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Abstract
This handbook is intended as a guide for engineers, architects,

and individuals familiar with heating and ventilating applications
who wish to design a solar heating system for a residential or small
commercial building in the Pacific Coast Region.

The climate of the region is discussed by selected cities in terms
of the effect of climate on solar heating requirements. The four
states covered are California, Oregon, Washington, and Arizona.

Presented in detail are the design parameters and performance
characteristics of (1) liquid space heating systems of the active type
using flat plate collectors, water heat storage, and forced air dis-
tribution; (2) active air space heating systems using flat plate
collectors, rock-bed storage, and forced air distribution; and (3)
domestic hot water heaters of the active type using liquid-cooled
flat plate collectors. The analyses are based on hour-by-hour com-
puter simulations using actual weather data from six selected
cities. The collector area required for the three types of active
systems has been determined as well as the effect of changes in all
the design parameters. A simple, empirical, monthly solar-load
ratio method for determining collector area is described and results
are presented for 13 additional locations within the region.

Swimming pool heaters are described briefly, and passive space
heating systems are discussed qualitatively in terms of a number of
successful designs.
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I. Introduction
The aim of this handbook is to aid in

the proper choice of collector size, storage
size, and other important design
parameters for a solar space heating or
domestic hot water system of the active
type in the Pacific Region.

Much of the information presented
here is relatively technical and will be of
use primarily to architects, contractors,
and consulting engineers in heating, ven-
tilating, and air-conditioning. It may be
of use to the "do-it-yourself" owner-
builder with a sufficient technical
background.

A great deal of design information on
solar heating systems is currently
available. New "how-to" books are ap-
pearing all the time. Solar hardware is
being manufactured by a number of com-
panies in the United States and abroad.
We estimate that there will be 1,000 to
1,500 solar heated buildings in this coun-
try alone by the end of 1976.

Although design principles of solar
heating are now widely understood,
current literature does not provide quan-
titative descriptions of the thermal in-
teraction of the solar heating system
components. This type of analysis is
relatively complicated and is highly
dependent on the weather patterns in the
locality where the system is to be used
and involves simulation of solar perfor-
mance from hourly solar radiation
records on a digital computer. This has
hardly been a practical approach for the
individual builder.

The handbook supplies this type of
quantitative analysis for the Pacific
Region. With it, the designer can deter-
mine collector and storage size and other
important design parameters proper to
the building's locality without an in-
dividualized computer simulation.

The emphasis of the handbook is on
what have come to be called "active"
systems. No quantitative analyses are of-

fered here for "passive" systems. This is
in part because quantitative analysis of
active systems is reasonably well un-
derstood, while with passive systems
much work remains to be done. It is also
a matter of what can be acceptably
defined as a "standard" system of either
kind during this early period of the
development of solar technology. An ac-
tive system is generally considered to
consist of a liquid-or-air-cooled metal
flat plate collector with a storage tank or
rock bed and with forced air or liquid dis-
tribution systems connecting the solar
collector to the heat storage area and liv-
ing space. Certain elements of hardware,
notably collectors, are commercially
available for active systems and speak for
a degree of standardization at the present
time. It is upon these notions that the
term "standard" used in the handbook is
based.

By contrast, the passive approach to
solar heating is almost as varied as the
individual buildings themselves, and it is
not yet possible—if even desirable—to
call any one passive approach "stan-
dard." However, a section on the passive
use of solar energy has been included in
the handbook in the interests of com-
prehensiveness. It is hoped thereby that
liquid and air systems of the active type
will not be taken as the standard for all
solar energy systems, simply because
they are more easily subject to quan-
titative analysis, or more closely resem-
ble conventional heating systems in cer-
tain respects.

For similar reasons, brief discussions of
swimming pool heaters, heat pumps,
reflectors, etc., have been included in the
handbook. These are economically feasi-
ble uses of solar energy at the present
time, although detailed quantitative
analyses of performance data are not yet
available.
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The greater bulk of information
presented here will therefore concern the
designer faced with a specific problem in
an active space heating or domestic hot
water system, and some indication at
this point needs to be given concerning
the use of the handbook for this purpose.

In the section of Space Heating-Active
Systems, the effects of varying any one of
the fifteen parameters of the nominal
standard liquid system are presented in
detail for six locations within the region.
The standard air space heating system is
presented in the same manner for those
parameters it does not share with the li-
quid system, and the domestic hot water
system also for those parameters it does
not share with either.

Thus the designer interested in the ef-
fect of varying any one of the design
parameters on the performance of the
whole system should first consult the list
of nominal design parameters on page 17,
and then turn to the detailed discussions
of individual parameters that follow.

It should be noted here that the design
parameters were varied singly in the
simulations, holding all others constant.
The designer should, therefore, use care
in varying two or more design parameters
simultaneously, since some of these may
be coupled non-linearly. Any individual
system will, of course, deviate somewhat
from the standard system as well.
Furthermore, the effect of parameter
changes has been studied in the
handbook for only six locations where
hourly weather and solar radiation have
been recorded. The magnitude of the ef-
fect will be different for other localities
within the region. However, the results
for the six cities studied should en-
compass the range of climate within the
Pacific Region.

One of the main purposes of the
handbook is to enable the designer to
determine the size of the collector array
for an active space heating system
anywhere in the region. The subject is
covered for space heating systems for the
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six cities beginning on page 52, where it is
possible for the designer to size a solar
heating system simply by using the
tables on pages 53 and 61. For other areas
within the region, it will be necessary to
use the Monthly Solar-Load Ratio
Method, an explanation of which begins
on page 59, with case studies exemplify-
ing the use of the method in the Appen-
dix.

Similar tables and calculations for
determining the size of domestic hot
water heating systems are presented at
the end of the hot water heating section.

Some last words of caution. The ap-
parent simplicity and grass-roots appeal
of solar heating can trap the unwary into
a poor installation. Anyone who would
not consider designing a home heating
system should not blithely launch into a
solar heating installation, particularly of
a complex type. Adequate preparation is
advised and should include a basic work-
ing knowledge of the conventional
heating system to be employed in con-
junction with the solar unit. Many books
are available to the individual wishing to
design his own system. This handbook is
not intended to overlap the practical
details and hardware considerations in
the now numerous "how-to" books and
catalogs, some of which are listed in the
reference section.

It should be noted that because solar
heating is a relatively new commercial
field, certification procedures are still in
the process of being developed for solar
equipment. Thus, the builder must be es-
pecially attentive in his choice of equip-
ment to determine that it will last the re-
quired time and be easily maintained
and repaired. Solar heating systems of
the active type are relatively expensive,
and their cost effectiveness depends on
these factors.
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Solar energy can be used to provide a
major fraction of the domestic hot water
and space heating requirements in
buildings throughout most of the con-
tinental United States. Although solar
radiation is a relatively diffuse and weak
source of energy at the earth's surface, it
is precisely this type of low-temperature
energy which is best suited for space
heating and hot water heating on a small
residential scale. Given the fact that
present-day collectors can retain only
one-third to one-half of the total solar
radiation that falls on them, they are still
able to raise the temperature of con-
siderable quantities of water to useful
levels (e.g. 130-150°F) in the course of a
sunny day. Such temperatures will not
power turbines or smelt iron ore but will
serve admirably for heating a house.

Climate is a critical factor in the per-
formance of any solar heating system.
The Pacific Region includes some areas
ideally suited for solar energy systems as
well as others that present a variety of
problems. For the purposes of this
handbook, the region is defined as the
three Pacific Coast states, California,
Oregon, and Washington. Arizona,
however, has been included, owing to
similarities between its climate and that
of Southern California. It also contains
large population centers for which hour-
by-hour weather data are available. A
city outside the region, Bismarck, North
Dakota, has been included in order to
provide an example of a cold, northern
climate similar to the eastern parts of
Washington and Oregon for which
detailed weather data were not yet
available.

The Pacific Region encompasses such
a tremendous variety of climates that it
cannot be considered a homogeneous
zone. In terms of solar heating, for exam-
ple, the collector area required to reduce

the consumption of conventional fuels by
50% will vary by a factor of nearly seven
throughout the region. Moreover, boun-
daries of climatic zones within the region
are not clearcut; the climate near the
coastline can change markedly within a
few miles or a few hundred feet in
altitude. These and some inland areas
are subject to foggy conditions at various
times throughout the year. Highly
variable conditions dependent on
altitudes, slope, etc., also affect moun-
tainous areas. Such factors should be
taken into account in estimating the per-
formance of a solar heating system. They
imply a detailed knowledge of not only
the characteristics of the climate of the
general area where the solar heating
system is to be constructed, but of the
peculiarities of the microclimate as well.

A useful way, however, to discuss the
climate of the region is in terms of solar
and weather data from representative
cities. LASL has studied the data of 18
cities which can serve as guides to the
varieties of climate within the region. Of
these cities, six were studied in detail at
LASL; they are indicated by circled dots
on the map on page 4. The hourly records
of solar radiation and weather data
available for these six cities were used in
the computer simulations of parametric
variations for solar space heating and
domestic hot water systems, the results
of which are discussed beginning on page
19. Their general climatic characteristics
can be summarized as follows:

Phoenix, Arizona. The climate is
arid southwestern, although significant
irrigation has increased the humidity
within the Phoenix basin. The winter
heating season is short with ample
sunshine and large diurnal fluctuations
in temperature.
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Santa Maria, California. The
climate of this coastal city is cool but
relatively sunny. Although the heating
season is mild, it extends over most of the
year due to the influence of sea breezes
from the cold Pacific stream.

Fresno, California. The climate is
typical of the inland basin, with the
heating season concentrated in the two-
month period of December-January
when the weather is generally foggy but
not severely cold.

Medford, Oregon. The climate is
moderate, perhaps the most average of
those studied in the region. There is con-
siderable rainfall in the winter months.

Seattle, Washington. The foggy
coastal climate of Seattle is dominated
by the cold Pacific stream, which results
in a heating season that is long and cool
without being severely cold. Little direct-
beam solar energy penetrates the humid,
foggy atmosphere.

Bismarck, North Dakota. In this
central continental climate, the heating
season extends from September into
June and is severe with average daily
temperatures of 10°F in January.
Although there is appreciable snowfall
and blizzards are frequent, the potential
for solar heating is good on account of the
high percentage of possible sunshine in
the winter.

The remaining 13 cities were studied in
terms of monthly weather and solar data.
They are: Page and Tucson, Arizona; El
Centro, Inyokern, Los Angeles, and
Riverside, California; Astoria and Cor-
vallis, Oregon; and Prosser, Pullman,
and Spokane, Washington. They are in-
dicated by dots on the map on this page ,
and the tables giving data for these cities
are to be found on page 61 in the section
on estimating the size of solar collectors
for active systems.
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Some climatic zones within the Pacific
Region are clearly more suited for solar
heating than others, either in terms of
overall solar radiation or in terms of
seasonal or even daily patterns. In some
areas the goal can be, at best, to reduce
the costs of conventional heating by
enough to justify the additional cost of a
supplementary system. In the other
sunny locations a solar heating system
can be expected to supply the major
source of heat with gas, propane, elec-
tricity, or wood providing the rest.

Site will also have a bearing on which
heating system is to be the primary one.
In extreme cases it will determine
whether a solar installation should be
considered at all. Obscuration by
buildings, trees, hills, or mountains
should be studied to ascertain when and
how much solar radiation is lost. Until
legal sun rights are established by
legislative or judicial processes, the
builder should anticipate whether the
site might fall at some future time in the
shadow of a nearby high-rise construc-
tion or a growth of trees on adjoining
land. Such considerations, as well as
those of cost and technological limita-
tion, suggest that solar space heating in-
stallations are best suited for residential
or small commercial buildings in rural or
suburban areas, and not yet for densely
populated high-rise inner city areas.
Domestic hot water systems, by contrast,
are both more compact and cost effec-
tive, allowing a greater flexibility of in-
stallation and application.

While climate and site will have an ef-
fect on the percentage of solar space
heating designed for, the type of building
construction will have a bearing on the
most suitable solar design. Unfortunately
for the builder the sun cannot be turned
on or off at will in any climate, thus ther-
mal storage of solar radiation will be a
feature of all heating systems intended to

carry through night-time hours and
periods of cloudiness. Thermal storage
depends on mass. In stone, cement block,
concrete or adobe structures, some useful
thermal storage is already in the struc-
ture. This mass is particularly effective
in smoothing out variations in inside
temperature at locations where the am-
bient day-night temperature changes are
large. Building mass is also advan-
tageous for storing solar energy which en-
ters the structure through windows.

In the Pacific Region the majority of
residential building construction is of the
frame type—and mobile homes can be
included here—in which the structure
contains relatively little mass. The ther-
mal storage in such a building will be
almost entirely that associated with the
active solar heating system. As a water
storage tank or rock bed, it will usually
be insulated from the living space so that
heat stored in it can be distributed ac-
cording to demand. To some extent, the
design of active solar heating systems
and of conventional systems is con-
ditioned by the economics of lightweight
building practices and the need to main-
tain even temperatures within a struc-
tural envelope that provides little ther-
mal flywheel effect of its own.

The first consideration in the ther-
mal design of a building is to minimize
the heating load. For a small, single-
story, well-insulated building, the ther-
mal load ought to be in the range of 8-10
BTU per degree-day, per square foot of
floor area.* The major contributors to
building thermal load are thermal con-
duction through the materials compris-
ing the outer fabric, and the energy re-
quired to heat the outside air which in-
filtrates the building through cracks,

III. Design Considerations

* Detailed methods of calculating heat losses (the building
thermal load) are to be found in the ASHRAE Handbooks,
listed in the references. A summary of the methods is to be
found on page (52) below, for both planned buildings and ex-
isting buildings.



porous walls, open windows, and doors.
The infiltration rate can be effectively
reduced by the use of weatherstripping
around doors and windows and with
vapor barriers built into walls, ceilings,
and floors. A permissible infiltration rate
is usually in the range of one-half to one
air change per hour. Less than this will
lead to stuffiness in normal living spaces.
In areas of greater activity such as
meeting rooms, the infiltration rate will
have to be increased. Adequate insula-
tion of doors, walls, floors, and ceilings
will reduce thermal conduction; and the
use of double-glazed windows, storm
doors, draperies, and insulated window
covers at night will help conserve the
positive solar gains through south-facing
windows during daytime hours.

The importance of these load-reducing
measures must be stressed. First, they
are usually more cost-effective than ac-
tive solar heating. Second, the area of
solar collector needed to obtain a given
solar heating fraction is directly propor-
tional to the building load. Collectors,
storage tanks, and rock beds occupy
more space within a building than con-
ventional heating systems, and the
design should seek to hold this down to a
minimum. And, in some cases, the size of
collector array might bear on aesthetic
considerations. For these reasons, only
after the heating load has been reduced
by more cost effective measures should
an active heating system be considered
for handling a portion of what remains.

Any design optimization usually in-
volves a tradeoff between cost and perfor-
mance. At some point the extra perfor-
mance that can be achieved by adding
more insulation to a wall or ceiling or in-
creasing a solar collector area will exceed
the savings incurred. In a few cases, a
true performance optimum does ex-
ist—with collector tilt and orientation,
for example.

For most locations it is uneconomical
to design a solar heating system to

provide for 100% of the heating require-
ment, since collector areas and storage
volumes needed to collect and store
enough heat for prolonged cloudy
weather would be large and unwieldy.
Thus in general, a solar heating system
should be designed with a full capacity
auxiliary heating unit for periods of ex-
tended cloudiness. This applies, in par-
ticular, to northern areas where interior
temperatures must be maintained in or-
der to protect water lines. Where the
solar heating system is the primary one,
the use of an efficient wood-burning
space heater has appealed to many as
wood is a relatively inexpensive energy
source in many locations and is easily
stored. It is a renewable resource as
well—being, in fact, a form of stored
solar energy.

Once the type of solar heating system
has been decided on, questions of main-
tenance and lifetime should have a direct
bearing on the selection and construction
of the system components. Solar equip-
ment can represent from 5-15% of the
building cost and, therefore, must have a
lifetime of 15-30 years to warrant the in-
vestment. The designer should pay par-
ticular attention to potential problems in
the following areas:

• Accessibility to glazed areas, fluid
lines, water storage tanks.

• U l t r a v i o l e t d e g r a d a t i o n and
weathering, fouling of exterior sur-
faces, and painted surfaces.

• Corrosion in liquid systems.
In the case of a complex solar heating

system, the amateur is advised to be very
well-informed or to seek the service of a
consultant with experience in the field
before committing himself to a major in-
vestment. In addition, he may do well to
have a frank talk with the owner or resi-
dent of a solar-heated building. Most
people involved in using solar energy are
very willing to talk over problems and
share their knowledge.
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The do-it-yourself homeowner can
build a greenhouse for as little as $2.50
per square foot. A lean-to greenhouse on
a south-facing wall will provide a signifi-
cant quantity of heat for the adjacent
house. This sort of system may not afford
a very high degree of temperature control
or storage but is, at the present time, a
very economical way to trap fairly large
quantities of solar radiation for space
heating purposes, and the construction
techniques are within the range of
anyone moderately skilled in carpentry.

The installation costs of active solar
heating systems are relatively high but
allow greater flexibility of temperature
control. Values of $20-$30 per square foot
of collector area are common for
professional installations; the entire ac-
tive heating system for a house may cost
from $2,000 to $10,000 at the present
time. Mass production and increased
competition should bring the costs down
somewhat in the future and do-it-
yourself installations will reduce labor
costs.

Passive systems with good tem-
perature control capability will probably
fall somewhere in between the costs cited
above. However, neither their cost nor
performance characteristics are well
delineated at the present time.

The major consideration is the tradeoff
between the system's installation cost
and the future cost of the fuel saved by
the solar heating system during its an-
ticipated lifetime. One must also account
for operating, maintenance, and repair
costs. A fairly useful way of estimating
the cost of solar heating is by the follow-
ing formula:

The annual capital fixed charge rate is
simply the value of the capital to the in-
dividual. It may be the interest rate that
the capital would be earning if it were in-
vested rather than used to install the
solar heating system, or it may be the an-
nual cost of a loan made to finance the
system installation. For example, the an-
nual fixed charge rate of an eight percent
twenty-year loan is 0.1004, as determined
from banker's tables or formulas.

The annual energy delivered by a
"standard" active liquid or air space
heating system can be estimated from
the data presented in the table on page
10 for 18 cities in the region. It will be
noticed that the smaller the solar heating
system, the more heat it will deliver per
square foot of collector, largely because
the smaller system will be running at full
capacity more of the time.

A sample calculation will help il1

lustrate the use of the formula. In the
sample, let the following assumptions be
made:

• System installed costs at $15 per
square foot of collector. This is a
fairly low figure for an active system.

• Annual capital fixed charge rate at
0.10, representing a 20-year loan at
8% interest.

• Operating, maintenance and repair
costs at 2% per year of installed cost
per year.

• Annual energy delivered by the solar
heating system equal to 162,000 BTU
per year per square foot of collector
area, a figure that represents the an-
ticipated performance of a 50% space
heating system in Los Angeles,
California.

Then, from the formula:

IV. Cost Effectiveness

Cost of
Solar
Heat

=

system annual capital annual operating,
installation × fixed charge + maintenance, and
cost/sq ft rate repair cost
annual energy delivered by solar energy system

Cost of solar
heat =

$15 ×0.10 + ($15 × .02)
0.162
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we obtain

= $11.11 per million BTU for the cost of solar heat.

How does this hypothetical figure com-
pare with competing energy sources?
Natural gas and electricity costs vary
widely throughout the country but, at
present, they are generally lower. For ex-
ample, if natural gas is $1.50 per 1,000
standard cubic feet and is burned in a
furnace at 60% efficiency, then the
delivered cost of heat is roughly $2.50 per
million BTU. If electricity costs 3.54 per
kilowatt hour, then the cost of electrical
resistance heating is $10.25 per million
BTU.

In many instances, solar heating
systems of the active type are not as com-
petitive with natural gas as they are with
propane or electric resistance heating
systems. However, natural gas is not
available in many areas and is becoming
scarce in others reducing its use as a com-
peting alternative fuel source. It is
reasonable to assume that the cost of all
sources of fossil energy will rise. The un-
certainty is by how much. This,
perhaps, is the most compelling argu-
ment in favor of solar heating.

The formula given above does not take
into account a number of other con-
siderations which can affect life-cycle
costs. The net result of these considera-
tions can be either positive or negative
and will vary widely from state to state.
They will usually be different for a
business than for an individual. Some
positive considerations are direct tax in-
centives or grants which may be enacted
by state or federal law, deduction of in-
terest payments in calculating state and
federal income taxes, and business
depreciation of equipment. Some
negative considerations are property tax
evaluations of the solar installation, and
the ability to deduct fuel costs as a
business expense.

A method similar to calculation of the
cost of solar heat but which allows one to

include a forecast of the annual increase
in conventional fuel costs is the
nomograph on page (9).* With it, one
can select a break-even time for the solar
heating system, the type and cost of con-
ventional fuel with the forecasted annual
increase, and the energy output of the
solar heating system. From these figures,
one can derive what the system must cost
in order to provide the desired breakeven
time. An example is plotted on the
nomograph by the dotted line.

• The solar heating system is to break
even at ten years.

• Electricity is assumed to be priced at
2.4¢ per kilowatt hour, with an 8%
annual increase.

• Useful solar energy is assumed to be
120,000 BTU/yr per square foot of
collector area.

• The cost of money is assumed to be
8%.

• The solar heating system main-
tenance cost is assumed to be 1%.

From these figures one derives a $10
per square foot system cost goal on the
nomograph. The nomograph is intended
to be only illustrative of the role of the
various costs, prices, and performance
factors that determine the economics of
solar heating and should be used
accordingly.

* From "Energy Conservation Design Guidelines for New Of-
fice Buildings," GSA, as quoted by P. D. Maycock in "Solar
Energy: The Outlook for Widespread Commercialization of
Solar Heating and Cooling," ERDA.
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Energy Uti l ized, B T U x 1 0 5 / f t 2 co l lector /year

Solar System Cost
$ / f t 2 col lector

Alternate Energy Cost, cent/KWH
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Annual Energy Delivered by a
Space Heating Solar Energy System*

Annual net energy delivered per
square foot of collector, in
millions of BTU/year ftc

2

Site

Arizona
Page
Phoenix
Tucson

California
Davis
El Centro
Fresno
Inyokern
Los Angeles
Riverside
Santa Maria

Oregon
Astoria
Corvallis
Medford

Washington
Prasser
Pullman
Richland
Seattle
Spokane

25%

0.212
0.132
0.136

0.124
0.199
0.122
0.205
0.214
0.176
0.262

0.164
0.142
0.134

0.140
0.139
0.148
0.121
0.150

50%

0.160
0.104
0.107

0.090
0.150
0.087
0.154
0.162
0.137
0.211

0.117
0.098
0.095

0.098
0.098
0.104
0.081
0.104

75%

0.115
0.078
0.080

0.062
0.106
0.060
0.110
0.116
0.100
0.149

0.073
0.064
0.061

0.064
0.066
0.068
0.051

,0.069

*It should be noted that these values apply to a space-heating-only installation. They have
been derived based on the Monthly Solar-Load Ratio method—an explanation of which
begins on page 59. If a domestic hot water system is added to a space heating system, as
described on page 66, then the annual energy delivered may be substantially increased
since the solar collectors are in use year around. In one example (for Albuquerque, NM) the
yield was increased from 0.225 to 0.281 million BTU/yr-ftc

2. In another example (for
Madison, WS) the yield was increased from 0.134 to 0.180 million BTU/yr-ftc

2. These results
depend, of course, on the relative size of the two loads.

Solar Heating
Fraction
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Flat Plate Collectors. A flat surface
painted black, enclosed in a glazed box,
and oriented and tilted properly in rela-
tion to the sun will trap a considerable
amount of solar radiation. But solar
collectors must do more than collect.
They must also move the heat out of the
collector; and it is the nature of this heat
transfer function, and specifically
whether the heat transfer medium is air
or a liquid, that will dictate the form of
much of the remainder of the heating
system.

All of the collector types shown on this
page, with one exception, use black-
painted metal as the collector surface to
absorb the solar radiation. In liquid
collectors, the heat is removed from the
surface by a liquid pumped through
tubes or ducts attached to the surface or
dribbled down corrugated metal troughs.
Similarly in air collectors, the air is
blown across the collector surface or
through laminations of metal gauze.

At the low temperatures used for space
heating or domestic water heating, flat
plate collectors of either type, liquid or
air, work with reasonable efficiency and
are relatively easy to construct. Convec-
tive losses are easily reduced by a
transparent cover, usually one or two
layers of glass, and conduction losses
through the collector back and sides can
be cut down by insulating these surfaces.
It may be of use to reduce radiation losses
by means of a selective coating on the ab-
sorber surface, that is, a coating with a
high absorptance for the solar spectrum
and a low emittance for the infrared re-
radiation spectrum.

Collector efficiency can be defined as
the ratio of heat removed from the collec-
tor by the heat transfer medium, the
collector coolant, divided by the incident
solar radiation. No single number
results, however, as the ratio is depen-
dent on a variety of conditions, such as

coolant temperature and flow rate, the
magnitude and angle of incident solar
radiation, and the wind velocity. It is also
dependent on the design parameters of
the collector itself.

But collector efficiency can be
calculated by performing a detailed heat
balance on the absorber surface and on
each sheet of glazing, which will account
for solar and infrared absorption and
radiation, convection, and conduction
heat flows. Collector efficiency for one set
of conditions is shown on page 12. It is
convenient to plot efficiency as a func-
tion of the parameter ΔT/I:

V. Solar Space Heating, Active Systems

ΔT

I

Average Collector
Surface Temperature -

Ambient
Temperature

Incident Solar Radiation

COLLECTOR TYPES
WATER HEATERS

Tubes in
block plate

Cover
glass

insulation

Corrugated sheet spot
welded to flat sheet

Tubes bonded to upper
surface of block plate

Corrugated sheets
fastened together

Tubes fastened to
lower surface of plate

Flat plates-dimpled and
spot welded together

Rectangular tubes
bonded to plate

Thomason system
water flows in troughs

Corrugated plates
riveted together

AIR HEATERS

Finned plate
air heater

Air flow area

Matrix-type air heater
using black gauze

Air in

LOF - type air heater using
overlapping glass plates

Air in

Clear glass Black glass

Vee-corrugated air heater
with selective surface

Air flow area Insulation

* This potpourri of collector types is taken from Chapter 59 of
the ASHRAE Handbook, 1974, "Solar Energy Utilization for
Heating and Cooling," by John I. Yellott.

Corrugated aluminum

Trickle system

11



Reflectors. The amount of solar radia-
tion striking a collector surface can be
considerably increased by reflectors,
thereby allowing one to reduce the size of
the collector array. An area of white
gravel in front of a collector, for example,
will reflect a certain amount of radiation
into the collector, as will snow, though
more diffusely than sheet aluminum, or
mirrored surfaces that can be mounted
on movable panels.

Recent analysis indicates that the
potential advantage of reflectors is sub-
stantial. A vertical solar collector with a
horizontal reflector in front of it should
perform substantially better than the
same collector tilted at the optimum
angle without a reflector. In addition, the
seasonal variation in solar radiation inci-
dent on the collector is completely
changed with a reflector.

Heat Transfer, Collector to Storage.
The most desirable medium to transfer
heat from the collector surface to the
heat storage area would be one that is
stable, non-freezing, non-boiling, non-
corrosive, non-flammable, inexpensive,
non-viscous, non-toxic, non-energy in-
tensive, and with a high specific heat and
thermal conductivity. Air satisfies all
these requirements except the last two,
and minor leaks cause no inconvenience.

Water has many desirable charac-
teristics as well. However, it freezes at
relatively high temperature, boils at a
relatively low one, and can cause
problems with corrosion. Freezing can
occur in almost all areas of the region and
provision should be made for this, even in
areas where freezing is infrequent or ex-
ceptional. Collectors can be designed to
drain at night or whenever the tem-
perature drops below a certain point, or
they can be designed with coolant
passages that can tolerate the expansion
caused by freezing. Similarly, protection
against boiling can be provided by drain-
ing the collectors, or by pressurizing the
plumbing of the system. And corrosion, a
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serious problem, can be dealt with in a
variety of ways using special materials
and techniques.

FLAT-PLATE SOLAR COLLECTOR PERFORMANCE MAP

100%

80%

60%

40%

20%

0

Good flat black paint

Selective surface

α

0.98

0.90

ε

0.89
0.10

I = 3 0 0 B t u / h ftc

2

T a m b i e n t = 40 oF
Wind velocity = 5mph

Number of
glass covers 1 2 1 2

0.2 0.4 0.6 0.8 1.0 1.2
ΔT
I

°F
Btu /h ftc

2

COLLECTOR FUNCTIONAL PARTS

Cover glazing (s)

Absorber surface

Coolant passages

Insulation

Box



Many different liquids have been tried,
but all have been found deficient in some
category. Ethylene glycol/water mixtures
are now in common use, but like other
fluids besides water, require a heat ex-
changer between the collector coolant
circuit and the heat storage water tank.
They also require corrosion protection.
Expense is an additional factor to be con-
sidered as the volume of a typical liquid

collector of 500 square feet plus the pip-
ing to and from storage can amount to as
much as 30 gallons. Toxicity is of par-
ticular importance when a system in-
cludes domestic hot water heating. LASL
is currently evaluating a number of
fluids, among which a class of light
paraffinic oils show promise. A summary
of the characteristics of collector coolants
is presented below.

COLLECTOR COOLANT CHARACTERISTICS

Freezing Point
Pour Point
Boiling Point
(@ Atm. Press.)

Corrosion
Fluid Stability
Flash Point
Bulk Cost ($/gal)
Thermal Conductivity
(BTU/HR°F@ 100°F)
Heat Capacity
(BTU/LB°F@ 100°F)
Viscosity
(LB/FT HR@ 100°F)

Air Water
85% Ethylene
Glycol/Water

Thermia 15
Paraffinic

Oil
UCON (Polyglycol)

50-HB-280-X

-
-

32°F -33°F
- -

- 212°F 265°F
Non-Corrosive

-
10°F

-
-35°F

700°F
Non-Corrosive

Good*
455°F
1.00

600°F
Non-Corrosive

Good**
500° F
4.40

None None
2.35-

-
-
-

.0154 0.359 0.18 0.76 0.119

.24 1.0 0.66 0.46 0.45

.046 1.66 15.7 28.5 143.1

*Requires an isolated cold expansion tank or nitrogen containing hot expansion tank to prevent sludge forma-
tion.

**Contains a sludge formation inhibitor.
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Heat Storage and Distribution for
Liquid Systems. The common thermal
storage medium for liquid systems is
water, usually held in a large basement
tank and insulated from the living space
of the building. The size of the tank is
directly proportional to the collector area
for the percentage of solar heating
desired. For example, a system designed
to supply 75% of the heating load of a
15,000 BTU/degree-day house in Med-
ford, Oregon, would have a tank capacity
of 1,680 gallons which would hold enough
heat to carry over approximately 22
hours. If water is the heat transfer
medium, the storage tank water will be
heated directly, and indirectly through a
heat exchanger if other fluids are used.
The heat exchanger can be as simple as a
coiled section of tubing, usually copper,
immersed in the storage tank water or
wrapped around the external surface of
the tank; or it may be an external heat
exchanger requiring an extra pump to
move the tank water through the ex-
changer.

In order to transfer heat from storage
to the building, heated water is pumped
from the top of the storage tank through
a second (liquid-to-air) heat exchanger, a
finned tube coil, over which is blown cool
return air drawn from the living space.
The air re-enters the living space through
registers shown in the diagram on page
15. Alternately, the heat can be dis-
tributed to the living space using conven-
tional perimeter convectors, although
usually at some loss in performance. A
radiant heat distribution system could
also be used.

Heat Storage and Distribution for
Air Systems. For air systems, the com-
mon thermal storage medium is a bin full
of fist-sized rocks, usually located (as
with a water tank) in a basement area
and insulated from the living space. A
75% solar system for the same 15,000
BTU/degree-day house in Medford,
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Oregon, would require a rock bin of 700
cubic feet, containing 32 tons of rocks.
Problems of leakage and accessibility are
not nearly as critical with rock beds as
with water storage tanks, and they do not
require maintenance. Rock beds are ef-
ficient heat transfer devices. The air
gives up its heat quickly by flowing
through the labyrinthine paths; as a
result, the rocks near the air entry end of
the rock bed can be at quite different
temperatures than those near the exit
end. This makes for a certain respon-
siveness in retrieving stored heat and
compensates to a great degree for the one
disadvantage air has as a heat transfer
medium—its low heat-transfer coef-
ficient.

An air system, of course, does not re-
quire heat exchangers of the sort used in
liquid systems except in cases where
domestic hot water is to be heated or
preheated. For space heating, the hot air
from the collector is blown directly into
the living space; or for storage, into the
rock bin as in the diagram on page 15. In
terms of mechanical assistance, an active
air system requires only one fan and two
double dampers. As soon as the collector
temperature exceeds the rock bed exit
temperature (left side), the collector
turns on (blower on) with damper C in
the position shown. If the living space re-
quires heat, damper H is in the position
shown. When there is surplus heat from
the collector, damper H moves to its up-
per position, directing the heat into the
rock bed. When heat is needed from
storage at night or during cloudy periods,
damper H remains in the position shown
with damper C in its upper position. This
blows air through the rock bed in the
reverse direction from storage, thus
removing heat from the warm (right) side
of the rock bed first. An auxiliary fur-
nace, as with the liquid system above, is
operated as necessary to satisfy the
remainder of the heating load.



Liquid or Air? In terms of perfor-
mance there is little to choose from bet-
ween liquid and air systems (Graph,
below), based on the nominal parameters
selected for the two "standard" systems.
One could change the parameters
slightly to give a small performance edge
to either system, but the actual choice
between competing design concepts will
more likely rest on considerations other
than those of performance alone.

Air systems may offer cost advantages
in new installations by virtue of their
greater simplicity and will probably be
cheaper to service and repair. Unlike li-
quid systems, they need not be entirely
leak-proof and there are no problems of
liquid degradation or corrosion.

On the other hand, air ducts and rock
beds are bulkier than pipes and water
tanks and so may not be as adaptable to
retrofit situations as the components of a
liquid system. A 1,680 gallon water tank
of 224 cubic feet, for example, will store
as much heat as a 7 foot by 10 foot by 10
foot rock bed of 700 cubic feet.

COMPARISON OF AIR AND LIQUID SPACE
HEATING SYSTEMS IN FRESNO

Collector

Water storage tank

Furnace

Air

Liqu id H e a t i n g

SPACE HEATING SYSTEM USING

LIQUID HEATING COLLECTORS

Collector

Furnace
R
o
c
k H C

Hot sideCold side

Air Heat ing

Col lectors

Rock Bed

S t o r a g e

Forced Air

D is t r ib t ion
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40

20
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0

20

40
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100

Collector Area/Building Load (DD ftc
2/Btu)

Liquid

Air
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Liquid systems offer advantages in
terms of integrating domestic hot water
heaters and are, at the present time,
more adaptable for solar cooling. In addi-
tion, because they have received greater
attention by designers and by industry
during the recent rebirth of interest in
solar energy, liquid system components
are currently more readily available.
However, air-heating collectors and rock
beds were among the earliest systems
built, and they can be expected to
proliferate as their good performance
characteristics become more widely
known.

Heat Pump Auxiliary. A heat pump
auxiliary can be used to improve the per-
formance of either a liquid or air system
but adds complexity and expense. A heat
pump works on the principle of the
household refrigerator or air conditioner
and consists of the same com-
ponents—an electric motor, compressor,
and a closed loop of a vapor that is pum-
ped through cycles of condensation and
evaporation. Essentially, a heat pump

transfers thermal energy from a low tem-
perature region to a higher temperature
region using an electric motor.

In its solar heating application (see
Diagram, below), low-temperature solar
heat is applied to one side of the heat
pump system and causes the condensed
vapor to evaporate. The compressor then
raises the pressure and temperature of
the vapor which, when next condensed,
gives off heat at a higher temperature
than was provided. When the tem-
perature difference is less than 30-40°F, a
good heat pump can provide around 3
BTU of heat at a high temperature (160-
180°F) for every BTU of energy the com-
pressor uses—and thus has a coefficient
of performance (COP) of 3.

The use of a heat pump is particularly
attractive in a situation where summer
cooling of a building would normally be
handled by a conventional air-
conditioner. In its place, a reversible air-
conditioner can be installed at a small
additional cost to function as a heat
pump during the winter heating months.

HEAT PUMP SCHEMATIC
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Design Parameters for Liquid Systems
Standard Liquid System. In order to

determine the quantitative effect of any
one component or feature of a solar
heating system on the performance of the
whole, it is first necessary to establish the
design parameters for a reasonably good
system consistent with cost and the pre-

sent state of the art. Current design prac-
tices and manufacturing processes in-
dicate what is possible, and within these
conditions one can determine quan-
titatively the range of performance and
the cost effective optimum within that
range.

THE STANDARD LIQUID SYSTEM

Values of parameters used for the "standard" solar heating system using liquid heating
solar collectors, a heat exchanger, water tank thermal storage, and forced air heat dis-
tribution system to the building. The values are normalized to one square foot of collector

PARAMETER: NOMINAL VALUE:
Solar Collector

1. Orientation
2. Tilt (from horizontal)
3. Number of glazings
4. Glass transmissivity (at normal incidence)
5. Surface absorptance (solar)
6. Surface emittance (IR)
7. Coolant flow rate x specific heat coolant
8. Heat transfer coefficient to liquid

coolant
9. Back insulation U-value

10. Heat capacity

Due south
Latitude + 10°
1
0.86 (6% absorption, 8% reflection) *
0.93
0.89
20 BTU/hr °F ftc

2**
30 BTU/hr °F ftc

2

0.083 BTU/hr °F ftc
2

1 BTU/hr °F ftc
2

11. Heat loss coefficient (to ambient)

Collector Plumbing

0.04 BTU/hr °F ftc
2

Heat Exchanger

12. Heat transfer coefficient 10 BTU/hr °F ftc
2

Thermal Storage

13. Heat capacity
14. Heat loss coefficient

15 BTU/ °F ftc
2

0 BTU/hr °F ftc
2

(i.e. assuming all heat loss
is to heated space)

Heat Distribution System

15. Design water distribution temperature > 133° F ***

Controls

Building maintained at 68°F &

Collectors on when advantageous

* These values apply for normal incidence on ordinary double strength glass (1/8 in.). For other angles of in-
cidence the Fresnel equation is used.

**See page 33 for discussion of units of flow rate.

***The coil and air circulation are sized to meet the building load with an outside temperature of -2°F with
133°F water and an air flow rate adequate to make up the space heat losses at an air discharge temperature of
120°F. This corresponds to a finned-tube coil effectiveness of 80%
& It is assumed that internal sources such as people, lights, and equipment will be sufficient to raise the internal
temperature by 4°F, i.e. up to the comfort standard of 72 °F.

17



The "standard" liquid system, whose
parameters are listed on page 17, repre-
sents a good average solar heating system
of its type. It consists of a metal flat plate
collector, a water storage tank, a heat ex-
changer, and forced air distribution to
the living space. The design parameters
for these components and other features
of the system were selected by means of
computer simulations in which each
parameter was varied singly in order to
obtain a value for which the solar perfor-
mance is optimized or nearly optimized.

Given, then, the nominal standard li-
quid system as a whole, one can proceed
to vary each one of the parameters singly
through simulated yearly heating loads
based on actual weather data in order to
determine the effect of such variations on
the performance of the system.

This has been done for each design
parameter for Seattle, Washington;
Medford, Oregon; Fresno and Santa
Maria, California; Phoenix, Arizona; and
Bismarck, North Dakota, for "solar
heating design years." The design year
for each city was established by running
hour-by-hour simulation analyses on 10
to 12 years of data for each of the cities.
The design year for each is the year that
most closely corresponds to the group
average in terms of the solar heating frac-
tion. The design years, the degree-day

values and solar radiation data for these
design years are shown in the tables
following.

Each parameter variation was done for
two different building loads which were
selected to give 75% and 40% solar
heating fractions for the nominal values
of the parameters. Collector size, an im-
portant parameter, is treated separately
in the section beginning on page 52.

For each calculation, only the
parameter under study was varied;
therefore all of the complex system in-
teractions which result from changing
that parameter have been taken into ac-
count.

The results of these calculations are in-
tended to give information on trends of
solar performance as a function of
parametric variation, rather then be
taken as absolute results. No actual solar
heating system will perform exactly as
predicted. Furthermore, as the design
parameters were varied singly to deter-
mine their individual effect on the
overall performance of the system, care
should be used in simultaneously varying
two or more parameters, since some of
them may be coupled non-linearly. If
one simultaneously varies two or more
design parameters to any significant ex-
tent, it may be that the net change in
performance (compared to the standard
system) will be different than the perfor-
mance estimated by changing the

DESIGN YEAR DATA FOR SIX CITIES STUDIED

Design Year
Site

Year
Starting

July 1

Solar Radiation
on Horizontal

Surface
BTU/yr ft2

Heating
Deg-Days

Phoenix
Santa Maria
Fresno
Medford
Seattle
Bismark

1962
1956
1957
1961
1963
1954

686521
649922
558516
524605
385221
479758

1278
3065
2622
5275
5202
8484
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parameters individually and adding up
the effect of all changes. A separate
computer simulation may be needed for
an accurate performance prediction for
this case.

The results of the computer simula-
tions are to be found below in two forms.
First, in summary form for each
parameter; and, second, in detail, with
the results plotted on graphs.

Since there are twelve curves on some
of the graphs, that is, two curves for each
of the six cities, one for the nominal 75%
solar heating system and one for the 40%
system, their order from top to bottom on
the graph is indicated by the order of the
list of cities on the graphs. For example,
if the first city listed is "MD," then the
top curve of the set is for Medford, and so
forth. Fifteen parameters have been
studied for the standard liquid system.
Parameters one through six and nine are
the same as for the standard air system, a
discussion of which begins on page 45.

In brief, the effects of changes in
design parameters for the standard liquid
system can be summarized as follows.

1. Collector Orientation: Optimum
orientation is usually due south.
Variations east or west of up to 30°
reduce performance by only 2.4%
to 5%, but larger variations can
reduce performance substantially.
(Same for standard air system.)

2. Collector Tilt: The optimum tilt
angle will range from latitude plus
10° up to latitude plus 25°,
depending on climate. Like orien-
tation, small variations from the
optimum have a small effect.
Variations of more than about 20°
can substantially reduce perfor-
mance. (Same for standard air
system.)

3. Number of G l a z i n g s :
Justification of the extra cost of
double glazing will depend on
climate. Collector area can be

reduced by only 5% by the use of
double glazing in Phoenix but by
25% in Bismarck. (Same for stan-
dard air system.)

4. Collector Glass Transmissivity:
Improving glass transmissivity by
6% by the use of "water white"
glass should increase the annual
solar heat collected by 2% to 5%,
depending on the site. Improving
transmissivity by reducing glass
reflectance should have an even
greater effect. (Same for standard
air system.)

5. Collector Surface Absorptance:
Surface absorptance should not be
less than 90%. (Same for standard
air system.)

6. Collector Surface Emittance: A
highly selective surface can reduce
the required collector area by 15%
in the warmer climates and by up
to 38% in the colder climates such
as Bismarck. Surface durability
may be a problem. (Same for stan-
dard air system.)

7. Collector Coolant Flow Rate:
Although not a critical design
parameter, the flow rate should be
designed to obtain a coolant tem-
perature rise of about 20°F under
peak conditions.

8. Collector Heat Transfer Coef-
ficient: A net effective heat
transfer coefficient greater than 10
BTU/hr °F per square foot of
collector is adequate to achieve
near maximum performance.

9. Collector Back and Side Insula-
tion: U-values of no greater than
0.1 should be integrated into the
collector system. (Same for stan-
dard air system.)

10. Collector Heat Capacity: The
collector design should minimize
the mass of metal and the fluid in-
ventory in the collector.

11. Distribution Pipe Insulation:
Collector-to-storage distribution
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living space, heat losses are far less
detrimental than if the tank is
located outside the living space, in
which case losses can be severe
without substantial insulation.

15. Design Water Temperature: As
the design water temperature is
decreased, the required air flow in
the building is increased with an
increase also in solar heating per-
formance—but at higher capital
and operating costs. Distribution
by means of baseboard convectors
is less effective than by forced air.

pipe heat losses can be kept accep-
tably low by insulating to a U-
value of 0.2 BTU/hr °F ftc

2.
12. Heat Exchanger Effectiveness: A

heat transfer coefficient of at least
10 BTU/hr °F ftc

2 should be
achieved.

13. Thermal Storage Heat Capacity:
Thermal storage for much more
than overnight does not improve
the yearly system performance
very much, but fairly severe per-
formance losses are predicted if
the storage provides less than 10
BTU/ftc

2 °F (1.2 gal of water/ftc
2).

14. Heat Losses From Storage: If the
storage tank is located within the
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1. Collector Orientation. A due south
orientation is near optimum for all six
cities studied. The decrease in perform-
ance for variations from due south is
somewhat greater for the colder northerly

cities than for the warmer southerly
ones, but variations of up to 30° east or
west reduce performance by only 2.4% on
the average, or 5% at the most.

Collector Orientation, Degrees

WEST SOUTH EAST

80

60

40

2 0

0

100
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2. Collector Tilt. Collector tilt angle
is an important design consideration.
Common practice is to use a tilt equal to
the latitude of the site plus 10° or 15°.
Clearly latitude is important; however,
the optimum tilt will also be affected by
the monthly distribution of the heating
load—whether it is concentrated in a
short period of two or three months or
spread out over half the year—and by the
solar heating fraction. It is important to
note that the curves have a relatively flat

maximum. This means that major devia-
tions from the optimum tilt have only a
minor effect on performance.

Many other considerations may play a
more important role than maximizing
performance—such as ease of assembly
and repair, shedding of snow and rain,
architectural integration, and potential
overheating problems in summer. A ver-
tical collector may well be best in some
situations.
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3. Collector Glazing. Collector glaz-
ing serves three functions: (1) it allows
for transmission of solar radiation to the
collector absorber surface; (2) it reduces
convective heat losses to the surrounding
air; and (3) it absorbs the infrared (long
wavelength) radiation that would
otherwise radiate back into the environ-
mental from the absorber surface.* At
least one sheet of glazing is essential in
space heating and domestic hot water ap-
plications, while none is generally re-
quired for swimming pool heaters.
Changing one or another characteristic of
the glazing produces a net yearly effect
on performance as the result of com-
plicated interactions which depend not
only on the glazing but on the rest of the
system and its application, which
together determine the operating regime
of the collector. Intuitive judgements of
performance based on collector perform-
ance charts alone, such as the one given
on page 12, are often misleading or
wrong, as they fail to take into account
the interaction of all the other factors. In
this and the following three sections, the
effects of the parameter changes on the
net yearly performance of space heating
applications is discussed for the six sites.

The decision to use one or two sheets of
glass depends on a trade-off between the
added cost of the extra sheet and the in-
crease in performance to be gained.

The added cost of a second sheet of
glass will be determined, in part, by
whether the glass procurement is small or
large. Cost estimates should include ad-
ditional parts required by the double-
glazing, added glass installation costs,
and the additional shipping and collector
installation costs resulting from the
heavier weight of the double-glazed
collector. Estimates should also factor in
extra costs associated with replacing
broken glass, protecting against the

higher operating temperatures to be ex-
pected during periods when the collector
is not cooled, and dealing with the con-
densation of water vapor inside the
collector.

The performance to be gained by an
additional sheet of glass, as shown in the
table below, is predominantly the result
of the difference in ambient temperature
at the different sites. This suggests a
correlation with heating degree-days. In
the two graphs on page 25, it can be seen
that the collector area ratio for a 75%
solar system correlates well with the
January degree-days, whereas a 40%
solar system correlates better with the
annual degree-days.

To illustrate how these graphs may be
used, suppose that a solar heating system
with single glazing will cost 10% less than
one using double-glazed collectors. It
can be seen, then, that it would be more
economical to install a 75% solar heating
system with double-glazed collectors at
sites where the January heating load ex-
ceeds roughly 650 degree-days, such as
Medford, Seattle, and Bismarck, and
more economical to install single-glazed
collectors in Phoenix, Santa Maria, and
Fresno.

Collector Area Ratio:

40%

Phoenix
Santa Maria
Fresno
Medford
Seattle
Bismarck

0.94
0.94
0.91
0.86
0.84
0.74

0.97
0.94
0.95
0.91
0.88
0.85
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*This is not to imply that radiation losses from the collector
are thereby eliminated. Glass has a high emittance and thus
also radiates energy—but at the lower temperature of the
glass.

Double Glazed

Single Glazed

Solar Heating Fraction 75%

Site



1.0

0.9

0.8

0.7

0.6
0 1000 2 0 0 0

75% Solar Fraction

Janua ry Degree Days

4 0 % Solar Fraction

1.0

0.9

0.8

0.7
0 5 0 0 0 10000

Annual Degree Days

25



4. Glass Transmissivity. Solar radia-
tion is diverted in the collector glazing
assembly through two effects. The first is
the reflection of sunlight from the surface
of the glass. The second is the absorption
of solar energy by the glass itself. In nor-
mal window glass, these effects are
nearly equal. Reflection is very depen-
dent on the angle of incidence of the solar
radiation, and the absorptance is also to
a lesser extent.

It has become customary to lump these
effects into a single variable called "glass
transmissivity," which is the total energy

transmitted through the glass for
sunlight striking it perpendicularly. This
parameter is relatively easy to measure.
For standard plate glass, reflection ac-
counts for a reduction in transmissivity
of about 8% and absorption for about 6%
at normal incidence, resulting in a
transmissivity of about 86%.

There are techniques for making glass
with a total transmissivity in excess of
95%. These involve lowering the iron
content in order to reduce absorption,
and etching the surface to provide a
gradation in density in order to reduce
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reflection. The etching is barely visible to
the naked eye. Coatings can also be used
to reduce reflection. Low iron or "white
glass" is in commercial production at the
present time. Low-reflective glass,
although now also in production, is not
yet available at prices which would
warrant its use in solar collectors.

The curves on the graphs on pages 26
and 27 were determined by varying the
absorption with the perpendicular reflec-
tance assumed to be 8%.* They show

that the performance decrease is less
than the reduction in transmissivity,
principally because energy absorbed in
the glass is not lost from the collector—it
raises the glass temperature and thereby
reduces the convective and radiative
losses from the absorber surface. A 1%
decrease in glass transmissivity reduces
the yearly solar energy collected by
0.36% to 0.94%, depending on the site,
the number of glazings, and the solar
fraction.
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5. Collector Surface Absorptance.
Solar energy that is not absorbed by the
surface is not available as heat energy in
the rest of the system. Therefore, collec-
tor surface absorptance is a very impor-
tant factor. Nearly all solar collectors are
painted black, but even among black
paints there will be variations in ab-
sorptance from 92% to 98%. The dif-
ference between these two values can be
easily discerned by the naked eye. It is
almost impossible to discern any relief
variations in a surface with absorptance
of 98% while it is relatively easy to see
them on a 92% surface. In any case,

collector surface absorptance should not
be less than 90%.

It is interesting to note that a one per-
cent decrease in surface absorptance
decreases the overall system performance
by only 0.44% to 0.67%. This may be due
to the fact that with the lower ab-
sorptance the system runs somewhat
cooler with correspondingly lower heat
losses throughout.

Durability of the surface should be
considered along with its absorptance.
Dust or other deposits on the absorber
surface may reduce its absorptance.
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6. Collector Surface Emittance. A
major heat loss in flat-plate collectors is
long-wave radiation from the collector
surface. Normal collector coatings have a
high effective hemispheric emittance for
long-wave or infrared radiation — a
value of 0.89 is typical for a good black
paint with a high absorptance.

There has been intense interest in the
deve lopment of "selective sur-
faces"—coatings that have a very high
absorptance for visible and ultraviolet
solar radiation and a low emittance for
infrared radiation. Most selective sur-
faces are either chemical or electro-
deposited coatings. When deposited over
a high reflectance substrate, a thin
coating of metal oxide is opaque for
short-wave radiation—and therefore has
a high a b s o r p t a n c e — a n d also
transparent for infrared radiation. The
effective emittance of the surface is the
same as the effective emittance of the
substrate, which is low since the sub-
strate is highly reflective.

For selective surfaces currently
available, effective emittance in the
range of 0.1 can be obtained with an ab-
sorptance in the range of 0.95.

For a single-glazed collector, a sub-
stantial performance increase can be ob-
tained by using a highly selective sur-
face, thereby enabling one to decrease
the collector area required to achieve a
given solar fraction. For example, assum-
ing a single-glazed collector with a selec-
tive surface with an absorptance of 0.95
and an emittance of 0.10 in comparison
with a collector with a matte black sur-
face (absorptance, 0.98; emittance, 0.89),
the collector area of the first in relation
to the second for two given solar heating
fractions can be tabulated as follows:

In other words, for a 75% solar heating
system in Phoenix with a selective sur-
face, one needs only 84% of the collector
area required for a system without a
selective surface. The figures above were
taken from detailed simulation analyses.

In all cases, performance was actually
reduced by the use of double glazing over
a selective surface compared to single
glazing over the selective surface. One of
the primary benefits of double glazing is
its absorption of infrared radiation from
the collector surface. With a selective
surface, however, this effect is small; and
the increased absorption and reflection
caused by the second layer of glass is
more of a loss than the gain resulting
from decreased convective losses.

The figures in the table above show a
reasonable correlation with heating
degree-days indicated on the graphs of
page 30. The improvement in perfor-
mance is almost linear with changes in
emittance, as can be seen in the graphs
on pages 31 and 32.

However, the use of a selective surface
depends on several other factors besides
performance. Cost is one. For example,
assuming the absorptance and emittance
figures above, a selective surface will

Collector Area Ratio: Selective Surface

Matte Black Surface

Solar Heating Fraction

Site

75% 40%

Phoenix
Santa Maria
Fresno
Medford
Seattle
Bismarck

0.84
0.82
0.79
0.70
0.69
0.62

0.85
0.82
0.83
0.87
0.75
0.73
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reduce the required collector area in
Medford by about 30% over a collector
with a non-selective surface. The ques-
tion then becomes whether an array of
collectors with a normal black surface
will cost more than an array of selective
surface collectors 30% smaller in area.
The appearance of the building and the

availability of roof area may have a bear-
ing on this choice. Durabil i ty is also a
factor—some selective surfaces have
shown a tendency to break down both
mechanically and chemically over a
period of t ime. Other coatings, notably
"black chrome," are relatively stable but
are expensive.
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7. Collector Coolant Flow Rate.
Collector coolant flow rate is important
in a liquid collector primarily because in-
creases in the flow rate reduce the collec-
tor temperature rise which in turn
reduces the amount of heat lost from the
collector for a given inlet fluid tem-
perature.

The curve below is plotted as the func-
tion of the coolant flow rate in units of
BTUh/°F ftc

2, and can thus be used for
fluids with different specific heats. For
example, for water with a specific heat of
1 BTU per lb, a value of 15 on the plot
corresponds to 15 lb/hr, which is equal to

1.8 gallons of water/hr ftc
2. A fluid with a

specific heat of one half that of water
would require a flow rate of 30 lb/hr ftc

2.
The proper choice of coolant flow rate

will depend on the pressure drop of the
collector, the viscosity of the fluid, and
the size and cost of available pumps.
Although higher coolant flow rates do in-
crease the performance of the system,
they also require more energy to pump at
those rates. Therefore increases in the
flow rate may not represent a net in-
crease overall in energy gain or cost sav-
ings for the system.

0 2 4 6 8 10

100

8 0

6 0

4 0

20

Collector Coolant Flow Rate (BTU/h°Fftc
2)

33



8. Collector Heat Transfer
Coefficient. The average collector heat
transfer coefficient is the effective heat
transfer coefficient between the average
surface temperature of the collector and
the average coolant temperature. Due to
the heat transfer properties of liquids,
the heat transfer coefficient of liquid
collectors is relatively high.

Many liquid collectors are designed
with thin sheets of metal connecting the

collector tubes. Conduction through this
metal sheet represents a decrease in the
effective transfer coefficient of the collec-
tor.

It can be seen from the graph below
that an effective heat transfer coefficient
greater than 10 BTU/hr °F per sq ft of
collector is adequate to achieve near
maximum performance from the solar
heating system.

Collector Heat Transfer Coefficient
(BTU/h°F ftc

2)
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9. Collector Back and Side
Insulation. Heat can be lost from the
collector surface by conduction through
the back and sides of the collector hous-
ing. It is good design practice to insulate
with the equivalent of three to four
inches of fiberglass insulation. The graph
below indicates that a U-value of 0.1

should be integrated into the collector
housing design for good performance.

If foam insulation is to be used, care
must be taken to select a type which is
stable at the maximum temperature
which the collector may achieve under
no-flow conditions. Only a few of the
foam insulation materials are suitable.
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10. Collector Heat Capacity. A cer-
tain amount of solar energy is required to
heat the collector up to operating tem-
perature every morning—energy that is
lost to the environment and not
recovered at the end of the day. The
same effect occurs each time the sun goes
behind a large cloud and causes the
collector temperature to drop below
storage temperature,

The major contributor to collector heat
capacity is the fluid stored in the collec-

tor and the mass of the metal in the
collector and the collector insulation as
well as the mass of all components of the
heating system that cycle in tem-
perature.

The magnitude of heat capacity de-
pends on collector design, which ought to
keep the collector mass and fluid inven-
tory as low as possible. The graph shows
that collector heat capacity can have a
major effect in the performance of the
overall system.
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11. Distribution Pipe Insulation.
The plumbing which connects the collec-
tor array to storage should be insulated.
Minimizing heat losses from the pipe on
the hot side of the collector is more im-
portant than minimizing losses from the
collector itself, since the hot side piping
may be the highest temperature of the
entire system.

As in the case of other parameters, the
pipe insulation is put in terms of the total
insulating characteristics per square foot
of collector area. Since distribution pipes

are usually two inches in diameter or
less, heat losses from them can be kept
relatively low. Therefore a nominal value
for distribution pipe heat losses of only
0.04 BTU/hr/°F sq ft of collector was
chosen for the standard system calcula-
tion.

In order to use the graph below, it is
necessary to calculate the total net ther-
mal loss coefficient of all the distribution
piping (BTU/hr °F) and divide this by
the collector area (ft2).
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12. Heat Exchanger Heat Transfer
Effectiveness. In the standard liquid
system, the heat from the collector fluid
is transferred to the water in the storage
tank by means of a heat exchanger. A
common method of implementing this
heat exchanger is to pump water from
the bottom of the storage tank through a
heat exchanger where it picks up heat
from the collector coolant and then
returns the heated water to the top of the
tank.

Another possible approach is, instead
of pumping water out of the storage tank,
to immerse a heat exchanger or coil of
tubing near the bottom of the tank and
rely on natural convection to transfer
heat from the coil to the storage water.

A net heat exchanger/heat transfer
coefficient of at least 10 BTU/hr°F ftc

2,
should be achieved, as can be seen from
the graph below. For example, if the total
amount of energy being collected at a
particular time is equal to 100 BTU/hr
ftc

2, then the average temperature dif-
ference between the fluid on one side of
the heat exchanger and the other should
be no more than 10°F.

The use of some collector liquids with
poor heat transfer characteristics, such
as paraffinic oils, can result in relatively
difficult problems in achieving this kind
of heat exchanger effectiveness. On the
other hand, water is a relatively good
heat transfer fluid.
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13. Thermal Storage Heat Capacity.
A water storage tank for thermal storage
is considered part of the standard liquid
system. It provides energy for those times
when the sun is not shining. The nominal
thermal storage capacity is 15 BTU/ftc

2

°F (1.8 gal of water/ftc
2). This would be

sufficient to heat a 75% solar building in
Medford for 20 hours, assuming an initial
storage temperature of 150°F and an out-
side temperature of 20°F.* After this
time, heat would continue to be extrac-
ted from storage, but an increasing
amount of auxiliary heat would be re-
quired to maintain an inside temperature
of 68°F.

The simulation analysis indicates that
thermal storage in excess of 15 BTU/ftc

2

does not improve the yearly perform-
ance very much. However, fairly severe
performance losses are predicted if the
storage mass is less than 10 BTU/ftc

2 °F
(1.2 gal of water/ftc

2). This means that the
primary function of thermal storage is to
carry over heat from the daytime hours to
the night.

Once the minimal storage mass is es-
tablished, it is relatively inexpensive to
add extra storage capacity. However, one
should consider heat losses from storage
(described in the following section) since
the increase in heat loss from a larger
tank may more than offset the gain from
a larger heat capacity.

Note that the effect of changing
storage mass is strongly location depen-
dent.

* The following general formula can be used to determine the
carry-through time of storage, i.e., the time elapsed before
auxiliary heat is needed to prevent the inside temperature
from dropping:

where
tct = carry through time, hours
TS = storage tank initial temperature, °F
Trm = room temperature maintained, °F
Tdw = design water temperature, °F
Ta = ambient temperature, °F. (assumed constant)
Tda = design ambient temperature, °F
Load = Building thermal load. BTU/DD. (see pp. 53)
S = Storage heat capacity, BTU/°F
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14. Heat Losses From Storage. The
best location for the heat storage tank is
within or beneath the space to be heated.
In this case any heat lost from storage
simply goes into the heated space, and
there is no net penalty to the system per-
formance. But the tank should be in-
sulated for times when the living space
does not require heat and when,
therefore, heat losses from the tank
would contribute to overheating the
building.

Where the storage tank is located out-
side the living space, heat is lost to en-
vironment by conduction through the
tank insulation. Performance degrada-
tion here can be very severe.

In order to use the graph below, it is
necessary to calculate the surface area of
the tank, multiply that by the effective
U-value of the tank insulation, and
divide by the collector area. The result is
the storage heat loss coefficient.
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15. Design Water Temperature. A
finned-tube coil is used to transfer heat
from the storage water tank to the air of
the living space. The air flow require-
ment is a function of the design water
temperature.

As the design water temperature is
decreased, the required air flow is in-
creased, resulting in an increase in solar
heating system performance but at
higher capital and operating costs.

The building air flow can be deter-
mined from t h e fol lowing
equations—where CFM is the cubic feet
per minute for the building. The building
load is calculated according to the
method on page 52. The design ΔT is the
difference between 68°F and the
minimum outside air temperature for
which the building heating system is
sized, and Tc o n v is the design air distribu-
tion temperature.

The coil effectiveness factor (CEFF)
was assumed to be 0.80.

T c o n v = T r m + CEFF ( t d w - T r m )

It is to be noted that a less efficient coil
would increase the required building air
flow, while overall system performance is
only a function of the design water tem-
perature.

Calculations were also made with a
baseboard hot water distribution system.
Normal baseboard systems are designed
with inlet water temperatures of 160 to
200°F. For a solar system, the baseboard
convectors should be oversized to operate
at the lower temperatures normally
available from the thermal storage tank.

The baseboard curve on the graphs is a
function of the design water temperature
needed to meet the load at the design ΔT.
At higher outside air temperatures, a
lower baseboard temperature could
provide the load. The heat output of the
baseboard simulation is assumed to vary
as the 1.176 power of the water-to-room
temperature difference and is based on
the manufacturer's data.

When the heating load is higher than
the amount of heat available at the solar
storage tank temperature, then the
baseboard system switches to total aux-
iliary heat.

T r m = room temperature

Tdw = design water temperature

* This is pcp x 60 = 1.08 BTU/CFM/°F/hr at sea level.

CFM =
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Design Parameters for Air Systems
The Standard Air System. The

general remarks concerning the standard
liquid system, page 17, on the whole ap-
ply to the standard air system as well.

The performance simulations were
based on the same locations and weather

data, and the same cautions apply in us-
ing the data presented in the pages that
follow: they are meant to indicate trends,
rather than absolute results, and the
design parameters may be, in some case,
coupled non-linearly.

THE STANDARD AIR SYSTEM

Values of parameters used for the "standard" solar heating system using air-heating
solar collectors, rock bed thermal storage, and a forced air heat distribution system to the
building. The values are normalized to one square foot of collector (ftc

2).

PARAMETER: NOMINAL VALUE:
Solar Collector

1. Orientation
2. Tilt (from horizontal)
3. Number of glazings
4. Glass transmissivity (at normal incidence)*
5. Surface absorptance (solar)
6. Surface emittance (IR)
7. Coolant flow rate
8. Heat transfer effectiveness (HA)**
9. Back insulation U-value

10. Heat capacity

Due south
Latitude + 10°
1
0.86 (6% absorption, 8% reflection)
0.98
0.89
2 Standard CFM/ftc

2

4 BTU/hr °F ftc
2

0.083 BTU/hr°F ftc
2

0.5 BTU/hr °F ftc
2

Collector Duct Work

11. Heat loss coefficient 0.1 BTU/hr °F ftc
2

Thermal Storage

12. Heat capacity
13. Heat loss coefficient

15 BTU/°F ftc
2

0 BTU/hr °F ftc
2

(i.e. assuming all heat loss
is to heated space)

Heat Distribution System

14. Air flow rate 2 SCFM/ ftc
2

Controls

Building maintained at 68°F ***
Collectors on when advantageous

*These values apply for normal incidence on ordinary double strength glass (1/8 in.). For other angles of in-
cidence the Fresnel equation is used.
**The heat transfer effectiveness, HA, is the product of the effective heat transfer coefficient times the effective
heat transfer area to the air coolant. It is normalized to 1 sq ft of collector (ftc

2).
***It is assumed that internal sources such as people, lights, and equipment will be sufficient to raise the inter-
nal temperature by 4°F, i.e. to the comfort standard of 72°F.
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The principal difference between li-
quid and air systems lies in the heat
transfer medium and the heat storage
medium. Water storage tanks have been
used in various heating applications for a
considerable time, and as a result their
characteristics are now well known. The
rock bed, by contrast, is a relatively new
heat storage device, and the analysis of
its performance characteristics in the
pages that follow should be of particular
interest to the builder.

The design parameters for the stan-
dard liquid and air systems, and the ef-
fects of varying them, are essentially the
same for both systems except for those
listed below.

Four parameters are unique to the
standard air system. They are discussed
in detail beginning on page 47; in brief,
the effect of changing them can be sum-
marized as follows:

1. COLLECTOR HEAT TRANSFER
EFFECTIVENESS: An important
design parameter, it should be ap-

46

proximately 4 BTU/hr/°F/ftc
2, or

greater.
2. COLLECTOR AIR FLOW RATE:

A severe performance penalty will
result at air flow rates below 1
SCFM/ftc

2.
3. THERMAL STORAGE HEAT

CAPACITY: As in the case of liquid
systems, the size of the thermal
storage heat capacity is not very im-
portant beyond a value of about 10
BTU/°F ftc

2. This corresponds to 48
lbs of rock/ftc

2.
4. ROCK BED TEMPERATURE

DISTRIBUTION: A rock bed with a
short air flow path is preferable to
one with a long flow path for
pressure drop reasons, but the air
flow path should remain longer than
around 12 rock diameters in order to
take advantage of spatial tem-
perature distribution benefits. Air
flow direction should be reversed
between the charging and discharg-
ing modes of operation.



1. Collector Heat Transfer Effec-
tiveness. Collector heat transfer effec-
tiveness (HA) is the product of the heat
transfer coefficient times the heat
transfer area divided by the collector
area. The effective heat transfer area, A,
can be increased by adding fins or by
making all sides of the flow passage effec-
tive for heat transfer. And the heat
transfer coefficient can be raised by in-
creasing the flow velocity and by decreas-
ing the flow channel size.

Note that the variation in HA is made
assuming that the air flow rate is cons-
tant at the nominal value of 2 cfm/ftc

2.

In an air system, collector heat transfer
effectiveness is so important that the
builder ought to test the heat transfer
characteristics of the collector before
committing himself to any particular
design. Too often systems have been
built without adequate collector heat
transfer. Even with a heat transfer effec-
tiveness (HA) equal to the nominal value
of 4 BTU/hr °F per sq ft of collector, the
net temperature difference between the
collector surface and the average air tem-
perature would be 25°F, assuming a total
collected energy of 100 BTU/hr/sq ft/°F.
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2. Air Flow Rate. As the net air flow
rate and heat transfer coefficient are
proportional and interdependent, the ef-
fect of the air flow rate is considered in
two ways in this section. The use of the
data presented here will depend on the
problem the des igner is faced
with—whether, for example, he is design-
ing a collector from scratch or is design-
ing a fan and duct system already given a
collector design.

Collector Heat Transfer Held Con-
stant: As the air flow decreases, the
collector ΔT increases and collector ef-
ficiency decreases. A severe performance
penalty will result at air flow rates below
1 SCFM/ftc

2.
It is to be noted that the air flow rate is

varied with the parameter HA held cons-
tant at a nominal value of 4. Since H is
dependent on flow rate in a collector of

fixed geometry, holding HA constant im-
plies changing collector geometry as the
air flow rate is changed.

Effect of Air Flow Rate, Collector
Geometry Fixed: In a collector of fixed
geometry, the heat transfer coefficient H
is dependent on flow rate. As air flow rate
is changed, HA varies as (CFM)0.8 for a
fixed geometry. Thus, for example, to
ascertain the effect of doubling air flow
rate through a given collector, one should
determine the effect of doubling the flow
rate with heat transfer held constant and
then the effect of increasing heat transfer
by a factor of 20.8 = 1.7 with air flow held
constant. The net effect of both changes
simultaneously is quite close to the
p r o d u c t of t h e two r e l a t i v e
improvements.
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3. Effect of Storage Thermal Heat
Capacity: As in the liquid system, the ef-
fect of varying thermal storage capacity
is seen to be quite dependent on the site.
This is presumably due to the charac-
teristics of the climate pattern during the
year which was studied.

The effect of the size of the storage
thermal capacity is not very important
beyond a value of about 10 BTU/°F ft2

corresponding to 48 lbs of rock/ft2. The

nominal value of 15 BTU/°F ft2 corres-
ponds to 71 lbs of rock/ftc

2. Most rock has
a specific heat of about 0.21 BTU/lboF, a
density of about 165 lb/ft3, and packs
with a void fraction of about 0.42 if the
rocks are all roughly the same size. Thus
one should use from 0.50 to 0.75 cu ft of
rock per sq ft of collector. This is roughly
three times as much volume as is re-
quired to achieve the same heat capacity
in a water tank.
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4. Rock Bed Temperature Distribu-
tions. A rock bed is an efficient heat
transfer device. Air quickly gives up its
heat in flowing through the labyrinthine
paths among the rocks. As a result, the
rocks near the air entry end of the bed
can be at a quite different temperature
than those near the exit end.

This time-dependent spatial tem-
perature distribution must be accounted
for in the simulation analysis. A sim-
plified illustration is given on the plot
below. It is assumed that the bed is cold
in the morning. Then as the day
progresses the temperature of the air
from the collector rises, peaks at noon,
and decreases in the afternoon. The
resulting temperature distributions in
the rock bed are shown at different times
during the day. It is to be noted that the
exit air from the bed is always cool, in-
dicating that the collector operates at
high efficiency all day.

In the evening when the collector is off
and the building needs heat, the air flow
direction through the bed is reversed so
that air exits from the hottest part of the
bed. (If the air flows were not reversed,
then one would have to wait hours to
move the heat through the bed and even
then the air would only be moderately
warm.) As the evening progresses, the
temperature of air leaving the bed rises

until 8:00 p.m. and then falls, resembling
the time profile of the inlet temperature
during the day, but in reverse.

In the simulation analysis, this
detailed temperature distribution is
determined each hour of the year by
dividing the rock bed into 11 axial zones
and by calculating the temperature of
each. The hot side temperature plot on
page 50 is for the air temperature at the
bed frontal area corresponding to the
right hand side of the rock bed shown in
the diagram on page 15.

For a fixed bed volume, the length can
be varied by varying the frontal area.
Generally speaking, a rock bed which has
a short air flow path (and a large frontal
area) is preferable to a bed with a long air
flow path (and small frontal area)
because of pressure drop considerations.
If the air flow length is decreased below a
value of about 12 rock diameters, then a
performance penalty is incurred because
the spatial temperature distribution
benefits described above become ineffec-
tive.

Rock bed heat capacity and air flow
rate can be related to parameters of real
interest to the builder — rock size, bed
length, pressure drop — through a perfor-
mance map, such as the one on page 51.

In the performance map, the rock bed
pressure drop and the air pumping
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energy loss in the bed are plotted as a
function of bed length divided by rock
diameter. Lines of constant rock
diameter and of constant bed length are
drawn on this plot. The nominal
parameters of 2 CFM/ftc

2 and 0.75 ft3 of
rock/ftc

2 or 0.75/2 = 0.375 ft3 of rock/CFM
were chosen for the air flow rate and the
storage volume to plot these isovalue
lines.*

For the case of 6 foot long rock bed (in
the direction of air flow) and 2 inch rocks,
the rock bed length to rock diameter ratio
is 36 and the pressure drop is 0.03 in. of
water, corresponding to a pumping
energy loss in rock bed friction of 0.05
BTU/ftc

2 hr. This number is quite small,
even after factoring in fan and motor
inefficiencies.

Since the bed length is not important
beyond a value of about 12 rock
diameters, the builder has great flex-
ibility in arranging the rock bed within
the structure. In considering a mix of
rock sizes, one should use the smallest
diameter in the mix to estimate pressure
drop since small rocks will fill the in-
terstices between the larger rocks,
thereby increasing the air flow resistance
of the bed.

The performance can be used to es-
timate the pressure drop through any
rock bed. For example, suppose that one
had a bed of 4 inch diameter rock 15 feet
long with a frontal area of 10 ft2 and an
air flow rate of 530 CFM. The air flow is
then 530/10 = 53 CFM/ft2 of frontal area.

*The heat transfer coefficient and pressure drop correlations
for rock beds were taken from the following reference: R. V.
Dankle and W. M. J. Ellul, "Randomly-Packed Particulate
Bed Regenerators and Evaporative Coolers," Mech. & Chem.
Eng. Trans. I.E. Aust., Vol. MC8, No. 2 (1972), pp 117-121.
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To obtain this same face velocity for the
conditions of the performance map, one
would need a bed length of (53 CFM/ft2)
x (0.75 ft3/2 CFM) = 20 ft. Reading from
the map, the pressure drop is 0.47 in. of
water or 0.0235 in. of water/ft of length.
Thus the pressure drop in 15 feet would
be 0.35 in. of water.

The pressure drop in the above exam-
ple is somewhat excessive. By merely
changing the bed length to 10 ft and the
frontal area to 15 ft2, the pressure drop
could be reduced to 0.13 in. of water.
This illustrates the dramatic effect of
even minor changes in rock bed con-
figuration on pressure drop.
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Collector Size, Active Systems
One of the main purposes of the

Handbook is to enable the builder to
determine the size of the collector array
for an active space heating system
anywhere in the Pacific Region.

There are several factors that will go
into this calculation. Design is one, and
has been analyzed in various ways in the
previous section. It need only be noted at
this point that the charts and calcula-
tions on the accompanying pages assume
the design to be the standard liquid or air
space heating system, and that in most
areas of the region a standard system will
be used to provide from 25% to 75% of
the total space heating requirement. It is
considered that 100% solar heating,
though feasible in some locations, will
not be cost effective for most. The choice,
then, of 25%, 50%, and 75% solar heating
fractions on the charts and graphs is in-
tended to cover the range most likely to
be useful to the designer or builder.

Thermal Load. The next important
factor is building thermal load, which
must be known in order to use any of the
accompanying charts or calculations. For
a small, single story, well insulated
building, the thermal load should be in
the range of 8 to 10 BTU per degree-day
per square foot of floor area.

For an existing building, the exact load
can be determined from past monthly
and annual heating bills and degree-day
values. Fuel consumption corrections
should be made for furnace efficiency
(typically 0.6) and for non-space-heating
energy uses. The latter can be deter-
mined from summer fuel bills.

For a proposed building, the thermal
load is calculated by adding up the area
of each type of external building fabric
(walls, windows, doors, ceiling, floor,
etc.) times the appropriate thermal con-
duction coefficient (U-value, in
BTU/ft2 °F hr), and adding this to the in-
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filtration load as determined by mul-
tiplying the building volume times the
number of air changes per hour, times
the heat capacity of air (0.018 BTU/°F
ft3).* This will then yield the building
load in units of BTU/°F hr. Multiply this
number by 24 to obtain the load in
BTU/degree-day, which is the number
needed in the subsequent sections.

Collector Sizes For Selected Cities.
The location of a solar heating system, in
terms of solar radiation and ambient
temperature, is the last and most impor-
tant factor.

Using the techniques of simulation
analysis, LASL has calculated the per-
formance of the standard systems for
those cities where sufficient weather and
solar data have been available.

The results enable one to determine
collector (and thus storage) sizes for the
cities analyzed. They are presented in
terms of the ratio of building load to
collector area on page 53.

The chart on page 53 presents the ratio
in terms of the solar heating percentage
of the total space heating requirement. In
other words, for a solar heating system
designed to provide 75% of the space
heating requirement in Fresno, the ratio
is 34 BTU/degree day ftc

2.
To use the building load/collector area

ratio to determine the size of the collector
for one of the cities listed (or an
equivalent location), one must determine
(1) the building thermal load and (2)
decide what percentage of solar heating
the system is to provide.

For example, for a 1,500 square foot
house in Fresno, California, with a ther-
mal load of 10 BTU/degree-day/ft2 of
house, the building thermal load is
15,000 BTU/degree-day.

*See the ASHRAE Handbooks for detailed treatment of
building load calculations.



Suppose, next, that one decides on a
75% solar heating fraction with the
balance of the heating requirement to be
made up by conventional means. For this
fraction, the chart below for Fresno
gives a ratio of 34 BTU/degree-day/ft2 of
collector. Therefore, the required collec-
tor size for this particular case is:

In a similar manner, one can deter-
mine the size of a collector for a standard
liquid or air system for any of the cities
listed on the table, for 25%, 50%, and
75% solar heating; and for collector sizes
for other percentages, one can use the
graphs beginning on page 54 to deter-
mine the correct ratio for the cities plot-
ted on it, and with which one can then es-
tablish the actual collector size.

The table below lists load-collector
ratios for both liquid and air systems.

There is no obvious systematic climatic
trend observable in the relative perfor-
mance of the two systems. Both seem to
have comparable performance charac-
teristics at high values of the solar
heating fraction, but the liquid system
does perform somewhat better than the
air system at lower values of the solar
heating fraction.

The variation of collector size with the
solar heating fraction is shown for the six
cities on the four graphs beginning on
page 54. Two of the graphs are for the
standard liquid system and two are for
the standard air system. For con-
venience, the curves for both double glaz-
ing and for a selective surface* are also
shown. These curves are plotted against
the ratio of collector area to building
load, which is the reciprocal of the load-
collector ratio used earlier.

*Absorptance = 0.95, emittance = 0.10.

LOAD-COLLECTOR RATIOS FOR SIX CITIES

Solar Heating
Fraction

Site

Standard Liquid System Standard Air System

25% 50% 75% 25% 50% 75%

Phoenix, AZ
Santa Maria, CA
Fresno, CA
Medford, OR
Seattle, WA
Bismarck, ND

432
300
206
130
104
66

172
144
77
41
33
24

84
84
34
14
11
11

369
280
185
117
88
62

154
133
72
39
29
24

79
76
34
15
11
11

NOTE: These values have been determined for a specific one-year period (the "solar
heating design year") based on hour-by-hour computer simulation analysis.
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The Monthly Solar-Load Ratio Method for Determining
Collector Size in Other Locations

Usually the only reliable basis for
predicting the yearly performance of a
solar heating system is an hour-by-hour
computer simulation analysis of the en-
tire system. Such analyses have been
performed by LASL for a total of 25 U.S.
and Canadian cities for up to 12 years of
weather data for each city.

Based upon these calculations, a
monthly solar-load ratio method has
been devised. It enables a designer to
predict the performance of a solar
heating system, based only on monthly
data of horizontal solar radiation and
heating degree days. The method has
been validated by comparison with the
hour-by-hour computer simulations.

Initially, the standard liquid system
was chosen for analysis, but the results
for the standard air system were suf-
ficiently similar that the same monthly
solar-load method can now be used for
either system to determine collector size
by applying a small correction for the air
system.

Based on this method and on monthly
data of solar radiation and heating
degree-days, specific values of the load-
collector ratio have been calculated for 18
cities in the Pacific Region. These are
given in the table on page 61. They can
be used to estimate solar collector area
for a standard liquid system in the same
manner as the numbers in the table on
page 53. For a standard air system, it is
recommended that the values in the
table should be multiplied by the follow-
ing factor:

Solar Heating
Fraction Factor

75%
50%
25%

0.98
0.93
0.89

It should be noted that the values for
load-collector ratios in the tables on
pages 61 are usually different from those
on page 53. Two factors account for this:

1. The numbers in the table on page 61
are based on the approximate
monthly solar-load ratio method
and therefore should be somewhat
less accurate than the numbers in
the table on page 53, which are
based on hour-by-hour simulations.

2. The numbers in the table on page 61
are based on long-term monthly
averages of solar radiation and
heating degree-days, whereas those
of the table on page 53 are based on
a specific year, the "solar heating
design year," an explanation of
which is given on page 18. Therefore
any systematic correlation of solar
radiation and heating degree-days
will not be reflected in the results of
the monthly solar-load ratio
method except as they occur on a
nationwide basis.

It is recommended that the
load-collector ratios on page 53 be
used whenever there is a choice.

The maps on page 58 give a
general indication of the distribu-
tion of load-collector ratios. They
are based on the monthly solar-load
ratio method, using data from the
18 cities listed in the table on page
61, plus an additional 67 cities
throughout the United States.

The monthly solar-load method is
a five-step process which can be
performed on a hand calculator
with the aid of trigonometric and
exponential tables—or with a
calculator that has these functions.
The steps are as follows:
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Step 1) Obtain the following data for
each month of the year for the
site where the solar heating
system is to be located.
a) Heating degree days, per

month. The figures given in
the tables in the Appendix
are long-term averages ob-
tained from the ASHRAE
Guide (see pp. (96), for 18
cities within the region.

b) Total solar radiation on a
horizontal surface, per
month. The data given in
the tables in the Appendix
were obtained from records
of the National Weather
Service for total daily
radiation. The averages are
based on 200 to 700 days of
measurement during the
months listed.*

Step 2) Correct the solar radiation to a
collector for tilt angle of
latitude-plus-10° using the ap-
proximate formula following:

Total monthly
radiation on
tilted surface,

BTU/ft2

1.025 Y - 8200,

where

solar declination
at mid-month

23.45° cos(30M-187)

M = month, (January = 1, December =12)

The data in the table in the Appendix
were calculated from the monthly
average solar radiation data, as
measured on a horizontal surface in the
18 cities, by means of the formula above.

*It is to be noted that the figures in these two tables do not
correspond exactly to those of the solar heating design years
for the six cities used in the parametric liquid and air system
studies, since these were measured values for individual
months rather than averages.
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The values are the monthly solar radia-
tion on a plane surface tilted at an angle
equal to the latitude plus 10° and orien-
ted due south. They should be used in
reference, however, to the remarks on
collector tilt angle on page 22.

Step 3) Determine the building ther-
mal load in u n i t s of
BTU/degree-day. This is the
total heat required by the
building per day for a 1°F dif-
ference between the inside and
outside temperatures.

Step 4) Determine the "solar load
ratio" (SLR) for each month
from the following formula:

SLR =

Solar Collector
Area

x

Building Thermal
Load

x

Total Radiation on
Tilted Surface

Heating Degree-days
per month

The solar load ratio is dimen-
sionless. It is the ratio of the
total solar energy incident on
the collectors to the total
energy required to heat the
building.

Step 5) The annual solar heating frac-
tion can then be estimated
from the following formula:

Annual
Solar
Heating
Fraction

(Degree-Days)(X)
m o . = 1

12

Σ

12

Σ(Degree Days)
m o . = 1

where

X = 1.06 - 1.366 e - . 5 5 S L R + .306 e - . 1 0 5 S L R ,

(for SLR < 5.66)

X= 1, (for SLR > 5.66)

Y =
total monthly radiation on horizontal surface, BTU/ft2

cos(latitude - solar declination at mid-month)



LOAD-COLLECTOR RATIO FOR 18 CITIES

Site
Latitude Elevation Degree

Days°N ft

Solar Heating Fraction

25% 50% 75%

Arizona
Page
Phoenix
Tucson

California
Davis
El Centra
Fresno
Inyokern
Los Angeles
Riverside
Santa Maria

Oregon
Astoria
Corvallis
Medford

Washington
Prosser
Pullman
Richland
Seattle
Spokane

37
33
32

4280
1139
2440

6632
1765
1800

128
300
301

48
118
118

23
59
59

39
33
37
36
34
34
35

50
12

336
2186
540

1050
289

2502
1458
2492
3528
2061
1803
2967

198
547
195
232
416
391
353

72
206
70
88

157
152
142

33
97
32
42
75
74
67

46
45
42

22
236

1321

5186
4726
5008

127
120
107

45
42
38

19
18
16

46
47
47
48
48

840
2583
731
110

2356

4805
5542
5941
4424
6655

117
100
100
110
90

41
36
35
37
31

18
16
15
15
14

NOTE: These values are based on long-term averages of monthly solar radiation and heating degree days and
have been determined by the Monthly Solar-Load Ratio Method.
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The function X is shown plotted below.
Note that X is not a very good
estimate of the monthly solar heating
fraction because it is designed to com-
pensate (on an annual basis) for the fact
that the heating load based on degree-
days per month is lower than the heating
load based on hourly calculations.

Test of the Monthly Solar Load
Ratio Method: The key to the accuracy
of the method is the determination of the
function X used in Step 5. This function
has been carefully determined so that the
resulting error in predicting the solar
heating fraction (compared to the

simulation result) will be minimized
without using a different function for
each locality.

The determination of X is based on
hour-by-hour computer simulations of a
"test year" for 25 locations for five dif-
ferent collector sizes in each location.
The average error resulting from the
method is essentially zero and the root-
mean-square error (standard deviation of
the prediction error) is 4.4% solar
heating. The next figure shows the
predicted versus simulated results for the
125 cases studied, and the following table
identifies the cities corresponding to the
symbols in the figure.
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TEST OF SIMPLIFIED METHOD
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Solar Heating Fraction, Hour-By-Hour Simulation

A
B
C
D
E
F
G
H
I
J
K
L

Albuquerque, NM
Boston, MA
Charleston, W, VA
Dodge City, KS
El Paso, TX
Fresno, CA
Los Angeles, CA
Lake Charles, LA
Madison, WS
Frederickton, N.B.
Bismark, ND
Lincoln, NE

N
O
P
R
S
T
U
V
W
X
Y
Z

Nashville, TN
Ottawa, Ontario
Phoenix, AZ
Fort Worth, TX
Seattle, WA
Tallahassee, FL
Santa Maria, CA
Vancouver, British Columbia
Winnipeg, Manitoba
Medford, OR
New York City, NY
Edmonton, Alberta
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VI. Domestic Hot Water Heating
Simple thermosiphon and tank-type

solar hot water heaters are common in
many parts of the world where freezing is
not a problem. There is no separate heat
transfer fluid in these passive rooftop
units, and hot water is used directly in
the household from them. The simplest
tank-type design is a large water-filled
plastic "pillow"; in more complex and
durable types, water circulates through
pipes of steel, plastic, or glass four to six
inches in diameter.

A flat plate collector can also heat
water to be used directly (via a storage
tank) in the household. But in colder
climates, unless the system can be
drained, it must use a non-freezing heat
transfer fluid with a liquid-to-water heat
exchanger in the storage tank. The easy
adaptability of this type of system to an
active liquid space heating system is ob-
vious, but care must be taken to avoid
contamination of the domestic water
supply by a toxic collector fluid.

The sole objective of this section of the
handbook is to provide design informa-
tion appropriate to sizing a domestic
solar hot water heater of the conventional
active type, that is, a system consisting
of a flat-plate collector with a pumped li-
quid coolant which delivers heat to a
storage tank by means of a heat ex-
changer. This is by no means intended to
imply that this is the best approach. It is
simply the one that has been analyzed in
some detail. Tank-type, thermosiphon,
or air heating collectors present different
options which may be more suitable but
for which comparable design studies
have not yet been completed.

There are, however, two ways in which
a flat plate domestic hot water system
can be used: with one tank or with two.
Assuming that the system will have a
conventional back-up element, a one
tank system consists of a storage tank
heated (1) by the solar collector fluid

passing through the heat exchanger in
the tank when the sun is shining, and (2)
by an auxiliary gas burner or electric
resistance coil for times when it is
necessary to maintain the water tem-
perature to a thermostatically deter-
mined level (see diagram below).

In a two-tank system, these functions
are divided into two tanks in such a way
that the solar heater acts as a pre-heater
for the conventional gas or electric unit.
This system can be expected to perform
at a higher overall efficiency than the
one-tank system. Since the auxiliary
heat is supplied to the second tank, not
to the solar-heated tank, the solar-heated
portion of the whole system can operate
at lower storage (and hence collector)
temperatures and thus at a higher heat
collection efficiency.

DOMESTIC HOT WATER SCHEMATIC

ONE-TANK SYSTEM

TWO-TANK SYSTEM
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Connecting Domestic Hot Water to a
Space Heating System Employing Li-
quid Heating Collectors. A domestic
hot water heater connected to a liquid
space heating system could be of the one-
tank variety, where the collector output
goes through a separate heat exchanger
in the domestic hot water supply tank.
More feasible would be the two-tank
variety, where the second tank would be
a conventionally fired hot water tank us-
ing the main solar storage tank as a
source of heat to preheat domestic water.
The domestic water can be preheated by
immersing another storage tank in the
main storage tank, or by using a heat ex-
changer between the domestic and main
storage tanks. Shown in the figure is a
two-tank domestic hot water system,
similar to the one on page 65, connected
to a liquid-heating collector system.

Connecting Domestic Hot Water to a
Space Heating System Employing Air
Heating Collectors. Incorporation of
domestic hot water heating into an air
space-heating system would involve an
air-to-liquid heat exchanger at the collec-
tor outlet, and a single-tank hot water
system. The air-heating collector system
would provide domestic hot water at
lower efficiencies than the liquid-heating
collector system because of the collector-
to-air and air-to-water heat-exchanges.
On the other hand, air systems avoid the
possibility of contamination of the
domestic hot water system with the
collector coolant liquid which may be
toxic (e.g. ethylene glycol). Shown in the
figure is a one-tank domestic hot water
system, similar to the one on page 65,
connected to an air-heating collector
system.
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Domestic Hot Water Design Parameters.
The nominal design parameters for the

collector are the same as those given for
the standard liquid space heating system
on page 17. Since the storage tank is
relatively small, the heat loss from the
tank surface is relatively larger than for a
space heating system and is explicitly ac-
counted for in the analysis. A tank sur-
face of 0.5 ft2/ftc

2 is assumed with a tank
insulation heat loss coefficient of .083
BTU/hr °F ftc

2.
In addition, the thermal load is quite

different for water heating than for space
heating. The profile of hot water demand
shown below was deduced from personal
experience, and the simulations were run
for this profile. It is assumed to be the
same for every day of the year.

In the normal one-tank system, the
solar-heated storage tank is fired by aux-
iliary sources to maintain the water tem-
perature at a minimum of 120°F. A
nominal storage was assumed equal to 15
lbs (1.8 gal) of water per ft2 of collector.

In the nominal two-tank system, the
solar-heated storage tank acts as a source
of preheated water for the second tank, a
conventionally fired hot water tank. A
control scheme was adopted in which
auxiliary heat is added to the second
tank to maintain the temperature at
120°F. The nominal thermal storage heat
capacity for the solar storage tank is the
same as for the one-tank system. For the
second auxiliary-fired tank, a nominal
capacity equal to one-half the daily usage
was chosen. For example, if the daily hot
water usage is 80 gallons a day, the
second storage tank would be 40 gallons.

The nominal domestic hot water
system, as in the case of the standard li-
quid space heating system, provides 75%
of the required heat from solar energy.
The loads which give a 75% solar fraction
are as follows:

Location

One-Tank Load
for 75% Solar
(Gal/day-ftc

2)

Two-Tank Load
for 75% Solar
(Gal/day-ftc

2)

Phoenix
Santa Maria
Fresno
Medford
Seattle
Bismarck

1.85
1.41
1.02
0.59
0.165
0.63

2.45
2.01
1.54
1.05
0.52
1.085

Four parameters were studied for
domestic hot water systems: collector
area, collector tilt, water storage mass,
and hot water temperature. The effects
of varying them are presented in detail in
the sections below, followed by a discus-
sion of the method for determining
collector sizes for hot water systems
through the region.

ASSUMED USE PROFILE

FOR DOMESTIC HOT WATER

Use rate

12 2 4 6 8 10 12 2 4 6 8 10 12

am pm



1. Collector Area. The graph below
shows the effect of changing the collector
area for both one and two-tank domestic
hot water systems. The plotting
parameter is collector area divided by the
heating load in gallons per day. Three of
the six cities are shown. Phoenix and
Bismarck represent the extremes of per-
formance, while Fresno represents a
relatively average case. Individual collec-
tor area/load curves are shown for all six
cities on the graphs on pp. 69-70, the first
graph for a one-tank system and the

second for a two-tank system.
It can be seen that the two-tank

system outperforms the one-tank system.
As was pointed out above, this is the
result of the lower operating tem-
peratures of the solar-heated portion of
the two-tank system. The increase in
total heat obtained from a two-tank
system over a one-tank system ranges
from approximately 30% for Phoenix to
55% for Bismarck in the hot water load
range of 2.5 to 6.0 gallons/day/ftc

2.

Collector Area/ Load (ftc
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2. Collector Tilt. Because of the con-
stancy of the load, the effect of collector
tilt for hot water heating is quite dif-
ferent from that of space heating. The
following two graphs show the effect for
both one and two-tank systems. For both
systems there is some variation in the op-
timum tilt in relation to latitude. As

would be expected, the performance of
the one-tank system falls off rapidly as
the collector tilt is moved more than 20°
from the optimum. However, the two-
tank system shows a much broader op-
timum; that is, the performance is less
sensitive to collector tilt.

The optimum tilts are as follows:

Location Latitude
Optimum Tilt

One-Tank
Optimum Tilt

Two-Tank

Phoenix
Santa Maria
Fresno
Medford
Seattle
Bismarck

33
35
37
42
48
47

36
37
46
53
58
57

35
36
39
50
54
56

Collector Tilt-Latitude
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3. Water Storage Mass. The effect of
storage mass for domestic hot water is
similar to that of space heating systems.
Values greater than 15 lb/ftc

2 yield little
improvement in performance. The heat
loss from both storage tanks is made
proportional to the tank surface area by
using the relation:

Tank Surface Area

Collector Area

There is a wide range of sensitivity to
changes in the storage mass for the one-
tank system. For systems in Phoenix and
Santa Maria, the solar fraction falls off
rapidly when the storage mass is
decreased. Systems in Seattle and Med-
ford show less sensitivity. For the two-
tank system, the overall effect of chang-
ing the storage mass is less than for the
one-tank system throughout the region.

Thermal Storage Heat Capacity
(BTU/°F ftc

2)
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The storage masses for the auxiliary
tank in the two-tank systems for a 75%
solar fraction are as follows: Location

Storage Mass
Tank 2 (lb/ft2)

Phoenix
Santa Maria
Fresno
Medford
Seattle
Bismarck

10.2
8.37
6.43
4.37
2.17
4.52

100

8 0

6 0

4 0

20

0
0 5 10 15 20 25

Thermal Storage Heat Capacity
(BTU/°F ftc

2)
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4. Hot Water Temperature. The two
graphs below show the effect on the solar
fraction of varying the hot water control
temperature from 120°F. In the range of
100°F to 140°F, the fraction of heat from

the solar hot water system decreases by
an average of 5.8% for every 10°F in-
crease in hot water temperature for a
one-tank system, and by an average of
3.8% per 10°F for a two-tank system.
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VII. Swimming Pool Heaters
The components of active solar swim-

ming pool heaters are similar to those of
domestic hot water and active space
heaters of the liquid type. In general, all
employ flat plate collectors and the heat
transfer medium is moved from collec-
tion to water storage areas by electric
pumps. Space heaters and hot water
heaters commonly extract water at 140°F
from collectors whose surfaces can exceed
200°F, and operate with an efficiency of
30-50%. Swimming pool heaters, by con-
trast, raise the temperature of several
thousand gallons of water only a few
degrees, to around 80°F, but operate at
an efficiency of 70-80%.

Solar pool heaters thus take full ad-
vantage of the fact that solar collectors
are more efficient when working at low
temperatures. Collectors normally need
not be glazed or insulated for swimming
pool applications, which results in a sim-
pler design that is far less expensive than
collectors for space and hot water
heating, which require glazing and in-
sulation to attain higher temperatures.
Since pool heaters are primarily used to
extend the swimming season, they are
operated during those times of the year
when there is more solar radiation than
in mid-winter and when ambient tem-
peratures are relatively high.

An unheated swimming pool has a
natural yearly temperature cycle that
varies with climate and geography. A
comfortable three to four month swim-
ming season can be stretched out to five
or six months when a pool heater is ad-
ded in northern California, and even
longer in southern California. With a
solar pool heater, the season will be ex-
tended primarily in the spring, less so in
the autumn, and the pool temperature
can be maintained on an average of 10°F
above an unheated pool. The simplicity
and built-in efficiency of swimming pool
applications allows the designer con-

siderable leeway in all parameters except
that of collector area. The large quantity
of water to be heated dictates a large
solar array in order to collect sufficient
amounts of solar energy; collector size
will therefore depend on the size of the
pool, and on the orientation and tilt of
the collector. In addition, tilt will also de-
pend on what part of the season is
primarily to be used for heating the pool.

1. Collector Area. As a rule of thumb,
the collector area should be equal to at
least one half of the pool surface area in
order to extend the swimming season into
spring and autumn in a reasonably sunny
climate, given optimum tilt and orienta-
tion. In some areas it may be necessary to
increase the collector area to equal the
entire surface area of the pool.

2. Collector Orientation. The op-
timum orientation is south, but west-
facing orientations are satisfactory as
long as the collector area is increased to a
minimum of 75% of the pool surface area.
East-facing orientations are marginal.

3. Collector Tilt. For year round
heating applications in warm climates or
where a solar heater will be used to sup-
plement a gas-fired heater for year round
use, the optimum tilt is equal to the
latitude of the installation site. For
primarily summer heating, the tilt
should be equal to the latitude minus 10-
15°. For winter heating, the tilt should be
equal to latitude plus 10-15°. In situa-
tions where it is desirable to install the
collector horizontally, such as on a flat
roof, the collector area should be in-
creased to 75% of the pool surface area.

Since all swimming pools require a
pump and related plumbing, the addi-
tion of a solar pool heater to an existing
installation can be relatively simple. A
pressurized hydraulic system with a high
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flow rate is necessary to keep the collec-
tor panels cool and thus operating at a
high efficiency, and the collector should
not be set at too great a distance from the
pool. A south-facing rooftop can be an
ideal installation site in cases where the
roof structure can support the additional
weight of the water-filled collectors,
which can be expected to have a cooling
effect in a hot climate on the roof and the
structure beneath.

The swimming pool itself is the ther-
mal storage area, employing an effective
thermal storage medium—water. The
pool can also serve as a collecting surface.
Transparent pool covers, a variety of
which are commercially available, can
contribute substantially to maintaining
and raising water temperatures by
passive means, and should be considered
in conjunction with solar pool heaters of
the active type.

SWIMMING POOL SCHEMATIC

78

Solar collectors

Auxiliary
heater

Pool

Pump

Filter



Space Heating,
Passive Designs



VIII. Space Heating, Passive Designs
General Design Considerations

The active space heating systems dis-
cussed in Section V utilize separate ther-
mal storage in the form of a water tank or
rock bed. In them, thermal energy is
transferred from the collectors to storage
and subsequently from storage to the
building thermal control system in a
completely regulated way by means of
electrically powered pumps or fans that
move the heat-transfer fluid — liquid or
air — throughout the system.

An alternate approach to solar space
heating is characterized by a reliance on
natural convection and radiation, and by
heat collection and storage areas that are
integrated with the living space, rather
than separated from it. It has come to be
known as the "passive" use of solar
energy. Buildings heated by passive
means have sometimes been referred to
as "sun-tempered."

Since almost any building benefits
from direct solar gains, all can be said to
be passively heated to some extent. It is
when solar energy utilization becomes a
major objective of the architectural
design, and thus when solar energy sup-
plies a major fraction of the heating re-
quirements, that one would refer to the
structure as a solar heated building.

The term "passive" is now in
widespread use. Technically it is
preferable to define a passive solar
heating or cooling system as one in which
the energy flow is entirely by natural
means. Designs which utilize motorized
or manually operated insulation panels
or shading devices once or twice a day
can still be considered passive by this
definition provided that the thermal
energy flow is by natural convection, con-
duction, or radiation. System designs
which utilize small fans to assist circula-
tion should not be ruled out simply
because they are not strictly passive in

cases where the use of a small amount of
auxiliary energy can materially decrease
the overall conventional heating or cool-
ing requirements. In short, a passive
design should seek to maximize the use of
natural convection, conduction, and
radiation processes while minimizing the
use of mechanical devices powered by
conventional fuels.

A number of examples of passive solar
heating concepts have been built into
structures and have received widespread
attention for their apparent success in
saving energy. Some of these designs are
discussed beginning on page 82. But
despite the publicity given to them, these
designs have not yet been widely adop-
ted. This has probably been due to a
combination of skepticism about their ef-
fectiveness and a lack of engineering
criteria—there has been little quan-
titative assessment of their importance.
And at the present time, an increasing
interest among architects in passive con-
cepts still continues to outpace the
development of thermal criteria to guide
their use.

The quantitative problem with passive
designs does not lie in the area of collec-
tion. Calculation of solar gains through
window areas is well understood and
documented. A window is an efficient
solar collector, and adequate solar energy
collection combined with proper heat
conservation measures can provide for a
large fraction of the heating load of a
building. In a passive design, the surface
receiving the solar flux can be combined
with the thermal storage mass in a more
or less integrated unit, as in the drum-
wall system, or the storage can be
separate from the directly irradiated sur-
face, as with massive internal walls not
directly exposed to sunlight, or there can
be a combination of storage masses direc-
tly and indirectly heated by solar
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radiation—the usual case of a house with
large south facing windows, with floor
areas, furniture, and some internal walls,
etc., in shadow. In general, it may be said
that the arrangement in which the ther-
mal storage medium is directly heated by
the solar flux will provide for the highest
fraction of passive solar heating and
minimize problems of day t ime
overheating.

The challenge confronting passive
solar energy design is one of storage and
control of heat to maintain suitable com-
fort standards within the building. The
situation is paradoxical: storage of sensi-
ble heat requires a temperature change
in the storage medium, and yet the objec-
tive of building thermal control is to
maintain a constant temperature. Thus,
if the storage is to be part of the living

space of the building, how can they be
made compatible? One approach is to
use, as it were, brute force in the form of
such a large mass of heat capacity that
the temperature variations are tolerable,
and this generally has been favored over
the alternative of insulating the storage
mass from the living space.

Moderately effective controls have
been designed to deal with other
problems in passive designs, and include
movable shading devices to control
sunlight, movable insulation panels to
reduce night-time heat losses, and ven-
tilation ports to either augment or reduce
daytime heating by means of natural
convection. These, and other elements of
passive designs which should be con-
sidered from both architectural and
engineering viewpoints are presented
below.

Elements of Passively Solar Heated Building Design
Element Application

Thermal Insulation: Fixed insulation is used in decreasing natural
energy flow to maintain building interior comfort,
e.g., thermal insulation retains building interior
warmth in a cold environment, and coolness in a warm
environment. Movable insulation can be used to diminish
natural energy flow through windows at desired times
while allowing energy flow at other times.

Fenestration: Windows act as an effective solar collector. Win-
dows can be used to admit solar radiation either to
warm the structure or for lighting. Window orienta-
tion is extremely important. South windows receive
maximum winter gains and minimum summer gains.

Shading: Roof overhangs and window awnings can be designed
to admit the low winter sun and block out the high
summer sun. Shading can be combined with insula-
tion in the form of drapes and shutters for windows.
Natural shading can also be provided by vegetation,
both deciduous and evergreen. Deciduous trees pro-
vide a natural seasonal control of shading.

Reflectors: The use of diffuse or specular reflectors can sig-
nificantly increase the total influx of solar radia-
tion through a window. In the cooling mode, high
emittance exterior surfaces reflect visible radiation
and radiate heat in the infrared.
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Elements of Passively Solar Heated Building Design (continued)

Building Structural
or Added Mass:

Mass within the building provides natural thermal
storage of sensible heat.

Thermal Radiation: Thermal radiation is absorbed directly or indirectly
by the thermal storage mass of the passive system.
The energy is removed by radiation and convection from
the storage mass to heat the interior of the building.
In warm periods, thermal radiation and convection can
be used to remove heat from the building and also from
the storage mass during the night time.

Natural Convection: In passively heated systems, natural convection of
air can be used as a heat transport mechanism (along
with radiation), and to produce air movement (ventila-
tion). Natural convection in liquid systems can be
used to transport heat also, as in a thermosiphon
hot water heater.

Conduction: Materials of high mass and low thermal diffusivity
(such as ordinary masonry) can delay the arrival of a
thermal wave until the heat can be used effectively.

Air Stratification: Warm air can be stratified at the ceiling and re-
moved by natural convection through vents to reduce
the air-conditioning load. Alternatively, stratifi-
cation can be used to concentrate warm air for use
elsewhere.

Evaporation: Static outdoor ponds (perhaps on the roof) can be
cooled evaporatively, and the remaining water used
to cool the space. Spraying or cascading the water
increases the evaporative cooling and can have a
pleasing side effect which can be architecturally
integrated.

Heat of Fusion
Storage Materials:

Thermal masses normally store sensible heat. Heat
of fusion or phase change materials offer a promising
energy storage mechanism in heating. Heat of fusion
materials require smaller mass and volume requirements
than sensible heat storage for the same heat capacity,
and store heat without a change of temperature. In
cooling, phase change materials offer a promising
thermal heat sink. However these materials have not
yet been developed to the point of practical use in
passive systems.
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Some Passively Solar Heated Building Designs
The use of passive design elements can

be best demonstrated by buildings that
have successfully incorporated them.
Several existing buildings are discussed
below in detail. They are grouped ac-
cording to the types that represent three
major approaches to passive solar
heating: direct gain, thermal storage
wall, and roof pond.

1. Direct Gain. The simplest ap-
proach to passive space heating is
through direct gain of solar radiation by
means of a south-facing expanse of glass.
This approach works best when the south
window area is double glazed and when
the building has considerable thermal
mass in the form of concrete floors and
masonry walls insulated on the outside.
What results is, in effect, a live-in solar
collector thermal storage unit. If the
south-facing window area is vertical,
seasonal temperature control is basically
automatic, as the interior space of the
building is exposed to a maximum
amount of solar energy in the cold winter
months and to a minimum in the sum-
mer when the sun angles are high.

An example of a direct gain system is
the Wallasey School located in Liverpool,
England, at a latitude of 53° north.
Designed by A. E. Morgan and built in
1962, it was one of the first passively
heated structures built in modern times
and remains, at this writing, the largest.
The basic construction is of concrete,
with roof, back and side walls and floor 7
to 10 inches thick, and exterior surfaces
insulated with 5 inches of expanded
polystyrene. The south-facing double-
glazed solar wall is 27 feet tall and
around 230 feet long. The outside sheet of
glass is clear, separated by a space
around 2 feet wide from the inside sheet
of "figured glass"—a type of glass that
refracts the suns rays in such a way that
ceiling and floor of the structure are
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irradiated in a fairly uniform manner.
The building is heated to about 50% by
the sun, and the remainder is provided
by the heat given off by the lighting and
the students.

Another direct gain system is the
David Wright house in Santa Fe, New
Mexico, located in the piñon foothills of
the Sangre de Cristo mountain range, at
an elevation of around 7,000 feet. The
basic structure of adobe or earth brick is
D-shaped in plan with the flat-side fac-
ing south. On the east side is an entry
area with an "air lock" door arrangement
that prevents excessive infiltration of
cold air into the primary living space in
the winter. The south face of the two-
story house is a wall of double-glass that
rises from a few feet above the floor to the
roof beam line, and this serves as the
collector system. At night the glass area
is insulated by an accordion-folding
shutter lowered from the ceiling. A wood-
fired Franklin stove supplies back-up
heat.

The thick adobe walls serve for ther-
mal storage. They are insulated by 2 in-
ches of polyurethane applied to the outer
surfaces and covered by a thick layer of
plaster. The floor and perimeter are also
insulated at depth. Fifty-five gallon
drums filled with water are embedded in
the banco — an adobe bench charac-
teristic of southwest architecture — un-
der the south windows for additional
mass. Domestic hot water is supplied by
a thermosiphon solar heater whose
collector is located on the south slope
outside the building.

The house has been occupied since the
winter of 1974-75 and is performing well.
During the charging period it tends to
overheat but excess heat can be vented
out through windows on the second floor.
They also serve for summer ventilation.
The roof overhang on the south side
shades the interior of the house from the



summer sun. Daily temperature varia-
tions are characteristically 20°F in the
downstairs of the house.

Expanded Polystyrene

Brick

Wallasey School

Art Room

ClassroomCorridor

Concrete

Glazing

Insulation

Earth berm

Shut ters

Heat sink

Double
glass

THE DAVID WRIGHT HOUSE
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2. Thermal Storage Wall. The
second type of system uses a wall set
directly behind single or double glazing
for thermal storage. The wall is usually
painted black or a dark color for good ab-
sorptance and can be of masonry or of
water-filled containers.

An example of a storage wall approach
is the Steve Baer house located on a
south-facing slope in the sand hills
northwest of Albuquerque, in a climate
well-suited for solar heating. The
altitude is approximately 6,000 feet, and
though the winters can be severely cold
during short periods, times of extended
cloudiness are relatively infrequent.

The solar heating and storage system
of the Baer house is centered around a
south-facing wall of water-filled 55-
gallon drums, stacked on a metal rack in
a close-fitting horizontal array. The
south-facing ends of the drums are pain-
ted black and thus act as the collector
surface behind a floor-to-ceiling glass
wall, single glazed.

To prevent heat losses from the "drum
wall" at night or during cloudy periods,
an insulated panel, hinged at the bottom,
can be raised to cover the entire surface
of the glass area. Furthermore, the inside

of the cover panel is faced with
aluminum sheets so that in its vertical
closed position it acts as a reflective in-
sulation to interior thermal radiation —
while in its horizontal and open position
it reflects solar radiation on to the "drum
wall."

The ends of the drums facing the in-
terior are painted in light shades to com-
plement the decorating scheme of the
space they serve to heat. Visually, from
inside the building, the "drum wall" is in-
terpreted as an architectural screen, with
the brightly lit spaces between the drums
presenting a repetitive star-shaped pat-
tern.

Drum wall

South wal l

Glass

B lack pa in t

L iv ing
Quarters

White pa in t

Hinged insulat ion / r e f l e c t o r

THE BAER HOUSE
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In the heating mode, the drums release
heat to the space by radiation and con-
vection. The capacity of the system is
easily calculated. Allowing for filling
volume, it is calculated that each drum
releases about 418 BTU for a 1°F drop in
the water temperature.

While the "drum wall" provides
heating for most of the building, the
kitchen is fitted with a Baer "sky dome,"
a large skylight fitted with rotating in-
sulated louvers and covered by a clear
plastic dome. A simple freon-filled
balanced control that requires no exter-
nal power senses the direction of radiant
energy flow and opens the louvers during
the day and allows radiant energy to flow
into the space. In the evening when the
flow starts to reverse, the louvers close off
the sky dome.

A second storage wall approach is ex-
emplified by the well-known Trombe-
wall houses constructed in the solar com-
munity near Odeillo in the French
Pyrenees by Felix Trombe and his
colleagues.

The basic passive element is a massive
south-facing concrete wall. The exterior
surface of the concrete is painted black,
and is double glazed in such a way to
provide an air-passage space between
glass and concrete, and the air passage
is connected with the living space by
means of openings in the concrete wall
near the floor and ceiling.

In the heating mode, solar radiation
strikes the black-painted concrete sur-
face. As heat collects, a convective air
flow circulates through the space be-
tween the glass and concrete wall. Cool
air is drawn from the floor-level openings
and hot air discharged into the living
space through the ceiling-level openings.
Thus, a convective loop is established
through the whole collection area and liv-
ing space.

At the same time the massive concrete
wall is slowly accumulating thermal
energy as the portion of solar heat not
removed by convection diffuses into the
concrete to be stored there. At night the
convective loop is closed off, and the

TROMBE HOUSE
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concrete storage wall acts as a low-
temperature radiant heating panel to the
living space. The exterior face of the wall
loses heat to the environment, but the
double glazing reduces these losses to an
acceptable level.

Data taken from a Trombe-wall
building constructed in 1967, in which
the walls are two feet thick, indicated
that roughly 36% of the solar radiation
incident on the south wall during winter
months is transferred into the house.
Over the heating season, around 70% of
the heating load was provided by solar
energy, with the remainder by a conven-
tional thermostatically controlled aux-
iliary system. Of this 70%, about 20%
was transported into the living space by
convection through the vents and the
remaining 50% by conduction through a
wall.

In the summer, the overhanging roof
shades the glazed concrete wall from the
sun. Vents at the top of the glazing allow
warm air to escape outside, thus setting
up a convective circuit that ventilates
the living space, as indicated by the
dashed arrows in the sketch on page 85.

3. Roof Ponds. The last type is the
roof pond system in which thermal
storage is on the roof rather than in a
south-facing wall. The shift from vertical
collection-storage to horizontal results in
a system that can be used for summer
cooling as well as for winter heating.

The Skytherm system was first tested
in one-room structures in Phoenix,
Arizona, and has been recently evaluated
in a full-scale test house especially
designed for the system and built in
Atascadero, California. The site has a
more severe climate in terms of heating
requirements than the original Arizona
test site, and the test has indicated that
it is possible to have economical solar
heating and night sky cooling with an in-
tegral Skytherm system.

The thermal performance of the
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Atascadero house was impressive. The
system supplied 100% of the heating and
cooling requirements of the building dur-
ing the test months. The system was able
to keep the indoor temperature between
66° F and 74°F, except during special test
periods or during times of prototype
breakdown. Yet even during these excep-
tional periods, the temperature never
went above 79°F or below 62°F. The in-
door temperature at the 5-foot level
cycled less than 4°F daily. The vertical
temperature stratification in the living
space was usually less than 5°F in the
winter, and less than 1°F in the summer.

The largest monthly average heating
load handled by the system was about
24,000 BTU/day in February. The largest
monthly average cooling load was about
168,000 BTU/day during July. The ex-
perimental house had an overall heat
transfer coefficient of about 9,500
BTU/degree-day (excluding roof) and an
equilibrium temperature (ambient tem-
perature for which no heating or cooling
is required) of about 62°F. The collector
area was about 1,100 ft2, about the same
as the floor area. The average water
depth of the roof ponds was about 8.5 in-
ches, for a total of about 6,000 gallons of
water. The system was operated with the
thermoponds both unglazed and glazed
with an inflatable clear plastic cover.
The cover proved necessary in order to
keep the indoor temperature up to the
reported level during the winter months.
Without it, the indoor temperature
would have dropped to near 60°F in the
early morning hours.

The weight of the roof ponds created
no major problems, even for a site located
in an earthquake area. The design of
Skytherm is amenable to prefabrication,
which would result in minimal on-site
labor. Problems with roof leaks have
been corrected and additional water-
tight roof designs are now being studied.
The insulation panels and automatic
mechanism functioned well.



On sunny days in winter, the insula-
tion panels slide back and expose the
black plastic thermoponds. At night or
during cloudy periods, the insulation
panels slide back over the thermoponds,
thus preventing heat losses back into the
sky.

The thermoponds make good thermal
contact with the metal ceiling: heat
transfer to the living space is thus by
radiation and convection.

During the winter months, the thermo-
ponds act as a large thermal storage mass
with an average temperature above that
of the average ambient temperature.

In summer, the roof insulation panels
are closed in the daytime hours, during
which time heat inside the house is
transferred to the cooler thermoponds. At
night, the panels slide open, exposing the
thermoponds to the sky and the heat
they have collected from inside the house
discharges by radiation into the sky.

Thus, in the summer mode, the thermo-
ponds act as a large thermal storage mass
with an average temperature below that
of the ambient temperature.

It was necessary in summer to deflate
the clear plastic covers of the thermo-
ponds in order to keep the living space
temperature below 80°F. However, bet-
ter ventilation of the thermoponds and
elimination of panel air leaks would
probably have allowed the system to be
operated with the covers inflated.

There are some geographical limita-
tions to the Skytherm system. In the
south, for example, the high humidity
would hamper night radiation from the
exposed thermoponds to the sky during
the summer cooling mode. For locations
of high latitude in the north, some kind
of vertical reflector would be necessary to
direct the low winter sun on to the
horizontal thermoponds.

THE HAROLD HAY HOUSE
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4. Attached Solar Greenhouse. A
combination of direct gain and thermal
storage wall concepts is to be found in the
solar greenhouse, in which the glazed
greenhouse structure provides for direct
gain of solar radiation, with thermal
storage in the south-facing massive wall
of the building to which it is attached.
Some twenty solar greenhouses of this
type have been built in recent years by
the Solar Sustenance Project under the
direction of William and Susan Yanda.
The goal of the project was to reduce sub-
stantially the convential space heating
requirements of the buildings to which
the greenhouses were attached, while
also providing an indoor growing area
during the winter months. The project
emphasized construction techniques
within the reach of the homeowner
moderately skilled in carpentry.
Materials costs averaged around $2.50
per square foot.

Under this project, greenhouses have
been retrofitted to mobile homes and
houses of frame, pumice block, and
adobe construction in New Mexico. For
houses of massive construction, the
south-facing wall to which the
greenhouse was attached was used as
heat storage, while for houses of
lightweight construction it was found
necessary to add the storage mass to the
greenhouse area in the form of water-
filled drums or stone floors. In order to
maintain temperatures 30°F above out-
door lows in winter, it was estimated that
the greenhouse should contain a storage
mass the equivalent of about two gallons
of water or 80 pounds of concrete per
square foot of glazing.

The greenhouses were double glazed
with ultra-violet resistant fiberglass pan-
eling on the outside and UV-resistant
polyethylene film on the inside, and were
designed with a partial solid-roof
overhang to minimize overheating spring

88

through autumn. They were built against
existing door and window openings to
allow circulation of the warm air from the
greenhouse into the living space—and,
during severely cold nights, circulation of
warm air from inside the house to heat
the greenhouse space when necessary to
protect plants from freezing.

* The drawings were taken from the following reference by per-
mission of the authors: W. F. Yanda and Susan Yanda, An
Attached Solar Greenhouse, (in English and Spanish). Santa
Fe: The Lighting Tree, 1976, pp. 3-4.

Bill Yanda Greenhouse Design

Insulated

Rock Floor

Clear

Earth
Bed

Drum
Water

Warm Air
Into Home

Vents,
Windows

Cool Air
from Home
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Appendix A—Determination of Performance
By Simulation Analysis

The performance of a solar heating
system can be predicted by simulation
analysis using actual weather and solar
data, and a mathematical model of the
solar heating system. A schematic of the
model is shown on page 90. The operation
of it is simulated by a digital computer
code on an hour-by-hour basis.

At each hour the net energy which can
be extracted from the collector is
calculated. This is determined from solar
radiation, collector design, outside tem-
perature and wind speed, and the inlet
fluid temperature from storage. If this
energy is positive, it is added to storage.
The thermal load is calculated either
from the outside temperature (for space
heating) or a fixed schedule (for water
heating). Energy is extracted from
storage to satisfy the thermal load. At
times when storage cannot satisfy the
load, auxiliary heat is added as required
to make up the difference. The change in
storage temperature over the hour is the
net energy added from the collector
minus storage heat losses minus the
energy extracted by the thermal load,
divided by the storage heat capacity.

This calculation is repeated for each of
the 8,760 hours of the year. All energy
flows are summed hour-by-hour, and
both monthly and yearly summaries are
printed out. A typical year-long calcula-
tion requires only 34 seconds on the Los
Alamos CDC computer, making it feasi-
ble to study the effect of changes in many
design parameters.

Examples of the type of results ob-
tained from the simulation analysis are
presented here for Fresno, CA. The "solar
heating design year" chosen is July 1957
through June 1958. Daily solar radiation
and temperature data are shown on page
90.

For Fresno, the simulated response of a
standard liquid system for seven con-
secutive days in winter are shown on the
graph on page 91, while simulation
results for the entire year are shown on
page 92. A table of the monthly energy
balance is on page 91.

The table on page 92 shows the results
of computer simulations for the standard
liquid system for several years in Fresno.
It can be used to estimate year-to-year
variation in solar performance as well as
to estimate the average solar perfor-
mance. The average percent solar
heating is 75.2% with a standard devia-
tion of 2.4%. The selection of 1957-58 as
the design year was based on the percent
of solar heating being closest to the 75.2%
long term average.

The graphs and tables given in this
handbook are all based on the results of
this type of simulation analysis. In order
to study the effect of changing a
parameter, for example the effect of a
different thermal storage mass, several
year-long computer simulations were
made each with a different value of ther-
mal mass. These results are then plotted,
as in the graph on page 40, to show the ef-
fect on annual percent of solar heating.
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Hourly solar
radiation data

Flat-plate
collector
thermal
performance
calculation

Heat losses

Net
energy

added

Heat distribution
system

Energy
extracted
from
storage

Energy as
required to
satisfy load

Auxiliary
heating
system

Thermal
load

calculation

Hourly
outside
wind and

temperature
data

SIMULATION SCHEMATIC

TOTAL DAILY SOLAR RADIATION ON A 46.8°
TILTED SURFACE FACING SOUTH

2800

2400

Based on a measurement made with a horizontal pyranometer
analytically corrected to 46.8° tilted surface

2 0 0 0

1600

1200

800

4 0 0

0
DAILY MAX AND MIN AMBIENT TEMPERATURE

40 80 120 400Days

1957 1958
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"Standard" Liquid System in Fresno
SEVEN DAYS IN WINTER

Jan. 15-21, 1958
400

200 Solar radiation

Building heat demand

20 40 60 80 100 120 140 160 180

MONTHLY ENERGY BALANCE FOR FRESNO

Total energy flows for each month are shown below, for one ft2 of
collector. The sum of the solar heat collected plus the auxiliary heat
used does not necessarily add up to equal the building load, because
there is some carryover from the heat in storage from month to month.
Initial storage temperature is set at 150°F for the simulation code. The
percent solar heating for each month is calculated by dividing the
building load minus the auxiliary heat by the building load.

0

50

0

150

100

50

0

Hours

Storage temp

Ambient temperature

Year Month

Building
Load

BTU/Mo

Solar Heat
Collected
BTU/Mo

Auxiliary
Heat Used
BTU/Mo

Solar
Heating

%

1957

1958

July
August

September
October

November
December
January
February

March
April
May
June

655
1954
2484
8289

18819
26043
24879
15247
19029
11104
4176
2487

1262
2146
2781
8876

16534
10439
12857
13490
17308
11380
4742
2885

0
0
0
0

1631
15575
12597
1939
2185
1434

0
0

100.00
100.00
100.00
100.00
91.33
40.20
49.37
87.28
88.52
87.09

100.00
100.00
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"Standard" Liquid System in Fresno

SIMULATION RESULTS

Simulated daily max. & min. water
tank heat storage temperature

Nominal
parameters (73.8 % solar)

Daily max. & min. ambient temp.

2 4 0

2 0 0

160

120

8 0

4 0

0 40 80 120 160 200 240 280 320 360 400 Days

1957 1958

SIMULATION RESULTS FOR THE "STANDARD" LIQUID SYSTEM
FOR SEVERAL YEARS IN FRESNO

YEAR* BTU/yr ft2** BTU/yr ft2*** DEG-DAY %SOL

1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963

688422
672515
627851
643081
591320
560946
578257
566323
532529
545994
636553
606957

79366
774268
698473
731670
664500
614067
639456
626296
577985
587526
711595
663720

2589
2550
3092
2650
2723
2622
2097
2467
2817
2988
2567
3111

87.74
84.88
69.42
80.57
77.52
73.79
78.77
78.53
66.41
59.76
80.49
64.50

AVERAGES 604229 673626 2689 75.20

*The year begins July 1 of the year listed and extends through
June 30 of the following year.
**Measured on a horizontal surface.
***Calculated for a tilted collector surface.
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Appendix B—Case Studies
An example of the procedure for

finding the collector size for a given
building and location follows in this sec-
tion. A location which is not analyzed in
detail in this handbook is chosen to
demonstrate how the procedure is exten-
ded to locations other than the six cities
for which detailed parameter studies are
presented.

Air specific heat = .24 BTU/lb °F
Therefore, the heat loss is

(.075)(16,000)(.24) BTU/hr °F
= 288 BTU/hr °F = 6912 BTU/degree-day.

The total load is then
20,688 BTU/degree-day

or
10.3 BTU/degree-day per square foot of
building area.

Building Load. The building load is
given in units of BTU/degree-day. This
figure can be obtained from knowledge of
the building construction using the
ASHRAE Handbook of Fundamentals.
The ASHRAE Handbook contains
numerous "U" factors or overall wall heat
transmission coefficients for various wall
and roof types.

For this study, we will assume the
following building characteristics:

Single Story, 8 ft ceiling
Floor Area = 2000 ft2 (40 x 50 ft)
Walls, frame with R11 blanket insulation
Ceiling and Roof, R19 blanket insulation
Windows, 20% of wall area with double

panes.
From the ASHRAE Handbook, the
following values are found (BTU/hr ft2

°F)
U wall = .08
U windows = .70
U floor = .10
U roof = .04.

The areas are
A wall = 1152 ft2

A windows = 288 ft2

A roof = A floor = 2000 ft2.

The overall product of U and surface area
is then

UA = 574 BTU/hr °F = 13776 BTU/degree
day.
In addition, there is a heating load due

to infiltration. For one change of air per
hour,

Air density (68°F) = .075 lb/ft3

Air volume = 16,000 ft3

Collector Area. For the purpose of il-
lustration, Spokane is chosen as the
desired location to implement the design.
A liquid space heating system with
single-glazed collectors is assumed. If a
50% solar heating system is desired, the
load/collector ratio can be obtained from
the table for 18 Pacific coast cities on
page 61. The required collector area can
be found by dividing the load by the
load/collector ratio. In this case

Ac = 667 ftc
2

Parameter Variations. The
parameter curves may now be used to ob-
tain corrections for deviations from the
s tandard system. There are no
parametric curves for Spokane. However,
Spokane with 6,655 annual degree-days
of heating lies between Medford with 5,-
275 degree-days and Bismarck with 8,484
degree-days. In terms of annual horizon-
tal radiation received, Spokane with an
average of 483,837 BTU/yr ft2 is similar
to Bismarck which receives 478,758
BTU/yr ft2. It would be expected
therefore, that a system in Spokane
would show similar performance varia-
tions as a system in Bismarck.

The first effect to be examined is that
of decreasing the thermal storage by a
factor of 2. The thermal storage for the
standard system is 15 BTU/°F ft2 or 1200
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gallons of water. The curve on page 40
shows the following effects for Bismarck.

Thermal Storage 75 Percent Solar
System

40 Percent Solar
System

By interpolation, the effect on a nominal
50% system can be found as follows:

Thermal Storage 50 Percent Solar
System

Therefore the system capacity is reduced
to 44.4% by using one-half of the original
storage mass.

The effect of using single-glazed collec-
tors with selective surface can be found
from the collector area/load curves on
page 53. A collector area/load of 1/31 =
.032 ft2 DD/BTU shows a 45% solar
heating fraction for the Bismarck or-
dinary single-glazed system and a 55%
solar heating fraction for the selective
surface. The ratio of these values is 1.22,
so the Spokane selective surface system
can be expected to improve to

Spokane Percent Solar, Selective =
(1.22)(50%) = 61%.

Combined Space Heating and Hot
Water Loads. A good estimate of the re-
quired collector area or solar heating
fraction of a combined space and hot
water heating system can be obtained us-
ing the solar load ratio method. This can
be done by adding the hot water load to
the building load so that the monthly
solar load ratio is

The monthly building load is

(20,688 BTU/DD)(Monthly DD)

The monthly hot water load is calculated
as follows:

Hot Water Load = (Gallons/Day)•(8.34
lb/gallon)•(1 BTU/lb°F)•(°F
temperature rise) • (Number
of days per month)

A usage ratio of 80 gallons per day and
a temperature rise of 60°F (60°F to
120°F) is assumed.

If the tables at the end of this Appen-
dix are used for heating degree-days, the
following monthly energies result for
Spokane.

Month

The solar load ratios and functions X for
a system in Spokane with the 667 ft2

collectors can now be found using the
monthly radiation tables in this
Appendix.
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15.
7.5

75.0
68.0

40.0
35.0

15.
7.5

50.0
44.4

Space Heating
millions of BTUs

Hot Water
millions of BTUs

Total
millions of BTUs

1
2
3
4
5
6
7
8
9

10
11
12

Tot al

25.47
20.27
17.25
10.99
5.96
2.79
0.19
0.52
3.48

10.20
18.18
22.38

137.68

1.24
1.12
1.24
1.20
1.24
1.20
1.24
1.24
1.20
1.24
1.20
1.24

14.60

26.71
21.39
18.49
12.19
7.20
3.99
1.43
1.76
4.08

11.41
I9.38

152.28



The space heating fraction is not
precisely 50% as predicted due to round-
off of the load/collector ratio of 31. When
domestic hot water is added, the annual
solar percentage is unchanged. This hap-
pens because the load is distributed more
evenly throughout the year. The solar
heating fraction is smaller during the
winter heating months, but all of the ad-
ditional hot water load is provided by
solar energy in the summer season.

Thus the total solar energy utilized is
increased from 51.2% of 137.68 million
BTU/year or 70.46 million BTU/year to
51.2% of 152.28 million BTU/year or
78.02 million BTU/year.

Domestic Hot Water Only. A
separate domestic hot water system can
be sized for locations other than the six

cities detailed by comparing similar
climates. Spokane compares in some
respects to Bismarck and to Medford on
an annual basis, as illustrated in the
parameter variations of the space heating
case study.

The domestic hot water collector load
curves for both one and two tank systems
on pages 69 and 70 in fact show similar
behavior.

For a 60% solar fraction domestic hot
water system in Spokane, the Bismarck
curves could be used, giving the following
ratios.

One Tank
Two Tank

0.85
0.60

For an 80 gallon/day hot water use rate,
the required collector areas would be

One Tank
Two Tank

Area (ft2)

It is furthermore expected that these
results would be at least somewhat con-
servative due to the milder climate in
Spokane.
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60
48

Space Heat
and

Domestic Hot Water Space Heat

Month SLR X SLR X

1
2
3
4
5
6
7
8
9

10
11
12

0.7359
1.171
1.782
3.044
6.167

11.353
36.378
26.295
7.892
2.511
0.8945
0.6248

0.2900
0.4321
0.5945
0.8165
1.00
1.00
1.00
1.00
1.00
0.7386
0.3444
0.2500

0.7717
1.2356
1.9105
3.3767
7.4505

16.236
273.8
88.998
10.614
2.8165
0.9536
0.6595

0.3025
0.4513
0.6235
0.8556
1.00
1.00
1.00
1.00
1.00
0.7857
0.3639
0.2627

The annual solar heating fraction is
then found by using the total monthly
load rather than degree-days in the for-
mula on page 60. This gives

Annual solar heating fraction
Space heating only

= 51.2%

Annual solar heating fraction
Space heating & domestic hot water

= 51.2%

Collector Area/Load
(ftc

2/gal/day)
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Appendix C—Location of the Sun in the Sky
It is important to be able to predict the

location of the sun in the sky, relative to
an observer on the ground, at different
times of the day and in different seasons.
This can be done with charts or with a set
of straightforward trigonometric equa-
tions. The problem with the charts is
that a different chart is needed for each
latitude. Charts for latitudes of 32°N
(roughly Tucson, AZ), 36°N (roughly
Fresno, CA), 40°N (roughly Red Bluff,
CA), 44°N (roughly Eugene, OR), and
48°N (roughly Seattle, WA) are given on
the following pages. The charts show the
position of the sun in the sky (azimuth
and altitude) for different times of day
and times of year.

The charts are given in terms of "sun
time" which is measured relative to local
solar noon—the time when the sun
crosses over the zenith. Local solar noon
is usually different than local standard
time. To make the correction use the
equation:

Sun Time = Standard Time + Equation of Time
+4 (Standard Meridian-Longitude)

The standard meridian for the U.S. time
zones are as follows:

Eastern Time Zone
Central Time Zone
Mountain Time Zone
Pacific Time Zone

75°W
90°W

105°W
120°W

The "equation of time" is a correction for
the non-uniformity of the earth rotation.
It amounts to a correction of a few
minutes. The "equation of time" values
are as follows for mid-month (in
minutes):

Jan
Feb
Mar
Apr

- 8
-13
- 8

0

May
Jun
Jul
Aug

+ 3
0

- 5
-4

Sep
Oct
Nov
Dec

+5
+ 14
+ 14
+3

When calculating sun time, remember
to subtract one hour from clock time to
get standard time if daylight saving is in
effect.

The equations used to calculate sun
location for the charts use several terms
which need to be defined. These are as
follows:
Solar Altitude: The angle of the sun
above the horizon, measured by an obser-
ver squarely facing the sun (the measure-
ment made by a sextant).
Solar Azimuth: The rotational angle of
an observer squarely facing the sun,
measured from due south, (the measure-
ment made by a compass, corrected for
magnetic variation)
Latitude: Latitude of the observer.
Declination: The angle between the
plane of the earth's rotation around the
sun and the earth's equatorial plane in a
direction facing the sun.
The declination is easily calculated by
one of the following equations:

Declination = 23.45° sine (360
284 + day of year

365

or (less accurately) by:

Declination = 23.45° sine (30 x month + day -
111)

The equations are as follows:

sine (solar altitude) = cosine (declination) x
cosine (latitude)
x cosine (15 x solar hour)
+ sine (declination)
x sine (latitude)

cosine (solar azimuth) = cosine (declination) x
sine (15 x solar
hour) / cosine (solar
altitude)

Other useful relations are as follows:

cosine (15 x sunset hour) = tangent (declination)
x tangent (latitude)

)
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SUN CHART
32° N LATITUDE True North

SUN CHART
36°N LATITUDE

True South
0°

Jun21
May 22

Apr 21
I001

Mar 22

Feb 20

Jan 20

Dec 21

Altitude angle

Azimuth angle

Hour of day

Jul 22

Aug 21

Sep 21

Oct 21

Nov 20

True North
180° Altitude angle

Azimuth angle

Hour of day

Jul 22

Aug 21

Sep21

Oct 21

Nov 20

0°
True South

100

60°

Jun 21

May 22

Apr 21

Mar 22

Feb 20

Jan 20
Dec 21

40°



SUN CHART
40°N LATITUDE

Mar 22

Dec 21

True North
180°

0°
True South

Altitude angle

Sep21

SUN CHART
44°N LATITUDE

Mar 22

Dec 21

True North
180°

Oct 21

Nov 20

True South
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Sep 21

Aug 21

Jul 22

Hour of day

Azimuth angle

Altitude angle

Jan 20

Feb20

Apr 21

May 22

Jun 21

Azimuth angle

Hour of day

Jul 22

Aug 21

Oct 21

Nov 20Jan 20

Feb 20

Apr 21

May 22

Jun 21



SUN CHART
48°N LATITUDE
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True South

True North
180° Altitude angle

Azimuth angle
Hour of day

Jul 22

Aug 21

Sep 21

Oct 21

Nov 20

Jun 21

May 22

Apr 21

Mar 22

Feb 20

Jan 20

Dec 21



Appendix D—Conversion to SI Units
The following tables express the defini-

tions of miscellaneous units of measure
as exact numerical multiples of coherent
SI units, and provide multiplying factors
for converting numbers and mis-
cellaneous units to corresponding new
numbers and SI units:

To Convert from: To Convert to: Multiply by:

Foot2 (ft2)
Pound (Mass)/Foot3 (lbm/ft3)
British Thermal Unit (BTU)
BTU/Foot2 • Hour (BTU/ft2 • hr)
°F (Degrees Fahrenheit)
°C (Degrees Celsius)
LBM
Inch of Water (Pressure)
Foot3 (ft3)

Metre2 (M2)
Kilogram/Metre3 (kg/M3)
Joule (J)
Watt/Metre2 (W/M2)
°C (Degrees Celsius)
°K (Degrees Kelvin)
KG
Newton/Metre2 (N/M2)
Metre3 (M3)

0,09203
16,01846

1054,35
3,15248

°C = 5/9(°F-32)
°K = °C + 273,2

0,45359
248,84

0,028317
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Sources of Information
1. United States Government Sources

National Solar Heating and Cooling Services: Provides free solar heating
Information Center and solar cooling technical
P.O. Box 1607 information
Rockville, MD 20850
Phone: Toll Free 1-800-523-2929

2. Solar Energy Books

Daniels, F., Direct Use of the Sun's Energy. Ballantine, New York, NY: 1974, 271
pp, about $2. A general introduction.

Duffie, J. and W. Beckman, Solar Energy Thermal Processes. Wiley-
Interscience, New York, NY: 1974, 386 pp, about $17. A technical text.

Many new books on solar energy are now appearing. Current lists of available
books can be obtained from:

EARS. Published by: Environmental Action Reprint Service
2239 East Colfax
Denver, CO 80206

International Compendium. Published by:
Solar Science Industries, Inc.
10762 Tucker St.
Beltsville, MD 20705

Book reviews are published in current periodicals featuring solar energy.

3. Heating System and House Thermal Design

ASHRAE, Handbook of Fundamentals, 1975, published by the American Society
of Heating, Refrigerating, and Air-Conditioning Engineers, New York, NY, 688
pp.

ASHRAE, Handbook and Product Directory; on Systems (1973); Applications
(1974); Equipment (1975).
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4. Lists of Solar Equipment Manufacturers

Solar Energy Heating and Cooling Products, ERDA, Division of Solar Energy,
ERDA-75, 1975.

Solar Energy Industry Directory and Buyer's Guide, Solar Energy Industries
Assoc., Inc. 1001 Connecticut Ave., NW, Washington, D. C. 20036.

Solar Energy Manufacturer's List. Published by: Total Environmental Action,
Inc. 1975, 12 pp. about $2.

Survey of Solar Energy Products and Services. May 1975, Committee on Science
and Technology, U. S. House of Representatives, 94th Congress, 1st Session, 545
pp.

5. Proceedings of Solar Workshops

Passive Solar Heating and Cooling. Albuquerque, NM: May 18-20, 1976;
published by The Los Alamos Scientific Laboratory.

ASC/AIA Forum '75 - Solar Architecture. Tempe, AZ: November 26-29, 1975;
published by ASC-AIA, College of Architecture, Arizona State University.

Solar Energy Storage Subsystems for the Heating and Cooling of Buildings,
Charlottesville, VA: April 16-18, 1975; published by ASHRAE, 191 pp.

Solar Cooling for Buildings. Los Angeles, CA: Feb. 6-8, 1975; U. S. Government
Printing Office, Stock No. 3800-00189, 231 pp.

6. Current Periodicals Featuring Solar Energy

Workshops on Solar Collectors for Heating and Cooling of Buildings. New York,
NY: Nov. 21-23, 1974; National Science Foundation and RANN Document NSF-
RA-N-75-019; 507 pp.

Solar Energy Heat Pump Systems for Heating and Cooling Buildings. University
Park, PA: June 12-14, 1975, published by ERDA Document COO-2560-1 Con.
7506130. 248 pp.

Alternative Source of Energy. Published bi-monthly by A.S.E., Rt. 2, Box 90A,
Milaca, MN 56353. Subscription rate in U.S., $5/yr.

ASHRAE Journal. Published monthly by the American Society of Heating,
Refrigerating, and Air Conditioning Engineers, Inc. 345 E. 47th St. N.Y., N.Y.
10017 Subscription rate in U.S., $10/yr.
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Popular Science. Published monthly by Times Mirror Magazines, Inc. Subscrip-
tion requests to: Popular Science Subscription Department, Boulder, CO 80302.
Subscription rate in U.S., $6.49/yr or $.75 for single copies.

Solar Age. Published monthly by Solar Vision, Inc., 212 East Main St., Port
Jervis, NY 12771. Subscription rate in U.S., $20/yr and $2.50 for back issues.

Solar Energy. Published bi-monthly by Pergamon Press for the International
Solar Energy Society, P.O. Box 52, Parkville, Victoria, Australia 3052. Subscrip-
tion rate for organizations $65/yr or for individuals, $25/yr.

Solar Engineering. Published monthly by Solar Engineering Publishers, Inc.,
8435 N. Stemmons Freeway, Suite 880, Dallas, TX 75247. Subscription rate in
U.S., $10/yr, or individual copies and back issues, $1.25/each.

7. Bibliographies

Solar Thermal Energy Utilization, 1957-74, Technology Applications Center, Un-
iversity of New Mexico (1974), Two Volumes (updated quarterly).

Solar Energy, A Bibliography, 1976, U.S. Energy Research and Development Ad-
ministration, TID-3351-R1P1, Citations, $13.75; TID-3351-R1P2, Indexes,
$10.75. Available from: National Technical Information Service, U.S. Depart-
ment of Commerce, Springfield, Virginia 22161. Updated by Solar Energy
Abstracts, Published quarterly by ERDA. Available from: Superintendent of
Documents, U.S. Government Printing Office, Washington, D.C. 20402. $119/yr.

8. Directories

Solar Energy Directory; A Directory of Domestic and International Firms In-
volved in Solar Energy. Centerline Corporation, Phoenix: 1976.

Informal Directory of the Organizations and People involved in the Solar Heating
of Buildings. Shurcliff, W. A., Cambridge, MA: 1975.
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The Solar Data Directory of the Solar Energy Industry. Solar Data, Hampton,
NH: 1975.

1975 Solar Directory. Compiled and distributed by: Environmental Action of
Colorado, University of Colorado, 110 14th St., Denver. CO 80702, about 200 pp,
and $15.



9. Organizations

American Institute of Architects
1735 New York Ave. NW
Washington, D.C. 20006

ASHRAE
345 E. 47th St.
New York, NY 10017

International Solar Energy Society
American Section
c/o Florida Solar Energy Center
300 State Road 401
Cape Canaveral, FL 32920
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