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This study’ was undertaken in 1975 under support of the Office of Energy
R&D Policy (OEP) of-the National Science Foundation. It was recognized that
there was a very considerable divergence in individual beliefs+ and

.pérceptions about_the economic competitiveness of solar energy for the
, heating or cooling of buildings and it was haped ta clarify this situation. Mr.
Arthur MtGarity, who was a summeb interit With OEP, was asked to.prepare

¢ an analytical review and summary of the published liferature and the
comments of autherities concerhing the present and future prospects for

solar energy in these applications. The complexities of the questionprevented
quick tredtment. and Mr. McGarify continued the inquiry under NSF support
when he returned to his graduate stddies in Systems Analysis and Economics
for Public-Decision Making. a program of the johns Hopkins University
Department of Geography and Environmental Engineering. \

The draft report which resulted was circulated-for review to experts in
and out of government. ranging from solar energy enthusiasts to skeptics. ,
Their comments and criticisms Helped produce an improved document of
enlarged scope! The final product thus benefited ffom many inputs, but the
most signiftcant was Mr. McGarity's own. Those of us who worked with him
have greatly appreciated his diligence in pursuing an objective treatmeht of
this important subject. v .

8 ‘ -
Glen A. Graves ’ : “ ’
Senior Policy Analyst . / .
- National Science Foundation
. N\
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.. results. Ronald M. Powell, also of PRA, has been especially helpful with his* -
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summary-of content,

results and conclusnons T
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Thns study serves as an introduction to the
important economic consnderatlons that are
. necessary for an assessment of the potentlal for
. solar heating and.cooling’in tHe United States.
The first chapter introduces the reader to the
technology that is used to tap solar energy for
resl{lentlal and commercnal apphcatlons and
lllustrates the pote‘nhdl significange of this °
energy source-on a hational scale. A methodology
far assessing the economic feasibility of solax
;heating and cooling is presented in the second
chapter with the results of a study of material,
"It Tabor, marketing, ‘and engineering costs of solar
| equipment. The third chapter applies the
" methodology to a study pf theeconomic feasibili-
ty of residential solar heatmg 1in 20 U.S. cities.
, f The potentxal for reductions 1n the cosy of solar
i equipment throu0h mgss production and _
¢ ltechnology improvements, and the effects ,of
“increases in conventional fuel pricesare included -
in the feasibility - assessments Finally, national
security, environmental, and tnstitutional con; .
siderations are discussed to place the economic”
assessment in-its proper perspectn,e

{

. >

%
The pnmary,result of the study is the 20 U.S.

city cost eomparison of sotarspaceand hot water

_ heating {combined) with conventional space and
hot. water healing i detached residences.
“Geographical variations in conyventional fuel
. -costs and solar heating system perfofmance are
gonsidered, although geographical variations in
solar eqpipment and installation costss are
neglected.” The solar .cost data are obtained
primarily from priv ateproducers of so]ar heating
systems, and the comentlonal heating cost data_

. are oBtamed from" suppliers of ‘conventional ’

- enmergy (najural gas, oil, artd elegtncnty]meach of
the 20 cities. Solar ,equipment “annual perfor-

" miance estimates for each city are obtained by ’
combining climatic data wit equipment

. Characterjstics as input. to a simulation model
/ 'dev.eloped at the University of Wisconsin. .
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Compa'risons'are made using three sets.of costs
for solar collector%and hedt storage equipment. .
The first set,.called Case 1,'uses cosis that were * +
estimated for systems ‘built 'in 1975. Two cost
reduction scenarios are appl{edto adjust the Case
I numbers to obtain the other two sets. The first
cost reductioh scenario, called €ase I, accounts .
for the mass production of collectors in a
competntnve market sftuation. The second cost
reduction ‘scenario, called Case I1l, accounts for-
mass production, of collectors and technology
improvements that_increase ‘the efficiency of -

coljectors and reduce the amount of mate.ma{Si
requxred in the collectors. e .

The cost of fuel for conventignal space and hot
water heatingisconveniently expressedona cost
per unit of energy Jbasis in dollars per million
BTU of heat energy. The cost of solar collectors
and heat storage equipment can also be
scalculated on thig basis for comparisons. This is
done by computing uniform gnnual costs for the
solﬁ‘?‘%qunpment based on a 20 year equipment
lifetime and an interest rate of eight percent. The
~ perfermance model, determmes the ameunt of
heat energy that_is’ dellvered by the_solar’ fﬁ
equipment to a home in each of thé 20 cities .

- duririg a typical year. The cost.of solar gnergy is

found by combn:ung cost and performance es-
tlmates . ' o

Unlike ,solér energy,‘the cost of conventional
energy is subject to fuel price increases due to )
.inflation and "reai” price increases. To account
for conventional fuel price increases. the cost
comparisons in this study incorporate an annual
fuel price increase of 5 percent duripg the20 year
lifetime of the solar equipment. It may be that
mflatnon alone will be responsible for ‘such
“ingreases during the next 20 years. “Real” fuel .
price increases due to the depletiofi of conven-
tional fuels. will imgrove the comparisons, in
,, favor.of, solar.heatmg N
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Theresults of the cost comparisons show@hat’ * Case Il sblar heating is comf)etitive with elec-

with no “real” increase in conventional fuel,,
prices, the installation of solar heating instead of
glectric resistance heating canyesult in savings

tricity in- 9 out of 20 cities. Also, Case Il solar
. heating is competitive with electricity in 17 outof-

', 20 cities, withoil in 3 "glt of 8 cities, and with

2\ in 5 out_of 20 cities with Case II costs and matural gés in 1 out of 20 cities. .
performance and in 13 out of 20 cities with Case y pe o
“ * [11 costs and perfortance. Also, it is shown that “This study pontnbutgsamt.ethodolugy.basedoh
Case 111 “solar heating is competitive with oil sound pfrmcnp!es o&ter_gl_neelz.mgeconomms.m%
heating in one out of 8 cities. If an 8 percen{, 20 search, for an analytng proceédure for evgluatm
year loan can‘be obtained for the purchase of the ’ .t‘hel'e'conomlc, protennals of solar heating and
' _equipment, the savings can be realized on a cooung. A‘pplymg\.:t'he mf:thodology to SO]f".
K ‘.monthly basis when mortgage payments are ‘heah.ngm 20 U.S. cities shows that there may he
compared ' with the monthly fuel bills for a considerable polentiat Tor.thle tapping of this
conventiona)] heating system. These savings may srxr:gs Oll-;gcv?/el\)/zr ecgileomfl;:;ll_y a%;‘;g::]tenl;or?;
#2010t occur immediately; but’they will occur at a eco.num.nc f_eEEfBilnt’ is criktirall degendent on’
. sufficiently early time so that the capital cost and tions ab y h waly labili p
financing ¢harges for the solar "édlﬁpmeui are assumpttnorLsra_,g,ut t gfchStl a;: dvatla l[\;ty.ql
repaid at sdme time before the 20 year loan term conventional sources ot el 1Re true polentia]
; ox Dires , b . . for solgr energy will be known only, when more
- pIres. s certainty exists concerning the future of conven-
» Moreover. if a 2 percgﬁt “real” increase in the ~ ‘tional energy.. - J :
_cost of conventional energy ‘occurs each.year. o
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JInteregt in‘the utilization of renewable forms bf

" energy #n the Umted States has increased with
our Nahon s intreasing dependence on foreign

-

e d

— + domestic petroleun -and’ the recognition of

efivironmental problems associated with the~

- utilization of convengmnal energy sources, has

* induced a search for renewable,. nonpollutmg

energy supplies. The syn's radiation. absorbed

* by a collector apparatu?_and converted into low
temperatute (100° 200°

.sourc® of energy tHat lS both renewable and

nonpollutmg Installation of the proper equip-

, , ment on a home or commercial building enables

7 the use of solar energy in this form for domestic

water heating and for reom heatmg ahd codling.

Equnpment fer, “these appllcatlons of solar
energy is curren ly available and demonstratlons
have provedT tbulldmgs can be heated in most
sections of fhe couniry and both heated and
*cooled in many others (). Since,water heating.
"space heating, and air conditioning are responsi-
ble for about 25 percent of the Nations total
energy demand. the imstallation of such equip-

ment on a-flarge percentage of the country's .

bulldmgs would significantly reduce demands
for conventional fuels(2). Envxronmentaldlsrup-
tions are limited to those associated with,
obtaining and processing the.raw materials such
.+ as copper and aluminum from which solar
equlpmentls built. Thus! 1tappearstha1the rapld

" proliferationi ofsolarheated and cooled buildtngs
may help to solve two problems: that of main-
taining ah adequate energy supply and that of
x‘educmg environmentalSollution. Itisimportant

9 note that these two problems offen generate

—

c’:)nfhctmg solutlon‘s oo .
Q . ' . : ’
"ERIC C . .

sources of nonrenewable petroleum Depletionof

Fahrenheijt) heat, is one —

-

_an-alternative conventional fuel. For snmplxcxt/y -

Solar Heatmg and Coohng

» i
T ‘

[y

N

HOWeVer. an evaluation of solutions-to energy
problems is nof{ complete without economid

. considerations. In ll'llS area serious doubts arise

congerning the true potential fox this energy
source."The owner of a home or small business

\ establishrlnent. faces an investment of several
" thousand dollars for solar heating and cooling. In

a new building, this equipmentgéan be incor-
porated into the design, and*payment car .be
mcluded in the financial arrangements for the
entire building. Ipstallatlon‘of equipment on an
existing structure (retrofitting) .is usuafly ac-
complished at-a higher price due to the costs of
mdtdifications to the ofiginal climate control
system and buxldmg architecture.

Solz;r . heating
“economical”

angd cooling is* called

in, this study when .the costs _

v

associated with it are less than the costs of using

natural gas, fuel oil, and electncxty -are called

“conventional fuels.”

-The "alternative conven-

tional fuel”, or simply * a‘l'ternatlve fuel”, is the

converitional fuel

which™ compétes most

. successfully against solay. energy. In most parts

of the United States the alternatlve is either

natural gas, fuel oil,

ar electricity dependmg on

" price, availability, and the preferences of the

. builder or, the building owner. In*order to
determine if the installatidh of solar equipment’
.on a certain type of building in a particular
logation js economical, the price of the altesnative

fuel must be known,.

and price fluctuations have

made it very difficult to predlct tlle futur¥cost of
ST,

fuels

-
- 2

v

-

There are a number of factors, that affect the

price of conventional

.J}r

fuels.

>

One

impartant .
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influencé is mf{ahon which caises theprice of all
goods to increase as the purchasing power of the
dollar decreases. Another factor 1s the-scaraity

~ caused by the depletion of nonrenewable fussil

RN A v e Provided by ERIC

fugls which alsoudusesmcrmscsmfuel prices. A
third cause of price fluctuations 1s the un/w‘ﬁ
nature of international politics whych causedthe

.prices of imported fuels to vary in both direc:
- tions.

A nuuor’ud\}untagb to the installation oTa solar,
energy system is a degree of isolation from the
uncertainties of fuel price. fluctuations. After
solar equipnfent: has been pyrchased and in-
stalled. sofar energy 1s delivered to the building
free of, charge and independent of fuel price
incredses. The cost ()f the auxihary envlm\
required during cloudy weather 15 the only major®
cost that 1s subject to thange.

Technical and  economic ijnlitw? are
necessary. but not sufficient cositions for the
occurrence of widespread solar energy use.
Institutional barriers sqemetimes exist that
[w)l:lrbnt the nstallation of tl_]g leds! expensive
systems or add to the financial burden of
purchasing and operating ‘the equipment. Ex-
amples’ are, zoning regulations that restrict the
hewht of structures dnd praperty taxgs on solar
addituns which may add substantially to the
annual cost of heating and (,bmlmg a butldsng,
Institutional - artangements ‘can be madified,
though. =to eliinate barriers and.. 1, some
instances. to encourage the public toutilizessola
energy. Forexample. this.can be done through the
provision of econgmi incentives or by restric-
ting fie’ use of t(;n\,egtmnul fuvls {3.4). -

.
f

Scope of Stddy
F;cus N

v

L}

-
The primary focus of this study is on the -

economics of solar heating and cooling. In
additton, technical aspects and instifutional
considerations are treated in ofder to place the
economic analysis-in its propec perspective. H is
Jlimportant to emphasize that this study does not
attempt to predict the future success or faplure of
ithe solar heating and cooling industry. Such an
effort. would require knowledge of the future
pricgfluctuations.of ((mvemmnal fuels. and the
authpe does not wish tu become gmbroiled in the
controygrsy suttounding the varous pregic tions
of future fuel prices. .

)

N

" .71\

.

Contribution

The major contribution of this, study is a
detailed assessment of the costs involved in
héating and (()()lnng a §mf.,le family residence
\nth ular enefay. Pgtual 1975 costs are discugs-
ed a5 well asthe costs which can be expected
With mass productjon of flat plate collectors and
with advanced collector designs. In addition, a
mellm(l()l();,y .prPS(,nted that enablgs the
comparlson of gn’investment it splar equipment
with in investmént in conventianal (.quipm(.nl
The approach is called “life-cycle cost analysis,
and it relies hedvxf‘y on the principles of enginétr-
ing economics. It enables the gdmparison of solar
energy, with (()nventlondl fuels on the basis of

dollars per unn ()f.ener;,y N )

Although thv, methodology is gmjérul and can
be used to treat both heating and coaling, only
splar heating 1s treatgq sl with enough debail for an
accurate assessment. Theinformation ()n\lhe( ost
and performance: of solar cooling syst\'ms is
currently too sketchy to enable more than a
hypothetical guess concerning the perfosmance
to be expected and a rough estimate of the (:\5(9 .

‘

involved. -

. o O

*Theresults of this apalysis of solar costs, Wh(\,«g

combined with information pnthe currenf costo
conventional fuels, serve as initial conditions for \
an analy sis that compares the cconomies of solar
energy  with the economicst of conventional
energy sources. It is mlpnltdnt to note that the,
price of, solar energy”is detoumned through
essenhially. free market interactions while the
prices of conventional fuels result from ‘a high
degree of government regulation. When predic-
tions are made—coneerning future inflajon
rates, conyentional fuel price fluctuations that
occur 1n addition to inflation; and changes in
government policy—comparisons can_be mades
but their accuracy is no greader than the accuracy
of The predictions. A varation of thisapproachis
to treat government policy as a variable and to

<test the effects of- different policies gn- the

comparisons. This study suppheg amethodology
and a set of initial conditiens which enables the
refider to make such comparisons.

1

Chapter Summaries .

L] -
Thecturent chapter inttoduces the reader who
15 unfamiliarowith this use of sular energy to the
technicAl fundamentals. This study.deals only, +

N\
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g
with those systems that use thesun's radiation to
heat directly a fluid and that utilize the collected
energy ‘at rather low temperatures bmpluy d for
space heating dnd for ‘powering’ hedt driven
. coolmg apparatus.

The andlysis does not inclade solar- electric
systems for homes which use
.or gene‘rators driven by heat, engmés.
Photovoltaic conVersion of solar energy-
presently more expensive and less efficient than
thermal conversion. Heat engines usually require
ﬁigher temperatures which may be obtained by
using focusing collectars that tl‘d(‘k the sun ast
mov és across the sky. Low temperdture collec-
tars use a simpler and less expensive flat plate
which can be mounted’ in a%fixed position.
Reseaich efforts are heing dir
improving the efficiency and reduting the cdst of
soldr electric systems, but most *of the work 15
concerned withlargescalec mtrdlllc(l generating
fa(‘ﬁltlcs (5). :

2

: To,acquaint« the reader wijth the pogsible’

contribution that suvlur heating and covling of
buildings can make to the total energy re-
" quirements of the TInrted States, the firsf chapter
also presents an overview of energy use in
rebidential and commercial Julldings. Three
hypothetical levels-of solar heating and qooling
development are examhned- to determne their
sighificance on a national scale.

- .

The_second chapter is ‘a discussion ‘of the
important factors that cumprise an economic
andlysis of 'solat hgating and ¢ooling. The

principles of life- (‘y(lro cost* analysis are
presenfed» and a-method is described fog ex-
‘ressing the cost of solar, energy on a dolhr~per
unit of energy basis. Estimated 1975 material,
labor, en;.,mvormg. and marketing: costs for a
solar heating sy$temona single- famlly rasidence
are presented as derived from a survey of
demonstration projects, eqmpmen( prduqers.
and other studies, Performance characteristics of
salar heating and cooling systems are set forth,
‘and the use of -simulation models to predict

performance 15 degscribed. One such performance *~

model, recently de\,eloped at the Unlversny “of
Wlsconsm. is used tu generate performance
curves for a solar Fledtlnb system supplying rovm
hedt and domestic-hot water to a single-Tamily
_detached residence 1n a variety of geographical
locations{6).

Aruitoxt provided by Eic:

ed “toward

Cost information and. perfurmdn(.e curves dre' .
«wombined to credte curves that show the varia-
tion of cost per umit of solar energy with the size
of the system. It 1s then shown how the cost of
solar energy can.be compared with“the cost of_
other more conventional *fuels. Furthermore,

hotovoltaic cells |+ €onsideration is given to the proper sizing 8f a

sysiem so thal it supplies heating and cooling to a
building at the minimum cost. Finally, itis shown
that when" assumptions are made concerning
changes in the prices of conVentional Tuels, life-
cycle cost analysis can be applied to determine if
a Eost savings will result over the hfetﬂme of the .
solar equipment. K ‘

Tﬁe fimal (‘hapter dpphes the® method of
dnaly s1s de\_/,gluped ip the second chapter to solar
healing in the Umted States. Also, an example is
constructed td show how the-ahglysis can be .

. applred to combined heating and cooling. In the ;

heating analysis, 20 U.S. cities are chosen for an
economic comparison of solar heating, w1th
+ conventional hedtmg metheds. <.

]

"The comparisons are made for 1975 solar cost§
and for twa solar cost reduction scenarios which
presume savingg from mass production. and
advanced collector desngn The costs of conven-
tional ‘fuels are pro;erted from, 1975 gosts with
adjustments for inflafion. In locatlons where
solar heating is not cost Competlil\é\w’lth',
conventional hesting, the fuét~price lncroﬁse

" necessary to bring about a competitivessituation

is shown. Also, three cities are selected for a
detailed analysis of the aptimal sizes and of the

'(orrespundmg, capital and anhual costs of solar
hedtm‘g systems.

- “The final section of the thll‘d chapter‘dlsrusses
institutional factors which may either inhibit of
encourage grawth. In addition the nopeconomic
bénefits of significant solar development are
discussed.

.

- ’
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Technlcal Fundamentals
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Soldr hedtm;, systems g,cner"'lly consist uf four
mawr\ parts 4 collector, a storage unit, gn
d.umlmert‘usm;, 4 conventional fuel, and a-
distribution system. Solar cooling systems are
.essentially the' same wijth the addition of a
touling unit powered by solar heat energy. The
ayxiliary unit. and distribution” system are




v - -

H
’A - - x PN
r . . - N »
) ’ v ° . . COOLING ADOITIONS - T -
P r..—-_-L-——_-—._—._..___._._..____.__l_._-____]
L . SOLAR EQUIPMENT ' | |
|, |_ TO HOT WATER |
' P N . cooL-
’ SOLAR . | préuLation, - I .
1 l RADIATION Y el SYSTEM |
o - \ - . . | TOWER | .
, , fo- | 9 ‘
I \ [G | U | _l
S c’o‘N. 'EN . ABSORPTION [ — 1
VEN. .
. | , . I "0 I COOLING :
. . - 8
s e . | | UNIT
L ] WATER . . -
. . 09900, =
"2 - HEATER S
R | 0090991 y | frearer.g | .
\ . »” {: —_— ‘ $0099.— I I t 1 . ’
' EXCHANGER AUIO . :
. . |' , | l VALVE | ) | .
'. R i 1 — .. I .
' . 4 STORAGE UNIT f
J 1 wateR [ CONVENTIONAL
) | A ' TANK) FURNACE . l
. >
P . < I A [ :
. . - HOT WATER
I . tior WATER é N BOILAER .
I - PREHEAT § © I . I
* 7 ' . ) ! * .
| co 9 o L] e . .
v R
° ' ' ) I
I. - . T DucT
1
R - T -— rxd . I “
. , s 4 cPUMP FROM BUILDING |
., < L_==_CoLD WATER L‘UNVE/VTIONA[ MEXTIMG SYSTEM - . 3
—_—— P I ______._.___,.______.___._
N - o - ¥ -
L] [+] [AY ’
F|gure 1s TypiLai solar heating and Looling System using water as the collector carCuIanon flutd and a water tank for heat .
&+ . - - stogage The conventional furnace operates in a parallel mode with the cqllector and storage unit. .
. {
usually the same as uqunpmunt used n..a plate by passmga fluldover t}xe plateor fhrough
~ conventiondl heating and cooling -systein. A tubes connected to the surface of the plate.
L schematic diagram of atypical combmedhmlmg . s ) : ay :

The plateis mounted in'a paishaped enclogure

* with one or two sheets of glass above the plate .
variations are possiblgrThe sun's energy arrives . allowing light to pass through and reducing heat
in the Torm of radiation at frequencies in and loss.due to infrared radiation and the cooling

§ . around the visiblelight spectrum. The amount of s effects of wind. Insufﬁtmg matenal mst.alled/ .
° + energy reaching the surface of the earth is - below the plate reduces heat loss to the suppor-
dependent on thogeoé‘raphlclomtwn the time of Aing structure. Several collerr modules.are

" yedr,';he time of dag. and we.dther conditions. conne(ted and mounted together -in a panel

and couling system is shown\m Figure 1. Many

Yoo ! TN B . o assembly sized to provnd; the desired amounf of
\ Collectors . L . . heat energy. . R ' _
- The most (umen type of collector usés a flat Because thé Umted States i$ located in the *

. " metal plate tu absurb the radiation. A coating  Northern Hemisphere. the spin is found in the
: surface {usudlly flat black paintjis incorporated southem\-sky during most of the year. Thus, he

» with the plate to allow maxtmun absorption of colle(tm’surfmemust face the south and be tilted )
the sun's rays. When the plate’s temperature at an angle to the honzpntal._When the Solar . .
. begins tu rise, heat energy 15 removed from the  “system is. ancluded in thg deﬂ'g.n of a_ mew :

. ~
P e R . . . . . TN i .
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FLAT PLATE COLLECTOR 'DESIGN
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bu1ldmg, part of the roof can ‘be replaced by the
“collector assembly and the roof slope canbe made

to corréspond to the’ proper collector tilt.

-~

Both liquids and gases are appropriate for use
+~ as heat collection and distribtition flynds Water
! is the commonly, 'used ltqutd“and airds that

™ commonly ysed gas. The system shownin Figur ;
" tuses wat‘gr Water Systems iise collectors Wlt&\—clrculatmg air, "
. tubesfasteried to the platé or shaped inthe plate Tl
by a fabrication technigue. Oné design of this
= - typeis illustrated ins Figure 2 Corrosion ip-

hibiting chéffticals ate added to ‘the, water, and
freezmg is avoided by adding, antifreeze~or by
- " draining the collectors whenever freezing
.o temperatures occur. A pump drivenby electrtctty
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Flgure\z Flat plate collector desngn tor a water ty,pe coliector The water tubes are tabncated tqthe collector plate
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is. usgatly necessary to circulate the water
through the.collector and the connecting piping.
_ When air is used to collect the heat, 'a ‘blower
forced the air through connecting ductwork into
lthe collector and over -the surface of the plate
Emned or honeycombed projections on the,plate
can ‘be used to increase heat transfer o the

a .

Sforage . - s . .

’

Storage of solar energy is necessary to provide

+ heating and cooling during nights and on days
with significant cloud cover. Heat. coljected in

water systems can be stored by holding a larg(
quanttty ofthe heatézd waterin aninsulated tank

T . ‘
H [

P s

>

T T =, _ R R .

-~
‘

E L -

O e s




- .
1

E L
N hy |

Y

-

'\
A

Water is well suxied fur thra purpose because of
its hlgh heat tapdiity. Aninexpensive inethad of
' storing the hedt wollected in gir systems uses an
insulated bed’ of roughl.y equally sized pebbles
through which the air’is passed. The Lredtlon of
temperature ‘fayers” in the storage umt
(temperature stratifigation} van be produced in
pebble beds, mcreﬁgmg thé efficiency of the
._system.

~

.. ; . \
Auxiliary Energy and Distribution Systems

i
Emnomnc:consxderatlgns usually require.that

) ‘2 §~thq¢solar sy§t§m be sized to.provxde less than 100

% percent ofMlib yearslgeatmggand cooling re-
- duirements. Mdny locations experience winters
with+long periods of* very’ low temperatunﬁs
accompanied by low quantities of 1nsolation
(incident solar radiation), During these periods a
qonventlonal energy sourée must supply energy.
Equipment sized to fully accomudate these
extreme circumstances 15 simply tuo costly.
Con\ventional "heating equipment 1s used in an

.. auxiliary mode to supplement. the svlar equip-

ment. For dumestic hut water’a conventional hot
water heater ¢an be used to buogt thefthperdture
of the solar heated water. For space heatmg,,
electric resistance hedtmg. a4 hedt puinp. ur &’
natural gas or oil furnace™an -De uperated 1n
parallel with the sular equipment. Also, the
abgorption cooling unit can he designed for
. operation from the -epergy in heated water
supplied by the solar equipment ur frym heat
, obtamed from conyv entlonal energy source.

. The healting distribution System can make
direct use of the elevated tenperature of either
_ the. codlector’s circulating fluld or the storage
unit. In water systems hot water from the
:gollectors or- the storage' unit is circulated
thr0u0h a network of room radiators or throug.,h
" coils over which air is blown for distribution.in
- ductwork. In air systems heated air from the-
.collector or from storage is blown directly into

_~- the rooms through a system of ducts. In both

systems hot” water for domestic use is heated by

passing.the. wgler through, a heat exchanger

. whith transfers heat from the mrculatmg fluid or

from storage. ’

\ ~ ;e
Cooling

The cooling system conists of a heat poyersd

‘air conditivner similar tp cooling units powered

. 0
-~ *

-

by the cumbugtion of naturat gas. These"absorp-
tion type” air conditivners require temperatures
of at least 180° F for operatiun, while heating
requires tempergtures around 120° F. The
requirgment for higher collection and storage
temperatures for cooling usually dictates that a
waler system be used. Air collectiun and pebble
bed sturage18pot reliablefur thesupply of heat at

temperatuies.greater than 150° F. However, in
(‘ondltmmng by!

dry clhmates where  ftir
dehumydification and ev ap(ﬁdtlon‘ls sufficient to
meet cooling needs.lower temperature solar heat
canbe used to aidthe dperation of an eliaporatlve
¢ooler. Another techmque used in dry climates
.operates by (‘hllhng water at night by radiation to
the cool night sky. The water is stored and used
for cooling the next day. v

TYplcal Ope‘rahon v

Operdhun of the hedtmg, and cooling systein

, requires o system for controlling theinteractiopns
“of the four major pdets. Variations in heating and
vouling luads and in-the amount of availablesular
‘energy impuse the need for différent upemtmg,
mudes. When sunshine is plcnllful and the luatt is

low. vollected anergy is stored until the capacity

of the storage umt is reached. If the lvad is high
during d peridd of cloud cover. heatis withdrawn
fromr storage until it'ss depleted and auxiliary
energy 1s required. A control system utilizing
temperatune sensors and relays or electronic
switching apparatus «dn automatically operate

the components, maintainipg the inside .
temperature .at the desired level as set by a
" thermostat. > ’

Figure 3 illustrates the operationét;f a residen-
tial solar heating system during a typical 3 day
period in the winter. The first day is characteriz-
ed by a partly cloudy morning and ?:’l clear
afternoon with mild temperatures throughout the
day. The heating load is low and sdlar energy is

” available in quantities large enoug,h to meet the

- entire load and charge thé storage unit to full
capamty After the storage ynit is fully charged,
additional incident solar energy is necessarlly

wasted. Durmg,the night of the first day, unusutl

weather activity, sqch as the arrival of a cold
front, lowers temperatures and the¢ heating
demand increases. Heat stored during the day is
withdrawn from the storafe unit to maintain
coristant temperaturgs indoors. v

The secund day is partly sunny with continued ,

N

.‘6 ’ . \ »

-

9




, - .
-~ N N < < v BN R O

.o Solar -Heating System Operation
. ’ . » . . “
R ¢ . - N ~
m . Y \ : Q - v p *
100} -7 . o, . o
. . ® . R ~~~ , Heoting Load
N . - . @ . ‘.
<o ] — — (Collected Selar Ensrgy
' \ X ) ) ) ‘s:. oo Auxiliary Energy..
3 . 75‘- = i [ -\ fatns - N
. - - B Directly Consumed Solar
- ' [} . o
[~ 3 . . R . .
w ? ' . . _- * Stored Solar *
w -~ ‘ = , .
~ .
& 5y Wasted Solar
Ny
- §\0~
. 3
. &
. N
N Y38

0, :
SUNRISE su~s.er' ,sxmmse" SUNSET /SUNRISE © SUNSET .
. R ' 'T'y-pi/cal.*.? Day F‘"ario\d in Win_.lasr . - ’
N . . C . e . ,
v Figure 3, Solar heating ‘system operatidn. All modes of operation are displa_yed,’ .

the absorbed ener'gy'.‘ ‘

- . ~"

+ low ‘temperatures. Solar energy. Ysupplies the
entire heatmg load during most of the day and
adds a small’ amount of heat to storage. Durmg
the riight of the second day; the energy in storage

* isdepleted and the auxnlnaryumt must supply the
entire load. The third dayis mostly overcast with

. lqw temperatures, and the solar energy is not

~ sufficient to meet theload The auxiliary unit is

_TUsed to supply- varying portions of ,the load

" thrpighout the day. - \
) ﬁhe‘ components and system described above *

. use fairly unsophisticated technology and no

» - improvements are necessary to provide a depen-

dable working system. However, several deslgn
_improvements rcan be made to increasé the

efficiency of energy collection. Collector plate

coatmg surfaces, called selective surfaces, are

being developed which abserb most of the

incident radiation but reradiate almost none of

. -

A totally different collector design has.the
absorptive surface and fluid flow tubes enclosed
in-an airtight glass cylinder. A vacuumis created
in the interior of the cylinder, substantially
reducing heat losses to the surrounding air and
making the colleotor more efficient at the high
temperatures” required for cooling. Manufac-
turers of this type of collector are hopeful that
production techniques similar to those used fo
make fluorescent lamps and vacuum tubes can be
used to produce the cylindrical collectors at low
cost. It is also hoped that the amount of metal in
the collector surface can be reduced by using
receritly-developed , advanced héat' transfer

* technology such as that in “heat pipes” (7).

aspects of heajing and cooling with solar energy.
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This sect‘ion has briefly revié"W‘e‘d‘the'techpical '




Aruitoxt provided by Eic:
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A more rnigorous and detaled tteatment ‘of

techmcal fundamentals can be found in Chapter
59 of the 1974 Applcations Yolume of the
American Society of Heating, Refrigerating, and
Air Conditioning Engineers recently compiled by
John Yellott with the support of the National
Science Foundation RANN Program (8).
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_Growth Scenarios™

The quantity of engrgy used by the Nation for
solar heating and cooling apphcaftons is closely

IS

related to the heating and tooling energy demand
of residential’ and commercial buildings. In

addition. the rate of growth of this enérgy

demand dueto the cofistruction of hew buildings

_is important because solar equipment is more

easily incorporated into the’ design of new

_ buildings  than inStalled in existing buildings.*
-Figure<4 shows thg total space heating, domestic

hot water* and air conditioning energy re-
quirements, ‘for residential and commercial
buildings ix\(he United States in 1970 with.a
projection of requirements for-1990. The figures
for both years are taken from the Federal Energy

>

» - M

Residential and Commercial Eneryy~‘Use‘
- 1970 and 1990

a

AIR CONDITIONING
HOT WATER

HEATING

RESIDENTIAL -COMMERCIAL

,

. -

5 Pt
LT

s
7 S WA A
s 70 2

Fl R L
G ML G S

RESIDENT AL

B

COMMERTCIAL

» .

s Figure 4. Dispiay of residential and co'g'nmercnal energy use w1970 and 1990 (Source Projéctindependence Seereference
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A(;mlmstrahons Project Independence repprt
base case projections (9). It is seen that spdee
*heating and hot water dre, rcspunsnble for*the
greatest portion of the load, whereas air con-
ditioning (cooling) is regponsible for onlya small ~
portion in both years. , - .

.Studies have shewn that combined’ solar-
heating and cooling instaljations Ae sometimes* -
more cost effective thy hedtmu ot cooling

. inistallations alone [10. This is begause the
collector and storage unit can be used during the
entire year in many locations. Howeéver, the

+  significance of this fact is diminished on a
national scale by the information (hsph%(l n
Figure 4. It shows the smail size of the cogling »
load "in relation tu thé total energy™used for
climate control and domesti¢c water heaiting. Cost

studiesglescribing the economies assoctated with *
cotnbiied heating dr{?h,wuhng must be taken into

int in light of the fact that many residences™
] commercial establishments in the United
States turrently require little or no. energy for -
sphce cooling purposes. Nevartheless, the 1990 .
projectign indwcates that t‘he demand- for d&ir
- conditioning and thecorrespon(lmo potenhal for
sofar coohng velopment may increase to a
significapttével. It is also important to note that
‘mostf this load occurs in the, southérn and
stern +States where summer sunshine is
-plentiful. In theger regions widespread use of
sola™ cooling might help to alleviate the peak = -
loading probiems of electric utilities caused by
electric air conditioners (11). The potentiai_for
this type of benefit is obscured when national.
rather than regional energy consumption figures
are considered.

Table 1 describes the significance of various
Adegrees of solar eneigy utilization under three
hypothetical |, scenatios  of introduction >and
growth. The numbers i the table are caliulated

4 ’ : '
v L
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N Table 1; Use of'Spla.r,Heallng.;ing Cooling -
Three Hypothetical Growth Scenarios for U.S. '

~ ° \ e
- e ,

1990 * % Of
Energy  Total 1990 % Of .
. from Solar Energy for Totat 1990 =

&

.. (30" BTU/ . Heating & U.S. Energy,
' R ¥ear) . = Cooling Demand ,, '
‘Scenario} ...... .. 028 14% 04% |
Scenario’ll, ... .... 0N 4.7% 1.2% -
« +Scenanolll ........ <« 55 28 4%-

T

+

'R

nano = No setiofif New sala: instafiatrons supply 5% of 1970-1990 growm n
- A l water and space’ﬁ;aung load and 1% of 1970-1990 growth in air conditioning
foad,

Sce;\ano —Solar retrofits mstalled to supply 5% of 1970 hot water and space
heatmg ioad and 1% of 1970 ajr conditi®ning load by "|990 New soiar instaiiations
same as Scenano | °

N W
Scenanio 111 Sglar retofits supply 25% of 1970 hot water and space heating foad
ang 10°%et 1970 awr conditioning Idad by 1990 Klso new solas installations supply .
*O% of 1970-1990 growth jn space heating and hotwater ioad and 15% of 1870~ 1990
growlh n air conditsoning 18ad’

Other Assumptions " . '
B

1) The numbers are based on Fig 4 which 1s for end use consumpluon 2) 1tis
assumed that the healﬂg and cooling ioad will continue to make up 25% of thetotal .
US energy demand in 1990

-

-

-

from information in Figure 4 using the hsted]sdl
of assumptions for each scenario. Scenario 1,
involving only new constructlon. is technically
feasible and may be economically feasible if the
cost of solar equipment becomes competitive
with conventional fuel costs. Scenario Il il- -
lustrates the large increase in solar utilization
That-is p})ssnble‘ with a very small percentage of
roﬁrof)t applications. Scenmtio Il shows "the
intense degree of solar development which would
‘be required to supply a large-portion of "the
" heating and coohny load by 1990. This Jevel of .
de\,aupmont {55 x 10" BTU. year from solar
heating (u{](,uuling] might require the instaila-
tion of- some 40 tu 60 milhon solar unifs on
residential and commercial buildings by 1990.
: ~

N
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Solar Heati | ’
4 o . Y
and Coolmg Economucs , R
' An economic asgessment of solar hot Wafer average amount paid for each unit of energy.

*  heatingind space conditivning equipment can be '
accomplished using techniques similar to those an‘rl1vtl;:ln ézsi:o(sézct}?a;éa(;i?“:dgorg:?:{eg:nir;
.ued in the analysis of any prolect requmng a costs) do not ¢hange frofh ot * bothe
large capital investment. This “capital intense” ° ge frof year to year, bo

S methods ‘ares s’tralghtforward and either ap-

aspect of selar equipmeént is.in sharp contrast to,
_conventional systems which have a much l()wer
vinitial cost for/equipment and a rather high
operating-Cost for fuel throughout the lifetime of _
« the equipmenf. An accurate comparlson of solar
equipment with conventional equipment must
. - consider all/costs dssociated.with the purﬁlase.

installatiog, antd lifetime operatnon of both types:

of equipmfent. Corisequently, the well established

. techmq i
ning to pe apphed as “life- cyble cost analysis”t
comp ay fisons of solar with comentlonal equ1p-

ment- f12, 13).

. R ) .
Life Cycle Cost Analysis

proach is sufficient for making comparisons.
Hoivever, when annual tosts are expected to vary

each year due to changing prices, the present -

. value ,of these ‘costs must be cglculated before a

“

es of englneerlng economics are beglnﬁ,' .

A lifeccyclecost analysns gathers expenses that

of cur atdifferent tlmesmto one cost number that

, gan be used to compare alternatives. There are

two schemes for. group;n.o costs that yield the
samé result when comparisens are made. One is
the presentvalue method” which treats all costs

e ,v' otcurring throughout the lifetime of the equip-
ment as'if they could be paid at the present The

.other approach is the-gannual tost method”
|« which freats these costs as if they occurred in
even .annual payments during the equipment's
lifetime. This method is espec1ally useful for a
heating and cooling ‘cost study because the
annual cost divided, by the amount of energy

e . v - -
-4 ’
Q ‘ -
- - -
ERIC . .
S * P

[ . X

supplied during a yege yields an estimate of the

uniform annual cost figure can be computed
~Thus, since fuel prices are of a changing nature, it
ls1mportant to understand both the present value
arid tHe dhnual cost approaches for a comparison
of solar with conventional heatmg and cooling.

Bofh methods ass1gn a‘grea’ter value to expen-’

ditures made at the present than to those made
sometime ‘in the future. Thi& priority occurs
because ,one ‘dollar recelved at the. presert is
_equ;valent_ to, more than, one dollar received a
year later sinee the first dollar can be inyested to
collect interest. In-fact, it can be observed that
mongy has a “time value” to a consumer and that
this Value is ‘associated with the interest one
muyst pay on a loan. The interest rate paid by a
consumer actually-¢onsjsts of three components:
a percentage reflectlngtheconsumerstlme value
of money,_ a percentage accounting for the risk

" _incurged by the lender, and a percentage deter-

mined by the lender’s estimate of the average
mflatlon rate durln%“the load period (14 15).

. Present‘ Value Method

The present value method accounts for the time
value of money by multiplying costs occuring in
future years By a fractional discounting factor
whlch is made smaller each year. These reduced

N 4 PN
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. anndal costs are added together toubtain a single

number that is equal tu the present value of the,

futur_e anfudl  expenditures. This _ number
represents the amount that could be invested at
.interest in the predent to yield the amount
. necgssary to pay all of the future annual cos{s as
they occur. Thus, the present value is less than
. »the sum of all the future annual costs. The present
value of the entire investment is calculited by

adding. the initial purchase and installation:’

expenses, which actually do occur at the present,
to the present value of future annual costs.

The factor used to reduce the future dnnudl
costs is determined by a number called the
discount rate (d) which has the same value as the

« relevant interest rate. Annual costs arg reduced
in the first year 1)y_1 (1+d), in the second year by
1/{1+d)2, in the third year by 1/(1+d)* and so on.
Thus when annual'costs are constant each year,
the present value of these costs isxcalculated by
the‘formula I - .

a

- (PRgSENT . [constanTy . fn :
VALUE ANNUAL Z 11+

COSTS I I '
» (1]
- CONSTANT) % ‘_1_[1 (;)n] .
ANNUAL - M U
CO3TS
L -
N ’ - > .

gﬁere nas the lifetime of the equipmel‘)t (12).

. When annual tosts are (lxpe((‘\ted to increase
" with time, an dddmondl factor must be used to
account for this increase." When the fractional
annual irfcrease in.such acost isdenoted by e, the
initial annual cost isincreased by afactorof (1+e)

R

is found by dddmg the dppropnate prcsent value
of annual costs to the initial purchase and
ll’lStd“dthn expenses as in formula 3

. ‘ . ‘ .
PRESENT VALUE, INITIAL PRESENT \}ALUE -
ENTIRE = \EXPENSES| + ANNUAL (3]

INVESTMENT COsTS

*

Annual Cost Method

.The annual cost method accounts for-the time
value of money by treating the present value of
the entire m)gestment asif it wilbefinancedby a
loan with“compound interest and no down
payment. The uniform’annual payment for this

* arrangement is found by using the uniform ‘

in the first year, by (1+€)?1n the second yeal, by )

(1+e)* in the third. year. and so ¢n. Thus the
present value formula becomes formula 2:

P4
PRESENT). | INITIAL X ‘8 N
VALUE ANNUAL 4
. . COSTS ['2] -
Eﬁ& n . n
wereg= T 12} . e [111)]
M1 \14g/ T de L \14d

’ [
N

unless e is equal to d, and i g caseBiseqlalto
n (13). Thgﬁresent value of the ghtireinvestment
-t . , s

o

- ‘
uN'FORM IN)TIAL L
ANNUAL £ XPENS X | ——
COST XPENSES ™

apltdl re(()very formula:

P

v : .. -
UNIFORM PRESENT VALUE n
ANNUAL | = ENTIRE PR ALk [4]
cosT .\ INVESTMENT (141

-where ris the mtmost rate and nis the lifetime of
the equnpmenf (12). ’

Since the uniform annual codt depends ()n the *
-results of the present value analysis, the. for-
mulas for present value can be used td-simplify. -~
" formula 4. One simpﬁimhon arises fromthe fact
, that the time value of money is the same for both
methods. Thus. d is equal to r. Again there are
two cases involving actual annual costs for fuel
and maintenance. First, when-anrfual costs
remain g:\or}étah'ﬂégz‘om¢yem\l(f Year, forniula. 4 .
becomes: - .

[N

CONSTANT
)] 3 (ANNUAL ) (5]
COSTS c

@ .

PR
AN

Formula 5 can be better understood by thmkmg
of the uniform annual cost\as being the amount
one would pay each year towards repayingaloan

made to purcgase the heating and -cooling
_equipment plus‘the cost of fuel and mamtenance
for one year. -

Finally, when dnnua[ costs are expected to’
increase by a fractional amount each year,
formulas 2,3, dnd4aror0mbmedto yiéld formula
6: . ) g

’
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The most, dlffmult part of dppl)mg., llfe cydle |

cost analysis tu a real problem is détermining the
proper numbers to use,fur the different, custs and
for the mte‘resty/_ There are actually two
different way s to’handle the interest rate. agd the
proper way (epends on how'inflation fs being
treated. One way 1s to jgnore inflation when
¢ calculdtmu present values ur annual custs. Thig
is aCCOmprlShLd by -projecting increases in
‘annual costs only if they are expectad to be
greater than those caused by inflation. Such
increases are due to “real” prise increases and the
annual costs are in cor\lstdnt dollars. In addi-
- tion, the“real” mteregt’ntemustbeused whichis
\found by subtracting the expected inflation rate
from the rate of interest thatas actually used by
banks to make loans. The intérest rate uged by
banks 1s called the ‘nominal” interest rate.

The other way lu handle the interest mtu is to
include 1pflation 1n the analysis. Sinca inflation
really does wuvccur.
inflation when setfing interest rdth, the cost
numbers ®ound when inflation is incladed are
close tuthe amouiits that are actually paid. In this
case, the expected inflation rate must be included

with the "real” price ingreases when prujécting
increases in annual costs,
-, interest rate to use s the one that 1s av ailable for

'
-»

private loans at banks, provided the inflation _

rate- chosen 1s similar to the one assumed by

lenders. ., *
k-

¢ B
When applying life-cyele cost analysis to

. .comparisons of sular with conyentional heating

and coaling. certain assumptiuns (oncernmu
fosts can be made which sxmpllf) the analy sis.
. This,study uses thuse assumptions which are
appropriate for residences. Different sets "of

Assumptiofis apply tu rom‘mer( ial bu;ldmos since
~

A

ERI

‘ : -
2 .

E

UNIFORM) . INITIAL "(1 )
_ {annUAL ( ) x (v
~\cost E'XPENSES . ("‘*—‘“mn

and since banks include

Alsu. the proper *

Y

they are usu(llly equnpped much differently than
“reskdances and  because busmvsses asually
finance then mvestlmnts dlf\felently thdn hmm
aners R ¢ . ) -

. Assumption’s"ln This Study .

".. First, hominal interest rates wre used rather
than" l(,dl rates so that the annual cost numbus
that appear.wil] be comparable to actual costs
which, would be paid by the consumer.. An
interest rate of 8 percent is used-since home
mortgages canbe obtained at approximately this
rate. It is assumed that the 8 percent figure is
“cumpased of 3 pt.r(fnt for the time v alue of money
and risk and that the remaining 5 percent is to

aceount fur the expected rate of inflation. Thus,

in<the formulas for present value and annual

costs. d 1s equal to r. ris equal to 0.08 and e 1s

equdal 10 0.05 plus the fractivnal “real” increase in

annual dusts expected each yearinthe future. If o

fractional decrease is expe(%ul this number can
. be subtracted from 0.05.

-~

- tional dystems are assuined to be 20 years. One
., problem with this assumption is the treatment of

The ljfetimes of both the solar and conven- -

the conventional auxiliary equipment used to .

back-up the solar equipment. If the lifetime of a
con\?entlonal furnace without solar heating is
about 20 years, then the same futnace used only
as an auxnlmry in a solar heatmg system should
last somewhattoager. Thus. at the end of the 20
. yedr perlud the duxiliary.’equipment has some
" salvage value. However, the present v alue of this
salvage value at the beginning of ¢he period is

very small relative to the cost of solar eqijpmaent..

Thus. 1t 1s assumed that negle(‘,t:ngthis uncertaip
salvage value will not influence the autcome of
the analysis. "Also neglected is the cost for
electricaty to run the pumps-or blowers on the
solar system. This-cosl is_negligible when
compared with thewcost of upu’dtmg a heater or
air conditioner. S

’ Ancther assumptlon in this'study mvolves the
initial cost of the auxiliary equnpment and the
distribution system. Since a solar heating and
cooling system requires quXitlary equipment

-~

)
!

which can supply 100 percent of the load during

periods of inadequate sunshine. it is assumed
that the initial cost of the auxiliary equipment
and of the distribution system for the solar

installation 1s the.same as the initial cost of a |
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conventional installation. This assumption is

Nt e "

When determuining the annual cost of the aux-

correct- for most heating cumparisoms, but-i+s-
inaccurate fur.coo®™ig comparigons. However, an
adjustment, to be described later, qan be made
which validates the assumption for cooling. < )
The annuhl experises for haintenance ‘are also

Y assurhed to be t/he same for the- solar and’
conventional systgms. This assumption 15 not
\entnrely accurate since the solar system involves

\ additional equipment such as pumps and collec-

‘ tors. The collectors’ in-particular may create
specnal maintenance problems, since they. are

comstantly exposed to the extremes of the

weather: However, at this time little information |

rhtary, fuel#the “annual energy supplied” is that
portion of thetotal yearly load which comesfrom
the auxghary equipment. When the annual costof *
a totally cunventional system is (,onSldered’ the
annual energy supphed is the entire year[y
“load. )

Cumplu,dtluns arise_when combmed heating
"ang couling Lomparisons are made since conv en-
tional heating equipment operates differently’
than conventional eooling equipment. In such
.cases, the annual.auxiliary or conventional fuel
cost must be found by adding the two cost
numbers that are found by treating heating and

¥
o
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R} is available on maintenance costs since only a cooling separately. For_example, if the,conven-
’ few solar heating systems have been1n operation tional alternative to solar energy is oil heating
o for long penods of time. Thus, additivnal costs with electric air conditioninga the sgparate
are not added to account for the possibility of heating and ceoling costs are computea using
. extra maintenance expenses. - . dlfferent, costs per unit of energy, different.
~—Whsh alife- cyclranaiysns is performgd wsing . amounts of annual energy—supphed different-
the assimptiofs. described above. the com- = dquipment efficiencies, and. perhaps dlfferent
. parison of solar ve\rsus conventional reduces toa fuel'cost increase” factors_ . .
comparison of the cost ofthe solar collector, the | Another complication results wheén it is not
heat storage unit, 4nd the auxiliary fuel with the  true that th(,!cq'st of solar‘auxiliary equipment is’ N
< cost of fuel for a conventional system. When this equal to the cost of conyentional equipmient.
\ approach s taken, the solar collector and stofage However, ad]ustments_can{e made to formulas 7-
. " unit can be thought of as a replacement for fuel,,  and 8 so that comparisons of “fuel” costs are still .
) and the cost of these twe items can be called the valid. An adjustment ntade in this study invalves
‘ solar “fuel” cost “Thus, the annual cost of solar solar cooling equipment.
. i.h.]gl can be foiind by eppl‘ymg form.ula 6 to ”}f} -+ A solar cooling system rgquires an absorption
- *initial collector and stotage costs. Thisresultsin
formula 7 « . + type air conditioner which is more expensive
T . than the electricair conditioners usedlrunostd'tr-
oL , . ” conditioned homes. It is assumed in this stlrdy
. N , + that an electgic central air conditioner for a -
(f:’:::-}}c;c;'%‘\“)‘ 'ohg?gté%iha X 0102 residence cosTs $10001n 1975. Thus, thé cost of *
" AND STORAGE ‘ . solar cooling is found by adding to the collectar .
et . D (7] . "and storage costs the cost,of an absorption air;'
o Si"‘-‘e(‘r(’"r)n)-sO'tOthenrusequattooosandnls conditioneT and subt’t"’cting$1000 The resulting
s e . \im/  eawtezo. annual solar "fue]” cost cafi-stil] be compared
S - wit the cost of. conventional fuels
., i ~ 2
N, .o . : d Further compllcatwns arise when compm-mga
.« The corrésponding formula for auxihary and solar system using oné {ype|of auxiliary equip-
* «- +cooventional fuelsis shewnin formula8whereD ment with aconventional syslem ofanothertype
{of formula 6/)/18 the adjustment_for expegted An example is a $olar he tm~g~ systent - with
“real” and inflationary incregses in conventional electric rgsistanee batk-up équipmenf compared =
fuel prices: with an oxlfurnace The ad]ustments required are -
. . R E S asnld [
. - . ..'_,_J’--f‘% .
ANNUAL CONVENTIONAL) _[(cOSTOF FUELPER ANNUAL \ EQUIPMENT ’ )
w“ - FUEL COST ) [(u.Nnor: ENERGY') X (ENERGY.)‘X D}"‘(emciswcv) (8]
‘ ’ ! SUPPLIED “_ 'C " .
. o 14 — ~ .

.
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, dependent on the relative costs of the different
-equipment. This study assumes that .com-
parisons are made between systems usmg the
same type of,convenuonal equnpment

k3

2 >

Energy Costs !

By

°

It was $hown in formulas 7 and 8 that the
amount of energy supplied by the solar equip-

- men{ must be known before a uniform annual
cost number can be fdund. It will be shown later .~
in this chap"tg{ that by examining the variations
in cost and“performancethat occur when v arious
‘amounts of collector area are used; the system
can be sized to proyide energy to the building a}
minimum cost. A useful aumber for determining
the” proper size is the cost per unit of energy
delivered to the building. This number i$ called

“the “energy cost”, and it can be computed for both
*solar and (‘onventlonal systems.

I\

The energy (,ost of sufar energy is found by
dividing the annual solar “fuel” cost in formuia 7
by the amount of energy supplied by the solar _
et!ﬁlgpment each year. Since both the cost and the
. annual performance of solar equipment increase °

as the amount of collector area increases, the

energy cost varies with the size of the system.

The solar energy cost is found using formula 9. ‘

)

.
I

S

. .

~>

SOLAR’ L[ INITIAL COST

(

CONVENTIONAL
HEATING & COOLING} =
ENERGY COST

.

&
ENERGY FOR

COOLING

ENERGY USE

ENERGY FOR
HEATING

TOTAL ANNUAL

ENERGYIUSE ;

CONVENTIAL
HEATING ENERG
COST

-
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.
\l- 135724 0+ 77 - 4

ERIC

Aruitoxt provided by Eic:

ENERGY) -[(OF COLLECTOR) X 0102 - ( ¢
COsTs AND STORAGE

TOTAL ANNUAL

COST OF HEATING ' o
v] = {| FUELPER UNIT ) x o] - (FURNACE. .
OF ENERGY EFFICIENCY

’I‘Ee remammg sections of this chapter discuss
solar’ costs, and performance and show how a
system can Y be optlmally sized wheri the nature of
vanatlons in the energy-cost is known

The energy cost oficonvenuor?al fuels is found ,

. by dividing the annual conventjonal fuel cost tg
farmula 8 by, the annual total*amount of erffergy

supplied By .the conventional system, | "When

~com bined heating and coolirig is consxdered the‘

energy cost must be calcylated by adding the cost
“of heating to the cost of cooling and dividing the

_ :sum by the total afount of energy used by both

types of equiprent during the year. This calcula-
tion is shown in formula, 10 where the efficiency
of air conditioning equipment is expressed as the

“coefficient of performance”. 5

a

Since the conventional heatmg‘ and coolmg
energy cost depends on the relatnve»amounts of '
ene?'gy required for heating and cooling, thelevel
of the cost will change from year to year.'If datas

" for an average year is used to compute this cost,

the same data must be \usglc_i fpr the solar
calculations. However, a simp ificatipn results’
when heatmgls omgared alone. In this case, the

energy for cooling is zero, and .the 'emargy for
heating s equal to the total annual efiergy use.
Thus, formula 10 reduces to formula 11 for
heatmg compar.lsons

-

[N

.
ANNUAL
SOLARENERGY
SUPPLIED ,

>

- /COST OF COOLING
FUEL PER UNIT
OF ENERGY

COEFFICIENT OF
LAPERFORMANCE

(’ 'COST OF HEATING
FUEL PER UNIT X Qf
yd !

-

X

OF ENERG
| \FURNANCE ErFictency/

/

’
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. Gomponents of Cost

The purchaser of 4 solar heating and cooling
system today pays a price that is determined by
four different types of cost: engineering cost,
material cost, labor cost, and marketin{ cost. The
mé&terial, labor, and marketing costs are, each
composed of two components: a constant cost
component that does not vary with the size of the
system, and a varying cost ‘component that
increases with the system size. The varying
component consists of colléctor costs which
generally vary linearly with the total collector
area. )

N

-

v

. Communicatruns, with several 'companiés
presently producing solar components and
installing sulyg hedting systems and with the
manadgers of several sola stration projects
,in the United States have yle]ded data useful in
estimating the magnitude of each cost compo-
nent. Additional “information is available in
contractors’ reports 1o the 'tNSF-RANN .Phase ~
+ Zero Feasibility Study on- Selar Heating ‘and .
Coolfig of Buildings (1). The constituents of each
cost componént are dljcussed 1n this section.
Then dollar valués for“@ach component are
chosen from the costdatato serve as inputs to the
cost cumpdrisuns. Cost figures aresassembled for
.a system prondmg, heating and cooling in a

'~ single family, dethched Jesidence. Th§\dr1atwns
in costs that occur between dxfferent.ntws dre
not considered.

« s

Engineeri-r:g‘ Costs

Engineering costs, which include charges for
installation drawings and field ipstruction,
observafion, and inspection, are usually paidtoa
e [irm of consulting engineers. The cost for the
drawmgs tan be considerable because they
include design information based on an engineer-
.ing analysis pérformed for the specific location
and for the type of the structure. Field supervi-
sion requires visits by an engineer or technician
at thejob sntethroughout the construction period.
As the number of solar installations throughout
the country increases, engineering costs will
decrease substantially or perhaps disappear.
.Increased knowledge of .the system size re-
qmrements for warious locations and standar-
dxza‘hon of design will enable thepurchaser, his ,
architect, and the building contractor to choose

N

1 4

16.

- EKC

wll Toxt Provided by ERIC

(lengths of pipeline or ductworke number

.

<€
from among several different desigr;s Atpresent,

however, the censumer must obtain thege serv-

ices at a cost of about $1200.~

>

Material Costs

Material costs are those paid by the equijpment
suppiMers to obtain the materials from which the
sotar equipment is assembled. The constant
component-of this cost is composed of the costs of
the pumps, tapks, heat exghangers, valves,
pipelines, and fittings for a water system, -orthe
costs of ductwork; louvers, pebble bed, and
blowers for an air system. Actually, the required
size and amount Bf most of this equipment does
vary somewhat with'the size of the system. But

. the amount of variation is highly dependent on

charactenstics of 'tht gspecific jnstallatio

fittings, etc.), and this aspect cafi not bemcluded
in a general cost study.

The cost of the storage unit"ié also treated as

constant in this analysis. The performance of a

solar system is -somewhat insensitive to the
storage capacity for the range of system sizes
normally required in the Upited States (16).
Therefore, it is economical to size the storagé unit
on the basis of standardly available equipment.

The addition of cooling capacity to the system
involves additional equipment that usually costs
substantially more than a conventional electric
air conditioning system. Since absorption air
canditioners. adapted .for sojar he
sold 'commercially, equipmé&nt built for natural
gas firing is currently converted for use in solar

.cooled buildings. The cost attributable to the

sdlar system'is calculated by subtracting the cost

of a conven'tional cooling system from the total

cost of the solar cooling additions.

>

O?:

are nat yet.

The dollar value for the constant material cos¥,

used insthis study is based on the detailed cost
accounting performed on the recently con-
structed Solar House I at Colorado State Univer-
sity where a water system was used (17). Table2
contains a breakdown of costs by equipment
type. The constant material cost of an air system
is actually somewhat less (18).

The variable component of the material cost is
the material cost of the collector. The cost of a flat
plate collector built for either water or air as the
distribution' fluid is composed "of costs for a

-

~




Table 2 Constant Material Costs (1975)

-

. (‘ .

Table 3: Collector Material Cost Breakdown

Ceoling Constant Matehial Cost Total

~ T
-

. . L 4 .
Souvce/Colovaoo State University SOIAv‘Housel (17) r.

¢ ’

collectorplate with the energy absorbent surface
coating, one _or two glass cover plates, and
insulation. Thewater type requires tubingon the
surface of the collector plate and the air type
requires ductwprk behind the colleflor plate. The
material costs foq\both types of collectors are
about the same. - -

Collectors can’be either assembled as they are
.installed at the job site dr preassembled in
modular férm at a factory. The material cosf of
thelatteris greaterdue to the extra sheat metal or
wood used to make the'enclosure. The marketing

of*'modular collectors adds.even more to the cost.®
~However, the redbiction of aSSembly costsdueto -

/

factory mass production techmques might offset
the additional material, costs® if high volume
_,prodnctnon occurs. -

*Table 3 shows the percentage of the collector
material cost attributable.to each major material.,
coffiponent. The range of values for the total
collector mateérial costs found in the cost-data is
dlsplayed on..the_line graph in Figure 5. The
placement of a dot on the graph indicates that the

spoint was obtained frompropnetdry jnformation
sugphed by a private collector producer. The
- saiirces of other data, points are indicated with
* §pecfal symbols The material cgst of modular

. e ew I
R ¢

~ “
Ve Fiiaccien S
“ ~ e ..
.
- e e g
.

P ——
o ‘ ftem Cost ~ Percent of Collector
Solar Heating - D Matenal . Maternal Cost
, PN ' Collector Piate .............. 41%
1 Thermal Storage Tank ............ ...... $250 Glasyg. . ceoevnneenee Y . 20% L.
Collector Pump ..%........coovien caenen, 50 * Insulation ........ .. yeeeens 5%
- Collector/Storagg Heat Exchdnger .. ..... 400 Backpan ...........c.oen... 15% s
. Domestic Water Preheat Tank .. ......... * 50 Miscellaneous Material ...... 19% .
° Automatic Bypass Valve .................. 50
. Associated Pipeline. Valves A R Jotal . . 100%.. .
Fitings. etc ... . ..ol 300 - . . ) - >
Comrq‘ '"s"umenta"on ------------- . 200 . Source Rrvate Coltector Manufacturer (see Appen:nx ¢ -
Heating Constant Material Cost Total -...... < $1300° . - ) ” .
- . ) collectors has been adjusted for comparison with .0
+  Cooling Additions ' IR - -, collectors installed on site. A figure of $4.00 per ‘
S 8-Ton Modified Absorption square foot'is chosen to re;gresent this cost.,
Cooling vt ... ........... Toeees . $2000 . . . ’
Cooling Tower ......... ... s e . 500 Labor Costs ..
Cooling Tower Pump ............... ... 50 . )
Conventional Cooling L'abor costs Tor assembly of the collector and . *
CostAdjusiment ... . ... .. ee... -1006 for installation M™he collector, storage unit, and @
_______ $1551 other equipment make up a substantial portion of

R4 Ly

theentire cost. Laborers aresuppliedby a heating’
‘, - and ventilating contractor when an air system is’ <
installed and by a plumbing contractor when a
water system is installed. Laborers may include
plumbers,sheet metal workers, electricians, and
c¢arpenters. Estimates of the constant component '
of the labor cost range from $500 for the water
system at the Colorado"State University solar
house to $1200 for an air system installed by a, .
private contractor. A $900 figure derived from
estimates provided in the Westinghouse Cor-
poration report represents a useable average (1).

The varying component of the labor. cost
consists of the collector assembly and mstallaz * . -
~ tion costs. Assembly labor costs. of three
producers of modularcollectors are dlspfayed on q
the line graph’in Figure 5, The® approxnmate'
average of 75¢ per square feot is 16 percent of the -
total cost of materials and Iabor for collectors. It -
is*a ‘somewhat smaller portion of the actual
" selling- price. .-

Collector installation costs are more substan-
* tial than the assembly costs. Modular collectors
and those assembled on site are usually installed .t
as rectangular panels of about 20 square feet
Each panel weighs about 120 pounds "and
requires either two- -then or a crane for installa-
tion. A private solarcontractoreshmates a figure
ofél 25 per square foot for collector installation

costs. B -~

3 -
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» Collactor Assambl} Costs
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Figure 5. Dnsptay' of coilector assembly costs (See

Appendy C for hsting of private companies,}
- ]

.a - -

When a collector assembly is installed on the
roof of the building during building, construction,
collector installation displaces a ppttion of the
rdofing labor cust, On the’ otherqlgtand if the
collectors-are installed on a separate structureas
usually’ requlred for retrofit installations, ad-
ditiondl material costs of about $2:00-pér square
foot are heceSsary for the structural support.

>

Marketing Costs (Y

l.«etlng costs are the price mark ups that

" occur at each link in.the supply chain! In this

. by the solar system contractor. At @ac

‘transportation costs.

analysis, the mark-ups on materials or. com-

.
-

ponents that are not unique to solar heating and’

cooling systems are tkuded in the majerial cost.
Solar.matketipg costs 'may be added by the
‘collector factory; by the collectordtst ibitor, and

marketing cost is composed of operat.mg
overhead, profit, inflatianary- contmgency. and

Constant marketing vusts are those which are
added by thebuilding contractor to all equipmerit
except the collector. Currently,” mark-ups of
about 40 percent are being chgeged by solar”
contractors. However, this figure will decreaseif
continued solar industry growth induces com-
petition among cuntractors. The marketmg cost
of the collectors 1s composed of a 10 percent
mark-up at the factory and a 30 percent distribu-
tion mark-up. Since the contractor should be able

-~ Y . M

Tz

level the -

e o obtain collecmpfagfactory prices, a cotnposnte
58 percent mark-up can he -expected on the
varying cost component when the contracters
‘mark-up is added ’

At this point, there mayl be some confusion
concerning what is.mednt by a mark-up of a
" certain percentage. The mark-up percen{age is
the percentage of the tojal price, including the
. mark-u], that is contributed Wy the,mark-yp.
Solar costs are summarized in Table 4 and are
- displayéd in a graph in Figure 6 for collector
panel assembly areas up to 1000 square. feet
It should be recalled that only those cdsts
associated with’ the tollection and storage of
solar emergy arg included in the solar TOst
accounting. The solar system equipmient that is
normally installed as part of a conventional -
system, such as the distributionsystem and
« juxiliary heating and coolmg equipthent, is not
included. This is done so that the costs:
des1gnated as “selar costs” can be compared with,
the operating fuel costs of conventtonal heating
and cotéllng systems. .

- -

- /

Potentiat Cost Reductions ' -

The potential for reduction of solar equtpment
costs has been a topic of debate for several years.
As previously mentioned, engineering costs are
expected to decrease subsfantially over the next

few years and collector assembly costs can be v

reduced with mass production techniques.
Moreover, solar system assembly labor re-
quirements may degrease with desngn im-.
provements aimed Wat minimizifig construction
- time. ”

~

Material costs will more likely increase thap.!
decrease, since material costsin all industries
on the rise. Only design-innovations -utilizing
“fewer and.or less expensive materials will lower
material costs. The constant compenent of the
material costs is #lmost independent of futuge

mass production efforts since most of thes

equipment comprising this cost {(pumps, valves,
pipes, etc.) is already mass produced. Marketing
costs will decrease proportionally ‘with any
material or labor cost decrease. Increasing
competition may decrease the mark-up percen-
tages by a small amount.
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_Table 4 1975 Cost Summary

-'-/ - -
\ LR N . . Varying
Typeof . » Constant’ Component
e .. Cost Componeht($) (S/FT?)
" Solar Heating / .
Material ............... 1300 400
. Labor ........ LA , 900 2.00
. Mark-up ............... 1467 , 600
Engineenng-...... Ve 1200 -
. Total ...........c...c. 4867* 12.00
L r-4 6‘ .
. Cooling Additions )
Material ..........c.... 1550 -~
Labor and Markup .... - 1033 ' ). =
. Total oeeeeeieennn 2583 /- -
Heating & Cbolmg Totals ., 7450 1200
L} - * e =~ b
_ .7 Does not vary-with collector area
* ** Same as collector cost per square 0ot .

1975 Cost Semmary’
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Performance Characteriétics Boe
The econompic feésnblllty of solar heating and
. ¢ooling is-highly dependent on th¥bility ofthe .
solar equjpment to provide energy and on the
amount of energy required each year to heafand”.
cool the building. This¢dependency makes the
economic evaluation highly specific to locations.
Thgse areas of the country. with characteristical-
ly hlgh heating’ andlor coolmg loads and plentlf}ll
.amounts of suashine are the best candidates for a
solar installatton. In such
systems can_supply large load requirements.
~ Areas with high -thermal loads and small
amounts of sunshine and areas with very lqw
load are less likely to be economioal sites.

Eor example, Miami is a poor location for solar
spacg heating because, the yearly heatingdemand -
" is very low. It is, however, an excellent site fQr
solarcoolmg and domestic water heatiig because
of high insolation levels and high cooling
requirements. The evaluation becomes complex )
in locations with more complicated weather
charactenshcs The weather.conditions in fllost’
parts of the United States vary over a wide range
during the year. Thus the _pepformanCe evalua-
tion of a solar space childitioning, system is_
usually a dlffncult task requiring algrge amount

zofdata' N
L " sy

. ’ ¢

Performance ﬁodelg

3 . ~

Mathematical models. programmed on €omn
puters can accurately simulate the opgration- of -

.- $olar heating and cooling systems at any location

for which ¢demperature and insolation data is
available. Useful perforniance information is-
obtained in the form of a graph relating the
amount of energy deluz.nrﬁ‘ﬂ to theload each year
tothe size of the collector. This m,formatlon is
obtained,by simulatihg asyear of operatingtime
forseveral diffetent system’ sizes.. o .
/P:Sformance curves for various locatigas can
be compared “by dividing . the solar energy

’ delivered at eaech.systém size during a typical
~ year by the total energy. demanded during the
year. The quotient is a number between zeroand

. one representmg the fraction of the load supplned

by solar Energ¥ This term ‘is called the “solar
fraction.” ¢ . . .

%

locations ‘small -

.
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The performance models of greatest accuracv

are.those which use hourly weather data for'an_

1 entire year.

characteristics of the system relate the hourly

" optration of thé system to relevant parameters of

the weather data. The data is chosen to represergt
a typical yehr at the logation. "

The accuracy of a model using hourly data is
not required for the ‘purpose of this study.
Instead, a sxmpler less accurate model using
_average monthly data is used to obtain perfor-
“marice curves for solar space heatifig and hot

. water systems-in 20 U.S. cities. This model,
v recently developed by Klein, Beckman, and
Duffie at the Univergjty of Wisconsin, isbased on
the results of’ simulations that actu ally-use data

« which is averaged each half hour for the'heating

period of anentire year (6).
3

The method uses a sef of curves on a graph
called an “f-chart” to determine the averagesolar
fraction that can be expected during a one month
period of operation, Monthly averages of solar
radiation, ‘temperature, and heating . re-
quirements are combined in the f-chart with

e
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. collector absorptance, collector heat loss, and’,
other system pugameters. In this study the f- -~
chdrt was adapted for useén a computer so that
performance calculations could be made rapidly.
Weather data was abtained fromreference 20and
radiation data came from reference 19. The
system parameters that were used are described ¢

* below. A similar model for estimating the
performance of combined heating and cooling
systems-is not yet.available. Other sglar heatmg
models using monthly averagedata are .described
in ceferences 21 and 23, e -

—-Performance Curves

Performance curves for a residential solar
*'heating system in" the city of Bgston,
Massachusetts are shown mFlguge 7forcollector -
areas up to 1000 square feet. The residence is of
average size with a floor area of 1500 square feet
and a heat lods of 17,204 BTU per Fahrenheit
degree day. Wateris also heated for domestic use.
Two curves are displayed. The lower curve is for
typical flat plate eollectors. The higher curve is
obtained using advanced design collectors with’

CURVES

MIAMI

-
a

ADVAN(’.EED DESIGN
-’COL'L(ECTOR
! e

Figure 7. The range of solar heating performahce vanation in the U.S. s shown here. Solar Fraction is the fraction of the total
*annual heating foad that is supplied by the solar equipment._ -
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75 percent less heat loss and with an absorptive
ability (glazing transmmance-plate absorption
product) thatis 15 percent greater. In terms of the
parameters used .in the model, the collector of
average efficien’cy is described by a heat loss
coefficient FiU; = 0.862 BTU ht-°F-ft? and an
" enesgy absorption‘coefficient Fr( e<).=0.72. The
high efficiency collegfor is described by FeU; =
0.272 BTU/hr-°Pe#? and Fr(7~ o<} = 0.83. These
values of coefficients are currently achieved by
evacuated glass-tube collectors with low lead
glass for high radiation transmittance and a
special collection surface for high absorption of
incident radiation (7}, Water is used as thé heat
transfer medium, and the storage urit contains 15
pounds of water (1.8 gallons] per square foot of
collector area, providing’ storage for, about”2
sunless days during the winter. The collector
faces south and is tilted at an angle from the
horizontal equal to Boston’s ‘latitude plus 15
degrees .fo obtain maximum winter heating .
performance (16). The performance of an<air
system with a similar amount of storage capacity
is approxnmately the same.

In the range of small collector areas, perfor-
mance is limited by the ability of the collector to
absorb the required energy. Hence, performance
increases rapndly>w1th thessize of the system. At
large collector areas, perforﬁrance is limited by
the availability of sunlight, a large increase.in
collector area is required to obtain a small
increase in performance.

.

LY
.

The range.of variation in performance across
- theUnited States.is shown by includingin Figure
7a pergormance curve for Miami. In Boston, high
heating loads and limited sunghine combine to
_ create mediocre perfornance. A system .wijth
1000 square feet of typical flat plate collectors «
supplies’only 70 percent of the typical residential .
load. In Miami low heating loads and plentiful
sunshine enable 125 square feet of collector to
. provide 7100 percent of the heating needs in a
typxcal year. Performance curvedfor the 20 cities
‘analyzed in this study are included in Appendix
A. : .

. ~
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. Qost-Curvés and Comparisons

-~

JAn_ objective of great importance to the
seleetion of a heating and cooling system is
minimization of total cgst. The cost of fuel for
climate control with 3y'stems using conventional

v
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»
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fuels is the fuel ‘price adjusted by theconv.,ersnon
efficiency and.by a factor accoupting for future
price increases. The, selectmn of the syste.[R
which minimizes fuel costs involves the simple
comparison of the cost per BTU ‘for each fuel.
This cost is almost independent of system size.

-

The selection of the system’characteristics is
more difficult when solar enéergy isinvolved. The
varying nature of solar system performance
characteristics and the-rapid increase of system
costs with collector areas causes the cost of solar
energy per BTU.to vary with system size, The -
total annual cost of heatmg and/or cooling with
solar equipment and auxiliary energy alsovaries
with system size. The general nature of these
_variations is shown in Figure 8. The upper curve
shows the solar “energy cost” in dollars per 10°
BTU of heat delivered and thelower curve shows
total yearly heating cost for the entire system.
Two types of solar energy costs are mvolved
average and marginal. These cadt curves are
constructed by combining the results of the cost
model and the performance model. The avgrage
cost curve is generated by dividing the annual
cost for several different system sizes by the
quantity of solar energy supplied with each

_different collector area. The marginal cost is the

~

. change in cost that is brought about by a smal}

‘increase in collector area, divided by ‘the cor-
responding increase in solar energy supplied to
the home. The marginal cest curve is generated
by fmdmg the marginal cost at several different
valyes of the solar fraction. >

-

It is seen that minimum pomts occur on thecost
curves. When the solar system is built to provide
the capacity indicated by the minimum point on
the average cost curve, solar energy will be
delivertd at the lowest possible unit cost‘
Howev er, since this systemsize does mot-meet the
total load requirements, conpventional’fuel must
Be used to gupply the additional energy. The
determinati% of the most economical size for the
solar system s thedefore dependent on the energy
cost of the conventional fuel., -

. . v .

The adjusted cost of conventional fuels defines
a horlzontal line, rather than a curve, on the
energy cost graph. If the average cost curvedips
helow this line, the total cost curve shows that
the optlmal system size (the size for minimum
total cast) is Tound &t the intersection of the
ingreasing portien of the marginal cost curve
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Solar Cost Curves . ‘
. . If the average cost curve dogs not dip below the
conventional cost line, solar heating and cooling
™ o~ SOLAR AVERAGE  cosT " is not economical,in the normal sense, for th
a 10 €
) particular location. It is possible, though, that
S N considerations other than price, such as corven;
° 1. CONVENTIONAL tional fuel scarcity and environmental preserva-- . *
3 U L i sete tion, may suggest to some persons that the “4rue '
- %' cost” of the conventional fuel is somewhat . .
'E 1 .greater than the price that exists on the market. S
& | souwn ‘ i . These considerations are qualitatively treated in
E MARGINAL COST-" | " detail in the third chapter. \
B ” 0'5' '[ o . Figure 9 shows the average 1975 co3t curves for
. T Seler Frac tion [ ) solar heating (aloneJin Rapid City, South Dakota
’ ! * 7 and Boston, Massachusetts with the magnitude {
' : of the cost components displayed as afunction of |
> — solar fraction. Gosts per million BTU were |
2 [ computed forcollector areas between 50 and 1000 |
= : square feet. Rapid City is a favorable location |
-5 I with plentiful sunshine and high heating load.
‘\”";‘ . : I Boston has asimilarly highheatingdoad, but poor
E{ / ~e—s ] performance due to low levels of winter insola-
:,‘:’ TOTAL COST - tion causes high costs per unit.of solar energy.
e 3 win SOLAR COST @ The minimum average cost «in Rapid City is
e v Wi TOTAL cOST X * $10.50/108 BTU, whereas the mxmmumanoston .
g o is $18.80/10BTU. " , *
B 5 - 0'5 ™ The level of the'material cost indicates a low

limit to cost reducing efforts with currént.
designs. Figure 9 shows that at the minimum

< y average cost point, material costs make ap 31 ..

lactonis shown hare The uppergapmaprasseeprats,  Percent of the Jotal cost with assembly and
1 [} S . . . . . .
ly the solar and conventional energy costs ($/.10° BTU). mstalla.tlon labor . con?nbutmg 18 percent,
The lower graph shows the total annualcost(S/year)ofthe n}ar_ketlr}g respgnsxble for 40 pe}cent, ar_ld“
combined solar and auxiliary systems. . engineering adding 11 percent. Reductions in
' engmeenng, ‘marketing, and labor costs may

occut due to mass production and widespread

Solar Fraction

" with the conventional fuel line. At this point the use. Design innovations might induce reductions

incremental costs of supplying energy by both  in material costs. Chapter 3 presents cost
means are equal, and increases in the portion analyses for each of the 20 U.S. cities using 1975 |

supplied by either source results in hrgher total costs and costs denved from 2 cost reduction
energy costs. ’ . “Scenarios. ‘ ‘
° ‘ ‘ ‘ bl N . B A , ‘
. S

. ‘. .
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GHAPTER 3

"5

'.So_lar Heatlng and
‘Coolmg in the Umted States

‘ .
[
€

The method of economic analysis developed in
the previous chapter is now applied to solar hot
water and space heating inanew (not retrofitted)
residence in various locations across the United
States. The convenience of the University of
Wisconsin® solar heating performance model
which requires only monthly average inSblation

.and weather data enables the use of current and.
‘projected system cost and performance figures to .

perform economic -analyses for several cities.
Three sets of cost-performance numbers are
used: costs and-typical performance availablein
1975, estimates of reduyced costs achievable with
mass .production of flat plate collectors, and
projected costs and performance achievable with
mass production of an advanced collectordesign.

A convenient rformance moadel is not
currently availabl;ajf)r solar cooling, due, in part,
to the uncertainty” about cooling unit perfor-
mance. However, cooling performance is
somewhat sxmllar to l{eamyg performance since

both depend on heat ergy from the sun, and

"both are closely related to the energy demand

Jheating and cooling loads). Hence, * some
generalizations about cooling can be made from

observations about heating performance. A°®

‘hypothetical examplebased on the cost estimates

for cooling equipment and on assumptions
concerning cooling system perfol:mance shows

. how the addition of cooling equipment tocreate a
" combined heating and eooling system influences

the economic comparisons.

Other important considerations are necessary
for an asdessment of solar heating and cooling in
the United States to put the economic analysis in
its proper perspective.. These issues include the

-

. na‘}io.nal security 'ands environmental benefits.

A
v . 3
W
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. ~ .
from, and the institutional barriers to the

development of solag heating and cooling in the
United States. The?e issues involve considera-
tions which both improve-and' question the
potential for w1despread solar development.

"Economic Feasibility
of Solar Heating:
* -Twenty U.S. Cities

The %selection of 20 cities for careful study of
the economit feasibility of installing solar

‘heating equipment on a detached residence is

made oa the basis of several considerations.
First, all of the major geographic regions of the
country are included. Large population centers
are also included since great amounts.of energy
are used for .climate control in urban areas.
Several cities that are subjects of previous
econbmic studies (most notably the eight city
study of Lof and Tybout-in references 10 and 16)
are selected for comparison of past results with
those from the present analysis. A final cen-
sideration s 4 the ayailability of data for perfor-
mance calculations. This study hascelied on the
insolation data for 80 cities assembled by Liu and
Jordan and on temperature and.degree-day data
compiled by the EnvironmentakData Service of

the. National Oceanic and Atmospheric. Ad-,

mirlistration (19, 20). .

The reference bulldmg in all cases.is a-single
familyidetached residence with 1500 sfuare feet
of floor area. The heating system characteristics
are the same as those used to generate.the
performance curves in Chapter 2 for typical and
advanced collectors. The collector is assumed to

~ <~
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face south in eath city with‘a tilt toward the
‘vertical equal -to the city's lattt‘ude plus 15
degrees.

@ L
v .
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Solar Cost Reduction Scenarios

Average cost curves have been generhed for‘
three cases covering the three sets of ‘co
performance figures. Case I describes the sn\ua-
tion in 1975 with typical flat plate collectors, a
total constant cost of $4867 and a total yarging

,cost of $12 per square foot. Casellisthecoector

*mass production scenario. Mass prg{dhc on of
collectors using assembly liné te is
_assumed to reduce dssembly costs by 50 percent
Also a reduction of cellector installation.costs of
25 percent is used to indicafe design im-

- provements aimed at Stmplltled installation. In
addition, 1t 1s assumed that by the timé mass

4 .

Table 5: Cost.=Components for the Three Cases

productnon occurs the design of solar heating
systems will havestandardized to the extent that
engineering costs are reduiced to inelude only the
cost of drawmgs for the particular installation.
Thé mark:zups on the constant and varyingcosts
are also reduced toindicate acompetitivemarket |
for sofar products. The components, of the
aterial, labor, "and mark-up costs that do not
vary with system size (constant cothponents) are
not reduced because the system compbnents
accounting for these tosts are already being
produced on a large ‘scale for general use in the
construction industry, and mass production of
solar collectors will not affect their prices. Total,
constant costs for Case I are$3505, and total
varying costs are $9.66 per square foot. One
producer of air type ’solar “heating systems
' expects to provide the installed system at prices
near ‘those of Case Il in 1976 (18). The constant

5

Variable ($/FT?)

Constant ($) 2 N
. CASE I e ) " .- 7o 5
Material ....... SRRSO 1300 . Material .........coeennen i 400 - . ™
. Labor ...0...ciieiiiiiinn 900 Collector Assembly ..... oo 7 075
. . 2200 Collector Installation ........ 1.25 -
T 40% Mark-up . 1467 . ’ 6.00
_— . “..Engineering ..... .......... 1200 50% Mark-up .....coeienn 6.00 N
¢, " Total Constang .......... 3. 4867 Total Variable ............... 12.00
CASE Ik: " =fe .
Material .........0 ...l -, 1300 Material .....oeiiiienann . 4.00
LaDOr ageveveqereenensnens 900 Collector Assembly ......... 0375 L
2200 Coltector Installatiory ......".. -\ 0.94 , &
to 35% Mark-ups ---..-.. L 1185 ' 5%15
Engineering ................ 120, 45% Mark-up ..... PO .345 ¢
/ Total Constant .............. . 3505, Total Variable ............... 9%6
- . -
CASE I1l: . T -
4 Material .....ooeer ceenns 1300 . Matenal .........ooiieiienns £2.00
. Labor vevuivvneinaenininnn 900 Collector Assembly ......... 0.37%
< . . ) 2200 Coliector Installation ........ 0.94 )
. 35% Mark-up ....coeeenennn. 1185 . 3.315
. Engineering :........L...... 120 45% Mark-up .......oeeonn 2.215
’ " Total Constant .............. 3505 T.otal Variable ............... 6.03 b
[ " CASE 1—1975 Costs with TypncaI\Ftat Plate Collector -
" . CASE il -Mass Production Scenario ? “ o
Condnions. d 3 v
N 1) Engneering Reduced 90%
) 2) Collectdi Assembly Reduced by 50% '
3) Collector Installation Reduced by 25%
4) Constant Mark-up Reduced to 35% .

5) Vanable Mark-up Reduced to 45%
< 6) Typical Flat Plate Collector

CASE liI—Mass PrdductuonPtus

\

et .
c\qtlector Improvements Scenarno - . ’

"

- ' Conditions. \

S N 1) All Case Il Assumptions except 6) *,
o * * erColiéttor MatenahCosts Reduced-by50%

« 3) Advanced Design. ngh Efficiency Coﬂector

.6 . * .

. LA
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material costs of an air system are usually :
somewhat lower than those of a water system.

Case lll'is & scenarm‘assummg mass produc-

tion of advanced; high efficiency collectdrs
Const,ant material, labor, and matk-up ' Costs are
again-unchanged, and engineering and collector
labor costs are-the same as Case II leaving a
constant cost total of $3505. Collector material
costs are -reduced 50 percent in this case to
indicate dﬁemgn innovations which require fewer
and/or * cheaper materials than used for ‘the
typical flatplate collectors. Collector efficiency
is increased by using collectors with 75 percent

less heat loss and 15 percent greatér absorptive

ability. The presumed collector cost is $6.03 per
square foot. The assumptions and cost com-
ponents for the three cases are summarized in
Table 5. .
Conventional Heating Costs® *

Data on the cost of heating with natural gas, oil,
and electr1c1ty, has been collected from the
suppliers of these fuels in each of the 20 cities.

2

, -~ cosT
‘* "<

BOSTON

: /’ CASE |

CASE Il

y e
The data is presented in Appendix B. Qil prices
and winter rate price schedules for natural gas
and electricity current in Septemberof 1975 have
been used with assumed furiace efficiencies of
67 percent for gas, 62 percent for. oil, and 100
percent for electric resistance heatmg Electr;c
heat pumps”are not explicitly compared with
solar heating. The efficiency of a‘heat pump is

greater than 100 percent..and it«can be greater

than 200 perceht in mild climates. However, the
tnitial cost of a heat pump is greater than that of

an electric'resistance furnace. In general, the cost.

of heating with a heat pump is somewhat less
than with electric resistance heating.

Whenever appllcab‘le, fuel cost ad]ustmentt
charges in effect in late 1975 Kave been added to
the basic rates. Also, the rate steps which lower

the unit energy costs with increasing consump-

tion haye been used in the calculations. The costs
of oil heatmg have been included only for those
cities in eastern parts of the Nation whege oil i is
used extensively for home heating. e\(
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Average Cost Feasibility Test .
The average cost curves for the three cases are
presented for each city inh Appendix A. For
. example.thecurvesforRapnanty.SOl%thDak.ota
+ _ and'Boston, Massachusetts are shawsi.in Figure
10. The economic feasibility of a partigular case
is judged by whether the minimum p%int on the
average cost curve dips below the lines (not
. «plotted) which would be defined by the cost
« ~_conventibnal fuels. Whenever this occurs solar
heating -is more econgmical than the fuels

- associated with' the lines that are crossed

. Since the minimum point on the aVerage cost
curve is the determinant of econ'omic feasibility,
this point for each of the three cases in each city -
has been extracted for presentation and com-
parison with conventioral fuels in Table 6. The
minimum average solaf energy cost is shown
with thesolarfraction obtained at minimumcost.
Also shown are the ehergy costs of the alter-
native conventional fuels as computed by for-
mula 11 in Chapter 2. Since a nominal 8 percent._

interest rate is used to compute solar costs, the -

- Table & Minimum Average Solar Energy Costs Compared With Conventional Fuels

© -

conventlonal fuel costs are ad]usted by a 5
percent inflation rate for the 20- -year equnpment
‘lifetne. The adjustment factor D informulaitis

c0mputedpn this basis. Noincreasesin the"“real”

_costs of fuels are assumed in computing the.

Y

conventional heating ehergy costs.
Figure 11 contains the information of Table 6 -
using bar graphs fqr each city placed near the

" location of thécity on amap of the United States.,
_ The height of each bar indicates the level of the

minimum average cost andthe number dbove the
bar indigates the value of thesolar fractionat the
minimtm point. Conventional fuel costs are
indicated by dashed lines drawn at the proper
fevel to show cost in dollars per million BTU of

. heat. Whenever one of the threé cases results.in a
. bar with height less than some dashed line, solar

heating is potentially less expensivethan heating
with the fuel associated with the dashed line.
When that fuel is the only viable alternative to
solar heating and whén a solar heating system is
installed, a savings will result over tHelifetime of -
the equipment.

' .

e’

Adjusted Conventional

o L ., Fuel Costs ($/10° BTU) Typical Performance * Advanced Design
> M R . . R P b )
’ ' Solar . Solar, a5
K - - , Fraction Fraction ¢ ° A
Yearly, atMin.  $/19°BTU atMin.”  $/10°BTU .

Heating ] Av. Av.

,Loads Solar ~ .. Solar )

. {10°BTU)  Elec. +0il Gas Cost Casel Casell Cost Case Ui

_ Albuquerque, NM. .......... - o7 14 — 49 08 122° 93- 096 - 65
Atlanta, Ga. ................. 75 8.4 6.3 25 0.71 185 141 - bsr 93
Boise, Idaho ................ 122 7.7 - 45 + 059 _ 137 10.5 0.80 6.6
Boston, Mass. ........ E 19 7.7 7.2 6.3 050" 190 145 0.74 8.3
Charléston, S.C. ......... e 58 12.9 7.1 4.3 0.85 19.8 15.1 0.99 10.5
:Cleveland, Ohto ............. 126 78 - 66 + 32, 040 187 <143 0.68 8.4 -,

- Grand Junction, Cblo ....... , 17 9.7 - 15 0.65 12.0 9.2 * 0.80 6.0°
Indianapolis, Ind ........... 117 10.3 6.4 28 -040 194 14.8 0.70 9.2
Lincoln, Neb, ..<............ 128 6.0 - 29 060 14.3 11.0 0.85 6.7

. LosAngeles, Calif. .......... 52 2.3 - 37 080 _ 168 . 125 0.96 9.5
Madison, Wis. ............. oo 1547 88 . 64 2 0.58 139. 1 107° .0.74 6.3 .
Miami, Fla. .............. e 25 13.2 — 25 095 .260 193 1.00° 168
New York, N.Y. ............. 106 *. 307 7.1 8.4 0.45 19.3 145" ,0.80 86
Oktahoma City, Okla. ....... 85 . 175 — 20 . o7 15.3 1.7 "0.90 7.8,
Phoenix, Afiz. .i............. L R L 32 08 179 134 096, - 108 -
Rapid City, S.D.cv,eeenn... 147 58 - 2.8 '0.60 10.8 8.2 085 ~ ' 53 .

San Antonio, Texas ......... 48 8.3 - 20 070 200 156 °  0.85 1.4

- Santa Maria, Calif. .......... 74 9.7 - 3.7 0.77 128. , 96 080 | 70
Seattle, Wash. ............. , 103 . 4.5 — . 49 0.47 200 15.5 0.63 94’

. Washington, D.C. ..."..... S 9 12,7 7.1 5.4 0.59 17.7 13.5 0.80 8.5~
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Table 7 shows the percentage composition of
the minimum avefge cost foreach cage. It has
been found that the composition varies only
slightly. across the range of cities. This
breakdown of costs shows which cost ‘com-
ponents are responsible for most of the total cost,

-*~ and it enables the reader to spedﬁlage further on

“the effects of changes in thie values of these costs.

i

~ Casp  "Matérial Labor M‘arketing Engineering
. 31% S 1% a0% 1%
n..... 3% 19% 40% 6.
... 35% 24% 38% 3%

The greatest savings is achieved by sizing the
system so that the marginal solar energy cost is
equal to thealternative fuel energy cost. This size
is found b constructinga marginal cost cupve as
describefiin Chapterﬁ. Thé solar fractionYhat is
associategwith the gptimal system size can be
uséd to estimate the total collector area, the total
capital cost of the solar equipment, and the total
annual heating cost. Note that the optimal size is
strongly dependent o the assumptjon eoncern-
ing fu conventional fuel price increases.
Moreover, whenever solar heﬁting is economical,
the optimal “solar fraction will be somewhat

greater than the solar fraction at minimum -

average solar cost. - "o

Price Increases

. . ’- .
Since no increases “in-the “real” costs of fuels

are asSumed in° computing the conventional .

energy costs, the comparisons obtained from
Table 6 and Figure 11 are only initial com-
“parisons. The comparisons change> when

. - . [ ” .
assumptions are made concerning “real price

. increases or inflafion rates that differ from i
expected, ong-term. average inflation rate used
to compute interest rates. For example, if the cost
of elegl_ric resistance “heating in Charleston is

-assumed to increase at a “real” rate (in excess of

inflation) of 2 percent per year, the aljusted
lifetime energy cost for electricity is $15.5/108
BTU rather than the $12.9/108 BTU figure
obtained when no real increase is assumed. The
* minimum average'Case 1l solar heating energy

"cost in Charleston is $15.1/106 BTU. Thus, when °

a 2 percent real increase inCharleston’ electrici-

~ . )
Table 7: Cost Components as Percentages of Averagé Cost -

[14

ty price is assuted, solar heating.is econorr{ical, )

whereas witholit the igmmease it “is: _not
economical.: - ‘ ) .
Increases ih tge cost of solar equipment due to
increasing material and labor costs do not enter
info the comparisons above because after the
solar equipment is purchased and installed, the

* owner is immune ‘to'the effects of any price
increasg. However, when comparisons are made

-"the period bef'ween 1975 and the purchase data., -
’ [ ]

S

30 - :

for purchases that occur sometime in the future,
these price changes are relevant. If the solar.
heating system in CRarleston.in the example
above is to be purchased in 1978, the expected
increase in Case II costs between 1975 and 1978
‘must be incorporated into the comparison. If the
system is purchased in 1980, Case Il costs may
be m appropriate, and the expected price
increase between 1975 and 1980 must be used.
These cost adjustments for futhre,purchases arg
necessary because Case Il and Case III costs are
based on 1975 material and labor coéts. It should
be noted, though, that valid comparisons of
future purchases can be made without these
adjustments if it is assumed that the costs of
material and labor for solar equipment increase
at the same rate as conventional fuel costs during

Table*8 shows the annual petcentage “real”
increases in the prites of copventional fuels that
are necessary o make solar heating economically

.feasible. The percentage increases are calculated

By first -finding the constant annual rate of *

increase in the price of each conVentional fuel
that is necessary throughout the 20-year lifetime
te make the conventional énergy cost equal to the
minimum average solar energy cost forbothCase
Il and Case I11. This number is the same as “e” in
Chapten 2. The “real” rate; given in Table VIIFis
then found by su bstracting the 5 percent inflation
rate from.“e.” ;

Note thq( @wse Il solar heating*an be com-

no “real” increase and in 9 put of 20 cities wit
percent “real” increase. Case J1I solarheatingvan
be competitive with electricity in 13 out of 20
cities with no “real"\incre%s:e and in 17 out.of 20
cities with a 2 percent “real™increase. In addjtion
Case Ill solar heating will be competitive with.oil

,heating in 1 out of 8 cities with no “real” increase
and in 3 .out of 8 cities with a 2 percent “real”
increase,

petitive with electricity in 5 out 0§20 citiesgv:igﬂ
ha2

YL -7

(
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Tablg 8 ,Conv;entlonal Fuel Apnual "Real" Price Incréases

Annual Percentage "Réal" Increases in Fuel Prices Necessary For the Economic Feasibility of
Case |l and Case Il Solar Heating (“feasible” indicates that noncrease is necessary)

- -

A _. .
S T oy . Case Electncty (%)  Od (%) _ Gas (%)
' " Alburduerqlie. NM ... T feasible - 85, —
L feasible - * 30
Attanta, Ga, ........... ..un. 1 . 53 8.1 166
' s elll 10 A1 13.0
Boise, 1daho ..... ... ... I - 28 - 8,6
. . . , n feasible - a2
Boston,Mass ..... . ... 1 feasible 71 8.4 .
. v .l tedsible - 16 29
Charleston, SC ..... ... - I 17 B 123
i Hi feasible 42 90 *
Cleveland, Ohio ........ .... 1 6.2 78 14.3°
. T 08 * 26 96
Grand Junction, Colo ....... . I feasible - 170
Nt feasible - 132
Indianapahs, Ind ..... . ... X n - 38 A 84 160
. ) m ~ teasible 38 118
" Lincoln, Neb ........... - .. . I} . 62 - © 128
X. . . [T 1.2 — 84
- Lo Angeles, Calf ....... "? ] ~ 02 - 12.0
14 feasible , = . 95
', .Madison, Wisc .. ....... noo- 22 5. 18,
- " feasible teasible 6.8 .
Miami. Flonda ........... - Wt 40 - "o 193
— » 1] * 26 - 181 L. °
New York, NY .......,. ... 1 feasible 73 56
. I ' feadible - 21 02,
L4
Oklahoma City, Okia ....... i 46 - 167
( . m 04 - 132
) Phoenix, Afz” ....i..covnnns .n 1.6 - . 138
16 .. feasible - 79
Rapid City, SD ......... ... I 36 ~— 108 <
SR (1! teasible - 6.6
! San Antonio, Tex .. . ..... I 65 - . 19.2
e .34 - 165
SantaMania, Calif ..... .... f feastble - 96
L m .feasible - 6.6
‘  Seattle, Wash .. ..... e 1l 122 , . - ¢+ 113,
. ‘ ) 10 76, - 66 '
‘Washington.DC .......... . Al . 06 6.6 9.2
s C n feasible  * 20 48
- e g ’ - "' ’ ) ;
’ . . .
§ -
: 31 *
N . 38
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«

Vg




6

s

E

e

J

Examples of Optimally Sized Systems
Three Cities -

Three cities, lndmnu;;ohs, Los Angeles, and
Washington,” D.C. are chusen for a closer ex-
amination of solar heating sy stem characteristics
and costs, and for economic compdrisons with
electric resistance heating in each city. Marginal ©
cost curves have been vonstructed for Case 1 and
Case Il solar heating systems un a typical'single
family residence in each city. The Case.ll system
is assumed to be purchased in 1977. Hence, all
costs are inflated to reflect expected 1977 prives.
The Case IlI systemyis assumed to be purchased
in 1980 and costs dMa inflated to reflect
expected 198Q prices.

Two scenarios are treated. Scenario | assumes
that there will be no “"real” increasein the price of
electricity during the 20-year lifetime of the solar
equipment. Sgenario Il assumes that there will be
a 2 percent annual “real” increase 1n the price of-

“eledtriaty du&ng the 20-year period.

Q

MC ’ ‘ LT

Aruitoxt provided by Eic:

Whenever solar heatirly is economically feasi-
ble, the optimal solar, fraction is found by--
locating ont the margmﬂl cost cu ve the point
where marginal costs arxqual t6 the djusted
heating energy cost of electricity. The installa-
tion of a solar heating and auxiliary system with
the correspoading optimal collector size will

.

provide heating to the home at a cost whichis,on -
.the average,”fower than that possible with dny

other collector size. Wherever solar heatingis fiot
economically feasible, 1t 1s assumed in the:
exampled presented lrere that a system is built to
supply the solar fractmn which yields the
minimum average cost. In these cases, a negative
savings or an economic loss results if a solar
heating system is buiit. *

'I'he

results of calculations for the two.

scenarius in the three cities are shownin Table9., « °

Note that the occurrence of savings and losses
corresponds exactly’té the economic feasibilit

mdlcmors for these three cities in Tables 6 a?l/fi
and in Figure 11. Recall that the optimal sélar
fractionis are average values. This means that for
a Case I1I system in Los Angeles, a system with
an average solar fractior of 1.0 provides, on the
average, 52 million BTU per year. An auxiltary
umt is still required because certain years will
have healing lvads ggéater than 52 million BTU.
However, if a homeowner in Los Angeles is,
wxllmg to folerate a few uncomfortably cooldays’

I

-

- - . ‘ =N

s

)

or nsk the occurrence of several cloudy and cold
days, some dddmonal savings can berealized by
mstdllmg,,,hhle or no auxiliary equnpment

Under the most fav orable conditions for solar
Byating freated here (Case [l under S(.en(lrx«) 1),

substantial annual savings result when solar °

equipment is instatled. However, under tfe least
favorable conditions treated here (CaseTl under
Scenario 1) sizeable losses can occur. These
losses can also be interpreted as "being the
subsidy that would be required to motivate a
person.to purchase a solar heated home under the
conditions of Case Il and Scenario ! when
electricity is theonly available conventional fuel.
A similar intérpretation applies whenever it is
found that under certain conditions solar heating
is not economically feasible.

“Do lf Yourself’ Possibilities For Retrofits

Home owners in America often avoid muth of

‘the cast of home improvements by doing mogt tof”

the labor-themselves. If mass produced solar
equipment  is designed for retrofit installations
and sold 1n kit form, substantial savings ean be
reahzed. Labor costs can be reduced to the cost of
collector assembly. Moreover, * much of the-
marketing expense is elmnndted since a bunldmg
contractor is not required.

" For example, if Case Il costs shownin Table 5
are teduced {o $1300_for the constamt material
tomponent and $4.00 per spguwdre foat for the
variable component. a 600 square foot system
costs $3700 whereas the cost of a commercially
installed Case I1I system is $7123. In this case,
“doit yourself” pos_sibirﬁ‘zes represent a potential

cost reducjion of as mugh as 48 percent:

Y . “

Y N . o .

Additional Considerations for Cooling -
A soldr cooling system, requires almest all of
the equipment in a solar heating system plus
additional equipment for air ¢onditioning. Thus,
it is aln \t always desirable to design a cooling

* system to' provide heating as well. It is ap®

32

propriate, therefore, to consider the economic
analysis of solar cooling as an, extensmn of the
analysis for heaimg o
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‘o » Table 9: 3 City Comparison of-Solar Heating With Electric Resistance Heating , < /
. v ! . . ‘
N . c Y / . . . . Y i \1
' . CaseJ!I System Purchased in 1977 (1977 Dollars) .. Case I System Purchased in 1980 (1980 Dollars) ',
= ) . Uniform  Uniform ) Umfo“m Uniform
. ’ - .t Optimal Solar Annual  Annual' Discounted <, Optimal Solar . ~Annual  Anfual Discouhted
. ‘ B . " Qptimal™  Collector Capital Solar Elect. Annual Optimal Collectoy Capital Sofar Elect. Arinual
PO - »J Solar ~ Si2e Cost! Cost? ¢«Cost® Savings* Solar Size Cost! Cost? Cost”  Savings
o Cities Fraction (FT?) -(8) T (§/Year) (§/Year) ($/Year) Fraction (FT?) ($) ($/Yedr) ($/Year) ($/Year)
1)Scenarnol: S%Annual Rate oflnflatlon 0%Annual Rate of:Real” Electricity Ratelncreases L ’ - R .
.o Indlanapons ................. 0.45 434 8486 1596 1327 -269 067 . 600 9091 1434 1537 103
.o Los Angeles ................ 0.82 c,198 5977 737 704 -33 . 1.0 - 240 6320 645 816 171
§ ot X Washington, D.C ........... 0.59 . 398 8103 1368 | 1321 -47 0.90 597, . 9068 1078 ' 1529 451
‘ 8 2)Scenarioll: 5%Annual Rateof Inflation, 2% Annual Rate oj “"Real"Electricity Rateingreases * - .
) indianapolis ................ 0.45 . 434 ‘8486 1779 1660 -11% - 0 73 J52 . 10,261~ 159'6 2034 438
= Los Angeles ........... L *0.85 . 221 6218 . 766 881 ¢ 115 m 240 -, 6,320 * 645 1079 434
Washington, DC.~........... 0.65 ) 474 8912 . 1487 1652 165 / 0.97 800 10,630 1145 | 2024 879
* [N ) o J' ‘ ) A — * \ ; : = el
‘includes matenal, labor, marketing. and engindering costs for sotar collector and storage unit * &
7 Uniform annual cast of solar collegtor ahd storage unn(annualsolar "tuel’ cost) plus the anhuat costot * - R .
y electric r pce heating based ona discountTate of 8% for a period of 20 years and adjusted . s . -
- for 5% annual inflation - < T
. -~ * Uniform annuax cost &1 electnéity for electric resistante heating based on a discount rate of 8% for a P R
- “period 01,20 years and adjusteqfor.m)annual inflation ~ N
k * Savings are asséciated witl) solar heating Negative savings indlca?e the subsldy necessary to make .
. » solar heating economically competitive with electricity ~ - . "'
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~ simple calculation showstha

_If solar cooling is mor
conditioning, it isnot
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"lessen the, require

Electric Utility Load Factors
fﬂ .

»

Solar cooling has a physigalnadvantage' over
ting since the periods of time with the
ements {sunny sumimer
days) are theperiods with the greatest availabili-
locations,
poor annual loa
peak load to the andual av
great amounts of electricity
conditioning for only a portion o
Thus, the large generating equipment thatis built
to.supply this peak load isidle during much of the
year. This situ‘eltion presents serious economic
problems for utility companies since large
their capital 7investmen't do not
enue during much of the year..

electric utility companies experience
d factors (the ratio of the annual
erage load) because
are required for.air

portions of
generate rev

Extensive use of solar cooling on new home
construction=in such -areas would reduce the
growth in the elegtric pea
nts for construction of
additional generatin
tribution from solar cooling would occur on hot
sunny days'when the electricity demand due to
conventional air conditioning is greatest. Thus,
the peak is smoothed out by contributions from
d load factors are increased. A
t the construction of
5000 solar cooled homes each with a solar air
conditioning unit providing .three tons of
refrigeration eliminates
megawatts of peak gene
local utility company.

It is importagt to note, though, that the
individual building owner will have his own
economic interests in mind when deciding
whether or not toinstall solarcooling equipment.

e expensive than electricair

lose money in order
company solve its peaking problems. Thus, in
greas where solar cooling is not egonofnical for
individual buildings, the peak smoothing advan-
tages- of solar cooling can. be realized only
througha subsidy to bui}ding owners. The utility
companies might find it advantageous to con-
tribute to such a subsidization plan if the cost of
the contribution is less than the loss incurred
from adding-generating capacity. )
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‘An’ Example: Solar Heating and F
Cooling In Atlanta . ;

I~

4
H

?

B S

«

Consider a combined solar heating and cooling
syStem with 400 ft? of collector area on a homein
Atlanta. The solar heating performancecurve for

I A shows that a Case III
solar heating system of this size can provide, an
the average, 87 percent of the annual heatingload
of 75 million BTU. Table 8 shows that solar
heating is not economically feasible in Atlanta
when compared with electric resistamee heating
unless the “real” price of electricity increases at
an annual rate of at least one percent.

An owne
both heating and air conditioning in his home
might woqdér how' the addition of cooling
equipment to a400 ft2 solar system will affect the
economic feasibility. The results-of an economic
feasibility study are dependent on assumptions
concerning the cost of solar«cooling equipment,
the performance of the equipment, and the cost of
alternativeair copditioning systems.The follow-
ing example for Atlanta assumes values forsolar
cooling performance criteria and for the cost of
electric air conditioning. Economic feasibility is
erms of the greatest amount
ditional equipmgnt’for solar cooling
may cost for solar cooling to ‘be as cheap as
electric air conditioning. '

°

§ =,
Assumptions and Calculatioy’/\

Performance Assumptions: 406 ftz .of
efficiericy collector (Case
absorptipn air conditioner is assumed toprovide,
on the average, 50 percent of the annual cooling
load. 1t i§ also assumed that w
conditioner having a coefficient of performance
of 2.3, 1200 hours of operation are required each
omfortable indoor

- »

High

_temperature.

Price Assumptions: Two electricity
price increase scenarios are hypothesized which
are the same as those used in the solar heating
examples in Table IX. Scenario I: Five pércent
annual rate-of inflation, zero percent annual rate
of “real™ electricity rate increases. Stenario II:
Five percent annual rate of inflation, two percent
annual rate of-"real” electricity Tate increases.

Electricity

- Other Assumptions: The system  is to be
purchased in- 1980. The cost of p‘urchasir_lg,and
PR

t

r of a home-in Atlanta who desires .

[11) area and a three tori

ith a three ton air’

L J
A

-




E

\

L
[N

‘ .
-~ - “

2

installing the alternative three ton electric air  reguires an accurate performance model forsolar
conditioner 1s $1000 in 1975. Also, e]e(,tn(, cooling and better estimates .of the purchasing

resistance heating 15 usz.d su that the hume 1S “al? and installation costs of so]ar Coolmg equnpment
electric.™ oo

The unform annual costs of both the electric ~ National Security, Envnronmental and‘

_and_solar systems is found.using fermulafiin. ., _Institutional Considerations: The Role of
Chapler 2THé annualized initial expense of the o . the PublIC Sector

equipment for an electric air conditioner in 1980
is found to be $130 per year assuming annual
inflation of 5 percent and an interest rate of 8
percent. The uniform annual operating expense
of the electric_ air conditioner is found to be, in
1980 dollars, $202 per year under Scenariol and
$267 per.year under Scendrio 1I. Similarly, the
uniform annual operating expense of the electric
resistance heater is found to be,-in 1980 dollars,
$808 per year under Sgenario [ and $1070 per
year under Scenario Il

The feasibjlity and desnrabl]lty of using solar
energy for heatmg and cooling a bun]dmg is
dependent on other factors besides technical and
economic contingencies. Several considerations
exist which. maymf]uenceabun]dmgownerto act
in a manner which is not normally cost effective
when choosing a climate control system. Also,
the institutional arrangements that exist-in the
locality of the buildingmay act to encourage or

. ' inhibit the installation” of solar equipment. The
Formula 12 which follows directly from actions of the public sector of the economy,
Formula 615 used to determine the capital cost of comprised of  the Federal, State, and local
solar cooling equipment which equates the governments, must be considered since their
uniform annual cost of soldar hedting and cooling effects on economic conditions can be con-
with the Um.furm annual cost of electric heating “siderable. These issues are summarized here to
and cooling. show that a strictly -economic assessment is
.. 8 :ﬁ“\ . . g
. [Maximum ‘ Uniform Ammual Uniform\ * Capital, 'Capital [12] ~
Feasible \ Cost of Electric Annual Recovery Cost of
Cost of = Heatingand _ J{-f Costof « | Factor ~] Solar
Sotar Cooling Awr Conditioning Solar (0 102) Heating
Equipment - Awxilary System/”
. ) ' ' Fuel ¢ N
. - \L , \ . .
The tapital tost ol o solar’heating system inadequate to judge the feasibility or potential
. purchased 1n 1980 under Case Il assumption’ is for utilizing solar energy.

$7552. The umiform annual cost of auxiliary
electricity for both heating and cooligg 15 S2d6
peryedrunderg(endnolandSZ73per arunder
Scenario II. both in 1980 du]]drs

When a building is heated or sooled with a
properly designed solar system, the ocoupants
can be fairly sure that @ fraction of the total load

N approximately equal to the solar fraction will be

-

With the assumptions Idul out abovef Formula delivered by the solar equipment during most
.12 15 used to determine that the thaximum, years. Also,.once the sblar system is purchased
feasible Lust of purchasfng dand installing.solar”  and installed. thecost of the solar energy does not
cooling equipment in 1980 15 $1605 under increase. Until recent years, conventional fuels
Scendrio I'and $4154 under Scendano II. In 1975 SMCJ{ as oil, natural gas, and electricity have also
dollars,"thesg custs areequivalent to $1258 under been reliable sources of energy with fairly stable
Scenario [ and $3255 under Scenano II. The prices. Recertly, though, crises conditiens have
estimate 1n Chapter 2 of the actual cust of adding caused dll fuel prices to, increase considerably. [n
solar equipment in 197515,83583. Thus, under the addition, fuel oil has reqmred rationing, natural
assumptions prese,ntu‘ljfre. a cumbination of gds suppliers have cuftailed supplies to many
lower solar cooling equabment custs and higher cities, and electric utilities have experienced
" electricity prices1s necessary for solar cooling to bruwn Outs.” The occypants of bufldmgs utilize
becume economically feasible. yn Atlanta. A more ~  ing solar energy for most of the heating or cooling
detailed andru(urdteassessmentufthe economic supply are protected ffom shortages and price
feasibility, of combined solar heating and cooling increases which threaten the comfort of oc-
N .
. 35
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cupants of buildings utilizing conv entional fuels.
Fuel price and supply fluctuations efféct only
.that pmtkuﬁ'i& the load, camed by the auxiliary

system. ‘ - .

e

The measure of security obtained by occupants’

of solar heated and cqoled buildings will be
translated into increased national Pecurity if
solar equnpment is installed on a large portion of
the Nation's buildings. The scenarios for solar
development and growth presented in Chapter I
show that if high levels of growth eccur, solar
energy can supply a quantity of energy
equivalent to several million barrels of oil per
day. This quantity of energy would be supplied

from a secure source .that is not, subject to .

depletion or embargo. . . .

The conversiun of solar energy into energy for
heating and cooling is a process which is
essentially pollution free. If solar equipment
replages alargeportion of the heatingand coolmg
load currently supplied by conventional fuels, air
‘pollutlon problems will be reduced in areas
where oil furnaces are prevalent. In addition,
h'eatmg ‘and air conditioning will be less respon-
sible “for the pollutior problems caused by
electric power generation. -

-

‘When comparing the cost of solar heating and
cooling with conventional heating and cooling on
adollar per unit of energy basis, the security and
‘environmental benefits of solar energy can be
accounted by addingto theconventional fuel cost

an additional cost reflecting the.cost of insecure
fuel supply and environmental pollutlon The
addition of thls extra cost will improve the.cost
comparison in ‘favor of solar energy$y increa ng
the optimal solar fraction if solf is alrea
economical or by raising the conventidnal fuel
line to a level which is closer to the minimum
point on the solar cost curve if it is not

economical. .o

It shduld be noted, though, that the owner of a

single building has little incentive-to consider
national security or environmental protection
when deciding whether of fot to install solar
équipment. He will, howegver, value the comfort
and .ecopomic security §f the building’s oc-
cupants so he may includethe cost of aninseture
conventional ‘fuel supply when considering
which type of system to use, National security
..and environmental preservation are the respon-
snblhty of the pubhc sector. .The Federal and

A
State governments can take advantage of the
natlondl security and environmental benefits of
solar energy by en(;ouragmg the building owner
t6 install solar equipment. This can bé done by
forcing the building owner to account forthe true j
cost of conventional fuels through upward price
regulation of these fuels and/or by subsidizing
the purchase of the equipment. This subsidy can
occur in the form of a low interest loan, a tax

deduction, or a grant

Government§ can ats\oiylp tolower solar costs
by mvestmg mo ey in sofar research,’develop-
ment,' and demonstration. Cases Il and III of the
cost curves show the improvements in economic
feasibility pussible with mass production and
collector improvements. The Federal Energy
Research -and Development Administration
(ERDA) has developed plans to support a large
number of demonstration projects requiring
much equipment which may stimulate private
prpducers to develop mass production techni-
ques. Research is also supported for the develop-
ment of high efficiency collectors which may
result in the praduction of an improved, lower
cost collector {23,24). .

This disi:ussion of public sector involvement
has focused on the initiation of new government
programs that will encourage the use of solar
energy. However, eXisting arrangements in
governments and other institutions gften present
barrierstotheuse of the sun’s energy. Legal codes
and institutions in this Nation have built up
around an energy supply systembased on the use
of highly conceritrated forms of energy such as

. petroleum aird natural gas. Distribution of this

energy to residential'and commercial buildingsis

1
]

accomplished by using: plpelmes or wire cables. ’

which can be flexibly routed to connect almost
any building to the energy source. When this
concenfrated energy is used for low temperature

_ heating and cgfolin.g purposes, it is converted to a

lower grade of energy in the form of heat.

v

Solar energy, on the other hand, is distributed _
natu&ally in the form of low grade heat energy.
Concentration of solar energy for use in the miore
conventional waysis accomplished only by using
elaborate focusing apparafus. Direct ‘use of
naturally distributed solar énergy presents legal
and institutional problems that are not en-
countered in the use of conventional fuels.
Several studies, have been and are being con-
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‘du’cted through the support of the National

«

P

R
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Science Foundatiun, ERDA, and uther agencies to
assess. the nature uf these prublems and to
suggest solutions. Some uf the problems are due
to the nature of the energy form, such as the
requirement for unubstructed air space above the
collector and the capital intensity of the installa-
tion. Other problems exist because the concept is
new_to most people,’and new arrangements are
requnred within city governments the building
construction industry;”and the compantes that
supply auxiliary fuels.

It is Tmperative that the collectors for solar
installations in the Uhited States have an
unobstryeted view of the svuthern sky. This
requirement elimindtes mdny locations as sites
for solar buildings betause of natural or man-
made structures that block the sunlight. This
problem can be encountered in mountainoys

.regions and in cities where highrise structures

are.numeryus. Sumetimes special'structures can
be used to'locate the collectors away from
shadows, but the expense involved may be

considerable. . *
\

. Even if alocation has easy access to sunlight, a

potentn?h;poblem exists lf adjacent property is-

owned by another person. ' Under existing legal
arrangemeyits, the owner of the gld]dcent property
has the Treedom to plant trees and build struc-.
tures without regard for the sunlight that will be
blocked. Widespread use of solar energy would
require that laws be set down establishing the
right of a property owner to receive sunlight on
his property. Exisling zoning laws concerning
the height of structures need to be modified to
limit the construction of structures which block
sunlight and to allow the construction of struc-
tures which enable access to sunlight (4). N

'Propei"ty taxes tan create another barrier to
widespread solar energy use (4). The addition of
several thousand dollars worth of solar equip-
ment to & Dwlding 1ncreases the value of the
building for tax assessment purposes. Such a tax
adds to both the constant and varying cost
components of the solar gquipment. These cost

. additions 1n turn raise th¢ average cost per unit of

ERIC

Aruitoxt provided by Eic:

energy, adversely affecting the companson with
conventional fuels. Modification of tax laws to
exempt solar equipment from property tax
assessthent would eliminate tbls, impediment.

Tax laws can be further modified to encourage

4

¥

*

x

solar installations by reducing the taxes paid by

owners of solar heated and’'or cooled buildings.\

Such incentives can be conveyed through Federal
and State taxes such asincome and sales taxes as
well as through local property taxes. An existing
law which can improve the economics of solar
heafing dnd cooling involves deducting from

‘income taxes the interest paid on the loan used to

purchaSe the equnpment

Another problem resultmg from the large
capital requirement and alsofrom the newness of
solar energy is the reluctance of finaneial
institutions fo provide purchasing money at.low
interest rates and long amortization periods. The
annualized costs for the average cost curves for
residential solar heating were generated using an
interest rate of<8.percenf and an amortization
period of 20 years. This type of loan can be
obtained in 1975 for the purchase of ahome. If the
bank can be convinced of the reliability and fuel
savipg” potential, of solar heating and cooling
systems, the same rates should apply to the solar
equlpmént If, however, the banker insists on a
10-year amortxzatlon period, the average cost per
million BTU is ‘increased by 46 percent. On the
other hand, loan. terms can provide another
avenue for public sector.involvement in the
encouragement of-solaf development through a
mechanism which has been used extensively: the
government guaranteed low interest loan. If the
interest on the 20-year loan used in the three
scenarios is reduced from 8 percent to 4 percent
through enactment of a Federal or State program,
the ‘ayerage cost per millionBTU is reduced by 28
percent. This savings actually represents a
transfer of income from the general public -to
those who choose to make use of solar energy.

Anotper institutional problem involves the
labor requnrements for the installation of solar
equipment (4). The division of tasks among the
different groups of laborers involved in building
construction is well defined for conventionally
heated and cooled buildings. "Agreements exist
among .the various construction labor unions
concerning which types of laborers (carpenters,

" sheet, metal” workers, plumbers roofers, etc.)

shbuld perform each task. Itis uncertain, though.
which type, of workers should perform the tasks
iftvalved in assemblmg a solar heatmg and
caoling system. For example, conflicts may’ Hrise
&idftween the roofers’ and plumbers’ unions over
the” responsibility for installing water-type

o~
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collectors that replace the roof/ structure of a
home. Work sharing ryles must be worked out

_through agreements between labur unions, or, if |

necessary, thrdugh Stat¢ and Federal labor
relations legislation befofe widespread wonstruc-
tion. of solar installations can occur. If
agreements are feached at an early date, training
prograins on solar construction practices can be
stdrted within the unions to facilitate the
transition from conventional fuels to solar
energy forheating and cooling*

3

—

. Suppliers of conventional fuels, such as

natural gas distributors and electric power \

utility companies, may be adversely affected by

concentrated development of solar heating and

cooling in their service areas, Utilization of selar

energy can potentially reduce the luad grow th of

these suppliers if solar equipment 1s installed on
~.newly constructed buildings. However, a reduc-
ed rate of load growth s desirable for some
suppliers, such as gas companies faced with
curtailed supplies and utility companies with
overtaxed generating facilities.

On the other hand, if a solar installationis built
to depend on these same suppliers for the suurce
of auxiliary energy, load factor problems
resulting from high peak loads might be exacer-
bated rather than alieviated. For example, if a
large number of buildings in an area recieved
most of their heating energy fromghe sun, the
average load of the local natural gas supplier
would be much lower than the {oad that would
exist if all the buildings used natural gas.
However, il all of these buildings depend on
natural gas for auxiliary energy. a long period of
sunless days would require a peak tevel of gds

.modifying

LS

The problem can be more acute for an electric
utility when electric heating is used extensively
as a solar auxiliary fuel. This burden placed on
fuel suppliers .might motivate them to charge
excessive rates to clistomers using their energy
source as a solar auxiliary in order to receive an

_appropriate -return on the investment required

fur trapsmissiun and generation facilities. Thus,
the helpful effects of solar cooling on peaking
problems might be offset by th® problem of
supplying auxiliary energy to solar heating

systems. . .
ys ‘ N

One solution to the pedl\ingprobler’n might be

.the use of peak 'pricing to, encourage solar*

equipment owners to charge their storage units
during hours that the energy demand from
conventional loads 1s low. Another solution is
providing a tank at the solar installation for
storage of a petroleum fyel to be used for
auxiliary energy on a continueus basis orduring
periods that create peaking problems for elec-
tricity gnd natural gas suppliers.

In order to place the econoinic assessment of
solar heating and cooling in its proper, perspec-
tive, this section has discussed the range of other
considerations that are necessary tv judge its
feasibility and desirability. These considerations
involve and depend on the actions of Federal,
State, and local governments and institutions.
National security and environmental preserva-
tion considerations may justify the involvement
of the government in creating new programs and

ingtitutional arrangements to en-
courage the d{\ elopment and utilization of solar
energy. The proper degree of involyement is
sdependent on the attractiveness of other new

supply much larger than the average supply. This #iorms of energy utilization which also provide

requirement might exceed the ability of the gas
supplier to provide gas at a

3

»
]

38

benefits to the public when replacing depletable

sufficient pressure. » and polluting energy sources.
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APPENDIX B .

1975 Costs of -C'onilentio-ﬁafl ’

‘ | th 20 Citi |
i
Heatmg Fuels in the ities
b |
- N ‘ . ;
< . ’ 7 ..
- —_ ' ) [ .
¢ . ‘ &
) ¢ . . " .
- hd ) < ‘
N . - Table: 1975 Costs of Conventional Heating Fuels | >
. . * \
> N _ > Ll
. 24 Average FuelCég,t(S/ws BTU) N
L - 4 ey oo TT e s ' (L= L
~ Zooog. City o . Elqctncny on'. Gas . |
~ - Albugyerque, New Mexido .......... . &, .. 7.4 - 32 . : ;.
EEC . Atlantd, GeOrgia. ......... ...oos cenvnenn.. 5.5 4.1 1.6 j
- Boise, I4aho ........c.oiiiiiiiii 50 v - 29 * . .
o Boston, Massachusetts :.................... 115 AT 4.1 ’
Charleston, South Cagoltna ..ot 8.4 4.6 © 28 1
Cleveland. ONiQy.... . ....vvevinieniinniss ©51 . 4.3 21 i |
. Grand Junction: Colorado P TTTTR 63 — 10 '
P indianapobs, Inchana .......... £l 687 4.2 18
Lincotn, Nebraska ........ ....coeeeenl ouns 39 - 1.9 : .
Los Angeles, Califorrsa .. ...... e e 8.0 —_ 24 |
, . Madison. Wisconsin ..... ST . 57 4.2 2.1 . |
. " Miami, Flopda .....ieeieiiiiii.... o e 8.6 - 1.6 |
*7 NewYork, New YOrk ..o...coovnvninniii'nn. . 20.0 4.6 5.5 o . ‘
Oklahoma City,’ Oklahoma .................. 49 , — 1.3 -
Pheonix, AZONA .......ic.iveeevirunnons. 15 - 2.1
Rapid City, South Dakota ......,..... ..., 38 —_ 1.8 .
, San Aatonio, Texas .............c.ceeenn. .. 5.4 - 13 ’ .
, Santa Mana, California ............ U 63" — 247 . -
A " Seattle; Washmgton ...l 29 — - 32 .. : \
Washington, D.C ., ... P 8.3 4.6 : 35 ‘
\ * These.cost numbers represent the a‘v'efageamount that would be paid per unit of hgat energy r‘eceived ) ’
tor each fuel Furngce etficiencies of 67% for gas. 62% for oil and 100% for electricity have been used in )
R ' the of these numb Also, rate steps which lower the unit energy costs with increasing . 7
. / & . co ption have been Jncorporated to compute the dverages The information fof each fuel was .
" ) obtained hom,suppl/ner/m each city l%,i
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APPENDIX Cc - h T i
T ' - -
to the Cost Study and Rewewers of ‘
~ Th
Solar Equipment Producers - = - Reviewers of The Draft -~ - ‘ N~
Contributlng to the Cost Study , Version of this Report L LT
ety 20 . - N f. - ';_
1.- Col”m[lg Glass Warks, Corning, New York W. A. Beckman and |. A. Duffie—University of
‘2. Energex Corporation, Las Vegas Nevada _ Wisconsin, Madison, Wiscensin
P Energy Systems Inc.. El ‘Cajon, Catifornia Al Blair—Los Alamos S:qigngific Laboratory, Los
. Alamos, New Mexico . .,
4. InterTechnology C tion, W ton, ‘ . : '
\;llr(;nf: ?.0 o8y orpora ron . arremton Paul P.- Craig—University of “TCatlifornia,
Systemwide Administration,  Berkeley,
5. Owens-Illinois, Inc., Te&edo Ohm California. .
N ' 1>,
6. Pittsburgh Plate ‘Glass Industnes, Inc,  David Eaton—Lyndon B. johnson ‘School of
Pittsburgh, Pennsylvania . . Publie Affairs, University of Texas, Austin,
™ ‘2. Ray Pack. Inc., Westlake Village, California Texas et
" 8 R Co d Brass, Inc., New York, Marcel R Harper—RANN\dlrectora National
’ Ne;ere pper and brass, I ev?/ orj Scxenre Foundatlon Washmgto?D C.
9.+ Solaron Corporation; Denyer Coloradq George 0.G. Ldf—SQlaron Corporallon Denver, *
- 0 Colorado
. Sol 2 -h, Hills, Cal ’ - ) ' N
10. Solar Researc G_ra\na(\l‘a s, California _ Norman Lutkefeder—Solar Energy Branch,
41. Solar Utilities Company. San Diego, Califor- ° Federal Energy Administration,
nia K B ) . -+ Washipgton, D'C.
% 12. Sunworks, Inc., Guilford, Connecticut Owen McGarity—-Clarendoh, Texas
- ) . Abel Wolman, Jared Cohon, Chatles ReVellé, and
- e . . . o] i . john Boland—The John Hopkins University,

Baltimore, Maryland—¥
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