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1.
DESIG N OF SOLA R HEATING Objective
AND COOLING SYSTEMS The objective of this stud y was L u  de~’eup and f ield 11

test a straightforward procedu re that would allow
[)istrict Engineers to pe r for m energy and cost benefit
ana lysis as well as f im ia l design calculations for mnd ivrdual

1 INTRODUCTION soi.it eneigv sy ciemli app liLam iort s . [he procedure would
permit I I ) prelii imii iai v solar energy sys le nm pci for mmmaimce
assessment fron t cli am is and graphs. amid I 2 ) the

Background computer -aided eva luat ions of  so lar eneiev syst er i r per-
Time tec hnical feasibil ity of heat ing and cooling for m ita rice necess~irv for f inal design - The procedure was

buildings using flat-p late solar collectors has heemi to be app licable to  so lar do rtiest me hot w atem . solam
establis hed both in theory and pract ice. Although u n -  heatimig only, and to lmc at m ng amid cooling sys t e mti s ilm is
provenients in component and system design are forth- report describes how to use the grap hical and computer

conning. omie can approach solar heating and cooling tools developed iii response to  t ire stud y ob~eetive.
technology with full comif idence that a practical , re liable
syste m ca rt he construc ted . The construction phase of Approach
solar systems requires little more skill than is presently l’he approach used in this research consist ed of tIne
required to insta ll conventional heating and cooling following steps:
systems; t h e  design phase , however , is considerably
more comp lex. 1. Develop a computer simulation pitigiani b r

analyzing the performance of solar emierg ~ sysieni s
Sunlight is inherently an intermittent source of 2. Use the solar simulation progra unt mu determine

energy at the eart h’s surface. For this reason, solar t he performance of typ ical solar sys iems iii meeting
energy systems f’or heating domestic hot water or for predetermined hourly building loads at each of live
heating and coo ling buildings are not and frequently sites in the continental United States using hourly
cannot be designed to meet the full demands of the in cident radiation data .
building or buildings being served. System design is
therefore uncoventiona l in that solar energy supplies 3 . Study the et’fects on solar systeni per fori riariec
Sortie hui not all of the building’s energy requirements. of vary ing so lar system design parameters (including
Time b lmndamem ita l ~irohIemn in ana ly,’ing solar energy collector area , collector tilt angle. storage tank volume.
systems is determination of t ime collector array area and heat exchange r effectiveness).
which wi ll provide the greatest cost benefit in meeting
the highest fraction of t he building’s energy load. In 4. Based on the results ot ’ the parametric studies ,
t he past . because of the uncontrolled nature of solar develop a graphical method for estimating solar system
energy , extensive and cost ly computer studies (taking performance. ”2
Into accou nt hourly weather data from the site in
qtmesti un) have been required to eva luate proposed ~~. e~’dr~ a user-oriented computer simulation

calculations during the final design phases .3too ls used for these studies have generally been propri-
etary and thus not availab le to Corps of Engineers 

~~ . C. ~~~~~~~~~ I). I Hotshousør . and G N W alto n , interior

so lar projects and to design solar energy systems. The program for making rigorous solar system performance

Districts. Those which have been available have generall y J-easj hj / i tr ’  Assessment (,uidance for Solar Hea t ing and L’oolIng
been dii t icu lt to use and are not ready for general use of Arpnr’ Buildings , Technica l Report E-9 l/A DMi26S8S r~~s.
by design engineers Ar my Construction Engineering Research Laboratory ICI RLI.

May 1976).
Hence , t here is a basic need for a simple , convenient 2 D. C. Hitrle , 6. N \Va tton , I) . I. ltolshouser. and 1). J.

method for making the necessary design calculations Leverenz, Predicting Ike Perf ormance of Solar Energi Sn’stems ,
and t’or assessing energy and economic benefits. In Technica l Report E-98 /At )A(J35608 ((‘ERL. JanuaTy l97~7~
particu lar , simplified techni ques for making preliminary 3 ix C. Hittte . Buik/ing l.oads .4na lysis and Svsrc ’ni 1’hernu ~
energy and economic analyses are needed to minimize d; ’na ’n ics (BL.4STI P rogram - Vol 1, ( verS S/ann a !, Technical

Report E-1 19/ADA 048734 (Cl’RL. November 1977 : andthe number of expensive com puter studies required. Th~ildi,,g Loads A na/i sis and Si ’szem Tlrcr m noclr ’na ,, rj t -s (BI. 4 S I)Where computer studies are required, user.oriented Program- Vol 1/ , Refrre,rce Manual . Technical Report I- - I I 9/
computer programs are necessary . ADA048982 (CERL. December 1977).
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o. IX’vef tqi nc Lri ,t i , l len dcri P mi u~~t i ( mieS hi m using ti re I- ’igt mi c I is a sL- i icnri a iic of t h e  i~ pe i t t  s~ s bem strtd ~ cl
grap h ica l and c u rnt pu tem s i nr r r i lat m oii teehi iiiques lm mr iii dcve-hop i rLn tire i m nnmv e i s j l  ch ive. Solam n~d na ti i mi _ Vt lri’rt
makimig solar sy ster n energy arid economic ana lyses . ava ilahie. is co mtve r iei ! lii r h le r rnr a t  e n r c ngs in t i r e  - i I
arid for optlmniitiig solar sysi~rni destgns based on tine lectui arid storage pninnps . ihe heat e scb ia iigc n - whr iJ~
highest hetietit —t o -cost tat no - isolates the collect it ut arid si i age loops, .~iJ iws t lie

collector fluid to he bne ete .pr rt i ec ted. \tirrit ;rl operaniu i i
7 . Field test fire ‘.rap lnc-tl and corni pute r procedures of tIns sy s t_ perm it s Ireatr m rg of tine storage ink

nor ruakim ig a so lar system energy amid economic analysis wh en ever sufilcient solar energy is available.
at a (‘nips District to insure t h at ti re procedures are
ileam arid u S e n  rien ted , amid t hat the original input dat a I leat is taken In on the bank by r u e  load pit rim p
are availab le . whenever there is a dc r na m id for heat . o w ilie r ii is in a

lmeat ing coil or at itr e generator of air a irso,piiitii aim
8. i’miblm s l , the grap h ica l rn im d cun ripute r procedures , comid it iom ici. A-~ siiri~~ii . t h is syste m is ne p rc s e rnt . rnr \ - e  of

nt io ilmb icd alter t I ne field best as .m im f:itgineer Technical :i large class of liquid solar energy svs ; emrrs . .init all tIn e
Letter. s rtn i uhrm t in ns ruin at (‘I-RE. sscw b,is~d ~m sod a ss ~b Lrnr .

Organization of Report T he universal cur ve tra y he con su lted ~o dete t m  tine
t_ ’hapter 2 m t  mod (ices the grap hical method for coin— i lie overa ll perf o rt ima nice ~i tir e -

~~ e r r  pie: or r d  in
puting expected perfor iriance of St)lZir collector arrays , Figure 1. Three such curves arc pie cmnied in t i r e  report :
arid Chapter 3 presents examp les of ’ its nise. Chapter 4 one for solar domestic lint ssa t er , I n C  ! m i  solar i re alr : re
dcscr hes a method for optmmii inng the solar energy only, and one for sinkrr ine r itirie a m nd cuuirrr e zipp h ica ; in rrs.
system on the basis of highest benef it-to-cost ratio. ii sh ould he pointed tf lht th a t  t u e  dcvelo prnieni of these

.1 - 
- 

Ch apter 5 describes the computer-aided method for curves was based on several ass un l p tenns . l u s t , a

so lar en ergy systems which is recommended for per- single—cover , flat-p late co llecbot with an e r u is s ivrny ( it
forming design calcu lations on larger projects. Chapter .10 and an absorpt ivity of .90 was used :m . t~nr ’~ re lerenc e
~ outlines sonic practical considerations re levant to the collector. Tire tilt of these collector: f m . ’, n r c  boil-
application of solar technology. zontal depended on the particular rçp hicaiion . F-or

solar domestic hot water , this angle was a..sr i,ried to  he
Mode of Technology Transfer equal to the latitude . (or solar space heating. the ang le

Tine evaluation procedure s arid inform ation in was taken as the latitude plus 10 deg ree~ : lur solar
Chapters 2 th roug h 6 will he furr iished to E)istrict and heating and cooling, it was latitude nuinus hO degrees .
Fac ilities Emig iireeis as an Engineer Technical Letter , l’hese collection tilt aimgies were found to he isean

optimum or these applications . All ctnhlecmr n is w e ne
tin sir aded and fact ng S nut Ii. T nc he j t  e ~ciranr ~c m ci -
feci iveness was ta keit to he .~~~. an d the sbtn r ag e tank

THE UNIVERSAL SOLAR SYSTEM held 16 lb of water per square funi of t r i i ec in n r  (T ~2 PERFORMANCE CURVE—A kg/ni 2 or about 2 ca l/sq Ii ). The tank in isuhatio nt had an
GRAPHICAL APPROACH “ R” value of 19. (These sal ues r i b  heat esch na ir ger

e ffectiveness , tafl k volu m es , amid tan k in s u l :mnr on m ~s c r c

considered reasonab le for this type of sesneni .) I nt re
Introduction losses were assumed to be negligible in al l cases.

• During (lie developnient of a solar system simula-
iron ttiode l and design methodo logy. the U.S. Army While variations in all these parat ine ters wi li a f f ec t
( unsirimet ioni Engineering Research Lahoratory(CERL) system performance (see Appendix A) . ii rsa ’  f ro nd
perfor m ed severa l hundred solar system simulations for that the assumed collector efficiency is by ta r die
typical Army buildings in various parts of the country. dominant factor . A met hod fur adjusti nig collec tor a c m
A mna lys rs ni t  f ire so lar system performance curves for for types other (Iran the refe rence cohlecior is presented
these syste ms indicated that with proper normalization , in Chapter 3 . Variations in (lie other parameters can he
the perforr nnance of a given solar system tor the various evaluated in the final desi gn phrase usung the computer
buildings in all locations could be represented by a simulation model (sec Chapter 5 ) .  Since one purpose
smgle universal performance curve , this report is to present a simple niettnod to  he used (or

10
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Figure 1. Schematic of the liquid solar etrergy system used
in the development of the universal curves.

• . feasibility studies , explicit correction factors for tire Q~
A

~
effects of varying parameters ot her than the collector P = — [Eq 11

• 
. type have been excluded.

where A is t he collector area. This quantity is essen-
C

Use of the universal curves requires calculation of tially a measure of the available solar energy (incident
building energy loads and compilation of on-site on the collector array of the system in question) coni.

• weather data. Once this infoniration is available , the pared to the total energy required.
curve relates solar system performance to the collector
array area. (in order to apply t he curve , however, an 4. Percentage of tIne energy requirements mriet by
understanding oh’ the following terms is required: solar , p. This term is the fraction of met by the

solar energy systerir . TIre quantity p may be calculatedI. Annual or monthly incident so lar radiation flux
density, 

~~~~~ 
This is the so lam flux density on the tilted from the appropriate universal curve 01 solar system

co llector array in Btu/square foot/ rironth or Btu/square performance. Figure 2 sh ows the fonni of th is curv e for

foot/year (langleys/month or langieys/year). Solar solar domestic hot water. Front tire figure . it can be

radiation data are normally given in terms of horizontal seen that tIne relationship between P5 and p allows cal-

radiation densities. Thus, these numbers must be cor- culation of the solar system performance. For domestic

rected for the tilt angle of the collector array. The hot water ,

method for making these corrections is presented in
the Solar Radiation Data section of this chapter. p = I — e” ‘ ~~~~~~~ [Eq 21

2. Annual and monthly energy requirements , 
~~L Closed fomr expressions of t h e  universal curve for solarFor t he purposes of tire universal curve , t hese energy

requirements are defined as the total thermal energy heating and coo ling arid solar heating only are given in

in the form of hot water required by the building’s Chapter 3.

domestic hot water heating system, space heating
system , or absorption chiller. As an examp le of the application of tire methiort .

consider a 200-man barracks in Topeka. KS, which
3. Solar system perfon’nance parameter , Pg • The requires 1.73 X IO~ Btu (1.83 X iO~ Id) of energy

solar system performance parameter is defined as the annually to heat hot water. Use of the universal curve
ratio of an nual (or monthly) radiation incident on the permits deterr imination of the percentage of this load
co llector array to tire annual (or monthly) energy re- which can be met by 2400 sq f’t ( 223  m2 ) of collectors
quirer rients of the building, as given by Eq 1: tilted at 39 degrees from the horizomital.

II
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The solam - radiation flux demrsity. 
~~~ 

on a collec or emnergy iii the f o r mn m of It m nt water . comis lutli pt iti mi or e miem g\
tilted at 39 degrees is 6.0 X l0~ Btu/sq ft (6.8 X 106 requir emnen nis iii any oilier terr in s- suc im .~s k i lowatt  tours
Li/mit 2 ). (lIre irrethod for obtaining solar flux deirsity supplied to or meq umired by a cen tr i fuga l chiller - Btmi s
on a ti lted surface is described m r the Solar Radiation of d rilled w a ter required. gallons of oil on cubic feet
Da ta sec t io n .) Fronir Eq I, P~ .83; t ’roni Eq 2. p is .48. of gas supplied to a boiler, or ga hlnn ius of h o t  water
Thus . 2400 sq ft (2 23 rtr 2 ) of collector would meet 48 used—iri ust be converted to  (hernial energy inn tire fornni
percent of the load : i.e.. t he collector array would sup- of hot water (or hot air if a hot air system -n is used.)
ply (.48)( 1. 73 X ~~ Btu) 8 .3 X 108 Btu (8.8 X 1O 8 This usually requires taking into account the et1ic ienic~
Li). and t Ire auxiliary systemr i would h ave to supply the of conversion equipment as well as the appropriate
mem nr a inn im ng 9.0 X 10 8 Btu (9.5 X 108 ki) of hot  water conversion factors. l)etermination of tor the three
by im meain s of ’ a co mnventior ra l (tot water heating systeili. types of syste rmn s is described below .

If t Ime chI tciency of the auxi liary energy supply sys- Solar Domestic Hot Water System. T in use t h e  utti-
tw in (art oil boiler , for exa ntm p le) is 80 percent . t he solar versal curve for dott iestic hot water syster nis. tIme an nual
cimergy sysfer t i  wou ld save 1.04 X l0~ I3tu (1.10 X l0~ energy needed for heating the h o t  water is required.
ki) of fuel energy . it’ the heating value of oil is 138 ,000 For t he purpose m f  desigm iim rg a solar emrergy systenri . (lie
Btu/ga l (38.464 kJ/ Q) at a cost of ’ $0.50/gal ($0.l4/Q) , best source of this inforirtation is metered data f’romnn
tIre annual dollar savings would be $3,768. Th is savings t he building in question or from air idemrti eal or sinnri iar
could be used to offse t the capttal cost of the solar sys. building at the samm ie location. Metered consumrrptio n
1cm. Wit h tin s inform iration , an economic cost benefi t data for either energy or fuel input to t h e  (rot wa ler
analysts of this candidate solar system can be made. lreater or gallons of hot water consu mnied can be used.

- - The procedure can be repeated for different collector When fuel consumption is known, corrections for boiler
areas until the collector area giving tire maximuni cost efficiency must be taken into account as discussed
benefit ts found, above. W hen actual consumption data cannot he ob-

tained , data can be derived from various handbooks
It shrould be pointed out t h at there is another class (such as the section “Plumbing” in TM 5.810-I s ) or

of ’ so lar syste m s wh ich operate by war m ing and circulat- from local or national plumbing codes. However , care
ing air t h rough the collectors rather than water. These , must be exercised in using data froiri tlnese sources.
h owever , are not as widely used as liquid solar energy since they are usually developed for de~4gn purposes
systems. (Air systems h ave been used with some success and thus are often rrrore closely related to peak demiranid
in residential-scale solar domirestic hot water and heating- t han to average hot water consumptio n . Whichever
only applications, but are not suited for solar air- method is used, if annual hot  water denrand is deter -conditioning,) A study comparing the liquid and air mined, t he annual energy consumption is obtained• syste m s h as shown th at for these heating applications, from Eq 3:t ire performance of the two is almost identical,4

QL DWC (T — T  ) [Eq3~p out inObtaining Required Input Information
As tire exa m ple in the previous section shows, two 

where = anm ru a l energy co nsu rt iption in Btu(J)sets of input inform ation in addition to collector area D = annual Irot water demand in gal (~
)

are required to use tire universa l curve: (he tlrerniial w = density ut water = 8 .33 lb/gal (1.00 kg/v)energy denn-iand . 
~~L

’ and the radiation flux density. C = specific treat of water I Btu/ lbm °F
0 .  The following sections describe how (iris infonna- P 

(4 1868 kJ /k g °K)
tiinl ca nt he obtained.

T = temperature of hot water supply in °Fout 
(°C)

l’m rr~m ’ C~unsi~ r:,rtio~z l) a ta 
T = temperature of supply water in °F (°C)l’ ime type of ’ data required to determine and t he in

sources of ’ that data depend on the typ e of sy ste m being
considered. Since solar energy syste mnis produce thermal Solar Heating Systems. Solar energy incident upon a

collector array in tire sunimer is of little use for solar
space heating the following winter. For this reason, tire4 (reorgc 0. 6. L~t . “Heating ot tftmitdings with Solar

t- nrcrg ~ .
“ Solar ileating and (‘ooling of Buildings. Vol 3. Joint

(‘onfe renct’ Proceedings ot American Section , lnternaiicmnal ~Mec/manical 1,. en: Heating. Vent ilating and ,tnr (~~nn,jj

Sot. ir t- .nergy Society and (t ie Sotar Energy Society of Canada , tioning changes i—s. TM 5-810-I (Department ~m the Army.
K. W. tt6er . ed. (Augu sm 15— 20, 1 976). January 1956).
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universal curv e for solar hcattng t tm mr s t he applied ott a Am iothier source of loads data is time output trm n mnn
nio mnth i y basis only (‘or Unuse tnro i rt hs wheir a space v ’ ml en~ts analysis co rmr puter programs suc h a .~ ‘ ( me i3 imml d tmng —

he.rtimig load occurs. This. iii turn, requir es that t Ire Loads Analysis amid System Fhnc r mninmd ~ nt amm rm c ’. ( BLAS I I
muir t ht iv emier gy denn iand for the h e a t i n g he ohtainrcd - program ii - ~ l_.ntat ls in for m ation oht am ned f into a cunn -

pu ten s u m  ida lion tnf tIme hti ii ding u rider en nrst u ci ~ r im
()i

~cC :mg:m im n . tire best source nit dat :r t ’om est iruati tr g cutt ld he used for t h e  solar system an~rIysts. ht~w eser - ii
die ai t kn ut t t  of heat em ner gv mequir ed tor a part icti lan such a sin iulatmomi had riot beemr pem lo m m ni cd dmmr inng t ine
tnuilding or set of ’ buildings is measured data tom (Ire dcsignr phase, tire additiona l effort required to prepare
buildin g inn question or fur sii niiar or identical htiildiiigs a building tm lput deck wm oild probably mmm 9 he warn a nied
at t ine s ;m m ue location. l’irese data i mma y anly he avai lable fur a stn ha r en ergy t~ as mn iitt~- stm m dv alone
in m e n u s  of the anuount ut fuel oil used per m ro mit i t  in

t ire a nmmo t im nt  it gas cm)nnsunuc(l iii ht’at im ug mite par n ie t i fa m Min ni t l~ emmer gy w nm i sum m n pt tn n im lot do m iic ’ .nm . lion ~ a me n
huildiirg or buildimigs. it so , t he tue l ctltis umttjst ion Oat heat ring. \( hri c)m i~ genera lly included m l  a s it _ m i l ie _ m n rig
mtu ~is t  he adj us ted to accou n t n nn t ine efl ’ ie ic mr c y of t im e s y s t c mtm , ca mn he d ct en n mmmred by appls rig mime t t nenlnnds
hm m f er or furnace srtpp lytrmg the h eat inn t Ime space. I ypi- desc ribed inn t h e  preeedtntg sec~m nn m m i tt a nnionl lv has ns In
cahiv , solar hne ati img s\ s t em t is imielu ide built heating tine siniruld he rioted that mte:m sure u data o) i i’rn nave d mn:mrcs t ie

bui ldmnmg amid (lie domr uestic ltot w a ter  for the huildinig. hot  wafer and space (reaming cuirmbined -

Thi s  earn he accou n ted for in rite energy requirei rren ri

by rmddi iig tire m nr o rnt hhy dorrr cstie lint water load to the I)esignr day calculatio n s ak nnu e cumin ’! he used to
h eati n g load, obtain heat in ng loads. sitice they provide peak ~m retg ~

denrands ra t h er  t h an tine average dc rn tamrd eq unr ed I n n

If ’ irneasured data for tire building heinrg considered esti iniat ing turoi rt lnly em ner g~ e n ns u nmu pti mimu . lh re re t i n re ,
.m e not available , t ire building’s heating energy demand the niedsods (‘or de~ermininrg lie-asinig lu id’. desk nnhed in
cant he estimated using otre ot’severa l methods. One such the ASIIKAL h andbook of I- ’undannentals in in i t n ~ I
t retl mod , described in a CERL report emrthled Energt part mnr ent of tine Ar ;niy ’s TM 5-~ 10- l should be :is mded .

(~-tthzat no, ’ index Method for  Predicting Building
LneFg 3’ Use ,6 provides a mrran nua l procedure to compute Solar Heating and Cooling Systems. Tim. ’ mmi rmv ers :il
rimomi t lnly and annual heating and coolin g loads. This curve for solar heating and cooling systennis is an anmnu-ai
procedure was developed from ur extetrsive coiuiputer curve , since t lrere is a year-round de m nn a nd for em ie rg v

• simulations and uses readily available building descrip- The 
~~L 

required is the sunn oh’ the ireat imug am nd coi ling
turns and wea fh mer data as its input, energy requirennients (plus the dotriestic hint water h eat-

im ig emrer gy req uire m nren ( if it is to he inrc lt mded inn t ime
[Inc Carrier Rat ininnal Energy Ami alysis Procedure system).

I RE AP)7 is au tnt lien inc tin t d for ca cu hating building
heating requirentenrts. This is~ titodit ’ied hint tiiethod8 The annual enrergy required fur huc ami mng ann d eon ni t i ng
w hich requires tIre ca lcuh ati umr oflneat ing loadsat seve ral is again best detert nnined fron t measured data fur die

• dil’fererit desmgtr po imr ts of the syste m . These loads, building in question u or a smi nrilar or ident ica l huiid immg at
couri hined with frequemicy of occt trremr ce of weat h er tire satire location . In detetnniining thi~ c nterg ~ required
conditions, which cart he obtained fronnn Air Force fur coo iiimg. al (emi t ion mmm umst he given mu mine dm 11 er em nees
Manu al 88-8,~ provide an estimniate of the monthly in the coeff icients of pert’ornianee (COP) (if the vat b u s
energy requirenrents for heating. drillers invo lved. For examp le . ml rrnea~n r mi t n g the cont-

su nript ion of ’ electricit y fur a cunve r i m mo n a I cli mile r in time
building indicates t l mat 1 .000,000 kWh am -c used am itnual-6 L. \t - W inn.t(nsianid ~ntrd I). C’ . tu ttle . knt’rgn’ Uriti:arinut

• . 
- - •, 

- - ly, then this numnnber nnius first be con ven ed to Bt mn
inmin’v Met/ rod for Predicting Buddnng Lnerg n (ice . Vot s I & II
tmr ten im Report  t - - (05/A t )A 0399 13  and At )A040 344 (( FRL. by tirultiplying tIre 3412. givin g 3.4 1 X ho’ 11w (on
M~mv t 977) converted to kilojoules by multip lying by 3~00. giv nn ng

‘
~Ratin,,,a1 1-n: r~’r -m ali -s ir Procedu re (Ri: ’AP,J (Carrier Air 3,60 X IO~ ki), and their multiplied by the deirt m ifugal

(‘ inditioning (‘omnupany, undated) , chiller ’s r-neanr COP. If the mnr ean (‘OP is 4 . I 3 o ~ I

~.-l S / l i l .- t I  I Ia ndl,ook of bundanmentals (American Society Btu/yr( 14 .3 X I0~ kJ/ y n) are reqtrired iii he delivered
if (leaning. Relrniu-rain mig anct Arr  Conditioning Engineers 

________________

I ASI IKAI . I .  I 972 . mO D C., t u tt le . Bu,hii,nr I. o in i c -I n a/n t is  and Sn sm - in the r nm
9!~nngin eering Weather Data. AIM 88-8 , Chapter 6 (l)epart- dynam ics (BL.’ISI l  P -ogna,,r I n n ’s Manual . Te c t i nm ca t  Re~~ n r t

umieni t nnf rtic Air Force , t 976j. E-1 t9 /A l)A048734 U’LKL .-Decenrhcr 1977) .
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by tim e d ril ler to Ore coohinrg sysne iuu. This chilled water hrorizuirtal ) for each type 01 sv st e r um . I- ni hm eat i nug and
deiuu:m nmd , ~- huemn divided by (hue COP of a solar eniergv enolinrg syste m s. t ins opliminumn tilt angie . U .. is n sungltl~
s v ste n tm ’s a bsorption ch iller (s _ m v IrS) inrdicates (Inat tIme loca tium n tatitud e nni mm mn i s 10 degrees . fur l m c ’ammm mg ’onl y
211 ) X iü~ litt i (2 2 2  X i09 kJ) nnrus ( he supp lied to systemurs . it is roughly Ore latit ude plus 10 degrees: amid
tIme :tbsnnpm innr d riller (it tir eet t ime arunuua l emuergy re- (‘or doniuest be lint w aner systems , it is run gh m k cclii al t o

i I mm n ed for cnu o lim ng Since lne :uim rg am id coohinig systemmus tIme Lml i tu md e I’h me sc an gles punvide lou 4 o lh ec mu i iuu of time
m m m l  5 a Is n iiuu’l tide t In ii t uest ic hint wate r h eat hug. tot tn t gi c’atest tunsiuni t ni t ~olai one i g\- iii C :ns in tipphic at is o.
dem uu am u d h’or teat emuergy for Iteatimrg domest ic hunt wa (ei Van iut mn nis of + ~ slegne es .m t fe e t  pc r f i i n m ni :mi i e e t iuui ~ siig h m I’
ea mu be su tnu mured wit h t Ire tutal denrranud for heating arid ly. Inn all cases time npti mn i t m nut ai im unni t im a nug le is due sou n It
added to the ami nrual denruand fur cooling emuergy in order and agammr . slight dev uatto u rs f ’rnnum dune sn m u l b m I 5 10 de-
t nu dete rmruine tIre aminual huihdimug emiergy requiremirent . grees) do not significantly reduce svs ne iiu pen t n r mu ua mle e.

Once t Ime oplinniumnr tilt armgh e lnas been de erruuinied.
If mnteas uired cotrsumilption data are not available, tire tine annual or uruonnt hly radiation flux denn s i my . ~tnr

en ergy use index iire hrnd , REAP murethod . or BLAST the optitrially ti lted surface cart bees(bnrated f ’rnnu Eq 4:
sinuu hati onr progra nmr described in tu e  previous section
cant he used to detertr rine annual heating and cooling = KU0 ~Eq 

~~I

loads. Agaiir , calculations based on peak cooling loads
should mint he perfornnred. where K = a correctionr factor depenuding on tIme cd-

hector tilt
Solar Radiation Data H0 = tIre annuua l or mirnnUnly radiation flux -

— - - 
TIre tilt angle of ’ tIre co llector plate greatly affects density on a horizontal suit ace (Btu/sq ft

( ht c tm rn iouniu ( of solar radiationr striking (he surface of or i/ rn 2).

the plate. Most urreasured and reported data are for
solar radiation incident upon a horizontal surface. Th is For solar systenrus for wlricir annual solar radiatio n
section describes w here to obtaimi tin s infornration and data are used (ic .. hea(inrg and coo ling or dnmr mesti e hunt
how to correct it for tilted collector arrays. water), the correction factor , K, is givemi approximately

by
Average solar radiation data for many sites around CO

~~
U
L 

— 7 ~~ui

tIre country are published in the National Oceanic and K = 
— 7 )  

(Eq 5~
Atmniosp heric Adnrinistration’s (NOAA) Climatic Atlas L

of f / i c United Stares. Annual and monthly solar radia- where = the latitude in degrees
tion nuraps from this documiien are reproduced in = the optimunr angle from the horizontal
Appendix B. Since t he radiation values on tlrese nriaps in degrees.
are given in dailj meairs. tIre annrual and m onthly values
are oh (a mm ned by nriu l(ip lying by t Ire number of days iii Eq 5 is an e m p irica lly derived equat moni based our th~
t Ime year mu t ronuth . depending on the map being used. resu lts of sinrulation studies amid is valid only for near-

optimum collector tilt angles and am umiual solar radiation
TIre C’himatic Atlas of the United States also conntains data.

tabmila t ed s umm uun naries of radiation data for specific sites. - . -
- - . - - 1-’or solar heating apphicatnomis. wh ere nuinnrt hu ly radma .

More detailed sum mn ni rrar ues are frequentl y available Ironri . - -
- - - ( m u  figures nruust be used, the correct ion tac mo r niuayNOAA or tr m nmu lineal weat her services or state agencies. - -

- - - - not be expressed in close d form. In tI nts case . K mustI):t ia for time pa rtic t r lar site m r  quest ion shmnuld he oh. - . -
- - - - - - - . be determined fromr r Table I, whmch i gives rnonrtbrlvt :mmm n c d - ml itmisSible , since mnncndent solar radiation Ire— . - - -

- - - values of this correction factor for four diftereni harm-inmen ( t v varies s u ibstanutmal ly over rehatnve ly small geo- - - - -
- 

- 
- - . - tudes. Table 1 is valid only for optimuni co llector n ultgra phtn eal d istances. Thins is particularly true in coastal

- - - - angles.
regmot ns arid i mu regions near ritountauns . w here local
chiut uato iogica l variations are severe. Recalling the example on page II . t ire ar nnnual radia.

tion for Topeka . KS. was found as follows: t ire annt rua l
Onuce One co llector tilt angle is known, t hre radiation radiation level on a horizontal sumrface obtained fronrr

f lux density on the tilted collector surface can be deter- Figure Bl of Appendix B is 380 lanugleys/day. Thre lath .
ruined front h orizontal radiation data, Fortunately, Itide, U

L 
(also from Figure BI), is 39. Using l qs 4 am id

t h ere is air optiuriunri co llector tilt angle (measured from 5, Q~ can be found.
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UL - 7 - u )  ~~ ESTIMATING SOLAR SYSTEM
Q KU = —

c U dos(uL 7) ~~ PERFORMANCE

cos( 39 — 7  — 39) /3~~j~ nn rle s~= cos( 39 -— 7 )  d:my , General
A critical step nnn t Im e econnoinic anutml ys is of a sn n I : im

3li~ dtty ’ _ t ,oO u n  cn nen gv sy sl emun ms a det~’ r m i ut im:i t i mm n i ni t tIme so lan ~s ‘m s - i n

~ ~ s
’
-~ u~i~ i~~- ‘ per lorm muait ce to m mii out how num u ic i n ill t u e  e nu e ng s e

s hum ir ennieur t us mu lc t by solan e n m en gs ’.mnrd Im n n~s mi n u s - li ms mumetQ = 6.0 X I 0~ ift m u/ ss h f t / yn (6 .8 X I ~6 kJ/u nu 2 / ym )  by auxi liary h eat f~nr a givenu s u e  cmrl h e ct n nn an ms - hut
or der to urtake this deteun tmm nn a tnon . the uumi vcisa l cm mn \  Cs V -.-\s amu ~xa mrmp le of applying tIme urmon 1)iiy cnrrectionu are used.Factor used for heatiru g-onuly +vslemi rs . tlrrd the solar

radiation for ianuary in rinpeka. KS. Analyzing a given solar syst emur perf nuruirance requires
the following s eps:

Frontr Table 1. K is estituated by innterpolation between
35 degrees and 40 degrees latit mude for Jat ruary. TItus, I. Determimre tine annmra l or m onthly emiergy require-

12 - - 1.84 ’ ment , Q1. as described umm pages 1 3—I S .
l X 4 °

41)
0 

— 350

E)et ermine tIre annumal or monthly sm n Lm radiat ion
K 2.06 on tine optinn nah l y tilted collector arra . I) - 1..: l I me

location in qumest non. tmsi ng t ine rnethrod described he-
Ero m u i Figure B2 of Appendix B. t ire nrue ttmu daily lion - ginning our page IS .
,inntah i-ad iat iorr m r  January is 190 tanrgleys. Hence .

~~~~~~~~~~~~~~~ ~~~~~~~ 3.6q ~~ ) 3. Deterunsirne tine solar systenr petformuince nismnig

day / \ inn / sq I’(— ia nng iey flu e ummive rs ah cu rve. Two nuuet huods cant he us’ d to

aceotu rp his hu t h is:
II

I, 
2 .2  X lO~~ hitufsq ft/in n (2.5 X l0~’ kifinn2/t rro)

a. If a collector area , A . is as su mn ued . t l t em n mimeC
Thus, annual or irronthily solar sys ienur pcrforrmi anree pam .r-

mnneter , P~. can be found from Eq I:
KU0 Q A

= 4.5 X 10’~ Btu/sq ft/mo (5.1 X l0~ kJ/mrn 2/mno). p = _.S._! 
l1

~~

From this value amid the equation innr tIne appropriate
Table l -umnmversal cumve , the anrmiua l or niionthly fraction of

Monthl y Correct ion Factors energy nniet by t he solar system . p. can be determined .
for Heatim ng-Only Systems Using this value in Eqs 6 and 7 yields tire energy su p-

(for col lector tilt equal to latitude pIus 10 degrees) plied by auxiliary heat . 
~~LA ’ arid tIne energy supplied

by t Ire solar system. 
~~LS ’

Month Latitude
300 350 400 450

0I.S 
= ftq (‘I

Jan 1.64 1.84 2. 12 2.49
I eb 1.42 1.55 ( . 7 1 1.93
Mar 1. 18 .25 1 ,33 1 .44
Apr .97 1.00 1 ,03 1.07 ~~LA 

( I  — p )Q
~, li d ~j

.84 .84 .85 .87
Jun .78 .78 .78 .78 If tine analysis ns t’or Ireating-nnnt l~ systems , the
Ju l  80 .80 .80 .81 moimt hly 

~ Ls anr d are obtained fmomn i Eqs 6 annd 7
91) .91 .93 .96 and tiiust he surnnrned to get the annual values requiredSep (.07 1.11 1. 17 1.24 for determi uinning optimal collector area and makinig tI re1.29 (.40 1.5 1 1 .66

Nov (.54 .70 1.93 2.23 energy and economic cost/benefi t amrahys is as described
11cc 1.70 1.93 2.24 2.64 in Chapter 4.
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h. Thie mmm m iversa l curve cain also inmd icatc what crullec- = Dw(’ (T - -  T I
p out in

t irr area is uequired to inmeet a givent Inaction . p, 01 the
an nniuu:iI or mnro un O r ly  energy requireinr ent. Tin s info nmmn a- = 

30 gal 3o5 LlaVs(200 pe rsomm s)
(unin is umset ’ul un estahlis lninug a starting point for a solar persom r-day yr
sys ten in analysis. TIme co llector area can be deter m ined
by minding p to timid P fro mur thue mmmn ivers a l curv e equa- 

~~~~~~ 
( I Btu

gal —i-
~i) 

( I  h0
° I- - - çç o j~~

t numi s . i-or P . tIne co llector area czm mi he iourrd fntimr
- Q1 = l O X  10nm Rtu v r ( h . l  i0~ kJ~~n )1 s~~ LA C t ’~e 2 . I s t i umuat e  Q the .u n m nm mn.i l  solar rj dma ni imm r ifl i m I meC .

Aga imr . a m m u nual or n utor rth n hy 
~~LS 

air d is giveut by array. Frnnmt i:qs -I amid 5 .
Iiqs 6 and 7 . cos(t’ 1 7 — u )

=
TIne mrext Sect k) urs lireseir ( (lie universal cuirves for c i) .

~ U L 
— 

~ ~ I h~,

tine var ious sys ne nu rs anmd exam u mp hes (if brow (0 use t iuemrr . Fronnn Figure B I - tIne munean daily lmnri iontat sni l.in radia-
tionr at t h is locat innu is 445 lanng1evs/da~ - l Inmus .

Solar Domestic Hot Water Systems
TIre develop m ent of tine utn iversal curve fondo murest ic 

~0 = (445 la~~ley~ ~3 t 5  daYs )( 3.69 Btu
hot water (Figure 2) was based on a two-tank systeirn day I yr sq ft-lang ley
in win ch time solar-heated tank serves as a preh eater for = 6.0 X l0~ Btu/sq f t / yr (6 t~ x 106 kJ/nii 2 /y rt
a conventional irot water generator. According to the
contro l scheme in the siniulation, the solar tank is A lso from Figure Bl . 0L is 33 degrees ( latitude of Fort
always allowed to acirieve the highest tenrperature Hood, TX) . Since this is a domestic lint water system.
possib le under the given conditions of solar radiation. the optimum tilt angle. u~. for hot water is equal to LnLAuxi liary energy is provided to the conventional hot (33 degrees). Tinus.
water tan k as required to maintaimi a preset temnipera-
w re. (Inn accordance wit h ETL 110-3.266 , t ire actual = 6.6 X l0~ Btu/sq ft/yr (7 .5 X 106 kJ/ mni 2 /y r) .
nn neas m mred emnperature of hot water delivered to tine
user slrould niot exceed 110°F [43°C] ). A unif’ormni 3. Use the unisersal curve to estima te t ine so lar per-
antrua l lint water dem and was assu m ed when generating forniance. To m eet 50 percernt of t ire load. p is .5.
thre universa l curve for donrestic lrot water: th erefore . From Eq 2 (for p equal to .5) P is .88 . Tire required
tire c mm rv e should not be used if the system being con. collector area can now be founrd from Eq 1 .
sidered has a h ighly seasonal demrrand. For seasonal
demn ianrds . heatinrg-only monthly analysis must be nrade. 

— ~ Q1. — (.88x l .0 X I ~ Btu/yr)
Ac 

— — 
(6.6 X iO~ Btii/sq ft-yr)

Tine t ’oilowiiig exa m ple illustrates application of tire
procedure out lined above as applied to solar domestic = 1.3 X iü~ sq ft (120 mi 2 )
w ater hcatinrg.

TIre area required to irmeet 50 percent of tine annual
donres(ic hot water load is 1300 sq ft (1 20 mm 2 ).Exanu phe I

Solar Heating and Cooling SystemsAssu umre that a barrac ks at Fort Flood, TX , consumes
3t) gal ( 114  ~) of hot water per day pen person and that Figure 3 shows the universal curve for solar heating

and cooling systems. Here the relationship between Pt ire average occunpancy for t he year is 200 people. The $
and p is given bycol lector area which will meet 50 percent of the load

assuming that the city water supply is 55°F (13°C) and p = I — e ~~~~~~
i’07 

IEq 8~thiat ( lie water niust be heated to 110°F (43°C), can he
deternumi nred inn the following nianner: Analysis of the system ’s per formance proceeds exactl y

as described for solar domestic hot water. TIne follow-
- First determuine 

~~L
’ the annual energy required ing example illustrates an application of tIre method

to m eat tine water. Eq 3 gives: for solar heating and cooling.

17
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Example 2 since = 40 degre e s ( n hme latitude m l  ( lma nn patgnn) . anmd
o — — hO degrees 30 degrees I in F ( i i mt u n mr co llect o r

Cflue following examn rp he is for aim adnninistrat ive bu ild— t ilt angle for hieat iirg anrd cooh imn g).
ing iionsim mg 300 people inn (‘h ianurpaig in , IL (latitude 40
dc emccs ) . Flm ~ emrergy co mrs unuupn mo nn data were ta ke n n rlnus . 1) 5.7 I O~ l3tui/sq f t’ ~ It n ian tu umro , tt i ul ~ utility hi lim nugs. T he steps iii tIm e annal s sis
are Is fo l l inws: (i’ -4  I t )~

’ k J immi 2 s

- I m u s i  shs ’ ti _ —umm u m u ue 
~~1 ’ t im e .uu utmmmah e nm n ’ ugs n n ’ i mmumn - . I )et e n m m u l u i n  i l me ‘.il,m n ss st~’ u ui ne f o n m m n . n m m ~~- t n , i m n n  t hi s ’

m mcm l f in n I u e. nt m nig ,uuid cimmil m im g . m ’m l m m , u m n m u i  on t hin t m nniv e m sal  s m n n s s - t im u lmn ’~tt u nn g  , nu mml inn t m hmime
(I q N. asMmim ni mng a collem .- tou u rsa  of ~t ) .Utflt “il ft  ( —Im n4 S

ui l ou  l mc a tuuig . power records indicate t I tan t o m t ime mm 2 
).  F niunn m i- .q I . I’ is givn’ mn hs

tro ut his of Octoheu t imroug h m J unre , 144 X 108 hitu
( 152 X 10 8 ki) of gas were coinsuiried for ireatirig and A

~Q~ (5 X ~~ sq f t )(5.7 X l0~ Btu/sg It/ yr)
domnie stuc irot water. Winenr nniuhti phied by a boiler eff I- ~ s Q~~~

” ( 280 X 108 Btu/yr)
ciency of .75 , the huilding heating load is found to be
lO8 X 10 8 B( u ( l l4 X  108 kJ). P 1 .02

h. For coulimug. utility records sirow tlrat for tIre For P~ = I .02. I-q ~ gives p = .28 .
mont hs of April th rough November , 82 X I ~~ kWh
(28 X 108 Btu [29 .5 X 108 kJ ) were consumed by Rough ly 28 percennt of tire building’s annual energy
the centrifuga l chiller, TIne chiller load was found by requiremmnent for h eating and cooling can be supplied by

- - suhtractnnrg the average winter electrical load from the (lie sun . usimng 50.000 sq ft (4645 rn2) of collectors .
average summer electrical load to account for other ,
uronicoo hing loads, Thums , chi ller electrical load , when Solar Heating Systems
mur uhti phied by tIre (‘OP of (Ire centri f ’ugal ciniller (found Tire universal curve for solar heating systenurs ( Fig.
f rommn n ’namru facturer ’s literature to he 4). gives a coo ling ure 4) is givenr by tire expression
load imnn tIne huildirrg of 11 2 X ~~ B u  (118 X 10 8 kJ ).
I)nviditrg by tIre COP of tire absorption chiller (.65) p = I — e

_46
~

92
. ~Eq ~ 1

itrdicates (m at 17 2 X 108 Btu ( 18 1 X 108 kJ) nrust be
supp lied to tire absorption chiller to meet the annual Eq 9 is applied by using a me(lnod siurnilar to thnose for
coo ling energy denniand. the previous two systems , except t lnat tire ana lysis is

carried out momit ln by mtnonth. He re , the monthl y re-
h ence , suits are surrrnned to give a seasonal solar percent.

= 108 X 108 Btu/yr + I 72 X 10
8 Btu/yr Since the domestic hot water load for a heating sys-

tern is small in comparison to tire space heating require-
= 280 X 108 I3tu/yr(295 X 10~ kJ/yr). 

ments. it can be assumed that the total Irot water load
is m e t  by solar energy during tire nonhreating season.
This soniewirat simiiplitIes the calculatiomis , in tinat the2. h sminra e tIme annual solar radiation . Q on tine

C ’ monthly ana lysis needs to be perforruned only for t h oseopti m ally ti lted collector array. From Eqs4 and 5 ,
months with significant space heating loads. Tine hotcOS( UL 7 ’~ 0 )

c water energy requirenients for the oth er niionthns cani he= 
cOS( UL 

— 7) ‘0’ surnmed and added directly to 
~~LS ’ The following

lnunerpo latimrg fro nnr Figure HI , t Ire niean daily annual example slnows how this montirly analysis is acconii- -

solar rad iati nm n for (‘hanrpatgn , IL . is 355 langleys/day. pu s hed for heating-only systems.
T inum s ,

Example 3

= (355 lang leys) (365 daYs) ( 3,69 Btu ) Tbne administrative build ing of Exanrrp le 2 was usedday yr sq ft-langley
in tEd s exam ple to determine wirat percenut of tire heat-

= 4.8 ~ iø~ Bnu/sq f/yr(5.5 X 10
6 kJ/m 2/yr) hug load could be met by tine 50,000 sq t~ (4645 tim 2)

19 
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ol co llectors. Again the energy consumption data were TI-me figures in Table 4 show that 53.7 X I O~ Btu
tukemr Imnmii nrmonth i y utilities bills. The steps in the (5 1,6 X 108 kJ) of heating is supp lied by the solar
analysis are as follows: system during October through June. The total heat-

ing 
~~L 

for October through June (from part I of this
I . Deterurri mne the mrnonth ly loads, 

~~L’ for the heating example) is 108 X 108 Btu (114 X 108 ki). Hence, tIne
season. Table 2 presemrts t he building’s natural gas con- solar system provides 50 percent of the annual heating
suinn ptionr imndicated by the rnonthnly utility records. Tire requirennent.
valumes of in tine table have beemr corrected fun a
boiler efficieircy assunnied as .75. Note that (lie 108 X For the 3 mnnon i t lns not considered above , if is assu mrned
108 ht u/yr (114 X 10~ kJ/yr) tota l load is (lie satire as that all domnm cstic Irof water heating is perform ed by tire
hmum,id m r Fx amm np he 2 solar energy systemir. Thus.

2. Fsti mtu a c Q .  tIme annual solar mad iaf ion on tIre = 53.7 X I ~ N 
hitu + 3(.6 X 108 lIt u

op tim ira f ly tilted cnhlcc tur arra y - F rout m Lq 4.
= 55.5 X 108 hilu (63.5 X l0~ kJ )

Q =K l lc U and

where H0 and = monthly radiation values = 107,9 X 108 Btu + 3(.6 X 108 Btu)
K = the correction factor from Table 1.

= 109 .7 X  108 Btu(l15.7 X ~~ kJ).
H0 is obta ined from the figures in Appendix B. Monthly

‘ values for Q are listed in Table 3.
Hence , the annual p is

3. Determt m inne the solar system performance from the
u niversal curve for ireating only (Figure 4), assuming P =~~~~~

‘‘  .51

a collector area, A
~
, of 50,000 sq ft (4645 m2). From L

Eq 1 , P~ for each mon th can be calcula ted from the
niomrthly 

~~L 
and Q,, presented in Tables 2 and 3. Thus, the 50,000 sq ft (4645 m2) of collectors will

meet 51 percent of the heating and hot water load for
From threse values of P . the monthly values of p a total energy savings of 56 X 108 Btu (53.4 X 108 kJ)

can themi be obtained from the equation for the univer- compared with Example 2 . whe re the same 50.000 sq
sal curve. Finally, from Eq 6, the load met by the solar ft (4645 m2) of collectors met only 28 percen t of the
systeni. 

~~Ls’ can be found for each month (Table 4). heating and cooling load.

Table 2
Natural Gas Consumption for Examp le Administration Build ing

Month 0L (Heating) 
~~L 

(!~.d t;’ater) Tota l
Btu x (0’ Btu x 10’ Btu/m o X tO ’
(U x 10’) (U X 10’) (U/mo)

Oct 2.0 (2.1) .6 (.6) 2.6 (2.7)
Nov 7.8 (8.2) .6 (.6) 8.4 (8.9)
I)ec 12.3 (13.0) .6 (.6) 12.9 (13.6)
Jan 19.9 (21.0) .6 (.6) 20.5 (21.6)
Feb 18.5 (19.5) .6 (.6) 19.1 (20.2)
Mar 16.3 (17.2) .6 (.6) 16.9 (17.8)
Apr 12.9 (13.6) .6 (.6) 13.5 (14,2)
May 8.8 (9.3) .6 (.6) 9.4 (9.9)
Jun 4.0 (4.2) .6 (.6) 4.6 (4.9)

102.5 x 10’ Btu /y r 107.9 x 10’ Btu/yr
(108.1 x 10’ kJ /yr) (113.8 x 10’ ki/y r)

21
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Table 3
Monthl y Values for

Hi) ii i)
Month I.angtey/day BIu %q t t f mur o K Itt u lsq t t mo

(LI mu ’ . n n m ** f  (k i m ’ m*i)
(km 275 .1. 1 (0’ 1 5 1  4 7 . to’

3.5 III’) (5 .3 i n n ’

Nov 175 I ’ m  t O ’  t 93 3. 7 ~ t O ’
2.1 t O ’ ) (4 2 • 10’ ;

Dcc 135 (.5 t O ’ 2 .24 3 4  10’
(1 .7 - t i n ’ 1 3 - S ~ to’

Ja nu 55 1.8 ( i i ’ 2. 12 3.~ x to’
( 2 0  x 10’) 4.3 ~ ID’

l-~ h 240 2.5 x (0’ 1. 71 4 3  x to’
(2 . 8 U)’ I (4.9 s In’ )

Mar 330 3.8 x 10’ 1.33 5.1 ~. To ’
( 4 3  t0 ’  ( 5 7  j O’  I

Apr 400 4.4 x (Ii ’ 103 4 .5 x ti m’
tS.0 t O ’ )  - S I  x I0’ u

- ., 
- 

May 510 5.8 x 10’ .85 4 .9 10’
(6.6 x t 0 ~ S o  0’

Jun 550 6 1  x tO’  .78 4 8  ~ to’
(6 .9  x 10’ ) (5. 4 ~ 10’ )

Table 4
Monthly Values of e and

Month e 0LS 
*

Btu~’mo bW/sq f t/mo Btu
(ki/mo) (kJ/m ’/mo) (k.l)

Oct 2.6 ~ t O ’ 4 7  x tO ’ 9.0 .97 2.5 ~ t O ’
2 7  x ( ml ’ ) (5.3 x (0’ I 12 .6 x (0’ )

NoV 8.4 10’ 3.7 x tO’ 2.2 .6 1 5 1  x lii’
(8.9 ~ t O’ )  ( 4 3  x 10’ ) 5.4 ~

Dec 12 .9 ~ 10’ 3.4 x 10’ 1 3  44 5.7 / (0 ’

13.6 x 108 1 ( 4 0  x 10’) (60 ~ Ill’

J an 2 1( 5 ~ (0’ 3.8 x tO4 .93 .35 7 .2 t O’
1 2 1 .6 tO ’ ) ~4 5  x tO’ ) 7 .6 ~ to ’

Feb 1 9 1  ~ 10’ 4 .3 x 10’ 1.1 .39 7 .4 -~ ii ’20 .2 ~ I0’ 1 (5 . 1 x 10’ ) (7 .8 ~ (0’ )

mr (6.9 X tO’  5 .1 x tO ’ 1.5 A9 8.3 s tO ’
( 1 7 . 8 .‘ tO ’ ) (5 .6  x (0’ ) ( 8 7  ~ In)’ ,

Apr  13.5 tO ’  4 .5 x tO ’ 1.7 .53 7.2 x tO ’
( 14 .2 tO’ ) (5 .0 >‘ t O ’  I ( 7 6  / 1(1’)

9.4 I (n ’ 4.9 x t O’ 2.6 .67 6.3 � tO ’
9.9 x tO’ , (5 .6 x t O ’ ) (6 . 6 x 10’

t i m  4 .6 X U)’ 4.8 x II)’ 5.2 87 4 0  X t O ’
14.9 x (0’ ) (5 .5 x 10’ ) 4 .2 ~ JO’ )

Total 
~~~ ~~~ / 10’ Btu

( 57  -‘ l ( ( ’ k J )
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Cor rections for Different Collector Types 4 D ET E R M I N I N G THE OPT IM A L
‘~~ p cvio ims ly ufes e m ihcd , t Ime umuiv e ms .t l  et iuv es were COLLECTOR AREA

de~ cli ped lou t ime mc l~ m enuc e vi iku r LU lIce (on . For co lIce—
tory w ut Ii dulierenut absorber pl ate clu:m racteristic s anmd

~1mfle ren rr urumnu hers of covers . Tables 5 amid 6 caur be Tin s ch apter describes a nurethod fo r de tertm ni mring tIme - 
-use d to correct tire results of tire universal curve. These collector area with tire oraxturmut ni ecot -morrri c paybac k

tables give values for a collector area multiplication over the life of the facility for win ch it is being consi-
factor which can be applied when a particular collector dered, The method is based on tine comnputat iomi of a
otluer tlnami tIre re ference collector is used. In these benefI t~to-cost ratio (B / C )  for t he solar energy syste nm.
tab les , a us t he absorptivity and e is the emissivity of the performirance of which is deterniined front the
tIne absorber plate. The tratrstrrittance of each cover appropriate universal curve. The benefit associated
was assun nred to be 0.9, so that for two covers, the with tIre incorporation of solar eniergy is the fuel say-
trans mni tta rrce equals 0.81. ings; (lie cost is tire increase d f irst cost of tine solar

energy system itself . If the benefits outweigh the costs.
Tlrese tables are use ful because t lrey permnr i applica- B/C is greater (Iran I . and t Ire sys enmn is econr om unicall y

t ion tml the perfurninance curves for the reference flat- feasible.
plate co llector (a sinrgle-cover collector wit h ann absorp-
t mv lty of 0.9 anrd amr eutm issmv ity of 0.10) to  other flat- Basic standards amid gun idelinnes for tine conrdu ct of all
plate collectors , For example , in order to ac ln eve equi- economiiic studies by amnd for t he Departnrre mr of tire
va le m rt per fo rnuu a nnee for lnearimrg amrd cool imng fronir a Armrry are contaimned mi  AR 11,28 .11 Supplennrenr al
two-cover (N = 2), mrom rse lect ive collector (a = € .96). guidelines for pert o r mnni uug an cconommnic anralysis of

- 
- ?  - consu ltimig Table 5, one wou ld mnru lti ply the appropriate energy.related systemiis ri-may be obtaimned inn the ECIP

collector area for t he reference collector by 1.09 or guidelines.’2 Further clarifications of tire basic criteria
increase the collector area by 9 percent. may be obtained thirougln normiial ch annels from tire

Office of the Chief of Engineers. Departniient of tine
Army (ATTN: DAEN.MPE-T).

Table S
Collector Area Multip ly ing Factor The first step in detertnining tire optimal collector

for Different Collector Designs are a is to estimate t ire initial capita! costs (IC) of the
for Heating and Cooling Systems so lar energy system conrponents inn present-year dollars.

Only the cost of components that arc not normally
0.96 0.94 part of the conventional heating and cooling system

should be included. For example. the cost of tine build.
N 

2 ~~~ ~~~~~~ ~ 
ing ’s air-handling systemin would not be conusidered. but

- . 
the difference betweemn the cost of a rurore expensive

a Absorptivity absorption chiller and a less expensive centrifugal chiller
c = t-.nn mssivm(y should be charged to the solar system.
N = Number ot glass covers

Certain cost e lemurents for solar energy systenus vary
according to t he size of tire syste m ur . winile others are

Table 6 re latively fixed, regard less of collector area or tank size.
Collector Area Multiplying Factor The costs of tire collector and storage tank are obvinois

for Different Collector Designs examp les of items which are dependent on collecto r
for Domestic Hot Water Heating area. (The tank volume is assunned to be 1€ lb of water

and Heating-Only Systems

.96 .90

.96 .10 1 c0?t O ?f lj C 4 ,ua!vsi.c and Progra m Eu-aluat ion f o r  Resourc (

2 Managem ent , AR 11-28 (I)epartment of the Army, 2 December
N 2 

1 : 6  1975).
tm2 Lettcr from t)avid M. Crabtree , Chic ) , Ut it .  I~ngT. and Ups.

a = Ahso rptmvity Div., Facilities Engineering (DAEN-FLU), Subject : l- ner~e Iumni ssm v i y Conservation Investment PTog ram ( ECu ’) Guj idanc-e (7 Novenu-
N = Number of glass covers ber 1977).
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per si l l m mm ’ lou t of LunllL ’l.tnnr 7N k g/mt m 2 1 .1 Oth er exa m mu — Li st m l i- mmmnl im r g em me n g v ( mu m nt e ti rat t ine (SOP ni l t ime cou-
ples inic lude it~a( exeima mu gen . p un mu p . amtd pm pn m ng cn n c t s .  v e m m t im um nal e lectri cal cim m lh m mi g dc~ cc mnmu s t  Inc ~~m t ~m m icme d
(‘e m u m m a l vs v t cm m i  ci sly assn:L m .n t ( -d w t t li nIne .o lau em m emmt v  wi m e um t tta km ntg (Iris em m mI y env m m m n ) .
vs s nem m i  lm nmwe yc r . a me large ly m ui d epe mmmhe u mt in ! e u i lcc tm n m
mre:m. l ine ~‘nnst dm t t e rem t c c  avS ncm at e tn Wh i m inc p tm n~~hi~m v ~ 3. I) nvid~- t im e ne q mm m u ed m mt t n m nm l ie :u tnnr g en he m g s a m md , i i

~n n d iimsta i latnmn u t in! :mir ah s mmm pt mnnur clu nlici nsais ,m ne h . m u r ve t y do n n m cst m L - h unnt  vv~m t c n  i nm e igs  Fv t im e i ie a t m mm g S m i t h  i n )
n n mi lepcnui_Iem nt of sm n I -ar co llecto r area , y t t t L & ’ lmc selecti onu One ! mise d amid m umu l t np iy ti~ mime unti l f ue l p r mce * t i n  id e,
in! ann appropriaTe ahso rpt ionn (- lu il i em my dictated by peak nun i nm e t lte cost 1mm t m ea t i mt g ( nn m mt c nlual m m  dete r nmmmmmm u t g t h e
bunldm uug euolnmrg load (or all hut lime s rm ua i les m c i n h lc e t i , Ream enuergy meq t ured . time n . t f k ’ m e nrc ~ of tine hi m ien i i
a cay. It ms rmtt po rm a u n I t lua t t lrese ~ nvt he appo m 1mm mmcd km rnnace nm uu msn he em n m nsi de me d ).

aec nrr a td !v . si n n e d tire b cu ie tlt — t u— c vt rzmti m n y c m m i m m ~’ m m ) c d
ms a tu n t c t t om i  of t Ime a m e a of lme v n nla r co lk’ct m zmr m a y .  4 . ( m n m n v e m t  t Ine am mmonmnr l  n,! f uel n i n s !  To t i re p m es e nn !

wort h f ine! cost f i r  t ime c m nm ve nmt m n , mt a i  s\ ~ne~m r . I’Wl-( -C
Vu h mem m de te r uum mm n t m r g f ine capita l cost iv! tIr e simian sys- wink-lu is g ivemm by

te n nt .  l ime user m t mm nv (  specif ~ t ime ty pe  ot a uxm h i :nis ennergv
vs s t dmm n Inn he used. hur exam nrp ic . most sm n lar systenurs PWF C = ~nlF -C CIn-ave ,m c m ummp iene counve m rt inm unal Ss t e tmm as aim auxiliary.
For solar sys tem mns euntanur it ug aut absor ptmomr ciniller . time wh ere NI is t ire cu mm ru lative , dnscou m m m cd simngie amm nul j mi t
atmxi l iary source of coo ling can either be a boiler (to factor , and is express ed by
drive tire ahsorp t iomu cl - miller) or a redundant centrifugal
chil ler. In tIre first case , tine capita l cost is low , since M = I /’  V ________ 

I
( I  — i)~a cre dit eamn he take n for tire centrifugal chiller and the

- . homIer is alwa ys required to r tire heating syste un r. How- Here, m u is the facility life . I lim e divcu u i. t  ra re. a m td my
ever , t ire fuel costs munay he Irigh, since the absorption tine Iom ig-termnn differenutia ! im rfl a t iomm act o r for mire t e l
cluilkm COP is app roxi mnmate ly .65. In the second case. beimig considered. (Values fmnr I arnd m are also listed ii

tIme capita l cO st s are higlner. sinnce credit for tire cerutr i- tIme LCIP guidanLe ) if more t i tan o ne type nt fuel is
luga l citi hler camim iot be taken; however , since th is d ri ller beinng used , t ine PWF( mn~ust be eal ci m lated for ca c imC
o per ates wnt i n a COP of approxi ummatel y 4, the fuel costs t ype . and the results sumninmne J to give time t n mt a l  i’WE(’ -Cmuiay he c mnnms id cr ab ly lower . Note that in tIne first case . Tine ECIP guidance provides tables of va l mmes it ‘ii i t
lue :mt ing fu el is lime source of auxiliary energy, while in various fuel types.
line second ease, tine sou ice is electri cal power.

Tire third slep nun t ime e comnmmm uui L ’ a m t a lvs is is to cal cuia te
If time project under coussideratiumi is prograunniied tIne preseurt worth fund cost for energy req mm ircd by t u e

for f umm ndung in the future, t he iurmtia l cap ita l Cost (IC) of conventional system nn ii tire s mn lar energy cquip mlte urt ‘.

t ime sys en nn . expressed in n today ’s do llars. muiust he ese a- present , PWFC - To do t I n t s  it is t l ec essai -v to ;Sia ed to the va lue of dollars at t l nat date. Tine escalated
IC is cal led (he curre mr t wordi ing est irmna e (CWE); flue I - Deter urnir te tIre total a n t mmn ual energy req uirer m neuu t .
factors f i r  convertmng IC o CWE are given in t h e  ECIP 

~~LA ’ 
for a given co llector area at - md systems type ustm ng

gimid mmnce. t ire mnmet inods described in (‘ inapter 3.

Once time (‘WE itas been deternriined . t i-me se cm n m nd step 2. Deter m nm inie t ire amru iual cost for t h mms ,nr ~~iliarv ener-in tire econnonunic analysis is to establish tire anntial gy. F .~ For lneat inrg amid eoo lirmg sys t e tmns. asslmmne t lta tfuel cost for t ine conventional energy system (FC) as so lar energy is used first to rued tIne donm ues t me rotf~’ llows : water dem iuannd . the m tIre Ireating load , and t i t ern t ine
- l)etermu nine the anurual lneatimr g -and/or cooling cooling load. Note imu particu lar tl uai if een l r r t n m g i i  or

energy requirenrerrt for conventional equipmennt as des- otirer e lectrical chilling devices are used t in -aun~j n m ef l t  the
cri hed iru (‘Inapter 2. solar cooling equipmenit . the appropriate COPs f ur

absorpt iomi amid electrica l refr iger a tio mn equm i pnnicn nt nuuust
‘ Convert tine cooling energy load to kilowatt inours he used to determuri m ne (lie auxiliary energy Tin - a m wi ll hi’

amid m m u u ltmp iy by ti -me loca l electrical rate * to obtain (Ire

‘l~ncrg v cost s here arc fuel prices e~cata ned t v  the end nnf ‘Energy - s t y mire baw d in t m me f prices n-sc .m l n ln ’ i  t i, tn- e m i t
the year in ni hictn the project is prograun med or itunding. i f  I tue year in wluim-h t ire project us prm~tr au mu nue l t i n  t mmnili ng.
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requtued tim mru ec ( tim e eumolm mug m.lL’ uu ram )s l urns! mmd Ivy tIre PER FORMING COMPUTER -A l DED
snnl z m m s y s t eu t u .  If a boilen is msed t im drive time absnn m p ni u nmt DESIGN CALCULATIONS
c!mtlk ’ t , t ) n c  buuiier e l f  icienicy unm us ( be eum mns idered ,

3 - (‘om rve ru lire an numua i amnx il ia ry fu el ciust to  pu e s ett I Introduction
wort h fuel cost as before: T ue  previous cl uapt e r described a mnn ellmo d f u n  grap h-

ic-al ly esti mina linng tire per lor mnramrc e of cam udidate solar
PWFC 8 = MF5 domestic hot water , building iteatitsg. or building heat-

ing and coolirug syst dmn rs. TIn s mnnet hod is suff icie mrtly
w here M is ti-me cumnulative . discounted single aminount accurate for a preliminary energy and economic analysis
t’actor . of solar energy Syste m s. For mr uost projects , h owever ,

selecting tIne optim um collector area and type and
l’lie finnal step in t he ecomuommu ics analysis is calculation insuring ti-me selection of tine appropriate collector tilt

of the benef it-to-cost ratio , B/C. for various collector angle and storage tank soi ut mne unray require a rurore
areas. B/C’ is givemr by detai led design analysis. Tire nunet inods described m m  (iris

PWFC — PWFC 5 chapter are based oil tine app l rc a ( i mumr of tIre BLAST
B/C programnu developed at (‘FRI... Tin s pro gram m m pernu nits

- iroum ny  simun ulat to ri 1)1 hum ild in g & iads. a ir—Iramud l i rig ~v s-
w lmere PWFC

~. PWFC 5, anr d (‘WE are as def in ed pre- ter m s ruie ctimug (luese 1mm - ad s am ud simtn nnia tio n u iuf ce ni tr m m l
vimnisly. Syst etnus are cost-ef ’f’ective only if ’ t lmis ratio is emuergy pia m u equip n rnemnt . mi uc lu d m n mg solar enue rgv sys etnt s .
greater than one. Figure 5 is a hypothetical plot ut B/C supplyinrg tire a ir- Im ’.nmrdiens. Desigureus w ho wns in to use
as a functionn of co llector area. ti-mis prograuni slnouid oh iatmr tIre risers and reference

- ‘
, - a -

. minanua ls winieR describe the preparation of (Ire imnput
‘Fine shape of tinis curve is readily explained. For required for using time progranr and tine algorithms cmii-

very smnna ll collector areas , very litt le fuel is saved to ployed inn perf iurmmi imr g tire simr nu lation.
offset t he fixed costs of the systenn, suc in as for corn-
trols . added piping, am-md pumps. As the collector area The optimunu m design using t he siniulatiour mnuode l is
increases , however , the fuel savings begin to offset the again determined by performing the econournic auiaiysis
fixed costs , amid B/C increases. As more collectors are as described inn Chapter 4. The simulation tools. m ow-
added , a poirut of diminishing returns is reac hed; addi- ever , allow helter determination of syste mn r perfor mnnamnce
tiouma l collector area provides very little added fuel and, thus, a mn- more accurate measure of p. tIne fra cthnr n
savings. Thus, t i-me added cost of these collectors and of the load mi-met by tine solar syste m nn for a give mn co llector
tan k can rnot be offset by tineir fuel savings, and there- array. Also, ot her variables such as collector lilt angle .
lore tIm~ beniefnts are outweighed by the added costs of storage tank vo iunnne. and type of collector cami be var ied
t inese connponents. Hence, B/C begins to decrease. to niaximnize solar s y s m e mn n perfor mtnaru ce. in addit ion, t i re

BLAST progrannu a llows tor tine amn mml ys is t in h~ perfornuued
Winemi B/C is plotted for tIre solar systertr being con- using mi-more accurate values of t ime buildinng energy re-

sidered (as in Figure 5), the optimum collector area quiremer-Its , 
~~L

’ since assumptions concerning average
becomes obvious- --t he area at which B/C ns nnaximtzed. efficiency and COP do not irave to be mnnmde.
Note t irat Figure 5 concisely summarizes t he economics
of solar systems . Only when B/C is greater than I can Information Required to Use
tire so lar energy systerun be econionuically justified. In the BLAST Program
act , if t ine collector and tank costs are too high, the To use BLAST, inounly we-atlne r dat-a. inc ltmd iung smm ia r

fue l savings will never offset the fixed costs and the radiation , must be acquired in (he n ecessary fortn mat ~ns
B/( w ill never acinieve a value of I. input to the comniputer prograini. W inile several versions

(National Weather Service Series 280 Solar Data Tapes .
Amu app lie t mf iomn of t Ine unnetirodology presented in the National Weather Service Series 1440 Cli mtnato logica l

prcccdm ng three c h apters enables an energy and eco~ Data Tapes, NBS-NOAA-ASHRAE Test Reference Year
nuou m nic anualysis of the solar emuergy systemni being consi- Tapes, and SOLMET Tapes) of suitable weather tapes
dered. If . based on th is analysis, t ine solar systenr is exist; obtaining this information may take up to 6
t’mvunrd to be feasible, then a detailed design analysis can weeks. Therefo re, users should amnticipate use of the
be tirade using the com -riputer-a ided method described in BLAST program and request the (apes early enough so
Chapter 5. they will be available when required.
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lime BI.AS’I’ pnogram im reqmuir cs a des cm up( io nn of time Setting Up the Solar Energy
bunildinig Is inrput The mise r ’s mu na mn ual describes tIme exac t Detailed Design Study
l’n mrmr i of’ (hi ts inup tm t - l’imc puogrann uses sucir in foruuna t hunt Tine comnipu te r— a ided desig mn simm mold ruin t be m m  mm mated
as t h e  type of wall conm struicr mom r. wimudow are-a aird comu- unnti l tire grap inical ecomnn m mr unc am nal y sns described m m t ime
stm uict io mu . bimildinig orie nita iorr , sch edule fiur occupancy, previous ciuapter h as been com m np ieme d . since tIme re-
amid eleL- (ri~’aI dcnrra m rds inn de terur n imminug tine inour ly build ’ suits of ’ that stud y puov ide the st a n t i mne pn nin ul for tire
nui g tomue loads aund Inourly ((mt-al load of ’ t he building. If ’ conurputer- anded st tidy, If ’ tine ecom m ommni c sI tidy inas been

mmme : msm m r c d data are availab le, t irey cain freque mntly he conrrp le(ed , hum the loads de (e rmmmmn n e d from ur tine BLAST
use d to ch eck time building loads to u nsure (fiat para- prograrnu are con siderably dit ’lènenu : thua ni tim n,se used f u u i
ntt et er s were propen ly del ’imred amnd ref lect tire actual amralysis . ( lie anralysis simo tuld he repeated , ‘Fine grap luicai
hu m u lditug , sunm e e soimm e 1rj rauln et m’rs . s m ehm as mm m f il tr an i o nt mm iefimod selves to bracket lime auc~i ol emn ni s md e m a t i u mu ,
amud occupamicy. ate hand t i m d e t c rumurnu c ,

lii order t o mu p ll iumi ze time desig mn . cci n ; ui nm v a um a b h ’ s not
Time a ir- Inanrd linng syst em uns used inn the bui ldim ig mu -must prevkuusly commside red sirould he varied un establis h t i n c in

also he described. in n th is case, such inf ’ormrnatio mn as the opumriummi value , as discussed in time f ’o liowinug se cti m nur ,
f m mm ne air flow rate , type of coil, type of air-irandling Tire starting poin t sh ould he tine solar systemm m obta ined
systemur , an-rd type of control systenr used is speci fied by froni the universal curv e anralysis whicim set the opti-
tire user- , Tire output fromn the air distribution system munum collector area. The collector array sf -mould be sen
sim m n t m l a lm o m ns is the hourly eniergy deninand on tine boilers with an azirniuth an gle of 180 degrees (i.e.. facing due
arid d rillers serving tine air handlers in the building. south) and tilted at ti- re optimu mim angle as described in
‘[hese hotirly demn iannds formii the input to tine central Chapter 2. TI-me tam ik volum nie si-mould be set at 16 lb/sq
plant simulation program which determines the ex- ft of collector (78 kg/rn2).
pected performtnance of conventional and solar energy
sys em uu corrrponents . In perforruning the central energy Methodology for Optimizing
plant sinniuiatiomr , t ire user cani specify the perforniance the Solar System Design
of tine solar collector , t he collector area , and the storage The optim ization proceeds in tine following steps:
tank volume being used in tine systemu . The type of per-
forninamnce data required for solar collectors is identical 1. First, several sinniulations n ay be run using the
to that described in National Bureau of Standards’ BLAST solar simulation package with different tilt amrd
publication NBSIR-74-635. ’3 The slope and intercept azimutir angles for tine collector array , Figure Al  illui s-
of solar collector efficiency curves are the input para- trates how the outpu froirn sucin a paratnetric studs—
rmneters requnired . can he plotted to establish the optimnu rni tilt for a given

azininut hi. A siminilar plot of system performnamice versus
Note tin -at in (Ire analysis of tine solar energy systenrs. azimnnuth angle will inidicate tine optinnum azimuuu tIn , This

tine BLAST programin slnould first he umsed to rmiinimiiize step would be required only if dictated by arch itectura l
(Ire energy required by each zone by studying such considerations , suc lr as building sitinrg.
effects as added inusu lation -and cimanges imi window area
anud ori em itation i . TIn s sh ould he f’u)Ilowed by a compari- 2, The next step is to vary the colleelnnr area while
sort mu f various ai r- luam rdlimrg sys ennus amid com rt ro l schemes keeping the collector-area-to- tank-volunnne ratio co mnstanru
t in nnui n n m nmnite ti - re emuergy demura nnded by the boilers and (start with 16 lb/sq ft of collector 178 kg/mm 2 ) aund
m.’luillers . assumm rni rng these desigmi cl-ranges can be mn-made to repeat the econonuic analysis described m r  Cimapt en 4 .
tIre bumilding. Once this analysis has been performed , obtaining a curve simu nilar Ri Etgn ire 5. Time c m ulle cf uu , ar ea
various co llector systennis nrust be simulated to optimize with tine greatest ii/(’ ratios is time opti n muu m mm m c u m ile ct m mr
nine perforuniance of the candidate systenis and to estab- area for this coIlector-arca-to’tank .voiuruue r a ti mm , ( \ m n I C

lmsh tIme oprnunuun system configuration. tinat this is a repeat of tire universal curve anal ysis misting
tine more precise computer analysis tools.)

Omnce t h e  load profiles for the boilers and chillers
in -av e been deteruuiimned . ti- re optninization of the solar 3. The third step is to repeat (he previ mmn m s step or

— enrelgv system u can be initiated, different coll ector- a rea ’ to -s torag c -t an uk -vo lm mm m nc m a timo , .
_________________ All 8/C ratios can he pinned on tire sannuc graph . Sia lti-

‘ J . S. Ilit i and I’. Kusuda , Methods of Testing for Rating dent runs should be perform ed to dcferu urm tn e tire cm i rye
Solar (bl lecwrc Based on Ther,nal P<’rfor,nance, NBSJR-74- with the greatest B/C. If no other nm uforuu rat iomr is avail-
635 (National Bureau of Standards. 1974). able, 8 and 32 lb/sq ft (39 and 156 kg/ muu 2 ) are good
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seco urd amid third n u ~~ Stuhsequennt tries are based our tine a tu m id  other thi a m r pine water . such as e mit s knre ufycu l .
nesu its m l  t h ese simn mu la t i omms , lime cu rve w i( ln thi ~ Inig im e s propyleune glycoI. or si l m Li m mles , is ~- mre u Hte~ inn .an u s - cx—
rat io g ises thm ~ opni i mu unnn Lm n n k_ vol ummue —r ,n -c nlk’ c t i mr . a m e a posed co imupo mienut. A lie-at ( rar m sl e~ pemi alts t ray he in~im d .
r : m t l in , w hile tine ponnit at win k I: time mmn a x m munu :nm occurs ii iawev en , since these liquids unma ~ have ~a im mg ine r s r s c n s i t \

t abli- ~mes time u p (lnt nu im n cmmlk ~’ tmmm .un e.m Iii sp :rc ol im~ amid a l ower specific m eat thn an r putre water Inn, add itiumn .
fa c t mi n am liiglt~-r s. m h mme s of . nm t k n u r s m a i a t m m m m u  ~ iIl lead t im f or mj ommu cs t nc m int w ater svsfc n m rs . i m m ca l h uii d mnm ~ c~~k’s

i m pli m m n ni mum l a mi k v u ml im u m u cs , h m ag im tamuk uu u ~ol.mn io nn s fm im mm l d he c m m n msmm iled before time imean Inamu s lem f luid r~
he sIn 1’L u_ tll ~ ii bumn ed t a n m k s )  ns dt lln .r m il nm .iciimcve mm u c im mmsc m i . s ituce it is pi ssilnle t i m ~- o ni ta mm imnm at i ’ fi ne n ot ,aimhe

pi~net ~cc , l’ite u e tm m i e , tan ik—~ulu nm ne ’tm ,.cu m ilecton- .um i ’,m n: i (inm \ waler supply, In n mmuanm ~ areas , tw in walls m n r nm st  se parat e
~s im i c i r gmea tiv exceed 16 tin /sq m ‘S ~g l:r ) sl ai mm i l d he airy toxmc fluid t ’i m m m t t  p mlah ie water smipp lii ’s
c~ zi ntnmn ied cr ilic. m li y to  im u sm mre tit a n t u e  specifi ed t,m tk

i n i s ni h a ti u m m u vi b es cart be ohtam iied - Stagnation
A m un aht u n te ti iu ni of tim e enn ilec li ur pm n t mu p iii s~ st em uu cn n-

4. 1 im~ fin al ster as ti :nr nine type of collector to t rok canu head to s(agm natio nn of tIne fluid in n tin e c n die ct m mmmm
see wlrai eff ec t mi t i s inas oun syste; u li fe - c y cle coy’ s, li ne loop, tJnrder c on d i t nn n n ns of iuig i u solar m u r- 5uL mt o n m . remni pe r.

m n pr imuu m m u a ta i mk _ v i m l untu e _ t n n . c-ml i ec t n n . ,amc a ran mm lounid mit annies as high as 350° ( 1  77~ t caur he a r ta tnu e d inn s ini ne
Ste p 3 s inoua id nnot he si g m mn f iean n n lv af ’l’ectcd by t Ime type flat plate cim lfeel m os . Tine possibilit y i f  s ma g n u anli m n t nnn mm s t
of collector. Flue cmi yes of B/( ratio u- cr ~

;us collector he anticipated in t lte design , i f ant s s~ st e nmu. First - t in e
area simo uld he comrstrtmcted as hetote by sinruu l-att ng collector nmnus he able to wtt iis tanr d t irese lnngiu ncnnpema -
seven -al di fie rein areas hm r eaclu en 11cc n r type hcimrg (tires , Secomr d - ti re co I lee t i m r f lm i md sIn mmii Id mm nt U cc or
cm mmnsider ed . it’ sta g nuanimm nu occu rs . Inn add it i u mnu . ~‘ r o~~is1 olt e.g.. ant

cxpamn smon i t am uk ) :nn m s t  he nni: mde for t hm c m t nna ! cxp amt sin nr
— No~c (lua t time imm n ly dntie ren me es he(weem t itcgrap lum ea i of flue co lleeti mn f lu id umider time se eonuditi ou rs.

and cornn prntc r— aided nrnet buods ion deter m nui nnin ng sys e m uu
p em’formni ann ce and nupti n rna l collector corn flgu -at iomr are Thermal Expansion
tin -at tire sim nru lation m odel provmdes a in ure accurate Temmnpera min re variatio ns tin the ecdlector knop arc n m f ’l c m n

dsi innate of tine pert’ormuam ce of a canndidate solar energy greater than liuose e,ncou inrnercd 1mm nom inal iusdrou iic
sys tet !  aurd perm its a munore refined study of tIne second- h eati n g systenuns. lhn is is hecause time collect or pipnnu g s

ary e ‘fe c is of cii i fec b r  tilt . azinmm u tin angle . amrd storage subjected (in co mnd nttonns ra m gimug tro ut mire coldest a n n—
tank capacity. biennt to One lumghest fluid tenun p eratut rev . For thus reas n m n _

a ddit mon ial cau t ionu tu must be take mu to in snare t im - at  Silt tue
type of ’ n ecirannica i strain rcl ef is provided to -aiknw for
di t’f’e ren (tal tIne rm u n a I cx n’amr siomn bet weemn time ci mllec In ’

6 PRACTICAL CONSIDERATIONS pip ing and t ine c i m hl m - tor supports. Tin s relief cm Iti-
union iy consists of cx pan sioti ‘ n p  r nun t ereo lice ton
coin n~ c~~ n5

Discussions in time previous chapters foctised out esti-
nna( imng pcrfo rnnrance mnf so lar co llector syste mn is. Th is Flow Balancing in the Collectors
cii :uplcm deals wit h Sonnic practical considerations in— in sonic of tIme large r s m u lar sv s lcmnt S ut t~ trot innuco nnn-
vo lved m u  mIre t’inai desigtn . inista llat iomn . and operation of ’ tnn u nun to huave 20 coh Iec kuns inn a smmngl e - arm ,nv - h um su ch a
solar energy syst en nns and is based on experienuce gained case , t inc re nnuay he a sng mn mftc a rrt flow mr u uin a ia mt cc tnn t n
in tine con struc Uonu anud operation of Ore C u R E, solar one co llector to anothner, An~ collccti n , nmpcraung ~nt a
facility, lower t han desigmi flow will exhn ihi a Inigher tin - ann desi~n

tcnu mperatu re di fference across t i re r mt. This. 1m m nit mu.
Freeze Protection lowers tine collectionr efilcienucy. Two coumimunonn n n u c t l umnd s

Because t ire conrnponents in the collector 1oop are for addressi n g this probiemnn are tine incorporat ionr of
s m ,mnct i rm mes exposed to conditio mrs oi~ low ou tdoor temni. flow-balancing valves or tine use of a two.pipe reverse-
perature . provision ninust be nnade in uniany locations for return strategy .
freeze protectio n of t ine heat transfer h umid. One ap-
pmoacli to tins problem-rn is to drain the collectors each Venting the Collector Loop
time t ine annrhient te miuperature approaches freezing; Particular atte mntion must be givenr to tIre pm nss nh i hi ty
inowever . in sonnne eliminat es , particu larly for tine larger of air accumiiulaOng inn the collector arr as A frequent
sys(cmtis. t his method mnray niot be practical. More often , problem cncounntered in tine past has hccmn acctm im nui la -
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(li nt i t t  inm i’ke s m l aim at time top m l  tine col kc(om haurk . c i m mne c ( uu re ( hnu ’ i i I n n  pipiung air a n m\m l ia n)  enner gs suinp iv .
1Inr ’se aim - pock ets pre s-eunt t i re fluid i mo u mu pass imig over if t Ine auxiliary supply is piped iii se rm~s ss-ithn time t a n k .
tine collector absorber 1ml a te , th rus redtmcinng time area un de r  coniditionis of I nw ma m nk em nnperat rare tIre auxiliary
oven vs hm ici r solar emmergy is collected. Suc in “vapor lock’ supp ly wi ll not only he required to m eet  time h eat eure rgs
I mn g ’ ‘ cain lie t in event ted by gemue minus use tnt au ( nm m n i a t ic or demu ma muds of I Inc build inn g. hut wi ll also begi n t i m  add
mi u am n m m a f  ven us  n un tIm e eohlet’l i ui syst emun anud by avo tdmnrg enmerg y t im tIm e ta n k. T lnis is part ic umlaml y umides ima ble he—
siou m p isemn ds inn o I lme n ~si~imt rg a m ma u rgen n n enn s w inneh c. mn ca u se it vs n I l re qmal ic  i nn n m n nu n e cess a n iv fam gc anixnin any
m n _ i n  . in i  - t isi’ ml iii si’hm a u~m tmm m s m r iii ’ c m m i lc t ’ t m mm Im mi m i n is fne ~a tem i’aiuablc ol m m ne c tmin g m t n sla nnt.nnn i ’m mm s i Ienm n .m mm mi wl nile
, n l s m m n cc mmnnnum n eu id e d _ s munnni l tanm em n u si y smm p 1 nl vmmng a nt auiuie nf uie n m m am ni i  im~ i le i nve m ’ —

umug emuergy fi n lime sto rage f -j unk It m~ a lvin m umm i l esm nab h c
Prevenrtion of Natural Convection becau se l !me s omed ennem gy sh ould he derived uunn hy t ro u t

F-ice cmnmuve c ( iun n sluou ld he preveunted from m u dissipaunug One solar cnrergy sys tennu appiicatiinn ml ataxi hiary lie -at
sol’an he-at t hrough the collector b-anrk when tine solar to  tire stored eunergy raises One lank tenunperature. wlnich
cruet g~ sys tenrr is nnot in opera(ionr. Tin s can be prevem rted reduces col lector e ff iciency and mm ncreases tank heat
by usinrg two-positiou r va lves win ch close when the col- Losses.
lee b r  syst erm n is de.energized , but are opened if the
systen i is inn operation. Controls

The objective of a solar ennergy systen nn . whet her it is
Piping of Hot Fluids used for hot water . h eati n g, or cooling, is to ninaxinu nnie

Pumm ups un  time systemur s ito um ld be positioned carefully. the collection an-rd sti ’mag e of emuergy fromun tine su m nu , Inn
pam tr c mi lr mr ly w inemu tIne storage ta muk is to he mnnainnt atned tin s regard , t ine im rnp or t am ncc of tine control strategy and
at  m r nuear atnnn osp hreric pressure . A potenntmal cause tnf equip mnremnt ca itnuo r be over emurp has izcm l. Wi ni le time cn m mu-

a svsteuun f imniumre is time cavmtationr of punuips used to pununp trol of these sys emmns typically does unot mequire nuew
Irot Ilunids. Piping consideratiouns should insure th at at tec innology, special care rm nus he exercised inn de ernmui m u-
time co ilec ( iomr and storag e loops. punnups are positioned ing when tine collector pumurp is act uated. because it is
so th at t lncre is always a mmcl posttive suction. Thrs will this urtit w hnicit allows emnergy to he transferred to tIre
prevent flasining when the pumps are energized. When- storage tank.
ever possible , circulating punrnps should be used for
c imnsed loops . annd se lf.primniinng punips for open loops. The most st raighufm nrward imiet inod for inmtia li nug f low

in the co llection loop would be to senrse tine tenuuperatur c
Storage Tank Insulation difference betweenr the col lector plate surface amnd tine

Puactical experm emice indicates t hat heat loss fromni storage tank, If a positive diffe rence existed (i.e.. the
mnm s u hated (annks is frequenrt ly higher than predicted. For collector is hotter th an the tank) , solar dmnergy would
buried tanks mi particu lar , specia l care uinust be taken to be available and tine collector sys teu ru could he energized.
imnsumr e t lmat an inmrpenetrab ie vapor barrier surrounds the Unfortunately, if this strategy were adopted , t he sys-
insu lati n m nn of tire tannk. In addition , storage containers tern would cyc le excessivel y as time co llector tennupera-
wit im a inigln volume to area ratio sinould be considered ture oscillated above and below tine tank tem inpera t ure .
to mnniflin miize tine heat loss. During the heating season ,
Otis conrsideration is less important for tanks located This problemin is coumu monly attacked throumgin tine use
iniside tire building. simnee any heat loss fronin the storage of hysteresis in t ine (urnn.tnn , urn.nd’f tc rr uperat um res : tin - at
tanrk m eats the mnecham nical room. However , in tIne sum- is. t ine collector pumuip is activated wiuenn ( Ire collector
truer such a tank mmnay contribute to t he building’s coo l- plate ms 15 ° F (8,3°C) waru nrer tim a ur t ime ta m nk , bun t ut is

inig load , inn addition to occupying va luable floor space. de-cnergized whenu it is only 3°i’ ( 1 7 °C)  wnrnu icr. In n
li nese factors should he considered when designing and this strategy it is in inp im rtant tin - at tine conutro i systemum

placing time storage tank, have the capability for senus inng (eu nnpe rature differences
accurate ly over tine entire region of control, W itenr tIme

Piping of the Auxiliary Energy Supply tan k is at 180°F (82. 2°(’) dur inng tire sunnnuuner . l’mm r
Finr practical solar energy systems , sonne auxi liary examnip le. col iectiunn would he imnit iated at a plate tenun .

en ergy su pply will be required. Since there are miiany perature of (9~°F ~90.6°C). Durnng tine winter . whuen
punssih ie couu l ’iguratiomns . individual case s m ust be exam- the storage is 100°F (43.3 °C). pu mping s h ould beginn
mmmcd km dc ternnni m ne w lnerc auxiliary energy can be derived, when the plate reaches i 25°F ( 5 1  .7°C). Sensing these
h owever . a m y auxi liary supply boiler or other device temperature differences accurately over (his wide oper-
should be piped para llel with the solar energy solar ating range places ami additional burden ont (lie svstenii
taunk. Figure 6 illustrates exanunp les of a correct and in- control electronics,
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HEAT EXCHANGER

A~I~IIITI”~ ~ ~ BUU DIN~~~~

a. CORRECT

~~~~~~~~~~~~~~~~~~~~~~ EXc~~ NG~f l~ 

BU ILDING

- b. INCORRECT

Figure 6. Piping tine au xiliary energy supply.

%Vlnile time use of h ystere sis is tine m ost co mnn muuoui ap. During t h e  coohinng seasonr . t h ere will be tm m r res vv hm em r
proac h to the problem of differential te m perature con- the auxiliary cooling sysfem m u. in supplcmnm e m ntimng tine
tro t , anot her mnret lnod -- proporti o nunl com ntr ol— - Inas been solar air-conditioner , will be opera(imngar a snuna l l fractin n n u
ennip ioyed. Here , t he speed of punnipnm g is varied in pro- 01’ its full load capacity. Inn termuns of energy stave d . lime
portion to t ine diffe rence inn plate-tank temnnpera ture , low efficiency of tire auxiliary chiller under t lrese cour-
Tine advatntage in thus case us that energy is collected omi ditions refutes Ore perfor mnnance of the mwera l i sv s t en n m ,
days when the solar insolation is hnmgln enough to h eat However , if t ime hack-up ch iller hi-as been sized kmo sn nn al h .t ine plate , but not to a temperature 15 °F (8.3°C)greater it minight miol he able to  mu - reel time load durin ng extennd c d
timamu ( ire storage, Time disadvantage lies in tIne fact tirat periods of lnot . c loudy weather ,
large , variable-speed ~ imps are not conuininon. Propor-
tiona l conitrol is used nuost frequ menntly in residential - Oure approac in to tine problemu i of eqtni pmuuc i ut site ions
sca le systems, been to huave both a large and snnn all hack-up chiller .

TIn s allows botin units to be operated e ff iciennt iv ‘‘ver a
Sizing of Auxiliary Equipment wide ranmge of cooling loads , (Tire first cost would he

As sta tem i prevnously, solar energy systeurns are nor- h igh er h ere tOo .) At tine very least . m m is important tom u ma lly t~meked by auxi liary equipu nnent capable of uniect- realize t h at an effort siuotnld he made t in insure ( tn - atlung a building’s iucatmng arid cooling b inds. (Tin s require- auxiliary chilling equipnnr emnt is not great ly oversized.
mneirt of a redundan t 1—IVAC system is on-re reason that
the initial cost of using solar energy is so hi gh.) For Absorption Air Conditioning
heating-only ‘applncations, the first cost and part-load Tine performance of systems imrvolving solar ahsorp-
c hnaracteris ( ics of boilers are such that the economnnic tion air-conulitiomning has soum’meOnnes been less t h an
penalty pand for h aving a full-sized auxiliary is not too expected. At least two factors accou n t for t in s, T f n~great. Because t his is not nnecessarn ly the case for ab- first of these , excessive nnachimre cycling, is esse n tial ly a
sorption air conditnoning, the sizing of the d riller back- control problenn. (Cycling penahiies tine equip mnten ( per-
imp system becomnies mniore crit ica l. formance by not allowing the m achine suiffic iemn t ( imnue

F 30 
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to teac h its f’ull-rated capacity. ) For exannn p le . it ’ time 7 CONCLUSIONS
ahsorp ( iumnu driller is activated w inemi tIne tank tem nipera-
f ire us gre~mier (m aui 185 °F (85°C), but dc-energized at
te uu m peratures less thu -air 180°F (82.2°C). a five-degree Tine fo liownng comnc lusions cann be drawun conrce rnning

mvsm e res i ’ s or ilead band is said to exist inn tin s con rol t ime nie (imods pnesenumed inn ti n s report -

parantnc te r. If time lrys teresms is imrcrea sed (i.e., the on- 1. Time grapiiic~m [ muet hnmnd of eva luatinrg solar energy
off tettuperatu re dit ’f’erenrce us mnnade larger), the d riller systen nrs is based on estub lis ired echuiology anud calcu l-a-
wm l l conn ie unit less frequently, bunt t’or lonnge r periods of tion mnn et luods . a mud provides sul’tic iei mt accumracy l i mi use
( imur e . ml neueb y neduc i mng time ill effects of cychiirg. inn t’eznsihi lity stu adies.

l ime s c cm mu n d pri ub lemur assoc iated wut i n solar c m uu u im nig 2. t im e ituet luod lou eeomnomuu k- aunai v si s nnm clu md cs all
amuse s w im emm t ime a hs u nt pfomt chm n i le m is um nur erl ired , (Fm n r a cost fim et m nts wi u ici n m u s t  he c m umms id em e d nm e va l m m.n tn t ag
gin cnn c i muud em ns m n u g w ater te m m up c m atunre . (lucre is zn required solar emmergy syst e umns .
nu nimmi r nt t m nru genuc rator water ten u mp e ra t ure , be low w in ic lm
tine unuit is said to  he unuden tired.) Tire penalty under 3. ‘I’iue ci n mmrpu er snm m m i m l at i onr mtt e t l n mi d as base d ott

t lnesc contd itio mns is tin - at t ine capacity of One chiller is estab lished calculation unuetirods arid cain he used inn pre-
reduced g r ea t ly. Umrder firinr g cann best he avoided b~’ 

parimig desrgn innstructmonrs amrd eva luatmnig timnal designs.

~nite rin ug tine ci)ntrol Strategy 50 that the min innumnr temrr- 4. The input data required for botin nIne grap tnical
peralure uuf water pumnrped to tine gennerator is raised, and connputer simulation met lnods cain be readily oh-
Fn r examp le, tine tannk cut-off tenr -aperature for coo limig tam ed by District personnel.

- - could he raised fromin 180°F to 185°F(82.2°C to 85°C).‘ I ,

Strictly speakinrg. raising t he tank cut’off temu lperature
us not tire best approach , since t inere m a y  be a range of 8 RECOMM ENDAT IONSc nm m id e nnsin ng water ten nnpcratures for w hich a tank temn-
pera tnnre of 180°F (82.2 °C) does not cause the unit to
he ununderf lrcd. A moore accurate nrnethod would be to It is recomniruennded that District Eurgineers use time
inave a control systennn capab le of measuring comidensing procedures contained in this report for use in des mgnnitng
anm il generating water ten mnperature simultaneously, and solar energy systeu nns ; inn addition , it is reco minmn nennded
stubsequent ly running the chiller within its specified that Facilities Engineers use th ese procedures tor pre-
uiperal inng region. paring DD 1391 submnnissionns omr solar projects.
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I
APP~ NDIXA :
EFFECTS OF COLLE CTOR TILT . HEAT EXCHANGER
EFFECTIVENESS, TANK VOLUME , AND TANK INSULATION ON
THE THEORETICA L PERFORMANCE OF SOLAR ENERGY. SYSTEMS

1 m m ( ‘hm ~npte u 2 mt was su. m te d tha t  t I n t ’ s i mu g le mimo s t  mmmn p m nu  a un t  t~i ct o u mum de t e im nu i m tm n n g  t ine
perf im runm ~tnn ce f a si tar  L-m m erg\ - ‘~n s ie nmu is t I ne a ssma mm ucm.I co ile c t um et t i e ie n icy. Inn smmp p imn t nut
t imat s t in te m i memn t . Fi g u res A l  t iu nn n m i g ii A4 puesen ut gm~np lts of ’ perceunt so lar . p. verstus P~ wh ich
exp lnc nt ly stnu m n~s t Ime dcpendcnuce ot p onu co i icetm nr array tilt . iueat excinanger ei’fe c ( ivenuess.
tin nn k voiti nnre . ~m nn d uznim k inn sum lin t ion a

1.0

0.9

OPTIMUM ,— LATITUDE
~ 0.8 r

•
0.7 /OPTIMUM LATITUDE

~ 0.6

~ 0.5
Z X-MAD 1SON0.4 • - FT WORTH
o~~
2 ~.. 0.3

HEATING & COOLING SYSTEM
0.2 HEADQUARTERS BUILDING

HEAT EXCHANGER EFFECTIVENESS :9
0 1 32 lb 2 STORAGE/COLLECTOR FT2

- 

TANK U VALUE :.052

0 I

0 10 20 30 40 50

CCLLE~TOR SLOPE - DEGREES FROM HORIZONTAL

Figure Al ,  Dependence of solar fraction on collector slope.
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APPENDIX B:
SOLAR RADIATION DATA*

~t- ro m Climatic Atlas of the (limited States (Nat tonal Ocean ic
and Atmosp heric Admiinis ration , 1968).
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APPENDIX C: tumi m m et h. Sin ce inn minus c ,mse t ime _ u b s u n m p r r n i m  ~lu ull e m m s me -
EXAMPLE OF SOLAR SYSTEM ~l um n ud a nut , its e u u t i m c  pm ice t s cimau ge mi to mIme ..iil.mm ‘.ysl ct i i

PRESENT WORTH COST ANALY SIS f ;ahl~ Cl s um mnnunm a rn ics cs tnm ui at c d C n n s t - ~. design cu~t s lr .ave
been ign tm ma eu.h or time pun rposes ol t inu s cx amum plc.

A design enngrnnee r wa m nts to deterummunn e t ine collector Simncc tine huiidinng ut Exan nupies 2 amid 3 eu n u t in aum s
.nn ca w lniclu imas tIme grea test econommunc B/C’ ratio 14 for 385 —n & muu coolinmg um nui l . t hue cost ut arm ahsorpn i u lu n  cli if icr
sm ml , ir Iueati mmg ;m nm d coolinng of a nmew admumimmistration bui ld— ($20 ,000) is listed inn tIn e table.
ring siurmi lar to time nine umsed t’or Exanmup les 2 and 3 in
Citapter 3. For tIme purpose of timis examunp le. hue/sine is The cost of controls , sensors , valves . anm d mnmim m i mtu al
to c mm u npz nre tine costs o f a building witlu comm vemnt io mna l pipimng is inearlv imtdepe mmdent of sv steuuu s u e  amud is es m i-
oil hmeat m ug arid elect lie eenm t rifugal cooling to a humildi ng unmated -at roug l n ly ¶30 .000.
hneated anud e mm i u led by a solar ennergy systeu rn. Inn tIne
solar ezm s~- . a um x m lmary Incat immg is st m pp lied by aim oil-t ired Flue re m u ma imudem m u f line it c nmm s r un t Im e table are if cpemr-
bother amid auxi liary cm uhiimg as provided by an elect ric demnt onn collector area (A ). Tinest’ va lues a re r mue a mu t ms
centrif u gal chiller. For this exa mmup le, it is assumed t lnat est inuates tor the purposes of the examn pie onut y . Titus.
tine analysis is being performed in FY78 for a project the initial capital costs ( IC) are
programnuned for funding in FY80.

l(’ = S .O -< I04 + l 4 . 1 8 A .
Input Data:

Escalating this ci ns t  t i m  time emnd of FY80 ’6 gives tine
From Examples 2 and 3, t ine annual loads are current working esti m ate ((‘WI

Building Healinng Load 10.8 X i03 mBtu/yr * CWE (5 X I o~ + 14. 1 
~ 

A~ 1(1 .07)1 1 .0~5)
Building Cooling Load 11.2 X iø~ mBtu/yr

C W E = 5 7 X  io~~+ 16 .2 A
The FY78 cost of energy is assumed to be

Step 2
Price of Electricity 5.027/kwh Once the cost data and CWE luave beenn deter m nnim ued .
Price of Oil $.50/gal**j . tine second step in the comparison procedure is the

estab lishment of tine annual fuel cost for the conmven-
The energy costs escalated to the end of FY8015 are tional energy syste rins . As described inn Clmapter 4 . con-

ventional systenu annual f’uel costs are estinnated as
Electricity (S.027)( 1,16) 2 = $.036/kWh follows:
Oil ($30)(l.16) 2 5.673/gal

I - Determine the annual Ineating and n mr cooh um ng
Heating and Cooling energy requirement for conventionnal equipment as des-
Step I crihed inn Chapter 2.

Following the procedures in Chapter 4. the capital
costs of tIne solar system components must be deter- For this examp le the lneat im ng load is 10.8 X l0’~
_______________ 

mBtu/yr and t he cooling load is 11.2 X j~~3 umu Bt u t /yn
4 (shown in Exam ples 2 and 3 ol’Clnapter 3).

t e t r e r  trm mnii I)av id M. Crahtr ee. Chief . Utit. Engr. and Ops.
l ) mv .. I n c m l i t n m. -s Eng ineering (t )A EN-EEU). Subject: Energy
( ,ns C r ’~i n morn t rnv e s tu nnen t Progra m (ECIP) Guidance (7 Novem- 2 . Comnvert the coolmng energy load to kilowatt lnours
ben 1 97 7  a . and m u ltiply by the local electrical rate to obtaimn tIme

~Sl c t mue r s m I I f l  I ac m i l r :  I Btu 1 .055 ki. (To avoid confu- cost of cooling emnergy (miote t inat the coefficient of per-
sn ’m L SI Cilulva len ts are not g iven in this examp le; instead , am formance of the conventional electrical clnillinng device
SI cI ’ unv er s iim n factor is g iven the t irst time a part icular Unit ~S must be considered in making this conversionn) .use d. )

t.Sl co muver s ion Iai.li r I gal 3. 785 2. 
i6

- - - - . Letter from Dav id NI. Crahtree . Chiet , It i l .  I-n g r. .-m n d Opu.t i tus  p r n~~’ is used ton example purposes only; It may be Diy , 1-ac iht ies Eng ineering (DAt-N- FL U) .  Sub j ect - t -n crgssinmnesu hat hig tu e r than the actua l fuel cost. Conservation Invest ment Program ( L-;CIP) (;uidani-e 7 Ninveun-5 I.ct ter  t ro mn i David NI. Crabt ree t 7  November 1977). ber 1977).
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• Table CI
Estimated FY78 Costs for Heating and Cooling Examp le

Fixed Costa Cost /sq ft 5
$ of Collector , $

AlnMlrptron (‘ ililling Sy s t e m mi 2 x I 0~(‘omm urotir . Sensors , Va lves , Piping 3 ~ - I 0~It eat t~~c t uaunge r .5
1- lu id .18
Stor age Fank 1.0
Ad mih t 10101 Plumbing .75
Pumps .75
Collector 10.0
Labor i .o

SI) -. t 0~ 14.18

~~ ( ouvers j i mn t ac t u r :  I sq it  0.0929 In n 1 
-

For a couuiing load of 11 .2 X IO~ mo Btu/yr amid a TIme PWFC for the eonmventional Syst cnuu (PWFC ) ns
chiller COP of 4, t Ime FY80 cost of cooling energy (at given by

- — - 

- 

$.036/ kW lu) is:
- a :  - ‘ 

PWFC MF
C C( 11 2 X l0~ unBtu/yr)(l/4)

wh ere M is t he stuigle ausnouni t factor tm ~m en ter  
~ 

p rrees( kWi u ) ( ~ 03~ ) over t ine life of ’ t ime facility. If time f ’aeiiit~ lit~.’ is 253.4 12 X l0~~ mn Btu - kWh years , M is 19,72 for oil18 and 1 7.67 for electricitv . i9

= 29 .5 X 103/yr Hence, for the cooling system.

3, Divrde time input Ineznting energy amnd/or domm iestic PWFC (elec) = ( i  7.67X29.5 X 103/yr)
hot wate r heating required by the heating value of tIne
fuel used and iuiultip ly by the unit fuel price to deter- = .52 X 106
mine the cost of heating (note again that in determninirng

and for heating,the lmeat energy required , t he efficiency of the boiler or
furnace nntmst be considered).

PWFC (oil) (19 .72)(70.2 X 103 v r )

For a boiler which is 75 percent efficient, using a 
— l.38- X 106heating value of - 138 uuiBtu 17/ga l f’or oil, the FY80 cost —

of heating (at 5.673/ga! for oil) is:
The total PWFC is the sumu n of these two .C

I g a l(10.8 X ~~ mBtu/yr) (~~
) (

~~~) (.138 mBtu , PWFC = 1. 9 X 106gal

= 70.2 X lO 3fyr Step 3
The third step is to calculate time amnounu t ufau~ iliarv4. Convert the dnnual fuel cost to present wortim 

fuel or electrical energy required annually by the solarfuel cost (PWFC). This value provides tine baseline for
systetu for various co llector array sizes based on (hecomparison of conventional and solar energy syste m s, 
met hods described in Cinapter 3. Procedui res for deter-
mml ining the present wort im of auxiliary fuel co st for
various so lar energy systems are as follows:

L emne r trounn David M (‘ rahi rc ~. Ctu iet , LJti l. I-ngr. and Ops. 
_____________l)mv .. Faci l it ies l’.ngi neenng IDAEN-l-EU). Subject: Lncrgy na Lett er from David M. Crabtre e( 7 November 1977).Conservation Investment Program (FX’ IP) Guidance (7 Novem-

ber 1977). i9 Letter trom David M. Crabtree (7 November 1977 )
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_ _ _ _ _ _ _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —~~~~~~~ -~~~

- 1 ) e t e r nmn imu e tI me tota l annumual er ie rg s. supp lied ~ F ‘lee) (17 .2 X i 0~ ami litu . •~
time sol;m r energy svs emtm. ~~~ by tine uu ie ti m im d prescribed year 4
inn ( ‘h rapter  3. Folkuwimtg Examnp le 2 ut Cinapte r ~~ , ~S $ Ok, kWi n28 ‘K I0~ mn m ll tua / vr and is .S7 uunBtu/sq ft/yr. For a 

~~~~ ~
‘
~~ l2  x~ i0~~ nmu Btu

~ m i L ~~ t~~t area . A .  of 5 X 10 sq It (a gamess), Eq I miiay
he umscd to  find P i (d ee) $2 .95 ‘K l0 4/yr

P = 1 .02 Time factor of oS ei n mnre s fr un ni time f~m ea mlman m In e th u e rnnm ul
dc nmiatn d for c m n u n l i m ug ( 17 .2  X I0~ mm u Bum i )  was c~n n m u pu mte d

h - imr Iltis I’ . tIme equa lutun i Our tine Iue ; mtiu ug anud coo lm nn g ta nn time b:nsis mit :m bsinn p t usr u n an n c i mnud it u i mumi m ng. ~ iiw ilm, m t
umumn ver s ;a I curve gives a p ut  .28 . llec mce. time backup sy ste m n n is assumumucd to he co nmv c nuti o m ual , mi n i s

f actor  is regai mued .
= PQ L = .28(28 - ‘~ I0~~ nnm B tu)

- 3. (‘onveri tIme ;i r inut ma h focI LOSI to pr ese n t wimrt i t
= 7.8 X I O~ m unh 3 tu / v r fumel cost , PW I ( ’ . As inn time convc n mtmmm u r al case.

Tlmis is tIme ammu o unut of energy supp lied by tine sular PWFC (oil) = ME (oil)
energy systeu u u.

(19 .72)(1. 9 5 X  10~ )
2. Determine t Ime annual energy cost . F , for auxiliary

furel. PWFC = $3.85 X IO~
-~~ , - 

- and
As stated ml (‘inapter 4. solar energy is used first to

satisf y time building Imeating load. t imen the cooling load. PWFC S (d ee) MF 5 (d ee)
Iii order to calculate the am imnual energy cost for auxiliary
fuel , the total annual building thermal demand. 

~~L’ 
= (17.67)(2.95 X lOg )

mn nus t be separated into the therunial requirements for
heating amn d cooling, respective ly, and compared with = $5.21 X I0~~

t he amotmnt m ) f  solar energy , 
~~LS ’ supp lied.

The total PWFC S . for a collector area of 5 ‘K I0~~ sq t’t .
Following Examp le 2 of Chapter 3 , the thermal is tine sum of:

en ergy requniremnients tor Imeating and cooling for this
case are 108 X i03 rnBtu and 17.2 X iø~ mBtu , PWFC = $3.85 X ~~ + S5.21 X 1O~
respectively. (No te that these sum to the total require-
merit . 

~~L-~ 
For a co llector area of ’ 5 X IO~ sq ft . 

~~LS PWFC = 9.06 X l0~~

luas been ea lcmu lated to be 7.8 X iø~ mBtu. T h u s  energy
is first use d to m m n ee t time heating requirement. Because Step 4

~~LS 
is less than tine h eating demm uand , a tota l of (10.8 The total B/C ratio for the solar heating amid cooling

— 7.8)  ‘K l0~ munBtu mnnumst he purchased for heating system is given by
a u x n i i a r y  and 17 .2 X I ~~ nuuB tu for cooling. 

— 
PWFC — PWFC

- - . 
B/C CWE1 hue ;unmunu;m l cost for each fuel type may now be

cm ntupu te d. Finn lmea t ir mg. The solar energy system represents a saviungs over
the conventional system only if B/ C is greater than 1.0.

- = (3 X IO~ muBtu\ (S 6 .Z3\ / I gal \ (....L\I 5 (011) year / gal I \ .1 38 mnBtu I \ .75/ Fromni Step I . for an A~ 
of 5 X I0~ sq ft

Where 75 is tire estimated boiler efficiency CW E = 5.7 X I0~ + 16.2(5 X I 0~~~)

I (oil) = SI .95 ~ 10 4/year CWE = 8.67 X I0~~

Bcc mIis e a ce m mtrit ’uga l chiller (COP of 4) supp lies tine Using PWFC and PWF(’ f’rounu Steps 2 ann ul 3. it/ ( c , m u m

cooling bac kup. t he cost of auxiliary fuel for cooling is now be computed.
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________

- 1. 9 ‘K I 0~ — 9 0 0  ‘K I o5 Step I= -— --- ----—— ---- —-———~ --- --— 
-

‘K 10’ Det e m - mmu r m t c capmt al costs , Table ( 2 su nion m :mrn/e ~ i’s t n-

um nate d costs. Fun t lmi s ca~~, tin e ahstn rptt uun ch nnik r c~’~t i~

f t  - I - I S  saved . aun d tIm e e m u t n e n u t  w i mi k im n gesl im mn : i t c .  (W I  l \  ~n i t
us g ive uu liv

l i - i  ,t ciml ~ —c rm u  ~mm c: u m l  ‘9) ,1 non ) sq It -

CWt ~ = $ t 4  ~ IO~ 4 $10 -~r A

II l ime pm L ’ s -n -m n u % c~m k - n i l:uimo nn us nepeated to n : nnn A,, iii
I I ni~ sq it . m l is t u umm d that  Step 2

l ine coimu p uta t im nu of c • m m n v c n m t m t m n a h  f u e l  c m i O s  ms

P = 204 onu tIme fu cal m ug  load : a hm m m u c . Fuur a hun idimng I n eanmn m g i n ,nd
of 10. 8 X 1 0.m numBi ~m / y r _ wit h a 75 h im m le m e t t k n ’ u m L \  -

f lue t n n rsersa l  curve t~nve s a p of .5(1 for ulnas ml mu , the FY80 am uuiuai fuel costs , as inn t ime last c\ am i mp lr’ . arc ,

0LS 
I- i  0 lO~ u um Bti m F (10.8 ‘K io~ mlitu/yr)( 1/ 7 5  (($673 gal)

Sntmc ~ t h i s  attm mun nt of emn e ; :~ excee ds time lueat mn ng de- (1 gall. 138 niBtu)
mi uannd. all backu p ninust he siappine d for cooling. T im mn s ,

F = 5 7 0 ’X  103/vr
- ~ 

(.6 5\  1 .036 \ C -—

I - telec)= (I4X 10’ ) 
~~4 / 1 341’X l0—~) Hence,

- - = $24.0 X h0 .
.1 ’ - 

- PW FC = (1~~7 :870 .2 ~
Il u ns  itu a t i l i cs t i m : m t

I ~:~• ‘K
= ( I  7o7) ( 240 ‘K 10 :m 1 = $ 4 )  ‘K lO~

Step 3
h - m r a rm A tn t  I X IO ~~ sq tt. A l sm t . Fo L’ouinpute li n c cost tn t ’ ani xml iam r fuel lot tine M i la n

systemum . 
~~~~ 

ummust he detertt im nued f iu n tt n mu n un ut iul ~
(‘WI: = 5. ] X I ~ + 10.2( 1 X iO fl ) = I .68 X I O ~

’ , amid Q data. Time vahnue c lim n :tmmd Q fun tine l t enmt inug

uuu om ntlus are givenu imu Examump le 3 . (‘Inapt et 3. Thui s minio n .
Using tine s-arnie PWF(’ as before . mnnation (a lon g wit ln ant assumed co l iectimu area ) a llows

I 9 X — 4  ~ ~ 
ca iculatiomi of a 1’~ for each m onth, lime universal curv e

B/C = 1( 8  ~ IO ~~ 

kur h eating (Figuire 4) t hm en n gives 1ii~ p fo r  e:nc ln
- ) 

Finally a nnont ln ly 
~~LS can be figured (pt) 1 ) and

.88 sunnnm nned to get a yearly 
~~LS-

for a col lector area ot’ 100 .000 sq ft. The larger co llec- Table C3 suninnarizes the proccd nmre rising time
to area Imas res ta lted in a lower B/C ratio, and Q front Exaninp le 3 of Chapter 3. w ith .m collecto r

area of 4 X ~~~ TIme cau l be de t eru ruinmed fronin
If a col lector area • t f  25 ,000 sq ft is considered , B/C

is conipnated to be 1,1 1. Since a nunaxim inumni has been = — = 10 .8 X I0~ 
— 4.69 X lO ~~ r r tB t u

found in B/ C, a minore exact analysis of tIne problem is
indicated. Hence , t he comniputer sinnualation program 

~~LA 
= 6,2 X IO~ muBtu/y r

s lmoum ld probab ly be consulted.
Time solar auxiliary fuel cost. F . is given (assun nuing a

Heating Only boiler efficiency of .75) by
Experience indicates t hat a high percentage of (lie

auxi liary futel requirement is normally used for cooling. F5 = (6.2 X I0~ uiiBtu/yr)(1/ .75)( S.673/g .mfl
‘fluis sccm ins to suggest t h at a Inealing-only system m ight
(fr on u n an econouruic stam id point) he more feasible. Thus, (I gaI/. 138 nnBtu)
t Ime previous examu ip le is repeated considering only the
Ine ati nm g load. F5 = $40.3 X

54 

~~~~~~~~~~~~~~~~~~~~~ - . -- ~~~- -—- -— ~~~~— - -—— ~~- -~~~- - - - ~~~~~~ 



Lnhk C2
Est imated FY 7S l (‘urit is fur Heati ng-Omily E~ ainpk

1-ixed (‘uni tS (‘unit sq ft
$ Ut &‘ nItiecIo r. $

t o  tin - i’ I s V  . mts i’s , SCflsors, Pmpmuig .3 \ In)’
ili ’ar I- s&’t,auimri.’r
I - t um i d Is
‘l ami k 1.0
Additional Ptunmnbin,r 75
Pum ps .75
Collector 5,0
Labor 

- - 

1.0

3 x  t O~ S9 . I 8 A C

Table C3
Summary of Procedures Used to Determine Q~~

Month e QLS
MBIu/mo Btu /sq ft /mo MBIu/mo

Oem 2 6  x I( 1 4, 7 x It)~ 7 2 3  94 244
Nim v 8.4 x I I I~ 3.7 X t 0 ~ 1 7 6  54 454

- , t)ec 12 .9 x in)’ 3.4 x II)’ 1,05 .38 490- . a:  Jam , 20.5 X 10’ 3.8 x IO~ .74 .29 595
Feb 19,1 X 10’ 4~3 x In)’ .90 .34 649
Mar 16. 9 x 10’ 5. 1 x 10’ 1.21 .42 710
Apr 13.5 x I0~ 4.5 X 10’ 1,34 .45 608
May 9.4 X 1)) 4.9 X II)’ 2.09 .60 564
Jun 4.6 x 10 2 4.8 x t0 ~ 4.17 .82 377

4.69~~ In)

Hence , for a co llector area of 40.000 . Tine price of tine solar
energy system compares favorably to tine cost of the

PWFC = MF = ( 19.72)(40.3 X l0~) conventional systeu nu.

PWFC = $ 794 X 106 Table C4 shows res uims of ’ t ine aniuhvsis f o r  oilier ci i-
rector areas. A maximum bene fit-to-cost ta ints l~ seemi t i n

Step 4 exist , At this point the computer simulation pug am
Determ -nine B/C . w here , should be consulted for a more exact ania1~sis

PWFCC —

B/C = CWE

For an n A
~ 

of 4 X l0~~ sq ft 
Table C4

CWE = 3.42 ‘K I o~ + 10.46 A Benefit-to-Cost Ratioc for Various Collector Areas

= 34 2  X l0~ + 10, 46( 4 X 10~~ )=  $4.53 X 10’,

Collector Area B/C
(sq ft )Th unis .

0 0
— 

l . 38X 106 — .794 X 106 5,000 1.35B/C — 
4 .53 X iø~~ 

15 ,000 I S O
40,000 1.29

B/ C= 1.29 85,000 .99
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