces energy
consumption by at least 10 percent in every city
listed.

Well-insulated buildings also foster more
umiform distribution of air temperatures. The
air adjacent to cold. uninsulated walls cools,
becomes more dense, and falls to the fioor, dis-
placing the warm air. These “*ghost’” drafts are
considerably reduced in well-insulated houses.
You can reduce the U-value of an exterior sur-
face, and consequently its heat loss. by adding
more insulation. However, your investment for
insulation will quickly reach the point of di-
minishing return. For example, by adding two
inches of polystyrene board insulation to the
exterior of a concrete wall, you can reduce its
U-value from 0.66 to 0.11, an 83 percent de-
crease in heat loss. Adding another two inches
of polystyrene lowers the U-value to 0.06, an
additional savings of only 7.5 percent. Your
money may be better spent on extra window
glazing and weatherstripping, depending on your
climate.

R-VALUES OF COMMON INSULATORS

R-Values
Insulation Forone Inside 2x4 Inside2x6
Marerial inch stud wall*  stod wall*
Vermiculite 25 11.9 16.9
Mineral wool 30 1.7 19.7
Fiberglass 35 15.5 124
Polystyrene 4.0 17.2 25.2
Cellulose fiber 4.5 18.9 279
Urethane 6.5 259 38.9
Polyisocyanurate 7.0 21.7 41.7
Phenolic foam £.3 322 48.8

* Includes insulating value of siding, sheathing, and
air films, but not the effects of direct conduction
through framing versus insulation.

SOURCE: E. Eccli. Low-Cost Energv-Efficient Shelter.

PERCENT FUEL SAVINGS WITH NIGHT
THERMOSTAT SETBACK FROM 75°F
(8-hour setback: 10 pm to 6 am)

Setback
City 59F 7.59F 10°F
Atlanta 11 13 15
Boston 7 9 11
Buffalo 6 8 10
Chicago 7 9 11
Cincinnati 8 10 12
Cleveland 8 10 12
Dallas ] 13 15
Denver 7 9 11
Des Moines 7 9 ]
Detroit 7 9 ]
Kansas City ] 10 12
Los Angeles 12 14 16
Louisville 9 1 13
Milwaukee 6 8 10
Minneapolis 8 10 i2
New York City 8 10 12
Omaha 7 9 11
Philadelphia 8 10 12
Fittsburg 7 9 I
Porttand 9 3] 13
Salt Lake City 7 9 B
San Francisco 10 12 14
8t. Louis 8 Ty 12
Seattle 8 10 12
Washington, DC 9 11 13

SOURCE: Minneapolis-Honeywell Data.

The placement of insulation is also impor-
tant. First, you should insulate roofs and the
upper portions of walls. Warm air collects at
the ceilings of rooms, producing a greater tem-
perature difference there between indoor and
outdoor air.

Six inches of fiberglass batt insulation (R-
19} for roofs and 3.5 inches (R-11) for walls
were once the standards in cold climates. These
standards are being quickly accepted in mild
climates and greatly upgraded to R-38 and R-
19 in cold ones. In extreme cold, builders are
installing R-60 roofs and R-25 to R-40 walls.
These are the **superinsulated’” buildings. Rigid
board insulation installed outside the framing
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Adding rigid board insulation to exterior stud walls—plan view.

of conventional stud walls gives even better R-
values because it slows the heat loss through
the uninsulated wood frame, which can repre-
sent 15 to 25 percent of the total wall area.
Construction details for adding such insulation
are shown in the diagrams.

Attic insulation is the most crucial because
substantial amounts of heat are lost in winter
and gained in summer. An R-valuc of 20 to 30
can be obtained by applying thick blanket, batt,
loose-fill. or poured insulation on the ceiling
framing or directly on top of existing insulation.
If the attic roof is too low. you can have a
contractor install blown insulation. If neither is
possible, wait until re-roofing time and add rigid
board insulation.

The insulation of an existing stud wall is
limited by the wall thickness. The only insu-
lating materials that approach or exceed the de-
sired resistance of 19 in a standard 2 X 4 stud
wall are cellulose fiber or urethane. Mineral
wool and fiberglass insulation won’t do it (see
table). Trying to compress these insulators to
increase their resistance will have the opposite
effect after a point—compression reduces the
air spaces needed to slow the flow of heat. If
you are fortunate enough to have 2 x 6 studs,
you have many choices.

Cellulose fiber or polystyrene beads can be
blown into wood frame walls, although holes
will have to be bored in the interior wall be-
tween studs and above and below the fircbreak.
Later somone will have to patch the holes, pro-
viding you with an opportunity to use a vapor
barrier paint. The other alternative—installing
blanket or batt insulation—requires ripping out
the interior walls. This makes sense only if the
walls need replacing.

For masonry walls, one method is to blow
toose-fill or foam insulation into the existing air
spaces. This approach is possible if the plate
for the ceiling rafters doesn’t cover the concrete
block cores or the cavity wall construction. Rigid
board insulation can also be placed on the out-
side of a masonry wall and replastered or cov-
ered with siding.

Insulate floors and foundations last. Tacking
foil-backed insulation supported by wire mesh
to the underside of the floor (leaving a half inch
air space) can provide a high resistance. If there
isn’t enough room to get under the house, seal
the foundation but leave a few ventilation open-
ings. For basements being used as living space,
insulate the foundation walls all the way to the
floor (interior) or footing (exterior).
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Once the house is insulated well to retatn solar
or auxilary heat, it can be designed to act as a
solar collector. Although the color, orientation,
and shape of the house are important, the most
significant factors in capturing the sun's energy
are size and placement of windows. Openings
in shelters are the origin of present-day win-
dows: they were used for the passage of people
and possessions, and for natural ventilation and
lighting. These openings also allowed people to
escape from indoor drudgeries by gazing off
into sylvan surroundings. But the openings also
had their discomforts and inconveniences. An-
imals and insects had free access, the inside
temperature was difficult to regulate, and hu-
midity and air cleanliness could not be con-
trolled.

Although glass has been dated as early as
2300 BC. its use in windows did not occur until
about the time of Christ. And only in the present
century have the production and use of glass
panes larger than eight or twelve inches on a
side become possible. As the technology and
economics improve, glass is replacing the tra-
ditional masonry or wood exterior wall. But the
design problems accompanying this substitution
have often been ignored or underrated,

Besides reducing the amount of electricity
needed for lighting. glass exposed to sunlight
captures heat through ihe greenhouse effect ex-

4
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plained earlier. Glass readily transmits the short-
wave visible radiation, but does not transmit the
long-wave thermal radiation emiited after the
light changes to heat when it hits an interior
surface. Almost all this thermal radiation is ab-
sorbed in the glass and a substantial part of it
is returned through radiation and convection to
the interior space.

Experimental houses were built in the 1930s
and 1940s with the major parts of south-facing
walls made entirely of glass. The most extensive
work with these ‘‘solar houses’™ was done by
F.W. Hutchinson at Purdue University. In 1945,
under a grant from Libbey-Owens-Ford Glass
Company, he built two nearly identical houses.
They were thermally and structurally the same,
except that one house had a larger south-facing
window area. Based on the performance of these
two houses, Hutchinson reported that ‘‘the
available solar gain for double windows in south
walls in most cities in the U.S. is more than
sufficient to offset the excess transmission loss
through the glass.™

Hutchinson also conciuded that more than
twice as much solar energy is transmitted through
south-facing windows in winter than in sum-
mer. If the windows are shaded in summer. the
difference is even greater. For a fixed latitude,
the solar intensity does not vary strongly with
the outside air temperature, but heat loss does.
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SCLAR BENEFIT VALUES

Average  Net Heat Gain Average  Nel Heat Gain
Percent Heating Buwy/ihr fi2) Percent Heating Biuw/(hr fl-?!
Possible  Season  Single Double Possible ~ Season  Single Double
City Sunshine Temperature glass  plass City Sunshine Temperature glass glass
Albany, NY 46 35.2 -12.8 5.6 Jacksonville, FL. 40 62.0 13.9 (8.1
Albuquerque, NM 77 470 18.0 0.2 Joliet, IL 53 40.8 29 12.8
Atlanta, GA 52 51.5 9.0 18.8 Lincoln, NB 61 ¥7.0 -2.2 15.3
Baltimore, MD 55 438 2.0 159 Little Rock. AR 51 51.6 8.5 18.3
Birmingham. AL 51 538 109 195 Louisville, KY 51  45.3 1.5 146
Bismarck, ND 55 24.6 -20.1 4.0 Madison, WI 50 78 -1.6 9.5
Boise, 1D 54 452 229 16.0 Minneapolis. MN - 53 9.4 -15.7 58
Boston, MA 54 3R 5.2 11.7 Newark, NJ 55 434 1.4 15.5
Burhinplon, VT 32 S -19.5 9 New Orleans, LA 37 61.6 1.7 16.1
Chauanooga, TN 50 49.8 59 16.7 Phuenix, AZ 59 595 219 2715
Cheyenne, WY 67 41.3 57 209 Portland. ME 52 138 -1.2 120
Cleveland, OH 4 2 -13.7 37 Providence, RI 54 37.2 6.1 .3
Cotumbia, SC 51 540 1.2 19.6 Raleigh, NC 57 500 -10.0 20.6
Concord, NH 52 333 -12.0 7.4 Reno, NV o4 45.4 8.6 21.7
Dallas. TX 47 525 7.1 164 Richmond, VA 549 47.0 8.0 20.2
Davenport, [A 54 4.0 -3 12.8 St. Louwis. MO 57 436 2.6 16.6
Denver. CO 70 89 5.2 21.7 Salt Lake City, UT 89 40.0 0.0 159
Detroit, Ml 43 58 4.1 440 San Francisco, CA 62 54.2 17.3 2587
Eugene, OR 44 50.2 37 13.2 Seattle, WA 34 46.3 -1.3 5.2
Harrisburg, PA 50 43.6 -15 t2.5 Topeka, KS 6l 42.3 iR 184
Hanford, CT 53 428 -3 . Tulsa, OK 56 48.2 7.4 19.0
Helena, MT 52 40.7 -33 12.2 Vicksburg, MS 35 56.% 107 17.7
Huron, 5D 58 28.2 -14.1 8.0 Wheeling, WV 41 36.1 A7 9.0
Inchianapolis. IN- 51 40.3 46 11.2 Wilmington. DE 56 45.0 A7 16.9

Consequently. the use of glass has greater po-
tential for reducing winter heating demand in
mild climates than in cold climates,

There are a number of reasons that the quan-
tity of solar energy that gets through a south
window on a sunny day in winter is more than

The table of *"Solar Benefit Values'™ gives
us plenty of evidence for this potential. Many
of the cities studied showed net energy gains
through single glass (a negative number rep-
resents a net Joss), and all 48 cities studied
showed net gains through double glass. The
losses through single glass in some cities should
be compared 1o the heat toss through a typical
wall that the glass replaces.

that received through that same window on a
sunny day in summer.

1. There are more hours when the sun shines
directly on a south window in winter than in
summer. At 40°N latitude. for example, there
are 14 hours of possible sunshine on July 21,
but the sun remains north of east until 8:00 a.m.
and goes to north ot west at 4:00 p.m.. so that
direct sunshine occurs for only eight hours on
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SUMMER WINTER
Toar ©VOF  T,y= 75°F Toup =25°F  Tin » 70°F
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GLASS
Solar heat gains through clear, heat-absorbing, and
reflecting single glass. Listed values are in Btu per hour.
the south wall. But on January 21, the sun is 3. Since the sun is closer to the southermn
shining on the south wall for the full ten hours  horizon during the winter, the rays strike the
that it is above the horizon. windows closer to perpendicular than they do

2. The intensity of sunlight hitting a surface  in the summer when the sun is higher in the
perpendicular to the sun’s rays is about the same  sky. This means less is reflected and more is
in summer and winter. The extra distance thai  transmitted. At 40°N latitude, 200 Btu strike a
the rays must travel through the atmosphere in square foot of vertical window surface during
the winter is offset by the sun’s closer proximity  an average hour on a sunny winter day. whereas
to the eanth in that season. 100 Btu is typical for an average summer hour.

46




=

Different glass types are recommended
for limiting summer heat gain for various
window orientations.

[n addition to these etfects, the diffuse radiation
from the winter sky is double that from the
summer sky.

GLAZING

The type of glazing you use can have a signif-
icant effect on energy gains and losses. Single
sheets of clear. heat-absorbing, and reflecting
glass all lose about the same amount of heat by
conduction. But there is a great difference in
the amount of solar heat transmitted through
different types of glass. as shown in the first
table. The percentage summer and winter heat
gains for single-glazed units of clear, heat-ab-
sorbing. and reflecting glass are summarized in
the second table. The accompanying diagrams
will give you an idea of the net heat gains for
vinous combinations of single and double glass.
The percentage of solar heat gain includes a
contribution from heat conduction through the
glass. The heat gains are approximate for the
sunny day conditions shown, and no attempt
has been made to account for the ditfering solar
angles in summer and winter.

To reduce summer heat gain, you might use
reflecting glass on the outside and clear plass

Direct Gain Systems

on the inside of two-pane windows facing into
the sun. Unfortunately, this combination drast-
ically reduces the winter heat gain, and is not
recommended for south-facing glass. Two clear
panes of glass, low-emissivity double-glazed
units (with the special coating on ihe outer sur-
face of the inner pane), or anti-reflective triple-
or quadruple-glazed units, are generally rec-
ommended for windows used for solar heat gain
in winter. In either case, you must still use
shading, natural and artificial, to keep out the
hot summer sun.

In many climates, keeping the sunshine out
during warm weather is very important to hu-
man comfort. In such areas, the use of special
glazings is one alternative, especially for the
east and west sides. The important factors to
consider in the use of specialized glass bear
repeating:

1. Such glass does reduce solar heat gain,
which can be more of a disadvantage in the
winter than an advantage in the summer.

2. Except for their higher insulating values,
special glazings are almost always unnecessary
on north, north-northeast, and north-northwest
orientations. Reflecting and heat-absorbing glass
only helps to control glare.

3. In latitudes south of 40°N, heat absorbing
and reflecting glass should not be considered
for south-facing windows,

4. The use of vegetation or movable shading
devices is a more sensible solution than the use
of heat-absorbing or reflecting glass for south,
southeast, and southwest orientations.

SOLAR TRANSMITTANCE

Glazing Type

Single, clear 0.85
Double, clear 0.74
Triple. clear 0.6l
Triple, low-e film 0.46
Quad, clear 0.50
Double, low-e coating 0.52
Triple, anti-reflective film 0.66
Quad. anti-reflective film 0.63
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PERCENTAGE HEAT GAIN THROUGH CLEAR.
HEAT-ABSORBING AND REFLECTIVE GLASS

Glass Type Summer  Winter
Single Glazing
Clear 97 68
Heat-absorbing ' 86 41
ReflectiveZ 58 19
Double Glazing
Clear outside & inside 83 68
Clear outside/
heat-absorbing inside 74 52
Clear outside!
reflective inside 50 42
Heat-absorbing outside/
clear inside 42 28
Reflective outside/
heat-absorbing inside 31 17

1. Shading coefficient = (.5.
2. Shading coefficient = 0,35,

The four {(or more) sides of a building need
not, and in fact should not. be identical in ap-
pearance. Substantial savings in heating and
cooling costs will result from the use of well-
insulated walls on the north, east and west. The
few windows needed on these sides of the house
for lighting and outdoor views should use the
glazing methods advocated here. In most areas
of the United Siates, double-glazed clear glass
windows or high-performance glazings on the
south sides provide the optimum winter heat
gain.

SHADING

Through the intelligent use of shading. you can
minimize the summer heat gain through your
windows. Perhaps the simplest and most effec-
tive methods of shading use devices that are
exterior to the house, such as overhangs or awn-
ings. One difficulty with fixed overhangs is that
the amount of shading follows the seasons of
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the sun rather than the climatic seasons. The
middle of the surmmer for the sun is June 21,
but the hottest times occur from the end of July
to the middle of August. A fixed overhang de-
signed for optimal shading on August 10 causes
the same shadow on May 1. The overhang de-
signed for optimal shanding on September 21,
when the weather is still somewhat warm and
solar heat gain is unwelcome, causes the same
shading situation on March 21, when the weather
is cooler and solar heat gain is most welcome.

Q\J;/,,,’//

—rr

%N

Shading a south window with a fixed

overhang (at solar noon).
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Sizing Overhang:

Overhangs can be effective shades for large  The 1able lists the declination angles for the
south-facing vertical window areas. How much  21st dav of each month. In this case-
shade you want and when you want it depends
on the home’s heating and cooling load. You
can size an overhang by choosing what months
you want shade and how much of the window
you want shaded (e .g.. all or half the window).
The depth of the overhang (0) and how high it
is sepurated from the window (S) are found with
simple trigonomeiry:

A=90~-L+D=90—-40+23=73
B =90 -40+ 0 =50

Q= Hi{tan A — tan B)

Fies T3 P _
= Hftan 73 — iun 506 = 1.92

S=DtwnB = 1.92 tan 50 = 2.29

In this case, the overhang would need to be
S=Ditnhk almost rwo feet deep and its lower edge would
be over iwo feet above the window. If vou could
accept full shade on June 21st. Sut no shade
on December 2 1st (and henes some shading on
September 21st). the overhang could be shal-
lower and closer to the top of the window:

O = Hiitan A — tan B)

where H is the heigint of the shadow (measured
down from the bottom of the overhang), A is
the summer noon profite angle. and B is the
winter noon profile angle.

The profile angle is difficult to envision. The

figure shows that it is the angle between the A=9 —40+ 23 =73
horizon and the sun's rays, in a vertical plane
perpendicalar to the window. The noon profile B =90 —40 - 23 =27
angle is equal to (90 ~ L + D}, where L is
the latitude of the site and D iy the declination O = ditian 73 — tan 27}
of the sun. = .45 ft tdeepi

Let's say you fived at 40°N latitude, and vou
wanted full shade on a four-foor high window S = 145 1an 27

on June 21st and no shade on Seprember 2 151,

0.74 f1 (8 in) above the window.

OVERHANG
MONTHLY SOLAR DECLINATIONS

- ) ¥
Month (Day 21) Declination SOLAR
- ALTITUDE H
December -3
January/November -0
February/October -10 HADE
March/Seplember 0 SOLAR
April/August +li.6 AZIMUTH i
May/luty +20
June +21
TRUE
SOUTH
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Vegetation. which follows the climatic sea-
sons quite closely, can provide better shading
year round. On March 21, for example, there
are no leaves on most plants, and sunlight will
pass readily (except through oak trees, which
do not lose their leaves until late fall). On Sep-
tember 21, however, the leaves are still full,
providing the necessary shading. Placement of
deciduous trees directly in front of south-facing
windows can provide shade from the intense
midday summer sun. But watch out for trees
with dense, thick branches that still shade even
without their leaves. Even better is an over-
hanging trellis with a climbing vine that sheds
its leaves in winter. Unfortunatety, stalks re-
main and produce considerable shading in the
winter as well. so the vines must be cut back
in the fall.

Movable shading devices are even more ame-
nable to human comfort needs than fixed ov-
erhangs or vegetation, but they have their own
problems. Movable shading devices on the out-
sides of buildings are difficult to maintain and
can deteriorate rapidly. Awnings are perhaps
the simplest and most reliable movable shading
devices, but their aesthetic appeal is limited.
The requirement for frequent human interven-
tion is often seen as a drawback. Operablc shad-
ing placed between two layers of glass is not
as effective as an exierior device, but it is still
more effective than an interior shading device.

UV-TRANSMITTANCE
Cilazing Type
Single, clear (.78
Duouble, clear (.64
Triple, clear 0.51
Triple. low-¢ lilm 0.43
Quad, clear 0.41
Daouble, low-e coating 0.29
Triple, anti-reflective film 0.06
Quad. anti-reflective film 0.02

Mini-blinds between glass panes can be expen-
sive. Interior shading devices, such as roller
shades and draperies, give the least effective
shading but offer versatile operation by the peo-
ple inside. And they do keep direct sunlight
from bleaching the colors of walls, furniture,
and floors. (The high-performance glazings are
also effective in reducing this bleaching effect
because they block more ultraviolet light than
ordinary glass. The table lhists the ultrayiolet
transmittance of different glazings.)

East- and west-facing glass is extremely dif-
ficult to shade because the sun is low in the sky
both early morning and late afternoon. Over-
hangs do not prevent the penetration of the sun
during the summer much more than they do
during the winter. Vertical louvers or extensions
are probably the best means of shading such
glass, but you might consider reflecting and heat-
absorbing glass or high-performance glazings.
For this purpese, you should be familiar with
the values of the shading coefficient of the var-
ious glasses. A single layer of clear, double-
strength glass has a shading coefficient of 1.
The shading coefficient for any other glazing
system, in combination with shading devices,
1s the ratio of the solar heat gain through that
system to the solar heat gain through the double-
strength glass. Solar heat gain through a glazing
system is the product of its shading coefficient
times the solar heat gain factors. The solar heat
factors for 40°N latiiude were listed earlier. The
ASHRAE Handbook of Fundamentals has a
complete list for other latitudes.

SUN PATH DIAGRAMS

It is usually necessary to describe the position
of the sun in order to determine the size of a
window shading device. Earlier, we described
the sun’s path in terms of the solar altitude angle
(8) and the azimuth angle (d). These can be
determined for the 2ist day of any month by
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COEFFICIENTS FOR VARIOUS SHADING CONDITIONS

Condition Coefficient
Clear double-strength glass, 1/8", unshaded 1.00
Clear plate glass, 1/4", unshaded 095
Clear insulating glass. two panes 1/8" plate, unshaded 0.90
Clear insulating glass, three panes 1/8" plate, unshaded 0.85

Double-glazed unit, §/8" glass with low-e hard coat on surface 3, unshaded
Clear insulating glass, two panes 1/4” plate. unshaded

Clear insulating glass, threé panes 1/4" plate. unshaded

Double-glazed unit, I/8" glass with low-¢ sofi coal on surtace 3, unshaded

Clear glass with dark interior draperies

Heat-absorbing 1/4” plate glass, unshaded
Triple-giazed unit. /8" glass with low-e soft coat on surface 5. unshaded
Tripie-glazed uait. 1/8" glass with low-e suspended film, unshaded

Blue reflective 1/4" glass, unshaded

Clear glass with light interior venetian blinds
Heavy-duty grey heat-absorbing 1/27 glass, unshaded
Heavy-duty grey heat-absorbing 1/2" glass with dark interior drapes

(or medium venetian blinds)
Silver reflective 1/4” glass, unshaded

Silver reilective 1/4" glass with interior drapes or venehian blinds

Clear glass with exterior shading device

0.84
0.33
0.78
0.72
0.69
0.68
0.67
0.62
0.58
0.55
0.50
0.42

0.23
0.19
0.12

using tables, or can be calculated direc*ly from
formulas. Another method for determining solar
altitude and azimuth for the 21st day of each
month s the use of sun path diagrams. A dif-
ferent diagram is required for each latitude, al-
though interpolation between graphs is reasonably
accurate. Diagrams for latitudes from 24°N 10
52°N are provided in the appendix. The 40°N
diagram is reprinted here as an example.

You can also use sun path diagrams to de-
terrmne the effects of shading devices. There
are two basic categories of shading—a hori-
zontal overhang above the window or vertical
fins to the sides. As shown in the diagram, the
shading angles a and b of these two basic ob-
structions are the two important variables avail-
able to the designer. The broader the overhang
or fin, the larger the corresponding angle.

Each basic shading device determines a spe-
cific shading mask. A horizontal overhang de-
termines a “‘segmental’” shading mask while

vertical fins determine a *‘radial’* one. These
shading masks are constructed with the help of
the shading mask protractor provided here. These
masks can then be superimposed upon the ap-
propriate sun path diagram for your latitude to
determine the amount of shading on a window.
Those parts of the diagram that are covered by
the shading mask indicate the months of the
year (and the times of day) when the window
will be in shade.

Sun path diagrams and the shading mask pro-
tractor can also be used to design shading de-
vices. If you specify the times of year that shading
15 needed and plot these on the appropriate sun
path diagram, you have determined the shading
mask for your desired condition. The shading
angles a and b can be read from this mask using
the shading mask protractor. From these angles
you can then figure the dimensions of the ap-
propriate shading devices.

51



The New Solar Home Book

Use of Sun Path Diagrams

A sun path diagram is a projection of the sky
vault, just as a world map is a projection of the
globe. The paths of the sun across the sky are
recorded as lines superimposed on a grid that
represents the solar angles. Sun path diagrams
can be used to determine these angles for any
date and time. Different sun path diagrams are
needed for different latitudes.

As an example, find the solar altitude and
azimuth angles at 4:00 p.m. on April 21 in
Philadelphia (40°N). First locate the April
line—the dark line running left to right and
numbered IV for the fourth month—and the
£:00 p.m. line—the dark line running vertically
uand numbered 4. The intersection of these
lines indicates the solar position ot that time
and day, Solar altitude is read from the con-
cemtric circles—in this case it’s 30 degrees. The

40N LATITUDE

SOURCE. Ramsey and Sleeper,

solar azimuth is read from the radial lines—in
this case ir's 80 degrees west of true south. If
you trust your judgement, you can also use these
diagrams to give you the solar positions on days
other than the 21st of each month.

The shading mask protractor provided here
will help you to construct masks for any shading
situation. First determine the shading angle of
the horizontal overhang or vertical fins, as shown
in the figure. For a horizontal overhang, find
the arc corresponding to angle *‘a’* in the lower
half of the shading mask protractor., All the area
above that arc is the segmental shading mask
Jor that overhang. For vertical fins, find the
radial lines corresponding to the shading angle
B’ in the upper half of the shading mask pro-
tractor. All the area below these lines is the
radial shading mask for those fins.

BAHADING MAGSK FROTRACTOM

Architecturat Graphic Siandurds.
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HORIZONTAL OVERHANG VERTICAL FINS

SEGMENTAL MASK

RADIAL MASK

Determining masks for horizontal and vertical shading obstruc-

tions, Use the shading mask protractur to convert a particular
shading angle into the corresponding mask.
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The House as a Heat Storehouse

A vital question in a solar-heated house is where
to store the heat. When the house is used as the
solar collector, it needs a method of ‘‘soaking
up’’ or storing heat so it doesr’t become too
hot when the sun is shining, and retains some
of this heat to use when it isn’t. Probably the
most efficient heat storage comtainer is the ma-
terial of the house itself—the walls. floors, and
roofs. All materials absorb and store heat as
they are warmed. For exampie, water or stone
will absorb more heat for a fixed temperature
rise than straw or wood. Heavy materials can
store large quantities of heat without becoming
too hot. When temperatures around them drop,
the stored heat is released and the materials
themselves cool down.

This heat storage capaciry of various mate-
rials can be used to store the sun’s heat for later
use. Solar energy penetrates through walls, roofs.
and windows to the interior of a house. This
solar heat is absorbed in the air and surrounding
materiais. The air in the house is likely to heat
up first. It then distributes this heat to the rest
of the matenals via convection. If they have
already reached the temperature of the air or
cannot absorb the heat quickly, the air continues
to warm 2nd overheats. The greater the heat
storage capacity of the materials in the house,
the longer it will take for the air to reach un-
comfortable temperatures and the more heat can
be stored inside the house.
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If it 1s cold outside when the sun sets, the
house begins Josing heat through its exterior
skin, even if it is well insulated. To maintain
comfortable temperatures, this heat must be re-
placed. In houses which have not stored much
solar keat during the day, auxiliary heating de-
vices must provide this heat.

If the interiors are massive enough, however,
and the solar energy has been allowed to pen-
etrate and warm them during the day, the house
can be heated by the sun, even at night. As the
inside air cools, the warmed riatenals replace
this lost heat, keeping the rooms warm and cozy.
Depending upon the heat storage capacities of
the inside materials, the amount of solar energy
penetrating into the house, and the heat loss of
the house, temperatures can rema’n comfortable
for many hours. Really massive houses can stay
warm for a few days withovt needing auxiliary
heat from fires or furnaces.

During the summer, a massive house can also
store coolness during the night for use during
the hot day. At night, when outside air is cooler
than it is during the day, ventilation of that air
into the house will cool the air and all of the
materials inside. Since they will be cool at the
beginning of the next day, they can absorb and
store more heat before they themselves become
warm—ocooling the indoor air as they absorb
heat from it. Thus. if the materials are cool in
the morning, it will be a long time before they



have warmed to the point that additional cooling
is needed to remove the excess heat.

TEMPERATURE SWINGS

The effects of varying outdoor temperatures upon
the indoor temperatures can be very different
for different types of houses. The first graph
shows the effects of a sharp drop in outdoor
temperature on the indoor temperatures of three
types. Of the three, a lightweight wood-frame
house cools off the fastest. It has little heat
stoted in its materials to replace the heat lost to
the outside. A massive structure built of con-
crete, brick, or stone maintains its temperature
over a longer period of time if it is insulated on
the outside of the walls. The heavy materials
which store most of the heat are poor insulators,
and they must be located within the confines of
the insulation.

A massive house set into the side of a hill or
covered with earth has an even slower response
10 a drop in the outdoor air temperature. Ideally,
the interior concrete or stone walls in this house
are insulated from the earth by rigid board in-
sulation. One or two walls can be exposed to
the outside air and s1ill the temperature wiil drop
very slowly to a temperature close to that of the
carth.

The second graph shows the effects of a sharp
rise in outdoor temperature on the same three
houses. Again, the lightweight house responds
the fastest to the change in outdoor temperature:
in spite of being well-insulated. its temperature
rises quickly. The heavy houses. however, ab-
sorb the heat and delay the indoor temperature
rise. The house set into a hill or covered with
earth has the longest time delay in its response
to the outdoor air change; if properly designed.
it inay never become too warm.

The effects of alternately rising and falling
outdoor air temperatures on indoor air emper-
atures are illustrated in the third graph. Without
any sources of internal heat the inside air tem-
perature of the lightweight house fluctuates
widely. while that of the earth-embedded house
remams almost constant near the temperature

The House as a Heat Storehouse
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Effects of changes in outdoor air temperature on
the indoor air temperatures of various houses.

of the earth. We say that massive houses, whose
indoor temperatures do not respond quickly to
fluctuations of outdoor temperature, have a large
thermal mass, or thermal inertia,

If a house responds slowly to outdoor tem-
perature fluctuation, you don't need heavy duty
auxiliary equipment to keep the place comfort-
able. Although the fumace in a lightweight,
uninsulated wood-frame house might not be used
much on a cold, sunny day, it mighi have to
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labor at full throttle to keep the house warm at
night. The massive earth-embedded house, on
the other hand, averages the outdoor tempera-
ture fluctuations over a span of several days or
even weeks. A bantamweight heating system
{such as a wood stove, for example) couid op-
erate constantly to assure an even comfort level

throughout the hoise.

All materials vary in their ability to store heat.
One measure of this ability is the specific heat
of a material, which is the number of Btu re-
quired to raise one pound of the material |°F.
For example, water has a specific heat of 1.0,
which means that 1 Btu is required to raise the
temperature of 1 pound of water 1°F. Since one
gallon of water weighs 8.4 pounds, it requires
8.4 Btu to raise it 1°F.

Different materials absorb different amounts
of heat while undergoing the same temperature
rise. While it takes 100 Btu to heat 100 pounds
of water I°F, it takes only 22.35 Btu to heat 100

pounds of aluminum 1°F. (The specific heat of

aluminum is 0.225.) The specific heats of var-
ious building materials and other common ma-
terials found inside buildings are listed in the
accompanying table.

The heat capacity, or the amount of heat
needed to raise one cubic foot of the material
I°F, is also listed along with the density of each
material. Although the specific heat of concrete.
for example. is only one-fourth that of water,
its heat capacity is more than half that of water.
The density of concrete compensates somewhat
for its low specific heat, and concrete stores
relatively large amounts of heat per unit vol-
ume. As heat storage devices. concrete or stone
walls insulated on the outside are superior to
wood-framed walls having a plywood exterior
and a gypsum wallboard interior with fiberglass
tnsulation stuffed between them.
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BUILDING WITH THERMAL MASS

Thermal mass is one of the most underrated
aspects of current building practice. Unfortu-
nately, heavy buildings are hardly the favorite

children of architects and building contractors,

because the visual weight of buildings is an
important aesthetic consideration. Well-insu-
lated homes with reasonable amounts of south
giazing (no more than six percent of the floor
area) usually have enough thermal mass in the
standard building materials without adding more.
Extra thermal mass is now looked at more as
an “‘option’’ than a *‘necessity.”’

Massive fireplaces, interior partitions of brick
or adobe, and even several inches of concrete
or brick on the floor can greatly increase the

SPECIFIC HEATS AND HEAT CAPACITIES
OF COMMON MATERIALS

Specific Heat Densuy Heat Capacity

Material Bw/(lb9F) I/t B OF)
Water (409F) 1.00 62.5 62.5
Sieel] 0.12 489 58.7
Cast iron 0.12 450 54.0
Copper 0.092 556 51.2
Aluminum 0.214 171 36.6
Basal 0.20 180 36.0
Marble .21 162 34.0
Concrete 0.22 t44 31.7
Asphalt 0.22 132 29.0
lce (320F) (.487 575 23.0
Glass 0.18 154 2.7
White oak 0.57 47 26.8
Brick .20 123 24.6
Limestone 0217 103 224
Gypsum 0.26 78 20.3
Sand 0.191 94.6 18.1
White pine 0.67 27 I1%.1
White fir 0.65 27 17.6
Clay 0.22 63 13.9
Asbestos wool 0.20 36 7.2
Glass wool 0.157 3.25 0.51
Air (75°F) 0.24 0.075 0.018




e \ The House as a Heat Storehouse

' \ thermal mass of a house. Placing containers of
) water within the building confines, especially
| in front of a window, is a simple solution.

\ Putting insulation on the ouiside of a house

—— T

is not standard construction practice and in-
volves some new problems. Insulation has cus-
tomarily been placed between the inner and outer
surfaces of a wall. Insulation on the outside of
a concrete or masonry wall requires protection

o

N o] '
“ ggb?;q%ﬂm frqm the weather and contact with people or
"0 - ,. animals.
CONCRETE ~J:. " | " [4° s’fg; fgg"&- In the example shown, three inches of rigid
AERY A ‘ board insulation covers the outside surface of a

poured concrete foundation. Above the surface
of the ground. this insutation must be protected
from rain. physical abuse. and solar radiation
—particularly ultraviolet rays. Below ground
level, it must be protected from the unmerciful
attacks of moisture and vermin. The insulation
could be placed inside the formwork before the
concrete is poured, and the bond between the
two materials would be extremely strong. But
the insulation must still be protected above ground

Insulation on the exterior of a house must be pro-
tected from weather and vermin to at least one foot
below grade.

Storing Heat in a Concrete Slab

Consider a 20 x 40 foot house with a well-
inswlated concrete stub 9 inches thick. Bv 5 p.m.
on January 21, the slub has warmed up 10 75°F
Sfrom sunlight flooding in the south windows.
From that time uniil early the next morning.
the outdoor temperature averages 25°F, while
the indoor air averages 65°F. If the house is
well-insulated and loses heat at u rate of 300
Btu/thr °F), and there is no source of auxiliary
heat, what is the temperature of the slab at 9
o'clock the next morning?

The total heat lost from the house during thas
period is the product of the rate of heat loss
(UA), times the number of hours (h), times the
average temperature difference between the in-
door and outdoor air (AT), or

AH

(UA) (h}AT)
300ci6)65 — 25)
192,000 Bru.

i

"

With a total volume of 600 cubic feet
(2003040.75) und a heat capucity of 32 Bu/
(ft' °F). the concrete slab stores 19,200 Btu for
a I°F rise in its temperature. For a 1°F drop
in its temperature, the slab releases the same
19.200 Btu. If the slub drops 10°F, from 75°F
to 65°F, it will release just enough heat to re-
place that tost by the house during the night.
So the slab drops 1o a temperature of 65°F by
9:00 the next morning.

In reality, things are a bit more complicated.
Bui this exercise helps to give a rough idea of
how much heat vou can store in a concrete slab.
If the house has 200 square feet of south win-
dows. and a solar heat gain of 1000 Budfr® is
tvpical for a sunny January dav. the slab can
store the 200,000 Btu of solar energy with a
temperature rise of about 10°F . The stored solar
heat is then released at night 1o keep the house
warm as the inhabitants sleep.
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level. The most popular alternative is to plaster
the insulation with a ‘‘cementitious’” material
such as fiberglass-reinforced mortar.

Sl
RN,
mbmscr
DIRECT MASS

The three kinds of thermal mass, based
on location.

SIZING MASS

Thermal mass in a building stores heat and re-
leases 1t later to the space when the air tem-
perature around it begins to drop. When sized
propetly. the mass can prevent overheating on
a sunny afternoon, and can keep the auxitiary
heat from turning on until later in the evening.

There are three ways mass can be *“charged.”
that is. heated up. If it is ““direct’” mass, it is
directly hit by the sun for at least six hours a
day. If it is *“indirect™ mass, the sunlight hits
another surfuce first and is reflected onto the
mass. I it1s “remote’” mass. it is charged by
warm air that flows by its surface through nat-
ural or forced convection. Direct, indirect. and
remote mass all charge and discharge on one
side only. as shown in the figure.

The effectiveness of the mass is directly re-
lated to its location. Direct mass stores more
heat than the same surface area of indirect mass,
and much more than remote mass. When you
design. (ry to pluce the mass where the sun
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strikes so that you can get by with as little mass
as possible. This saves on costs.

The table shows the surface area of the three
types of mass needed for each square foot of
south glazing, for different materials of various
thicknesses. The mass must be directly exposed
to the room. Mass in the floor doesn’t count if
it’s covered with carpet. Concrete or brick walls
don’t count as mass if they are hidden behind
a frame wall.

In a well-insulated, light-frame house (R-19
walls, R-38 ceiling, tniple-glazing), the building
materials themselves are enough thermal mass
to allow six to seven square feet of south glazing
for every 100 square feet of heated floor area.
In the average house (R-11 walls R-19 ceiling,
double-glazed), the building material’s thermal
mass allows 11 to 14 square feet of south glaz-
ing for every 100 square feet of heated floor
area. To have more glazing than that, thermal
mass must be added to the building to avoid
overheating.

MASS SIZING: SQUARE FEET OF MASS
NEEDED FOR EACH SQUARE FOOT OF SOUTH

GLAZING
Material Direct Indirect Remole
Thickness Mass  Mass Mass
Concrele 4 4 7 14
6 3 5 14
B 3 5 15
Brick 2 ] 15 20
4" 5 9 I8
R 5 L) 19
Gypsum 0.5" 76 114 114
board 1" R} 57 57
Hardwood 1 17 bt 32
Softwood 1" 2 36 39




Indirect Gain Systems

A grasp of the principles of thermosiphoning—
where the natural bouyancy of heated air or
water is used to circulate heat—is crucial to an
understanding of the passive uses of solar en-
ergy. When heated. air expands and becomes
lighter than the surrounding air. The heated air
dnfts upward and cooler air moves in to replace
.

A thermosiphoning air collector—two views.

You have observed the process of thermo-
siphoning, also called natural convection, at work
in a fireplace. Because the hot air just above
the fire is much lighter than the surrounding air.
it rises rapidly up the chimney. Cooler, heavier
room air replaces it, bringing more oxygen 1o
maintain the flames. Most of the fire's heat is
delivered to the outdoors by this **chimney ef-
fect.”” Thermosiphoning is also a strong force
in passive solar heating systems.
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Damper prevents reverse thermosiphoning.

THERMOSIPHONING AIR PANELS

The simplest lerm of a thermaosiphoning air pane}.
or TAP, is illustrated in the diagrams. The air
in the space between the glass and the blackened
absorber wall is heated. It expands and becomes
highter. nises through the collector, and Nows
into the room [rom a vent at the op. Cool room
atr is drawn through another vent at the base of
the wall. heated in tuen, and returned to the
room at the top. This process continues as long
as there is enough sunlight to push the emper-
aare of the absorber wall above the room air
lemperature.
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Undesirable reverse thermosiphoning
cools the room.
Y

[

0 '

Chimney effect induces natural ventilation in
summer.

To provide greater control of air flows, you
can add a fan to the supply duct of the solar
collector. Faster movement of air across the
absorber surtace boosts the collector efficiency
and allows the use of a smaller air gap between
absorber and glass. These hybrid collectors are
called forced air panels, or FAPs. They differ
from active air collectors only in their smaller
scale and their dependence on the thermal mass
of the buatding itself o prevent the space from
overheating. A fan can also deliver warm air to
other parts of the house, such as north rooms,
or heat storage bins {in which case, they are




active systems). Using fans with a proper com-
bination of windows and wall collectors, you
can simultaneously heat the rooms exposed to
the sun and those in the shade.

Dampers help to control the air flow and pre-
vent the cooling effect of reverse thermosi-
phoning. When the sun isn’t shining, the air in
the collector loses heat by conduction through
the glass and radiation to the outside. As this
air cools, it travels down the absorber face and
flows out into the room. Warm room air is drawn
in at the top to the collector and cooled in turn.
Although this reverse thermosiphoning could be
4 benefit in summer. it is most undesirable in
winter. [t can be prevented by shutting dampers
at mght.

Dampers can operate manually or automat-
iwcally. Natural air currents or fan pressure can
open or close them. You can also use dampers

Detail of tin cans used on absorber,

Indirect Gain Systems

in summer to prevent overheating by inducing
natural ventilation through houses. Cool air can
be drawn into the house from the north side and
warm air expelled by the “‘chimney™” exhaust
system shown here. As with all air-type solar
heating devices. dampers should be simple in
design and operation. They should close tightly
and there should be as few of them as possible.

TAP YARIATIONS

A number of variations on the basic design of
TAPs can improve their performance. These
variations include insulation. improved ab-
sorber surfaces, and dampers and fans to rep-
ulate the Aow of air.

During a sunny winter day, no insulation is
needed between the back of the absorber and

QUARTER SECTIONS
OF CANS

GLASS OR PLASTIC

Low-cost thermosiphoning air collector built onto an exterior wall.
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Cross-section of CNRS wall collector.

the room. To reduce room heat losses on cloudy
days or at mght, however, the wall should be
adequately insulated behind the absorber.

A metal absorber plate isn't an absolute ne-
cessity for a TAP. Since the temperature of the
collector wall does not get extremely high.
blackened masonry or wood surfaces are also
possible, and costs need not be excessive, Al-
ternatives that increase the total absorber sur-
tace can be particularly effective, if they do not
hinder the natural convection air Bow. Rough
surfaces make better absorbers than smooth ones.
Pebbles cast in o blackened concrete wall are a
good example of such an absorber surface. Spe-
cial absorber sheets, made of a selective surface
with an adhestve back. can greatly improve TAP
performance.

Another option (shown in the figure) has tin
cans cut into quarters aind mounted on the stand-
ard plywood sheathing of conventionally-framed
houses.

Some of the most significant work in ther-
mosiphoning air collectors was done at the Centre
National de lu Recherche Scientifique (CNRS)
in Odeillo, France. Under the direction of Pro-
tessor Felix Trombe, this laboratory developed
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several low technology approaches to solar
heatirg. The main building remains an excellent
example of the passive use of solar energy. Its
south, east, and west walls are a composite of
windows and thermosiphoning air panels, which
supply about half of the building’s winter heat.
The TAPs are installed below the windows, be-
tween floors so that the view to the exterior isn’t
btocked.

A cross-sectional view of these collectors is
shown in the accompanying diagram. Black-
ened corrugated metal sheets are located behind
a single pane of glass. Solar radiation passes
through the glass and is absorbed by the metal,
which is contained entirely within the volume
defined by the glass and duct. As the metal
heats, so does the air between the absorber plate
and the glass. The heated air flows upward
through vents into the rooms. Simultaneously.
cooler room air falls through a lower vent and
sinks down between the back of the absorber
and the duct wall. This air returns to the face
of the absorber where it. wo, is heated and
expelled into the rooms.

No provision has been made to store the solar
heat. other than the thermal mass of the building
itself—particularly the reinforced concrete slab
floors. Consequently, the system is most effec-
tive when the sun is shining—almosi 90 percent
of the daytime hours in Odeillo. The air tem-
perature in the offices and laboratories remains
relatively constant during the day. Even during
February, auxiliary heat is required only at night
and on overcast days. Outdoor temperatures are
retatively cool in summer, allowing the use of
cast and west facing collectors., which would
overheat most buildings in hot climates.

MASS WALLS

Heat storage capacity can be added directly to
TAP vertical wall collectors. The overall sim-
plicity of this synthesis of collector and heat
storage is compelling. Large cost reductions are
possible by avoiding heat transport systems of
'ucts, pipes. fans, and pumps. Operation and
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A concrete mass wall collector. Solar collection, heat storage,
and heat distribution are combined in one unit.

maintenance are far simpler, and comfort and
efficiency generally greater. than collectors with
remole storage.

The schematic diagram shows a concrete wall
used as a solar collector and heat storage device.
When sunlight strikes the rough blackened sur-
face. the concrete becomes warm and heats the
air in the space between wall and glass. Some
of the solar heat is carmied off by the air, which
rises and enters the room, but a large portion
of this heat migrates slowly through the con-
crete. The wall continues to radiate heat into
the house well into the night, afier the ther-
mosiphoning action has ceased. In energy-con-
serving buildings with proper insulation levels
and infiltration control. mass walls can be sized
to maintain comfort for two or three days of
sunless weather,

Mass walls are usually constructed without
the vents for spaces used primarily at night. All
day long. the sun’s heat ts driven through the
thick wall, until it reaches the inside surface al
the end of the day. The thicker the wall, the
longer it will 1ake for the heat can be conducted
through the wall. Once it reaches the inside
surface, the heat is delivered to the living space
through radiation and convection currents.

MASS WALL VARIATIONS

A number of variations in the design of concrete
walls is possible. The wall can be constructed
from poured concrete. or hollow masonry blocks
filled with sand or concrete. Empty voids can
be used as air ducts for thermosiphoning. Brick
or adobe can also be used instead of concrete,
and need not be painted btack if dark enough.

There are advantages in making the space
between the concrete wall and the glass covers
wide enough tfor human use. The space can be
used as a porch or vestibule. or even as a green-
house, But the thermosiphoning heat flow to the
interior does not work very well for such large
spaces because the air does not get quite as hot.
Fortunately, there will still be large heat flows
by conduction through the wall and radiation to
the rooms.

Mass walls can also be constructed of other
materials, using water or phase-change mate-
nals to store the heai. Special containers for
water walls and whoie sianufactured units for
phase-change materials are available.

The pioneering work in mass walls was done
at Odeillo under the direction of Professor Trombe
and architect Jacques Michel. Thus mass walls
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made of concrete are often referred to as Trombe
(pronounced Trohm) walls. The first buildings
were two four-room houses, each with a floor
area of 818 square feet and a collector area of
516 square feet. The collectors operate in a fash-
ion similar to the one in the previous diagram,
except that to prevent reverse thermosiphoning,
the lower ducts are located above the bottom of
the collector. Cool air settling to the bottorn at
night is trapped there.

Because they are not very well insulated, the
houses lose about 22,000 Btu per degree day.
Nevertheless, the concrete wall collectors sup-
ply 60 to 70 percent of the heat needed during
an average Odeillo winter, where temperatures
frequently plummet to 0°F. From November to
February, the collectors harvest more than 30
percent of the sunlight falling upon them. Over
a typical heating season, this passive system
supplies about 200.000 Btu (or the usable heat
cquivalent of 2 gallons of oil} per square foot
of collector.

WALL, WINDOW, AND ROOF
COLLECTORS

Ease of construction is perhaps the most im-
portant reason for the emphasis on vertical wall
coliectors rather than sloping rool collectors.
CGlazing is much easier to install, weatherproof,
and maintain in a vertical orientation. The cosl
difterence between windows and skylights is
testimony (o this fact. Builders estimate you can
instatl three windows for every skylight at about
the same cost. It is much easier £ > keep weather
out of vertwcal surfaces than tilted or horizontal
ones. There are fewer structural complications
with walls than with roofs, and you needn’t
worry much about hail or snow build-up. An-
other important architectural constraint of large,
steeply -pitched roof’s is that interior space under
such roofs is ditticultl to use.

The total amount of clear day solar heat gain
on south walls follows the seasonal need very
closely. In most of the United States, the great-
est heat gain on vertical south walls occurs in

64

HUNDREDS OF B

December and January, the coldest months, and
the least occurs in June and July. The mid-
winter clear day insolation on vertical south walls
is only about 10 percent less than that on tilted
roofs facing south. With an additional 10-50
percent more sunlight reflected onto vertical
surfaces from fallen smow, they can acivally
receive more solar heat gain than tilted surfaces.
Other types of reflectors, such as swimming
pools, white gravel, and concrete walks, work
well with vertical collectors. South walls can
be shaded easily in summer, preventing the col-
lector surface from reaching high temperatures.

At first glance, it seems foolish to remove a
window which admits light and heat directly,
only to replace it with an opaque wall sclar
cotlector. But don't forget the advantages of a
mix of windows and collectors: direct gain, in-
direct gain, view, ventilation, and egress. In-
terior wall surface is lost if the entire south
facade is glass. and excessive sunlight can dam-

werhical
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Clear day insolation on horizontal suifaces,
and on south-facing vertical and tilted sur-
faces. Reflected radiation not included.




age furniture, floors, and fabrics. A section of
wall provides an interior space where you may
place delicate objects that could not take direct
sunlight. People also can be very uncomfortable
when the sun shines directly on them. Over-
heating is often a problem with an all-glass wall,
even with massive floors and partitions. But
with solar collectors and heat storage in the
south walls, the excess heat can be transported
to cooler parts of the house or trapped and stored
for later use.

SUNSPACES

Sunspaces are the modern solar equivalent of
attached greenhouses. Originated in Roman times
to meet the demands of Tiberius Caesar for fresh
cucumbers out of season, greenhouses were used
in 19th-century Europe as both a supply of year-
round food and a source of winter heat from
the sun. Called *conservatories™ in England.
they were built in sizes ranging from small win-
dow units 10 room-sized structures.

Today. site-built or prefabricated sunspaces
have become a very popular mode of capturing
the benefits of passive solar heat and making
winter living more cheerful. As a heat source,
a sunspace with 100 square feet of glazing can.
in one winter, otfset up to 250 gallons of heating
oil. 63560 kilowatts of electricity, or 3000 cubic
feet of natural gas. As a greenhouse rather than
primarily a heat source. a sunspace can work
wonders on houseplants, and supply tresh veg-
etables all winter long. Or a sunspace can be
used mainly as additional year-round living space.
{In this case it is a direct-gain system and not
truly a sunspace.) How the space is to be vused
will affect choices of glazing, heat storage ma-
terials. and heat transfer methods.

Glazings and Orientation

Sunspaces collect solar heat through south-fac-
ing glass or plastic glazing. Glass can last a
long time—up 0 50 years if no one throws a
rock through it in the meantime. Using low-iron

Indirect Gain Systems

glass, with solar transmissivity greater than or-
dinary glass, will improve sunspace perform-
ance. Polycarbonate sheets, fiberglass-reinforced
polyesters, and potyethylene glazings are other
choices in sunspace glazing. They can be less
expensive, lighter in weight, and less likely to
break than glass, but they age more quick'v,
losing their strength and appearance.

If the sunspace will only be used as a solar
collector, and closed off from the house at night,
single glazing will do. Single glazing may also
be suitable if you use insulated shutters or shades
that store out of the way in the daytime and
cover the glazing at night. Otherwise, double
glazing shoud be used. (Triple-glazed glass is
only worth the extra cost in severe climates.)
New high-performance glazings are available
for site-built sunspaces with a layer of high
transmittance film sandwiched between two glass
layers. or a low-emissivity coating on the inner
pane of double glazing. They offer a high de-
gree of protection from 24-hour heat loss.

A sunspace should face due south, but up 1o
15 degrees either east or west will have little
etfect on performance. Facing it slightly east
ofters desirable sunlight and warmth in the
morning. The space should not be shaded during
the day. Direct sun should be allowed in at least
from 10:00 a.m. to 2:00 p.m.. and more is
better.

The best glazing angle for collecting winter
sun is between 50 and 60 degrees. But sloped
glazing is difficult 0 seal against leaks year-
round. and is harder than vertical glazing to fit
with window insulation in winter and shades tn
summer. Sunspaces with sloped glazing are
colder at night in the winter and hotter all sum-
mer. Vertical glazing solves these problems,
with only a 10 to 30 percent loss in efficiency.
Ground reflectance trom snow. gravel, or side-
walks can cut this loss in half.

Storing and Moving the Heat

It a sunspace is to be more than a solar collector.
it will need thermal mass to retain the heat when
the sun goes down. A brick or concrete floor
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works well. So do water-filled containers painted
a dark color. Phase-change salts have four to
five times the heat storage capacity of water.
but are expensive and have often proved un-
reliable. Whatever is used should be positioned
to capture direct and reflected solar radiation,
and have as great a surface area as possible.

At least three square feet of concrete or brick
floor (4 to 6 inches thick) or three gallons of
water are required for every square foot of south
glazing. Heat can also be stored in a rockbed
under the sunspace and/or living room floor by
blowing warm air from the sunspace through it.

There are several choices of how to connect
the sunspace and the house. The two spaces can
be open to one another so that the sun's heat
penetrates directly. If you choose this design,
use high-performance glazings or very good in-
sulating shades over double-glazing at night,
and insulate well around the rest of the struc-
ture. or heat loss will be high. (The sunspace
would really be a direct-gain space in this case.)

Double-glazed sliding glass doors are a sec-
ond option. Direct solar radiation can still pen-
etrate the living space, and the view through
the sunspace to the outside can be maintained.
If the doors are left open during the day. warm
air can freely pass to the living area. When the
doors are closed at aight, the sunspace acts as
a thermal buifer, reducing heat losses in adja-
cenl rooms.

A standard wood-frame wall with R-10to R-
15 insulation prevents solar radiation from pass-
ing through, but warm air can pass through open
windows and doors. A solid masoury wall offers
a combination of storage and distribution. If it
is meant to warm only the sunspace. it should
be six to eight inches thick and insulated on the
house side. If the wall's stored heat is to be
shared by the sunspace and living space, it should
be 12 to 16 inches thick. and uninsulated.

A wall made of water containers 6 to 12
inches thick also works well. Water can hold a
great deal of heat and deliver it easily to both
rooms through convection currents in the water
isell. Vents or windows and doors will help
transfer warm air to the living space earlier in
the day.
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Wall openings that allow warm air to pass
through should be included no matter what type
of common wall is used. Warm air can flow
from sunspace to living space through the top
of a doorway or window and cool air can return
through the bottom. This can also be done with
pairs of high am! low vents. There should be at
least 8 square fect of openings for each 100
square feet of south glazing. When they are
closed, the sunspace will act as a buffer against
living area heat loss.

Any outside surface not used for collection
or storage should be well insulated. The side
walls of a sunspace should only be glazed if it
1s to be used for serious plant growing. East-
west exposure supplies a negligible amount of
solar heat. If the layout of the house permits,
it can **wrap around’’ the sides of the sunspace.
thus partly enclosing it. This design reduces
heat loss. offers a place for more thermal mass
than the add-on sunspace, and transfers heat to
a larger area of the house itself.

As in any energy-efficient construction, care
must be taken in putting together a sunspace (o
limit air infiltration. Tight coastruction. weath-
erstripping, and careful caulking to seal cracks
are all imporianl, especially around windows
and vents that open and close.

Shades and vents are absolutely necessary for
summer comfort. A properly-sized fixed over-
hang on vertival south glazing can be sufficient
to keep the sunspace tolerably cool. If the glaz-
ing is tilted, a fixed overhang is impossible, and
exterior shading with vegetation and interior
shading with movable insulation or window
shades are the only options.

Warm air in the winter carries desirable heat
through doors and windows in the common wall
to living rooms inside the house. But in the
summer, that warm air must be vented .utside.
This is usually done with vent openings placed
high and low on exterior walls of the sunspace,
By convection, hot air rises out the top and
draws cooler air in through the bottom.

Fans and thermostatic controllers may be
necessary to move air, especially in the summer
if sloped glazing is used. They can also be used
to raise and lower movable insulation, to keep




Indirect Gain Systems

Sunspaces are atiractive additions to a home, for living space, winter greenery, extra
heat, or a combination of all three. (Photo courtesy of Sunplace, Inc.)
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temperatures more nearly constant automati-
cally.

Sunspace Uses

The combination of design factors in a particular
sunspace depends on its purpose. Is it to be a
greenhouse? ls it purely a solar collector? Will
it be used as a daytime and/or nighttime living
space? Or will it be a combinatton of all three?
Each type has its own design requirements.

A sunspace for serious year-round plant
growing needs light as much as heat. so it should
be plazed all around. Extreme temperatures are
hard on planis, so thermal mass should be in-
cluded to moderate them. Movable insulation
or high-performance glazing are needed for night
protection. Ventilation (both summer and win-
ter) 15 also necessary to promote growth and
control bumidity.

If you opt for a solar living room, night heat
losses are high. so vertical glazing insulated
with movable insulation or special glazings is
called tor. To save heat, the east and west walls
should be well insulated or enclosed by the house
itself.

A sunspace used purely as a solar collector
should have this same end-wall protection. be-
cause east-west glass gains little. Close it off at
night and you can eliminate the cost of movable
insulation and thermal mass.

The combination sunspace is the most
popultar—even though it requires some sacrifice
in the efficiency of any one purpose. Most peo-
ple want the space to serve many purposes. It
should have as many of the features described
above as possible, but compromises will be nec-
essary to balance the various requiremenis of
comforl during the day and night. winter and
summer.

PASSIVE VERSUS ACTIVE SYSTEMS

The real beauty of passive solar design is its
ability to function without external power sources.
But as the three functions of solar heating—
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collection, sterage, and distribution—become
more distinct, external mechanical power is
needed to transport the heat. Natural air flow
on a large scale requires very large ducts that
are too expensive, so a pump or fan is neces-
sary. But how do you know which system will
perform best in your particular situation?

The advent of hand-held calculators and mi-
crocomputers has made three major solar cal-
culations generally usable. For passive solar
calculations. Los Alamos National Laboratory’s
Load Collector Ratio (LCR)} and Solar Load
Ratio (SLR) are the most popular. Each predicts
the performance of direct gain systems, mass
walls. and sunspaces. The LCR method helps
you determine annual performance in the early
stages of designing. The LCR is the building’s
heat loss per degree day divided by the area of
south glazing.

The SLR method determines performance on
a monthly basis. Its more detailed outputs are
useful later in the design process. The SLR is
the ratio of solar gain to heat load. and is used
to find the Solar Savings Fraction (SSF)—the
ratio of the energy savings from solar to the nei
heating load of the same buiding without solar
heat. Qutputs include monthly and annuat SSF,
annual auxiliary energy use, and life-cycle solay
savings.

F-Chart, from the University of Wisconsin,
estimates the performance of passive and active
solar energy systems for space heating, swim-
ming pool heating, and domestic hot water. With
this interactive program, you can analyze air or
liquid systems, passive direct gain and mass
walls. and swimming pool heating systems.
Typical outputs include the solar gain, load, and
fraction of the load met by solar.

Most of the microcomputer programs for de-
termining system performance include life-cycle
costing that help determine the most cost-ef-
fective design for a particular application. They
also usually include weather data for several
hundred locations. Other kinds of interactive
sobar software are coming onto the market, in-
cluding programs for evalvating photovoltaic
systems, daylighting, shading, and even wind
turbines.
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Solar Domestic
Hot Water

I believe the ground rules can be transformed
so that technology simplifies life instead of con-
tinually complicating it.

Steve Baer

The use of solar energy to heat household water
supplies has been technically feasible since the
1930s. when solar water heaters were com-
monly used in California and Florida. Solar do-
mestic water heating made a comeback in the
1970s and continued 1¢ sell even when oil prices
dropped in the 1980s and the sale of active solar
space conditioning systems plummeted. Their
smaller scale and lower cost put them within
closer reach of the homeowner's pocketbook.
Furthermore. they integrate more easily with
existing water heating systems.

Hot water needs are fairly constant through-
out the year. The collector and other parts of
the system operate year round, and initial costs
can be recouped more quickly than with space
conditioning systems. A solar space heater is
fully operational only during the coldest months
of the year, and the payback period is longer.

A solar water heater can also be sized more
closely to the average demand. A water heater
has roughly the same load day in and day out
and doesn’t have to accommodate wide fluc-
tuations in demand.

A problem common to all types of solar heat-
ing is the fluctuation of available sunlight. But
variable weather conditions are less problematic
for household solar water heating because hot
water requirements are more flexible. If the sup-
ply of hot water runs out during extended pe-
rods of cloudy weather, the consequences are
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less severe than if the house were to lose its
heat. It’s the difference between letting the laun-
dry wait a bit longer or having the pipes freeze
and burst. If you can tolerate occasional short-
ages of hot water, your solar water heater can
have a very straightforward design-—free of the
compiications that provide for sunless periods.

When a more constant hot water supply is
needed the existing, conventional water heater
can make up the difference. Controls are simple
enough because this auxiliary heater can boost
incoming water temperatures 10 the desired sup-
ply temperature. If the solar heater is providing
full-temperature water, the auxiliary remains off.
If not. the auxiliary comes on just long enough
to raise the solar-heated waier o the required
temperature.

In addition to all these advantages. solar water
heaters are a tot smaller than solar space heaters.,
The imtial cost of a solar water heating system
1s lower, and it can be installed and operating
within a very short time.

How large a system you need depends on
how much hot water you use daily. and whether
you will draw it directly from the solar heater,
or use the solar heater to preheat the water for
a final boost by a conventional water heater.
On average, a solar water heater will supply 50
to 75 percent of your annual hot water needs;
25 10 35 percent in the winter, and 50 1o 100
percent in the summer. depending on how much
water you use and what system you choose.

Where should you locate your collectors? The
first thing 10 consider is that the collector should
face south or as nearly south us possible. Be-
cause domestic hot water is required year round
in about the same daily amounts, the collector
should be tilted for about the sume solar gain
in all seasons. Relatively constamt daily inso-
lation strikes a south-facing coltlector tilted at
an angle equal to the local latitude. Steeper tilts
(up 1o latitude + 10°) may be needed in areas
with limited winter sunshine.

It the roof can support the collector, it is
much less expensive to put it there than to build
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a separate structure. (Before installing the col-
lectors on the roof, be sure the roof is sound-—
if it i{s an older house, it may need reinforce-
ment.) True south orientation and latitude angle
tilt may not be feasible on many houses. For-
tunately, the loss in efficiency is refatively small
(10 to 15 percent from ideal) if the roof faces
within 25° of true south and its tilt is within 15°
of the latitude angle. This efficiency reduction
can be easily recouped by making a propor-
tionately larger collector.

How much storage capacity should you have?
Two days is gencrally the optimum. A larger
tank will carry a household through longer cloudy
periods (assuming enough collector area), but
will require more time to reach the desired hot
water temperature. Every attempt should be made
to stratify the hot water in the storage tank above
the cold. The hot water then goes direcily to
the load, and the cold water 10 the collectors,
increasing efficiency and allowing the use of a
larger tank. The larger tank costs more but a
smaller one requires more frequent use of aux-
iliary heat. In general. the collector should be
large enough to provide a single day s hot water
needs under average conditions. Beyond this
point. a larger collector experiences the faw of
diminishing returns.

After the system is installed. check regularly
on the ouside racks, fasteners, mounts, and in-
sulated piping. They should be repaired im-
mediately if damaged by weather. Follow the
manufaclurer’s maintenance instructions and
schedules faithfully.

Just as in space heating, there are passive and
active solar DHW systems. The passive group
includes batch or integral collector storage (ICS),
thermosiphoning. and phase-change systems.
The active group—those powered by an elec-
trically-driven pump—include antifreeze. drain-
back. draindown, and recirculation.

A third group, photovoltaic-powered sys-
lems, can be totally passive because the sun
provides the electricity to power the pump. But
the system uses all the same components as an
active system with the addition of the photo-
voltaics panel.



Passive Solar DHW Systems

Passive solar domestic hot water heaters come
in a wide range of shapes, sizes, efficiencies,
and costs. Many can be totally passive by using
the sun’s power in the collection mode and city
water pressure in the storage and distribution
modes. Many are termed **passive™ but are ac-
tually hybrid systems. because although their
collection modes may be passive, their storage
and distribution loops require auxitiary power
for pumping.

BATCH HEATERS

In the batch heater, the solar storage tank itsetf
is the collector and alt the water is heated to-
gether in one ““batch.” One or more pressure
tanks are painted black and placed inside a glazed.
insulated box. House water pressure draws the
hot water from the tank and takes it directly to
the user. or to the conventional water heater.

The batch design is the easiest 1o do yourself.
The inside tank of a conventional water heater.
minus the metal cover and insulation. do micely.
You can even hang one or more tanks in a
sunspace or greenhouse.

Batch systems are the least eflicient solar
DHW systems, but they are also the least ex-
pensive. If it is going to be used year round in
a4 cool climate, all the expuosed pipes require

heavy insulation, and double or triple glazing
is recommended for the box. 1If installed in a
freezing climate, the batch heater is usually
drained before the first freeze and lies dormant
for the winter.

The “*bread box’™ is a batch water heater that
retains the virtues of low cost and simplicity of
design. Variations of this water heater were first
used in the 1930s,

The bread box minimizes heat loss from the
stored hot water by means of an insufated box
that encloses the tank at mght and during cloudy
weather. During the day. a top panel 1s raised
and the front panel on the south face is lowered
1o expose the glass and tank to sunlight. The
inside surfaces of the panels and the box itself
are covered with a material such as aluminum
foil to increase collection by reflection of sun-
light around to the sides and back of the tank.
When the panels are closed these surfaces retlect
thermal radiation back to the tank.

The tank can be filled with water from either
a pressurized or non-pressunized source. Once
in the tank. the water is heated slowly but uni-
formiy. Convection currents and conduction
through the tank metal distribute the heat
throughout the water, and little heat stratifica-
tion occurs. In unpressurized systems, the hot
water is nearly nsed up before the tank is re-
tilled. [n pressurized systems, cold replacement
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The Bread Box: a simple and effective storage-type water heater.

walter is drawn mto the tank as hot water is
drawn off and some mixing occurs. If dual tanks
are used, the bread box has less difficulty with
mixing. Hot water is drawn from one tank while
cold water Hows inte the other.

Freezing in vold weather is nol much of 4
problem becuause of the large volume of warm
waler in the wank. However, the pipes must be
protected with insulation and electric heat tape
{f the system isn’t drained for the winter).

Integral callector storage (1CS) systems are
the modern. manufactured version of the bread
box. The units are better insulated, and many
manufactureres claim that i they are plumbed
with polybutylene pipe. they can withstand mul-
tiple freezes. However, many local plumbing
cades stull do not allow the use of polybutylene
pipe i potable water lines.
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Batch and ICS heaters are really DHW “*pre-
heaters.” since their lower efficiencies rarely
let them achieve the temperatures needed by the
average family. Their efticiency 1s burt drasti-
cally by the high heat loss from the tank to the
ambient air at night—a loss other DHW tanks
located inside the house don’t experience. But
it the demand tor hot water is concentrated into
the carly evening when the water is 1ts hottest
and before outside temperatures drop, their
maximum efticiencies can be reached.

1CS manufacturers are striving to make their
unils more aliractive by lowering the protile of
the collectors 10 look more like their **flat-plate®
collector counterparts. One manufacturer does
this by having many smaller stainless steel tanks
plumbed in series in one collector instead of
one or two larger diameter tanks. The smaller-




profiled collectors can be roof mounted like other
collectors. but the concentrated dead toad of the
30 w 40 gallons of water on the roof, and the
nighttime heat loss. still remain.

Another manufacturer solves alt three prob-
lems by using a phase-change material in the
collector instead of water. Copper pipe in fin
tubes runs through long rectangles of wax. The
wax melts during the day. storing latent and
sensible heat {se¢ the discussion of phase-change
vollectors below). It transfers the heat to the
water running through the pipes when there is
a demand. As it cools, the wax solidilies from
the outside in, insulating itselt against high eve-
ning heat losses. The collector only holds 5
gallons of water a one time, and is only 5.5
inches high.

THERMOSIPHONING WATER
HEATERS

The least complicated type of flat-plate solar
collector is one thal thermosiphons. It has no
pumps. controliers, or other moving parts in the
collection loop. All that moves is the water. It
operates on the principle of natural convection:
the hot water rises from the collector 10 a tank
located above the top of the collecior.

The older thermosiphoning water heater de-
signs and site-built systems have a completely
separate collector and storage tank. Insulated
pipes connect a tilted flat-plate collector with a
well-insulated tank. In an open-loop system, the
water in the collector is heated by the sun, rises,
enters a pipe, and flows into the top of the
storage tank. Simultancously the cooler water
at the bottom of the storage tank flows through
another pipe leading down to the bottom of the
collector. As long as the sun shines. the water
circulates and becomes warmer.

Collector backs. pipes. and tank should alt
be insulated. with the insulation around the tank
as thick as your pocketbook permits. Four inches
of fiberglass isn’t excessive. IF possible, place
the tank indoors—in the attic st the collector is
on the roof, or in the room behind the collector

Passive Solar DHW Systems

if the collector is near the south wall. That way,
the heat lost will flow to the rooms. If the tank
has to be outside, it should be shielded from
the winds and lavishly nsulated.

Manufactured thermosiphoning systems are
installed as one unit, with collector and tank
together. They are available in the open-loop
systems described above, where water is used
for collection and storage, or in closed-loop sys-
ems.

In a closed-toop system, the heat transfer
fluid follows the same pattern, but passes through
a heat exchanger in the storage tank. The heat
transfer Quid is usually a mixture of glycol and
water or other non-freezing mixture. This pro-
tects the collector from freezing. and a well-
insulated tank protects the water within it from
freezing. But the piping from the cold water
supply and o the auxiliary heater in the house
must stil} be protected.

To eliminate the targe heat loss from the tank
above the collector. many manutacturers have
replaced the tank with a heat exchanger. The
heat exchanger is connected to the storage tank,
or between the suppty line and the storage tank.
I the collector heat exchanger (or tank, as in
‘he above case) is plumbed between a pressur-
1zcd supply line and the storage tank. it s totally
passive. It the heal exchanger (or tank) is con-
nected only 1o the storage tank, then the storage
loop must be puinped, and the system is con-
sidered hybrid. When the heat exchanger above
the collector is connected to another heat ex-
changer in the remote storage tank, and an anti-
tfreeze solution is used, the system is completely
protected against freezing,

In addition to lowering the heat toss from the
tank. the use of a heat exchanger instead of a
bulky tank above the collectors, lowers the pro-
file of the collectors. It also eliminates the dead
load of more than 40 gallons of water on the
ool

For thermuosiphoning solar water heaters, the
collector location must allow placement of the
storage tank at a higher level. For roof-mounted
collectors. the storage tank may be placed under
the rool fdge or even in a talse chimney. The
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Closed-loop solar water heater with heat exchanger inside the tank.

roof structure must be strong enough to support
the weight of o full wpk. One alternative is to
build a collecior support structure on the ground,
detached from the house or leaning against it
The collector then feeds an elevated tank tocated
beside it or inside the house. Another possible
location is on the roof of a lean-to greenhouse
built onto the south-facing side of a house.

PHASE-CHANGE SYSTEMS

Materials can store two difterent Kinds of heat.
latent and sensible. Latent heat is stored when
a material changes phase from a solid to a liquid
and released when the material changes back to
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a solid. Other phase-change materials change
from a liquid to a gas and back. Latent heat is
stored at one particular temperature. For ex-
ample, when one pound of ice at 32°F melts,
it absorbs |44 Btu. but the cold water’s tem-
perature is also 32°F. When it freezes, it gives
up 144 Btu. but the temperature of the ice is
still 32°F. Sensible heat is stored when a ma-
terial is heated and nises in temperature. A sin-
gle Btu is stored when you raise one pound of
water 1°F. Phase-change materials, such as
Freon, eutectic salts, or wax, change phase in
a temperare range better suited to solar energy
systems than water's 32°F freezing point and
212°F boiling point. For example, some salts
melt at 84°F and store 75 B/ Ib—perfect for




passive systems. Others melt at 97°F, and store
114 Btu—operfect for low-temperature active
systems. (The pros and cons of phase-change
materials are discussed in Chapter [5.)

Traditional phase-change collectors use a re-
frigerant that changes from a liquid to a gas
when heated by the sun. The gas bubbles rise
in the collector, pass over the heat exchanger.
and condense to a liquid again as they give up
their latent heat. The condensed fluid flows by
gravity to the bottom of the collector to begin
the process again. Since the tuid is able to
change phase and store latent heat, more energy
is collected over the same temperature rise than
by thermosiphoning collectors, which store only
sensible heat. Manutacturers claim increased
cthiciencies of 30 to 30 percent.

Although the collectors cannot freeze. the
potable water side of the heat exchanger can.
And most phase-change systems still need to
have their heat exchanger installed above the
top of the collector. Another drawback to phase-
change refrigerant systems is the need for silver-
solder connections, which increases cost.

A new phase-change system has been devel-
oped that is totally passive and yet still allows
the storage tank to be located one story below,
An evacuated closed-loop systemy is filled with
a wiiter-alcohol heat transfer NMuid that changes
phase thoilsy at a low emperature. Its change
in phase drives the fluid through the leop, and
doesn’t transfer heat between collectors and
storage {(as in traditional phase-change collec-
tors). The fluid boils, carrying a mixture of gas
and liguid 10 & riset across the wop of the collec-
tors. This causes a pressure difference in the
closed loop, which the system naturally tries
to overcome. The liguid portion of the mixture
Hows down to the storage tank. gives up its heat
in the heat exchanger. and is forced up again
o the collectors by the difterence in pressure.
Meanwhile, the gas in the header travels 1o the
vapor vondenser, where it condenses against the
covler higuid returning from the heat exchanger.
The combined liguid Falls through a pipe 1o the
bowon of the collectors.,

The wax ICS unit described in the section on
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integral collector storage systems is another type
of phase-change system. But this time, the phase-
change material is the collector’s built-in stor-
age and not the heat transfer fluid. The collector
is plumbed between the cold water supply line
and the auxiliary DHW tank. As hot water is
drawn from the water heater, it is replaced by
warm water from the collectors. The collector’s
absorber is made of wax, encased in long ex-
truded-aluminum canisters coated with a selec-
tive surface. Copper-fin tubes, which help
conduct the heat from the wax to the passing
water in the tubes, are embedded in the wax,
The wax holds onto its heat longer into the
evening than traditional flat-plate collectors can.
And it has a lower heat loss than other ICS units
because the wax insulates itself as it cools and
hardens from the outside in.

FREEZE PROTECTION

When air lemperatures drop below 32°F, freez-
ing water can burst the pipes or collector chan-
nels of a solar water heater. Less obvious but
more dangerous is freezing caused by radiation
to the night sky. Copper pipes in collectors have
frozen and burst on clear, windless nights whea
air temperatures never dipped to freezing. The
heat lost by thermal radiation was greater than
that gained from the surrounding air.

To protect a passive solar DHW system that
uses potable water m locations where freezing
temperatures occur only now and then, heat tape
fastened to the back of the absorber is a simple
and inexpensive safeguard. Heat tape. com-
monly used to prevent ice dams on eaves, looks
like an extension cord and has a small resistance
to electricity. A thermostat turns it on when the
outside temperature falls to 35°F. and the cur-
rent fiowing through it heats the absorber. In
more severe climates where 1t would be called
on frequently. heat tape would be too hard on
the clectric bill, and the batch heater, [CS. or
open-loop thermosiphoning system would have
10 be drained for the winter.
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The use of pumps can remove many of the ar-
chitectural constrwints of thermosiphoning water
heaters. A pumped system is commonly used
when piping runs would be too long or an el-
evated tank 1s impossible. The penalty paid for
choosing an active system is the additional lirst
costs of the pump and controls, and the elec-
tricity needed to run them. On the positive side,
you have more freedom in the system layout.
A pumped system can have 4 collector on the
rool and the sorage tank located anywhere you
like. The best advantage is the addiiional usetul
energy produced per squere fool of collector
area.

Active solar domestic hot water systems pre-
vent freeze-ups inone of three ways: by using
an antifreesze solution: by draining the collec
tors; or by orculating warm water through the
collectors. Basically. systems are divided into
open- and closed-loops. Open-loops circutate
potable water through the collectors. The col-
lector array is pumped directly o the tank. Hot
willer 18 drawn from the (op of the tank, and
cold water from the supply line replaces it at
the bottom. Cool water from the bottom of the
tank is pumped to the collectors and solar-heated
waler is returned through a dip tube to the nud-
die of the tank, ax shown in the figure.

Two major problems can plague open-loop
systenis: corrosion and freezimng. H water quality
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is poor, or freezing is a common winter oceur-
rence, you'd be better off with a closed-loop
system.

Closed-loop systems have separate collector
and storage loops that pass through 4 heat ex-
changer. LEach loop may have its own pump.
The heat transter fluid in the collector loop can
be distilled water, treated water (1o reduce cor-
TOsion), or an antifreeze selution.

Active solar DHW systems are further clas-
sified by their specific method of freeze protec-
tion. Open-toops include *recirculation™ and
“driundown™ systemis. Closed-loops include
“drainback™ and “antifrecze.”

RECIRCULATION

Recirculation systems are only recommended
for arcas where freezing temperatures oceur less
than 20 days a year. When a [reeze snap switch
on the collector header senses the temperature
has dropped to 40°F, it *snaps™ shut and sends
a stgnal through the controller 1o the pump. The
pump circulates warm water from the storage
tank through the collectors until the \emperature
of the snap switch rises over SO°F, when it opens
and signals the pump to turn olf.

There are two major disadvantages to this
type of system. First, iC's the energy collected
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In a pumped system the collector can be located above the storage tank.
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The Open-Loop System: Potable water from the tank also serves as the
heat transfer fuid in the collectors.
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of freezing temperatures, it signals the controller to turn on the pump.
Warm water from the storage tank circulates through the collectors
until the snap switch temperature rises over 50°F, when it signals the
controller to shut off the pump.




during the day that keeps the collectors and
pipes from freezing at night. You don’t want a
recirculation system if that is going to happen
often. Second, the freeze snap switch is elec-
trically powered. If the freeze is accompanied
by power outage, the snap switch won't be able
to activate the controller and freeze damage could
occur. Its one good point is that it uses water
—the heat transfer fluid with the greatest heat
storage capacity.

Like most active systems, the recirculation
system uses a differential controller. which sen-
ses the temperature difference between the col-
lectors and storage. The controller typically tums
the pump on when the collectors are 10 to 15°F
warmer than the storage tank. and off when they
drop to only 2 to 3°F warmer than the tank.
{You can buy a very accurate—but more
expensive—differential controller with a 5°F-
on and I°F-oft control strategy. This would al-
low the system to collect more energy.) The
collector sensor is mounted on the absorber plate
or collector header. and the storage sensor is
mounted on the side of the tank under the in-
sutation or on the supply line 1o the coltectors
where it exits the tank.

A recirculation design for pressurized sys-
tems relies on thermally-activated valves and
ity or well-pump water pressure (o protect it
from f(reezing. The freeze-protection valves,
sometimes called dribble valves or bleed valves,
use Freon or wax to change phase and open the
valve at just above J0°F. The valve is placed
on the return pipe leaving the last collector.
Warm water irom the pressurized tank Nows
through the collectors and spills out the valve
onto the roof. Once the valve's lemperature rises
to above SO°F, the Freon or wax changes phase
again and closes the valve.

The advantage is that the frecze protection
doesn’t rely at all on eleciricity. But the system
still dumps heat from the storage tank to warm
the collectors. Two to three gallons of warm
water can pass through the valve before it clo-
ses. And if the valve sticks—open or closed—
it could mean a lot of water lost down the roof,
or Jamaged collectors,

Active Solar DHW Systems

DRAINDOWN

The first type of draindown system is basically
the recirculation system with the addition of an
electrically powered draindown valve. The valve
is normally closed, except when the electricity
to it is cut off. When the temperatures drop to
just above 40°F, the snap switch signals the
controller to cut the power to the valve. The
valve automatically opens, and water drains out
of the collector and supply/return piping. I¢ is
very important in systems that drain for freeze
protection to pitch the collectors and pipes to
drain completely. If they don't, trapped water
could freeze and burst a collector riser or a pipe.

In pressunzed draindown sysiems, another
valve that is normally open is installed between
the tank and collectors. When the snap switch
closes, it signals the controller to also cut the
power to the second valve so that it closes and
prevents city water from refilling the collectors.
When the snap switch opens, so does this sec-
ond valve, and the coliectors refill.

In either case, you must completely refil} the
system. and the pump must be large enough to
overcome the pressure in the loop. An air vent/
vacuum breaker, located at the highest point of
the collector array. opens to purge or draw in
air when the system fills or drains. Unfortu-
nrately. the major problem with draindown sys-
tems is that the air vent can freeze shut, preventing
the collector loop from draining.

An extra advantage of the draindown system
15 that since there is no fluid in the collectors,
the system doesn’t have to wait as long in the
morning for the collectors to warm up before
the controller can signal the pump to start.

DRAINBACK

Drainback systems have two separate loops for
collection and storage with a heat exchanger
between them. The collector loop is filled with
a small amount of water, which is either dis-
tilted or treated to prevent corrosion. The sytem
depends on a differential controller o activate
the pump and fill the collector from a small tank
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Draindown System: When temperatures approach 40°F, the freeze-snap
switch signals the controller to open the draindown valve.

{8 to 12 gallons) that holds the heat transfer  drains by gravity back into the tank. Just as in
fluid. When the controller shuts off the pump  the draindown sytem. you have to be sure the
at the end of the collection day. or when the  collectors and piping are pitched properly to
collector temperature approaches 30°F the fluid - drain.
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Drainback System: When the collector sensor signals the controller that
temperatures are approaching freezing, it activates the drainback mod-
ule to open its valves io drain the collector and return/supply piping.

Several manufacturers make drainback mod- into it that allows air to enter and escape when
ules that include the snsulated tank, heat cx- the system drains and fills. The tank completely
changer, pump. and differential controller. One fills with water when the system drains. When
module has an air-vent/pressure-relief valve buill the pump fills the system, it creales a siphon
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that helps pull the water through the loop, so
you can use a smaller pump. Unfortunarely, the
entry of outside air can mean increased cofro-
sion in the collectors, piping. or tank. Another
manufacturer’'s module has a tank with enough
room for both air and water so that the system
can be completely closed to outside air. This
reduces corrosion, but it means you'll need more
pump horsepower to overcome the pressure in
the loop.

It the water in the tank is distilled or treated
with a potable non-toxic corroston inhibitor. a
single-walled heat exchanger can be used. But
if a toxic solution is used, the heat exchanger
must be double-walled to prevent leakage into
the potable water supply. Double-walled heat
exchangers are less efficient than single-walled,
reducing the total system efficiency. They're
also more expensive.

Drainback systems requise two pumps—one
for collection and one lor storage—unless the
heat exchanger 1s part of the main storage tank.
Tanks are available with heat exchangers inside
them or wrapped around them. which transfer
heat through natural convection currents in the
wilter inside the tank. Bt the heat exchanger s
separate from the tank, a circulator is needed
o pump water to it from the tank.

The difterential controller requires at least
two sensors, with additional sensors and freeze
snap switches recommended for extra freeze
protection. Drainback systems are second only
to antiftezze systems in popularity and freeze
protection.

ANTIFREEZE

Antifreese systems circulate a non-freezing heat
transfer fluid through a closed collector loop.
The coliectors transter their heat to storage
through a heat exchanger. The primary advan-
tage of these systems s that, depending on the
heat transter fluid, they can withstand {reezing
even in the most severe climates. In addition,
a smaller airculator (2 low horsepower pump)
can be used, reducing first costs and annual
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operating costs. The disadvantages are slightly
lower efficiencies because of the less-effective
heat transfer fluids and the heat exchangers they
use.

There are many different types of heat trans-
fer fluids for active systems. The most popular
is a propylene glycol and water mixture. Pro-
pylene glycol is a non-toxic antifreeze. so a
single-walled heat exchanger can be used. A
double-walled heat exchanger must be used with
ethylene glycol, its toxic cousin,

Other fluids include silicone, aromatic oils,
paraffinic oils, and synthetic hydrocarbons. They
each have their drawbacks, ranging from less
desirable viscosities and lower flash points. to
corrosion and toxicity.

Another non-freezing heat transfer fluid is
air. It’s non-corrosive, non-freezing or boiling,
free. and it doesn’t cause damage when it leaks.
Unfortunately, its specific heat and density are
much lower than the others, and coupled with
an air-to-liquid heat exchanger, air solar DHW
systems are much less efficient. The higher ma-
terial and installation costs for ductwork over
copper piping make them even less popular it
you're only heating domestic hot water.

Just like drainbuack systems. antifreeze sys-
tems can have one pump or two, depending on
the Tocation of the heat exchanger.

PV-POWERED

Solar domestic hot water systems that include
a photovoltaic (PV) panel are included in this
section because they share many of the same
components as active systems. The major dif-
terence is that the PV panel replaces the dif-
ferential controller, power from the electric
company. or both.

PV panels produce direct current (de) elee-
tricity irom the sun (see Chapter 16). The cur-
rent can be used to signal the pump that there
is enough solar insolation 1o begin collecting,
or that there isn’t enough to continue. In this
case, the PV panel is only used to control, and
you still purchase the electricity to run an al-
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Antifreeze System: The collection loop circulates an antifreeze mixture
through the collectors and the heat exchanger. The storage loop cir-
culates potable water from the tank through the other side of the heat

exchanger.

ternating current (ac) pump. If the electricity
from the panel is also used to power a de pump.
then the system can be considered passive in
nature.

Systems that rely on PV panels for control
have their design problems. The tnselation level
al which the panci sends a signal to the con-

troller must be high enough to take into account
the temperature of the absorber (which depends
heavily on the ambient temperature) and the
storage temperature (which depends on pre-
vious day’s collection and water use). There
could be little energy to collect if the absorber
panel were slow to warm up because of sub-
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freezing outdoor temperatures. Its shut-off in-
solation level must be set low enough to make
sure you can still collect the energy left in the
collector’s matenals themselves at the end of a
warm day. It also shouldn’t allow the pump to
cycle on and off every time a cloud passes in
front of the sun. You have to carcfully match
the PV panel to the pump to be sure it's big
enough to produce the extra burst of energy the
pump needs to start.

The more insolation avatlable the warmer the
absorber plate, and the more energy being pro-
duced by the PV panel to power the pump. The
pump begins circulating slowly. increasing the
temperature of the water returned to the tank.
As the insolation level increases, the collector
absorber temperature increases and the PV panel
produces more electricity. The extra power makes
the pump circulate laster. increasing collector
ethiciency by keeping the fluid temperatures
lower. Unfortunately. unless care is taken to
make sure tank water stays stratified in hot and
cold layers, the faster pump rate could stir up
the waler in the tank and send warmer water to
the collectors—negating the increase in eti-
ciency.

PV-powered controls and pumps are usually
designed for closed-loop. pressurized systems.
PV pancls are expensive, and you need more
panels to produce enough power (0 overcome
the pressure in an open loop. A PV-pumping
system for an open loop can cost more than
three limes as much as one for a closed loop.
And since the punels control the systems based
on changes in insolation and not Wemperature,
a separate freesc-protection mechanism must be
added.

ONE-TANK VS. TWO-TANK SYSTEMS

One-tank systems use the existing domestic water
heater for the storage tank and a backup heater.
It the tank uses electricity o heat the water,
remove the lower heating element so that heated

walet sn't being pumped to the collectors. If

s gas-fired, the tank must be specially man-
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ufactured with the bumer at the top. The cold
water supply line and thz collector supply line
are connected to the bottom of the tank. The
collector return line and the line to the hot water
demand are connected at the top. as long as
water entering the tank moves slowly, the hot
water will stratify above the cold, sc that only
cool water goes to the collectors. You can buy
special diffusers to slow the entry of waier into
the tank. One-tank systems save you money
since you aren’t buying an extra tank.

In two-tank systems. a tank for ¢=lar storage
1s plumbed between the backup tank and the
collectors. the solar tank has no heating ele-
ments in i1, but only stores solar energy. The
cold water supply line enters the bottom of the
solar storage tank. The top of the solar tank is
plumbed 1o the bottom of the backup heater,
which has a heating ¢lement or burner at the
top. As hot water is drawn from the top of the
bachup tank, it is replaced from the top of the
solar-heated tank.

A two-tank system increases collector effi-
ciency by returning cocler water to the collec-
tors. Untortunately. its standby losses are also
greater because of the increased storage vol-
ume. If the fanzily is small, you may ficd the
single-tank system adequate, as long as you take
precautions 1o stratify the hot water above the
cold.

INSTALLATION CHECKLIST

[t is very important that you follow the manu-
lacturer’s installatuon. operations. and mainte-
nance instruction. But it will also be helpful to
ask yourself the ollowing questions when de-
signing and installing a solar domestic hot water
system:

* Are the collectors oriented properly? Do they
have an unobstructed view between 9 a.m. and
3 p.m. 7T Have you tilted them within acceptable
liniis?

» Have you arranged the system components (o
be easily accessible for service and repair?



Active Solar DHW Systems

— HOT WATER
TO LOAD

Y sl LEATING ELEMENT

T HTT -

A one-tank solar DHW system.
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A two-tark solar DHW system.
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* |f you’'re planning on mounting the collectors
on the ground. are they arranged so that they
don’t block drifting snow, leaves. and debris?
If you're mounting the collectors on the roof,
will the roof be able to support the additional
load?

» |5 the collector frame designed to support col-
lectors under the most extreme local weather
conditions? Can the frame material resist cor-
rosion? Are the roof penetrations caulked or
flashed to prevent water leakage? Have you in-
stalled the collectors so that water flowing off
warm collector surfaces can’t freeze in cold
weather and damage the roof or wall? In areas
that have snow loads over 20 pounds per square
foot or greater, have you made sure that snow
or ice sliding off won't endanger persons or
property’?

« Have you designed the system to follow the
local and national codes that apply? Have you
obtained the required building, plumbing. and
clectrical permits?

* Are all the pipes properly insulaled to main-
tain system efficiency? Have you protecied all
exposed insulation from the weather and ultra-
violet rays”? Do you have enough pipe hangers.,
supports, and expansion devices to compensate
for thermal expansion and contraction? If you're
installing a draindown system. are the collectors
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and pipes properly pitched to drain all the fluid
in areas where fluid might freeze?

« Have you designed in isolation valves so that
major components of the system (pumps, hea
exchangers. storage tank) can be serviced with-
out system draindowns? Have suitable connec-
tions been supplied for filling. flushing, and
draining? Do you have temperature and/or
pressure relief valves to prevent sysiem pres-
sures from rising above working pressure and
temperatures?

* Is the storage tank insulated well? Are the
piping connections fo the tank located 1o pro-
mote thermal stratification? Is the storage tank
properly connected to the backup water heater?

* Are al! system, subsystems, and components
clearly labeled with appropriate flow direction.
fill weight. pressure, temperature, and other in-
tormation useful for servicing or routine main-
tenance? Have all outlets and faucets on
nonpotable water lines been marked with a
warning label?

* Are you sure you know how the system op-
erates. meleding the proper start-up and shut-
down procedures. operation of emergency
shutdown devices, and the importance of rou-
tline maintenance? Does the owner's manual have
all mstructions in simple, clear language?
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Active Solar
Systems

Whao does not remember the imterest with which
when vounyg he looked af shelving rocks, or any
approach to a cave? It was the natural vearning
of that portion of our most primitive ancestor
which stilf survived in us, From the cave we
fave advaneed to roofs of palm leaves, of bark
and boughs, of linen woven and stretched. of
gruss und straw. of boards and shingles, of
stones andd tiles, At last. we know not what it
is 1o live in the open air, und owr lives are
domestic in more senses than we think.

Henry David Thoreau,
Walden
Active solar heating and cooling systems use
large expanses of tilted, glass-covered surfuces
to collect solar energy and convert it 1o heat. A
Nuid--—-cither air or a liquid—ucarries this heat
through pipes or ducts to the living areas or to
storage units, As opposed 1o the methods and
systems discussed in previous chapters. active
systems involve more complex and interdepen-
dent components, Their elaborate cotlectors, tluid
transport systems. and heat storage containers
require i network ot controls, valves, pumps.
funs, and heat exchangers. From a cost stand-
pont. solar space heating and cooling systems
may he more appropriate tor apartment build-
ings. schools. and office buildings than for sin-
rle family dwellings. But coordination between
the owners. architect. engineer and contractor
cun produce an active solar energy system ap-
propriate 10 the residential seale. The major rote
in designing residential solar space heating and
cooling systems is to “keep it simple.™
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Space Heating and Cooling

Simplicity is the walchword in the overall de-
sign of a solar energy system. IU's 1empting to
design more and more complex systems—-al-
ways trying 1o sgueeze one more ounce of per-
formance or a little more comtort out of them.
But this added complexity usually means higher
misal costs and greater operating and mainte-
nance expenses. I0s beter to design a simple
system that may reguire the inhabitants 1o toss
a log or two in a fire every now and then.

It you're installing the system in a new house.
design the house o incorporate passive solar
systems (o colleet and store solar heat in the
walls and floors. On a sunny winter day. enough
solar energy streams through i hundred sguare
feet of south-fucing windows or skylights 10
keep a wellansulated house toasty warm long
into the evening. And if the house has a concrete
floor slab or masonry walls insulated on the
vutside, any excess heat can be stored for use
later at night. The solar heat gathered in the
active collectors can then be stored away until
it is readly needed rather than squandered heat-
ing the house during a cold. sunny day.

HEAT TRANSFER FLUIDS

When designing an active solar system. you
must choose a Moid for transporting the heat.

There are usually two primary heat transport
loops: one links the solar collector to the heat
storage contdiner: the other delivers the heat
from storage to the house. Liguids or gases may
be used as the heat transter uid i cither loop.
Liquids including water. ethylene glycol. amd
propylene glyeol have predominated. Aur is the
only gas that has been used. The tollowing ¢ni-
teria influence the selection of a heat transport
fluid:

Personal needs and comfort.

Compatibility with the backup heating sys-

tem.

« Compatibility with other mechanical devices.

* Climate (notably freezing).

* Relative cost (initial.  operating.
nance).

* Relative complexity.

« Long term reliability.

»

nuinte-

When personal comfort requires only space
heating, torced-air systems are tavored because
of their relative simplicity and long lifetimes.
When domestic hot water must also be pro-
vided. cold inlet water can be preheated betore
reaching the hot water heater where it is then
raised 1o its final temperature. This preheating
can be accomplished by passing the cold water
supply through a heat exchanger in contact with
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Basic components of an active solar heating system. There are (wo primary heat
transport loops from collector to storage and from storage to the room.

the solar heated fluid in the return air duct o
the storage bin or tank in an air system, or in
the tank selt i a liguid system.

It cooling 1s needed i addition o heating, a
higquid system s a more likels choice. Although
somie research has been done wath air, most
solar-powered cooling systems use liguids. The
same thermaodynamie and  physical properties
that tavor hiyuids i conventional covling umits
alsa favor them o solar cooling systems. Air
syacns, however, can be used suceesslully Tor
sonke 1y pes of cooling. Inand parts of the coun-
iy, tor example, cool night air can be blown
through o rock bed and the coolness stored for
davtinme use.

The methad ot distributing heat or coolness
to the rooms mav help vou deternine which
Huids o use, Forced-air circulation is most com-
patible with wir svatens . Foreed-air collectors
store their heat i bins titled with rocks. When
the howse calls tor beat, room air is blown through
the rockbin to dehiver the heat 1o the living spaces.
But torced-air delivery systems can also be used
wiath hiquid selar collectors. Warm or coul water
troni the storage tank is passed through tan-coil
units or heat exchungers, wheee the air blown
across them is heated or cooled and detivered
to the howse. Because of the hot or vold drafts
thiat oceur, torced-uir heating and cooling sys-
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tlems ¢¢n be uncomfortable o the people using
them and they must be designed caretully. But
they do have the advantage of greater simplic-
iy.

Most radiant heating systems use water 1o
transport the heat, but somw use hot air cireu-
tated through wall, ceiling, or Noor panels. Hot
water radiant systems, such as baseboard ra-
diators, work well with hquid systems. Hot water
from high-temperature collectors can circulate
directly through a bascboard beating system or
be sent to the heat storage tank. The main dis-
advantage s the high (140°F 10 190°F) water
temperatures. The higher the water temperatuie
used, the lower the overall efficiency of the
solar heating system. Steam heating systems are
gencrally incompatible with solay collection be.
cause of the poor operating efficiencies of col-
fectors at those high emperatures (with the
exception of the more expensive concentrating
and evacuated tube collectors). But many de-
signers are installing hgquid systems that ctr-
culate their fluid through polybutylene tubes in
conerete lloors, The concrete stores the heat and
richates it to the living space. These active-
chargespassive-discharge systems are becoming
very popular since they don’t require the higher
temperitures that baseboard heating systems de-
nasnd.




COMPONENT OPTIONS FOR ACTIVE HEATING SYSTEMS

Collector Fiuid Heat Storage Heat Distribution
Air Building itself Natural convection
Rocks or gravel Thermosiphoning
Small containers Forced convection
of water
Small containers of Air fzd radiant panels
phase-change materials  or concrete slabs
Waier Buiiding itseif MNatural convection
Large tanks of water Baseboard radiators
or other liguids or fan-coil units
Water-antifrecze Pelybutylene wubing Water-fed radiant panels
solutions in concrete slabs or concreie slabs
Oil and other liquids or  Large 1anks of water Forced convection past
phase-change materials  or oth~r liquids water-to-air heat
exchangers
or heat pumps

The amount of space allotted to heat storage
15 often a citical factor in the choice of fluids.
Unul phase-change materials are cheap and re-
liable. the main choices for heat storage are
water and rock. Water tanks occupy from one
third to one half the volume of rock beds for
the same amount of heat storage. This fact alone
may dictate the choice of a liquid system. The
options available for collection. storage. and
distribution of heat are summarized in the ac-
companying chart.

A choice of heat transfer fuids is available
for residences—but not for larger buildings. The
larger the solar-heated building. the greater the
amount of heat that must travel long distances.
If the iluid temperature is kept low to increase
collector efficiency. either a heat pump is needed
to raise the delivery fluid temperature. or more
Aurd must be circulated to provide enough heat
to the building. Liguid heat delivery is better
suited to large buildings because piping occu-
pies less valuable space than ductwork. For air
o do a comparable job. large ducts or rapid air

velocities are necessary. Both alternatives are
usually expensive. and the latter can be very
uncomfortable.

Climate may dictate the choice of fluid. In
cold climates. where a house may require only
heating, air systems could be the most likety
choice. When a liguid system is subject (o freez-
ing conditions. an antifreeze and water solution
may be necessary. An alternative is (o diain the
water from the collector when the temperatures
approach freezing.

First costs for materials and installation are
also a factor. Storage and heat exchangers (or
the lack of them) can cost less for air systems.
Local labor economics often favor the instal-
lation of air ducts over water pipes. But don't
underestimate the cost of fans and automatic
dampers.

Air systems can be cheaper to maintain be-
cause air leaks are nowhere near as destructive
as water leaks. Antifreeze solutions in liguid
systems deteriorate and must be changed every
two years. True enough, the cost of changing
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antifreeze in cars and trucks is mininmal, but a
residential figuid-type solar heating system re-
quires up to 50 times as much antifreeze as a
car. Air systems. on the other hand, can be more
costly to operate than ligimd systems because
more efectrical power is required o move heat
with air than with water.

In all luid transport systems, the network of
ducts and piping should be kept simple. Pipes
or ducts should be well insulated and as siort
as possible.,

AR SYSTEM DESIGNS

The very simplest active solar heating system
has collectors that functior only when the sun
15 shinng and the house needs heat. Air is ducted

When the sun isn’t shining, stored heat is delivered to the rooms as needed. If there is
no heat in storage, the furnace comes on.
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from the house to the collector. heated by the
sun, and fan-forced into the room. The only
heat storage container is the fabric of the house
itselt—and the heavier it is. the better. The fan
uperates when the collector temperature is warmer
than that inside the house. 1t shuts off when the
collector cools in the late afternoon or when
room temperatures become unbearably hot. The
more massive the house, the more heat it can
store betore temperatures get out of hand, and
the longer it can go without backup heating,
This type of system eliminates the controls,
ductwork, and storage unit of the more expen-
sive systems. and is becoming very popular.
Another simple active system delivers solur
heated air to a shallow rock storage bin just
beneath the house Aoor. Heat can flow up to
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the rooms by natural convection through grilles.
or if the rockbin is below a concrete slab, the
heat is conducted through the floor and radiates
to the space.

More storage for longer periods without sun
is possible with another fan added to blow solar
heat from a storage bin to the rooms. The fan
draws cool room air through the storage bin and
blows warm air back to the rooms. The backup
heater (which can be a wod stove, electric
heater. or an oif or gas furnace) can be in line
with the solar storage. or be completely inde-
pendent of the solar heating system. Ideally heat
trom storage isn't needed when the sun is shin-
ing because the solar heat gain through windows
keeps the house warm. The heat from the col-
lectors can be stored for later use. But if the
house calls for heat, the vollectors bypass the
storage loop and supply it directiy to the house.
When the sun isn’t shining and the house necds
heat, solar heat is drawn fron the siorage bin
— Al available. 1f not. the backup heater s put
to use. There are four possible modes of op-
cranon for this system and they are detadled in
the diagrams.

In larger houses, it's expensive ta have sep-
arite Jelivery systems tor solar and avwxaliary
heat. Intergrating the two into a single delivery
s¥sten reguires exira dampers and controls bul
vian be cheaper in the long run since no new
ductwork s added. In any air system, exira
ducting uand dumpers should be kept o a min-
nmum.

LIQUID SYSTEM DESIGNS

Usually a liguid solar energy system is not as
cconomical as an air system tor heating a single-
family dwelling. But with larger dwellings and
increasing needs for domestic water heating amd
absorption cooling. a liquid system becomes
more feasible. 1t doesn’t have 10 be claborate.
A verv basic hiquid system for non-treezing cli-
mates s illustrated in the tirst of the two ac-
companying diagrams. Water from the storage
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A liquid system designed for forced-convection
heating and preheating of domestic hot water.

tank is heated by the auxiliary. f necessary,
before delivery to the baseboard radiators or
radiant heating panels. Only two pumps are
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needed to circulate the water through the two
heat transport loops.

A somewhat more complex system is illus-
trated in the second diagram. Because of the
threat of freezing, a water-glycol solution cir-
culates through the collector and surrenders s
solar heat to a heat exchanger immersed in the
storage tank. Heat 15 distributed to the rooms
by a warm air heating systein that uses a fan to
blow cool room air past a water-lo-air heat ex-
changer. Cold inlet water from a city main or
well pump passes through yet another heat ex-
changer immersed in the storage tank. This water
is prebeated before it travels o the conventional
hot water heater. This type of system can be
sized only slightly larger than a solar DHW
system for each fan-coil unit connected 1o it.

An active solar energy system can be much
more involved than these simplified diagrams
indicate. Additional pipes. controls, and valves
are reguired for the various modes of operation.
Each heat exchanger degrades the overall per-
formance of the system. The use of a heat ex-
changer substantially increases the collector
operating temperature and lowers its etticiency.
The greater the number of heat exchangers in
a system, the lower the collector etficiency . Even
more pumps. tans. and heat exchangers are
nceded than shown in the diagrams it solar ab-
sorption cooling is desired.

SWIMMING POOL HEATING

Solar collectors can be used to heat swimming
pool water too. For outdoor swimming pools,
imexpensive unglazed collectors can extend the
swimming season ¢arlier into the spring and
later in the fall. How much longer you'll be
able to swim depends on how ¢old it is in your
area. Glazed collectors can be used in freezing
climates to heat water year-round for indoor
swimming pools.

Unglazed plastic or metal collectors perform
well because they operate at low temperatures,
usually in ranges that are ondy 10 to 20°F above
the sumimer outdoor temperature. Since they
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don’t need glass or plastic covers. they are less
expensive than collectors that produce higher
temperatures for space heating, cooling. and
domestic hot water.

Because the pool water can be very corrosive
when proper pH and chlorine levels aren’i main-
tained, polybutylene or PVC plastic collectors
are recommended more often for open-loop sys-
tems than copper collectors. They are more re-
sistant to corrosion, but less resistant (o ultraviolet
radiation. Closed-loop systems—where treated
water or antifreeze is spearated from the pooi
water by a heat exchanger—are recommended
for metal collectors to avoid corrosion. But the
closed-loop system can be less efficient and more
expensive since it requires an extra pump and
heai exchanger.

Most solar swimming pool heating systems
have spen loops and use the swimming pooi’s
existing filtration pump. When the collectors are
hot enough. the differential control signals a
diverter valve 1o send the pool water through
the cowectors before returning to the pool. The
diverier valve is focated sfter the filter so that
only clean water passcs through the collectos.
Closed-toop systems have an extra pump to cir-
culate heat transter fluid. and use the filtration
pump to circubate pool water only.

PV-controfled systems are available for pool
heating. At a preset time in the morning. pool
water begins circulating through the filter. When
the intensity of the sunlight reaches a preset
level, the PV panel signals the controller 1o
divert water through the collectors. When pool
water reaches a preset temperature, the diverter
valve bypasses the collectors and sends the water
straight back to the pool. If pool water drops
below the desired temperatere, the diventer valve
sends the water back through the collectors. At
the end of every day. when the sunlight drops
1o a preset level, the valve diverts the pool water
back to the pool filtration loop again. Finally at
a preset ime. the circulation pump turns off.

e hot-arid climates, the cycle can be re-
versed to cool the pool during the summer. Pool
water is circulated through unglazed collectors
at night to radiate the heat 10 the night sky. A
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Solar swimming pool heating.

timer turns the pump on at night and off in the
maorning Jor a more refreshing water tempera-
ture.

Another poo! heating system has polybuty-
lene pipes buried in a poured concrete slab around
the peol. Pool water is circulated through the
tubes, cooling the solar-heated patio as it warms
the pool water.

How large a collector aren is needed will
depend on the kind of coiiector choosen. Un-
glazed plastic collectors usually have an area
one-half to three-quarters the pool area. Glazed
collector systems require much less: 40 to 50
percent of the pool area. Patio systems must be
bigger because they are less efficient: about 130
percent of the pool area.

CONTROLS

Ore set of controls governs the delivery of
heat (or coalness) to a house from the collector.
heat storage. or backup heating (or cooling) sys-
tem. lts operation is determined by the needs
of the household and the limits of the entire
system, In general, the thermostat governing the

energy flow from storage can operate at a dif-
ferent temperature level than the thermostat on
the backup heater. Often a two-stage thermostat
is installed. The first setting might be at 70°F
and the second at 68°F. If the heat storage can-
not maintain 70°F room temperatures., the backup
system springs into action when the temperature
falls below 68°F.

Controls to govern collector operation are
relatively simple and are readily available. Most
of these controls determine collector operation
by comparing the collector temperature and the
storage temperature. One temperature sensor is
placed directly on the absorber. The other sits
in the storage tank or near the return pipe to the
collectors. Customarily the collector pump stasts
working when the collector is 10 to |5°F warmer
than the storage. For air systems. a temperature
difference of as much as 20°F may be needed
before the circulation fan is triggered. A time
delay of about 5 minutes is necessary to prevent
the system from turning on and off during in-
termittent sunshine. Some liquid sysiems may
need controls that prevent liquid temperatures
from rising to the point where pressures can
cause piping to burst or degrade the heat transfer
fAuid.
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Photovoltaic panels, that convert solar en-
ergy to electricity, are also being used to control
and pump solar systems. The photovoltaic panel
turns the pump on when solar insolation reaches
aceriain level and turns it off when it falls below
another level.

PERFORMANCE AND COST

The tradeoff between performance and cost is
crucial to the design of any solar energy system.
The performance of a system is measured by
the amount of energy it can save a household
per year. The dollar value of the energy saved
is then compared with the initial (and operating)
cosls of the system. The initial costs must not
get so high that they can never be recouped over
the life of the system. One doesn’t have to be
quite as caretul in the design of conventional
heating systems because the fuel costs are far
and away the major heating expense. But the
mitial costs of an active solar heating system
are usually so high that more than 10 years of
trouble-free operation are needed before the en-
ergy savings make it a good investment.

SOLAR COOLING

Active solar energy systems can also cool a
house during the summer. And the sun is usu-
ally shining the brightest when cooling is needed
most. The hottest months and times of day occur
at times of nearly peak solar radiation. Systems
that provide both heating and cooling can op-
crate the year round—with additional fuel sav-
ings and a shorter payback period.

Solar cooling seems paradoxical. How is it
that a heat source can be used to cool a house?
One answer 1s that solar energy is also a source
of power that can move room air in ways that
enhance comiort.

Substantial cooling can be obtained by using
nocturnal radiation to cool the siorage container
at night. Warm objects radiate their heat to the
cooler night sky—particularly in and climates.

%

Warm air or water from storage is cooled as it
circulates past a surface exposed to the night
sky. The cooled fluid returns to the storage con-
tainer, which is cooled in the process. The next
day the storage is used to absorb heat from the
house.

Solar collectors can provide the heat needed
by an absorption cooling device—making so-
lar-powered air conditioners a distinct possibil-
ity. An absorption cooling unit uses two working
fluids—an absorbent such as water, and a re-
Jrigerant such as ammonia. Solar heat from the
collector boils the refrigerant out of the less
volatile absorbent. The refrigerant condenses
and moves through a cooling coil inside the
room. Here it vaporizes again, absorbing heat
from the room air. The refrigerant vapor is then
reabsorbed in the absorbent, releasing heat into
cool water or the atmosphere.

Unfortunately, most absorption cooling de-
vices work best with fluid iemperatures between
250°F and 300°F. The lowest possible working
Auid temperature that can be used is about
180°F—where flat-plate collectors have sharply
reduced efficiencies. And the collectors have to
operate at temperatures about 15°F to 20°F above
this lower limit.

If 210°F water is supplied by a collector, the
working fluids will receive solar heat at 180°F
and the water will retum to the cellector at 200°F.
On a hot summer day. a square foot of collector
might deliver 900 Btu—or about 40 percent of
the solar radiation hitting it. About 450 Btu wil}
be removed from the interior air, so that a 600-
square-foot collector can provide a daytime heat
removal capacity of about 270,000 Biu or 30.000
Btu per hour.

Solar collectors designed for absorption cool-
ing systems are more expensive than those used
only for winter heating. But substantial fuel sav-
ings are possible it the same collector can be
used tor both purposes. Concentrating collec-
tors and evacuated-tube collectors are particu-
larly well suited to absorption cooling because
they can supply high temperatures at relatively
high efficiency. Almost all absorption cooling
equipment requires liquid collectors.




Complete packages are available that com-
bine solar space heating and domestic hot water.
and evaporative and desiccant cooling. The
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cooling cycles are not solar, but first cosis are
lower for the whole system since it comes as a
manufactured unit.

Absorption Cooling Principles

Just like window air conditioners and heat pumps,
an absorption cooling device uses the evapo-
ration of a fluid refrigerant to remove heat from
the air or water being cooled. But window air
conditioners and heat pumps use large quan-
tities of electricity to compress this evaporated
fuid so that it condenses and releases this heat
to the “outside.”” The condensed fluid then re-
fierns Io the evaporating coils for another evele.

In an absorption cooling cvcle, the evapo-
rated refrigerant is ubsorbed in a second fluid
cetlled the absorbent.”” The resulting solution
is pumped to the *‘re-generator’” by a low-power
pump. Here, a souwrce of heat—which can be
Jossid fuel or solur energy—distills the refrig-
erant from the solution.

CONDENSER

The less volatile absorbent remains a liquid
and returns to the absorber. The refrigerant
liquid returns to the evaporating coils—where
it evaporates and cools the room air, compler-
ing the cvele.

Absorption coaling devices cun use hor fluid
Jrom a solar collector to boil the refrigerant
from the absorbeni. Unfornmarely, most ab-
sorption cooling devices work best with fluid
temperatures between 250°F and 300°F . Flat-
plate collectors are inefficient at such high tem-
peratures, but concentrating and evacuated-tbe
cotlectors can produce these temperatures eds-
ily. If their cosis und complexity can be brought
down, they may someday find an application in
solar ubsorprion cooling.

ADSORBER

ELECTRIC PumP
1

VALVE

=5

Absorption Cooling Cyele.
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Liquid Flat-Plate Collectors

The primary component of an active system is
the solar collector. It converts the sun’s radiant
energy into useful heat energy that is carried
into the house by a fluid. The distinguishing
feature of a flat-plate collector is that the sun’s
enerey is absorbed on a flat surface. Flat-plate
collectors fall into two catagonies—ligtiid or
air—according to the type of fluid which cir-
culates through them to carry off the solar heat.
A new circulatory fluid—phase change—{falls
into the liquid catagory. since it also circulates
through tubes.

The basic components of a liquid flat plate
collector are shown in the diagiam. The ab-
sorber stops the sunlight, converts it to heat,
and transfers this heat to the passing liquid.
Usually the absorber surface is black to improve
efficiency. To minimize heat loss out the front
of the collector, one or two transparent cover
plates are placed above the absorber. Heat loss
out the back is reduced by insulation. All of
these components are enclosed in a metal box
for protection trom wind and moisture. Most
contractors will buy a manufactured collector.
but they should look closely at what goes into
them before they buy. The materials and design
of a collector are crucial in determining its ef-
ficiency and how long it will last.

ABSORBER DESIGN

There are two types of absorber designs-—each
characterized by the method used to bring lig-
uids in contact with the absorber plate. The first
category includes open-faced sheets with the
liquid flowing over the front surface. The
Thomason absorber. with water flowing in the
valleys of cormugated sheet metal, is a good
example of these ““trickle-type™ collectors, The
second more popular category uses tubes con-
nected (o a metal absorber plate. A variation on
the tube-in-plate is the extruded plastic collector
used in swimming pool heating.

A liquid flat-plate collector.
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A typical sandwich-type absorber.

The open-tace Thomason absorber shown in
the diagram has the advantage of simplicity.
Cool water from storage 1s pumped o header
pipe at the tor of the collector and flows out
into the corrugations through holes on top of
cach valley. A gutier at the base of the collector
gathers the warm water and retumns it 1o the
storage tank. Its clearest advantage is that it s
self-draining and needs no protection against
corrosion or freezing. One disadvantage is that
condensation can form on the underside of the
cover plate. Another is that the trickling water
inay eventually erode the black paint.

ln most of the carly experimental work with
lat-plate collectors. the absorber plates con-
sisted of tlat metal sheets with copper tubes

Liguid Flat Plate Collectors

soldered, welded, wired, or clamped to them.
Thousands of experimenters all over the world
have struggled to develop cheap. effective
methods of bonding tubes to plates. Good ther-
mal bonds are of paramount importance. Most
commercially available collectors have copper
tubes soldered to copper plates.

TUBE SIZING AND FLOW PATTERNS

The choice of tube size for an absorber involves
tvadeotfs between fluid Row rate, pressure drop.
and cost. It cost were the only tactor, the tube
diameter would be as small as possible. But the
smaller a tube, the faster a liquid must travel
through it to carry off the same amount of heat.
Corrosion increases with Quid velocity. And the
faster the fluid flows, the higher the pumping
COSLS.

Typically. the risers (the tubes soldered di-
rectly onto the absorber plates) are 1/2 inch in
diameter. but this ultimately depends on the size
of the system and the liquid being used. The
headers (those tubes running alorg the 1op and
bottom of the plate) are 3/4 to | inch in di-
ameler.

The pattern of the tubes in the absorber plate
is also mportant to the overall performance of
the collector. Strive o attain unitorm fluid flow.
low pressure drops, ease of tabrication. and low
cost. Uniform fluid flow is the most important
of these. “"Hot spots™™ on the absorber plate will
lose more beat than the other arcas—Ilowering
overall efticiency.

Since most applications call for more than
one collector, you wall have 1o connect a num-
ber of independent collector panels together.
Series or parallel networks are the simplest.
Again, the important criteria are uniform fluid
How. low pressure drop. and the ability to fully
drain the liquid in drainback systems. A net-
work of collectors piped in series has uniform
flow but a high pressure drop. while a parallel
hookup has just the opposite. For a large num-
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Tips on Corrosion Prevention

Because oxygen can be very corrosive under
certain conditions, air should be prevented from
eniering the heat transfer liquid. This can be
very difficult in self-draining svstems.

The pH of the transfer liquid (a measure of
its acidity) is the most critical determinant of
corrosion, Liguids coming in contact with alu-
minum must be newtral—with a pH around 6
or 7. Any deviation, whether lower (more acidic)
or higher (more basic) severely increases the

rate of corrosion. The pH must be measured
Sfrequently to prevent deviations from the norm.
Antifreeze should be replaced at 12-month in-
tervais,

Svystems in which the transfer liquid flows in
contact with ¢ number of different metals are
susceptible to galvanic corrosion. If possibie,
vou should avoid using several different metals.
In particular, aluminum should be isolated from
components made from other metals.

PARALLEL
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Reverse return piping systems help balance the flow through
the collectors. The first collector plumbed to the supply
line is the last plumbed to the return line.

ber of independent collector panels. a series-
parafle] network is your best bet. In any net-
work. the exterior piping should be at least 1
inch in diameter and well-insulated. Many col-
lectors are available with integral top and bot-
tom headers. Connections are made directly
between collectors, reducing pipe costs and heat
loss.

The plumbing configuration most often used
is the reverse-return method. that follows the
fiest-in. last-out rule. The tirst collector to re-
ceive liquid from storage is the last connected
to the return 1o storage.

ABSORBER PLATES

Absorber plates are usually made of copper or
aluminum. But plastics are taking over the low-
temperature applications, such as swimming pool
heating systems.

A metal need not be used for the absorber
plate if the hquid comes in direct contact with
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every surface struck by sunlight. With almost
all liquid systems now in use. however, the
liquid is channelled through or past the plate.
Heat must be conducted to these channels from
those parts of the absorber that are not touching
the fluid. If the conductivity of the plate is not
high enough. the temperatures of those parts
will rise, and more heat will escape from the
collector—lowering its efficiency. To reduce
this heat loss. the absorber plate will have to
be thicker or the channels more closely spaced.
With a-metal ot high conductivity such as cop-
per. the plate can be thinner and the channels
spaced further apart. To obtain similar perform-
ance, an aluminum plate would have to be twice
as thick and a steel sheet nine times as thick as
a copper sheet.

The accompanying graph illustrates the var-
tation in absorber efficiency (the *etticiency
factor’” gauges the deviation from optimum)
with tube spacing for various types and thick-
nesses of metals. Cost rises fuster than effi-
ciency for increasing thickness of copper.
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The variation in collector efficiency with tube spacing and absorber type.

Optimum cost and efticiency is achieved with
a 0.010-inch-thick copper sheet with tubes spaced
at intervals of 4 to 6 inches. Copper has become
the most popular absorber choice in manufac-
tured collectors.

ABSORBER COATINGS
AND COVER PLATES

The primary function of the absorber surface or
coating is to maximize the percentage of sun-
light retained by the absorber plate. Any surface
reflects and absorbs different amounts of the
sunlight striking it. The percentage it absorbs
is called its absorptance (o). Emittance (€) is
the tendency of a surface to emit longwave thee-
mal radiation. An ideal absorbar coating would
have « = [ and € = 0, so thai & could absorb
all sunlight striking it and emit ao thermal ra-.

diation. But there is no such substance, and we
usually settle for flat black paints, with both «
and € close to 1.

There are a few substances called selective
surfaces which have a high absorptance (greater
than .95) and low emittance (less than .2). Se-
lective surfaces absorb most of the incident sun-
light but emit much less thermal radistion than
ordinary black surfaces at the same temperaiure,
Collectors with selective absorber surfaces al-
tain higher collection efficiencies at higher tem-
peratures than normal collectors. But they are
necessary for systems which operate at tem-
peratures below 100°F.

The absorber coating should be chosen to-
gether with the collector cover plate. They have
simtlar functions-—keeping the solar heat in—
and complement each other in a well-designed
collector. For example. a selective surtace with
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PROPERTIES OF SELECTIVE SURFACES FGR SOLAR ENERTGY

APPLICATIONS
Absorptance Emittance for
Surtace for Solar Energy =~ Long Wave Radiation
"Nickel Black” on polished Nickel 0.92 0.11
"Nickel Black™ on galvanized Iron* 0.39 0.12
CuO on Nickel 0.81 0.7
Coy0,4 on Silver 0.90 0.27
CuO on Aluminum 0.93 0.11
Ebanol C on Copper* 0.90 0.16
Cu0 on anodized Aluminum (.85 0.11
PbS crystals on Aluminum 0.89 0.20

*Commercial processes. (Source: Duffie and Beckman, Solar Energy Thermal Processes.)

a single cover plate is usually more efficient
than #lat black paint with two cover plates. The
accompanying graph compares the performance
of Aat black and selective surfaces for one and
two cover plates. For collector temperatures be-
low I50°F, a second cover plate may be su-
perfluous, but for iemperatures above 180°F tfor
process heat or absorption cooling) a second
cover plate or a selective surface may be nec-
essary. For temperatures below KO°F., a selee-
tive surface performs no better than flat black
paint.

Cover plates are transparent sheets that sit
about an inch above the absorber. Shortwave
sunlight penetrates the cover plates and is con-
verted 10 heat when it strikes the absorber. The
vover plates retard the escape of heat. They
absorb thermal radistion from the hot absorber,
returning some of it to the collector. and create
a dead air space 10 prevent convection currenis
from stealing heat. Commonly used transparent
materials include glass.  fiberglass-reintoreed
polyester. and thin plastics. They vary in their
ability to transmit sunlight and teap thermal ra-
diauon. They also vary in weighi. cast of han-
dling. durability, and cost.

Glass s clearly the favorite. It has very good
solar transmittance and is fairly opague 1o ther-
mal radiation. Depending o the iron content
of the glass, between 85 and 96 percent of the
sunlight striking the surface of 178-inch sheet
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of glass (at vertical incidence) is transmitted. It
is stable at high temperatures and relatively
scratch-and weather-resistant. Glass is readily
available and installation techniques are famil-
1ar to most comtractors.

High transmittance solar glass with a low iron
content is used almost exclusively today in com-
mercial solar collectors. Viewed on edge. the
greener the glass, the higher the iron content
and the lower the transmittance.

Alternatives to glass include plastic and fi-
berglass-reinforced polyester. Plastics. many of
them lighter and stronger than glass, have a
slightly higher solar transmittance because many
are thin films. Unfortunately, plastics transmit
some of the longwave radiation from the ab-
sorber plate. Longwave transmittance as high
as 80 percent has been measured for some very
thin tilms. The increased solar transmittance
rantigates this effect somewhat—as does the use
of a selective surtace. But good thermal traps
become very important at higher collector tem-
peratures, and many plastics can’t pass muster
under these conditions.

Almoest 2!l plastics deteriorate after continued
exposure to the ultraviolet rays of the sun. Thin
films are particularly vulnerable to both sun and
wind fatigue. Most are unsuitable for the outer
cover but could be used for the inner glazing.
with plass as the outer glazing. Some of the
thicker plastics yellow and decline in solar
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transmittance. even though they remain struc-
turally sound. Other plastics like Plexigluss*
and acrylics soften at high temperatures and
remain permanently deformed. In dirty or dusty
regions, the low scrateh resistance of many plas-
tics make them a poor choice. Hard, scraich-
resistant coatings are available at an increased
cost. Newer plastics are bemng introduced with
special coatings 10 protect against ultraviolet
degradation. with limited warranties up 10 10
years agatnst yellowing. scratching, and hail
damage.

Additional cover plates provide extra barriers
to retard the outward flow of heat and insure
higher collector temperatures. Double-glazed
commercially available collectors most com-
monly use two Jayers of glass. The more cover
plates, the greater the fraction of sunlight ab-
sorbed and reflected by them—and the smaller
ihe percentage of solar energy reaching the ab-
sorber surface.

In general, the lower the temperature re-
quir*d trom the collector, the fewer the cover
plates. For example, solar collectors that hem
swimming pools usually don’t require a cover
plate. For cooler climates, additional cover plates
may be needed. To obtain the same collector
performance, lor example. two covers may be

Liquid Flat Plate Collectors

necessary in New England and only one in Flor-
ida. The majority of the collectors on the market
have one layer of glass as the cover plate. and
a selective surface.

INSULATION

Insulation is used behind the absorber to cut
heat losses out the back. If the collector is in-
tegiated into the wall or roof, heat lost out the
back 1s transferred directly into the house. This
can be an advantage during winter but not in
the summer. Except in areas with cool summer
temperatures. the back of the absorber should
be insulated to minimize this heat loss and raise
collector efticiency. Six inches of high temper-
ature fiberglass insufation or its equivalent is
adequate for root collectors, and as littfe as 4
inches s sufficient for vertical wal! collectors
il they are attached to a living space. Where
the collector sits on its own support structure
separate from the house an R-12 back and R-8
sides should be the minimum.

Choose an insulation made without a binder.
The binder will vaporize at high temperatures
and condense on the underside of the glazing
when it cools, cutting transmittance. The in-
sulation should be separated from the absorber
plate by at least a 3/4-inch air gap and a layer
of rellective foil. This foil reflects thermal ra-
diation back o the absorber—thereby lowering
the temperature of the insulation and increasing
collector efficiency. Most collectors use a feil-
faced cellular plastic insulation at the back of
the absorber, separated from it with a layer of
binderless fiberglass and a fayer ot foil. Both
insulations are made specifically Tor high tem-
peratures because the collector could stagnate
above MX°F.

The perimeter of the absorber must also be
insulated 10 reduce heat losses at the edges.
Temperatures along the perimeter of the ab-
sorber are generally lower than those at the mid-
dle. So less insulation can be used, but it too
should be made for high temperatures in case
of stagnation.
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OTHER FACTORS

Smaller issues should also be addressed when
choosing a collector. Glazing supports and mul-
lions can throw shade on the absorber so look
for collectors with the standard low-profile atu-
minum extrusions. Gaskets and sealants should
be able to resist ultraviolet radiation and high
temperatures. The glazing details should pro-
vide for drainage and keep out snow, ice, water,
and wind.

A filled collector weighs between 1 and 6 pounds
per square foot. This is well below the roof
design load of mest houses. Wind loads on wall
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collectors or integral roof collectors are no prob-
lem either, since these surfaces must withsiand
wind conditions anyway. But, wind loads are
imporiant in the design of raised support struc-
tures for separated collectors.

Snow loads have not been a problem. The
steep collector tilt angles needed at higher lat-
itudes (where most of the snow falls) are usually
adequate 10 maintain natural snow run-off. Even
when snow remains on the collector, enough
sunshine can pass through to warm the collector
and eventually cause the snow to slide off. As
a last resort, warm water from storage can be
circulated through the collector in the morning.
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Air Flat-Plate Collectors

Solar heating systems that use air as the heat
transport medium shoukd be considered for all
space heating applications —particularly when
absorption ¢ooling and domestic water heating
are not important. Air systems don’t have the
complications and the plumbing costs inherent
in liquid systems. Nor are they plagued by
freezing or corrosion problems.

The relative simplicity of air solar heating
systems makes them very attractive to people
wishing to build their own. But precise design
of an air system is difficult. All but the simplest
systems should be designed by someone skitled
in mechanics and heat transier caleulations. Once
built. however, air systems are easy to mantain
or repair. Fans, damiper motors, and controls
may fail occasionally. but the collectors, heat
storage. and ducting should last indetiniiely.

The construction of an air collector is simple
compared (o the difticulty of plumbing a liquid
collector and finding an absorbe: plate com-
patible with the heat transfer liguid, Except for
Thomason’s collector, the channels in a liguid
collector absorber must be leakproof and pres-
sure-fight and be fauttlessly comnected into &
larger plumbing system at the building site. But
the absorber plate for an air collecior is usually
a sheet of metal or oth=r material with a rough

surface. Air collectors must be built with an eye
on air leakage and thermal expansion and con-
traction.

ABSORBERS

The absorber in an air collector doesn’t even
have o be metal. 1n most collector designs., the
circulating air flows over virtually every surface
beated by the sun. The solar heat doesn’t have
to be conducted from one part of the absorber
to the flow channels—as in liquid collectors.
Almost any surface heated by the sun will sur-
render its heat to the air blown over it

Thas straightforward heat transfer mechanism
opens up a wide variety of possible absorber
swfaces: layers of black screening. sheets of
glass painted black, metal lath, or blackened
aluminum plates. Many of these can be obtained
very cheaply—as recycled or reused materials.
The entire absorber surface must be black. must
be heated directly by the sun, and must come
in contacl with the air lowing through the col-
fecior.

A sheet metal absorber plate, e old standby
for liquid collectors. is probably the best choice.
Metal is preferable for coliectors in which the

105



The New Solar Home Book

sun cannot reach every last surface in contact
with the moviey air. Because of its high con-
ductivity, metal can also alteviaie the “*hot spots™
caused by an uneven air flow. Excess heat is
conducted to other areas where the air is making
better contact.

AIR FLOW AND HEAT TRANSFER

Just where 1o put the air passage relative to a
bluckened metal absorber is a question that mer-
its some atttention. Three basic configurations
are shown in the diagram. In Type [, air lows
between a transparent cover and the absorber:
in Type I, another air passage is locaied behind
the absorber: and in Type I, only the passage
behind the absorber is used. The Type Il cul-
lector has the highest efficiency when the col-
lector air temperature is only slightly above that
outdoors. But as the collector temperature in-
creases, or the ambient air temperature de-
creases, Type I is dramatically better because
of the insulating dead air space between the
cover and the absorber,

The rate of heat How trom the absorber to
the passing air stream is also crucial. The hear
transfer coefficient /i is one measure of this
flow. It is similar to the b-value. which is a
measure of the heat flow through a wall or root’.
The higher the value of h. the better the heat
transfer to the air stream and the better the col-
fector performance, Good values of 4 fall in the
range of 610 12 Buw/hr ft° °F). Atatemperature
15°F above that of the air stream. one square
foot of good absorber surface will ranster 150
to 300 Btu per hour to passing air—almost as
much solar radiation as is hitting . The value
of & can be increased by increasing the rate of
air flow ., by increasing the effective surface area
of the absorber, or by imaking the air flow more
turbulent. As long as costs to run the fan or
noise levels do not get out of hand, higher val-
ues of A are detinitely preferred.

Whether the absorber sarfaces are metal or
not, furbulent flow of the air stream is very
important. Poor heat transfer occurs if the air
flows over the absorber surface in smooth, un-
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The three types of warm air solar collectors.

disturbed layers. The air next to the surface is
almost still and becomes quite hot, while layers
of air lowing above it do not touch the absorber
surface. Two levels of wrbulent flow will help
improve this situation. Turbulence on the mac-
roscopic level can be observed with the naked
eye when smoke blown through the air tumbles
over itself. Turbulence on the microscopic level
involves this tumbling right next to the absorber
surface.




To create turbulent flow on either level. the
absorber surface should be imegular—not
smooth. Finned plate and *‘vee’” corrugations
create macroscopic turbulence by breaking up
the air flow—forcing the air 10 move in and
out. back and forth. up and down. To create
microscopic rbulence, the surface should be
rough or coarse. with as many fine. sharp edges
as possible. Meshed surfaces and pierced metal
plates do the trick.

But increased air turbulence means a greater
pressure drop across the collector. Too many
surfaces and too much restriction ol air How
will require that a larger fan be used 10 push
the air. The added ¢lectricat energy required to
drive the tap may cancel out the extra solar heat
gatns,

ABSORBER COATINGS AND COVER
PLATES

While considerations for absorber coatings, se-
lective surfaces, and cover plates are similar tor
air and ligmd collectors, there are a few dif-
ferences. One of the primary drawpacks of a
non-metalic absorber, such as in a plastic thin
it collector. is the extreme ditficubty of ap-
plying a selective surface to i, Unail this wech-
nodogy improves, metal absorbers are preterred
in applications where o selective surface 1s de-
sirable. Low-cost, efficient air collectors will
be readily available if selective surfaces can
cver be applied 10 non-metal absorbers with gase.

As with ligwid collectors, the use of i selec-
tve surface i1s about equivalent to the addition
ol a second cover plate. For Type | and It col-
lectors. in which air fows between the absorber
and the glazing, the addition of a second cover
plate may be preferred because it creates a dead
air space in front of the absorber.

The use of a **vee™” corrugated absorber plate
is somewhat analogous 1o the use of a selective
surface. The vees create more surface arca in
the same square footage of collector area. It
also increases the overall solar absorption (and
hence the “effective”” absorptance) because di-
rect radiation striking the vees is reflected sev-
cral umes, with a Jinlle more absorption occurring

Air Flat-Plate Collectors

at each bounce. oriented properly. its absorp-
tance is higher than that of a flat metal sheet
coated with the same substance. But the in-
crease in the emitted thermal radiation is small
by comparison.

OTHER DESIGN FACTORS

Air leakage, though not as damaging as water
leakage in a liquid collector, should be kept to
a minimum. Because the solar heated air is un-
der some pressure, it will escape through the
tiniest crack. Prevention of air leakage helps to
raise the collector efficiency. Take special care
to prevent leakage through the glazing frames.
By using large sheets instead of many small
panes you can reduce the number of glazing
joints and cut the possibility of leakage. And
just as storm windows cut the air infiltration
into your home. second and third cover plates
reduce air leakage from a collector. Air leakage
is the biggest factor in decaying efficiency and
occurs throughout the system: collectors. ducts,
and storage.

For Type [ and It collectors, the turbulem
fliow through the air space in front of the ab-
sorber results in somewhat larger convection
heat loss to the glass than is the norm with liquid
collectors. Thermal radiation losses from the
absorber are therefore a smaller part of the over-
all heat loss. The absorber in a Type I collecior
becomes relatively hot and loses a lot of hea:
out the back, so more insulation is required.
But i Type I' and Il] coliectors, a wurbulent air
flow cools the back side somewhat and less
insulation may be required.

One drawback of air as a heat transfer fluid
is its low heat capacity. The specific heat of air
is 0.24 and its density is about 0.075 pounds
per cubic foot under normal conditions. By
comparison, water has a specific heat of 1.0 and
a density of 62.5 pounds per cubic foot. For
the same temperature rise. a cubic foot of water
can store almost 3500 times more heat than a
cubic foot of air. It takes 260 pounds, or about
3500 cubic feet of air, to transport the same
amount of heat as a cubic foot of waier.
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Because of this low heat capacity. large spaces
through which the air can move are needed—
even in the collector itself. Air passageways in
collectors range frem 1/2 to 6 inches thick. The
larger the air space. the lower the pressure drop,
but the poorer the heat transfer from absorber
to air strezm. And larger passages mean higher
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costs for materials. For flat, sheet-metal ab-
sorber surfaces, the passageway usually is 1/2
to 1 inch. Passageways ranging from 1-1/2 10
2-1/2 inches are standard for large collectors
using natural convection or having unusually
long (more than 15 feet) path lengths—the dis-
tance from the supply duct to the return duct.
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Other Collector Types

Concemrating and  focusing  collectors may
someday emerge as favorites. These collectors
use one or more reflecting surfaces to concetrate
sunlight onto a small absorber area. Collector
performance is enhanced by the added sunlight
hitting the absorber.

Depending upon their total area and orien-
tation, flat refiectors can direct 50 to 100 percent
more sunlight at the absorber. Focusing collec-
tors only reflect direct sunlight onto the ab-
sorber. Concentrating collectors direct and diffuse
radiation, so they also work well in cloudy or
hazy weather—when diftuse sunlight is coming
from the entire sky.

PARABOLIC COLLECTORS

Parabolic collectors have @ reflecting surface
virved to direct incoming sunlight onto a very
small area. A deep parabolic surface (a fly ball
hit 10 the outlield traces out a parabolic path)
can focus sunlight on an area as small as a
blackened pipe with fluid running through it.
Such a focusing collector will perform ex-
tremely well in direct sunlight but will not work
at all under cloudy or hazy skies because only
a few of the rays coming from the entire bowl
of the sky can be caught and reflected onto the
blackened pipe. And even in sunny weather,
the reflecting suiface must pivot to follow the

sun so that the absorber remains at the focus.
The mechanical devices needed to accomplish
this tracking can be expensive and failure-prone.
But the higher the temperatures and efficiencies
possible with a focusing collector are sometimes
worth this added cost and complexity for high-
temperature applications.

COMPOUND PARABOLIC
CONCENTRATOR

The compound parabolic concentrator was de-
veloped at the Argonne National Laboratory by
physicist Dr. Roland Winston. His collector uses
an array of parallel reflecting troughs to con-
centrate both direct and ditfuse solar radiation
onto a very smull absorber—usually blackened
copper tubes running along the base of each
trough. The two sides of each trough are sec-
tions of parabolic cylinder—hence the name
“‘compound parabolic concentrator’” or CPC.
Depending upon the sky condtion and collector
orientation, a three- to «'ght-fold concentration
of solar energy is possible. The collector per-
forms at 50 percent efficiency while generating
temperatures 150°F above that of the outside
air.

The real beauty of the CPC collector is its
ability to collect diffuse sunlight en cloudy or
hazy days. Virtuatly all the rays entering a trough
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—COLD FLUID IN

PARABOLIC
REFLECTOR

PARABOLIC
DISH

COLD FLUID IN AND
HOT FLuib our

T MHOT FLUID

oy’

Typical concentrating collector with parabolic reflectors. Direct rays from the sun
are focused on the black pipe, absorbed and converted to heat.

are funneled to the absorber at the bottom. With
the troughs orienied east-to-west, the collector
need not track the sun. You merely adjust its
tilt angle every month or so. After publishing
his initial designs, Winston discovered that the
same optical principles have been used by hor-
seshoe crabs for thousands of centuries. These
antediluvian creatures have a similar structure
in their eyes 1o concentrate the dim light that
strikes them as they “‘scuttle across the floors
of silent seas.””

EVACUATED-TUBE COLLECTORS

One of the biggest problems with flat-plate col-
lectors is their large surface area for losing heat.
Since the best insulator is a vacuum, a more-
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Other Collector Types

EVACUATED SPACE

A

Early evacuated tube design.

etficient Aat-plate collector would have a vac-
uum between its absorber ptate and the cover
sheet. The vacuum would eliminate the con-
vective currents that steal heat from the absorber
and pass it to the cover plate. which conducts
it through to the outside. Better still would be
an absorber with a vacuum on all six sides.

But vacuums cannot be created easily in a
rectangular box without atmospheric pressure
pushing in the cover. Rescarchers years ago
applied the fluorescent tube manufacturing
process to make sofar collectors. One glass tube
is placed within another and the space between
them is evacuated—Ilike a Thermos™ bottle.
The inner tube has a selective coating on its
outer surface. and an open-ended copper 1ube
inside 1. as shown in the ligure. Air or water
enters the copper tube from the header, and is
torced out the open end of the copper tube,
gathering heat absorbed in the inner glass ube
before it returns to the header.

Most of the recent evacuated tube designs
feature a U-shaped copper tube with a small
selective-surface copper absorber. The copper
plate absorbs the sun’s energy and passes it to
the heat transfer fluid flowing through the U-
shaped tube.

SELECTIVE
SURFACE

SELECTIVE SURFACE
COLD FLUID IN

HOT FLUID OUT

VACUUM

Another design. called the heat-pipe evacu-
ated tube. has a closed metal tube and plate
inside the evacuated glass tube. The end of the
metal tube, which extends just beyond the glass
tube. protrudes into the header across the top
of the collector. The refrigerant heat transfer
ftuid in the metal tube vaporizes when warmed
by the sun, rises to the top of the tube, and
condenses after conducting its heat to the water
passing through the header. The condensed lig-
uid falls down the side of the wbe, 1o boil again.

The 3- 10 4-inch diameter evacuated tubes
are arranged side-by-side connected at one end
to a header or heat exchanger (depending on
the design) and supported at the other end.
Evacuated-tubes are available for liquid, air, or
phase-change systems. When pitched properly.,
they can even be used in drainback systems.
No matter what the duid or design. the collec-
tors drasticaily cut heat foss from the absorber.
and can have higher annual efficiencies than
flat-plate collectors in cold, cloudy climates or
in higher temperature applications.

Because the “*cover plate™ on an evacuated
tube is a cylinder, less sunlight is reflected over
the whole day than from a flat sheet of glass,
And since many of the coliector designs feature
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SELECTIVE SURFACE
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Subsequent evacuated tube design.

HEATPIPE

k EVACUATED TUBE

SELECTIVE SURFACE

SELECTIVE
SURFACE

Heat pipe evacuated tube.

flat or CPC-like reflectors underneath the tubes,
they can collect diffuse as well as direct sun-
light. This means they can collect energy on
days when fat-plate collectors may be lying
dormant.

Whether or not you need an evacuated-tube
collector depends on your local climate and the
temperature needed. In side-by-side tests, evac-
uated-tubes with CPC reflectors outperformed
flat-plates during the winter, and performed about
the same during the warm months, when their
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lower Leat losses aren’t as important. This re-
veals the secret of concentrafing collectors: it
isn't their ability to congéntrate energy that's
important, but the fact (¥at they have such smatl
heat losses.

The two major drawbacks to evacuated-tube
collectors are thr high cost and tube breakage.
Harder glass/and better manufacturing proc-
esses and ¢ésigns have reduced the second., but
until latger production volumes are achieved,
11 be more expensive than flat-plate coi-
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CPC evacuated-tube collector.
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Collector Performance and Size

The performance of flat-plate collectors has been
studied extensively. Most researchers try io pre-
dict the collector efficiery —the percentage of
solar radiation hitting the collector that can be
extracted as useful heat energy. A knowledge
of the efficiency is very important in sizing a
collector. If you know the available solar energy
ai your site, the average collector efficiency,
and your heating needs, you're well on your
way to determining the size of your collector.

The collector efficiency depends upon a num-
ber of variables—the temperature of the col-
lector and outside air, the incoming temperature
of the heat transfer fluid. the rates of insolation
and fluid flow through the collector, and the
collector construction and orientation. By ma-
nipulating the variables. a designer can improve
overall collector performance. Unfortunately,
few gains in efficiency are made without paying
some penalty in extra cost. Beyond the obvious
requirements of good collector location and ori-
entation, many improvments in efficiency just
arcn't worth the added expense. Keep a wary
eye turned toward the expenses involved in any
schemes you devise to improve the efficiency.

COLLECTOR HEAT LOSSES

A portion of the sunlight striking the collector
glazing never makes it 1o the absorber. Even
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when sunlight strikes a single sheet of glass at
right angles, about 10 percent is reflected or
absorbed. The maximum possible efficiency of
a flat-plate glazed collector is therefore about
90 percent. Even more sunlight is reflected and
absorbed when it strikes at sharper angles—and
the collector efriciency is further reduced. Over
a full day, less than 80 percent of the sunlight
will actually reach the absorber and be con-
veried (o heat.

Further decreases in efficiency can be traced
to heat escaping from the collector. The heat
transfer from absorber to ouvtside air is very
complex—involving radiation, convection, and
conduction heat flows. While we cannot hope
to analyze all these processes independently, we
can describe some important factors, including:

average absorber temperature
wind speed

number of cover plates

¢ amount of insulation.

Perhaps you've already noticed that very similar
factors determine the rate of heat escape from
a house!

More heat escapes from collectors having hot
absorbers than from those with relatively cool
ones. Similarly, more heat escapes when the
outdoor air is cold than when it is warm. The
difference, in temperature between the absorber
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Energy Flows in a Collector

Because energy never disappears., the ioial so-
lar energy received by the absorber equals the
sum of the hear energy escaping the collector
and the useful heat energy extracted from it. If
H, represents the rate of solar heat gain (ex-
pressed in Bul(ft" hr)) by the absorber, and H,
is the rate of heat escape. then the rate of useful
heat colleciion (H_) is giver. by:

H:' = Hu - He
Usually H. and H, are the easiest quantities

s expressed as the diffe

try cwalewedontos as tie aiffer-

to calculate, and H_ is expresse
ence between them. The rate of solar heat col-
lection is easily determined by measuring the
fluid flow rare (R, in Ibi(f" hr)) and the inlet
and outlet temperatures (T, and T,,,,. in °F),
The solar heat extracted, in Btu per square foort
of collector per hour, is then:

H‘- = (R”C,,"Tnm - Tm}

where C,, is the specific heat of the fluid—1.0
Btul 1 b for water und 0.24 Bt/ 1b for air. Know-
ing H, and the rate of insolation (1), you can
immediately calculate the collector efficiency
(E, in percent):

E= 100(H.1)

The instuntaneous efficiency can be calcu-
lated by 1aking this rano at any selected mo-
ment. Or an average efficiency mavy be determined
by dividing the total heat collected over a cer-
tain time period (say an hour) by the total in-
solution during that period.

and the outdoor air, AT = T, — T, is what
drives the overall heat flow in that direction.
The heat loss from a collector is roughly pro-
portional to this difference.

As the absorber gets hotter. a point is even-
tually reached where the heat loss from a col-
lector equals its solar heat gain. At this
equilibrium temperature, the cotlector effi-
ciency is zero—no useful heat is being col-
lected. Fluids are usually circulated through a

Of the totai insolation the amount actually
converted to heat in the absorber (H,) is re-
duced by the transmirtance (represented by the
Greek letter tau, or 1) of the cover plates and
by the absorptance (represented by the Greek
letter alpha, or a) of the absorber. The value
of H, is further reduced (by 3 to 5 percent) by
dirt on the cover plates and by shading from
the glazing supporis. Therefore, the rate of so-
lar heat gain in the absorber is about

u —
T,

Both o and v depend upon the angle at which
the sunlight is striking the collector. Glass and
plastic transmit more than 90 percent of the
sunlight striking perpendicularly. But durivg a
single day, the average transmitiance can be as
low as 80 percent for single glass, and lower
for double glass. The absorptances rf materials
commonly used for collector coatings are usu-
ally better than 90 percemt. If no radiation is
converted to heat absorbed in the collector fluid,
then

H.=H, = 0.96(a)7)i;

and the average collector effictency (for a whole
dav) would still be less shan 80 percent. Un-
Jortunately, there are large heat losses from a
Slat-plate collector, and efficiencies rarelv get
above 70 percent.

collector to prevent this occurence. They carry
away the accumulated heat and keep the ab-
sorber relatively cool. The higher the fluid low
rate, the lower the absorber temperature and the
higher ihe collector efficiency.

Some fluids cool an abso:ber better than oth-
ers. Although it has ihe disadvantages of freez-
ing and corrosion, water is unmatched as a heat
transfer fluid. It has the advantages of low vis-
cosity and an extremely high heat capacity. So-
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lutions of propylene glycol in water solve the
freezing problems but they have a lower heat
capac'ty. For the same flow rates, a 25 percent
solution of glycol in water will result in a 5
percent drop in collector fficiency.

As a heat transport fluid, air rates a poor
third. Whilc optimum waier flow rates are 4 to
10 pounds per hour for each square foot of col-
lector, 15 to 40 pounds of air are usually needed.
And the rate of heat transfer from absorber to
fluid must also be considered. Rough corrugated
surfaces work best in air collectors. Good ther-
mal bonds and highly conductive metal absorb-
ers are nieeded with liquid coliector. The fasier
the heat transfer to the passing fluid, the cooler
the absorber and the higher the collector effi-
ciency.

As with houses, the collector heat losses can
be lowered by adding insulation or extra glass.
But extra glass also cuts down the sunlight
reaching the absorber. The refation of these two
factors to the collector efficiency is illustrated
in the next two graphs. In the first, the equiv-
alent of 2 inches of fiberglass insulation is placed
behind the absorber. The back of the second
absorber is very heavily insulated—so that vir-
tually no heat escapes. In all cases. the daily
average collector efficiency falls with increas-
ing differences between the absorber and out-
side air temperatures. For absorber temperatures
less than 40°F, the extra cover plates and in-
sulation are obvicusly helpiul. These remarks
apply to a specific collector, but are generally
true for most others. For very cold climates or
very high fluid temperatures, the evacuated-tube
collectors have the lowest heat losses.

INSOLATION

The collector efficiency also depends upon the
amount of sunlight hitting it. Under cloudy
morning conditions. for example. the absorber
will be much too coul to have fluid circe? sting
through it. and ao useful heat can be extracted.
But at noon on a sunny day. the cotlector will
be operuting at full tilt. delivering 60 percent
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of the solar energy to storage. If the fluid flow
can be increased to keep a constant absorber
temperature. the collector efficiency will in-
crease as the insolation rate increases.

The actual value of the insolation at a par-
ticular spot is very diflicult to predict. Weather
conditions vary by the hour, day, month, and
year, and a collector designed for average cond-




tions may perform quite differently at other times.
For example. the collector described above may
have an average daily efficiency of 40 percent,
but its efficiency at any one moment can be
anywhere in the range form 0 10 60 percent.
Usually, we have to resign ourselves to using
the average collector efficiency in our calcu-
lations. But that’s not as bad as it may sound.
The average daily insolation multiplied by the
average collector efficiency gives us the solar
heat collected per square foot on a typical day.
With sufficient heat storage to tide us over times
of shortage, why worry”!

The Clear Day Insolation Data and the Per-
centage of Possible Sunshine Maps in the ap-
pendix provide a suitable method for calculating
the insolation at most sites. They are limited to
south-facing surfaces, unless you do a lietle trig-
onometry. They are capable of providing good
estimates of the average insolation for any day
and time. And fortunately a precise knowledge
of the insolation sn't critical. Variations of 1}
percent in the insolation will change collector
cificiency by only 3-4 percent out of a total
efficiency of 40 percent.

COLLECTGR ORIENTATION AND
TILT

Two other factors that deiermine a collector’s
performance are its orientation and tilt angle.
A collector facing directly into the sun will re-
ceive the most insolation. But flat-pli te collec-
tors are usually mounted in a fixed position and
cannot pivot to follow the sun as it sweeps across
the sky each day or moves north and south with
the seasons. So the question naturally arises.
“*“What is the best orientation and tilt angle for
my collector?” In addition. designers need to
know how much they can deviate from opti-
mum.

Although irue south is the most frequent choice
for the collector orientation, slightly west of
south may be a better choice. Because of early
moming haze, which reduces the insolation. and
higher outdoor air temperatures in the after-

Collector Performance and Size
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The percentage of insolation on vertical walls
for orientations away from true south,

noon, such an oriemation can give slightly higher
collector efficiencies. On the other hand., after-
noon cloudiness in some localities may dictate
an orientaion slightly east of south. Fortunately,
deviations of up to 15°F from true south cause
relatively small reductions in collector effici-
ences. The designer has a fair amount of flex-
ibility in his choice of collector orientation.

A useful diagram shows the approximate de-
crease in the insolation on a vertical wall col-
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BOSTON, MASSACHUSETTS

% INCREASE IN
COLLECTOR AREA

0%

0-10%

10-60%

80-170%

CHARLESTON, SOUTH CAROLINA

% INCREASE IN

Q COLLECTOR AREA

0-5%

22!&"

5-30%

30-90%

90-140%

67%"

The change in area of a vertical wall collector with orientations away from true south.
The collector (shaded areas) has been sized to provide 50 percent of the winter heating
needs of a well-insulated home in Boston and Charleston.

fector facing away from true south. The graph
is valid for latitudes between 30°N and 45°N-—
almost the whole United States, if we forget
Alaska and Hawaii. And it applies to the coldest
part of the year—(rom November 21 to January
21. You can wse this graph together with the
Clear Day Insolation Data to get a rough esti-
mate of the clear day insolation on surfaces that
do not face true south. Simply multiply the data
by the pereentage appropriate 1o the orientation
vou have selected.

I8

The effect orientation has upon the required
size of a collector is illustrated by two examples
in the next diagram. The vertical wall collectors
in all cases are sized o provide 50 percent of
the heating needs of a 1000-square-foot house
in ¢ither Boston or Charleston, South Carolina.
Note that southwest (or, for that matter. south-
cast). orientations require an extra collector area
of only 10 percent in Boston and 30 percent in
Charleston. Tilted surfaces are affected even
less by such variations.




The collector tilt angle depends upon its in-
tended use. A steeper ult is needed for winter
heating than for summer cooling. If a collector
will be used the year round, the angle chosen
will be a compromise. If heating and cooling
needs do not have equal weight, your selection
of a tilt angle should be biased toward the more
important need.

The general consensus holds that a uilt angle
of 15° greater than the local latitude is the op-
timum for winter heating. For year-round uses.
the collector tilt angle should eqgual the local
latitude. And for maximum surnmer collection,
the best choice is 157 less than the latitude. But
your house won’t freeze up or boil over if you
don’t have exactly the right tilt angle. The co!l-
lector can be tilted 15-20° away from the op-
tmum and still get more than Y0 percent of the
maximum passible insolation.

For areas with severe winter cloudiness.
steeper tilts may be required. Sometimes ver-
tical wall collectors are a good idea. Such a
collector receives its peak insolation in the win-
ter months, but gets very little in the summer.
s0 don’t expect to heat a swimming pool with
it. When reflections from the ground are added
to the sunlight hitting a vertical collector di-
rectly, its performance can surpass that of a
collector tilted at the “*optimum’” winter heating
angle (latitude + 15°). Clean, tresh snow has
the highest reflectance—87 percent—of any
common surface. It can add another 15 to 30
percent 1o the solar heat output of a vertical
coliector. Other surfaces such as asphalt, gravel,
concrete, and grass have reflectances ranging
from 10 to 33 percent.

The accompanying diagram shows the rela-
tionship between tilt angle and collector size.
The collectors in all four cases are sized to pro-
vide 50 percent of the January heating load for
a typical Minneapolis home oriented true south.
Relatively small changes in collector size can
compensate for the reductions in solar collection
resulting from changes to the January “‘opti-
mum’’ (50°) tilt angle. With additional sunlight
reflected from fallen snow, a vertical wall col-
lector can be 14 percent smaller than the rooftop
collector tilied at 50°.

Collector Performance and Size

MINNEAPOLIS, MINNESOTA

% CHANGE IN TILT
COLLECTOR COLLECTOR AREA ANGLE
-14% 90°

+6% 60°

0% 50°

+18% a0°

NOTES: 1. 8ase tilt angle = 50~.
2. Operating temperature = 90°F
3. Due South orientation.
Small changes in collector size are required
when the tilt angle differs from the optimum.

SIZING THE COLLECTOR

Accurate performance predictions are needed
for sizing a collector. It is important to know
whether 35 or 40 percent collector efticiencies
(on the average) can be expected in any given
month. With this knowledge and some predic-
tions of the average daily insolation for that
month, you'll have a good idea of how much
solar heat you can expect from each square foot
of collector. The size then foliows from the
average monthly heat demands.
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The solar heat delivered per square foot of collector de-
creases as the collecior size increases. The shaded area
represents the portion of the heating demand supplied by
a 500-square-foot collector. Doubling the collector size may
double the solar heat supplied in January, but it doesn’t
help much in October or April.

But the performance of a collector is even
more difficult to predict when it is tied ino an
entire heating system. Although some rules of
thumb have emerged. the subject is still clouded
in mysiery as far as the average homeowner or
builder is concerned. Site conditions. the heat-
ing demands of the house. and specilic design
choices (such as the collector tilt. the operating
temperature. and the heat siorage capacity) all
attect the average collecior performance.

A well-designed collector might be able to
collect 12000 B per square foot on a sunny
winter day. But not all of this heat will reach
the rooms. There will be heat losses from the
heat storage container, which may already be
too hot 1o accept additionad heat. There will also
be heat lost from the ducts or pipes between the
collector and the storage tank and the rooms.
Solar energy will be rejected during extended
periods of sunay weather—even il the outdoor
temperatures are guite cold. Only when the proper
sequence of sunny and cloudy days occurs can
all the available solar energy be used.

Consider a 1000-square-foot house with a
heating demand of 12.000 B per degree day,
or 84-million Biu in a 7000-degree-day climate.,
This demand is distributed over the heating sea-
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son {late September to early May) as shown in
the diagram. Little heat is needed in October or
April and the bulk of the heat is needed from
December through February—just when sun-
light is at a premium.

Such a house needs about 600,000 Btu on
day when the outside temperature averages 15°F.
On a sunny day. this amount of solar heat can
be supplied by 500 square feet of a good col-
lector. And with a 35°F temperature rise (from
85°F to 120°F, for example), about 2000 gallons
of water will absorb all of the solar heat. But
under average operating conditions, a square
tfoot of this collector gains only 350 B of us-
able solar heat per day—or 84,000 Btu for the
entire seven-month heating season. The 500
square feet of collector will supply only half of
the seasonal heating load of 84 million Btu.

Contrary to what you might expect, doubling
the collector size from 500 to 1000 square feet
does not provide 100 percent of the heating
load. Instead. it provides about 75 percent be-
cause the larger collector does not work to full
capacity as often as the smaller one. In this
particular system. the usable heat per square
foot of collector drops from 84,000 Btu to 69.000
Biu because the house just cannot use the added
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First the monthly output of a flat-plate col-

COLLECTOR SIZE AND SOLAR HEAT DELIVERED
- lector 1s calculated as the product of the useful

Collector  Solar Heat Used Total Solar Heat sunshine hours in the month times the average
Size* per Square Foot  Supplied per Season hourly solar heat output of the collector during
(ft2) of Collector MMBuw*  of Demand the month. The number of useful sunshine hours

is less than the total number of sunshine hours

2000 42.000 R4 100?’ because the insolation rate is not high enough
:3::: zg:ﬁ: 2: gg; in early morning to justify collector operation.
500 84,000 42 50% The two most influential factors that determine

—— T the hourly solar output—the hourly insolation
*Storage size remains fixed. *1 MMBiu = | million B, Y p y

¢at in the fall and spring. And the system must
reject more heat during four or five successive
days of January sunshine. Even if the storage
size were doubled. the system would have to
reject excess heat during the autumn and spring.
As collector size increases for a fixed heat de-
mand. the amount of solar energy provided by
cach square foot drops because of the decreased
load fuctor on each additional square foot. This
is the law of diminishing returns.

A simplitied method for collector sizing. lies
somewhere between educated guess-work and
detaited analytical calculations. B is accurate 1o
within 20 percent and is biased toward con-
seevative  results. Architects.  designers. and
owner-builders often need such a “first-cui™
estimate of collector size to proceed with their
designs.
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rate and the temperature difference betwezn the
absorber and the outside air—change rapidly
during a single day. Therefore, we only try to
determine an average hourly solar ouiput. The
method outlined in **Estimating Collector Per-
formance’™ is an attempt to determine the rea-
sonable mean monthly owput from average
insolation rates and temperature differences.
More detatled analyses are usually made using
the F-chart computer simulations described ear-
lier.

A sample calculation of mean monthly solar
heat output is provided for iijustration. The hy-
pothetical collector is sited in Boston and ori-
ented south at a tilt angle of 60°. At an average
operating temperature of 120°F, this collector
has an efficiency of 38 percent and gathers 9880
Btu per square foot during the month of Janu-
ary.
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Performance curves for single- and double-glazed collector. Use these graphs to estimate
collector efficiency from the insolation rate and temperatures of the absorber and outdoor

air. SOURCE. Revere Copper and Brass Co.
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Estimating Collector Performance

The following method will help vou estimate the
average efficiency and monthly solar heat out-
put of a well-built solar collector. This method
is accurate to about 20 percent and results in
conservative estimates of performance. A 1un-
ning example is included for illustration.

i.

Fud
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Find the total number of hours of sunshine
Jor the month from the ''Mean Number of
Hours of Sunshine’ wable in the appendix;
Jor example, 148 hours for Boston in Jan-
uary,
Find the average dav length for the month
from almanacs or the weather bureau; 10
hours for Boston in January.
From the Clear Day Insolation tables in
the appendix. calculate the number of
“eollection hours™ per dav. For the se-
tected collector tilt angle, this is the num-
her of hours that the insolation is greater
than 150 Buft'. Count 112 hour for in-
solation rates between 100 and 150 B/
§°: 7 hours for 40°N latitude and 60° tilr.
Determine the total collection hours per
month by multiplving the sunshine hours
per month (#1) by the collection hours per
dav (#3} and dividing by the average day
length (#2); 148 hours (7 howrs) + 10
hours = 104 hours.
Determine the total daily useful insolation,
defined as the total insoiation during col-
lection hours, by adding the hourly inso-
lation rates (from the Clear Day Insolation
tables) for those collection hours described
above; 187 + 254 + 293 + 306 + 293
+ 254 + 187 = 1774 Brui(f’ day).
Determine the average hourly insolation
rate (1} during the collection period by di-
viding the total daily useful insolation (#5)
by the number of collection hours per day

10.

1.

(#3); 1774 Bru/(ft* day) + 7 hoursiday =
253 Bu/(ffhr).
Determine the average outdoor tempera-
ture (T,) during the collection period from
112 the sum of the normal daily maximum
temperature and the normal daily average
temperature for the month and locale. These
are available from the local weather bu-
reau and from the Climatic Atlas of the
United States . T, = 1i12(38°F) + (30°F)
= 34°F.
Select the average orerating temperature
{Taps) Of the collector absorber and find the
difference (AT = T.,pe — Tow). In general.
you should examine a range of possible
values for T,n,. AT= 120°F — 34°F =
86°F.
Refer to a performance curve for the col-
lector to determine the average coliector
efficiency from a knowledge of AT (#8) and
I (#6). The sample curves provided apply
to a tube-in-plate liquid-tvpe collector, but
they should be fuirly accurate for most flut-
plate collectors of moderate to good con-
struction; average collector efficiency =
J8 percent for a double-glazed collector.
Determine the average hourly collecior
output by multiplving the average hourly
insolation rate (1 from #6) by the average
collector efficiency (#9): 0.38(253 Btul(fr’
hr)) = 96 Buui(fi® hr).
The useful solar heat collected during the
monih is then the average hourly collector
output (#10) multiplied by the number of
collection hours (#4) for thar month: 96
Brui(fhr)(104 hoursimonth) = 9984 Bru/
fi* for Jaruarv in Boston.

This procedure should be repeated for a number
of other collector operating temperatures and
iilt angles.
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ESTIMATES OF MONTHLY COLLECTOR OUTPUT (in Boston)

Collector Average Solar Heat Collected (Buy/fi2)

9F Tilt Sep Oct Nov  Dec Jan Feb Mar Apr May TOTALS
90 60° 21,700 19.630 13.780 13,080 12480 14,640 18,000 14,720 15225 143,255
90  909% 14615 19781 14310 14,170 13,000 15250 10925 5,040 2520 109611
120 609 18,600 15,855 11.130 93810 9984 11590 14.250 12,160 12325 115,704
120 90°* 12,200 16.006 11,660 11,455 10400 12200 8,625 3,240 1,800 88.076
140 60° 16,275 12,835 9,010 8,175 7.800 9,150 11,250 10,240 9.425 94,160
140 90°*% 10,160 12986 9540 9.265 8,320 9750 5,750 2,160 1,080 69,021

*With 2™ mercent ground reflection.

Monthly solar output for the rest of the heat-
ing season has been calculated with the same
method and listed in the accompanying table.
The output of a vertical collector (including Z0
percent ground reflectance) is included in the
table. as are the monthly outputs when 9%°F and
140°F operating temperatures are allowed. The
seasonal output is the sum of all these monthly
figures. In your design work. it’s extremely use-
ful to consider a number of alternative collector
tits and operating temperatures—instead of
proceeding  single-mindedly with a precon-
ceived design. Almost every collector operates
over a range of temperatures and its efficiency
varies in a corresponding fashion. 1t's instruc-
tive to determine the solar heat collection for a
few of these conditions.

in general, the larger the percentage of house
heating you want your collector to supply. the
more difficultitis to estimate its size using these
simpliied methods. The actual sequence of sunny
and cloudy days becomes more important as the
percentage of solar heating increases. If a full
week of cold, cloudy days happens to occur in
January. your collector (or storage) would have
to be enormous to insure 20 percent solar heat-
ing. But good approximations of collector size
can be made for systems that are designed to
supply 60 percent or less of the seasonal heating
needs.

A simplified method of calculating the col-
lector size from monthly output and heating de-
mand figures is outlined in **Estimating Collector
Size.”” The monthly output figures are those of
our hypothetical collector, tilted at 60° and op-
erating at an absorber temperature of 120°F. The
heating demand figures are for a Boston home
of 1000 square feet that foses 9500 Btu per
degree day. In this particular example, we strive
to provide 50 percent of the seasonal heat de-
mands of the house. If the initial guess at the
appropriate collector size does not provide the
desired percentage. it can be revised up or down
and the calculations repeated unti the desired
results are achieved.

The final size of the collector should reflect
other factors besides heating demand-—for ex-
ample. the size of the heat storage container,
the solar heat gain through the windows, avail-
able roof or wall area, and cost.

COMPARING COLLECTORS

Some states require that manufactured solar col-
lectors be tested and rated on how much thermal
energy they produce. The Solar Rating and Cer-
tification Corporation (SRCC) is a non-profit
organization incorporated in 1980 to develop
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Estimating Collector Size

The following procedure helps you to estimate
the collecior size needed to supply a desired
percentage of the yearly heating demand. To
use it, you need the monthly output per square
foot of collecior, as calculated in *‘Estimating
Collector Performance.”’ The Boston example
is continued here for illustration—with the col-
lector tilted at 60° and operating at 120°F .

1. For the tilt angle and operaring temperaiure
selected, enter the monthly output per square
Joot of collector in column A. Add them 10
get the heating season output for one square
Joot,

2. Enter the monthly degree davs of the loca-
tion {from the ''‘Degree Davs and Design
Temperatures’’ table in the appendix) in col-
umn B,

3. Enter the monthly heat loss of the house in
column C. This is the product of the monthly
degree davs times the heat loss per degree
dav—or 9500 Btu per degree day for our
Boston home.

4. Add the entries in column C to determine
the seasonal heat loss. Divide this total
by the total of column A (step 1) and take
60 percent of the result as a first guess at
the collector area needed to supply 50 per-
cent of the seasonal heat demand: 0.60(53 .46

MMBuu) (100,.000Btu) + 115,704 Brulft® =
277.2 fit.

5. Multiply this collector area by the entries in
column A and enter the resulting solar heat
collected in column D.

6. Subtract entries in column D from those in
column C to obtain the heat demand NOT
met by solar energy during the month. If a
negative result occurs, solar energy is sup-
plving more than can be used, and a zero
should be recorded in column E.

7. Subtract entries in column E from those in
column C to get the total solar heat used by
the house in the month. Enter these resuiis
in column F.

8. Divide entries in column F by those in col-
umn C and multiply by 100 to get the per-
centage of monthly heat losses provided by
solar (column G).

9. Divide the seasonal total of column F by
that of column C 1o get the percentage of
the seasonal heat loss provided by solar, or
47 percent in the Boston home. If this result
is too low (or high) the collector area can
be revised in step 4 and steps 5 to 9 repeated
until satisfaction is achieved.

The total of column F is the *‘useful’’solar en-

ergy output of the collector. it can be used to

predict the economic return on the initial ex-
penses of the system.

A B C D E F G

Collector Degree  Heal Solar Heat  Auxiliary  Solar Heat Percent

Output Days Loss Collected  Heat Used Solar
Month (Bu/fi?)  (°Fdays) (MMBu*) (MMBtu*) (MMBiu*) (MMBuw*) Heated
September 18.600 98 0.93 5.16 0 0.93 100
Octoher 15,855 a6 3.00 4.40 0 3.00 100
November 11,130 603 573 309 2.64 3.09 54
December 9810 983 9.34 2.72 6.62 272 29
January 9.884 1,088 10.34 274 7.60 274 26
February 11,590 972 9.23 3.21 6.01 3.21 35
March 14.250 846 8.04 3.95 4.09 395 51
April 12,160 513 4.87 3.37 1.50 3.37 69
May 12,325 208 1.98 342 0 1.98 100
Heating
Season 115704  5.627 53.46 32.06 2846 2499 47
Totals

*Millions of Biu. House Heat Loss: 9500 Btu/deg day. Collector Area: 277.2ft%.
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7 SGSS—Single-glazed selective surface
OGFB—Double-glazed flat black
SGFB—Single-glezed flat black
UGP—Unglazed plastic

Four sample thermal efficiency curves. (Solar Age)

and implement certification programs and na-
tional rating standards for solar equipment. The
SRCC’s collector certification program pro-
vides a means to evaluate the maintainability,
structural integrity, and thermal performance of
solar collectors under strict laboratory condi-
tions. The tests, paid for by each m.anufacturer.
are conducted by independent laboratories ac-
credited by the SRCC.

Collectors or whole systems are randomly
selected and inspected upon receipt to check the
original condition after shipping. The collector
then undergoes a pressure test to see if it leaks,
and is exposed to the weather for 30 days. After
exposure, the collector is checked for signs of
degradation. A series of tests, from thermal shock
1o thermal performance, is conducted before the
collector is taken apart and inspected one last
time.

The thermal performance test determines the
instantaneous efficiency of the collector. With
the outside air temperature and incident solar
radiation level held constant, the inlet temper-
ature is varied four times to see how we!ll the
collector operates in four different temperature
ranges. The data collected is plotted on the col-
lector’s thermal efficiency curve. The curve helps
you compare the instantaneous efficiencies of

different collectors, so that with the cost of each
collector, you can decide which collector is right
for your location and application.

The tigure shows the thermal efficiency curves
for four collectors: an unglazed cellector with
a plastic absorber, a single-glazed collector with
a fat-black painted absorber. a double-glazed
collector with a flat-black absorber. and a sin-
gle-glazed collector with a selective-surface ab-
sorber.

Following our last example, if the average
insolation rate (I) in January is 253 Biu/(ft*hr)
in Boston. the average daytime temperature (T,)
is 34°F, and the collector inlet temperature (T,)
is 120°F, you can use the thermal efficiency
curves to find each collector’s average instan-
taneous efficiency in this application. The fluid
parameter, plotted along the x-axis, is equal to
the inlet temperature (T;) minus the daytime
temperature {T,). all divided by the insolation
rate (I} :

Flwd parameter = (T; — T,) /|
In this case, the fluid parameter equals (120 — 34}
1253, or .34, Starting at that point on the x-
axis, mark the intersections with the efficiency
curves, and read the efficiency from the y-axis.
The efficiency for the single-glazed selective
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SGS5—Single-gtazed selective surface
DGFB—Double-glazed flat black
SGFB—Single-glazed flat black

UGP—Unglazed plastic
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General fluid parameter boundaries for different applicaiions. (Solar Age)

surface collector it 0.45. for the double-glazed
flat-black collector is 0.36. and for the single-
glazed flat-black collector is 0.28. The ungluzed
plastic collector cannot compele in this runge
~—it only performs well in low-temperature ap-
plications. such as pool heating or domestic hot
water in very warm climates.

The thermal efficiency curve can tell you a
lot about the collector. The point where it in-
tersects the lelt side of the graph represents the
maximum etliciency the collector can achieve
{at that puoint its losses equal zero). If the man-
ufacturer tells you his cotlector can deliver half
the energy it receives. and its collector effi-
ciency curve intersects the y-axis a1 0.50, he’s
exaggerating. The curve doesn’t account for the
rest ot the system losses!

The steeper the slope of the curve, the less
efficient the collector is at higher temperatures.
As the fluid parameter increases, collector ef-
ficiency decreases. Swimming pool coiiectors
have the steepest slopes because their losses are
high. They are best suited in the fluid parameter
range below 0.10 (see figure). Collectors for
solar domestic hot water have less steep slopes
so that they can collect energy better in the 0.10
to 0.30 fluid parameter range. Space heating
collectors are made for the 0.30 10 0.50 range,
and industrial process heating or absorption
cooling collectors need 1 perform well in the
0.3 10 0.8 Auid parameter range.

Single-glazed flat-black collectors have steeper
slopes than double-glazed collectors since their
losses aie higher. But selective surfaces on




single-glazed, double-glazed, or evactated-tube
collectors outperform the rest since their radia-
tion losses are cut significantly.

The instantancous efficiencies only help tc
compare collectors and shouldn’t be used to
determine annual performance, since it is only
the instantaneous efficiency under optimum
conditions. It doesn’t account for the difference
in collector efficiency at the beginning or end
of the day versus that at noon, when the sun’s
rays are more perpendicular to the absorber and
insolation rates are higher. It doesn’i say what
happens under hazy skies. In both cases, col-
lectors such as evacuated-tubes can perform bet-
ter than flat-plates. Another drawback to the
collector test is that it only tests the collector
efticiency. and doesn’t subtract the tank or dis-
tribution losses or pumping power reguired.

Collector Performance and Size

The SRCC tests for complete systems do iake
into account losses from the tank and how much
pump power is used. Tank losses at night are
important if you're comparing an active system
(with the tank in a ‘“heated’’ basement) to an
integral storage system (with its tank exposed
to the cold night air). Taking pump power into
account is important if you're comparing pas-
sive and active systems. But remember again
that the results you see are only those gathered
under strict laboratory conditions, and not what
you'll get for the same systems in your location
and your operating conditions,

Comparing efficiency curves is like compar-
ing EPA automobile gas milage ratings. There
are many other things that should be looked at
before you decide which collector to buy: cost,
appearance. and anticipaled lifetime.
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Storage and Distribution

Some capacity for storing solar heat is almost
always necessary because the need for heat con-
tinues when the sun doesn’t shine. And more
heat than a house can use is generally available
when the sun is shining. By storing this excess,
an active system can provide energy as
needed—not according to the whims of the
weather.

If costs were not a factor, you would prob-
ably design a heat storage unit large enough to
carry a house through the longest periods of
sunless weather. A huge. well-insulated storage
tank (say 15-20.000 gallons) in the basement
could store heat from the summer for use in
winter! But most of us do not have the money
to spend on an enormous storage tank, and our
designs are limited by what we can afford. Some
of the major factors influencing heat storage
costs are:

* choice of storage medium

* amount or size of the storage medium

* type and size of a container

* location of the heat storage

* use of heat exchangers, if required

» choice of pumps or fans to move the heat
transfer fluid

In designing solar heat storage, you must
weigh these cost considerations against the per-
formance of the sysicm. All of the above factors
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influence performance to some extent. Other
factors include the average operating tempera-
ture of the entire system, the pressure drop of
the heat transfer fluid as it passes through or by
the storage medium, and the overall heat loss
from the container to its surroundings.

In general, the heat storage capacity of com-
rmon storage materials varies according to their
specific heat—the number of Btu required to
raise the temperature of | pound of a material
I°F. The specific heats of a few common heat
storage materials are listed in the table along
with their densities and heat capacities—the
amount of heat you can store in a cubic foot of
the matenial for a 1°F tempe: ature nise. Heat
encrgy stored with an accompanying rise in tem-
perature is called sensiblc heat, and it is re-
claimed as the temperature of the storage medium
falls. It takes high temperatures or large vol-
umes of material to store enough sensible heat
(say 500,000 Btu) for a few cold, sunless days.
Rocks and water are by far the most common
storage media because they are inexpensive and
plentiful,

Some materials absorb a lot of heat as they
melt, and surrender it as they solidify. A pound
of Glaubers salt absorbs 104 Btu and a pound
of paraffin 65 Btu when they melt at tempera-
tures not far above normal room temperatures.
The heat absorbed by the change in phase from
liquid to solid and solid to liquid is calted latent
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PROPERTIES OF HEAT STORAGE MATERIALS

Heat Capacity | Buwj/ft? °F))

Spe:cific Heat Density
Materizl [Gw/(1b °F)] [ib/fi3) No voids 30% voids
Waer 1.00 62 62 43
Scrap Iron 0.12 490 59 4]
Scrap Aluminum 0.21 171 36 26
Concrele 0.22 144 32 22
Stone o 170 36 25
Brick 0.20 140 28 20

heat, and is stored or released without a change
in temperature. For example, when one pound
of ice melts, it absorbes 144 Bw, but stays at
32°F. This is latent heat storage. To raise its
temperature to 33°F, it takes 1 Btu—sensible
heat storage.

The storage of heat in phase-changing materials
can reduce heat storage volumes drastically. 3ut
continuing problems of cost. containment, and
imperfect re-solidification have limited their use.

A solar collector and heat storage medium
should be chosen together. Liquid collectors al-
most always require a liquid storage medium.
Most air collectors require a storage medium
consisting of small rocks, or small containers
of water or phase-change materials. These allow
the solar heated air to travel around and
between—transferring iis heat to the medium.
Within these basic categories of heat storage,
there are many possible variations.

TANKS OF WATER

Water is cheap and has a high heat capacity.
Relatively small containers of water will store
large amounts of heat at low temperatures. From
| to 2 gallons are needed per square foot of
solar domestic hot water collectors, and | to 10
gallons are needed per square foo* of space heat-
ing collectors—or 500 to 5000 gallons for a
500-square-foot space heating collector. An-

other advantage of waier heat storage is its com-
patibility with solar cooling. But there are several
problems with water storage, such as the high
cost of tanks and the threat of corrosion and
possible leakage.

Water containment has been simplified in re-
cent years by the emergence of good water-
proofing products and large plastic sheets.
Previously. the only avaiiable containers were
leak-prone galvanized stegl tanks. Their base-
ment or underground locations made replace-
ment very difficult and expensive. Glass linings
and fiberglass tanks helped alleviate corrosion
problems but increased initial costs. Until re-
cently, the use of poured concrete tanks has
been hampered by the difficulty of keeping them
water tight—concrete is permeable and devel-
ops cracks. But large plastic sheets or bags now
make impermeable liners having long lifetimes.
And with lightweight wood or metal frames sup-
porting the plastic, the need for concrete can be
eliminated.

The most straightforward heat storage systemn
(sce diagram) is a water-filled container in direct
coniact with both the collector and the house
heating system. The container shown is made
of concrete or cinder blocks with a waterproof
liner, but it might welt be a galvanized or glass-
lined tank. The coolest water from the bottom
of the tank is circulated to the collector for solar
heating and then returned to the top of the tank.
Depending upon the time of day, the temper-
ature difference between the bottom and top of
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Heat storage tank is tied directiy to both
the collector and the house heating system
in an open-loop system.
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Use of a heat exchanger to extract solar heat
from a storage tank, in a closed-loop sys-
tem.

a 3-10 4-foot high tank can be 15 to 24°F. Send-
ing the coolest water to the collectors improves
collector efficiency. In an open-loop system, the
warmest water from the top of the tank is cir-
culated directly througn baseboard radiators, a
water-to-air heat exchanger. or radiant heating
panels inside the rooms.

If the system is a closed loop, it might have
a heat exchanger—a copper coil or finned
tub¢—-immersed in the tank of solar-heated
water. Water or another liquid circilates through
the heat exchanger, picks up heat, and carries
it to the house. Warm water in the tank can also
be pumped through heat transfer coils located
in an air duct. Cool room air is blown past the
coils and heated.

Heat exchangers are necessary when the water
in the tank cannot be used for purposes other
than heat storage. For example, an antifreeze
solution used in a solar collector is often routed
through a heat exchanger to prevent mixing with
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water in the tank. And heating engineers often
insist that water in the tank not be used in the
room radiators—particularly when the tank water
is circulated through the collector—because of
corrosion. Because of their large size, some of
these heat exchangers can be expensive. For a
typical metal heat exchanger submerged in the
water tank, the total metal surface can be as
much as 1/3 the surtace area of the sclar col-
lector.

For the designer who wishes to include heat
storage as an integral part of a total design, the
placement of a large unwieldly tank can be a
problem. Self-draining sysiems require a tank
located below the bottom of the collector. and
thermosiphoning sysiems need it above the col-
lector top. If the storage tank is linked to other
equipment such as a furnace, pumps. or the
domestic water heater, it will probably have to
be located near them.

One-gallon or smaller containers of water can
and hzve been used as the heat storage medium
in air systems. They are arranged in racks, on
shelves, or in any fashion that allows an unob-
structed air flow around them. Possible con-
tainers include plastic. glass or aluminum jars,
bottles. or cans.

ROCK BEDS

Rocks are the best known and most widely used
heat storage medtum for air systems. Depending
upon the dimensions of the storage bin. rock
diameters of 1 to 4 inches will be required. But
through much of New England, for example,
the only available rock is |- to 1 1/2 -inch gravel.
Even if the proper size is available. a supplier
may be unable or unwilling to deliver it. Col-
lecting rocks by hand sounds romantic to the
uninitiated but becomes drudgery after the first
thousand pounds. And many thousands of
pounds~—from 100 to 400 pounds per square
foot of collector—are required bocause of the
low specific heat of rock.

A large storage bin must be built to contain
the huge quantities of rock needed. With 30
percent void space between the rocks, the bin




requires abcut 2 172 times as much volume as
a tank of water to store the same amount of heat
over the same temperature rise. And the large
surface area of rock storage bin leads to greater
heat losses.

Rock storage bins can be used in systems
which combine cooling and domestic water
heating with space heating. Cool night air is
blown over the rocks. and the coolness stored
for daytime use. To preheat demestic hot water,
cold water from city mains can pass through a
heat exchanger located in the air duct returning
from the collector o the storage bin.

The location of a rock storage bin must take
into account its great volume and weight. It can
be located in a crawl space under the house or
under a poured-concrete stab at a small addi-
tional cost. Putting it inside the basement or
other living space is usually more diflicult and
expensive.

To distribute heat from a rock storage sys-
tem, air is cither blown past the hot rocks or
allowed to circulate through them by gravity
convection. From there, the air carries solar heat
to the rooms. In general. a fan or a blower is
needed to augment the natural circulation and
give the inbabitants better control of the indoor
temperature.

A basic method of transferring heat o and
from a heat storage bed is shown schematically
in the diagram. Solar beated air from the col-
lector is delivered to the rop of the bin. It is
drawn down through the rocks and returns to

FROM
| COLLECTOR
= -

[4
STONEST8980%
WATER TANK

gl [FCONCRETE OR
" | CINDER BLOCKS

This appreach uses both water and stone as
storage media.
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Schematic diagram of an air system with rock

heat storage.

the collector from the bottom of the bin. To
heat the house, cool air is drawn in at the bottom
and is heated as it rises through the warm rocks.
The warmest rocks at the top transfer their heat
o the air just before it is sent o the rooms. The
turnace heating cycle (also shown) draws even
slightly pre-heated air from the top of the rock
storage. boosts it 1o the necessary temperature,
and deitvers it theough the same ductwork to
the house. The furnace is placed in line after
the rock bed.

Solar heated air is brought in at the top of a
rock storage bed in order to encourage temper-
ature stratification. House air can then be heated
to the highest possible temperature by the warm-
est rocks at the top. But if solar heated air comes
in at the bottom. the heat percolates upward and
distributes itself evenly through the ntire bed
-~resulting in lower temperatures throughout.
Bringing cool room air in at the warm top also
promotes this unwanted even heat distribution.

The shape of a rock storage bin is closely
related to rock size. The farther the air must
travel through the rocks, the larger the rock
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Thwe volume of Glaubers salt needed to store the same amount of heat as
a cubic foot of water. The salt volume indicated includes 50 percent voids

between the containers of salt.

diameter required to keep the pressure drop and
tan size small. [f the path length through the
rock bed is more than 8 feet, the rocks should
be at least 2 inches in diameter—and larger tor
longer paths. For sherter path-lengths I- to 2-
inch gravel can be used.

The optimum rock diameter depends 4 lot on
tha velocity of the air moving through the rocks.
The slower the air speed. the smaller the rock
diameter or the deeper the bed of rocks can be.
And the smaller the rock diameter, the greater
the rock surface area exposed to the passing hot
air. A cubic foot of l-inch rock has about H)
square feet of surtace area while the same vol-
ume of 3-inch rock has about 173 as much. In
general, the rocks, stones, gravel, or pebbles
should be large enough to maintain a low pres-
sure drop but small enough to insurs good heat
tranfer.

PHASE-CHANGE MATERIALS

Phase-change matenals, such as eutectic salts.
are the only real alternative to rocks acd con-
tainers of water as the heal storage for an air
system. A eutectic salt absorbs a large amount
of heat as it melts at a low temperature and
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releases that heat as it solidifies. A pound of
Glaubers salt. the most widely studied and used,
absorbs 104 Btu as it meits at 90°F and about
21 Btu as its temperature rises another 30°F. To
store the same 125 Btu in the same temperature
range requires about 4 pounds of water or 20
pounds of rocks.

Much smaller storage volumes are possible
with euntectic salts. Consequently, they ofter un-
usual versatility in storage location. Closets,
thin partitions. structural voids, and other small
spaces within a house become potential heat
storage bins.

But this advantage is less pronounced when
you increase the temperature range over which
the salt cycles. The diagram illustrates the vol-
ume of Glaubers salt needed to store the same
amount of heat as a cubic foot of water over
three different temperature ranges. With 50 per-
cent voids between the containers of salt, twice
as much total volume is needed. Clearly. the
advantages of phase-change matenals decline
as the storage temperature range increases.

But the costs of these salts can often demolish
the best laid plans of enthusiastic designers. Off
ine shelf, Glaubers sall costs little more than 2
cents a pound. But preparing and putting it in
4 container can run the costs up. 1t is unlikely




that Glaubers salt will ever be installed in an
active solar heat storage system for less than 20

cents a pound. The other salts can cost signif-

icantly more.

INSULATION

Every storage system—whether of water, rock,
or phase-change material—reguires a massive
amount of insulation. The higher its average
temperature and the colder the surroundings. the
moie insulation required. For low temperature

{helow 1‘m°l:\ storave units inside the hr‘mm1

L in apl R

at least 6 inches of tiberglass insulation (or its
cquivalent) is the norm. The same unit in the
basement needs B inches of tiberglass or more.
And if Jocated outside. it must be shielded tfrom
the wind and insulated even more heavily. The
ground can provide insulation if the water table
is low. But be careful—even a small amount
of moisture movement through the soil will ruin
its insutating value.

All ducts or pipes should be just as well in-
sulated as the storage unit. Heat loss from the
ducts or pipes can be further reduced by putting
the collector close to the storage. The shorter
the ducting or piping. the lower the total heat
toss. And you'll save on construction and op-
erating costs 100.

STORAGE SIZE

The higher the temperature a storage medium
can attain, the smaller the storage bin or tank
needs to be. For example. 1000 pounds of water
(about 120 gallons or 16 cubic feet) can store
20,000 Btu as its temperature increases from
RO°F to 100°F. and 40,000 Bt from 80°F to
L20°F. It 1akes almost 5000 pounds of rock (or
40 cubic feet. assuming 30 percent voids) to
store the same amounts of heat over the same
lemperature rises.

Offhand. you might be tempted to design for
the highest storage temperatures possible in or-
der to keep the storage size down. But the stor-
age temperature is linked to those of the collector
and the distribution system. H the average stor-
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age temperature is 120°F, for instance, the heat
transfer fluid will not begin to circulate unti

the collactor reachec 11“": And callactor pf_
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ficiency plummets as the temperature of its ab-
sorber rises. A collector operating at 90°F may
collect rwice as much heat per square foot as
one operating at 140°F. On the other hand, the
storage must be hot enough to feed your base-
board radiators, fan cotl units, or radiant panels.
For example, a fan coil unit that delivers 120°F
air cannot use storage tank temperatures of 100°F
without an auxiliary boost in temperature. In
general, the upper limit on the storage temper-

™ e A e A ey th ek,
ature is determined oY i collector Fenoimance

and the lower limit by the method of heat dis-
tribution. You can increase the possible range
of storage temperatures and keep the storape
size at a minimum by using collectors that are
efficient at high tempertures and heat distribu-
tion systems that operate at low temperatures.

It’s a good idea to allow some fAexibiltity in
your initial designs so that you can alter the heat
storage capacity after some experience under
real operating conditions. For example. an over-
sized concrete water tank can be filled to various
levels until the best overall system performance
is attained. If you're not too sure of your cal-
culations, the storage should be oversized rather
than undersized—to keep ils average temper-
ature low.

The capacity of a heat storage unit is often
described as the number of sunless days it can
keep the house warm. But this approach can be
misleading. A system that provides heat for two
sunless days in April is much smaller than one
that can do so in January. IUs better to describe
the heat storage capacity as the number of de-
gree days of heating demand that a system can
provide in the absence of sulight. For example.
a 1200-square-foot house in Minneapolis loses
about 10,000 Btu per degree day. In the base-
ment, a (ank with 15,000 pounds of water {(about
2000 gallons) stores 600.000 Btu as its tem-
perature rises from 80°F to 120°F. Assuming
the heating system can use water at 80°F, this
is enough heat to camry the house through 60
degrec days (or through one full sunless day
when the average outdoor temperature is 5°F).
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Estimating Storage Size

The following procedure helps you calculate the
volume of water or rocks needed 10 store all
the solar heat coming from a collector on an
average sunny day. It asswmes thai the col-
lector performunce and size have alreadv been
determined according 1o procedures described
earlier.

First you need 1o determine the mavimum
storage temperature to be expected. This is 5°F
less than the maximum collector operating
temperature—considered earlier in *Estimat-
ing Collector Performunce.”” The temperature
range of the storage medivm is the maximion
storage temperature minus the lowest womper-
ature that the heat distribution svstem can use.
For example, if the collector can operate ar
1O0°F, the maxivuen storage temperature is
135°F ; and if the hearing svstem can use 85°F
the temperature range is (135 -85) = 50°F.

Next, determine the amount of heat you can
store in g cubie foot of the storage medinnt over
this temperature range. This amount is the spe-
cific heat of the medium times the density of the
medinm times the temperature range. For ex-
umple, a cubic foor of water can store

1.0 Brui(I6°F (62 .4 thift* W 50°F )= 3120 Brift’

over a SOPF temperature range, or 417 Bt per
gallon. If the colloctor gathers 1000 Bulft* on
an average sunny dav in winter, you need
{1000+ 417)=2 4 gallons of water heat stor-
age per square foor of collector. For the col-
lector on the Bosion home, with an area of
277.2 ft*. that' s 665 gallons of water at the very
nrinimum.
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We recall from the Boston example that there
are 1088 degree davs in January, or 35 per
day. The house loses 9500 Btu per degree day.
or (35)(9500) = 332,500 Btu os an average Jan-
uary day. But the 666 gallons of water can store
only 278,055 Btu over a SO°F remperarture rise.
Therefore, the storage volume must be in-
creased 10 796 gallons, or 2.9 gailons per square
foot of collector, 10 satisfy the storage needs of
u single January day.

If rock were the storage meditm, even more
volume would be necessary. A cubic foor of
solid rock weighs abour 170 pounds and has a
spectfic heat of 0.21 Buu/(lb°F ), so it cen store

0.21 Brui(Ib°F)(170 hift* (50°F )
= 1785 Buufi*

over the sume SO°F temperature range. To store
the 1000 B from a single square foot of col-
lector, you need (1000 + 1785) = 0.56 cubic feei
or 95 pounds of rock. To store the 332,500 B
required for an average January dav, you need
(332,500 + 1785) = 186 cubic feet of solid
rock.

The 1otal volume occupied by the heat stor-
age container must include void spaces in the
storage medinzi 1o let the dair pass. if there are
30 peicent voids between the rocks for example,
this Boston home would need a 266-cubic-foot
storage bin for the rocks. Or if comainerized
water with 50 percent voids were used, the 796
gallons or 106 cubic feet of water would occupy
212 cubic feet of house volume.




Generally, the storage should be large enough
to supply a home with enough heat for at least
one zverage January day. In Minneapolis, there
are about 1600 degree days each January, so
the storage unit in our Minneapolis example
should be designed to supply at least 52 degree
days of heating demand—or 520,000 Biu. De-
pending upon available funds, the storage can
be even larger. Or you can sink your money
into better collectors that are efficient at higher
temperatures. Solar heat can then be stored at
high temperatures—incrzasing the effective
storage capacity of a tank or bin.

At the very least. the storage should be large
enough to absorb all the solar heat coming from
the collectors in a single day. If you can be
satisfied with 60-percent solar heating or less.
the simplified method described in **Estimating
Collector Size'” will be useful. First you size
the collector according to the method provided
earlier under **Estimating the Collector Size.™”
Then determine the volume of storage medium
required per square foot of collector. Multiply-
ing this volume by the total collector area gives
a reasonable *“first-cut’” estimate of storage size.
This estimate should be close enough for pre-
lirunary design work. If this storage volume
fails to meet the heat demand for an average
January day, revise your estimate upward until
it does.

To get more than 60-percent solar heating.
it helps to know the normal sequence of sunny
and cloudy days in your area. If sunny days
followed cloudy days one after the other, you
would only have to size the collector and storage
for one sunny day and the following cloudy day.
Almost 100 percent of the heating demand could
then be provided if the system were designed
for the coldest two-day period. If the normal
sequence were one sunny day followed by two
cloudy days, both collector and storage size would
have o be doubled to achieve the same per-
centage. At the Blue Hills weather station near
Boston. for example, about 80 percent of the
sunless periods are two days long or less. A
collector and storage system that could carry a
house in Blue Hills through two cloudy days of
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the coldest weather will supply more than 80
percent of the home’s heating needs. But the
wide variaticn in weather patterns at a single
location makes sach a practice little more than
educated guesswork. And this kind of weather
data is hard to obtain.

HEAT DISTRIBUTION

An active solar heating system usually requires
another sub-system to distribute the heat to the
rooms. With integrated solar heating methods
such as mass walls and direct-gain windows,
the solar heat is absorbed directly in the fabric
of the house and heat disiribution comes natu-
rally. But an active system vsually needs more
heat exchangers. piping. ducts, pumps. fans,
and blowers to get the heat inside the house.
And there must still be some provision for backup
heating in the event of bad weather.

The heat distribution system should be de-
signed 10 use temperatures as low as 75°F 10
80°F. If low temperatures can be used., more
solar energy can be stored and the collector
efficiency increases dramatically. In general.
warm air heating systems use temperatures from
80°F to 130°F, while hot water radiam heating
systems require temperatures {(rom 90°F to 160°F.
Steamn heating is rarely combined with a solar
array since it needs temperatures over 212°F,
s0 incorporating solar heating into an existing
house equipped with steam heating will require
a completely separate heat distribution system.

Many designers of new homes opt for forced
wuim air systems or radiant heating systems.
By using larger volumes of air or oversized
panels (such as concreie Roors). these solar
heating systems can operate at lower tempera-
tures. Radiant slabs take time before the room
1$ comfortable and usually require stightly higher
storage temperatures. But because their radiant
heat warms occupants directly. the air temper-
ature can be kept 2 to 3°F lower. reducing the
home’s heat loss.
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AUXILIARY HEATING

Even a system with a very large storage capacity
will encounter times when the heat is used up.
So the house must have an auxiliary heat scurce.
This is a major reason why solar heating has
not yet met with widespread acclaim-—jyou still
have to buy the conventional heating system.

The severe consequences of a single sus-
tained period of very cold. cloudy weather are
enough to justify a full-sized conventional heat-
ing systemn as backup. Small homes in rural
areas can probably get by with wood stoves. 1If
the climate is never too severe, as in Florida
and most of California, a few small electric
heaters may do the trick. But most houses will
require a full-sized gas, vil, or electric heating
system. Solar energy is a means of decreasing
our consumption of fossil fuels—not a complete
substitute. Energy conservation in building con-
struction. the first step to a well-designed solar
home, lowers the building’s peak heat load,
which means you can buy a smaller. less-ex-
pensive auxiliary heating system.

If the auxiliary system won’t be needed very
often. you maght well consider electric heating.
But remember that 10,000 to 13,000 Bw are
burned at the power plant to produce 1 kilowatt-
hour of electricity—the equivalent of only 3400
Biu in your house. At an efficiency of 65 per-
cent, an oil furnace bums only 5400 Biu 10
achieve the same result. And electric heating
can be very expensive, although the first cost
of electric heaters is cheaper than a gas or oil
furnace.

The auxiliary heater should not be used to
heat the storage tank or bin because the collector
will operate at a higher ‘emperture and lower
efficiency. And there will be costly heat losses
from the storage container if an auxiliary sytem
provides continuously higher storage tempera-
tures. The heat lost from the storage container
is already 5 1o 20 percent of the sojar heat col-
lected.

The heat pump has served as a combination
backup and booster in a number of solar energy
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systems. It is basically a refrigeration device
working in reverse. The heat pump takes heat
from one location (the heat source} and delivers
it to another (the heat sink). The heat source is
cooled in the process and the heat sink is warmed.

A heat pump can deliver about three times
the energy required for its operation. For every
2 Btu which a heat pump takes from a source,
it needs the equivalent of 1 Btu of electricity
for its operation. [t delivers all 3 Btu to the heat
sink. Thus, its Coefficient of Performance (COP),
or the ratio of the heat energy delivered to the
energy required for operation, is 3. Typically,
this coefficient ranges from 2.5 to 3 for good
heat pumps. By contrast, eleciric resistance
heating has a COP equal to I, because it delivers
1 Bw of heat for every 1 Buu of electricity
expended.

When heat pumps are used in conjunction
with solar heating sytems, the stored heat is
useful over a wider temperature range. Without
heat pumps, a forced warm air system would
use storage tempertures from 80°F io 130°F and
a hot water radiant system would use 90°F to
i60°F. But with a heat pump, both systems can
use 40°F storage temperatures! The heat pump
takes low grade heat from storage and delivers
it at a higher temperature to the heat distribution
system. This increased temperature rarige re-
sults in an increased heat storage capacity and
markedly =nhanced system efficiency. The ex-
tra Btu that a cool collector can gather each year
often jusufy the added cost of installing a heat
pump.

But heat pumps require electricity for oper-
ation. About 10,000 to 13,000 Btu are burned
at the power plant when a heat pump uses |
kilowatt-hour of electricity (or 3400 Btu) to de-
liver a total of 10,200 Buu. So. including losses
at the power plant and in electrical transmission.
the real Coefficient of Performance is closer to
I than 3, And electricity is expensive. High
electricity bills have been a major shortcoming
of past solar heating systems that relied on heat
pumps.
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Heat Pump Principles

A heat pump is a mechanical device that trans-
fers heat from one medium to another, thereby
cooling the first and warming the second. It can
be used to heat or cool a body of air or a tank
vf water, or even the earth. The cooled medium
is celled the “‘heat source’” und the warmed
medium is the “‘heat sink.”” A household re-
Sfrigerator is a heat pump that takes heat from
the food compartments (the heat source}) and
dumps it in the kitchen air {(the heat sink).

The heat pump transfers heat against the
grain—from cool areas 10 warm. This sleight-
of-hand is uccomplished by circulating a heat
transfer fluid or "‘refrigerant’” (such as the Freon
commonly used in household refrigerators) be-
mween the source and sink and inducing this fluid
1o evaporate and condense. Heut is absorbed
from the source when the heat transfer fluid
evaporates there. The vapor is then compressed
and pumped through a heat exchanger in the
sink, where it condenses—releasing its latent
heat. The condensed liguid returnys to the heat
exchanger in the source through and expansion
value, which maintains the pressure difference
created by the compressor.,

The packuged, self-conained heat pump used
in ressdentiaf applications generally reverses
the direction of the refrigerant flow 1o change
Jrom heating to cooling or vice-versa. A four-
way value reverses the direciion of flow through

the compressor so that high pressure vapor con-
denses inside the conditioned space when heat-
ing is needed and low pressure liguid evaporates
inside when cooling is desired. Heat pumps are
classified according to the heat source and sink,
the fluid used in each, and the operaring cvcle.
The heat pump shown here is a water-to-water
pump with reversible refrigerant flow. A house-
hold refrigerator is an air-to0-air heat pump with
a fixed refrigerant flow. Ground-coupled heat
pumps are usually water-to-air, but are occa-

sionally water-to-warer.

HEAT SOURCE

HEAT SINK

, -

HEAT TRANSFER FLLID
EVAPCRATES CONDENSES
JUICE COMPRESSOR

Coefficient of Performance

A heat pump uses electrical energy to manip-
ulate heat transfer from source 1o sink. The heat
deposited in the sink is a combination of the
heat generated by compressing the refrigerant
fwhich requires electrical power) and the latent
heat refeased by the condensing vapor. The heat
removed from the heat source is the Luent heat
of evaporation. The vffectiveness of a neat pump
is indicated by its Coefficivnt of Performance,
or COP, which equals heat energy deposited

(or removed) divided by elecirical energy con-
sumed.

The electrical energy reqidred to run rhe
compressor (in kwh) can be converted to Btu
by multiplving by 3413 Btutkwh. Because the
heat of compression is part of the heat deposited
in the sink, the COP of a heat pump used for
heating is usually greater than the COP of the
same heat pump used for cooling.
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Photovoltaics:

Electricity from the Sun

Of all the benefits the sun can give us, poten-
tially the most far reaching is direct generation
of electrical power. Photovoltaic (PV) cells
can generate electricity from sunlight. Like
sunlight. electricity is an essentially benevo-
lent form of energy: sileni, invisible, quick.
nonpolluting, far reaching. PV-powered ve-
hicles and aircraft are now where Henry Ford
and the Wright brothers were with their fossil-
fueled inventions less than a century ago.
Imagine a future where pollution-free cars and
airplanes whisk us silently from one place to
another: where trucks, buses, machines. and
factories no longer intrude upon the natural
landscape and atmosphere.

The use of solar cells to generate electricity
is a very recent achievement. Although the pho-
tovoltaic phenomena was first discovered in the
19th centrury, it was not until the 1930s that
scientists built the first working solar cells. Be-
cause of the high costs involved, solar cells
were used initially in military and research proj-
ects and where the cost of obtaining conven-
tional power was too expensive. During the 1960s
and 1970s, solar cells were used to provide power
in remote installations, such as electronic relay
stations. irrigation pump Facilites, and naviga-
tional buoys, as well as for homes and other
installations that were not tied to conventional
power lines, Other applicatons were developed
by using solar ceils to charge storage batteries.
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providing a steady source of power for devices
such as marine radios. lights, and recorders.

High cost is still a serious disadvantage of
PV systems. Although considerably cheaper than
the $5.000 per watt cost of 25 years ago, PV
power is still more expensive than conventional
utility power.

SUNLIGHT TO ELECTRICITY

Photovoltaic or solar cells generate electricity
when exposed to sunlight. Although the amount
of electricity produced by a single solar cell is
small, a group or array of cells can generate a
considerable amount—almost 1/2 kilowatt per
square foot of cell surface. A sufficiently large
array—>5335 square feet for a small residential
installation—can generate enough electricity to
meet a substantial percent of the needs of a
single-family home.

In practice. electricity generated by PV ar-
rays can be used as direct current (dc), stored
in batteries for subsequent use, or changed to
alternating current {ac) for immediate use. With
a good-quality power inverter {(a trunsformer-
like device that converts dc to ac), surplus elec-
tricity can be fed into the local power grid to
be credited against later power drawn from that
system when the photovoltaic airay is not gen-




erating electricity. Local power companies are
required by federal law to accept and pay for
such customer generated power. This eliminates
the need for costly battery storage.

When bundles of solar energy, called pho-
tons, penetrate two-layered solar cells., hey knock
loose electrons, transferring energy 10 them.
These loose electrons move to one side of the
cetl. creating a negative charge. On the other
side, a deficit of electrons creates a positive
charge. As they move about, these loose ¢lec-
trons are quickly caught up in an electrical field,
forming a weak electric current at the junction
of the two layers.

To penerate electric current in this manner,
solar cells use a s¢miconductor, typically two
layers of silicon. The negative layer on the top
facing the sun is treated or ““doped™ with phos-
phorous 1o create an excess of electrons; the
positive layer on the bottom of the cell is treated
with boron to create vacancies or ““holes™ for
new eiectrons 1o till. As photon energy is ab-
sorbed by the negative layer, millions of excess
clectrons are captured by the electrical field at
the junction between the twao layers. The voltage
difference between them pushes the electrons
through a wire grid on the front of the cell,
which is connected in tum to the wire grid on
the back of the next cell. As current flows through
a secies of cells, its voltage continues to build.

The cefls are sandwiched together between a
substri’e and a superstrate to form a modude.
The aluminum-framed modules are connected
together o form panels that are installed in an
arrav. The ultimate current and voltage pro-
duced by the array depends on how the modules
and pancls are wired together.

Most PV semiconductors are made of crys-
talline silicon in an expensive manufacturing
process. Among alternative semiconductor ma-
terials less expensive to produce, amorphous
silicon offers much of the same capability as
crystalline silicon. Amorphous silicon actvally
absorbs visible light better than the crystalline
form. but it is less efficient— about 3 percent
compared with 12 to 16 percent for crystatline
in converling light to electricity. Nevertheless,
the lower material and fabrication cost make
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amorphous silicon a pnime candidate to replace
crystalline silicon as a low-cost source of PV
power in the future.

POWER REQUIREMENTS

A typical residential PV installation consists of
an array of solar modules, an inverter to change
solar-cell direct current to aliernating current
and, where local utility power is unavailable, a
bank of batteries to store excess electricity.

In designing a system, you must take into
account factors such as geographical locations,
availability of local utility power and how much
electricity you need.

Geogiaphic location affects the amount of
potential power available from a system. be-
cause the percentage of sunshine available var-
ies greatly in different sections of the country,
A home in the southwestern U.S. can count on
a much higher percentage of daily sunshine than
one in the northeast or coastal northwest. A
residential PV system in Arizona for example,
will generate almost twice as much electricity
as a similar system in New Hampshire. To de-
termine the amount of sunshine available in your
location you can refer to the Climatic Atlas of
the United States which lis-s percentages of pos-
sible sunshine by geographic area. The less sun-
light available, the larger your PV array must
be to meet given power during needs.

If you live in an area where loca! utility power
is unavailable, you must design your system to
store power for use when there is not enough
sunlight for PV operation. Storage requires a
bank of batteries with sufficient capacity to pro-
vide power at night and during cloudy weather.

AN AVERAGE HOME

The table that follows lists the example require-
meats for an average home. But how much of
this load could be met by a PV system?

Let’s say that the house with the electrical
demand we just calculated is located in Phila-
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Estimating Array Size

A prime consideration in your design is the
amount of power your home needs and the pat-
tern of daily usage. These factors determine the
size of the svstem and its components. Chances
are that the power needs of appliances and
lighting in your home will exceed the capability
of most moderate-size residential installations.
The solution is energy corservation—reducing
and planning your needs.

First determine your need for power by mak-
ing a list of your apptiances and other electrical
devices. Record their power requiremenis in
watts, how many hours each is used on a weekly

delphia (40° north latitude). There is room on
its 500-square-foot roof for the PV array. The
roof is pitched at a 40° slope. First, we must
calculate how much solar radiation is available
every month. For example, in January, the av-
erage daily insolation (from the *'Clear Day
Insolation™" tables in the appendix) on a 40°
slope is 1810 Buw/(ft* day). From the **Mean
Percentage of Possible Sunshine’” map in the
appendix, we see that Philadelphia receives only
50 percent of the possible sunshine in January.
Multiplying 0.50 by 1810 Buw/(ft* day) and 500
square feet, we calculate that the roof would
receive 452,500 Btu/day of sunshine. Since there
are 3412 Btu in a kwh, that is 133 kwh/day.

But not all that energy can be converted into
electricity. If the solar cells only have an effi-
ciency of 0.10, then the array only produces
{133)(0.10) or 13.3 kwh/day. The inverter and
other balance of system parts los¢ another 15
percent in conversion of the dc power to ac, so
the system output is fuither reduced by
(13.3%(0.85) to 11.3 kwh/day.

If our daily average demand is 19.4 kwh. the
PV array could provide (11.278/19.4)100) or
38 percent of the electricity used. Since not all
the electricity is used during daylight hours,
some of ihe demand would have to be met by
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basis, and the percentage of time the appliance
is normally running. With this information, cal-
culate your initial average overall requirements
per day. For example, to calculate how much
power your refrigerator will regiiire on an av-
erage day, figure the weekly average and divide
by 7. Its rated power requiremeni is 400 waiis.
Since the refrigerator is used 24 hours a dav
(168 hours in 7 days) and it runs about one half
(50%) of the time, multiply these figures to-
gether to get its en'rgy requirement;

400 watts(168 hours)(.50) =33 .6 kwh per week/
7 days per week = 4.8 kwhiday

the power company, but some of the power
produced by the PV array would be stored in
batteries for later use, or flow back into the grid
to be credited against the power bought.

The second table lists the average radiation
that strikes the roof each month, the percent
possible sunshine for thai month, the total daity
insolation on the roof, how many kwh a day
the system produces after subtracting for cell
efficiency (0.10) and balance of system effi-
ciency (0.85). The last column is the percent
of the daily demand supplied by the array.

Remember that this only gives you an esti-
mate of what the array may produce. and not a
guarantee of how much energy you'll collect.
That depends on your system components and
local climate.

If you have unlimited roof area and would
like to size the array based on the demand, you
can find a range of areas that will help you
decide. With the monthly insolation values and
percent possible sunshine, you can find the max-
imum and minimum array you need.

In our exainple, December gets the least sun
with only 815 Btu/(ft® day) from (1634 Bru/(ft*
day))(0.5). In August, the roof gets the most
sun with 1400 Btu/(ft® day) from (2258 Bru/(ft®
day))(0.62). Converting the solar gains to kwh,
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EXAMPLE POWER REQUIREMENT

Power Hours/ Percem Average
Appliance Required (Kw) Week Running Time Kwh/Week
Refrigerator 400 168 50 313.6
Dish washer 1000 5 100 5.0
Clothes washer 600 2 100 1.2
Clothex dryer 4500 2 100 9.0
Stove 3500 7 100 24.5
Water heater 3000 168 10 50.4
Oil furnace pump 250 168 20 84
Toaster 1000 0.G7 100 0.07
Record/tape player 100 7 100 0.70
Television set 200 7 100 1.40
Radio 40 14 100 0.56
Electric saw 450 2 100 0.95

Total Kwh per week 135.73
Average Kwh per day 19.39

EXAMPLE GAIN FROM 500 SQ FT ROOF ARRAY

n 194 (3} 4)
Surface Daily Percent Total Dnaily System-Produced Percent
Total Insolation  Possible  Insolation {Kwh/day) Energy (Kwh/day) Supplied
Month Biu/ (" day)  Sunshine (1) x (2) x 500/ 3412 (Dx01x085 4)/194x 100

January K10 0.50 133 1.3 589%
February 2162 0.60 190 16.2 83
Murch 23310 (.55 188 16.0 B2
April 2320 (0.55 187 15.9 82
May 2264 0.60 199 16.9 87
June 1 (ra2 202 17.2 89
July 2230 .60 196 16.7 86
August 2258 0.62 205 17.4 90
Seplember 2228 0.60 136 16.6 86
October 2060 0.60 181 15.4 79
November 1778 0.50 130 11.1 57
December 1634 0.50 120 10.2 52

Average 78%
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SIZING THE ARRAY TO DEMAND

Energy Produced Energy Produced
System Size (ft?) with 953 112 Array with 557 12 Array
Based on Monthly
Month Insolation Kwh/Day 9% Excess Kwh/Day % Deficit
January 860 215 +11% 126 -35%
February 600 308 59 18.0 1
March 608 304 57 17.8 8
April 610 30.3 56 17.7 9
May 573 323 66 18.8 3
June 555 327 69 19.1 |
July 582 31.8 64 18.6 4
August 556 2 71 19,4 0
September 583 37 64 185 4
October 630 3 5% 17.2 12
November 876 N 9 12.3 l6
December 953 9.4 0 1.3 42
Average  +48% Average -13%

the maximum gain is 0.41 kwh/(ft* day) and
the minimum is 0.24 Btu/(ft* day).

The areas needed to supply the demand can
be found by: area (ft*) = daily demand/|(solar
gain) (cell efficiency) (balance of system effi-
ciency)|.

In our example:

u

maximum area = 19.4/{0.24(0.10)0.85)]
953 ft*
minimum area = 19.4/[0.41(0.10)(0.85)

= 557 fr°

Depending on how much money you want to
spend on the system, and how much you want
10 invest in battery storage (for the excess) or
how much power vcu want to buy from the
electric company (from the deficit). your array
should be betwecn 357 aud 950 square feet.
The next table shows how much excess or def-
icit energy those two PV array sizes will pro-
duce each month. The first coluinn shows how
big the array should be based on the average
energy produced per day that month. The sec-
ond shows the energy produced per month if
the system were sized at the maximum and the

i
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third how much energy would be produced if
the system were sized to the miminum. Unless
your power company is paying top dollar for
the electncity it buys from you. you'd be better
off sizing the collector toward the minimum side
to save on the high first cost of the system.

Your initial overall reqairement for power is
likely to be substantial. well beyond the capac-
ity of a residential PV system. To reduce the
amount of power needed to a more practical
level, conserve energy first. Reduce the aumber
of electrical appliances. Use them less. When
the appliance requires a large amount of power,
¢.g.. a refrigerator, hot water heater, or clothes
dryer, install more efficient units or replace them
with non-clectrical devices, such as a solar water
heater, or a clothes line for drying. Your goal
is to reduce the gap between the amount of
power needed and the amount your PV system
will generate.

Daily residential power use usually shows
peak consumption at meal times and in the eve-
ning with an additional low level of steady usage
24 hours a day. Your system must be able to
provide adequate power at these times plus when




it is dark or cloudy. It is important to note that
electric motors, such as those used in refrig-
erators and washing machines, require a large
surge of electricity when they start. Your system
has to meet these extroardinary peak needs also.

SUPPLEMENTAL POWER

To meet all of your power needs, you will prob-
ably have to supplement your PV power with
either local utility power or battery storage.

Local utility power enters a residential PV
system through an inverter, which also converts
dc power from the <olar cells to ac. As ac power
from the utility is used. it is metered in the usual
way to determine the number of kilowatt hours
used. When power from the PV system reaches
a sufticient level, the inverter cuts oft utility
power. The inverter also directs excess PV-sys-
tem-generated power into the local utility lines,
in effect running the meter backward. Because
power fed into a utility power line must meet
cerain standards of electrical quality, inverters
must be properly matched to the utility system.

Battery storage can be used to meet both 24-
hour and peak-load needs. (Bauteries are essen-
tial where no local utility power is available.)
Charged by electricity from solar cells during
hours of sunlight, batteries store power, making
it available for use by appliances and lights when
necded. Where appliances and lights can be op-
erated on de. noinverter is necessary. However,
maost appliances use ac. and so need an inverter
te convert dc (o ac current,

The number and overall voltage and current
output of the batteries depend on power needs
as well as on the amount of power provided by
the PV system. High voltages (32 w 38 volts)
are much more efficient than low voltages and
are necessary to meet most modern residential
power requirements. Depending on geographic
location, a PV system may need to rely on bat-
tery power for two or three weeks of cloudy
weather at a time. A gasoline generator can be
used to charge batteries during sunless periods,
reducing the number of batteries required.

Photovoltaics: Electricity from the Sun

POWER INVERTERS

Power inverters are essential in ac systems to
convert solar-cell generated dc to residential-
system ac. They are also essential as a go-be-
tween with the utility line.

The inverter is the control center of the PV
system. {t turns on the system when sufficient
power is available from solar cells. 1t turns it
off when power drops below a set level. The
inverter also determines the quality of the al-
ternating current waveform, which powers res-
idential appliances. Devices such as stereo
turntables require a high-quality waveform. When
a PV system is tied to local wtility lines, the
inverter also must provide an ac waveform com-
patible with the utility line. Only a high-quality
inverter—solid state or synchronous—can meet
these requirements.

RESIDENTIAL INSTALLATIONS

A typical residential PV system has 550- to 860-
square-feet of roof-mounted, interconnected PV
modules. Such an array can produce 5 to 8
kilowatts at maximum voltages of 160 to 200
volts. At efficiencies of 85 to 90 percent, an
inverter will yield a peak rate between 6400 and
9000 kwh of power in regions with moderate
sunshine (for example, the Northeast) and an
additional 80 percent— 1,500 kwh to 16,200
—in the Southwest.

While such a system may not provide 100
percent of a family’s electrical needs. it can
provide 50 to 90 percent, depending on location
and amount of sunshine.

Residential PV panels can be mounted in sev-
eral ways; stand-off, direct, rack, or integrai.
A stand-off mount places PV parels several
inches above the roof, which allows air to cir-
culate behind the cells to cool them and increase
their efticiency. These panels are attached to
mounting rails which. in tum, are attached to
the roof rafters.

Direct-mount arrays are those attached di-
rectly to roof sheathing. replacing the roofing
material. Like shingles. these special PV mod-
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ules overlap each other, forming an effective
seal against water and wind. However, oper-
ating temperatures will be higher and efficiency
lower because of the lack of air circulation around
the back of the cells to cool them. For this
reason, direct-mount arrays are few and far be-
tween.

Rack-mounted PV panels are used on flat
roofs to position PV cells at the proper angle to
the sun. Although more complicated to build
than a stand-off mount, this arrangement pro-
vides excellent air circulation, increasing sys-
tem efficiency.

Integral-mounted PV systems replace ordi-
nary roof sheathing and ::.:agles. PV panels are
attached directly to rafters, the space between
them sealed with gaskets. Other edges are sealed
with silicone sealant or held down by aluminum
battens. Attic ventilation keeps backside tem-
peratures at efficiently cool levels.

Integral mounts can produce hot air for space
heating or solar domestic hot water by directing
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the air used to cool the back of the celis to the
load or to a storage container.

In designing a mounting system, there are
several factors to consider. Panels must be in-
stalled so that they are easily accessible. For
example, debns must be brushed away from
time to time and accumulated dirt washed off
cell surfaces. Stand-off and rack panels must be
easy to remove from their mountings for repair
or module replacement. Panels installed inter-
grally must be water-tight and panel backs ac-
cessible for repair and cooling. Whenever
possible {*V panels should be mounted to allow
air to circulate behind them to cool the under-
side of the cells.

The appearance of the PV array is also
important—especially roof-mounted arrays that
are clearly visible. Rectangular and square cells
and dark anodized metal frames blend in better
with most roofs than modules of round cells and
polished aluminum frames.




Solar energy, in the last analvsis, has always
been the basis not onlv of civilization, but of
life: from the primeval sun-dasking plankton to
maodern man harvesting his fields and burning
coal and oif bencath his boilers, solar energy
has provided the wltimate moving force. But its
direct wiilization at a higher level of technology
is « new phenomenon, and rich with new po-
tertialities at this stage of human affairs.

Peter van Dresser,
Landscape. Spring 1956

There are still many obstacles blocking the
widespread use of the sun’s energy tor heating
and cooling. Most of these problems are non-
technical in nature, having to do with solar en-
ergy's impact upon and acceptance by society
as a whole. Whenever a new building method
bursts upon the scene. financial institutions and
the building trades are understandably conserv-
ative until that method has proved itself. But
with the long-range depletion of cheap fossil
fuels and the rising cnergy needs o7 our devel-
oping world, the rapid development ot this here-
tofore neglected power source is inevitable.

FINANCIAL CONSTRAINTS

The greatest barrier to the immediate home use
of solar energy is the high initial cost. Depend-

pilogue

ing upon size and complexity, a solar heating
system cculd add 2-10 percent to the building
cost of a new house. A system fitted to an ex-
isting house costs more. Financing such an ex-
penditure is particularly difficult during periods
when costs are burdensome, interest rates high,
and mortgage money difficult to obtain. Fi-
nancing is one of the principal reasons people
decide against using solar energy.

Part of the problem. of course, is that solar
energy is still not a major established alternative
te conventional heating systems. Banks are re-
luctant to fund an expensive addition that they
consider unlikely to pay back. As more solar
heating systems come into general use, how-
ever, and bear out the claims of lowered heating
costs, loans for these systems are becoming more
readily available.

Compounding the financing difficuities is the
fact that an auxiliary heating system must be
provided, even in solar-heated homes. People
prefer complete heating systems rather than sys-
tems that provide only 50-90 percent of their
heating needs. But 100-percent solar healing
systems are usually far too large to be practical,
so the additional expense of a conventional heat-
ing system must also be borne.

If long-range predictions are true, and sources
of conventional fuels dry up over tme. argu-
ments against a big cash outlay will lose their
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Life-Cyele Costing

Life-cycle costing is an estimating method that
includes the future costs of energy consumption,
maintenance and repair in the economic com-
parison of several alternatives. These future costs
can make an initially cheaper system costlier
over the life cvcle of the system. Life-cycle cost-
ing methods make such costs visible at the out-
set, and they include the economic impact of
interest rates and inflation. They are ideally
suited for comparing the costs of solar heating
with those of conventional methods.

In order io obtain consistent cost compari-
sons among several alternatives, all the costs
of each svstemn (over a selected *'life cycle’’)
are reduced to total costs over a unit of time,
ustally the first vear. Future savings such as
lower fuel costs are discounted 1o *'present-
value” dollors, which is the amount of money
that, if invested today, would grow to the value
of the savings in the intervening years. And if
the annual operating and maintenance expenses
can be predicted to grow at some steady infla-
tion rate, the present-value total of those ex-
penditures over the life cvcle of the svstem (P.)
can be calculated using the following equation:

P. = ARXR" — DR — 1)

where R = (I + gyt! + i) and i and g are
the fractional rates of interest and inflation. In
this equation, the current annual expense (A)
is multiplied by u fuctor which accounts for the
number of vears in the life ¢vcle (n) and the
rate af which the annual expense (A) is expected
10 ncrease.

Example: Assume that the retail cost of heat-
ing oil is $1.00 per gallon and that it will in-
crease 5 percent per vear. What is the present
value of the expenditures for one gailon of oil
each vear jor the next 30 vears?
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Solution: Assuming an annual interest rate
of 10 percent, the ratio R equals 1.05/i .12, or
6.9375. Applying the equation, we find the pres-
ent value of 30 gallons of vil expended over the
next 30 vears is $12.84:

P. $1.00(0.9375)0.9375 - 1(0.9375—- 1)
= ($1.00)(12.84) = $12.84

To get the life-cycle costs of a system, the
purchase and installation prices are added 10
the present value of the total operating and
maintenance costs.

For example. an owner-builder might want
to compare the life-cycle costs of insulated 2x4
stud walls to the cost of insulated 2x6 stud walls.
He estimates that the 2x4 walls will cost $7140
to build but will lose 48.4 million Btu per year:
the 2x6 walls will cost $7860 and loe 34.8
million Bru. Asswming that a gallon of heating
oil produces 100,000 Btu of useful heat, the
house will require 484 or 348 gallons per vear,
depending upon the wall construction. Over a
30-vear life cycle, the operating costs will be
($12.84)(484) = 36215 for the 2x4 walls and
(512.84)(348) = 54468 for the 2x6 walls, in
preserit-value dollars. Maintenance expenses are
equal for the two alternatives and hence are
ignored. Adding vperating and installation costs,
the owner-builder finds that the 30-vear life-
cvele costs of the two alternatives are:

2xd walls = $7140 + $6215 = $13,355
2x6 walls = 37860 + 34468 = 312,328

Life-cvcle costing suggests that the initially
more expensive 2x6 wall is actually more than
$1000 cheaper over time. Similar costing can
be used 1o compare the costs of solar heating
and of conventional systems.




clout and the availability of fuel will become
the real issue. People who find themselves with-
out fuel will decide that the shortage is reason
enough for using solar energy. that the initial
cosis of the system are less important.

But home-financing plans can encourage such
an investment even now because lower heating
bills over the lifetime of the system make it a
sound buy. All too frequently. financial insti-
tutions disregard the ever-increasing operating
costs of a conventionally heated home and focus
upon the large initial costs of a solar heating
system. Some lending institations, however, are
using life-cycle costing methods, which com-
pare the higher initial costs of solar 1o lower

operating and maintenance costs. These meth-

ods emphasize the lowest total monthly home-
owning costs {mortgage payments plus utili-
ties). Lenders should allow higher monthly
morigage payments if monthly energy costs are
lower. Most progressive lending institutions are
doing just that.

SYSTEM RELIABILITY

A major difficulty in the custom design and
manufacture of active solar heating systems for
particalar sites is the necessary combination of
low cost. good perfonnance, and durability. The
building designer must have a thorough under-
standing of the principles of solar energy and
of the pitfalls discovered in the past. Even then.
many things can go wrong with such complex
systems, and many architectural and engineer-
ing firms hesitate 1o invest extra time and money
in custom designs. Most active systems today,
however, are designed by the supplier of the
equipment. leaving the building designer with
the responstblity enly (o sefect the best system
from the most reliable supplier.

One of the most appealing aspects of solar
heating has been that custom design and on-site
construction often seems a cheaper altemative
than buying manufactured collectors. However,
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this turns ot usually not to be the case as con-
struction costs rise and prices of manufactured
systems drop. (The exception would be systems
built by the do-it-yourselfer. or the owner-builder,
whose time and {abor are not usually counted
in the cost.) There are now hundreds of excel-
lent solar products, and the competition is fierce.
Resulting price reductions are inevitable in the
long run, but they will come slowly.

Passive solar systems are often cheaper, more
efficient, and more reliable than active systems,
and are usually more appropriate for custom
design and on-site construction of new houses.

Here. too, there are now many products to choose
from.

SOLAR ENERGY AND THE
CONSTRUCTION INDUSTRY

The housing industry and the laws thai regulaie
it have a record of slow adaptaticn to change.
The industry is very fragmented, with thousands
of builders, and 90 percent of all work is done
by companies who build fewer than 100 units
per year. The profit margin is small. and in-
novation is a risk that few builders will take.

But the fragmented nature of the construction
industry is essential to the localized industries
that have sprung up around solar energy. Even
it a few large manufacturers achieve low-cost
solar collectors, interstate transportation costs
will remain relatively high, adding one or two
dollars per square foot to collector costs. On-
site construction or local fabrication of com-
ponents will be a viable aliernative for years to
come.

Some contractors and developers install solar
equipment in order to evoke interest in their
recent housing developments. And, despite
lessening public concern tor energy. most butld-
ers and contractors are building energy cfficient
homes, and more and more are including solar
water heating and passive solar room heating
systems.

147




The New Solar Home Book

GOVERNMENT INCENTIVES
Some local governments still acknowledge the
benefits of solar energy in their tax laws. The
exira employment stimulated by solar energy,
which requires local labor to build and install
components, can be a boon to local economies.
Annual cash outflows for gas and oil from en-
ergy-poor arcas like New England amount 1o
billions of dollars that can be saved through
energy conservation and the use of solar energy.
Also, reductions in pollution levels result from
towered consumption of burning fuels. Local
taxes can discourage solar systems. if installa-
tion costs mean higher property taxes for the
owner. Lowering taxes to encourage the use of
solar energy is a desivable goal. and many com-
munities now do not add the value of a solar
energy system to the assessed valtue of a home.
Government  incentives  aad  development
programs are important to the further devel-
opment of solar energy. Solar energy must over-
come many obstacles. apant from competition
with established. govemment-subsidized en-
ergy suppliers such as the nuclear and oil in-
dustries. The importance of solar energy to global
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and national welfare is more than adequate jus-
tification for equal promotion of it.

But more than technological innovation and
government incentive will be needed to make
solar systems a universal reality. In a larger
sense, a nation’s energy future rests in the per-
sonal choices of its people. The consumption
practices learned in an age of plentiful and cheap
fossil fuels cannot be supported by a solar econ-
omy. We can enjoy clean, inexhaustible solar
energy much sooner if we insist that our energy-
consuming possessions (houses, cars, appli-
ances, etc.) be energy efficient. Also, we should
take a cue trom the more intimate relationship
between humans and their natural world that
prevailed in the centuries prior to the availability
of cheap fossil energy. People had simple needs
that could be supplied by the energy and ma-
terjals around them. They imeracted with their
climates to take full advantage of natural heating
and cooling. These attitudes ot efficiency and
harmony with the environment must once again
become standard. A new solar age will dawn
when we can forego our high-energy ways of
life and return 1o our place in the sun.
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Solar Angles
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Solar declination

The sun’s position in the sky is described by
two angular measurements, the solar altitude
(represented by the Greek letter theta or 8) and
the solar azimuth (represented by the Greek let-
ter phi or &). As explained earlier in the book.
the solar altitude is the angle of the sun above
the horizon. The azimuth is its angular deviation
from the true south.

The exact calculation of theta or phi depends
upon three variables: the latitude (L). the dec-
lination (represented by the Greek letter delta
or §), and the hour angle (H). Latitude is the
angular distance of the cbserver north or south
of the equator; it can be read from any good
map. Solar declination is a measure of how far
north or south of the equator the sun has moved.
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Equation of time

At the summer solstice, 8 = +23.5°, while at
the winter solstice 8 = —23.5% in the northern
hemisphere; at both equinoxes, 8 = 0°. This
quantity varies from month to month and can
be read directly from the first graph shown here.

The hour angle (H) depends on Local Solar
Time, which is the ume that would be read from
a sundial oriented south. Solar time is measured
from solar noon, the moment when the sun is
highest in the sky. At different times of the year,
the lengths of solar days (measured from solar
noon to solar noon) are slightly different from
days measured by a clock running at a uniform
rate. Local solar time is calculated taking this
difference into account. There is also a correc-
tion if the observer is not on the standard time
meridian for his time zone.

To correct local standard time (read from an
accurate clock) to local solar time, three steps
are necessary:

1) If daylight savings time is in effect, subtract
one hour.

2} Determine the longitude of the locality and
the longitude of the standard time meridian
{75° for Eastern, 90° for Central. 105° for
Mountain. 120° for Pacific. 135° for Yukon,
150° for Alaska-Hawaii). Multiply the dif-
ference in longiudes by 4 minutes/degree.
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If the locality is east of the standard merid-
ian, add the correction minutes; if it is west,
subtract them.

3) Add the equation of time (from the second
graph shov n here) for the date in question.
The result ts Local Solar Time.

Once you know the Local Solar Time, you can
obtain the hour angte (H) from:

H = 0.25(number of minutes from solar noon)
From the latitude (L), declination (), and hour
angle (H), the solar altitude (8) and azimuth (¢}

follow after a little trigonometry:

cos Lcos dcos H + sinL sind
cos & sin H/cos ©

sin @

sin ¢

As an example, determine the altitude and
azimuth of the sun in Abilene, Texas, on De-
cember 1, when it is 1:30 p.m. (CST). First
you need to calculate the Local Solar Time. It
is not daylight savings time, so no correction
for that is needed. Looking at a map you see
that Abilene is on the 100°W meridian, or 10°
west of the standard meridian, 90°W. Subtract
the 4(10) = 40 minutes from local time; 1:30
— 0:40 = 12:50 p.im. From the equation of




time for December 1, you must add about 11
minutes. 12:50 + 0:11 = 1:01 Local Solar
Tune, or 61 minutes past solar noon. Conse-
quently, the hour angle is H = 0.25(61) or about
15°. The latitude of Abilene is read from the
same map: L = 32° and the declination for
December | is 8 = —22°.

You have come this far with maps, graphs,
and the back of an old envelope, but now you
need a scientific calculator or a table of trigon-
ometric functions:

sin 8 = cos(32%)cos({ — 22%)cos(15%)
+ sin(32%)sin( — 22°)
= 0.85(0.93)(0.97) + 0.53(-0.37)

0.76 — 0.20 = 0.56

Then & = arcsin(0.56) = 34,12° above the
horizon. Similarly:

1]

sin 8 = cos( — 22%)sin( §5°)/c0s(34.12°)

(0.93)(0.26)/0.83 = 0.29

H

Then & = arcsin{0.29) = 16.85° west of true
south. At 1:30 p.m. on December | in Abilene,
Texas, the solar altitude is 34.12° and the azi-
muth 15 16.85°% west.

24N LATITUDE

Solar Angles

Sun Path Diagrams

In applications where strict accuracy is super-
flucus, solar angles can be quickly determined
with sun path diagrams. In these diagrams, the
sun’s path across the sky vault is represented
by a curve projected onto a horizontal plane
(see diagram). The horizon appears as a circle
with the observation point at its center. Equally-
spaced concentric circles represent the altitude
angles (8) at 10° intervals, and equally spaced
radial lines represent the azimuth angles (¢) at
the same intervals.

The elliptical cusves running horizontally are
the projection of the sun’s path on the 21st day
of each month; they are designated by two Ro-
man numerals for the two months when the sun
follows approximately this same path. A grid
of vertical curves indicate the hours of the day
in Arabic numerals.

' SummER
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The shading mask protractor shown here can
be used to construct shading masks character-
istic of various shading devices. The bottom
half of the protractor is used for constructing
the segmental shading masks characteristic of
horizontal devices (such as overhangs), as ex-
plained earlier. The upper half, turned around
so the the 0° arrow points down (south) is used
to construct the radial shading masks charac-
teristic of vertical devices. These masks can be
superimposed on the appropriate sun path dia-
gram to determine the times when a surface will
be shaded by these shading devices. (Source:
Ramsey and Sleeper, Architectural Graphic
Standards, Wiley.)

Solar Angles

BHADING MABK PSRATRACTOR
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Clear Day Insolation Data

ASHRAE has developed tables that give the
clear day insolation on tilted and south facing
surfaces, such as those commonly used for solar
collectors. For north latitudes (L) equal to 24°,
32°, 40°, 48°, and 56°, insolation values are
given for south facing surfaces with tilt angles
equal to L—10° L., L+10° L+20°, and 90°
(vertical). Values are also given for the direct
normal (perpendicular to the sun's rays) radia-
tion and the insolation on a horizontal surface.
The values listed in these tables are the sum of
the direct solar and diffuse sky radiation hitting
each surface on an average cloudless day. Data
are given for the 21st day of each month; both
hourly and daily total insolation are provided.

A brief examination of the 24° N table reveals
that the insolation of south-facing surfaces is
symmetrical about solar noon. The values given
for 8 a.m. are the same as those for 4 p.m.,
and they are listed concurrently. Moving from
left to right on any fixed time line, you en-
counter values of: the solar altitude and azimuth
in degrees: the direct normal radiation and the
insolation on a horizontal surface in Btu/(hr ft’);
and the insolation of the five south facing sur-
faces discussed above in Btw/(hr ft?). Below
these hourly data are values of the daily total
insolation for each of these surfaces (in Btu/ft?).
An example will help to illustrate the use of
these tables.
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Example:Determine the optimum tilt angle
for a flat plate collector located in Atlanta,
Georgia (32° N latitude). Select the tilt angle to
maximize the surface insolation for the follow-
ing three periods: a) heatirg season, b) cooling
season, and ¢} the full year.

1) The hcaung season in Atlanta lasts from
October through April: the cooling season
from May to September.

2) Using the 32° N table, we sum the surface
daily totals for the 22° tilt for the months
October through Apnl, and get 14,469 B/
f*. We do the same for the 32°, 42°, 52°,
and 90° tilts and get totals of 15.142; 15,382;
15,172; and 10,588.

3) Comparing these totals, we conclude that
the 42° tilt, or latitude + 10°, is the best
orientation for solar collection during the
heating season.

4) A similar set of totals is generated for the
cooling season, using the data for the months
May through September. These are 11,987
Btwit® for 22° 11,372 for 32° 10,492 for
42°, 9,320 for 52°; and 3,260 for 90° tilt.

5) Comparing these totals, we conclude that the
22° tilt, or latimde —10° is the best for
summer cooling.

6) Using the data for the whole year, we get
totals of: 24,456 Bru/ft* for 22° 26,514 for
32°; 25,874 for 427 24,492 for 52° and
13,848 for 90° tilt.




7) Comparing these totals, we choose the 32°
tilt, or latitude, as the best for year-round
collection.

These conclusions are useful for the designer
as they stand, but a little closer scrutiny is in-
structive. For example, the 42° tilt is best for
heating, but the heating season totals for 32°
and 52° are within 2 percent of the 42° total.
Thus, other design considerations (such as
building layout. structural framing, height re-
strictions) can enter the decision process with-
out senously affecing the final collector
efficiency.

The Clear Day Insolation Data are an ex-
tremely valuable design tool, but their limita-
tions should be kept in mind. For instance, there
is no ground reflection included in the listed
values. This can lead one to underestirate the
clear day insolation on a vertical surface. In the
example above, the heating season total for a

Clear Day Insolation Data

90° surface is about 30 percent below the 42°
maximum. In reality, the insolation on a vertical
surface is only 10 to 20 percent lower than this
maximum during the heating season because of
the contribution of these data is their assumption
of an “*average’’ clear day. Many locations are
clearer than this (high altitudes and deserts), and
many are less clear (industrial and dusty areas).
To correct for this assumption, the numbers in
these tables should be multiplied by the area-
wide clearness factors listed in the ASHRAE
Handbook of Fundamentals. Finally, the Clear
Day Insolation Data do not account for cloudy
weather conditions, which become quite im-
portant for long erm predictions. (Source: Mor-
rison and Farber, ‘‘Development and Use of
Solar Insolation Data in Northern Latitudes for
South Facing Surfaces,’’ symposium paper in
Solar Energy Applications, ASHRAE. Used by
permission. )
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Solar Radiation Maps

The quantity of solar radiation actuatly available
for use in heating is difficult o calculaie ex-
actly. Most of this difficulty is due to the many
factors that influence the radiation available at
a collector location. But most of these factors
can be treated by statistical methods using long-
term averages of recorded weather data.

The least modified and therefore most usable
solar radiation data is available from the U.S.
Weather Bureau. Some of these data, averaged
over & period of many years. have been pub-
lished in the Climatic Atlas of the United States
in the form of tables or maps. A selection of
these average data is reprinted here for conven-
ience. They are taken to be a good indicator of
future weather trends. More recent and com-
plete information may be obtained from the Na-
tional Weather Records Center in Asheville,
North Carolina,

As one example, daily insolation has been
recorded at more than 80 weather stations across
the United States. The available data hiive been
averaged over a period of more than 30 years:
these averages are summarnized in the first 12
(one tor each month) contour maps: **Mean Daily
Solar Radiation.”” Values are given in iangleys.
or calories per square centimeter. Muliiply by
3.69 10 - :nvert 1o Btu per square foot. These
ligures represent the monthly average of the
daily total of direct. diffuse. and reflected ra-

diatiors on a horizontal surface. Trigonometric
conversions must be applied to these daia to
convert them to the insolation on vertical or
tilted surfaces.

Other useful information includes the Weather
Bureau records of the amount of sunshine. which
15 listed as the **hours of sunshipe™* or the **per-
centage of possible sunshine.”” A device records
the cumulative total hours from sunrise to sunset
1o get the percentage of possible sunshine.
Monthly averages of this percentage are pro-
vided in the next 12 contour maps here, **Mean
Percentage of Possible Sunshine.” These val-
ues can be taken as the average portion of the
daytime hours each month when the sun is not
obscured by clouds.

Also included in each of these 12 maps is a
table of the average number of hours between
sunrise and sunset for that month. You can mul-
tiply this number by the mean percentage of
possible sunshine to obtain the mean number of
hours of sunshine for a particular month and
location. A table at the end of this section lists
the mean number of hours of sunshine for se-
lected locations acioss the United Siates.

These national maps are useful for getting an
overview or approximation of the available so-
lar radiation at a particular spot. For many lo-
cations, thev may be the only way of tinding a
particular *  ue. As a rule, however, they should
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The New Solar Home Book

be used only when other more local data are
unavailable. Many local factors can have sig-
nificant effect, so care and judgement are im-
portant when using interpolated data from these

national weather maps. (Source: Environmental
Science Services Administration. Climatic At-
las of the United States. U.S. Department of
Commerce.)

lEAN DAILY SOuAR RADIATION (Langle]ra)
e JANY

mu mmr SOLAR RADIATION (Langleys) ~
. rmnymr .
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Solar Radiation Maps
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Solar Radiation Maps
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Calculating Solar Radiation

The total solar radiation is the sum ot direct.
diffuse. and reflected radiation. At present, a
statistical approach is the only reliable method
of separating out the diffuse component of hor-
izontat insolation. (The full detail of this method
is contained in the article by Liu and Jordan
cited below: their results are only summarized
here. )

First asceriain the ratio of the daily insolation
on a horizontal surface (measured at a particular
weather station) 10 the extraterrestnial radiation
on another horizontal surface (outside the at-
mosphere). This ratio (usvally called the per-
cent of extraterrestrial radiation or percent ETR)
can be determined from the National Weather
Records Center: it is also given in the article
by L and Jordan. With a knowledge of the
percent ETR, you can use the accompanying
graph to determine the percentage of diffuse
radiation on a horizontal surface. For example,
50 percent ETR corresponds to 38 percent dif-
fuse radiation and 62 percent direct radiation.,

You are now prepared to convert the direct
and diffuse components of the horizontal in-
solation into the daily 1otal insolation on south-
facing tilted or vertical surfaces. The conversion
tactor for the direct component (Fp,). depends
on the latitude (L}, the tilt angle of the surface
(represented by the Greek letter Beta, or ).

170

and the sunset hour angles (represented by the
Greek letter Omega, or w), of the horizontal
and tiled surfaces:

hornizontal surface: cos w
= —tan L tan &
tilted surface: cos w'
= —tan (L—B)tan &

where the declination & is found from the graph
in Appendix 1 and B = 90° applies to vertical
surfaces. Depending on the value of these two
angles w and w’, the calculation of Fy is slightly
different. If w is less the w’, then:

cos{L — B) « $in W= ® Ccos w'
cos L

Fp =

5IN© — ©Cos W
If w’ is smaller than w. then:

cos (L — B) v sinw’ — © cos w
cos L

Fp =

sinw — W cos w

The direct cemponent of the radiation on a tilied
or vertical surface is 1), = Fp (Ipp). where I
is the direct horizontal insolation

The treatment of diffuse and reflected radia-
tion is a bit different. The ditfuse radiation is



assumed to come uniformly from all corners of
the sky, so one need only determine the fraction
of the sky exposed to a tilted surface and reduce
the horizontal diffuse radiation accordingly. The
diffuse radiatio:: on a surface tilted at an angle

B is:
'y = 1 + cos Br2(1Y

where 1, is the daily horizontal diffuse radiation.

Calculating Solar Radiation

The reflected radiation on a tilted surface is:
['g = p(1 = cos B 2)ip + Ly

where p (the Greek letter Rho) is the reflectance
of the horizontal surface. (Source: Liu, B.Y.H.
and R.C. Jordan **Availability of Solar Energy
for Flat-Plate Solar Heat Collectors.” in Low
Temperature Engineering Applications of Solar
Energy, edited by Richard C. lordan, New York:
ASHRAE, 1967.)
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Degree Days and

Design Temperatures

The hourly., monthly, and yearly heat losses
from a house depend on the temperature dif-
ference between the indoor and outdoor air, as
explained carlier. To aid in the calculation of
these heat losses. ASHRAE publishes the ex-
pected winter design temperatures and the
monthly and yearly total degree days for many
vities and towns in the United States.

The maximum heat loss rate occurs when the
temperatore 15 lowest. and you need some idea
of the lowest likely temperature in your locale
in order 10 size a conventional heating unit. The
ASHRAE Handbook of Fundamentals provides
three choices—the ““median of annval ex-
tremes ™ and the " 99% " and **97 1/2% 7 design
temperatures. The median of annval extremes
Is the average of the lowest winter temperatures
recorded in each of the past 30 to 40 years. The
O and® YT 172% T design temperatures are
the temperatuces which are normally exceed-
ed during those percentages of the time in
December, January and February, We list the
97 172% 7 temperatures here together with the
average winter temperatures. For example. the
temperature will fall below 19°F tor 2 172 per-

172

cent of the time (about 2 days) during a typical
Birmingham winter. Consuit the ASHRAE
Handbook of Fundamentals for more detailed
listings.

Degree days gauge heating requirements over
the long run. One degree day occurs for every
day the average outdoor temperature is 1°F be-
low 65°F, which is the base for degree day
calculations because most houses don't require
any heating until outdoor temperatures fall be-
low this level. For example. if the outdoor air
temperature remained constant at 30°F for the
entire month of January, then 31(65 — 30) =
1085 degree days would result. Both monthly
and yearly olal degree days are listed in these
tables, but only the months from September to
May are included here because very little heat-
ing is needed in summer. The yearly total de-
gree days are the sum over all 12 months. More
complete listings of monthly and yearly degree
days can be found in the ASHRAE Guide and
Data Book or Handbook of Fundamemuls.
(Sources: ASHRAE., Guide and Dara Book, 1970,
ASHRAE. Handbook of Fundamentuls, 1981,
reprinted by permission. }
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Degree Days end Design Temperatures
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Insulating Values of Materials

The conduction heat flow through a wall, win-
dow. door, roof, ceiling, or floor decreases as
more resistance is placed in the path of the flow.
All materials have some resistance to conduc-
tion heat Bow. Those that have high resistance
are called insulators; those with low resistance
are called conduciors.

Insulators are compared to one another ac-
cording to their R-values, which are a measure
of their resistance. The R-value of a material
increases with its thickness—a 2-inch thick sheet
of polystyrene has twice the resistance of a 1-
inch sheet. And two similar building matenals
that differ in density will also differ in R-value,
Generally. though not always, the lighter ma-
terial will have a higher R-value because it has
more pockets of air trapped n it. Finatly. the
average temperature of a matenal also atfects
its R-value. The colder it gets, the better most
materials retard the flow of heat.

Knowiedge of the R-values of insulators and
other components permits us 1o calculate the
heat transmission through a walt or other build-
ing surface. Toward this end. we list the R-
values of many common buliding materials in
the first table. R-values are given per inch of
thickness and for standard thicknesses, If you
have some odd size t listed in the table, use
the R-valve per inch thickness and multiply by
its thickness. Unless otherwise noted. the R-
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values are quoted for a temperature of 75°F.
Further tables list R-values for surface air
films and for air spaces, both of which have
insulating values. These R-values vary mark-
edly with the reflectance of the surfaces facing
the air ilm ur space. Radiation heat flow is very
slow across an air space with aluminum toil on
one side, for example. and the R-value of such
an air space is correspondingly high. This is
why fiberglass batt insulation is often coated
with an aluminized surface. In the tables we
have used three categories of surface: non-
reflective (such as painted wood or meral). fairly-
reflective (such as aluminum-coated paper). and
highly-reflective {such as metaltic foil). The R-
value of an air film or air space also depends
on the orientation of the surface and the direc-
tion of heat flow that we are trying to retard.
These differences are reflected in the tables.
The total resistance R, of a wall or other
building surface is just the sum of the R-values
of all its components—including air films and
spaces. The coefficient of heat transmission, or
U-value, is the inverse of the total resistance
(U = I/R)). To get the rate of heat loss through
a wall, for example. you multiply its U-value
by the total surface area of the wall and by the
temperature difference between the indoor and
outdoor air. The next table in this section lists
U values for windows and skylights. Here. agan,
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the U-value depends upon the surface orienta-
tion. the directior: of heat flow, and the season
of the year. The U-values in these tables apply
only to the glazing surfaces: to include the ef-
tects of a wood sash. multiply these U-values
oy about 80 to 90 percent. depending upon the
area of the wood.

For the avid reader -eeking more detailed
information about the insulating values of build-
ing materials. we recommend the ASHRAE
Handbook of Fundamentals, from which most
of the present data were taken. Tables there list
resistances and conductances of many more ma-
terals than are given here. Sample calculations
of the U-values of typical frame and masonry
walls. roofs, and Aoors are also provided there.

Recently hard coat, low-e glass. a new kind
of low-emissivity (low-¢) coated glazing, be-
came available. It stands up better than soft coat
low-¢ glass and shares many of soft coav’s en-
ergy conserving properties. U-values are shown

wntal

below for hard coat. soft coat and suspended

film, low-e glass

U-Values
Glazing Air Space Winter Sui.mer
Double
soft coat M 0.44 0.48
172" 0.32 0.32
hard coat 1447 0.52 0.54
172" 0.4 0.44
Triple
s0ft coat 1/4" 0.32 0.37
173" 0.23 0.37
suspended  3/8" 0.25 0.28
film 144" 0.31 0.35
12" (.23 0.25

(Data from tne Sealed Insulated Glass Manufamu?e;m

Association. )
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In all of this discussion, no mention has been
made of the relative costs of all the various
building alternatives. To a large extent, these
depend upon the local building materials sup-
pliers. But charts in the next two sections of
this appendix will help you to assess the savings
in fuel costs that can be expected from adding
insulation.

By adding insulating materials io a wall or
other building surface, you can lower its U-
value. or heat transmission coefficient. But it
takes a much greater amount of insulation to
lower a small U-value than it does to lower a
large U-value. For example, adding 2 inches of
polyurcthane insulation (R, = 12) to a solid 8-
inch concrete wall reduces the U-value from
0.66 to 0.07. or almost a factor of 10. Adding
the same insulation to a good exterior stud wall
reduces the U-value from 0.069 o 0.038, or
fess than a factor of 2. Mathematically, if U; is
the inital U-value of a building surface, and R
is the resistance of the added insulation, the final
U-value (U} is:
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U[ = U.fl + RU;

If you don’t have a pocket calculator handy,
the following chart will help you to tell at a
glance the effects of adding insulation to a wall
or other building surface. The example shows
you how to use this chart.

Example If 3 1/2 inches of fiberglass insu-
lation (R = 11) is added to an uninsulated stud
wall having a U-value of 0.23, what is the final
U-value? When adding the insulation, you re-
move the insulating value of the air space (R
= 1.01) inside the wall, so the net increase in
resistance is R = 10. To use the chart, begin
at U; = 0.23 on the left-hand scale. Move hot-
izontally to intersect the curve numbered R =
10. Drop down from this point to the bottom
scale to find the final U-value, U, = 0.069.
Wilth this information, you can now use the Heat
Conduction Cost Chart in the next section to
hnd the fuel savings resulting from the added
insulation.




Thermal Properties of Typical Buliding and Insulating Materials—Desipn Values*

Description Deasity Resistance £ (R)
/10
Perinch For lllicli-
(1
hefite l--t?
F/Biu F/Btu
BUILDING BOARD
Boards, Panels, Subllooriag, Sheathing
Woodboard Panel Products
Asbestoscementboard. . ... ...l 120 0.25 —
Asbestoscementboard . ................. 0.125 in. 120 — 0.03
Asbestos-cememi board . .. .. ... ... ........ 0.25in. 120 — 0.06
Gypsumorplasterboard. . ............... 0.375in. 50 — 032
Gypsumorplasterboard. . ................. 0.5in. 50 — 0.45
Gypsum or plaster board . . . .. et 0.625in. 50 — 0.56
Plywood{DouglasFiry® . _. ... .................. 34 1.2%5
Plywood{DouglasFir) ................... 0.25in. 34 -_ 0.3!
Plywood{DouglasFin) .................. 0.375 in. kL — 0.47
Plywood(DouglasFir) . ................... 0.5 in. 34 - .62
Plywood(DouglasFir) .................. 0.625 in. 34 — 0.77
Plywoodorwoodpanels . .. ..._........... 0.75in. 34 — 0.93
Vegeiable Fiber Board
Sheathing, regulardensity . .. ............. 18 - 1.32
............ 0. 78125 m [H - 2.06
Sheathing intermediate density .. .......... 0.5in. 22 — 122
Nail-basesheathing . . . ... ............... 0.5in. 25 - 114
Shinglebacker....................... 0.375in. 18 — 0.4
Shinglebacker . .. ... ... ... . ........ 0.3125in, 13 — 078
Sound deadeningboard. . ... ... ... ... ... 0.5in. 5 —_ 1.35
Tile and lay-in panels, plain or
ACOUSLC . . . .t e 18 2.50 —
............................ 0.5in. 18 —_ 1.25
........................... 0.75in. 8 —~ 1.89
Laminated paperboard . .. .................... 10 2.00 —
Homogeneous board from
repulped paper. . ... ... ... i 30 2.00 -
Hardboard
Mediomdensity. . ..., 50 1.37
High density, service temp. service
underlay . ... ... 55 1.22 -
High density, std. tempered. . ... ............... 63 1.00 —
Particleboard
Lewdensity. . ... ... ... ... w 1.85 —
Metiu. - density. ... ... .. ... ... ..., 50 1.06 —
Highdensity ... .......... ... .. ..coivvun... 62.5 0.85 —
Underlayment .. ... .................. 0.625in, 40 — 0.82
Woodsulfloor ......................... 0.75in. — 0.94
BUILDING MEMBRANE
Vapor—permeablefelt ... ...................... - — 0.06
Vapor—seal, 2 layers of mopped
Isdbofelt ... .. - — Q.12
Vapor—seal, plasticfilm. . . ..................... - Negl.
FINISH FLOORING MATERIALS
Carpetandfibrouspad. .. ...................... - - 2.08
Carpetandrubberpad ......................... - — 123
Corkiile ............. ... ... .. ... ... 0.125in. — — 6.28
TOITAZZO .. o ittt e s Lin. — - 6.08
Tile—asphali, linoleum, vinyl, rubber. . ... ..... R — - 0.05
vinylasbestos .. ........ ... .. . e
COTRIMIIC . . .ot ie et i soae e iaeennenran,s
Wood, hardwood finish ................. L0.750n — — .68
INSULATING MATERIALS
Blanket snd Baitd
Mincral Fiber, fibrous form processed
from rack, slag, or glass
approx.f3-4in.. ... .. ... L. 0.3-2.0 — iy
APPrOX.E 350N ..o 0.3-2.0 — 134
approk.f5.5-6.50in......................... 0.3-2.0 - o
approx.c6-21.5in. . ... ... ... ... ... 0.3-2.0 - 24
approx.c 9-10in.. . . ... ... ... ... L, 0.3-2.0 — E
approx.t 12-13in.. ..., .. 0.3-2.0 — 3gd




Thermal Properties of Typical Building and Insulating Materisls—Design Valoes*

Descriplion Density Resistance *(R)

b/t
Per inch Tor thick-
thickness neas listed

{1/u 1/
heft?* heft®s
F/Bia F/Biu
Board and Slabs
Celiularglass . ....... ... it 8.5 2.86 —
Glass fiber, organicbonded ................ e 4-9 4.00 -_—
Expanded perlite, organicbonded. ................ 1.0 278 -
Expanded rubber (rigid) ... . ............ ... ... 4.5 4.55 -
Expanded polystyrene cxtruded
Cutcellsurface . .. ... ... .. ... iiiiiirinnnn 1.8 4.00 —
Smouthskinsurface . ........ ... .. 00000, vesn 1,833 5.00 _
Expanded polystyrene, molded beads . ............. 1.0 3.85 —
1.25 4.00 -
1.5 4.17 —
1.75 4.17 —
2.0 4.35 —
Cellular polyurethane (R-11 exp.)unfaced)....... . 1.5 6.25 -
Cellular polyisocyanuraie"{R-11 exp.) (foil faced,
glass fiber-reinforcedcore) .. .. ... ... ....... . 2.0 7.20 -
Nominal0.5in... ... ... ... . s, —_ 16
Nominal 1.0in.. ..., ., e aa e, — 7.2
Nominal 2.00n. .. ... oo ie e i i e — M
Mineral fiber with resinbinder . ......... e 15.0 3.45 -—
Mineral fiberboard, wet felted
Coreorroofinsulation .. ..................... 16-17 2.9 -
Acoustical tide. ... ... i e 18.0 2.86 —
Acousticaltile .. .......... .. ... . ... .. .. ... 21.0 .70 —
Mineral fiberboard, wet molded
Acoustical tileh 23.0 218~
Wood or cane liberboard
Acousticaluile® . .. .. ... ... ... ....... 0.5in. - — 1.25
Acousticaluile® ., .. ................... #.75 in. - — 1.
Inwerior finish (plank, tile). . .. ................... 15.0 2.86 —
Cement fiber slabs {shredded wood
with Portland cement binder . .. ........ ... cee. 25270 2.0-1.8% -—
Cement fiter slabs (shredded wood
with magnesia oxysulfide binder). ... ............ 22.0 1.75 —~
LOOSEFILL
Cellulosic insulation (milled paper or
woodpulp ... ... s 2.3-32 3.70-3.13 -
Sawdustorshavings . ........... ..., ... . .c0.... 8.0-15.0 2.22 —
Woodfliber,softwoods. . ....................... 2.0-35 333 -
Perlite,expanded ... .......................... 2.0-4.4 37-3.3 -
4.1-7.4 3.3-2.8 -
1.4-11.0 2.8-2.4 —_
Mineral fiber (rock, slag or glass)
APPION.® L75-500. . . ... ... e 0.6-2.0 11.0
approx.c 6.5-B.75in. .. ... ..., 0.6-2.0 19.0
approx.t 7.5-10in. . .. ... 0.6-2.0 20
approx.f 10.25-13.75im. .. ... ... ... ... 0.6-2.0 300
Mincral fiber {rock, slag or glass)
approx.©3.5 in. {closed sidewall application) . . .. ... 2.0-35 — 12.0-14.0
Vermiculite, exfoliated .. ... .................._. 7.0-8.2 2.13 —
o 4.0-6.0 2.27 —
FIFLD APPLIED
Polyurethanefoam . ......................... 1.5-2.5 6.25-5.26 -
Ureaformaldehydefoam . ... ... ... ... .. ... ... 0.7-1.6 3.57-4.55 —
Spray cellulosic fiberbase . . . ....... ... ... .... 2.0-6.0 3.33-4.17
PLASTERING MATERIALS
Cement plaster, sand aggregate. .. ................ 116 .20 -
Sandaggregate. .. ... ... ... ... .. 0.375in. - - 0.08
Sand apgregat~ ... . ... .. ... ...... 0.75n. —_ - 0.15
Gypsum plaster:
Lightweight aggregate . . ... .............. 0.5in. 45 - 0.32
Lightweight aggregate .. .. ... ... ... .. 0.625 in. 45 039
Lightweight agg. onmetallath. .. ...... ... 0.75in. — 0.47

Perliteaggregate .. .......................... 45 0.57 -




Thermal Properties of Typical Bullding and Insulating Materials—Design Values®

Description Density
b/
PLASTERING MATERIALS
Sandaggregate .. ......... i nians e .- 105
Sandageregale . ..o vhar i 0.5in, 105
Sand agRregate. . ... v iaa i i 0.625 in. 105
Sand aggregateonmetallath, . ........... 0.75in. —
Vermiculite aggregate .. .. .......... seisiaeian 43
MASONRY MATERIALS
Concretes
CeMENt MOTIAT . . . .o ot e e it i e e ne e aaaeens 116
Gypsum-fiber concrete 87.5% gypsum,
125% woodchips. . .....ooii i i 51
Lightweigh! aggregates including ex- 120
panded shale, clay or slate; expanded 100
slags; cinders; pumice; vermiculite; 80
also cellular concretes 60
40
30
20
Perlite,expanded .. . ... .. .o 40
30
20
Sand and gravel or stone aggregare
(ovendried). . . ... ... .. ... 140
Sand and gravel or stone aggregate
gnotdried). . ... ... ... e 140
R (T T« T PP 116
MASONRY LUNITS
Brick.COmmoOn' . ........... ... 120
Brick, (308 . . . .. i e e 130
Clay tile, hollow:
lcelldeep. . ... ... i lin, -
leelldeep. ... ... . i e 4in. —
2cellsdeep ..., 6in. —
2cellsdeep. ... ... s §in. —
2eellsdeep . ... i 10in. —_
Jeellsdeep . ... .o i e 12in. —
Concrete blocks, three oval core:
Sand and gravel aggregate .. ............... 4in. —_
................ Bin —
................. 12in —_
Cinderaggregate ........................ Yin. -
....................... 41n. —
.................... gin. —
..................... 12in —
Lightweightaggregate . . ... ............... Yin. -
{expanded shale, clay, sfate. ... ........... 4in. —
orslag,pumice}: . ........... ... ... ..., 8in -
........................ 12in —
Concrete blocks, rectangular core. )%
Sand and gravel aggregate
Zeore, Bin.36kb. ... ... .. ... ..., -
Same with filledcores! .. ... ... .............. —
Lighmweight aggregate (expanded shale,
clay, slate or slag, pumice):
Ycore, 6in. 191b. .. ... ... ... i, -
Same withfilledcores! . . . ................... -
Jeore, Bin Wb, L. —
Same with filledeorest . . ... ... ... ... ...... —
Jcore, 12im.381Lb.. .. ... L. —_
Same with filledcorest . . ... ... ........... —
Stone, limeorsand . ... ... ... . L i, -
Gypsum partition tile:
3212+ 30in.solid ........ .. ... .. ... ... —
Je 12 30indcell ... ..., —
41203060 3cell......................... -

Reslstance < (R)
Per inch For thick-
Ihicik/: ness}islﬂl

{1/ {1
hei®* h'rt?-
F/Btu F/Buwr
018 —
-_— 0.09
— 0.1
— 0.13
0.5% —
0.20 —_
0.60 -
0.19 —
0.28 —
0.40 —
0.59 —
0.85 -
LU _
1.43 —
1.08 —
L4f —
2.00 —
0.1 -
0.08 —
0.20 —_
0.20 —
0.1 —
- 0.80
— 1.t
—_ 1.52
—_ 1.8%
— 222
— 2.50
- 0.71
— it
— 1.28
— 0.86
- L1
— 1.72
—_ 1.89
— 127
— 1.50
- 2.00
—_ 2.27
- 1.4
e 193

STt
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Thermal Properties of Typical Building and Insulating Materisls—Design Values*

Description Density Resistance £ (R)
. b/t

Perinch For thick-
thickmess ness listed

(/) a/
he [.3 - hefgs .
F/Btu F/Bitu
ROOFINGY
Asbestos-cement shingles . .............. RPN 120 — 0.2t
Asphaltrollegofing . ... .o o il 70 — ais
Asphaltshingles .. .............. ... .. .. ..... 70 — 0.44
Built-uproofing ................ ... 0.375in. 70 — 0.33
Slate . ..o e 0.5in. — - 0.05
Wood shingles, piain and plastic film faced. ......... — — 0.94
SIDING MATERIALS (on Nat surface)
Shingles
AsbeSIOS-CEMENL. . .. ..ot it 120 — .24
Wood, 16in., 7.5exposure . ... .. ... venna.y. - — 0.87
Wood, double, 16-in., 12-in. exposure. .. ......... — — 1.19
Wood, plus insul. backer board, 0.3125in. ........ — — 1.40
Siding
Asbestos-cement, 0.25in., lapped . .............. — - 0.2
Asphaitrollsiding. .................... .. .... —_ — iy
Asphalt insulating siding (0.5 in. bed.). . .. ........ — —_ 1.46
Hardboard siding, 0.4373in.. .. ................ 40 0.67
Wood,drop, 1L+ 8in........... ... ... ... —_ — 0.79
Wood, bevel, 0.5 » 8in lapped . . ... ... . ._... - 0.81
Wood, bevel, 0.75 = 10in. lapped .............. - - 1.05
Wood, plywood, 0.375in., lapped. ... ... ........ - 0.59
Aluminum or Sie¢l™, over sheathing
Hollow-backed . . ... ........................ — — .61
Insulating-board backed nominal
037580, ... .. e — —_ 1.82
Insuiating-board backed nominal
0.375mn., foilbacked. .. .......... ... hut, .96
Architecturalglass . ........................... — — 0.10
WOODS (12% Moisture Content)®-#
Hardwoods
OaK. ..o e e e e 4]1.2-46.8 0.89-0.80 -
Birch. ... ... e, 42.6-45.4 0.870.82 —
Maple .. ... . . e 19.844.0 0.94-0.88 —
B e 18.4-41.9 0.94-0.88 -
Softwoods
SowhernPine . . . _ ... ... ... ... ... ..., 15.6-41.2 1.00-0.89 -
DouglasFir-Larch. . ................... .. ... 33.5-36.3 1.06-0.99 —
Southern Cypress .. ... ... ... ... ... .c.u.s 11.4-32.1 1.11-1.09 —_
Hem-Fir. Spruce-Pine-Fir. .. .. ................ 24.5.11.4 1.35-L.1 -
West Coast Woods, Cedars. . .................. 2{.7-31.4 1.48-1. 11 —
CahformiaRedwood ... ........ ... ... ... ..... 24.5-28.0 1.35.1.22 —

2Except where otherwise noted, all values are for a mean temperature of 75 F. Representative values for dry materials, selected by ASHRAE TC 4.4, arc intended
as design (nol spexification) values for materials in normal use. Insulation marerials in actual service may have thermal values that vary from design values depending
on their in-situ propertics {e.g., density and moisture coment). For properties of a particular product, use the value supplied by the manulacturer or by unbiased tests.

BTo obuain thermal conductivities in But/h* fi2 + F, divide the A value by 12 in./f1.

¢ Resistance values are the reciprocals of C before rounding SIf C to 1w decimal places.

ADoes not include paper backing and facing, if any. Where insulation forms a boundary (reflective or otherwise) of an air space, see Tables 2A and 2B for the
insulating vatue of an air space with the appropriate effective emiltance and temperature conditions of the space.

¢Conductivity varies with fiber diameter. (See Chapter 20, Thermal Conductivity section.) Insulation is produced in different densities, therefore, there is a wide
variation in thickness for the same R-value among manufactuters. No effort should be made to relaie any specific &-value fo any specific density or thickness.

TValues are for aged, unfaced, board stock. For change in conductivity with age of expanded urethane, see Chapter 20, Factors Affecting Thermal Conductivity.

Hinsulating values of acoustical iile vary, depending on density of the board and on type, size and Jepth of perforations.

" ASTM C 855-77 recognizes the specification of reof insulation on the basis of the C-values shown. Roof insulation is made in thickness to meet these values.

*Face brick and common brick do not always have these specific densitics. When density differs from that shown, thee will be a change in thermal conductivity.

‘At 45 F mean temperature. Data on rectangular core concrete Blocks differ from the above data on oval core blocks, due to core configuration, different mean
emperatures, and possibly dif ferences in unit weights. Weight data on the oval core blocks tested arc not available.

"Wcighis of units approximarely 7.625 in. high and 15.7% in. long. These weights arc given as a means of describing the blocks tested, but conductance values are
all for 1 1< of area.

YWermiculite, perlite, or mincral wool insulation. Where insulation is used, vapor barriers or other precautions must be considered 10 keep insulation dry.

™ Values for metal siding applied over Nat surfaces vary widely, depending on amount of ventilation of air space beneath the siding: whether air space is reflective
or nonreflective; and on thivkness. type, and application of insulating backing-board used. Values given are averages for use as design guides, and were obtained
from several guarded hotbox tests (ASTM C236) or calibrated hotbox (ASTM C 976} on hollow-backed 1ypes and tvpes made using backing-boards of wood fiber,
foamed plastic, and glass fiber. Depariures of + 50% or more from the values given may occur.

"Time-aged values for board stock with gas-barrier quality (0.001 in. thickness or greater) aluminum foil Facers on tow major surfaces,

OSee Raf. 5.

P3¢c Rel. 6, 7. 8 and 9. The conductivity values listed are for heat ransfer across the grain. The thermal conductivity of wood varies linearly with the density and
the density ranges listed are those normally found for the wood species given. I the density of the wood species is not known, use the mean conductivity value.
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R-VALUES OF AIR SPACES
Orientation Direction R-value for Air Space Facing:*
& Tl'fickness of Non- Faicly Highly
of Air Space Heat Flow | ronective reflective reflective
surface surface surface
Horizontal %™ up* 0.87 1.71 2.23
4" N 094 1.99 273
%' | up 0.76 1.63 2.26
4" 0.80 1.87 2.75
%' down* 1.02 2.39 3.55
11" 1.14 3.21 574
4" N 1.23 4.02 8.04
% down 0.84 208 3.25
1%"” .93 2.76 524
4" 0.99 3.38 8.03
45° slope %" | up’ 0.94 2.02 278
4" + 0.96 213 3.00
AN up 0.81 .90 2.81
4 082 1.98 3.00
B down* 1.02 2.40 3.57
4" 1.08 2.75 4.41
% | down® 0.84 2.09 31.34
4" 0.920 2.50 4.36
Vertical B across® 1.01 2.36 348
4" 1.01 2.34 3.45
% | acrosst 0.84 210 3.28
4 091 2.16 344

*()nc side of the air space is a non-reflective surface.
*Winter conditions.
Summer conditions.
SOURCE:  ASHRAE, Handbook of Fundameniqls. 1972, Reprinted by permission.

R-VALUES OF AIR FILMS
Type and Dircction R-valuc for Air Film On:
()'ic'.'m‘_i"" of Non- Fairly Highly
of Air Film Heut Flow reflective reflective reflective
surface surface surface
Sull air:
Horizontal up .61 110 1.32
Huorizontal down 0.92 2.70 4.55
45° slope up 0.62 1.14 1.37
45° slope down 0.76 1.67 2.22
Vertical ACTOSS 0.68 1.35 1.70
Moving air:
15 mphwind | any} 0.17 - -
7% mph wind} any 0.25 - -

*Winter coaditions,
Summer conditions.
SOURCE:  ASHRAE, Handbook of Fundamentals, 1972, Reprinted by permission.
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U-VALUES OF WINDOWS AND SKYLIGHTS

Description U-values'
Winter Summer
Vertical panels:
Single pane flat glass 1.13 1.06
Insulating glass—double’
3/16™ air space 0.69 0.64
174" air space 0.65 0.61
1/2"" air space 0.58 0.56
Insulating glass—triple’
1/4" air spaces 0.47 0.45
1/2" air spaces .36 0.35
Storm windows
1-4 air space 0.56 0.54
Glass blocks®
6 X 6 X 4" thick 0.60 .57
BX B X 4" thick 0.56 0.54
"same, with caviey divider | 0.48 U.46
Single plastic sheet 1.09 1.00
Horizontal |:mm:ls:‘1
Single pane tlat glass 1.22 0.83
Insulating gl;u;e;-—duul‘nlt:2
3716" air space 0.75 0.49
1/47" air space 0.70 u.46
172" aie space 0.66 (.44
Glass blocks
FUX 11 X 3" thiek,
with vavity divider 053 0.35
12 X 12 X 4" thick,
with cavity divider 051 .34
Plastic bubbles®
single-walled 1.15 0.80
double-walled 0.70 0.46

Vin units of BoufheA £Or

] . . .
“double and riple refer o the number of lights of glass,

i . . .
nominal Jdimensions.

1 . . .
U-values for hurizonta) panels are for heat Bow & in

winter amd dewwt in summer,

4 . .
Traned on arca of opening, not surface.

SOURCE:  ASHRAE, Handbook of Fundamentals, 1972,
Reprinted by permission.




Heat Conduction Cost Chart

The Heat Conduction Cost Chart provided here
simplifies the calculation of toial seasonal heat
loss through wall, roof, or Aoor. It also facili-
tates the study of alternative constructions and
possible savings due to added insulation. An
example of the use of the chart is included:

* For a building surface with a U-value of (.58,
start at point (1).

* Follow up the oblique line io ihe horizontal
line representing the total heating degree days
for the location. in this case 7.000 degree days
{2),

* Move vertically from this point 1o find a heat
loss of 95,000 B/ft* per season for the sur-
tace (3).

» Continue vertically to the oblique line rep-
resenting the total area of the surface, 100
square feet (4).

+ Moving horizontally from this point, the total
heat loss through the entire surface for the
season is 9,500,000 B (5).

« Continue honzontally to the oblique line rep-
resenting the cost per million Btu of heat en-
crey. in thas case $9 per million Biu (6).

* Moving vertically down from this point. the
total cost for the season of the heat through
that surface is $86 (7).

The lower right graph converts the apparent
cost 1o a “'real cost of energy ™ through the use
of & multiplication factor. This factor might re-
flect:

{1) Estimated future cost of energy—design de-
cisions based on present energy cosis make
linle sense as costs soar.

(2) Real environmental cost of using fossil
fuels—this particularly includes pollution
and the depletion of natural resources, both
directly as fuels burn and indirectly as they
are brought to the consumer from the source.

(3) Initial investment cost—use of the proper
multiplication factor would give the quan-
tity of increased investment made possible
by resultant yearly fuel savings.

For example. heat costs may increase by a factor
of 10. Continiue down from the last point until
you intersect the oblique line representing the
multiplication factor 10 (8). Then move hori-
zontalty left to arrive at the adjusted seasonal
heating cost through the building surface of $862
9).

The numerical values of the chart can be
changed by a factor of ten. For example, to
determine the heat transfer through a really good
exterior wall, U = 0.05, use U = 0.5 on the
chart and divide the final answer by ten. Each
of the graphs can be used independently of one
another. For exampie, knowing a quaatity of
energy and its price, the upper right graph gives
the total cost of that energy.

The Heat Conduction Cost Chart can help
you compare the energy costs of two different
methods of insulation. For example. an insu-
lated stud wall has a U-value of 0.07 and an
uninsulated wall has a U-value of 0.23. The
difference 0.23 — 0.07 = 0.16 can be run through
the chart in the same way us done for a single
U-value. Assuming 5000 degree days. 100 square
feet of wall, and $9 per million Btu, the savings
in heating costs for one year is about $2I, or
more than the cost of insulation.
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Air Infiltration Cost Chart

The use of this chart 1o calculate the costs of
heat loss through air infiltration is similar to the
use of the Heat Conduction Cost Charl. An ex-
ample of ity vse is included:

Start at pownt (1) for an air infiliration rate of

45 1'(hr (.

* Follow up the obligue line o the horizontal
line representing the otal heating degree days
for the location, in this case 7000 degree days
{2).

* Move vertically from this point o tind that
146,000 By are consumed each heating sea-
son per crack toot (3).

¢+ Continue vertically to the oblique line cor-
responding o the total crack length, in this
case 30 feet (4).

* Move honzontally from this point to the total
seasonal heat loss through the window crack—
300,000 Bru (M),

* Continue horizontatly 1o the oblique line rep-
resenting the cost per miltion Biu of heat en-
ergy, in this case $6 per million B (6),

* Move vertically down from this point to the

total cost tor heat lost through the crack durtng

an entire heating season, or $26.75.

As with the Heat Conduction Cost Chart, the
bottom right graph permits a conversion of this
apparent cost to a *'real cost of energy”” through
the use of a nultiplication factor. In this ex-
ample, a factor of 10 is used. Continue down
tfrom the last point until you intersect the obligque
line repeesenting a multiplication factor 10 (8).
Then move horizontally left to arrive at an ad-
Justed heating cost of ubout $270 per heating
season (9),

As with the previous chart. you can use this
Air Infiliration Cost Chart to make quick eval-
uations of the savings resulting from changes
in the rate of air intiltratrion, For example. if a
wood-sash, double-hung window is weather-
stripped. the air infiltration rate will drop from
39 1o 24 cubic fest per hour per crack foot. By
moving through the chant from a staning point
of 15 ft'hr 0. you arrive ultimately at the
savings resulting from weatherstripping. As-
suming 5000 degree days, |5 feet of crack. and
$9 per miltion Bru. we get an immediate savings
of about $6 in the first heating season. Since
weatherstnpping costs a tew cents per foot., it
can pay tor itself in fuel savings within a few
weeks.
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Emittances and Absorptions

Radiation is an important method of heat trans-
fer between two surfaces. As explained earlier,
any warm body emits energy in the form of
electromagnetic radiation. We might say every
warm object has an “‘aura’ that is invisible to
our eyes.

Sunlight is one form of electromagnetic ra-
diation and thermal radiation is another. They
differ only in wavelength. Sunlight comes in
wavelengths ranging from 0.3 to 3.0 microns.
The wavelengths of thermal radiation from warm
bodies {say 10C°F) range from 3 to 50 microns

When radiation strikes a surface. of any na-
terial, it is either absorbed, refiected, or trans-
mitted. Each matenial absorbs, reflects. and
transoits radiation differently—according to its
physical and chemical characteristics and the
wavelength of the incoming radiation. For ex-
amptle, glass transmits most of the sunlight hit-
ting it but absorbs almost all thermal radiation.

We can assign numerical ratings that gauge
the percentage of radiation absorbed, reflected.
or transmitted by a matenal. These numbers
depend upon the temperature of the material and
the wavelength of the radiation. We usually de-
fine the cbsorptance {represent=d by the Greek
letter Alpha, or a) of a material as the ratio of
solar energy (in the wavelength range 0.3 to 3.0
microns) absorbed to the total solar energy in-
cident:

of Materials

o = I/ = absorbed solar energy/
incident solar energy

The reflectance (represented by the Greek letter
Rho, or p) and rransmittance (represented by
the Greek letter Tau, or 1) are similarty defined
ratios:

p = 1/1 = reflected solar energy/
incident solar energy
7 = L/l = transmitted solar energy/

incident solar energy

Because all the sunlight is either absorbed. re-
flected. or transmitted, « + p + 7 = 1. For
opaque solids, no energy is transmitted. so that
a+p=1lorp =1 - o If we know the
absorptance of an opaque material, we also know
its reflectance.

Once absorbed. this radiant energy is trans-
formed into heat energy—the motion of mol-
ecules. The body becomes warmer and emits
more radiation of its own. The emittance (rep-
resented by the Greek letter Epsilon, or € of a
material is a numerical indicator of that mate-
rial’s propensity to radiate away its energy. The
emittance is defined as the ratio of the thermal
radiation emitted from a material to the thermal
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radiation emitted tv a hypothetical *‘black-
body"" with the same shape and temperature:

€ = Rmbe
radiation from material/
radiation from blackbody

With € = 1, the blackbody is a theoretically
perfect’” emitter of thermial radiation.

A knowledge of the absorptances and emit-
tances of materials helps us to evaluate their
relative thermal performance. For example, brick,
masonry and concrete have emittances around
0.9—so0 they are better heat radiators than gal-
vanized iron. which has an emittance between
0.11 and 0.28. With an absorptance greater than
0.9, asphalt paving absorbs muchk more of the
sunlight than send (a = 0.60 to (1.75), as any-
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one who has walked barefool from parking lot
to beach can testify

The ratio a/e of the absorptance (of short-
wave solar radiation) to the emittance (of long-
wave thermal radiation) has special imponance
in the design of solar collectors. [n general, you
want materials with high values of ase for the
absorber coating. Then a large percentage of
solar radiation is absorbed, but only a small
amount lost by re-radiation. Maierials with high
values of both o and a/e are called *'selective
surfaces.™

The ensuing tables list absorptances and
emittances of many common and some uncom-
mon matenials. They are grouped into two cat-
eponies according to whether a/e 15 less than or
greater than 1.0.
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Specific Heats and

Heat Capacities of Materiais

Difterent materiais abosorb ditferent amounts
of heat while undergoing the same temperature
risc. For example, ten pounds of water will
absop 100 Bty during a 10°F temperature rise.
but 10 pounds of cast ison will absorb only 12
Btu over the same range. These are two com-
mon measures of the ability of material to ab-
sorb and store heat—its specific heat and its
heat capacity.

The specitic heat of a material s the number
of Btu absorbed by a pound of that material as
its temperture rises 1°F. All specitic heats vary
with iemperature and a distinetion must be made
between the irue and the mean specific heat,
The true specitic heat is the number of Biu ab-

sorbed per pound per °F temperature rise at a
fixed temperature. Over a wider temperature
range. the mean specific heat is the average
number of Btu's absorbed per pound per °F
temperature rise. In the tollowing able only true
specific heats are given—for room temperifture
unless otherwise noted.

The heat capacity of a material is the amount
of heat absorbed by one cubic toot of that ma-
terial during a I°F temperature rise. The heat
capacity is just the product of the density of the
material (in th/ft'} times its specific heat (Buw/
{Ib°F)). Specific heats, heat capacities. and
Jdensities of common building matenals and other
substances are given in the following table.
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-1 Materia Spe dic Hew Density Heat Capacity

- {Bru/Ib/° ) (b)) (B 1°F)
A tat 1 atmosphered H241.5] 0075 0018
Aluminum {alloy 11ty (TR L) 7 16.6
Ashestos fiber 025 150 37.5
Asbestos msulanion 120 Jo 7.2
Ashes, woml .20 0 RO
Asphait 122 132 9.0
Bakelite .35 g1 284
Brick, buakding 0.2 123 24.6
Brass, rod (35% Cu, 153% Zn) VRV 548 493
Brass, vellow (65% Cu, 35% Zn) o9 519 46.7
Broanse [ERELE 53 §5.1
Cellulose .32 34 11
Coment (Pertland clinker) 16 120 19.2
Chalk 1215 143 30K
Charceal {(wouad) 0.20 15 o




Spt- ‘fic Heats and Heat Capacities of Materials

Material Specific Heat Density | Heat Capacity
(Bru/lb/"F) Ub/Ac’) | (Bru/fe’ I°F)
Clay 0.22 63 139
Coal 0.3 0 270
Concrete (stonc} 021 144 nz
Coppe~ (electrolytic) 0.092 556 51.2
Cork (granuiated} 0.485 5.4 2.6
Cotion {fiber) 0.319 a5 30.3
Ethyl alcchol 0.68 493 335
Firechay brck 0.v8 1212) 112 222
£lars, crown (soda-lime) 0.18 154 27.7
Glass, fhint {lead) Q.17 267 31.2
Glass, pyrex .20 139 278
(;la'-‘i. woal’ 6.157 325 05
Gyosum 0.25% 78 20.2
Hemip (fiten) 0.323 23 30.0
fce 0487 132) £75 0
Iran, vast arz|an 450 S4.0
Tead 1031 707 21.8
Limestong (13 ¥ 13 22.4
Magncsum 2410 To8 6.0
Marble 21 162 330
Nicke! 0108 555 8.3
Octane 0351 439 22 4
Paper 032 58 18.6
Paraifin 0.69 56 38.6
Porcelan 18 162 292
Kock salt 219 136 9.4
Salt water 0wys 72 54.0
Sanel w1ey 94.6 18.1
Sihica G316 140 14.2
Silver 0056 654 366
Steck toulhd? w12 489 58.7
Stone (quarncdi 0} a5 19.0
Tin His5h 455 255
Tungsten 0032 1210 8.7
Warer 1013y 024 624
Woud, whue oak 057 47 a8t
Woml, whue fir .65 27 17.6
Wood, white pine .67 27 18.1
e 1.092 445 H) 9

*Values are for room remperature unles otherwise noted in hrackers.

193




English Mcasure

11

Metric/English Equivalents
and Conversion Factors

METRIC / ENGLISH EQUIVALENTS

Merric Equivalent

Metric Measurce

English Equivalent

mnch

fout

vard

mile (statuted
square inch
syguare foot
square yvard
square mile
vunge

pound (mass)
short ton

Muid vunce
pint

quart
gallon
cubic foog
cubic vard
BBty

prund (foreed

2.54 centimeters
3050 centimerers

0491 meter

1.60 Kilometers

6.45 square centimzters
929,00 square centimeters

0.RB4 square meter

2.60 square kilometers

28.30 grams
.45 kilogram
207.00 kidograms

249 o0 millilivers
047 liter
095 lier
3.78 liters
0.03 cubic meter
(1.76 cubic meter

millime-er
centimeter

et

meter

kilometer

SguUAre centimeter
Square meter
square kilometer

gram
kilogram

ton (1,000 kg)
milliliters

lirer

liter

cubic meter
cubic meter

.04 inch
(3% inch
3.28 feet
1.09 vards
11,62 miles

0.16 square inch
1.19 square yards
0.38 square mile

35 ounces
2.20 pounds
1.10 short tons

0.03 tluid ounce

1.06 quaris

0.26 gallon

35.3 cubue feet
1.3 cubic yards

calorie 0004 Bru
251.98 calories newton 0.225 pound (force)
+4.45 newtons
TEMPERATURE
°c -4|o 2Io 0 37 sf: 80 100
i | |
1 T 1 1 [ |
F -40 0 32 80 98.6 160 212
water body water
freezes temperature boils
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absorbent—the less volatite of the two
working fluids used in an absorption cooling
device.

absorber —the blackened surface in a col-
lector that absorbs the solar radiation and con-
verts it to heat energy.

absorptance—the ratic of solar energy ab-
sorbed by a surface to the solar energy strik-
ing it.

active system—a solar heating or cooling
system that requires external mechanical power
10 move the collecied heat.

air-type collector—a collector with air as
the heat transfer fluid.

altitude—the angular cistance from the ho-
nizon to the sun.

ambient temperature—the temperature of
surrounding outside air.

aperture—solar collection area.
ASHRAE—abbreviation for the American
Society of Heating, Air-Conditioning and
Refrigerating Engineers.

auxiliary heat—the extra heat provided by
a conventional heating system for periods of
cloudiness or intense cold, when a solar heat-
ing system cannot provide enough.
azimuth—the angular distance between true
south and the point on the horizon directly
below the sun.
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balance of system—the components other
than the photovoltaic cells that make up a
photovoltaic system.

British thermal unit, or Btu—the gquantity
of heat needed to raise the temperature of |
pound of water 1°F.

calorie—the quantity of heat needed to raise
the temperature of 1 gram of water 1°C.
closed-loop—any loop in the system sepa-
rated from other loops by a heat exchanger:
often closed to the atmosphere as well.
coeflicient of heat transmission, or U-value
—the rate of heat loss in Btu per hour through
a square foot of a wall or to the building
surface when the difference between indoor
and outdoor air temnperatures 1 |°F, meas-
urzd in Biu“hr f'°F).

collector —any of a wide variety of devices
used to collect solar energy and covert it to
heat.

collector efficiency—-the ratio of heat energy
extracted from a collector to the solar energy
striking the cover, expressed in percent.
collector tilt—the angle between the hori-
zontal plane and the collector plane.
concentrating collector—a device which uses
reflective surfaces to concentrate the sun’s
rays onto a smaller area, where they are ab-
sorbed and coverted to heat erergy.




conductance—a property of a slab of ma-
terial equal to the quantity of heat in Btu per
hour that flows through one square foot of
the slab when a 1 °F temperature difference
is maintained between the two sides.
conduction—the transfer of heat energy
through a material by the motion of adjacent
atoms and molecules.

conductivity—a measure of the ability of a
material to permit conduction heat flow through
it.

convection—the transfer of heat energy from
one location to another by the motion of a
fluid (air of liquid) which carries the heat.
cover plate—a sheet of glass or transparent
plastic that sits above the absorber in a flat-
plate collector,

declination—angle between the sun and the
carth’s tilt.

degree-day—a unit that represents a 1°F de-
viation from some fixed reference pont (usu-
ally 65°F) in the mean daily outdoor
temperaturs.

design heat load—the total heat loss from a
house under the most severe winter condi-
tions likely 10 occur.

design temperature-—a temperature close to
the lowest expected for a location, used to
determine the design heat load.

diiTerential controller or differential
thermostat—a device that receives signals
from lemperature sensors. measures difler-
cnces, and sends commands (o pumps, {ans,
valves, or dampers.

diffuse radiation—sunlight that is scattered
framt air molecules, dast. and water vapor
and comes from the entire sky vault,

direct gaiii—echniques of solar heating in
which sunfight enters a house through the
windows and is absorbed inside.

direct radiation— solar radiation that comes
strasght from the sun, casting clear shidows
on a clear day.

domestic hot water-—potable water used tor
washing. cooking, and cleaning.

Glossary

doped-—treating a substance with phospho-
rous (to create a negauve charge) or boron
(to creaie a positive charge).
double-glazed—covered by two panes of glass
or other transparent material.

emittance—a measure of the propensity of
a material to emit thermal radiation.
eutectic salts —a group of phase-change ma-
terials that melt at low temperatures, absorb-
ing large quantities of heat.

evacuated-tube collector—a collector made
of small absorbers in evacuated glass cylin-
ders.

f-chart-—-computer simulation that estimates
the performance of active and passive solar
energy systems.

flat-plate collector-—a <olar collection de-
vice in which sunlight is converted to heat
on a plane surface, without the aid of reflect-
ing surfaces 10 concentrate the rays.
focusing collector—a colleclor that uses
mirrors to reflect sunlight onte a small re-
ceiver.

forced convection—-the transfer of heat by
the flow of warm fuids, driven by fans. blow-
CTS, O pumps.

Glaubers sall— sodium  sulfate  (Na.SO,
1OH-(), a eutectic salt that melts at Y0°F and
absorbs about 104 Btu per pound as it does
s0.

gravity convection—the natural movement
of heat through a body of Buid that occurs
when a warm fluid nises and cool Huid sinks
under the influence of gravity.

header—the pipe that runs across the top (or
bottom) of an absorber plate, gathenng (or
distributing) the heat transter fluid tfrom (or
w) the grid of pipes that run across the ab-
sorber surfuce.

heat capacily—a property ot a material, de-
fined as the quantity of heat needed to rais=
one cubic foot of the material 1°F.

heat exchanger—a device, such as a coiled
copper lube immersed in a tank of water, that
is used to transfer heat from one Auid to an-
other through an intervening metal surface.
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heating season—the penod from about
Octoberl to about Mayl, during which ad-
ditional heat is needed to keep a house warm.
heat pump—a mechanical device that trans-
fers heat from one medium (called the heat
source) to another (the heat sink), thereby
cooling the first and warming the second.
heat sink—a medium or container to which
heat flows (see heat pump).

heat source—a medium or container from
which heat flows (see heat pump).

heat storage—a device or medium that ab-
sorbs collected solar heat and stores it for
pertods of mclement or cold weather.

heat storage capacity—the ability of a ma-
tertal to store heat as its femperature in-
creases.

hybrid system—a system that uses both ac-
tive and passive methods to collect, distrib-
ute. and store heat.

indirect system—an active solar heating or
cooling system in which the solar heat is col-
lected exterior (o the building and transferred
inside using ducts or piping and, usually. fans
or pumps.

infiltration——the movement of outdoor air
into the interior of a building through cracks
around windows ard doors or in walls, roofs,
and foors.

infrared radiation—clectromagnetic radia-
tion, whether from the sun or a warm body.
that has wavelengths {onger than visible light.

insolation—the total amount of solar radia-
tion, direct, diffuse, and reflected. striking a
surface exposed to the sky.

insilation—2a material with high resistance
or R-value that is used to retard heat flow.
integrated system—a passive solar heating
or ccoling system in which the solar heat is
absorbed in the walls or roof of a dwelling
and flovs 10 the rooms without the aid of
complex piping, ducts, fans, or pumps.
kilowatt—a measure of power equal to one
thousand watts, approximately 1 1/3 horse-
power, usually applied to electricity.
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kilowati-hour—the amount of energy e¢quiv-
alent to one kilowatt of power used for one
hour—--3.413 Btu.

langley—a measure of solar radiation, equal
to one calorie per square centimeter.

latent heat—the amount of heat, in Biu,
needed for a material to change phase from
a liquid to a gas, or liquid to a solid, and
back again.

life-cycle costing—an estimating method in
which the long-term costs such as energy con-
siimption, maintenance, and repair can be in-
cluded in the comparison of several system
alternatives.

liquid collector—a collector with a liquid as
the heat transfer fluid.

load collector ratio (LCR)—a buildiag’s heat
loss per degree day divided by the area of
south glazing.

natural comvection—see gravity convec-
tion.

nocturnal cooling—the cooling of a build-
img or heat storage device by the radiation of
excess heat into the night sky.

open loop——any loop in the systemn where
potable water is used for collection and sior-
age; open 1o the atmosphere as well.
parabelic collector—a concentratory collec-
tor with a parabolic-shaped reflector.

passive system—a solar heating or cooling
system that uses no external mechanical power
to move the collected solar heat.
percentange of possible sunshine—the per-
centage of daytime hours during which there
is enough direct selar radiation to cast a
shadow .

phase-change material—a substance that
stores and releases latent heat when it changes
from a liquid to a solid or gas.
photons—particles of light energy that trans-
fer energy to elecirons in photovoltaic cells.
photosynthesis— the conversion of solar en-
ergy to chemical energy by the action of chlo-
rophyll in plants and algae.

photovoltaic cells—semi-conductor devices
that convert solar energy into electricity.




present valae—the value in today’s dollars
of something to be received at a later date.
profile angle—the angle between the hori-
zon and the sun’s rays. in a vertical plane
perpendicular to a window; used to size fixed
overhangs for shading.

radiant panels—panels with integral pas-
sages for the flow of warm Auids, either air
or liquids. Heat from the fluid is conducted
through the metal and transferred to the rooms
by thermal radiation.

radiation—the flow of energy across open
space via electromagnetic waves, such as vis-
ible light.

reflected radiation—sunlight that is re-
flected from surmounding trees, terrain, or
buildings onto another surface.
refrigerant—a liquid such as Freon that is
used in phase-change collectors or cooling
devices to absorb heat from surrounding air
or liguids as it evaporates.

resistance ar R.-value—the tendency of «
material to retard the low of heat, measured
in (hr {t*°FyBu.

retrofitting—the application of a solar heat-
ing or cooling system to an existing building.
risers—the flow channels or pipes that dis-
tribute the heat transter liquid across the face
ot an absorher.

R-value—see resistance.

seasonal efficiency—the ratio of solar en-
ergy collected and used to that striking the
collector, over an entire heating season.
selective surface—an absorber coating that
absorbs most of the sunhight hitting it but
emiis very litide thermal radiation.

shading coefficient— the ratio of the solas
heat gain through a specific giazing system
to the total solar heat gain throogh a single
fayer ot clear. double-strength glass.
shading mask—a section of a circle that is
characteristic of a particular shading device:
this mask ts superimposed on a circular sun
path diagram to determine the time of day
and the months of the year when a window
will be shaded by the device.

Glossary

solar declination—see declination.

solur house—a dwelling that obtains a large
pari. though not neccessarily all, of its heat
from the sun.

solar load ratio (SLR)—ratio of solar gain
to heat load.

solar radiation—electromagnetic radiation
emitted by the sun.

solar savings fraction (SSF)—-ratio of solar
savings to net reference load.

specific heat—the amount of heat. in Bru,
needed 1o raise the temperature of 1 pound
of a material |°F.

sun path diagram—a circular projection of
the sky vault, similar to a map, that can be
used to determine solar positions and to cal-
culate shading.

sunspace—-a glazed room on the south side
of a building that collects solar energy to heat
that building.

thermal capacity—the quaniity of heat
needed to warm a collector up 10 its operating
temperature,

thermal mass, or thermal inertia——the
tendency of ¢ building with large gquantities
of heavy matenals 10 remain at the same tem-
perature or to Auctuate only very slowly: also,
the overall heat storage capacity of a build-
ing.

thermal radiation—electromagnetic radia-
tion emitted by a warm body.
thermosiphening—sce gravity convection.
tilt angle—the angle that a flat collector sur-
face forms with the horizontal,

trickle-type collector—a cotlector in which
the heat transfer liguid Hows Jown channels
in the front face of the absorber
tube-in-plate abserber —copper sheet metal
absorber plate in which the heat transfer fluid
flows through tubes in the plate.

ultraviolet radiation—electromagnetic ra-
diation, usually from the sun, with wave-
lengths shorter than visible light.

unglazed collector—a collector with no
transparent cover plate.

U-value—sce coetficient of heal transmis-
sion.
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Absorbent, 97

Absorber coatings, 101-103, 107

Absarber design, 98, Y9

Absorber efticiency, I00

Absorber plates, 84, 100- 101, 105

Absorbers, 5.
absorptance, reflectance and emittance, 32, 13 {ly-
plate collector, 98: Thomason, 99; tube size, 99- 10},
ar flat-plate collector 105: beat loss, 114, 115, See also
Absorber coatings: Absorber design; Absorber effi-
ciency, Absorber plates: Absorbers, air type

Absorbers, wir type, 105, 107

Absorptance, 31-33

Absorprion cooling, Y6. 97

Active heaning svstem, 9192

Active solar DHW sysiems, 76

Active sodar systems, 87

Active systems, 4

Adohe, 1, 28, 56

Aar barrier, 36

A tlat-plate collectors, 105, 106

Aar flow, (U, 107

Air infiitration, 2{-23, 3, 35

Air leakage. 107

Air ouality, 36

Al sysiems, 92

Air-to-air heat exchangers, 16

Air-to-hiquid heat exchangers, 82

Air-type collectors, 107

Altide, solar, 10, 11, 50

Anhfreeze systems, 82

Anbfrecze, 91, 92, 9

Argonne Nativnal Laboratory, 104

ASHRAE. 14, 18, 22, 30, 32

Index

ASHRAE Handbook of Fundamentets, S0
Attic insulatjon, 343

Autumnal equinox, 10

Auxiliary heating, 5. 136, 145

Arimuth angle, 30

Azimuth, solar. 10, 11

Backup heater, 84

Biuch heaters. 71-73

Battery storage, 143

Bread box batch heater, 71-72
Brick. 56, 66, 68

British Thermal Unir, 3

Calorie. 3, 12

Cellubuse fiber, 43

Centre Nationale de la Recherche Scientitique (CNRS),
62

Chimney eifect, 59

Cicar day insolation, od, 140

Clear day insodation Jata, 13-15, 117

Climatic Atlas of the Upied States, 19, 23, 37, 139

Closed-loup DHW systems. 74, 76. See also Domestic
hot water ([DHW

Closed-loop system, 78

CNRS wall collector, 62

Coeftivient of heat ransmission, 18, 19

Cueflicient of Pertormance (COP). 136, 137

Cald-wall effect. 41

Collector efticiency. L14-113;
two-tank system, B4 effect of heat exchanger. 94; ab-
sorber efficiency. (00-101; effect of wemperature. 133

Collector orientation, 84, §17-119
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Index

Collector performance, 114-119; estimating performance.,
121, 122

Collector, size, 114, 119, 120-124

Coler of roofs and walls 31

Compound parabolic concentrator (CPC), 109-110

Concentrating collectors, 5, 96, 109, 110

Concrete collector, 63

Concrete slab, 57, 95

Concrete wall collectors, 62

Concrete walls, 63

Concrele., 66, 68, 89

Conductance, 17-19

Conduction, 16-19

Conduction heat ftow, 21

Conduction heat loss, 24

Conductivity, 17

Conservatory, 68

Cunstruction industry, 147

Contrals, 95

Convection, 2, 160 heat loss, 21-23; thermosiphoning, 59

Cooling. solar, 129

Cormrosion, 86, 94, Y9

Corrosion prevention. 100

Cover plates. 5:
figuid flat-plate collectors, 101-103; air Aat-plate col-
lectors, 107, evacuated tube collector, 111

CPC evacuated wbe collector, 113

Crack lengih, 23

Dampers. 61, 91

Declination angle. 9

Degree day, 19, 20

Degree days and design iemperatures, 20

Degree nours, 20

Desipn heat load, 24, 26

Design temperatures, 19, 24

Inflerential controller, 76, 79-R2

Iifluse radiaton, 12, 13

Iyrect gain systems, 4, 44, 68

Lirect mass, S8

Inrect radiation, |, 13

Direct-mount PY arrays, 143

Domestic hot water (DHW), 5, 69,
passive solar, 712 active solar, 76-77. with space heat-
mg. 89

Prainback systems, 79-82, %)

Dramdown systems. 30

Electromagnetic spectrum, 2

Enmttance €3, 31-13%

Energy comwervation, 27,
anr nhiltration, 35: auxiliany heating, 136; photovolia-
s, 140}

Encrgy-clficient constructuon, 66

Estinating ammay size, 130
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Estimating collector performanve. See Collector perform-
ance

Estimating collector size, 124

Estimating storage size, 134

Eutectic salts, 74, 128, 132

Evacuated closed-loop system, 75

Evacuated-tube collectors, 96, 110-112

Evacuated-tube design. 111, 112

F-Chart, 68

Fans, 60, 66. 91

Flat-plate collector, 5, 72, 73, 98
Focusing collectors, 107
Forced-air panels (FAP), 60
Forced-air systems, 89, 90
Foarced coaveciion. 17

Freeze protection, 75, 79

Frecze snap swiich, 76. 79

Glass., 2;
heat loss through windows, 39; in high-performance
glazing, 40, 41 history. 44; solar benefit values, 45;
snecialized types, 47 shading, 50; cover plates. 102

Glaubers salt, 128, 132, 133

Glazing properties, 41

Glazing: greenhouse effect, 3;
solar heat gain and loss. 47. 48; svaspaces, 65, 66:
cover plates, 103

Govermnment incentives, 148

Gravel heat stworage, 130, 132

Greenhouse effect, 3. 28

Greenhouses, 68, 71, 74

Hard-coat glass, 40
Heat capacities of common materials. 56
Heat capavity, 56
Heat distribution, 135-136
Heat exchangers:
thermosiphoning water heaters, 73, drainback systemns,
79-82; space heating. 89, 94; with a water tank, 1}
Heat flow. 16-14%;
radiation, 23-24: calculations, 24
Heat load calculations, 24-25
Heat loss, 34,
conduction, 17.18; convection, 21; radiation, 23-24;
windows, I4-HY insulation to reduce, 41
Heat Mirror™ 40
Heat pipe cvacuated tube, 112
Heat pump. 136, 196
Hear storage, 3, 28, 128-135;
measurement of, 4 capacities of materials, 54
Heat storage bin, 60
Heat storage capacity. 54, 62, 128
Heat storage materials, 129
Heat transfer. 105-107




Heat transfer coefficient. 106

Heat transfer Auids, 89-92:
thermosiphoning systems, 73: closed-loop systems, 76;
antifreeze systems. 82: air systems.107-116

Heat trap, 28, 34

Heating season. 24

High-performance film, 41

High-performance glazing. 40. 66, 68

House vrientation, 30. 31

House shape, 29, 31

Hutchinson, F W._ 44

Indircct gain systems. 4, 59

Indirect mass, 58

Indirect systems. 149-207

Infiltration heat loss, 23, 25

[nfrared radiation, 2, 23

[nsalation and house orientation, 31

[nsolation and house shape, 31

Imolation, 1115, 31, 116

Insulating curtains, 40

Insulating shutters, )

Insulation, 41-43, 103-104,;
R-values, 18: thermal mass and temperature swings,
55, 57; storage systemns, {33

Integral collector storage (1CS). 72

Integral-mount PY array. 144

Langley, 12

Latent heat, 74, 128

Life-cycle costing, 146

Liguid collectors. 94, 129

Liguid Mat-plate collectors, i
Liyuid heating systerns, Y3

Liquid system designs, 93

Load Collecior Ratio (LCR). 68

Los Alamos National Laboratory . 68

Masonry walls, 89

Mass walls, 62, 63

Mcan Daily Solar Radiatwon, |2

Mean percentage of possible sunshine, 14
Michaci, Jacques, 63

MIT solar houses, 1

Maovable insutation, 68

Muovable shading devices. 50

Natural convection, 17, 21

Odeidlo, 62-64

Olgyay. Victor, 29-30, 36

One-tank system. 84, 85

Open-loop DHW systems, 76-77. See afso Domestic Hot
Water {DHW)

Opcrating temperatures, 123

Index

Orientation of houses. 1, 29-30, 68
Overhangs, 48-49, 51, 53, 66

Parabolic collectors, 107, 110

Passive heating systems, 4. 27, 133

Passive solar design, 68

Passive solar DHW systems, 71-75
Percentage of possible sunshine, 14-15
Performance and cost, 96

Phase-change collectors. 75

Phase-change materials, 73, 129, 132
Photons. 139

Photovoltaic (PV) array. 138

Photovoltaic (PV) panels, 82-84, 36, 138-139
Photovoltaics {PV). 5, 138-144

Plexiglas®™®, 103

Polyethylene moisture barrier, 22, 37-38, 42
Polycthylene-fiber air barrier, 35
Polystyrenc, 42

Polystyrene beads, 43

Power inverters. 138-139, 143

Profile angle. 49,

Pumps. 76, 79, R2-R4, 93

Q-values, 25
Quadpane™?, 41

R-values of common insulators, 42
R-values, 19, 21, 41-42
Rack-mount PV arrays, 144
Radiant heating, 90

Radiant panels. 135-136
Radiation, 2-4, 16-17

Radiation heat flow, 23-24
Recirculation systems. 76-79
Reflectance, 32-33

Reflected radiaton, 12, 15, 30
Refrigerant, 96-97, 136-137
Remote mass, 58

Residential PV system, 143-144
Resistance, 18

Reverse return piping system, 102
Reverse thermosiphoning. 61
Rigid board insulution, 43

Rock bed, 90, 91

Rock heat storage, 92, 130-132
Roof collectors. 64

Seasonal heat loads, 26
Seasonal heat loss. 20, 23
Scasonal heating needs, 123
Sclective surfuce, 101, 107
Semiconductor, 139
Sensible heat, 74, 128
Shading. 48-50

Shading coefficients, 50-51
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Index

Shading devices, 50

Shading mask, 31-53

Shading mask protractor, 52

Shelter design, 27-28

Silicon, 139

Sizing mass, 58

Sizing overhangs, 49

Skylight, 39

Soft-coat glass, 40

Solar altivade. 11

Solar azimuth, 11

Solar benefit values, 45

Solar cells. 5, 138

Solar collectors, 28

Sular covling. 96

Solar domestic hot water {DHW). See Domestic hot waler
(DHW)

Solar heat gain, 29, 30. 44, 46-47

Solar Load Ratio (SLR), 68

Solar position, 9-11. 51

Solar Rating and Certificution Corporation (SRCC), 123

Solar transmittance, 47

Solar water heaters. See Domestic hot water {DHW)

Space heating and cooling, 89

Specilic heat. 56, 128, 130

Specific heats of common materials, 36

Spring equinox. 10

Storage size.134, 135

Storapge ank:
thermesiphoning water heaters, 73 active systems, 77;
ong- and two-tank systems. 84, installation checklist,
K6

Storage temperature, 133-134

Starage-type walter heaters, 71

Storm window, 40

Summer soltice, 10

Sun path diagrams, 50-32

Sun paths, 10

Sun’s daily path, 10

Sungain™, 41

Sunspaces. 5. 65-6K

Superinsulated buildings, 36, 42

Swimming paol heating, 94-95
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Temperature fluctuations, 535
Temperature swing of a house, 55-56
Thermal efficiency curves, 125, 126
Thermal mass, 34, 56-58
Thermnal radiation, 2, 17, 24;
effect of atmosphere. 28; emittance, 33; absorber heat
loss, 107
Thermosiphoning air panel (TAP), 60-62,
Thermosiphoning. 17, 2§, 59-63
Thermostat setback, 42
Thomason absorber, 98-99
Thomason's collector, 131
Tilt angle of a collector, 117-419
Trickle-type collectors, 98
Tripane™, 41
Trombe walls, 64
Trombe. Felix, 62-63
Tube-type absorbers, 98
Turbulent flow, 106
Two-tank system. B4, B3

U-value, 18-20;
conveetion heat loss, 24; effect of insulation 42
Uliravioler {UV) light. 41
Untroviolet (UV} radianci, 7
Utility power. 143
UV ransmittance, 50

Vapor burricr. 37-38
Ventilation, 34, 68
Vernal equinex, 10

Wall collectors. 64

Water containers. 66

Water tanks, 91, 129

Water vapor, 37
Weatherstripping, 35

Wind control, 36

Window collectors, 64
Windows, 35, IK-40, 37, 50
Winston, Dr. Roland., 109-110
Winter solstice, 10




