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Cha,;>ter I 

INTRO.DU~TION 

Avail.able ener~y, inexpensive in the pa t, is beco~ing 

increasingly scarce and expensive . Projections ol'. nat iona l 

energy consu p tion es tab Lishe by the u. C" • 

Survey in icate that domestic reserves o :f both 

and petrol.eu i.l .l be exh usted by the year 

G olo.~ ica.l 

natural g as 

2 00 . (1) The 

shortag e o~ natural g as exp eri nc d by the eastern hal.f of 

the United States durin g the :ilrst or 1977 

:rurthe.r dra atized the i:act that 'fossi l fuels are .fast 

disappearin g . The econo ic l w o:f supp l.y and demand is 

~orcin g the cost o1 ener g y to increment t an e ver-

accelerating rate . As a result of the rapi d increase in the 

cost of energy there has emerge a. new publ ic awareness of 

the necessity for e~1icient energy utilization . Cun slderl n g 

that 1 8~ 0£ the total energy demand of the United S tates ls 

used .:for space heatin g of buildings , 1uture architec tural 

more responsive to th increasing cost 0£ 

ener y .( 2 ) This is in harp c ntras~ to p resent trends in 

( 1 ) Patrick Binns , " State Leg islative Incentlves for 
Solar Energy I pl.eme nta·tlo , " lndus ·tr ia.lizatlon For!!_, Vol. 
7 , Noe 2- 3 ( 19 7 6 ) P • 3 . 

( 2 ) ...JL Tecbnica.l Op ti.2!'.!.§ __.!!.!:Energy 
Bui1din 4s , Insti~ute £or App1ied Technol gy , 
ote 7 89 , ( July 1973 ) P • 25 . 
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architectural desl gn as typi :Lied by -the orld Trade Cen·ter 

York whlch consu· es enoug h e lectric 1. -ty to 1 o er a 

city having a p o p u.la-tlon o:f 100 ' 000 resident- .{ 3 ) The 

arch itectura l profession is .in a uni ue p osition to .have a 

ajor i mpac t up on d ecreasin g the rate o:f na-tlonal energy 

con:::sump-t l on . 11: has been esi:ima-ted that , " The dec.islons 

raade by a rc hi ·tect s and en ~ lneers c a n reduce ener gy 

expenditures In our building s by 50 p erceu-t with no p en lty 

-to the qua.l.i ty o f lii:e in our bul.ld ing s . 0 ( 4 ) Th.is is 

equivalent t 0 d ecrease in total. nation l ener£IY 

consumption of ore than 10% when all buildings re 

included. 

Review 0£ Literature 

His·tor ically, window· have a s p ec ia.l role .in 

architecture. With -the de v elop en t o.f e.lectrlc 1·ghtlng 

this ro.le 0£ the Ylndow as a tool £or creating space 1.ost 

its p rominent p osition . The a val.labi.lity oi' inexp ensive 

energy seemed to hasten the end 

win ows £or .ligh t . With the advent 

( 3 ) Ro bert 
and Systems ," 
( 1976 ) P • 27 . 

G . Ramsey , "Ener,gy , 
[ndustrialization 

o:t the dependence upon 

o ~ the energy crisis of 

Environment , ~anagement 

Forum , Vol . 7 , No . 2 - 3 

( 4 ) R~chard Ge Stein , 
rchitectura.l For m , Vol . 139 , 

53 . 

HArchl -tecture and 
No . 1 (Ju.ly-August 

Enerd.Y t " 
1 7 ) P • 
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-the 197 ' s the window bega to re g a. .in the 1.ost posi ·t ion it 

once en j oyed . 

In addition to a mittlng dayli ~ht , which he l.ps to 

conserve electric ene~gy 1 the windows role .in col ectlng 

solar energy has also been reco ~nlzed . This has resulted ln 

trans:formatlon o~ the interior built env.ironment into a 

low ~emperature solar collector . uch technology is :far 

:f.rom new . To quote J . w. ~rif:fith , ~or er President o:f the 

I.llumlnatin~ En g ineering .:::.oc le ty , "utilization of solar 

energy as •• • • heat -throug h windows ls one o:f the oldest 

and most common uses of a natural resource . " ( 5 ) 

In recent years , the use 0£ indows has been restrainPd 

because o:f the mistaken belie.f that they were energy 

.losers . For example , studies con uc ·ted by Anson ., Kennedy 

and Spencer in ~el.bourne , Aus~ralia indicate that the li:fe-

cycle cost ( the a.mor1: .i zed equivalent of r nning n 

aln~enance costs plus the initial cost ) o~ the b i ldlna may 

be decreased by the reduction of heat g ain associated with 

the windows.( 6 ) Th.is approach :fails to rec gnize solar heat 

gain in t.he winter in the desi g n analysis o.f window sizes , 

( 5 ) J. w. Griffith , "Resource Op~im ization Calls 1'or 
Analysis Based on Li:fe- Cycle C st , " Pro:fessional Engi.!!£!t!: , 
Vol 45 , No . 6 ( June 1975 ) P • 4 • 

( 6 ) • Anson , "Ef:fect o:f 
er ormance o1 0£fice uilding s , " 

Standards Specia1 Pub1lcation J 1 , 
95- 406. 

on ost 
01' 

PP • 
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orlen tat i on an 4 .lazin • at ri al w i h can be .:iui te 

substanti .l and can result in s bstantia.1 energy savings .(7) 

E ven thoug windows may be ener4y losers lo th e winter when 

the sun i s not shinin ( or on oortb :facing wa.lls ) the total 

annual .e:f:fec t o:f proper.ly sed windows can often b e net 

annual increase o:f heat rom the sun . "Proper es .i . n o:f 

the tota.1 e.:f fect oJ: indows can conserve nonrep l.uceab.le 

energ y in most huildin"'S • " ( 8 ) Research sponsored by the 

American Phys ical Society shows that " A substan ia. l a unt 

o:f bene:f icla.l beat can be gained .from solar ·tran smlssi on 

through arch.i tee tural. windows ."( 9 ) Furthermore , t eir 

research sh s that hen these windows were evaluated by 

li:fe- cycJ.e c osting models , in a .manner simll.iar to tha·t 

uti.lize by the nso study , " The incremental cap ital costs 

necessary to ake some windows better in conserving net 

ener~y t h n Insulated walls are not high . " {10 ) 

bile a number 0£ analytic l models ave been develop ed 

to d etermine the hea t gain throug h the buildin g enve1op e or 

to establi h the .li.fe- cycle cost 0 the .building wal 

(7) Peter Bruberry , "Conserving Energ y in 
The Arch~tects Journel , Vo.l . 1 1 ( Sep temher l 74) 

ilding s," 
P • 626 . 

( 8 ) J . w. Grlf1lth , " Resourc e Optimization Calls £or 
Analysis Based on .Li:fe-Cycl.e Cost ," Pro:fess ional Eng.ineer , 
Vol . 45 , No . 6 (June 1975 ) P • 40 . 

( 9 ) ~ . M. Herman , et al , Ener~y Conservati n ~ ~ind!!!! 
Systems {Nat ional Physical Socie ty, 1975 ), P • 47 . 

(1 0 ) lb.id . 
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components , no comprehensive mo• el o1 sophistication exists 

which combines these aspects of heat u a. in and cos-t • For 

example , the system ~or determlninr heat g ain developed by 

the National. Bureau 0£ Standards , and referred to as 

Nat ional Bureau 0£ Standards Load Determination ( NBSL ) 1 was 

rexer red to as the most extensive system of its typ e at the 

Energy Research and Developroen t Ad inistration { E RDA) 

Con:f erence and Workshop on Passive So.lar Heating in May 

1976 . Yet this syste , while it takes into account shading 

Xlns and overhan s , £ails to i nclude items such as the area 

o:f a wi ndow that is shaded rrom direct solar radiation by 

t he windo w £ra e l t seJ.£ .( 1 1} 

Ec onomi c mode.ls , suc h as the .li :fe- cycJ.e cost mode.l 

publ. .i shed by the rick Institute 0£ America , have their 

Li ita-t ions.( 12 ) Whi.le this mode.I interrelates c1i tic 

anal ysis , energy consumption and initial cost o 1: building 

env eJ.ope components .it "fa.ils to lnc .iude any comprehensive 

hea·t gain ca.l c u.la t ions . There is neither a simulation of 

i nso l atlon nor a.llowance :for shading factors . T h is error 

becomes a.pparen·t when one considers the cost-hene~it ratio 

o 1 a shading dev ice consisting of a horizontal. J.ouver . his 

( 11) Ins t itute £ r App1.ied Technolog y , 
Computer Program :for Heati~ and Cool.in <; Loads in 
( Wasbin6t o n : u. s . Government Printing Of:fi c e , 
29a- 4"5a . 

NBSLD 7 _Ihe 
ui1d .ings , 
1976 ) PP • 

( 12 ) Brlc 
Bu i 1d l ng Walls , " 

lnst.itute o:f 
( January 1972 ) 

America , " UJ.ti mate Cost 
PP • 1 0 - 1 5 . 

01' 
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type 0£ shadin~ device wo l d place the window ln shadow 

durin g the summer 1non ths when the altitude o ~ the sun is 

but wouid allow penetration of irect l nso1ation 

during the winter months. Another imp rtant aspect which 

this odel. fails to consider i~ orientation wh.ich , l:f used 

adv antag eously , can result in an infinite cost-b e eflt ratio 

" since the 1 y ou ts which J ive economy in ener~y can also 

sat.is y the o the r planning requlremen t s . 11 ( 1 3 ) 

S i n c e it i s clear -tha;t windows can contribute 'to the 

conse r vat ion of energy wbeo properly used (and when p roperly 

evaluat ed ) what .is needed is a mo el by which the heat g ain 

asso c iate wl tb the thermal per£ormance o:f windows can be 

dete r mi ned with respect t its impact upon the li.fe- cycle 

e n e ·r g y consu pt.ion cost the building. Throu . h the 

u t ilization o such a mo el each window assembly cou d be 

ta i l o red to the spec i fi e la1:itude and or.le tation 

i nflue nc i n g the selection 0£ alternati v e g lazing typ es . 

The study ~o be undertaken will lead to the develop ent 

o1 static life- cycle cost model , which if imple en ed s a 

co p uter simu.lat ion could be used in the seJ.ec ti on o:f 

material . The model is to b e based 

( 1 3 ) Peter Burberry, "Conserving En .r g y in Buildin~s , " 

The Architects Jou!:.!!el Vol . 11 ( September 1 9 7 4 ) P• 62 • 
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upon thermal characteristics of the g lazin5 ate rial in 

relation to t e buildinr• space heating requ irements .. 

Potent ial e ££ect o:f shadln= dev ices w i .l.l not be includ ed . 

Eval.uation will be ade only be tween . al terna ti. ve 

enestration matet"ials , "' ere all othe r b ilding desi g n 

characteristics (size and numbe r o.f :fenestration openings , 

comp osition, wall orient tion , mechanical wall 

etc .) wl.ll be held constan't . S election o:f 

g lazin g materials will be based u p on optimum 

e quipmen t , 

altern tlve 

1 i :fe-c ye le 

cost . A case s'tudy wil l be conducted to ev luate two 

al.ternative ~lazing materials :t'or the pur-pose :f testing 

equa t :ions used ln the s'ta.tic .1 i :fe- cyc le cost model. 



Chapter II 

SOLAR HEAT G I~ T U20UGH WINDO S 

Heat entering a oulJd.in g :from the exterior 

env.ironmen-t ls conposed o~ a n mber 0£ components lncludin ~ 

1) heat conducted throug h sol i d wall components and ~l zed 

wal..l openings, 2} re-radiation o:f beat absorbed by solid 

wal..l coruponen"ts and g laz ed wall opening s , 3 ) lni: i 11:.ra ti on 

o:f warm air ( during summer months ) through solid 

components and around :fenestrations, nd 4 ) sol r radla:t lon 

transmitted throu5 h 5 l azed wall openin g s . :f t ese 

components which constltu-te heat ::i;a.ln ., d lrec·t solar 

radia ·t ion throug h g lazed sur£ ces o:ften c onstitut s the 

major pro ortion of the total heat g ain whi c h enters a 

bu i.lding .(1 4 ) Since insola·tion throug h wind ws can exert 

such an impact upon the thermal quantity o:f an l terio.r 

environment , lnso1ation should be considered in the desi g n 

a buil.dlng . Hea 1: in attribu-ted ·to ln.sola-tion can 

in:f luence many basi c desi g n decisions , including the 

:foJ.J. owing : A ) the q uantity and typ e of g lass used , RI 

whether the g lass used should e shaded , C ) the rlent tlon 

o:f -the g .lass , anD d ) the selection o1 

( 14 ) y . y . Yuvshin v , " Method 
Hea-t Gain £rom Direct Soiar Ra<liation 
Gellotekhnl ka , Vo.I . 9 , No . 4 ( 1 9 7 3 ) P • 

- 8 -

~he building heating 

or Determining Total 
E ter.inc; Structure , " 

11.3 . 
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and cooling systems.{15 ) 

Sola.r heat g in through glass con si s1:s 01' the sum.ma ti on 

0£ a ) radiation transmitted through the g lass , hi ch is 

odi:fled by the ang le at which the solar beam strikes the 

glass sur.face , and b ) the absorpt ion £actor o1 the g lass, a 

portion o1 which is re-radiated to the interior . (1 6 ) Be~ore 

this heat gain can be determined , however , it ls first 

necessary to establish the amount and direction o1 solar 

energy impinging upon the glass .( 17 ) 

Nature o1 Insolation 

The amount o~ in olation upon any sur.face ls a 1unction 

o.f 1) the intensity o.f the solar beam which imping es u p on 

the sur:face , 2 ) the angle o.f incidence o~ that beam , 0 ) 

the amount o.f diffuse radiation from the sky incident upon 

that sur£ace , and 4 ) the radiation re.f1ecte d from the 

ground and other adjacent sur~aces . 

( 15 ) lb.id . 

(1 6 ) P . Pe~herbridge , "Transmission Characteristics 0£ 
Wind.ow Glasses and Sun Con1;rols 7 " SunJ.ight in Buildings , R . 
G . Hopkinson { Rotterdam : Bouwcentrum I ternation~l , 1967 ) 
PP • 187-190 . 

{ 1 7 ) • G. Loudon , "The In 'terpretatlon 
Radiat i on Measure ents for Building Problems," 
Buildinf,;s , R . , • Hopkinson ( Rotterdam : 
International , 1967 ) P • 111 . 

o:f Solar 
~unllJht in 
Bouwcen tr um 
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Radiat i on . The intensity o:f the sol.ar b am is 

dependent on number o:f astronomicd.l and cJ.i a.tic 

variables wblch include , 1 ) the dec lination 0£ t he ea .rth , 

de.£ined as the angl.e between the solar be , and the 

equi t oria.l plane , 2) the a.ltJtu e of the sun , which is the 

so la.r bea and the horizon and dependent 

upon "the decl.inat.ion , latitude and time, an 3 ) the 

pollution, water vap or an'.! dust c ontent oj' the 

atmosphere.( 18 ) These variab.les act to odi:fy the solar 

constant {t he .in t ens i ·ty o.i: solar rad ia-t.ion beyond the 

u ·tmosphere ea sured norma .l to the solar beam } 

As the earth revolve s about the sun its declination chan~es. 

This is due to the tilt o~ the earth rel tive to the earth ' s 

' orbita.1 plane ( a plane whic touches al.l o:f the oints made 

by the earth as it revolves a.bout t e sun ). This ti 1: 

( which equals 23 . 45 degrees ) ca~ses the changin~ -easons and 

determines the d i stance tbe solar beam ruus1: travel. throug h 

the atmosphere . For ex pie , .from September 21 to ~a rc 22 

the rays o f. t e s n are normal to the e rth 1 s sur:face at 

some po int ln -the southern hemisphere . This causes the 

ang~e o~ attack or the sun ' s rays in the northern hemisphere 

to have a o.f incl ence into the a mosphere . 

There:fo.re , those rays must travel. a greater d istance thr ugh 

( 18 ) J . 1 . Yellot , " Cale lation 
Through Sin~l.e Glass ," Solar Ener~l:'.: ' Vol . 
173 . 

Solar Heat Ga i n 
7 ,, No . 4 ( 1 9 6.J ) P • 
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the atmosphere, resulting ln greater absorption 

dispersion o;f radiation ~ decreased radiation striking 

earth at that latitude , decreased tem p erature o:f 

and 

the 

he 

atmosphere , and the occurrence o~ the seasons of autumn and 

winter in t e northern he isphere . ( Figure 1 ) 

S olar aititude ( as earlier stated ) is a £ nction of the 

declination, the ti e , expresse as the hour a.ngl.e , and the 

l.atl-tude . 

e uatlon: 

So1ar altitude may be exp essed by the ~o1lo in 

SIN ALTITUDE = ( COS LATITU Ex COS DECLI ATION x COS ( liO UR 

ANGLE ) + SIN LATITUDE x SIN DECLINATION ) 

S ubsequent equations in this document are ex res ed ln APL 

notatl n .. APL , ( -the acrony m :for A Programming Lan~ua ge ) .is 

a eans 1 or describing processes o1 manipulatin g either 

a.l.phabetic or numeric da t • APL notation ill b sed 

because o:f l 'ts .abil i ·ty 'to escribe m thematical p erations 

with less ambi_uity than conventional a1 ebraic notation . 

hi.le APL notation ls a.i~ebraic in ori~ln some operators 

wlll be unfa 1.li a r to ~he reader . Explanations of these 

o pera·tors can be .found in Appendix A. The APL e .ival.ent to 

~he above alegbraic equation is g iven below. 
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ORBITAL PLANE 

F.i g .. t . Seasona l Angl.e 0£ Inc~ ence . 

{1 9 ) J. L . Threlkel d , Thermal 
{ Englewood C l. l:f:fs : Pr.int 1ce-11a.1.l ., 

Environmental En .t.ineerin.g 
Inc ., 1 962 ) P • 3 1 3 
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ALTITUDE - ARCSIN (((COS LA I TUDE ) x ( COS DECL NATION ) x 

{ COS HA )) + ( SIN LATI1'UlJE ) x ( SIN DECLINATION ))) 

2 ( EQ. 1 ) 

where, 

SIN X = 1 O X x O • 180 

ARCSIN X = (- 1 O X ) x 

cos x = 2 0 x x 0 ~ 180 

180 ~ Ol 

and where; RA is the hour angle in degrees between the so1ar 

be m and the 1oca~lon of the sun at 12:00 ( s olar no n ); 

ALTITUDE equal.s t he an a J.e in degree s between ~he solar beam 

and the hor izon 1'or the hour beint,l considered; DECLIN TION 

equaJ.s the declination o1 ~he ea..rth :tor the day nder 

consideration in degrees , and ATITUDE is the latitud oJ' 

the 1.ocation under consideration e pressed in de g rees . 

( F l <>ure 2 ) 

As the solar .beam pass es through the atmosp here lt ls 

scattered., an otherwise dimenisbed throu=h absorption, by 

po l lutants , dust and water vapor . That radiation whi c h h as 

been cattered will. e ventually reach the surface 0£ the 

earth as dif~use radiation . The intensity of the solar beam 

reaching the earth is d l men lshed by a :fac-tor kn wn as the 

attospheric extinction coe£:flcient . This factor is a result 

o:f the length of the s oiar path throu~h the air ass and ls 
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Fig. 2 . Solar n g le De£in i tlons . 

( 20 ) A eri~ Soc~i_t~y- o-f Hea ting , He .£ri 
Condi~loning En=ineers , Guide and Data Book , 

, e atin &": and Air 
11!72. P • 3 3 • 
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expressed as a ratio o.f t e actual distanc of the s olar 

ath to t h e minimum poss i ble distanc e o:f t he solar p ath at 

s ea 1eve.l . ( Figu r e 3 ) 

S ince the lnt~nsity :f -the solar beam 

nor al to its pat i i s necessary tQ multi p l y the value o :f 

the i ncident radiation by the cosine o.f its an,.,. l e 

incidence into the atmosph e re and a 1lne normal 1:0 the 

earth ' s s rface. Th.is cosine correction is necessa r y to 

determine t he intensity o:f t he radiation p erp endicul r to 

t he sur.f a ce ( t .be v e rtical component o i: 1:he radiation ). 

Therefore , g iven the at ospheric extinction coefficient and 

the a pparent radiation , ( the i ntens i ty normal to the solar 

beam at the e a rt h ' s surface ) t he direc t solar rad i ati on 

striki n g normal to t he e arth ' s s r:face exp r essed in BTU p er 

our per square £oot (DI RECT ) can be calculated 1 rom the 

f ollowing e q uation : 

DIRECT - APPARENT ~ * ( EXTINCT10N ~ S I N ALT ITUDE ) 

( EQ . 2 ) 

where; APPARENI equals the apparent radia ti n in BTU p er 

( hour ) ( square oot ), and EXT I NCTION e q ua1s t he atmo spheric 

e.xtinctlon coe f"f icient .( 2 1 ) Wh i le athema1:ical rela1:i ns lps 

( 2 1 ) .Amer i can Society of He -ting, Re:fri e .rating and !ir 
Condi "tlon.iug n_,ineers , G i de and Data ~' 1972 , PP • 
386- 394 . 
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Fl g . 3 . Distrib ution o f Incomin Radiation . 

DIFFUSE RADIATION 

( 22 ) Rudo.lph Gei g er , The C1i.mate Near t e Q.!:.QY:nd 
( Ca bridge : Harvard University Press , 1975 ) P • 346 . 
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can be de~ermlned amon direct radiation, di~£use radiation, 

apparent radiation an extinction resulting from air ass, 

these relationshi p s are generally reg arded as theoretical. . 

Insu:f:flcient data exists to a.llo the d e-ter nln ti on 01: 

val es of insolation on a totally theoretical as ls. It is 

:for this reason that desi g n data "£or le at 

c al.culat i ons ls usually based upon empirical -for m.lae 

consisting o:f "statl tical summaries of observed 

radiation ."( 23 ) 

Calculation o::f C.loud~ Day .Radiation . Calculation tech ni q ues 

discusse thus :far have deal.t with only the amo nt of 

radiation on horizontal sur:fac s ~or cloudless conditions . 

It is necessary to modify these cloudless conditions by a 

correction 1actor to establish conditions .;[or a cloudy s Y• 

Kimura and Stephenson have developed a comprehensive method 

for modi£yin g the quantlty ox incid ent so.lar radiatlon with 

res ect to the cloud cover data and cloud type . It ls 

this et ho do .logy which has been Incorporated 

into the Nat.iona.l o:f S-tandards Load 

Determination ( NBS LD ) co.puter prog ram or 

ca:tcu.l.at.ing heati.ng and coolin u loads in 

( 23 ) R . J. Cole , " he Lon •wave Radiative Envlronmen 
Around ullding s , n Bui.ldlng and Environ en1:, Vol . 11 (1 9 7 ) 
P• 5. 
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bui.ldings.(24 ) l thoug h ·t ls tect-11 ique, which w d evelop d 

.:f1•0 the analyals o~ Cdnadlan weather data , is probably the 

1ost advanced available , t e technique is based u p on data 

whlch is general .ly not obtainable .:from the Natio al Weather 

Service . An alternative method to that deveiop ed by Ki ura 

and Ste henson ut 11.izes only the percent p ossible sunshine 

( PPS ), which ls av liable £rom any weather sta ion. ·rhis 

ethod, pro posed by Sigmund Fritz and based upon ear le~ 

work by ngstrom , sug6eat~ that a c rrection factor for 

radiation on horizonta1 surfaces can e deter lne by the 

• equation 

PP.SCORRECT - • 35 + • 61 x PP , 

( EQ . 3 ) 

here percent possible sunshine ( PPS ) is c 1culated by the 

equation 

PPS - (CLOUDLESS T POSSIBLE ) x 100 

( EQ • 4 ) 

where; CLOUDLESS equ ls the number 0£ hours o~ radiation 

re c eived per day durln~ cloudless conditions; and POSSIBLE 

( 24 ) nstitute for App1ied Technology , NBSLD , The 
Computer Pro,.ra £or H eating aad Coo1in ~ Loads in Bul.ldlngs , 
( Washln ton : U. S. Government Printing O~~ice , 1976) P • 15a. 



-1 9 -

equals the number 01'. hours o-f ra iation -whic could be 

received per day . Additional research by D. • Barnes whl le 

• c • tate University sug g ests that the coe :f :ficients 

used in the Fritz equation ( EQ . 3 ) should equal unlty.(25) 

ased upon these combined research e~forts tne cl ud c ver 

correction 1actor can be ca~culated by 

PPSCORRECT - • 35 + • 65 x ( PPS 7 100 ) 

( EQ • 5 ) 

As was de onstrated , throu,h the use o1 cosine correction, 

insolation ls subject to applic tion o~ vector ad • tlon . It 

is there:fore possible to utilize those same princip les to 

determine the isolation pon any sur~ace at any ang l.e £rom 

the horizontal and at any orient tion . 

In ord r to determine the 

amount o:f insol.atlon .i Ing.in ~ upon sur.faces other than 

horizontal i1: is necessary to determine the az.! 1t1uth o:f the 

s n at t e point under consideration . The solar azim th, 

d e1ined angular lstance ln the horizontal plane 

( 25 ) i gmund Fritz, 11 Avera g-e Solar l<adiation in the 
~Q Ventilating , Vol. 46 (July, 
Donald w. arnes , "A ~e~h d ror 

Ra diation 1or Averag e ondltlons" 
er , North Carolina Sta1:e University 

United States ," Heating 
1949 ) P • 61; see also , 
Estimating Total Solar 
( unpub1lshed working pa 
at Rale i gh , 1 9 74) P • 2 . 
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between the north-south axis and the location of the _ un , in 

degrees , can be determined by the 1ollo in~ equation : 

AZIMUTH - ARCSIN 

LATITUDE 

{(( COS DECLINATION ) x SIN HA cos 

( "£ • 6 ) 

This equation can also be used to determine tbe n g le 

For of attack 1or ver· ical .sur.faces :l'.acin g d ue south . 

vertical surfaces hlch have wall azimuths ( d~flncd as the 

angle between the north- south axis and a line normal to the 

sur:face o.f "'the wail ) other than zero deg rees it is necessary 

to determine the location o~ the sur£ace under consideration 

rel tive to the posltlon o:f the sun . This location~ 

( described by the wall-solar azlmutb ) _equals the anb le , in 

the horizontal p lane , bet een the location o1 the sun and a 

line n o r al to the sur£ace of the all . ( Re~er to Fi g . 2 .) 

The wal.l- sol.ar azimuth .for wa .lls which have a head ln _' less 

than 180 degrees can be nu1ar.ical.ly d e1:e'l'mined y the 

equation 

WSAZIMUTH - AZIMUTH + WAZTMUTR 

( E'Q. 7A ) 

during the morninci hours , and 
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WSAZIMUTH - AZIMUTH - WAZIMUTH 

( EQ . 7D ) 

during the a£ternoon hours , where WSAZlMUTR equa1s the wall-

solar azi uth; AZIMUTH equals t e solar azimuth in degrees, 

an WAZI UTH equals t e wall azimuth in de_rees . For wa..J ls 

which have a beadin g g reater than 1 80 degrees the equations 

are reversed such that 

WSAZIMUTR - AZIMUTH - WAZIMUTH 

( EQ . 8 A ) 

during the mornin J hours , and 

WSAZIM.UTH. ..... AZIMUTH + ff ZIMUTU 

( EQ . 8 B ) 

durin g the a£ternoon hours .( 26 ) 

Given the wall-solar azimuth and the solar altitude it 

ls now possible to deterine the ang le 0£ incidence £ ro the 

equation 

( 26 ) A er.lean Society oi' Heat.in!;, Re:frigera.tinc{ and Alr 
Conditionina Eng i neers , Gulde ~y Data Book, 1 9 72 , P • 3 93. 
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INCIDENT - ARCCOS (( COS WSAZIMUTH ) x COS ALTITUDE) 

( EQ . 9 ) 

where , 

ARCCOS X = (-2 OX ) x ( 180 ~ Ol ) 

For sur:faces which are lncl.ined , EQ • .9 must be expanded to 

lnc.lude the incllnat l on angle (SIGMA ) where SIGMA is the 

ngle between horizontal and the sur~ace, and ex ressed in 

degrees . Tbere:fore , INCIDENT m y be rede·:fined such that 

INCIDENT - ARCCOS ((( COS ALTITUDE ) x ( COS WSAZIUUTH ) x ( SIN 

SIGMA ))+ ( S I N ALTITUDE ) x ( COS SIG A )) 

( EQ . 10 ) 

Applying this va1 e to EQ. alon g with a cloud cover 

correction ~actor , it ~s now possible to determine the 

intensity 0£ direct radiation p on any sur£ace ln BTU p er 

ho u r per square ~oot { ALLDIRECT ) ~rom 

ALLDillECT - PPSCORRECT K DIRECT >< COS INC !DENT 

( E'Q . 1 1) 

This value ay be applied to any g lazed fenestration , at any 

angle and orientation , ~or the determination o~ so.lar heat 
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gain attributed to direct radiation t rouch windo s . ( 2 7 ) 

lf :fuse .Radlat .ion. ~esea.rch conducted by Stephenson 

indicates tha1; dlLfuse rddlation incident u p on horizontal 

sur~aces can be deduced :from the ratio o.f. "total observ ed 

radiation ~rom the s y vaul t to the incident rad iation 

nor a.l to tbe path 0£ the incident r ay . 11: can also be 

conc.luded from Stephenson's research that this ratio 

( CRATIO ) is directly p r opo rtiona1 to the atmospheric 

extinction coe-f:ficlent . Th ls ls a result of the 

proport iona.llty between the sc tterio g o f the incident ray 

to the length of the solar ath hrough the air mass . Based 

upon Stephenson ' s 1indings it is p ossible to deter1ine the 

quantity o1 di££use t•ad.ia t ion :falling upo n ho r i zo.nt al 

sur aces ( D IFFUSE ) expressed in BTU p er hour per s q uare 

.:foot .( 28 ) Tbls ay be expressed hy 

DIFFUSE - CRATIO x D.IRECT 

Research conducted by Threlkeld suhstantiates Stephenson ' s 

£indin g s and advances the premise to inc.lude a methodoiogy 

which can be used to deter ine the aruoun~ 0£ di££us solar 

( 27 ) D. G. S tephenson , "Eq uations £or Solar Heat Gain 
Th rough Windows," So1ar Energy , Vol. 9 , No . 2 ( 1965 } P • 85 . 

( 28 ) Ibid , P • 82 . 
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radiation fallin g upon any sur.:face . ( 2 9 ) As min t, that 

di.1£use radiation is e~£ected equally by a cloudy condition 

s ls direct radiation , a cloud cover correction :fac-tor ay 

al.so be included. Using Threlkeld ' s equation the 11'.fuse 

radia:t lon which ~alls pon any sur.:face can be determined 

:fro 

DIFFUSE - D I RECT x CRATIO x CORR EC1'ION x PPSCORR ECT 

( EQ . 1 

where , 

CORRECTION - . 45 

when , 

COS INCIDENT < - 0 . 02 

or , 

CORRECTlON ._ ( 0 . 55 + 0 . 437 )( cos INCIDENT ) + { O. 313 COS2 

INC.IDENT ) 

( 29 ) J . L . Threlkeld , "So1ar Irr diatlon o f ur:fac~ on 
Cl.ea r Days , 0 Transactions , American S ociety o:f .llea-t.in a: and 
-.!.£ Condl-t .ion.ln Engineers , Vol. . 64 { 1 9 5 8 ) P • 4 5 . 
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hen , 

COS INCIDENT > - 0 . 02 

and where , 

COS2 X = ( 2 O X x O * 180 ) * 2 

A terse APL 

:follows .: 

expression for this condit ional equation is as 

DIFFUSE - DIRECT x CRATIO x PPSCORRECT x (( . ss + 0 . 437 x 

COS INCIDENT) ) 0 . 45 [ l + - 0 . 02 2 COS INCIDENT 

( EQ . 1 2 A ) 

This equat ion may be appl i ed t any g lazed s u rface , at any 

ang l e and or l e ntatlon, £or t h e determinat i on o1 sol.ar heat 

gain attributed to d i ~:fus e s-01.ar radiation . 

~ad iatlon re :f lected upon elazed 

sur faces :fro other building s , the g round , etc., can account 

:for a sizeable thermal .load u pon building , but 

lnsu:f1 icient data exists to properly analyze t hl component 

with re spect to bull.d i n For examp1e , the Ci.lb do 

( avera g e percenta~e reflection ) f or urban areas ran g s £rom 

15 to 25 percent , increasing exponentially :for horizontal 
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su.rfaces as the eJ.evation o:f 1:he sun decreases , but he 

c ompiexit ies o~ c alculating the ef:fect u pon the t erma1 load 

o:f adjacent buil.ding s h snot been adequately de v eloped.( 30 ) 

resentJ.y , ost techn iques wh ic h take into accoun re:fl.ected 

radiation util.ize o nly an a v e r .i.g e value :for the re:fl.ected 

co ponent which ne glec t s the d irect ional aspect o:f the 

radiation . Whll.e it may be a ppro p riate t o use sucb 

tee niques .for the c a1c u 1a tion o:f rad.ia·t:ion a"T a p int on 

horizontal sur £ac es ( i . e ., tie g round or roo:f ) this is not 

well s uited :fo r t he deter ina tion o:f rad iation incident upon 

vertical. sur :fa.ces since there is no a.llowance -for the 

directional c ompo nent o:f the radia.-t i on .i:rom the g r und to 

the windo w.( 31 ) 

The amount o~ insolation £a11. i n g p on either i nc lined 

or verti c al g laze sur:fac es , as previously s~a ed , i s equal 

to 1;he summation o:f , 1) the .intensity o r the solar beam 

(corrected £or its an g l.e or incidence ), 2 ) the amou t o:f 

d .i:f:fus e radiation £rom the sky incident u p on the sur.fac e , 

and 3 ) the re:flected radiati o n ~ rom the round an adjacent 

sul":faces . The r e:fo r e , based upon the equations previo usly 

d escribed, a n d ne g lecting the r ef l ected radiation comp onent, 

( · 0 ) Ru d olph Gel er , The Climate Near 
( C a mbridge: Harv ard Un iversity Press , 1975 ) PP• 

the Q!:Q!!nd 
14-17 . 

{ 1) P . s . Scanes , " Climati c Des i gn 
Thermal C lculation of Bulldlngs~Estimated 

Data "for use in 
Cle r Sky Solar 

Radiation versus Measured Solar 
Science , VoL. 9 ( 1 9 74 ) P • 211 - 223 . 

Ra ia ion , " Build.i ng 
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TOTALRAD I AT I ON - ALLDIRECT + DIFFUSE 

( EQ • 1 J ) 

where; TOTALRAD I AT I ON equals the to ta.1 re.di at ion :falling 

upon any sur:face expressed in DTU per hour per square :foot . 

r inciples o:f · e at T rans·fer 

Hea t trans:f er between thermodyna iic systems ( a re g ion 

d e :f ined as a point o f re:ferenc. for the ana.lys.is o:f energ y 

flows ) may occur thro u g h the eans o:f conduct ion, 

convection, or radiatlon. ( 32 ) Whatever the 11te ans 

trans:fer , thermal enel"gy can neither be created nor 

d estroyed. Th i s "conservation o1 energ y" c an be stated 

al~ebralcally as "( EE GY IN ) - ( ENERGY O UT ) = ( CHANGE l: N 

ENERGY STORED )" anrl is ge n e r ally re t:e rred to as t le :f irst 

law o:f thermodyna ic s .( 33 ) 

Conductlon . Based upon t h e f irst iaw of ther o dyna ic s , 

conduct ion ay be de lned as th e :flow o:f energy in the fo r 

o:f be at aross sys~e oundar i es , and is a result of a ch n e 

lo temperature b e tween the t o sys te ms as the he t tries to 

( 32 ) J. L . T relkeld , Ther~oal En v iron.menta.l E n g ineerin ?: 
( E sl ewood Cli f£s : Print ice - Hall , 1 962 ) P • 21 . 

(33 ) c . Reynold s , §!!!!.!:!LY xrom ~an to ature ( Ne 
Yor : c Graw- Hi.l , 1 9 7 4 ) P • 7. 
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:fl.-ow to a cooler re ~ ion . ( .3 4 ) Th l s :£.low .from hot 1:0 cold is 

an attempt by the enerby t o achieve a state o.f eu tropy, 

which may be de1ined as a medsure o1 the inetlc ener g y 

within a thermodyna.m~c system d istrib uted such that it ls 

unava.i.lah.le :for conv ersion into work . 

characterized as a rando ness o .f a ·thermodynamic syste , is 

inversely proportional to the ability 0£ a thermodynamic 

sys-tem to d o u se:ful work . This state o:f d i order i s 

COUUDonl.y re:ferred to as the second a o.f 

ther odynamics. ( 35 ) 

Conduction in BTU per hou r can be quanti~ ied by the 

nheat-conductlon-rate equa.1:ion,n or Fo rier • s law , and is 

de .f ined as 

CONDUCTION - ( CONDUCTIVI T Y x A REA x ( TEMP 1 - TE:MP2 ) ) 

DI TANCE 

( EQ . 14) 

where CONDUCTIVITY qual.s ther al conductivity of the 

material under consideration expressed in BTU p er ( hour ) 

.{square .foot ) ( de •ree Fa.hren helt ), AUEA equals the area ln 

square :;feet of the material under inves~i gatlun normal to 

( 34 ) J. L . Threlkeld , The.r I. 
( Eng lewood Cl l .f:fs! Prlntice-Bal.1 7 

Environ enta~ Englneerlng 
Inc., 1 96 2 ) P • 21 . 

( 35 ) Cha~les Kittle, Thermal Physics ( New 
H. Wiley & S ons, Inc. , 1 969 ) P P • 46- 47 . 

York: John 
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the d irect.ion o i: heat .flow, TEMPl TEMP2 equals the 

di£~erence in degrees Fahrenheit between the sur~aces, and; 

ISTANCE equu.ls the d ist nee bet een the sur:f aces in 

feet. (36 ) 

Convection . The transmission of thermal ene r 8 Y can he 

acco plished via convection t h roug h a liquid or a g as. 

Convective heat 1:rans.fer occurs by ~ irst Increasin~ the 

lnter.nal energ y (the sum at ion 01'. the kinetic ener ~y within 

molecular particles) o f the convective edium ( re.f' erred to 

a.s a 11 working £1.uidtt ) and then transmitting the chang e in 

.internal energ y throu g h the w rk ing 1luid via conduction. 

In this ener yy transfer the orkin g Lluld becomes a " flu i d 

tr nsp ort 0 £ internal ener Y•" 

Convect.ive heat trans£er {CONVECTION ) in BTU p er h our 

can be calculated from the followlo · equation: 

CONVECTION - CONVECTIVIT Y x A REA x ( TE Pl - TEllP2 ) 

( E'Q . 15) 

where; C ONVECT IV.I TY equals the convective heat trans:fer 

coe f~ icient expressed i n BTU p er ( hour ) ( square .foot ) 

( deg ree Fahrenhe it), AREA equals the cross- sectional area i .n 

( 36 ) w. c . R eynolds , Ener~y £rom Nature to Man , { ~ ew 

York: Mc Graw- R1i1, 1 9 74) P• 77 . 
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square 1eet o1 the convective medium ( working 1luld ) normal 

to the direction of heat :flow , and ( TEMP1 - TE~P2 ) equals 

the di£:ference ln deg rees Fahrenheit bet een points in 1; he 

convective medlu . ( 3 7 ) 

Rad.iation. d iation is the transier 0£ thermal energy 

between two bodies by electrom gnetic waves pass in ~ through 

low density g ases , liq uids or other sep arating media . This 

thermal trans£er is a result of a tem p erature d i ..f:ferenti a.l 

between the two bodies .( 8 ) 

The amoun ·t o :f .radiation trans ltted .from an object in 

BTU er hour ( RAD IATION ) can be dete.rTJined from the e q uation 

RADIAT ION - EMISSIVITY x SBCONSTANT x AREA x ( T£MP1 *4 

TEMP2*4 ) 

( EQ • 1 6 ) 

where EMISSIVITY equals the radiative pro perty o1 the 

surface pe r unit o1 time , (exp ressed as the ratio o~ the 

a.mount o:f heat radiit.ted by the :na1:erial per unit tlme to -the 

amount 0£ heat radiated by a 1ackboriy ( an i d ealized body 

which emits the axlmum amount 0£ radiation whi.ch it can 

( 3 7 ) Ibid., PP • 77- 7 9 . 

( 38 ) J. L . Threlkeld , Th~al Environmental En~ineerlng 
( Eng 1ewoo d Cll~~s : Prin~ice-Ha ll , Inc ., 1962 ) P • 23 . 
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absorb ) o:f equal configuration nu sur£ace area e .r unit of 

time ) SBCONSTANT equi:ilS the Stephan- Holtz ann constant 

( based upon the Stephan- Boltzmann Law which states that "the 

temperature dependence f the radiant ener=y ensity equals 

its abso.lute te p erature raise to the fourth power" ) and 

equal. to 1 . 72 E - 9 BTU per ( hour ) ( s uare .i'oot ) ( de g ree 

Rankine ), AREA equa.ls the sur.face area ot: the radiative body 

in squa;re :feet , TEMP1 equal the temper ture £ the 

radiative ody i n de=rees Ran ine , and TEMP2 equals the 

t e erature or the surround , to whic the ·rad lat.ion is 

em i tted , in degrees Ranklne .( 3 9 ) 

ea·t Trans:fer Throu,,!b Glazing 

The l s cuss.ion th s :far h s described 1 ) a means £or 

de'term l ning inc l ent radiation upon glazing an 2 ) basic 

i nformati o n necessary to un ers·tand the t hermodyna .ic 

princ i ples 0£ heat transfer bet•een materials . W.l"th this 

base o :f in.for at ion it is o w possible to examine the 

i n t ricacies spec 1£ically associated with heat trans:fer 

th r o u gh glazing . 

( 39 ) 
H. Wiley 
Reyno.Ids , 
1974 ) P • 

Charies Kl~tle , Thermal Physics (New 
S Sons , Inc., 1969 ) P • 258 ; sec 

Energy ~rom Nature to Man { ew York : 
2 . 

York : John 
also w .. c . 
McGraw- Hill , 



- 3 2-

o1ar Heat Gain Glazin,g . Whenever direct 

solar radiation strikes a sur1: ce of an glazed opening one 

por1:ion o:f the solar beam is re.f.lec"ted by the .glass , one 

portion o1 the rad i ation is absorbed by the g lass , and till 

another port i on of the ra iation is al.lowe d to p ss d irectly 

throug h the g lass . These p roperties of the g lazin g are a 

r esult o.£ 1 ) the co p o ition 0 £ the g lass , 2 ) the sur"1'ace 

1:reatment ( or 1inish ) of 1:be g lass ( e . ~ . vacuum deposition ) 

nd 3 ) -the ang le 01' incidence hich the solar bean s trikes 

t he sur J'ace . The so.la r-op t l cal properties o:f g lass 

( t r ansmiss.ion , abs r tion , and reflection ) are determined 

1or each g lass sampi e by em p irical methods usin 3 a T - Scope 

(a type of modified pyr h eliometer ) and -the ~un a1: s o.l ar 

noon . Studies usino a TRA- Sco pe have shown that the 

summa-tioo o~ 1) radiation re-fleeted -fr om the a mpl.e , 2 ) 

radiai:ion transmlt-te d throu gh the sample , and ra<ii tion 

absorbed by -the sa pl.e e uals the incident solar r adiation 

strikln~ the glass sample • There~ore , the p roperties o~ the 

g l ass can be d escribed as a ratio o:f' the quantity o f. 

radia·tl o n re:f.lected , transmitted , or a b sorb e d to the 

quaotl t y o:f radi tion striking the surface o-f the ·•.lass :for 

g iven an.., le o -f incidence . Hence , the coe :f:f .icients 0 

bsorp t lon , transmission and r ef lection must e ual. unity. 

There-fore , g i ven the amount of s olar rad iation which s trikes 

the surface o~ the 3 1as , (Al...L I R ECT ) and the S'O.l.ar-opt ica l 

r o p ert1es o.£ the g .lass :for t e g iven ang le o:f Lncidence 
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where TRANS I SSIVITY equals the coe.ffi clent 0£ transmission: 

ABSORPTIVITY e ual t h e coe~~ iclent 0 1: absorp tlon , and 

REFLECT.IViTY e q ual s t he coe·f i'icient or :re:f lection , then 

REFLECTED - REFLECTIVITY x ALLDIRECT 

( EQ . 17 ) 

ABSORBED - ABSORPTIVITY x LLDI RECT 

( EQ . 1 8 ) 

TRANSMITTED - TRANSM. I SS IVIT Y x ALLDIREC1' 

( EQ . 19 ) 

where REFLECTED e u a l s the amoun t o:f radiation re lected by 

the g lass in BTU pe r hour er square oot ; ABSORBED e quals 

the amount o.f radiation absorbed by t h e g lass ln BTU per 

hour p er square :foo1: 7 and TR ANSl.l. ITTED equals the a ount 0£ 

radiation ~ransm lt ted through the g lass ln BTU pe r ho ur per 

square .foot. Tab.le 1 p rovides an ind ication OY t h e solar-

optical p r operties .for n eneric types o~ g lass • ere the 

an ~ le 0£ incidenc e equals 30 d e J rees .( 4 

( 40 ) J . I . Yello t , " Cale lation o~ Solar Heat Gain 
Throug h S ing l.e Glass , 11 olar En~!:fU'.: t Vol . 7 , No. 4 (1 96 P • 
1 6 7 . 
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Table 1 . So.lar-0 tical Properties for elected Glass Types . 
( Inci d ent an ~ le equals 30 degre s. ) 

Glass Type Trans issivity Absorpt ivity Reflectivity 

C l ear 

Co on g.lass O. S7 o. os 0 . 08 

B o rosi.llcate 
P l at e 0 . 86 0 . 0 7 0 . 07 

Soda- Lime 
Pla t e Q. 76 0 . 19 0 . 0 7 

Heat- Absorbi..!!_B 

Gray P .l ate o . 44 0 ,.51 0 . 05 

B.ronze Plate 0 . 47 0 . 48 o. os 

Sel.ect i. v e-Re:fl ec t ln·~ 

SRG- 38: 33 0 . 33 o. s3 0 . 14 

SRG- 24 : 28 0 . 28 o. ,J 0 . 1 9 

SRG- 35 : 26 0.26 0 .. 56 0 . 18 

La .inated Re£.lect.ing 

" Gold" o. ::rn 0 . 3 0 . 24 

"In':fra- red" 0 . 12 U. 38 o.so 
11S l l v er11 o.os 0 . 33 0 . 63 

NOTE : A.ii a lass types are no111ina1ly 1 / 4 .inch thick. Ratios 
:for e.lectlve- Re:flecti g gl ass l"e:fer to Vi s .ib1-e 
T r ansmi t tanc e : olar Tr ns it~ance . Values iven are for 
a v e r a g e s p ectral transmitta nce between the wavelen g ths of 
0 . 3 and 2 . 0 microns . 

( 4 1) Ibid., • 173 • 
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the d e1:ermi atlon o"f solar radiation While 

re:tlected by , 

only 

g laz.in 

or transmitted tb rou~h , g lazing is 

dependent u p on th so la r-o p1:.ica l properties 

of -the mater.la! , the portion of the 

absorbed insol ·t ion 

building .is 

re - radla1:ed to the interior 

0:£ the a1'.:fected by a numb.er 01: 

variabl.es. These var.iabl.es include, 1 ) the convective 

bea-t t ransfer coeJ::f iclent i'or the inner and 

ou t e r sur:faces of the g lass, 2 ) the heat 

transfer c e:£~1c.ient o f the gl. ass, and 3 ) the inner 

and outer temperatur es of the g lass. This 

p rob.lem ls :fur-tber comp licat ed since the heat 

:from solar radiation a b s ·o :rb ed with.in the g lass 

can al.so be re-radiated t o the exterior 

envil"on en-t . Ap lying ·tbe first .law o'f 

thermodynamics to this system p .roduces the 

alg ebraic equation 

(ALLDIRECT x A BSORPTIVITY) = (( BEAT IN + REATOUT ) + 

( HEATSTOR2 - HEATSTOR1 )) 

( EQ . 20 ) 

where HEAT .IN e ua.1s 1:.be hea't transmitted to the 

.in'terlor b y c onvection an radiation; HEATOUT eq a.ls 

t he hea.-t ~ransm it ted ~o t e exterior by 

convection and radia"tlon , a d ( HE TSTOR2 - JlE A1'STOR. 1) 
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equaJ.s the c hange i the amount of heat tored with in 

Assuming that the c ond ition ls stea y 

st te , ( the heat tran ·~e r acts continuously ) then t he a ount 

o :f energ y stored equals zet'o . (4 .! I 

In order to deter ine the amount o:f heat trans:f r ed to 

the bu i ldin g; interior by conduction and re- radiation , the 

in t erior te perature o:f the ""lass sur1ace m st :first be 

calculated ( re:fer to equa-t ions 1 5 and 1 6 ) • Stud.ies 

conduc ted by John Ye.l.lot o:f the Solar Energy Laboratory at 

rizona S tate University have shown -that the inner 

temperature o:f the g lass can be determined theoretically by 

applyin g the :first .law o ::f thermodyna ics ass ming that 1 ) 

t he heat transfer to the interior ls steady state, and 2 ) 

there is no temp erature d i ~:ferential across the glaz in g . 

Applying these con traint to EQ. 20 , Yellot c o n c1uded 

that the hea"t ga in co ni: r ibui:i on by re-radiation and 

conv ection resulting ~ rom -th e a b sorption o1 d irect radiai:ion 

( RADCONVECT ) can be determined by the e q ua ·tion 

RADCONVECT u x ( ( ABSORBED -!- RADC NOUT ) + ( TEbfPOUT 

TEMPIN )) 

( EQ . 2 1 ) 

A) J. I . Yellot , " Cale latlon of Solar Rea~ Gain 
Throug h Single Glass , " S o lar Energy , Vol . 7 , No. 4 ( 1 963 ) P • 
167 . 
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F i .. 4 . a.lance. 

( 4 ) J. R e aters , " o1ar 
G.lass ," Sunl l csh't in Buildings, 

o wcentrum International , 196 7) 

Heat Gain Tbrou h U shaded 
R .. G. opkinson ( ~tterd m: 

P • 170. 
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where; RADCONOUT .is the combined coei'i'icient o:f racUa. ti v e 

and convective heat trans~er 1or the sur · ace o:f the g lass 

.exp,ressed in BTU per ( hour ) ( degree Fahrenheit ) ; TEMPOUT 

equaJ.s the temperature , in deg rees Fahrenheit , the 

exter.ior environment; TEMPIN equals the air temperature , in 

degrees Fahrenheit, o:f the interior environment; and U 

e quals the co bl ed heat trans1 r coe11icient 1or the Zl SS 

and air :fi.Lm.s , ex ressed in BT U per degree Fabrenhel -t . 

e.fo.re EQ . 2 1 can be calculate d , a nu ber oi' i terme late 

values must he either selected :fr•om tables , or cal.cul ted 

·£rom o ·tber equations . 

ascertained consist o'f 

Spec l :f le al. 1y, 

the :follow.i n g : 

-the v alues to be 

1) t e c ombined 

coe:fficlent o:f radiative and convective heat trans:fer o~ the 

g lass DCONOUT ); 2 ) the a verage tem pe rature o:f the .,., lass 

in de~rees Fahrenheit ( MEANGLASSTEMP ); 3 ) the e issivlty of 

1:be g .lass ( EMISSIVITY); 4 ) t he combined coe£:f icient o.f 

r adiative and convective hea t trans1er fo r the Inner surface 

t he glass expressed in BTU per ( hour ) ( deg ree 

Fahrenheit }; and 5 ) 'the combined heat trans1er coe11iclent 

£ or the glass and air £iims ( U). 

RADCONOUT , the combined coe~£iclent o-£ heat: transf r 

£or the outer surface of the g1ass, ls based u pon equations 

:for fo rced convection an equations :for radiation to a 

"black" environment . RADCONOUT is a funct .ion o.f the outs ide 

air 1 1 .tm • s thermal resis~ance , wh ich in 

the wind speed blowing across the glass. 

turn ls a result of 
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RADCONOUT is g ene r ally not a£ £ect ed by the orientation 0£ 

huiLdlng ln relation t o the d irection 0£ the wlnd . The 

v a l ue g enerally accepted :for hea·t ga 1..n calculation 'for 

bui l dings is equal to 4 . 0 BTU per degree F hrenh it. This 

value l s acceptable £ or wind speeds £rom 4 to ciles per 

hour . 

The a v erage temperature o:f g lass , in degrees Fahrenheit 

( MEANGL ASSTEMP ), can be c alculated by the equa'tion 

MEANGLASSTEMP - ( ( TEMP IN + TEMP OUT ) + ( EM CSS IV I TY x 

ALLDIRECT ) -i- RADCONOUT ) 7 2 

( EQ . 21.1) 

where , EMISS IVITY is equal to the absor t lvlty of the g lass. 

This phenomenon l s g enerally re :ferred to as Xlrchof1 ' s Law . 

RADCONIN .is t he comb ined coe1:f ic .ieut of heat tra.ns£er 

:for the inner sur:fac e o1 the lass expressed in BTU per 

( h our) ( degree Fahrenhei t ). 

e quat ion 

RADCONIN is c alculated by the 

RADCONIN - ( 0 . 2 7 x (( MEANG LASSTEMP - TElPIN ) * 0 . 25 )) + 

( EM I SSIVI TY x ((( 0 .1 7123 x ((( 46 + ME.ANGLASSTEM.P ) v 1 0 ) * 
4 )) ( 0 . 17123 x {(( 460 + TE PIN ) .;. 100 ) * 4, ) ) 
( MEANGLASSTEMP - TEMP IN))) 

( F.Q . 21 . 2 ) 
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where the expression used to p r d uce t e terms 

0 . 17123 x ((( 460 + TEMPIN } • 100 ) * 4 ) 

and , 

0 . 17123 x ((( 460 + TEMPINJ ~ 100 ) * 4 ) 

.is the Stephan- Bo l t.zmann e uatl.on to deter ine t e ra.d iati ve 

power 0£ a blackbody . 

U equals the co bined beat transrer coe1£iclent 0 £ the 

g l ass and air ~i.lms exp ressed in BTU per degree Fahrenheit . 

ince the thermal r ·esls ta nee oi::fered by the g .lass is 

neg lig ible ( 1.n co parl.son to the Inner and outer air sur1ace 

~ ilms) U is calcuiated b y the e q uation 

U - ( RADCONIN x RADCONOUT t • ( RADCONI N + RA DCONOUT ) 

{EQ. 2 1 . 3 ) 

By £lrst calculating these intermed iate v alues it is 

possib.l.e to determine the heat g ain comtribution by re-

radiat i on and convection r suiting :from the absor tion o~ 

direct ion radia t ion ( RADCONVECT ) 1 rom EQ. 21.( 44 ) There~ re, 

( 44 ) J . J . YelJot , " Calculati o n o 
Through S lng l.e G.la.ss , 11 So.l .!!.£ E nergy , Vol . 
170 . 

Solar Hea~ Gain 
7 , No . {1 96 ) P • 
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g iven the amount o:f heat trans:fer resultlnn f rom the 

ther al absorpti v ity o:f -the g .lass {convection and re-

radi a ·t :ion ) the total rat o:f heat trans:fer from direct 

radiation passing throug sin g le g iazing can he determined 

"f r om 

DIRECTG I N - TRANSMITTED + RADCONVECT 

{ EQ . 22 ) 

Addition 1 research by Yel.lot has shown t hat the heat 

.,,a in contr.ibutl.on by re-·radiat.ion and convection o"f absorbed 

di:f:fuse rad.ia.tion (DIFRADCON ) can be deter ined by us.in _ EQ . 

21, with the excep tion that ABSORBED has been 

the constant DIFABSORB , whic h i s equal to 

DlFABSORB - ABSORPTIVITY60 x DIFFUSE 

rep l.acert by 

( EQ . 23) 

where ABSOR T IVITY60 equals ·the c oe:t':ficlent o'f a bsor pt ion 

:for g lass when the a.n.,, le o:f lnc.idence is equal to slx-ty 

degrees . Suhst i1:utlng DIFABSORB :for ABSORBED .in EQ . 21 t he 

:following equation is obtai ned : 

DlFRADCON - U x 

TEMPIN )) 

( ( D IF ABSORB -1- RADCONOUT ) + ( TEMPOUT 

( EQ . 24 ) 
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Combinin g the ther~a l contribution by di.:f:fuse radiation 

( DIFRADCON ) to EQ . 22 provides 

TOTALGAIN ~ DIRECTGAIN + DIFRADCON 

( E • 25 ) 

where TOTALGAIN is equal t o the tota.l beat g ain through 

sing le g lazln• :from d11fuse and direct radiation c omponents 

and expressed lo BTU pe r square ~oot o:f g1 a ss .( 45 ) 

Solar Heat Gain Through Doub.le Glazing. The p rocess :for 

ca.lcu1ating solar heat ga in throug h doub le g .lazlng is 

s i 11~ar to that used £o r single g lazing , with the ex e tion 

·t hat it is necessary t o de ter1n ine the rate o:f he t trans:fer 

by conv ectio n and radiation across the alr space se aratlng 

the two planes 0£ g lass .( 46 ) ( Fl ure 5 ) 

.!1.£ spa ce heat t r ans:fer c oe:f:flcien t s . The rate 0£ heat fiow 

by c onvection and radiation across an air s pace l s d e p e ndent 

u pon 1 ) the tem erature di:f£erence across the air space 

( which in turn .ls dependen~ u p o n ~he sur rounding air 

( 45 ) Ibid. , P • 1 68 . 

( 46 ) J . . • aters , " Soiar 
Glass , " Sunl.lgfrt ln Bu.l.ldings , 
Boucentrum Interna*lonal , 1 967 ) 

Heat Gain Throu~h Unshaded 
R. G. Hopkinson ( Ro ~terdam: 

P • 173 . 
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Rl!RADIA.TED & CONVECTED 

F l • s . Do ub.le Glass Rea~ a.lance • 

( 47 ) Ib i d . 
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temperatures ), 2 ) the convective heat trans:fer coe:f:fi.cient 

o:f the lnner sur~aces 1 acin the enclused building space, 

and 3 ) t he emiss.ivlties o:f the sur:f ces 1'.aclng i:be air 

spa ce . ( R e f er to equations 16 .)( 48 ) The combine 

heat trans:fer coe:t:f.ic lent :for convection and radiation 

between g lazed sur~aces ( INTERCONSTANT ) is g iven in Table 2 . 

It ls im ortant to note t at these values apply only for 

dou ble g laz ed units which have a re :f1ective coating . For 

insul a ·ting lass without a re1lecti v e coatln the value o:f 

.I NTERCONSTANT equals BTU er ( h o ur ) ( s uare :foot ) 

( d e g ree Pab.renhe i t ) • 

In o rder to ut.lize Table 2 i t is flrs1: necessary to 

c a .l c ul.ate the mean air s _pa c e tempe r ature .for double g.lazlng , 

t h e a.ir tempera.tu.re di:fferenc e and the e:f1ective e missivity 

£ o r the a i rspace. The mean air spac e temperature in degrees 

F a hr e nheit ( MEANGLASSTEMP ) is deter lned hy the equation 

MEANGLASSTE MP ( TEMPIN + TEMP OUT + (ABSORPTIVITY )( 

A LLDI RECT ) T RADCONOUT ) T2 

( EQ . 26 ) 

The temperatur e di~~erence 0£ the surrounding air in d e g rees 

( 48 ) F . w. Hut c ins n , "Convec t ive 
Spac es Lo cate d in a1ls , F1oor , 
Cond itioni n g , Heat.ing, ~ Vent ilat i n g , 
5 7. 

eslstances of Ajr 
or Ce l ling , " Air 
( Feb r uary, 1 963 ) P • 
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Fahrenhel-t ( TEMPDIFF ) is calculated by 

TEMPDI'FF - TEMPO UT - TE~fP IN 

( EQ . 27 ) 

As in t he case :for sin le glazin~ these equations a p ply only 

when -the -te erat re g ra lent across each plane oI. ~lass 

composing the doub1e g l ss assembly equa1s zero .{ 4 9 ) The 

combine ef:fective emissivi ty 1or the air space 

( EEM I SSIVITY ) is calculated by using -the e uatlon 

EEMISSIVITY - * (( * EMIS2 ) + * EMI Sl ) - 1 

( EQ • 2 8 ) 

whe r e EMISl and EMIS2 are the emissivities £or tbe inner and 

ou t er sur:fa·ces .:facing -the air space . ( 5 0 ) S i nce lrcbo~~ · s 

Law states that t he emissivity o:f a g lass sur::face is e q ual 

to its absorptivl-ty, EQ. 28 may be altered such that 

£EMISSIVITY - * ({ *ABSORPTIVIT Y ) + ( * AHSORPTIVITY2 ) - l ) 

( EQ . 29 ) 

( 49 ) J . I. Ye11ot, " Calc ula tion o :f Solar Heat Gain 
Throug h Single G1ass , " Solar Energy , Vol. . 7, No . 4 ( 1 9 6 3 ) P • 
170. 

( 50 ) American Society o::f Heating , Re:frigeratinP, and Ai .r 
Condi~loning En ~ineers , Gu~de and Data Book , 1 9 72 , P • 96 . 
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where ABSORBTIVIT"Y and ABSORRTIVITY2 are values obtained 

from Tab1e 1 :for the absorption coe1· icients :f-0r the two air 

space sur:faces.( 5 1) Using these values for the mean air 

space te perature , the air temp erature di~£erence , and the 

e:f:fective emissivity o:f "the air s p ace , the prop er 

coe:f"ficient o:f heat trans-fer :fo.r the a pprop .rlate a -ir s pace 

thickness can be selected £rom T able 2 . 

As direct radiation 

strikes a do u .ble g lazed sur:fa.ce the transmission o:f heat 

throug h -the :first layer o:f glass ls identical to the heat 

t.rans~er calculated ~or a sing le piece o:f lass . There:fore , 

i -t ls on.ly necessary to expand equations 21 nd 22 to 

account ~or the e~ fect of the second layer of ~iass and the 

air space contained by the double g 1ass assembly upon the 

heat :flow th.rough the £irst layer o:f l azing . I:f the inner 

layer 01'. glass l s isolated as a thermodynamic sys1:em , i t s 

inward heat flows consists o~ 1) the radiation transmitted 

through the outer I.ayer o.f' g lass and, 2 ) the re- radiated 

portion o1 the absorbed tbermai component o~ the outer layer 

o.f' a lass. Th.is re-radiated com p onent is in turn odi :f .ied by 

a) the co bined heat transfer component across the air s p ace 

(INTERCONSTANT ), b ) the external coe1:ficlent of conv ective 

( 51 ) J. L . Threlk el , Ther al Environmental Eng ineering 
{Eng lewood Heights: P ri n tlce- Hall, Inc., 196 2 ) P • 25 . 
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A~r Space Heat Transfer 
( INTERCONSTANT) expr~ss~d ln BTU 
( square :foot ) ( deg ree Fahren eit). 

Air §pace Th.ickness Egua. .ls :!J . 500 inches . 

Mean 

Coe:f.flc ien ts 
p er ( hour ) 

Air Space 
Te p erature 
Degrees F . 

Air 
Temp . 
D.i:ff . 
F dea. E~fectlve E lssivity ( EE~ISIVITY ) 

o. oso 0 . 100 . 200 0.400 0 . 820 

1 0 

30 

50 

90 

110 

30 
50 
70 
9 

30 
50 
70 
90 

3 
so 
70 
9 0 

30 
50 
70 
90 

30 
Sti 
70 
90 

0 . 409 
0 . 43 
0 . 44 
0 . 467 

0 . 422 
0 . 440 
0 . 457 
0 . 473 

0.435 
0 . 451 
0.467 
0 . 481 

0 . 46'7 
0 . 47~ 

. 491 
0 . 503 

0 . 48 
0 . 496 
0 . 507 
0 . 517 

.444 
0 . 465 
0 . 484 
o. soJ 
0 . 462 
0 .. 480 
0 . 498 
0 .. 514 

0 . 481 
. 497 
. 512 

0 . 527 

0 .. 524 
. 536 

o . 548 
.. 560 

0 . 549 
0 . 560 

. 571 
o. ss1 

o. s 10 
0 . 536 
0 . 556 
0 . 574 

0 . 543 
.561 

0.579 
o . 595 

0 . 57 
. 588 
. 60 

0 . 6 18 

0 . 628 
0 . 650 
0 . 663 

. 675 

0 . 676 
0 .6 87 

. 6 8 
0 . 10.9 

0 . 658 
0 . 'l7B 
0.699 

.717 

0 .1 4 
0 .. 723 
o. 741 
o. 7 '8 

0 .. 7 4 
0 . 770 
0 . 786 
0 . 801 

0 . 866 
0 . 8 7 9 
0 . 891 
0 . 904 

0 . 957 
. 9 7 9 

0.999 
1 . 019 

1 . 043 
1 . 062 
1. 81 
1.099 

1.136 
1 .1 53 
t . 169 
t . 186 

t . 345 
t . 358 
1.372 
1.386 

1 . 463 
1 . 475 
1 . 7 
1.soo 
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Tab.le 2 . ( contin ed ) lr Spac e Heat Trans£er Coef£iclents 
( INTERCO STANT ) expr,ssed in BTU per ( hour ) 
( square ~oot ) ( de~ re e Fahrenheit ) . 

Air S pace Th ickness equals _. 3 7 5 inches . 

Y:ean 
Ai r Space 
Tem era.-tu'l'e 
Degrees F . 

1 0 

30 

50 

90 

110 

Alr 
Temp . 
Di£1' . 
F deg . 

30 
50 
70 
90 

30 
50 
7 0 
90 

30 
50 
70 
90 

3 0 
50 
70 
90 

30 
50 
7 0 
90 

E~£ect ive Emissivity ( EEM I SIVlTY ) 
o. os 0 . 100 0 . 200 0 . 400 0 . 820 

0 . 50 
o. s20 
0 . 533 
0 . 545 

0 . -2 
0 . 538 
0 . 549 
0 . 559 

0 . 5 4 8 
0 . 556 
0 . 565 
0 . 574 

0 . 592 
o . 597 
0 . 603 
0 . 6 1 

0 . 6 18 
0 . 621 
0 . 627 
o . 632 

o . 544 
. 556 

0 . 568 
0 . 581 

0 . 568 
0 .578 

. 598 
0 .6 0 

0 . 594 
0 . 602 
0 . 611 
0 . 620 

0 . 649 
0 . 654 
0 . 6 61 
0 . 668 

0 . 681 
0 . 685 
0 . 690 
0 . 696 

0 . 615 
0 .627 
0 . 640 
0 . 652 

0 . 649 
0 .659 
0 . 670 
0 . 681 

0 . 685 
0 . 6 93 

. 702 
0 . 71 2 

0 . 763 
0 . 768 
0 . 775 
0 .782 

0 . 808 
o. 1 2 

. 817 
0 . 824 

0 .757 
0 .770 
o . 783 
0 . 796 

{) . ~10 
o . 821 
o. 3_ 
0 . 844 

0 . 866 
0 . 875 
0 . 855 
0 . 895 

o . 9 1 
0 . 997 
1 . 004 
1 . 0 12 

t.062 
1 . 066 
1. 072 
1.079 

1.056 
1 . 069 
t.083 
1. 097 

1 . 1 49 
1 . 1 0 
1 . 172 
1.1 5 

1.248 
1.257 
1 . 268 
1 . 279 

t . 4 7 0 
t . 4 76 
1. 484 
t . 494 

1. 595 
1.6 0 
t.607 
1.615 
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Table 2 . ( continued ) Air ,pace Hea t T ransfer Coe~Llcients 
(I NTERCONSTANT ) expressed in STU per ( hour ) 
( square 1 o ot ) ( de~ree Fahrenheit ). 

A .i.r SI?aee Thic.Kness equals Q. 2fi.Q inches . 

ean 
Air Space 
Temperature 
De rees F . 

1 0 

0 

50 

90 

110 

Alr 
Temp . 
Di f':f . 
F de • 

10 
50 
90 

10 
50 
90 

1 
50 
90 

10 
50 
9 

10 
50 
90 

Ef~ective Emiss ivity ( EEM ISIVITY ) 
o. oso 0 . 1 00 0 . 200 0 . 400 . 820 

0 . 7 3 1 
0 . 733 
o . 742 

0 . 7 62 
0 7 84 
0 . 770 

0 .. 7 9 1 
0 . '7 9 
0 . 7 8 

o . 849 
0 . 85 
0 . 859 

0 . 8 1 
0 . 894 
o. s9s 

0 . 7 6 7 
0 . 7 69 

. 778 

0 . 802 
o. 04 
0 . 81 1 

0 . 83 6 
0 . 839 

. 844 

J . 904 
. 915 

0 . 917 

0 . 945 
. 958 

0 . 959 

o . 838 
0 . 84 
0 . 850 

0 . 883 
0 . 885 
o. s 2 

0 . 927 
• . 31 

o . 9 35 

1 . 020 
l . 029 
1. 031 

l . 0 7 2 
1 . 085 
1 . 086 

0 . 980 
0 . 983 
0 . 993 

1. 044 
1 . 047 
1 . 054 

1 . 1 09 
l .113 
1 . 119 

1 . 248 
1 . 257 
1 . 26 1 

1 . 325 
1 . 3 3 9 
1 . 341 

1 . 279 
1.282 
1 . 294 

1 . 383 
1 . 386 
1.396 

1.491 
t . 495 

. 503 

t . 7 2 7 
1 .7 7 
1.742 

1 . 858 
1 . 8 73 
1 . 8 7 8 
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Table 2 . ( continued ) Alr Space Heat Trans~er Coe£ficlents 
(I NTERCONSTANT ) expressed lo BTU er ( hour ) 
( square foot) ( degree Fahrenheit ). 

Ai~ Space Thickness eg als _ • .!JL_ inches. 

ean 
A.ir p ace 
Te per a ·tu r e 
Degrees F. 

10 

30 

50 

90 

110 

Air 
Temp . 
Di"f"f . 
F deg. 

10 
50 
90 

10 
50 
90 

10 
50 
90 

tu 
50 
90 

1 0 
50 
90 

E1fec~ive E issivity ( EEVISIVITY ) 
o. oso .1 00 0 . 200 . 400 0 . 820 

0 . 948 0 . 984 t .. 05 1 . 1 7 1 .1 46 
0 . 961 . 997 t . 06 1 . 211 1.510 

. 962 O. S98 1.069 1 • . .H 3 1.514 

0 . 982 1 . 022 1.103 1. '264 1.602 
1.002 1 . 0 2 t .1 23 1 . 2 s 1 . 624 
1 . 002 t. 42 t.124 1. 286 t . 627 

1 . 012 t . 057 1 . 1 8 t . 330 1 . 712 
1 . 041 1.087 1 . 178 t . 36 1 . 742 
1 . 041 1 . 087 1 .178 l . 'l6 t t.746 

1 . 0 70 1 . 127 1 . 241 t. i69 t. 9 48 
1 . 122 1 . 179 1 . 293 t . 522 . 00 1 
1 . 123 1 . 180 1 . 295 1.524 2 . 006 

t.101 1 .1 65 1 . 292 t . 545 2 . 078 
1 . 167 1 . 230 1 . 358 1 . 1 2 2 .146 
1.169 1 . 233 1. 360 1 . 616 2 . 152 

-~-------~--~-------~------------------~-----~--------

( 52 ) Ame.rican Society o:f. _!!e t ing , l? e:frige.rating and ~lr 
Condition .lng .Engi neers , Gu ide and Data Book , 1972 ., P • 9 6 . 
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and radiative heat transrer, and c) the heat trans:fer 

coe:f.i:lcient ( U value) or the inner layer of g lasR. 

Combining these :factors with the resu.lt of the .re-rad iation 

o:f the outer 1ayer of 0 lass p roduces the ~ollowing equation 

:for de-terminin ·the rate of convective heat transfer throug h 

double g lazing (RADCONVECT2 ) : 

RADCONVECT2 - RADCONVECT + u x ABSORPTIVITY2 x 

TRANSMISSIVITY x ( T RADCO OUT) + INTERCONSTANT 

( EQ . 30 ) 

where ABSORPTIVITY2 is the coe:fflclent 0£ absorption :for t he 

inner 1ayer o~ g l ss, and TRANSMISSIVlTY ls the coe:f~icient 

o:f transmlssion :for the outer layer of g lass. s uming -that 

·the outer and inner layers 0£ glass are identical EQ . 30 ca.n 

be stated as 

RA.DCON V ECT2 - U x (A BSORPTCVITY x ALLDIRECT -f- RADCONOUT) + 

((ABSORPTIVITY2 x TRA.NSMIS IVITY x ALLDIREC ) x ( { t-

RADCONODT ) + ~ INTERCONSTANT )) + ( TEMPOUT - TEMPIN ) 

( HQ . 3 1) 

Hea t -·a in fro direct transmission thro gh d uble 

g1azln 7 is dependent u p on th ~ransmissivities 0£ bot 

layers o~ glass as the outer layer acts as a ~ilter 

decreasing the a ount of rad iation im p ing in g u po n t h e Inner 
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layer o:f g lass . T he solar he t g ain c ntrlbutlo b y direct 

trans l ss i on thro g b doubl g l zing 

the equation 

( DIR 'ECT2 ) ia g iven by 

DIRECT2 .... ALLDIR EC1' x T RANSMISSIV ITY )( TRANSMISS IVITY2 

( EQ . 32 ) 

whe.re TRANSMISSIVITY and TR ANSMISSIV !TY are the 

c oe££ i cients of trans ission £or the outer and inner layers 

of gl a ss , respec ti v ely .( 5 3 ) Based upon e uations 3 1 and 3 2 , 

the to t al heat trans1er £rom direct radiation throug h double 

glaz i n g ( DI RECTGAIN2 ) in BTU p er ( hour ) ( sq are -foot ) ls 

g i v en by t he equation 

DIRECTGAIN2 .... DIRECT2 + DCONVECT2 

( E • 33 ) 

The prec edin g material as described a number o:f 

sim11.iarities bet een the calculation tech niques for the 

deteri ina·tion of the direct solar h a~ g ain co onent for 

sing le and d o uble g lazing . 

l1 an equitable co p a r ison of ther al per~ormance is to 

be a de o ·f sln <7 le g lazin g reL1. ti ve to double g l zing ( one 

objec tive 0 1'. this aper ), lt i · i p ortant "to compare only 

( 5 3 } I bid •t P • 3 9 5 . 
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tberma.1 qual.ities which can be determined :for both 

condii:ions. Hence , co..uparison o:f thermal er1:o r ance 

between alternative g lazin g types is limli:ed only to direct 

radlation. Howe v er , there is no basis :for the assum tioo 

tha-t the d i .ff'use solar heat gain component !:or do bl.e 

glazi ng c an be calcu1ated in a slmi1iar anner to that used 

f o r single l azing . Research conducted thus £ r has £ailed 

t o prov ide a satis1actory technique :for cal.culat .ing the 

dif~use solar heat aaln component through doub.le g lazing . 

Solar Control Dev~. 

A g r eat a ount 0£ research has been conducted in an 

ef:f rt to determine the e~fec~ of' externa.1 shading devices 

upon windows and window systems . The inc.lusion 0£ a 

discussi o n o~ their calcu lated ef~ect is beyond the scope of 

this paper , 

alternative 

( limi t ed to 

g lazing types ). 

a seJ.ection methodoJ.ogy "for 

However , a iscussion 

shad i ng devices inc .l uded lth in the g lazin g i tsel:f 

o:f 

is 

appr opr i ate and necessary . 

Cons i derable resear c h has been underta• en in the oviet 

Un i on 1:0 deter ine the e:f ects o.:f a shadin g device placed 

between the .layers of daub.le lazing • In -this research , 

Ersho v, Gu.1 1 ka r ·ov , and Tsipenyuk , hav e a ·ttempted to 

es t al>J. i sh the heat .:f.low rate '.for a wind ow asse bl.y 

c o n1:a i nlng an lnternal sh d i g de v ice by mathe atica.l 

mo del.ina based upon the £i:rst: 1a 0£ ther odynamics . Un.l.i ke 
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research conducted by individuals such as St phen on , 

Barnes , or Ye.lLot, the research by Ersov, et . al. is y t to 

be subs·tantlated by empirical. tudy. For this reason, the 

methodlogy de vel.o ped by this Soviet tea o:f researchers ust 

be viewed as a yet nte ted et odolog y.(54 ) 

Chapter 2 ha sought -to provi e background o:f 

ln.:for.mat lon 0 the determlna ts and modi:f.iers c:;ol ar 

radiation, and the ca1culation techniques necessary -to 

determine the rate o:f hea t trans:fer through al tern ti ve 

types o1 window g 1az.in "' • With th.is ln£or ation is 

possl .le to deter ine . eat loa.d contr.ibut.ion by 

al.ternative types o:f windows upon t e interior bui ldlng 

envlronnient. 

It is possible , there:fore, to determ ine the rate of 

heat trans£er throug h al ternative window g l zin • Th value 

o-J'. 1:hls process to the designe is to provide a bas i s :f.or 

the eva.luation o :f a .lternative .laz.ing -teriaJ.s which wl11 

make possible 1 ) ener conservative bui.ld ing esig n, and 

2 ) reduced bui.ldin o operating cos'1:s which can be e valuated 

over the anticipated li-J'.e of tne building . 

( 54 ) A. v. Ersho v, « ca1cu.lation o:f. Heat Trans~er by 
Convection and Long - Wave Therma.l Radi tlon ~r a Wlndo 
with a S creen-Type Sunshield t" elloteckhnika~ Vol. 7~ No . 2 
(1 971 ) P• 57 . 



Chapter III 

LiFE- CYCLE COSTI ·a 

Economic analyscan be i s a very p ower f ul desig n tool 

because 1 ) p r o vides an ohjec ti ve basis ~or the 

eva.lua1:i o n o-:J.: alternative des i g n solutions , 2 ) allows 

unl.lke items -to be c ompared , and 3 ) provides a comJOon set 

o1 units 1 o r ot erwise irr econ cilab le units , such as d e grees 

Fahrenhel t , dee ibel.s , and :f o o tlamberts.( 55 ) In econom.ic 

ana1ysis only one g oal exis t s --cost o p timization . Ap lied 

to the desig n p rocess this usua lly consis t s of eveloping a 

number o :f a.lternat .iv e d es .i g n solu·tions and applying the 

n.li :f e - cycle cost concep·t . 11 

Ll:fe-cyc.le cost analysis ls a techniqu~ whic considers 

a.ll re.le v ant costs over the liie o1 each alternative desig n . 

This i s acc o p .lished by per~orming the :following steps : 1 ) 

J:denti :fy re.lava·nt c ost i tems :for each alternati v e . Such 

items may i nclude t be i nit i a l cost , annual ai.ntenance 

costs , replacemen t costs ( as ln the case of bull.ding 

subsys~ems ), runn ing costs ( beating ., 11 ·htlng , taxes , and 

insurance ) and the salvag e va1ue £or each a.lteroative . 2 } 

( 55 ) Peter " annin ~ , 

Compo nents o~ the T otal 
Illumlnating En ~ i neerin ~ 

( 196 ) P • 1 59 . 

11 Li gbt.ing i n e1ation to 
Environment , 11 T ransacti ns 
Soclet~ o:f Grea·t Britai!! , 

- 55-

Other 
o :f the 
No . 3 
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Forecast the a ount of each of these costs and wh n they 

wi11 occur d uring t h e expected lLfe o.:f each deslgn so.lutlon . 

3 ) Dlscouni: (or amortize ) these costs to their present 

va.lue.( 56 ) 

Discounting o:f these c sh ~.lows is accomp lished through 

the use 0£ i ni:e res-t rate :factors in accordance with the 

inv estor ' s op ortunity ra-te , where the opportunity rate is 

e ual to the perc entag e which an indlvidual , corporation , or 

o -t her enterprise wl.11 accepi: as the lo est rate :f return on 

an investment . ( This is not to be con.fuse d wlth the 

inte r est rate which ls charged a borrower. When Rtillzing 

l .i :fe- cyc le cos1: tee ni c1ue~ , the cost for borro in4 o ey , as 

it is l n ·the case £ depreciation , is charg ed as an annua.1 

cost. ) The opp o r tunity r te f or larg er corp orations is 

g enerally 10~ or g reai:er since the f l r m can invest in 

ederal bonds , which is a l ow- risk investment ayin g ten 

percent interest ; hence the mini um opportunity rai:e l g ht 

be c ons i dered as 10~ . The f i rm has the option to invest in 

ii:se.l:f ( in ·the :form oi' capital expansion or increased 

op e rating capital ), or to invest outs.i e the corp ra.tion 

through the purchase of stocks or bonds .in other 

( 56 ) A . J. De .1.1 ' lsol.a , "Inside Val.ue En @: ineering : An 
Experi: ' s Vi ew , 0 Ac tual. ~ci:fyiog Engineer ( April 1 9 7 J ) P • 
82 , see also , Rosa.lie T . uegg , So1ar Heating and Coo1ing in 
Bui.ldinv,s : Methods ox Economic Evaiua ti on , Institute fo:r 
Applied Technolo g y , NBS Kepo r1: o . NBSI '75- 712 ( Ju.ly 1 g7r ) 
P • 4 . 
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or a anizatlons . Either 0£ which may provide an investment 

rate .igher than 10%.( 57 ) 4 ) Now compare the various 

a..lternative desiuns based on their li ie- cycle cost . 

Four bas .le concep ts .rema. · n paramount henever an 

economic analysis , and part.icuJ.arly a 11 :fe-cycle cost 

analysis is undertaken : 

1 ) Any e c ono ic analysis used to comp are or cont .rast 

design aiternatives is a t'e.lative analysis . o a voi d the 

is1eading tendency of buildin0 clients to th.ink only in 

terras 01: real. or immediate dollar values, LCC provides an 

opportunity :for co parlson of al.ternative desl gn soJ.ut ions 

n an economic bas.is . However , i:be bases used .for this 

c omparison cannot be considered as absolute--over a period 

o~ yeats the parameters ay c ha nae • The comparative I l gures 

a.re on.l y s.imu.la t ions used t o pr vlde some immed iate 

lndlcators.(58 ) 

2 ) In the develop ent 0£ any ife-cycle cost analysis 

onl.y those quanti ties which are not common to alternative 

designs need to be included in the mode l. Since the models 

are evalu ted £or their relative ultimate cost dl£~erences , 

constants may be omitted . For example , ii two alternatives 

( 5 7) J . w. Gr i ££ith , and B. 
Bene~lt Analysis ( - G Associate~ , 

( 58 ) 
Cost.in , n 
14 . 

D . P . Haywor th, "T e 
Industrialization f~, 

J . Keely , Life-Cyc1e Cos~-
19 76 ) P • 1B- 8 . 

Prlnclp.les o:f Life- Cycle 
Vol. 6 , No . 3 - 1 ( 1 9 7 5 ) P• 
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are to be compared in w ich a ) the maintenance costs for the 

two alternatives (on n annual basis ) would be identical and 

b ) the l .i :fe-cycl.es for the two alternatives are of equal 

duration , then maintenance costs need not be made a factor 

to be inc1uded i n the economic mode l.( 59 ) 

3 ) The 1 i e-cycl. e cos·t p rocess ust be utilized in a 

c onsistent anner :for al.l a.i terna ti ves anal.yzed . Ea c h 

al t ern .at i ve must consist o:f the sa. e variables to be 

analyzed--only the values may chang e . For examp l e --i :f the 

annuai maintenance costs :for one alternatives is known , but 

t here .is insu~:ficient ln:format i o n available on ·the annual 

aintenance costs ~or the other , then it is not accurate to 

include the known maintenance costs :t'or the -0n al terna ti v e 

and omit any ainteoance costs ~or the other.( 60 ) 

4 ) In devel.oplng li£e-cycle c ost ode1s , ~n£lat ion i s 

e erally not incl.uded as a :fac1:or . The decis ion to l eno re 

in:f.lat.ion i s based u p on the assu ption 1:hat as 1:he buying 

p ower o:f a dollar decreases over time , there will a l so be 

ore dol.la r s on hand wit wh ic h to ma ke p urchases . ( Th.is 

c an .be li· e ed 1:0 an annual 

1:be annual increase ln the c os t 

( 59 ) J. w. Gri:ff~th , and B . 
ene£i1: Analysis ( K- G Associates , 

( 60 ) D. P . Hayworth , " The 
Costing ," Industrialization Foru , 
14. 

eusate for 

o:f J.l v lng .) hi.le this 

J . Keely , Life- Cycle Cos~-
1 9 76 ) • 1 B- 5 . 

Principles 0£ Ll~e-Cycle 

Vol. 6 , , o . 3 - 4 ( 197 0 ) P • 
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assu ption a out in·.f.latlon has not p roven to be en ti reJ.y 

true , life-eye.le cost mode.ls based upon this ass mp tion are 

satis1actory for relative c st una1yses.( 61 ) 

Co mpound Interest Factors 

In the development oY. mathematical odels to represent 

anticipated cash £low over a iven period of ·tl e (or over 

the 1i~e o1 a desi n aJ.ternatlve ) it is necessary to use one 

or more of s:l.x basic ln1:erest rate l'ormu1as to evaluate 

these costs . These lnterest rate 1'.or ulas are userl to 

calculate compound Interest factors , which when m 1tl l.led 

by a sum ( or sums ) of money ill act to move the va.lue o:f 

that sum backward or ~or•ard in time . This conversion o:f 

wort is p er "ormed so that alternative cash fl.ow systems may 

be com ared with other cos1: a.lternatives on an e ui va .le nt 

basis . These six co pound i terest .fact ors ( and t elr 

corresponding interest rate :formu.las to be discussed in thls 

sec-tlon ) consist o:f the :f o.ll owing : 1 ) sing le comp ound 

a ount ~actor ( SCA ), 2 ) s ing.le pres en worth ~actor (SPW t, 

3 ) un i:for: compound factor ( UCA ) 1 4 ) uni for 

slnk.lng :fund :fa c tor ( USP ) , 5 ) uni:form capital recovery 

:factor ( UCR ), a.nd 6 ) uni:form present worth :factor ( UPW ). 

Gra.phlc examples 0 £ the use of these compound interest 

( 6 1) J. w. Gri~£lth , and B . 
~ene~ it Ana1ysis ( - G Associates , 

J . Keely , Li:fe-Cycle Cost-
1976 ) P • lB- 8 . 
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:factors an 1:heir use J.s l .l.l us t.ra t ed in t'i g ure 6.(6 ...,. ) In 

addition , the .fol.low in <~ notation wi.l.l be used t h roug hout 

this chapter : OPR A TE equals the intere s t rate p er e rlvd 

earned :from holdln ,.,. an asse-t; R ESENT equals the present 

v .lue i n dollars o:f an sset; FUTURE e q ual.s the .fu·ture , or 

termina.1 va.l.ue o f an asset in d ollars; Y EARS e q uals ·the 

number of time p rlod s for which the inve s tment lasts , and 

ANNUAL equals ·the va.lue o:f an annuity {series o :t e q ual 

annual payments ). 

S i ng.le Compound A ount Factor. The sing le compound a ount 

:factor ( SCA ) is used to convert the sing le present value of 

an asset in do.liars { PRESENT ) to the future worth (FUTURE ) 

hen g iven the number of years into the :future -t h e value is 

to be determined , and the ann al o portunlty r a te o · -the 

i nve-st:or . The interest rate formula sed to per 1 rm this 

o peration is d erived as £ol1ows . ( Althoug h interest p eriods 

cou ld be more £requent than annual , as in the case o"f 

c o nt i nuous compounding , -the relative dlf :f.erence between 

annua.l a .nd continuous comp ounding is so sma.l.l that ~or ost 

prac-tl c al applications annua.l c o mp oundin g can be used.) 

If' a sum o:f 1noney { PRES E N T ) is invested at a g iven 

( 62 ) Paul T. Norton , Handbook or Industrial E n g ineering 
G. Ireson and E . L. Grant ( E n g lewood 
Inc ., 1 9 71 ) P • 1 2 7 . 
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t 
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Fi g . 6 . Graph.ic Exa p ies o 'f C o pound In ·terest F ctors. 

( 63 ) J. w. 
.Ben.e.£.it Ana.lysls 

Grl :f .f:i th, and B . 
( K- G Assoc1ates , 

J. Keely , 
1 9 76) P • 

Life-~yc1e Co2!-
il . 
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opportunity rate per an nu ( OP RATE ), then the a ount o:f 

oney ea.rned :fl.'om the simpl.e interest one year ( YEARS ) hence 

is e ua l to 

PRESENT x 0 R TE x YEARS 

and the totai asset ls equal 1:0 

PRESENT + ( PttESENT x OPRATE x YEARS ) 

Since t he oppor-tunity rate ls calcu.lated on a per annum 

b sis this equation may be re- arrang ed to become 

PRESENT >< ( 1 + OPRATE J 

.l:f 1:his sum o :f. money ls maint lned in the same lnvest~ent 

£or an additional interest period , then the total. asset at 

"the end :£ "the second interest period ( since the interest 

earned on the revlous period has been comp-0unde ) is equal 

to 

PRESENT >< ( 1 + OPRATE ) x ( 1 + OPRATE ) 

which can be re- ar.ran g ed as 

PRESENT >< ( 1 + OPRATE ) * 2 
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Likewise, the total. amount 0£ mo ey cootrolied at the end o~ 

the thlrd interest p eriod i 

PRESENT x ( 1 + OPR TE) x ( 1 + OPRATE ) x ( 1 + OPRATE ) 

which can be re-arran~ed as 

RESENT x ( 1 + OPRATE ) * 3 

II the number of p eriods g enerated ls rep lace~ by the 

~er YEARS , then the gene ral.i zed 1orm o:f the equation used 

to determ.ine the total su of money at the en o:f YEARS 

interest periods , and at a given op o .rtunity r te , (FUTURE ) 

.is 

FUTURE - PRESENT x ( 1 + OPRATE ) * YEARS 

( EQ . 33 ) 

The ter111 ( 1 + OPRATE ) * YEA S is co monly re i:erred to as the 

sin 7 ie compound amoun~ £actor {SCA ) such that 

SCA - ( 1 + OPRATE ) * YEARS 

( EQ . 34 ) 

a.nd , 
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FUTURE .... PRESENT x SCA 

( EQ . 35 ) 

where, SCA is the sing le comp ound amount 1'actor :for the 

opportunity rate and interest periods under 

investl g atlon.{ 64 ) Hencexorth , he fol.lo ing notation will 

be used to express infor ation re g ard i n g opportunity rate 

and number o~ interest periods: 

YEARS SCA. OPR A1'E 

Compound lnte!"est £actors will therefore be t!"eated as 

dyad i c funct i o .ns . ( Refer to Ap endlx A for a discussion of 

dyadi c 1unctions.) Equation 5 can be restated as 

FUTURE - PRESENT x ( YEARS SCA INTEREST ) 

( EQ . 36) 

Slnale Present The sing le present wor-th 

-factor ( SPW ) is used to deter ine the present worth o:f a 

sin 1 le :future v alue . This 1unction , there£ore , is used to 

per:form the converse operation 0£ the sing le c o , und a 1nount 

( 6 ) Roy Pilcher , Prlncip.les o:f ons-tructlon ii.lana g ement 
( Ma idenhead: cGra'W'-Hill Book Co., Ltd., 19 76 ) P P • -0-21 . 



- 65-

actor . As such , t he equation used to e erml ne t he si ~ le 

present worth :factor is t1e reclproca.l 0£ the interes ra-te 

£ormul.a used to deter lne the sinGl.e comp ound a o nt :factor . 

The s ing l.e present worth :factor ( SPW ) ls ~ iven b y the 

oll.owln equation: 

SPW - T ( 1 + OPRATE ) YEARS 

( EQ . 3 7 ) 

such that , 

PRESENT - FUTURE x ( YEAS SPW 0 RATE ) 

( EQ . 38) 

Thro h t h e use o~ EQ . 38 the su1 01' money FUTURE is 

a.m o ·ri 1: izeu to .its equival.ent v a.lue at an eat-lier 

d a te . {65 ) 

Un i£or Compound Amount Factor . The uni form compound a mount 

:fac tor ( UCA ) is used to determine the futu.re worth of an 

dnnuity ( a series 0£ equal pay ents , edch 0£ whic h is H1ade 

at the end of equal. period s ). For t he p urposes o:f' 111os t 

.li:fe- cycl.e cos-t odels , as stat d earlier , thls results in a 

( 65 ) J . c. Francis , Investments : 
anagement ( New Yo rk : , cGraw- Hll.l B ooe Co ., 

Analysis ~nd 

1972 ) P • 225 . 
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se-ries o:f unLform annual. payments (ANNUAL ) over YEA RS years 

nd with an opp ortunity rate o:f OPRATE. The d erivation o~ 

the -formula necessary to 

consists of the foll.owlng : 

cal cu.late 1:h.is :future wori:h 

The :first p ymen1: o:f an annuity 111 receive no 

interest £or the £irst year since 11: is made at the end o:f 

the .first .interes"t period . 1-t will , however , earn ln 

successive years 

ANNUAL x OPRATE x ( YEARS - 1 ) 

and l ts to·taJ. en of year val.ue will. be 

ANNUAL x ( 1 + OPRATE ) * ( YEARS - l ) 

Add l t.iona1 pay ents will be mad e at the end o~ successive 

years such that the c ompound amount 0£ the 

payment is 

second year ' s 

A.NNUAL x ( 1 + OPRATE ) * ( YEARS - 2 ) 

The compound amount of the third year's payment is 

ANNUAL x ( 1 + OPRATE ) * ( Y£ARS - 3 ) 

and so on until the -f inaJ. pay..uen 1: is ade which earns no 
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interest . '"um.min these am-0unts resul.ts ln the .:f ture worth 

o.:f the a nnui t y , or 

FUTURE - (ANNU AL x (( 1 + PRATE )* ( YEARS ! ))) + ( ANNUAL x 

((1 + OPRATE ) 

(YEARS - 3 ))) 

* (YEARS - 2 ))) + ( ANNUAL x (( 1 + OPRATE ) * 

which can be re-arr n g ed to become 

FUTURE - ANNUAL x ( 1 + ( 1 + OP'lATE ) + ( ( 1 + OPRATE j * 2 ) + 

((1 + OPRATE ) * 3 )) 

Mul.tiplying bot sides o .:f the equation by (1 - OP RATE) and 

so.lvin .:for FUTURE yields the ene r lized exp ression 

FOIURE - ANNUAL x ((( 1 + OPRATE ) *YEARS ) -1) ~ 0 ATE 

( EQ . 39 ) 

The uni form compo und amount ~act or i s ca1cula~ed by the 

ex resslon 

UCA - (({ 1 + OPRATE ) *YEARS) - 1 ) * OPRATE 

( EQ . 40 ) 

such that 
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FUTURE ._ ANNUAL. x { YEA RS UCA OPRATE ) 

( EQ . 41) 

where UCA is the unl£orm co pound amount :factor £or the 

o pportunity rate and interest periods nder 

consideration.( 66 ) 

Uni fo rm .inking ~ F ac·t o r . The uni:form sinking :fund 

:factor ( USF ) is u sed to determine the annuity necessary when 

the :f uture worth , opportunity rat e , and number of interest 

per iods (Y EARS ) are known . in terms o~ .its per£ormance , the 

uniZorm sinking :fund iactor , and its corresponding interest 

rate equat.ion, operate conversely to the ni:form co ound 

amount :Jf'ac ·tor. Jus t as in the s .i ·tuat.ion .involvin g the 

single present w o rth £actor , the interest rate equation :for 

the uni :form sin.king :fund i'.ac tor .ls the reciprocal. of its 

convers e--the uni:form compo nd amo\lnt :fa.ctor .{ 67 ) Taking the 

reclprocal ox EQ . 39 provides t he £oi lowlng term : 

( 66 ) Roy Pi lc her , Pri .nc l ples o:f Cons-truction Management 
( Maidenhead : .McGraw- .Hi.1 1 Book C o • ., Ltd., 1976 ) P • 22 . 

( 67 ) J . w. Grl££ i~ h , and B. 
Bene:fit nalysis ( K- G Associa~es , 

J . Keely , Li.£e- Cyc.le Cos-t-
1976 ) P • 2 B- 6 . 
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ANNUAL ..... FUTURE x ( YEAU.S -!- { { 1 + OPRATE) * YEARS) - l l 

( EQ. 42) 

There:fore , the uni:form sin.Kinn 'fund :factor {USF ) is g iven hy 

the ex :resslon 

USF ..... ( YEARS r (( 1 + OPRATE ) *YEARS) - 1 ) 

( EQ . 43 ) 

such 'that 

ANNUAL ..... FUTURE x ( YEA RS USF OPRATE ) 

(EQ . 44 ) 

Unifor_ CapitaL The uniiorm capita1 

recovery :factor {UCR ) is used t det rmlne the amount o:f an 

annuity when g iven its present value , opportunity rate , and 

nu ber o:f annual payments • .It can be thou g ht o:f as a means 

.fo r determ.in in g "the a ouo t o:f e · ch an nu l paymen t to be made 

for a sum o:f money invested today. T e uni .f or cap i ta.l 

reco v ery fact-or is .iden1:lca.l to the uniform sinkLng 1und 

:factor (used to determine the annuity of a :fui:ure orth) 

with the exception that the :future worth has been translate 

to become a sing.le present worth . The derivatl n o-f the 
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interest rate equation is g iven below. 

The in"'terest rate equation used "'to calcuJ.ate the 

uniform sinking £und £actor ( EQ . 42 ) ls 

AN UAL +- FUTURE x { YEARS• (( 1 + OPRATE ) *YEARS ) - 1 

Sett in. FUTURE e quaJ. to the £u ture value of the single 

c o pou nd amount £actor ( EQ . 34 ) will translate , by 

equi v a.lence , FUTURE to PRESEN1' and pro uc e the equa t.ion for 

the unl£orm capi t al recovey 1actor .( 68 ) 

ANNUAL +- PRESENT x ( OPRATE x (( 1 + OPRATE ) *YEARS) ) ~ ( (( 1 

+ OPRATE ) * YEA RS ) - 1 ) 

( EQ . 45 ) 

Fro tbe above equation the uniform ca ital recQvery ~actor 

ls ~lven by the term 

UCR +- ( OPRATE x ( ( 1 + OPRATE ) *YEARS ) ) ~ ( ( ( 1 + OPR AT E ) * 
YEA S ) * YEARS - 1 ) 

such that 

( 6 ) w. J. Fabrycky, G . 
En~ineering Economy ( 4th ed . 
60 . 

J . Thuesen , H. G. 
Printice-Hal1 , In·C• , 

( EQ . 46) 

Thuesen , 
1 71 ) P • 
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ANNUAL - PRESENT x ( YEARS VCR OOR.ATE ) 

( EQ . 47 ) 

Uniform Present Worth Factor. The uni:form present 

.£actor (UPW ) ls used to determine tte present v lue 

worth 

£ an 

annuity when g iven the amoun t and numher o1 pay ents co the 

annuity , and the opportunity rate 01: th c ost center . The 

unl :form present worht ~actor, acts as the converse to the 

niIOt' capi tal recovery £ac t or and is alg ebralcaliy its 

reciprocal. .. There~ore , the reciprocal oI RQ . 46 results in 

the 1ormula require to ca1cula ·te the niform present worth 

factor ( UPW ).( 69 ) 

UPW ._ (((1 + OP TE ) * YEAl<S) - ( OPR TE x ( ( l + 

OP ATE ) * YEARS) ) 

( EQ . 48 ) 

such that 

PRESENT - A NUAL x (YEARS UPW OPRATE ) 

( EQ. 49 ) 

( 69 ) I.bid . 
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Ec onom ic Analysis ox Alternati v , § 

A.lternative desi g n soluti ons can be compare by using 

one or ore oi: the £o l lowlng ap roache s : 1) present value 

or ltimate c ost ode.ls , 2 ) a nual cost mo dels , break-

e v en anaJ.ysls , and 4 ) rate re-turn on i n v est ent 

ana.lysis . Al.l 0 £ these techniques are v alid methods for 

analyzing investment decisions to deter ine whi c h 01'. the 

investments ( or d e sign alterna~lves) should be s e lected. 

The present worth mode l is one metho d 

~or a1alyzing alternative cash ~.low syste s , which results 

ln the reduction o 1 all xorecast c os t s and revenues "to one 

sing le cost exp ressed i n present dollars . This cost is 

commo n ly referred to as t be ultimate cost . Ca1cu.latlon 01' 

the u1ti.mate cost ls a cco m llshed by us ing one <>r o r e oi: 

the six c ompoun d interest :factors discussed earlier to 

d.iscount each cost back to it s equi v alent present worth . 

Revenues are discounted to presen t worth and dedu cted :from 

the dlsco nte costs as a cred i • In c alculating p resent 

worth equivalency a n u ru er o:f c oncepts should be considered . 

These con cep ts are discussed l n th io1lowlng parag raphs. 

Dis counting :fac tors c an be combined to c onvert .future 

costs to present wor·th . For exa ple , i f a cash :fl.o model 

con-.lsts o f an annuity o:f l OQ :from years 8 to 15 then the 

sing l e p resent wor t h £ac tor would be used in connectio n with 

the uni£orm prese nt wor t h .factor . I:f -the oppo rtunity rate 
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£or this e ample is 1 0• , tben the equation used to calc late 

the solution would be 

( 8 SPW . 10 ) x IOU x ( ( 1 5 + 8 ) UPW . 10 ) 

The unifor present wort £actor has been used to discount 

the annul"ty back to the eighth year and then the s.ing le 

present worth £actor was used to discount this sing le value 

bac to the present va.lue . 

When utilizing 

alternatives should 

p resent worth models the lives or the 

be e al i~ the two models are t he 

reduced to equivalency. For example , i:f two model.s are 

analyzed where mo de "A" has an expected life o :f 15 years , 

and model. 

calculate 

"B" has an expected .li. fe o:f 20 ye t"St then "to 

the l tlmate cost :for each of the odel.s and 

c ompare them as e quivalent is a g rave error. When co a ring 

present worth models whlc have di-f.:ferent li e spaus tbe 

m dels are ex anded to become equivalent by selecti g , for 

analysis purposes , a 1:1 e period which is a common multiple 

o:f. the alternatives un er consideration . In the a ove 

example convenient time span to be used would he 60 years . 

Model "A" , with a li fe span of 1 5 years , wou.J.d be calculated 

as though it were i.mplemen~ed 4 times (initla.J.ly and th n 3 

renewa.J.s ) , and model "H" as though 1 t were im. lem nted 3 

t .lmes . D.iscountln these modlried models to p resen·t va1ue 

results ln equivaient conditions which can then be co a red 
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and the a1.1:ernat.ive i-th -the lowes1: ul. tl ;na te cost 

chosen. ( 70 ) 

nnual Cos~ M de1s . The annual cos1: model. ls a method o 

economic ana.lysis which reduces a.11 .:forecast c osts and 

rev enues a1:tached to each desi g n alternative 1:0 uni .lo r m 

annual cos1: . Annual. cost models are developed in the 

£o1lowiog manner : 1 ) .l.l costs , £or each al t ernative , are 

discounted to p resent v alue . Revenuec; are discoun-ted to 

resent v al.ue and deducted 1rom the discounted costs as a 

credit. This is calculated in an equivalent manner to a 

present worth odel , with the exception that discountin J f or 

each a1tern.o.ti·v e is done lnd e p endentJ.y . It is not necessary 

to establ.ish equivalent 1 i.:fe s p ans £ or the a.li:erna-tives 

analyzed , as in the develop ent of the p resent wurth mode l . 

2 ) Once the ultimate c ost has been d etermined i: or each 

alternat~ve , the ul.ti ate cost 

cost by use of tbe unl:form 

There:fore , 1:he annual cost 

determined by the equation 

( 70 ) J . w. Grlf~ith , and B. 
Bene:fJ.-t Analysis ( K- G Associates , 

is converted to an annual 

cap ital recovery :factor . 

£or each alternative is 

J. Keely , Life- Cycle Cost-
19 76 ) P • 4B . 
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PRESENT x ( YEARS UCR OPRATE) 

( E Q. 5 0 ) 

where; YEARS .is equ i to the anticipated 11:1'.e s p an for the 

.i ·ternati ve; OPRA E is equal to the opportunity r-a-te :for the 

investor; and PRESENT ls equal to u.lti ate cost 

determined ~or each al.ternat.ive . Once the annual. cost has 

been determined :£or each alternative , comparisons can be 

ade , and the a.lternat.ive with the lowest annua..l cost 

chosen.( 71 ) 

Usin g annual. cos-t models as a means o f. evaluating 

alternatives ls, at times, p re1erred to usin g p resent worth 

ode.ls . For exa ple, it is g e era.lly easier to communicate 

annual cost dlL~erences -to clients who have little kn wledge 

o:f 1. i.:fe-cyc.le co8-tin8 techni ues than it ls to explain a. 

pre sen 't worth model which has been expanded to achieve 

eq ivalent ~i~e spans. {72) 

Ana.lysis. B reak-even analysis (also re£ er re to 

as pay.back method ) is another method w.hich can be used to 

selec t between aLternative investment stra1:eg.ies . Break-

even equations are used to determine the numb er o:f years 

( 71) I.b i d. , • 3B-1 . 

( 72 ) Ibid ., p -. B- 4 . 
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required to ret rn the ori g inal investment .in add ii:ion to 

-the opportunity rate o:f the lnvestmen t. ( 7 Althou~h break-

even anaiysls is easily c alculated , it can lead to incorrect 

conc.l·usions . One ajor weakness o:f break- even na lysis is 

tha"t the method :fails to take into account benei'its which 

accrue a:fter the date when break- even conditions occur .( 74 ) 

The equation used to determine break- even c n d ltion ls 

b a s e d upon use of the sing le compound amount .factor sed to 

d e ·termlne the :fu ture wort o:f a prese t value ) and the 

unl:form sinking :fund £actor ( used to determi ne the annul ty 

required o:f a future worth ). If the interest r te equations 

of these two compound interest :factors are g raphed as a 

:function o:f time they wlll. intersect point which 

cons-titutes the break-even condition . Tbere:fo re , 1:he 

equation necessary to determine the p oint where the brea -

even condition exists ls determined by set~ing the interest 

rate e ua~ion used to calc late the single compound a,:nount 

:factor ( EQ . 34 ) equal ~o the interest .rate equation used to 

cal.culate the un.i:form .sinkin Lund :factor ( EQ . 43 ) and 

solvin :for YEARS . The result 0 :f this a l g ebraic 

trans~ormation ls the £o11owlng equation : 

( 73 ) E . F. Br.i g ham and J. F . Weston , ana~er la .l Finance 
( Hinsdale: The Dryden Press , 1 9 75 ) P • 264 . 

(7 4 ) Rosalie 
Buildings : Methods 
Applied Tee noiogy, 
. • 24 . 

T . Ruega , S l.!!:.£ Heat ing and Cooiing in 
_1 Economic Evaluatiun , Insltitl. te .for 

NBS Repor t .No . NBSI R 75-71 ' (Jul.y 1 9 75 ) 
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BEYE RS ._ (@(S AVINGS ~ ( OPRATE x INITCOS'J.' )) • (SAV I NGS -i-

( OPRATE x I N ITCOST - 1 j)) ( 1 + OPR TE )) 

( EQ . 5 1) 

where; BEYEARS e uals the nunber of years necessary to pay 

o.ff the di£ference he tween t e ini-t.ial costs o:f the 

al tern a tl ve invest ent strategies (T NITCOST ); and SAVINGS 

equals the operational dif1erence between the two investment 

stra.-teg.ies . ( 75) 

Rate o:f Re turn Analysis . Rate or return analysis is a 

ethod £or evaluating a1ternative investments based upon the 

oppor-tunity rate uh .ic h would be g enerated by each design 

solution under invest iga-t ion. Rate of return analysis ls 

developed in the :fo1lowin6 manner : 1) Determine all c sts 

and evenues 1or each alternative and develo a cash :fl o 

mode1 equation in the same manner as ~or a present wort 

model. Compound interest :facto rs ar to be leJ:t in thel 

symboli.c -fo.r ( e . g . SPW 1 UCA, etc .). 2 ) Set the cash flow 

equation equa.l ·to zero . 3 ) olve for the lnterest rate 

£actors using v arlous opportu n i y rates. ( This ls a tria1-

and-error procedure . (76) The alternative which wo ld produce 

( 75 ) Robert A . Hess , 
Schools," Air Conditioning 
1~74 ) P• 58 . 

" Be t Energy Waste in Ex i sting 
~ Re~r lgeration Business ( May 



-7 8 -

the g reatest opportunity rate .is selected as ·the opt lmum 

s1:ra teg y . 

Rate o:f return analysls , just as b.reak- even analysis , 

bas .its 1.imltatlon . the princlpJ.es involved for 

de t erm i ning the rate of return are based u on solid c oncep ts 

( and g eneral.ly provides the correct soJ.ution ) it is 11 ited 

by t he compJ.exi ·ty invo.lved in solvin g the cash fl ow 

e uat.ions . S o me o:f whic h may be inde1:erm.i nant in nature . 

Because o1 1:he spec l :fic 1im.itations o~ bo th break-even 

and r ate o:f return analysis models , elther the p resent worth 

modeJ. or t he annual cost model should be utlllzed .i n the 

anal.ys i s o1 alternative economlc decisions which e£fect the 

hu ll. t e .nv iron.men t. ( 77 ) 

It ls p ossible, there1 ore , to eva.luate alternative 

designs on the basis o f l i .fe-cycle cos·t . his p rocess 

provides the o ppo r -tun.i t y , :for objective analysis of 

a1terna.1:lve designs which i nclude ei"t: e r 1) a num el[' of 

varlab1es o r, 2 ) variables which , o'therwlse , wou1- d be 

lmposslb1e t o correlate in the d ec i sio n-making process . 

( 7 6 ) c . A. Bo ert , an others , Me thods o-f Building Cost 
Analysis ( Building Researc h Institute , Inc ., 1962 ) PP • 9 - 10 . 

( 77 ) Rosall e T . Rue ·1 g ., So l ar Heat in ~ and Coolin.., in 
Bui.ldlngs : Methods of E conomic Evaluation , Ins-titute for 
Applied Technology , NBS .Repor't No . NBSIR 7 5 - 71 (July 1 9 7 5 ) 
P • 24 . 



Chapter IV 

ENERGY- COST CALC LATION OF .l:lEAT.lNG SYSTE"S 

The amount o~ energy consu ed by a beat in • system is 

upon 1 ) the demand 1rom the build ing dependent 

space , 2 ) the operatin g characteristics o1 he ting syste 

used ( e . g ., hot water , :forced air ), and J ) the e£1iciency 

0£ the heat source . 0£ these c aracteristics , th amount of 

heat required or conditioning the s p ace ls the mos"t 

.responsive to a1•chitectura.l desi "'n dec i s ion • Speci:fi.cal.ly , 

decisions rua e with respec t to the se.lection o1 altern tive 

g 1 z .i .n ma te:r ial. s can ~reatly e:f£ect the amount o -£ energ y 

which must be supplied by the bui.lding 1 heat ing system . 

Ca.lculat ion o:f A · gmentatlon Ener~x 

Bea t a.in :f r om so.lar radiation transmitte through 

g lazed wall opening s can substantia.lly reduce the amount of 

energy .re uired ror seasona1 h llding space heatin g . This 

the reduction of r equired energ y ls attributed to 

contr i bution o~ solar heat g ains acting as a credl t to ard 

the a ouot 0£ energ y consumed b y the HVAC syste to o:f-fset 

bu.il.dl n g heat losses. S ince solar heat g ains can supply 

much ( j :f not all ) the build.ing 1 s s p ace heat in.,, 

requi rem en t du:rln g mil weather , the build ing ' s heatl n g 

system acts on1y to suppll ent these natural heat g ains.(78} 

- 7 9-
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There:fore , the cost o :f ener gy required to o .f:fset buLl in 

eat losses can be determined as a 1u ction o~ the am unt o:f 

purchased energy necessary to aug ment the buildinc heat 

g ains. The quanti11cat1on o:f this required additional 

energy ( :re:ferred to as aug~entation ener y ) acts in 

accordance with the first law o f thermodynamics . ( Ref r To 

Chapter 2 .)( 79 ) the c lculatlon 0£ a g mentatlon 

energy ( and its attached cost ) is base upon t e tradeo:f:f 

condit i on which exists between the ener_ y associated with 

heat g ain , and the additional eoer~y p rovided to offset the 

bu l .ld l n g 1 s tota.l heat J.oss . Applying the .first J.aw 0£ 

thermodynamics to this tradeof:f condi~lon p rovides the 

steady- state heat balance equation :for the buildin g . This 

equation can be written as fo1l.ows : 

AUGMENTATION - LOSSTOTAL - GAINTOTAL 

( EQ . 52 ) 

here; GAINTOT.AL e q uals the summation o:f buildin g h e at ~a.ins 

( e • g.' heat c ona cted throu g h solid wall components and 

7lazed wail opening s , re-radia~lon o:f hea absorbed by solid 

( 78 ) c . c . Thomas , «flow Heat Gains Af1ect Fuel Bills , " 
A.lr Conditioning , eat.in ~ and Ventilating ( Nove ber , l 3 ) 
P • 6 1. 

( 79 ) Metlln Lo anhekl m and Gershon teckler, 
tt In1;eg ra ting Li.f e-Cycle Cost A alysls In to a 'Io"tal Energy 
Ana1ys.ls 1

11 Spec.l:fy:i.ng Engineer , ( January 1 9 77 ) • 7 . 
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~a11 components and g1azed wall ope in g s , ln:f lltration <0 

warm a.ir throug h s.ol.i wall components nd ar und 

£enestration , an solar radiation transmitted thro g h g lazed 

wall open.inas ) expressed in BTU p er hour; LOSSTOTAL e uals 

the summation o building heat iosses (e . g., conduction of 

heat leaving the building throug h solid wall and roo£ 

componen-ts and g lazed wall opening s , and the in~lltration o:f 

ai r al'ound fenest r ation opening s and solid co p onents ) 

express .ed in BTU per hour; and AUGMENTATION equals the 

amount 0£ energ y to be su plied in BTU er hour . 1 £ the 

sourc es o.f heat gain attributed to solar r diation g lazed 

wall opening s are substituted i to EQ . 52 , the equation use 

t o determine the building ' s u g mentation energ y can be 

wr i tten as 

AUGMENTATION - LOSSTOTAL - SUBG IN 

RADCONVECT )) 

+ ( FEET x ( T RANSMITTED + 

1 o r sing le ~1azlng , and 

AVGMENTATlON - LOSSTOTAL - SUBGAIN + ( FEET 

RADCONVECT2 ) ) 

( EQ . 53 ) 

x (DIRECT2 + 

( EQ. 54 ) 

£or doub1e g1az i n g . In t e preceding e uatlons FEET e q aJs 
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the number or s uare ~eet of g lazing material ; and SUBG IN 

equa1s the sum atlon o1 other building heat aain 

components, with the exception -0£ those involving solar heat 

aa in throug h glazed 1enestratlon.( 80 ) 

Centralized mechanical syste s used for building space 

heating operate upon a princi ple o~ transporta~i n and 

dispersal 0£ t erm l energy . Heatin~ systems which are 

characterized by this principle include the 1ollowing: 1 ) 

£orced air systems , 2 ) hot water , 3 ) r~diant , and 4 ) stea • 

All ma e use of a edium to transp ort the thermal energ y . 

This medium, either air , water o~ steam , is calle a working 

£luld . Working ~luids have certain physical properti s 

including 1 ) density , 2 ) speci~lc volume , 3 } enth l y, and 

4 ) speci £ic heat . The d ensity ( DENSITY ) of a working fluid 

in ounds per c hie root , nd in the liquld state o~ matter 

can be determined by the equation 

DENSITY - MASS • VOLUME 

( 80 ) R . R. Avezov , and 
Instaliation Orientation on 
Vo i . 9 , No . 3 ( 1873 ) P• 67 . 

( EQ . 55 ) 

others , "In~luence of Solar 
Its Efficiency , " Geliotekbni a , 
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where; MASS equals the weight f the i.luid ln pounds ass; 

and VOLU ME e uals the volume of the .liquid in cubic feet . 

Fo r .f'.l. ul ds in a g aseous state o:f matte.r , the density in 

pounds pe r cubic f oot is g iven by the "ideal gas equatlon" 

DENS I TY - ( PRESSURE x 144 ) T ( GASCONSTANT x ( 460 + TEMPGAS )) 

( EQ . 56 ) 

where ; PRESSURE e qua ls the atmosp heric pressur e exerted upon 

the gas in p ounds per square .inch; TEMPGAS equals 1:he 

temperature o'f t he g as .in de g re s Fah r enheit ; and 

GASCONSTANT i s a phys ical cons·tant o:f the g as expresse in 

( £oot) ( p ounds :force ) per ( pounds mas ( uegree k ankine ). 

(For air GASCONSTA T equals 53 . 3 .) The 5peci-£ic volume o:l a 

:flu.id is 'the ~lu.id 1 s v lume per unit o f ass. Th .is e ua s 

the reciprocal o:f the :f~uld 1 s density.( 8 1) Theref:ore , the 

spec i:fic v olu e :for a .f .lu.id expressed .in cub ic :fee t p er 

o u nd mass ( SPECVOL ) ls gi ven by the equation 

SPECVOL - -i- DENS.I T¥ 

( EQ . 57 ) 

The entha~py o~ a ~luid ( also rexerred to as he t conten1: ) 

( 81 ) • c . Reyno1ds , Energy 
c Graw- Hili , Inc., 1 9 7 4 ) PP • 

'fr m Nature 1:0 
102- 1 03 .. 

( New 
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is equal. to the amount of beat in the 11uld p er unit 0£ 

mass . For mecban.ica1 syste s this is g eneraily expresse in 

the units BTU per ound ma.s · • The chang e in entha,lpy 

{6ENTRALPY ) can be 

by the equation 

reiate<l to the s p ecl le heat o:f a fluid 

!:I.ENTHALPY - SPECREAT x ATEMP 

( EQ. 58 ) 

where ; 6TEMP equal.s -the c hange in ·te peratu1~e o:f the f1uid 

in degrees Fahrenheit ; and SPECHEAT is the specific heat o~ 

a f.luid at constant pressure an e xpi.•essed in BTU per { ound 

mass ) ( de gree Rankine }. S p ecl:fic heat , by d :fi1.ition, 

equd.ls the amount o.f beat necessary to raise one poun of 

:f l uid o ne deg ree Ranki ne . s_ eel.fie heat is a p hys.ica.l 

property of a :fluid. The values 0£ specixic heat a.t 

c onstan·t pressure , and modera. te i:empe ratures , :for air , 

water , a n d steam ( the most common work i n u £luids ~or heating 

systems ) equa1 0 . 24 , t . O, and 0 . 446 respectiv e1y.( 82 ) B sed 

upon these concepi:s o:f £.luid :f l<HW energ etics , energ y 

consumption can :be dete r mi ned ·for alternative he a ti Il'! 

syst e ms . 

( 82 ) Ibid., PP• 111- 1 1 2 . 
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..!2..! Water and Steam S y stems . Heating systems which 

recirculate their working :fluids (e. g ., hot water o• steam) 

transport on1y that amount 0£ energy required to of£set he 

net heat loss ( AUGMENTATION ) pl s an a ditional quantity 0£ 

ener y which i s l ost as a function o~ the system e~ iciency. 

There£ore, the total amount of energy , in the form o:f ~uel , 

consumed by the system in BTU per hour ( ENERGY ) equals 

ENERGY - AUGMENTATION * EFF ICI ENCY 

( EQ . 59 ) 

where ; EFFICIENCY equals the e:f.f iclency 0 :£ the 

represented as a £ract i on. This equation ( EQ . 59 ) ls valid 

£or hot wate r, steam and ~orced air systems operatin g in the 

steady-sta·te condl t.ion . Ho t w ter and stea systems wou1d 

require a ddi.-t iona1 ene r uy to heat the wa-ter containe d by "the 

holler at tbe time t he boiler was ~ired . The amount 

energy in BTU per hour £o r t he ini tial £irin of the boiler 

( FIRING ) is g iven by the equation 

FIRING - ( BOILERVOLUME x DENSITY x SPECHEATYOL x ( SUPPLYTEMP 

- AVBIENT )) ~EFFICIENCY 

( EQ . 60 ) 

where ; BO.lLERVOLUME equals the amount o:f .fluid cootalned by 

t he boiler in cubic :feet ; SPECREATVOL equals 1:he s p eci:fic 
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h eat o i' the working ~lu id at c nstant volume expressed in 

TU per (poun d mass ) ( degre e Rankine); SUPPLYTEMP equals the 

te perature o1 the heated fl uid ln de g rees Rankine when it 

.leaves the b oiler; and AMBIENT equaJ.s the t emperature oi'. 1: he 

:fJ.uld in the boiler pr i or to the time o:f .f i ring. { 8 3 ) In 

.ract ice, energy caiculations .f or reci rcula t lng orklng 

~luid syste s are m de f or only t he steady state condition . 

T he process f:or calculating ene:r g y 

consumption .for :forced air systems ls s i iJ. i a.r t o 

recirculatina working :flui d systems , wi th t e exception that 

.for £orced air systems it i. s nec essary in addi-t:io 

determine -the amoun t 0£ energ y required t o ar air d.ra n 

into the mechanlca.l sys t em £ r om the ex te r nal environment. 

Th is external. source o:f f resh a ir i s warmed ·to t he supply 

ai r ~emperature ( SU.PPLYTEMP ) and discharg ed into 'the 

bulldlng to be used £o r ventil a t ion purp oses . The amount o :f 

energy in BTU per hour req uired to warm this external. source 

o :f air {VENTWA RM ) is g iven b y -the equation 

( 83 J Walter P . Bishop a nd Dimitri Je lovcic b , 
" Es t.i.ma.t.ing Fuel. Oil C onsump tio , "Ai r Condit .ioni ng , ea-ting 
and Venti.lating ( Ju.l y, 1 963 ) PP• 57- 58 . 
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VENTWARU .,_ ( ( AIRFLOW x 60 ) ')( DENSITY x SPEC HEAT x 

( SVPPLYTEMP - TEMPOUT ) ) ~ EFFICIENCY 

( EQ . 6 1) 

where; AIRFLOW equals the am unt o:f air d rawn into the 

sys·tem fro the exterior environment in cubic :feet per 

mi nute; DENSITY equals the density o.£ the air in pounds per 

cubic :foot; SPECllEAT equals the spec i:f ic beat at constant 

pressure :for air e .xpressed in BTU per (pound mass ) ( degree 

R ankine). Fo.r air the value ox SPECREAT equals 0 . 24 BTU per 

( pound mass ) ( degree Rankine ). SUPPLYTEMP equa1s the sup ply 

temperature o:f the air in degrees Fahrenheit; and TE~I POlIT 

equals the outdoor air temperature . 

Forced air systems , just a recirculating working luid 

systems , consu e the aD1ount 0 energ y necessary to 

comp ensate :for the ne·t hea;t loss plus the energ y lost as a 

function of system e~~ iclency ( RNERGY ).( 84 ) Hence, the total 

amoun~ o:f energy consumed by a forced air bea~ing sys~em in 

.BTU per hour (TOTALENERGY ) equal.s 

TOTALENERGY .,_ ENERGY + VE~T ARM 

( EQ . 62) 

( 84 ) l bid., P • 85 . 
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The process :for ca~culatin a the 

cost 0£ energy required by the 8ystem to meet the deman is 

a very simple process it1v olving a min l mu!ll number o :f 

varlab.les. These val"lables consist of. 1) the ount o:f. 

energ y required by the mechan ica system ( ENERGY or 

TOTALENERGY depending u p on the type o:f system), and 2 ) the 

physical cons~ants 0£ the fuel used including , the b eat 

o:f combustion of the :fuel. in BTU per pound mass , 

( COMBUSTHBAT ); b ) the wel_ght per unit volume o:f the .fuel. 

(WTVOL ); and c) the purchase p r.ice o:f the :fue1 per unit 

vo.l e ( FUELCOST ) expressed in dol.la.rs .( 85 ) i'ter th is 

in~ r atlon bus been obtained the cost of the energy used y 

·the heating system ln dollars pe r kllowa"tt-hour ( KWCOST ) can 

be calcu.lated by the equa"t ion 

KW COST ._ ( FUELCOST 7- WTVOL x COMBUSTHEAI ) ) ) x .341 

( EQ . 63 ) 

Re:fer to Table 3 "for a listing o:f se.l cted :fuels , their 

phys ical properties and costs.) With thls inrormation, the 

cost o:f energ y necessary £or b uil in ~ s ce heatin::r 

( HEATCOST ) can b e deter ined by ~he e uations 

( 85 ) w. c. R eyn lds, En~ 
York ! McGraw- Hili , Inc., 1 9 7 4 ) P • 

"fro _il_~ .!.2 
165 . 

( New 
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Tab.le 3 . Costs 0:1' 1ternative Pue.ls . 

FUEL 

F u e1 O il. 

Propane 

Na-tura l Gas 

Coa.l 

Electr ic ity 

COST / 
UNIT 

. 478/ 
gal. . 

• 4 7/ 
ga.l . 

. 5 20 / 
g al . 

• 780 
g l. . 

QU ·.rITY 

cons1:an"t 

mi nimu qty. 

amt < 5 00 g al . 

amt > 500 g al. . 

1.75 / amt < 10 0 c . £ . 
1000c.:f. 

1 . 50 / 
l OOOc .. f . 

1. 20 1 
l OOOc. f . 

0 . 90 / 
l OOOc . £ . 

6 7. 50 / 
ton 

.02.92 / 
kwbi- . 

100 <amt <3000c . £ . 

3000 <am t <50 , 000 

amt>SO , OOOc . 1'.. 

constant 

averag e 

TAX / 
UNIT 

4% 

4% 

/ _ 

N/ A 

/ A 

1 / A 

N/ A 

ACTUAL COST/ 
UNIT 

. 46 I 
Cl ]_ • 

. 420 / 
cra l • 

. 500 / 
a.l • 

. 7 0 / 
ga l . 

N/ A 

N/ A 

NI 

N/ A 

64 . 90/ 
t n 

• 0292 / 
k hr . 
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HEATCOST - ( TOTA.LENE RG Y -1- 413 ) x KWCOS1' 

( EQ . 64A ) 

Tab1e 3 . Costs o1 A1ternative Fue~s . ( Continued ) 

FUE.L 

Fuel. Oi1 

Pro ane 

Mat • Gas 

CONVERT 

6 . 3 lb./ 
ga.1 . 

HE T VALUE 
( ENE G Y I LB . ) 

1 8 , 000 BTU/ 
lb . 

4 . 24 J.b. / 21 , 625 BTU/ 
g aJ. • lb . 

4 . 24 lb./ 21 , 625 TU / 
. a1 . 

4 . 24 1b./ 21 , 625 BT U/ 
ga1 . lb . 

. 041 1b./ 24 , 000 BTU / 
c u . :ft . lb . 

. 04 1 J.b . / 24 , 000 BTU / 
c u . .1:t • lb . 

• 041 lb./ 24 , 000 3TU/ 
c u . :ft . 

. 04 1 l ./ 24 , 00 TU / 
c u . :ft . lb . 

HEA T 
V LUE / 
UNIT 

ET 
COST / 
K HR 

GROSS 
COST/ 
KlfHR 

113400 . 0138 • 143 
TU / gal 

9 169 0 • 156 . 0 16 " 
BTU / g al 

9 1690 . 0 1 · 6 . 0 193 
BTU / gal. 

9 1690 . 02 79 • 290 
BT U/ g al 

984 . 0060 . 0060 
BTU / =al 

984 . 0052 • 052 
BTU/ c al 

984 • 004 1 • 004 1 
BTU / ga1 

84 . 0032 . 0032 
BTU/ gal 

Co al 2000 1b./ 12 , 000 TU / 240 OUO • 0 2 . O 96 
ton lb . HTU / g a.l 

Ei e c t r l c l ty N/ A N/ A N/ A . 0292 • 29 

NOTES : Pri c es obtained :from a survey o1 re~ail s p1iers In 
S o uthwest Virg in i a , with the exce p tion o~ e1ectric utility 
pri c es obtained ~rom Va . s . c . c . Tari~~ No . 7 . 
apply only 1or time peri ds p rlor to 11 May 
p ri ces bas e d upon quan~ity . 

S urvey pr ices 
19 77 . or unit 
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£ or forced air heatlng systems , or 

HEATCOST - ( ENERGY 7 3413 ) x KWCOST 

( RQ . 64B ) 

for h ot water and steam heat ing systems . 

The prec eding equat i ons have provi ded a methodo102y to 

calculate t he amount o~ ene r gy , 

~easonal b uild in g space heatin g . 

and its cost , necessary £or 

Using these e q uations , the 

esig ner has a basis ~or calcuJ. tin 2 the cos o:f energ y as a 

trade o1f condi~lon :for t he a n alysl s ox heat g ain -through 

window 6 1.azi 0 '7 • This in:formation can be used as an i nput 

:for li1e- cycle cost analysis o~ alternative window ~lazing . 



hapter V 

MODEL DEVELOP ENT 

In ll:fe- cycle cost analysis, assump1:lons ar ;fre uen t ly made 

because o:f a lack o:f depend h le ( o.r absolute d ta . For 

examp.le, throughout the development o:f. the p receding 

equations the heat 1:rans1er con ition was c ons i de red as in a 

s-teady state. Such assumptions do not neg ate the value f a 

1i::fe-cycle cost mode.l as J.on g as t.bos e ass mptions are 

understood an can be p.laced in proper pe rs ectlve. Of ten, 

a number o~ iactors can be omitted thus sim lifyin6 the task 

of the ana.lyst . 

The l.l :f e - cyc.le cost model presented in the p a p er is 

based upon a number 01: assump ions made to :f ci.litate its 

development . 1 ) A.l.l desi3n decisions ill be held constant, 

wi1:b the exception o those J. nvol.'1,.in g alternative B.lazing 

ma terlals .. 2 ) Initial. and maintenance costs :for hea ing 

equipment and distribution systems will. not be include in 

the cash flow model . Since the size 0£ the heatln~ p lant ls 

determined b y the maximum heat loss o1 the bull.din~ , it is 

assumed that g lazin g detai.ls wili no1: chang e the size 0£ t e 

heatin plan-t eedeu . 3 ) \fa.intenance costs 1or the g lazing 

wl.11. be assumed identical re g ardless of g lazing type since 

- 9 2-
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the quantity 0£ g.lazed area will. be held const nt: . Also , 

since the .reglo s o:f unsupported g .lass are equal , the 

p robability o~ rep lace ent due to breakage , and its attached 

cos-t , is approxi ,a te.ly equal. . 4 ) Energy costs :for air 

handl. .in e e q uipment wlll e treated as a i d entical :for 

a.lternative systems . Air circulation will be assumed to be 

continuous to p revent heat build- u p in s ided g lazed reas . 

5 ) The quantity o:f di:f:fuse radiation passing through double 

.l.az i n g w iJ.l be assumed to equa.l the quan tity o:f d i ..ffuse 

ra lation passing through single g l.azing . This a ssumpt ion 

ls based on the absence of an appropriate methodo l oay ~or 

calculating transmission o1 diLfuse radiation thro 0 h do ble 

g lazing . 6 ) Only heat g ains which are used ·to offset 

bui.lding heat losses will be considered. Excesslve hea t 

gains are usual.ly c un-terac ted by so e :form :f coo ling 

system , a d iscussion o1 which ls beyond the scope 0 th .i s 

paper . 

Li1e- Cycle Cost Mode~ 

The :following ll:fe- cycle cost odel prov.ide a rati nal 

et hod which can :facilitate the selec1:lon o.f alternative 

lazin= materia1s for buil in g £enestration . Sele 1:lon is 

to be made upon economic optiml ·za-tion o:f alternatives. The 

model. consis ts o:f the f olloving t h r e p arts : 1 ) cllmatjc 

and o p eratlona.l d ta , 2 ) beat ga in calcu1a 1:lon th oug 

either single or doub1e g lazin , nd 3 ) life-cycle energ y 
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c ost ca.lculation . The model presente in the :fol low.i n g 

p ages is in a tabul.ar :form, an d ca .n only be used :for the 

study eva.J.uati.on o:f g 1azing -for a s eci£ic hour . A ca 

us i n g t h is model is p rovided in Appendix c . 

\ 

J 

' 
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.lati-tude o:f the slte, in de g rees, where 
investi g ation is to be made 

L TITUDE 

day o:f 
made 

year for which calculation is "to be 

= 

DATE = 

solar tl.e for which ca.lculation ls to be a d e 

TIME = 

hour ang le ~or so.lar ti 1e i e 4rees 

HA 

declination of -the earth in degrees 

DECL .INAT I ON 

temp er ture o:f exterior environ11ent in de g rees 
Fahrenheit 

TE'tlPOUT 

temp erature 0£ interior environment in de g rees 
Fahrenhei-t 

TEMP IN 

wind s p eed striking ~ l zed sur aces 
per hour 

MPTl 

in miles 

= 

= 

= 

= 

= 



calculate solar 
EQ . 1 

altitude 

- H6-

in deg rees 

ALTITUD 

enter azimuth 
degrees ) und er 

o:f the glazed re g ion 
investigation 

WAZIMUTH 

·frorn 

(l n 

enter tl.lt angle ( in degrees) of the sur:face 
under investigation 

SIGMA 

enter percent possible sunshine £ro 
statistical references for day and time under 
inves t i gation 

PPS 

calculate ~ro HQ . 5 the correc tion £actor 1or 
pe rcent possible sunshine 

PPSCORRECT 

calculate so l ar azimuth in degrees ~rom EQ . 6 

calculate wall- solar 
either EQ . 8 , or EQ . 
day and wall azimuth 

AZIMUTH 

azimuth in degrees from 
Y depending upon t i me o:f 

W .... AZIMUTH 

from sta t .i sti ca.I. re fer .enc es en-ter direct 
radiation normal to the e rth 1 s surface in B U 
p er { hour ) ( square :foo t ) 

DIRECT 

= 

= 

= 

= 

= 

= 

= 
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:from EQ. 10 , calcu1ate the ang le 0£ incidence 
lo degrees solar beam strikes glazing 

I NCI DENI' 

caiculate ~rom EQ. 11 , 
solar radiation strikin 
er ( hour ) ( square £oot ) 

the quautity o1 direct 
g lazed sur£ace in BTU 

LC.D .!RECT 

entry the tot 1 building heat loss , 
hour , :for the day and hour 
calculation is to be made 

in BTU p er 
.for wb ich 

LOSSTOTAL 

enter the number 
material under 
fenestration under 
saroe orientation ) 

of square feet o1 g lazing 
analysis (all glazed 

investigation must have the 

FEET 

heat g ain :from enter the total 
c o ponents other 
under s t udy 

building 
than the T.laze :fenestration 

SUBGAIN 

enter whether heat i n a syste 
circ ulating working £1uid system 
£ o rced air syste ( FAS ) 

is a 
{RWFS ) 

SY SI' EM 

en t er the air p ressure of the outdoor 
ounds per square ~oot 

P H. ES SURE 

re-
o r a 

air in 

= 

= 

= 

= 

= 

= 

= 
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calculate the densl~y 0£ the workin g 
using EQ. 55 :for RWFS or EQ . 56 :for FAS 
for FAS , TEMPGAS equals TEMPOUT 

DENSITY 

:f1uld 
iven , 

enter the 
system 

e~~iciency rating .:for the heating 

EFFICIENCY 

ii: heat is 
( FAS ) enter 
system :from 

provided by a .:forced air 
the a ount 0£ air drawn 

syf·te 
into the 

the exterior environ ent in cubic 
:feet per mi nute 

AIRFLOW 

i.:f heat is provi ded by a forced air system 
enter the specl .:fic heat at co stant pressure 
.:for alr in BTU per ( pounds ass ) ( degree 

ankine ) 

i.:f heat is p rovided 
enter the supply air 
Fahrenheit 

SPECVOL 

by a forced .air 
temperature in 

system 
degrees 

SUPPLYTEMP 

enter type o1 .:fuel used by b eating system 

calculate cost 0£ .:fuel 
seiect ~rom Table 3 

FUEL TYPE 

er KWH ro.m EQ • 63 , or 

KW COST 

= 

= 

= 

= 

= 

= 

= 
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enter oppor t unity rate pe~ interest period ~or 
c os t ceni:er 

OP RATE 

enter num er of ln i:erest periods p er year 

enter interes t p eriod i n 
ana1ysis rep resents 

enter antici pated nu her o~ 
in il~e 0 £ b uiiding 

PERIODS 

J.11'e o -f building 

YEARS 

interest p eriods 

LIFE 

= 

= 

= 

= 
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Heat Gain Cale latio~ Through 3 ingle Glazing 

.from Table 
properties 

1 
for 

selec"t "the 
the alternative 

under investig a ion 

solar-op tic al 
;g lass ty e 

T ANSMISSIVITY = 

ABSORPTIVITY = 

R FLECTIVITY = 

calcuJ.ate the quantity ot radiation ref.lected 
.by the ~ l ss in BTU p er (hour) ( square :foot ) 
from EQ. 17 . 

calcuJ.ate the 
by the g lass 
.from EQ. 18. 

ca.lculate 

REFLECTED 

q uantity of radiat ion absorbed 
in TU p er (hour) (sq uare 1oot ) 

A BSORBED 

the quanti ·ty o:f 
transmitted throug h the g lass in 
( hou.r ) (square :foot ) :from EQ. 1 9 . 

radiation 
BT U p el" 

T . ANSMITTED 

riven that ABSOf. PTIVITY equals E ISSIVIT Y 1 and 
RADCONOUT equais 4 . 0 BTU per degree 
Fahrenheit , cal.culate the avera g e temperature 
o ~ the g lass in de g rees Fahrenheit :from EQ . 
21. 1. 

ME ANGLASSTEMP = 

= 

= 

= 
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calculate the combined coer:ficient o~ heat 
tr ns:fer :from the inner sur£ace of the g1ass 
in BTU per {bour) ( degree Fahrenheit ) ~rom EQ . 
21 . 2 . 

RADCONIN 

calculate the co hined heat trans:fer 
coe:f11cient :for the g lass and air £llms in BTU 
per denree Fahren elt £ro EQ . lt . J . 

u 

~rom EQ . 21 , calculate tbe heat gain 
contribution :from the re- radiation and 
convection o~ direct radiation absorbed by the 
g.l ss in BTU pe.r ( hour ) { square foot ) 

RADCONVECT 

calculate the total ra~e of beat trans£er 1ron 
direct radlation passing through g lass ln BTU 
per ( hour) ( square £oot ) 1rom EQ. 22 . 

DI RECTGA.IN 

calculate the required building augmentation 
ener g y in BTU per hour :from EQ . 53 

AUGMENTATION 

= 

= 

= 
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.::_eat Gain Calcula"tlon Through Double G1 z in g 

:from Table 1 selec 1: the solar-op ticaJ. 
pro erties ~or the exter i or layer 0£ lass in 
~he doub1e _iass assembJ.y 

from Table 1 select 
pro er1:1es ~or the interior 
the do u ble glass assembly 

cal.cul.ate the quan1:i1:y 0£ 
by ou·ter layer 0£ g lass 
( s uare £oot ) fro EQ. 18 

T ANSMI SlVlTY = 

A BSORPTIVITY = 

RBFLECTIVITY = 

the soJ.ar-op~i caJ. 

layer 0£ g lass i n 

TR ANSMI S SIVITY2 = 

A,JSO RPT I VITY = 

RHFLECTIVITY2 = 

radiation a b so r b e d 
in B TU per { hour ) 

A BSO R BED = 
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from manu~acturer 1 s specl:ficatlons enter the 
air s p ace thickness :for the d oub le g lass 
assembly in inches 

AIRSPACE = 

g iven that RADCONOUT eq aJ.s 4 . BTU er degree 
Fahrenheit , calculate the mean g lass air space 
te erature in de rees Fahrenheit :from EQ. 26 

MEANGLAS S TEMP = 

calcuJ.a te the temperature dl:f r erence o:f the 
surrounding air in de rees Fahrenheit :from EQ . 
27 

calculate the e:£1ectlve 
:fro EQ . 29 . 

ir 

se.lect -the 
coe'ff icient 

'TU per 
Pa renhe.it ) 

a pprop r .iate 
for convect.ion 

( hour ) ( s ua re 
·from T a b l.e 2 

TEMP DI FF 

s p ace emiss ivity 

£EMISSIVITY 

heat trans:fer 
and rad iation in 

f oot ) ( degree 

= 

= 

I NTERCONSTANT = 

g i v en that the e issivity (EMISSIVIT Y ) :for a 
d o uble g lazed asse- bly equaJ.s its e£ £ ective 
emissivity ( EE M. ISSIVITY ) c a lculate the 
combined coe£:f le lent 0£ hea. t t r ans:fer for t h e 
inner sur:£ac e o~ the assembly in BTU per 
( hour ) ( de 3 ree Fahrenheit ) ~rom EQ . 2 1 . 2 

RADCONIN = 
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.:Ji ven that DCONOUT eq als 4 . 0 BTU p r degree 
Fahrenheit , caLculate the combined heat 
transfer coe1£icieut for the glass and air 
£11 s ln BTU per deg ree Fahrenheit lrom EQ . 
2 1 • .3 

u 

c alculate t e rete o1 convectlve heat trans1er 
through the outer layer of a <louble g laze 
assembly in BTU per ( ho r) ( square foot ) fro 
EQ . 2 1 J iven RADCONODT equals 4 . 0 BTU per 
degree Fahrenbe~t 

RA.DCON VECT 

calculate the rate of c onvective heat trans£er 
throug h double g1azin~ in BTU per ( hour ) 
{ square foot ) fro EQ . 30 

RADCONVECT2 

calculate the rate 0£ direc t transmission 0£ 
radiation through double gia zing in BTU per 
( ho r) ( square £oot ) fr EQ . 32 

DIRECT2 

calcula te the total rate o~ heat trans1er f rom 
irect radiation throug h double ~lazing in BTU 

per ( hour ) {squar e foot } from EQ . 33 

calcul.ate the 
energy in BTU 

DIRECTGAIN 

required bu i lding aug mentation 
er hour f~om EQ . 54 

= 

= 

= 

= 

= 

AUGMENTATION = 
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L11e-cycle Energy Cost Calculation 

calculate ~be amount of energy consumed 
heating sys tem in B U per hour uslng 
~or RWFS , or EQ . 59 7 EQ . 6 1, and EQ. 
PAS 

ENERGY 

VENTWARM 

by 1:he 
EQ . 5 9 
62 or 

T TALENERGY 

ca.lculate c ost o~ heating in dollars , £ro m EQ . 
64A :for FAS, or EQ . 64B £or RWF 

= 

= 

= 

HEAT COST = 

enter lnltia1 c ost o~ g l ss analyzed 
study in d o.liars 

GDASSCOST 

in this 

calculate t be single present 
thi s analysis 1rom EQ . 37 

worth ~actor 1or 

SPW 

calculate t he 
EQ . 38 , gi v e 

presen·t worth 01'. HEATCOST :from 
FUTURE equals HEATCOST 

P RESE-,;,/T 

su1 PRESENT a n d GLASSCOST t o produce 
cycle cost :for t his static analysis 

LCC 

ll :f e-

= 

= 

= 



Chapter VI 

CONCLUSIO S OP THE STUDY 

Based upon the c se study contained in p endix C the 

li:fe-cycie cost model presented in this paper can facilitate 

the opti.illum selection of alternative g iazin g materials for 

building fenestration. The et hod est bl.is.bed resents a 

rational eans to evaluate ener g y costs associated with heat 

gain through windows dur i ng the heating season o f the y_ar . 

The et hod re resents a ste1> :forward in knowle g e hi ch , 

ased upon the review of 1.iterature , had prevousl.y not been 

.iavest.i ated. As p resented, the method ls based on a static 

conditlon--ai.lowln g the cal.culation of energ y :for a 

specified hour and day of the year . Computer simulation of 

the ethod would be necessary to obtain costs :for more than 

a "i:ew h urs o:f the year . Such a computer simulation w u1d 

requi .re the :foll.owin g : 1 ) Hourly insolation, temp erature , 

and wind ve.loci ty data :for the locale where the de i g n is 1:0 

be imple ented . 2 ) Calculation made on an h ourly basis. 

Periods when the total heat g ain ~or the buildin~ exceeded 

heat loss :#OU1d be used to c lculate exerg y ex ende .for 

c ool i ng . 3 ) Energ y costs would be discounted to J,J rese.nt 

worth to determine ~he cost of energ y as a p resent v~ lue . 

Presen~ation o1 the equations lo APL notation allows rapid 

imp.l e entation of the modei . Discountin6 wou d be per~ormed 
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on an hourly asl using £0 m•las p resented ln ch p ter - • 

Implementation 0£ a comp uter simuiation as outlined , 

and based upon the method<>.l.o g y wou.ld allow the des .ign 

pro:fessional 1 ) ca.p ablll-ty speci~y ~enestratlon u.sed 

upon therma.l p eri'.or111an c e , 2 ) means to p romote energy 

c onservation vital to national need t and 3 ) ability to ake 

design de c isions which will. provide his client with a 

mlnlmum 1l£e- cycle c ost on his inv stment . 
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APPENDIX .A: 

}?; .• wh1.le Uni ·ve.rsi tJi't 

describing processes cd: man.ipu]_a.ti.ng 

either alphabetic His ot•iginal pnb.lished 

became the basis ~or 

deve.l opm·en 't o:f 

sirllp1-y a.s o!t"igina.l.ly .by 

Machine { IBWI), .is 

-as 

language to date. 

per£orm matheaatAcal 

sets data .looping a o.:f. 

ls :as 

APL can be used to per1orm operations on the ~o1lowing 

types l } 

18' 2) 

a. 1. .i ne" such as 8 J!.3,~ l -o ... .14 a:s a .. 

' 
.,;:Jti;J~1ens l<0n 1 such as a 

operations :ror• APL is 

3 x 4 + 
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yields 

18 

+ .. , 
~ 

yieJ.d:s 

14 

The .;;:tr:t•a:ngement· be~•een argum~ots {buil-t in 

as subtract.lion •'.llr mat!l'.'.ix <LiLi.vide) can 1"1e :in 

monadlc ~arm, which requires 

The dyadix; 

the 1e1~ argument (a 
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:r.ight a~r guu1 en t (a vector) .. Because o:f i: he _para Llel 

1>.rocessin.g :feature o::f APL 'the solution to 1he prob:lem 

5 x 2.3 -7 

is 

11. 5 -35 

The .monad.le :1'.orm consis-ts o::f the 1o11awing arrangemen~ o~ 

o_perai:o.rs and arguments 

LEFT AR.GUMB MT opera. i:or 

a..n example o:f which is 

+:2 

whlch yie.lds a resu.l t o:f' 

.s 

l"ts invet"se .. Operators may have e.itber a monadic usage, a 

dyadic usage, o.r both.. In cases whe:r.•e an opera·t.or has both. 

:fo.rm.s,, ii:s name 11 as we.l.l as l ts operatii.on., will vary 

dependent upon its usage. The :fo.ll owing pa.rt ia.l. .l.is t.i ng 
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upon whe1:.ber "the mnnadi·c or dyadic :fo;rm is used .. { 86) 

( 86) Leona.i.>d Gi.l.man, 
Interactive Aeproach, (New 
Inc., 1974) P• vai. 

and .A.. J .. 
Yo,rk: John 

.Rose., A PL: . .!!! 
H. Wi1ey S Sons, 



APL Opera·to.t"s 

Syt&-
b o J. 

< 

:::; 

= 

~ 

> 

v 

I\ 

¥ 

"" 

Monad:ic 
o;r 

.Dyadic 

D 

D 

D 

D 

D 

D 

D 

D 

D 
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Name 

less th.au 

1 ess i:hau <n." equa 1 

equa.l 

g·tr. i:han or eq,. 

gre.ater 'than 

logical OR 

.logica'l AND 

lo.g.ica.l .NOR 

.loglca.l NA.ND 

Operation 

returns 1 i:f le:f1: 
a.rgume:n t .less t.han right 
argument, zero ii'. not 

1 .i:f 1.e:i':·t retur.n.s 
argument 
equal. ·to 

.is l.ess than o.r 
rigb·t argu.l\ten-t., 

zero i:f n-ot: 

re-turns 1 if le::ft and: 
right arguanents are 
equal.~ zero .i:f no ·t equal 

re-turns 1 .i:f l.e:fi: 
-argumen1: is gre.ater -than, 
o.r equal. ·to right-
argu.11en·t, zero i.f not: 

retu'l:"ns 1 ii: .l..:d:'.t 
a1 .. gum.ent ls ,g.rea ter t.ban 
righ1: argumen-t,, zero i:f. 
not 

-re·tu.rns l if' el th.er or 
both arguments eq:uaJ. !, 
.:zero i:lf' .bc·th a:rgumeni:.s 
equal zero 

.re1:urns :!. 1::f be-th le:ft-
and right a.rgumen:ts equ~d · 
1 11 zero .i:£ e.i -tber or .both 
a·rgum.ei:1ts equal. zero 

retu.rns 1 i:f 
a.rgumen·ts equal 
zero i:f e.ithe:r OT 

arg·utl!le.n ·ts ei:rual; 1 

,returns () i:f 
a:i."gwnerrts equa:l 1 1 

1~ either or 
a.rgumen ts equa.l ze:ro 

both 
zero, 
both 

bol:h 
and 1 

both 



Sym-
ho.l 

+ 

+ 

-~ 

? 

? 

o:r• 
Dyadic 

D 

1) 

-:H?·-

Name 

ideni: lty 

addition 

division 

ro11l. 

deal 

:re·'turns negaii:.i ve value o:f 
r igkrt a r guwe n t 

.t•ei:urns Bum and 

rei;urns the reciprocal o~ 
right a1·&~ument 

-0:.t .i_e:Jft 
and right arguments 

.:r<Ed::urxi.s pns.i t.ive 
r.i,g;ht argnmen 1: .is 

1 u: 

·than zero, and. ne i:ive l 
11 ?~ght argument ls Less 
·th.a.n :zero 

returns product o1 
and right arguments 

left 

re·tl;u:•n.s a .1~andoi:i1. in .. teg·e'l"' 
greate.r• than 1 a.nd J_ess 
th.an "the right arg-ument 

produces ffum.ber o:f ·rand()m" 
integers specified by 
le:ft argument with values 
be·tween 1 aiid the x•ight 
a1t"gUx§HH1t such that th,ere 
is no integer repeated 

for each e1ement 0£ the 
1e~t argument la vector} 
red:1.:u~;ns a 1 ix the 
e1emen~ is coo~~ioed ~n 

·t 11-e .r __i :gb.'t :a·1!~-=1~f.U.'i~~:e .. n·t -1 

noi: 
0 i::f 



Syrn-
:b o i 

p 

1 

0 
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lWn.nadic 

Dyadic 

D 

logica.l negation 

.D 

pi tim,zs 

length o:f a 
·of veci:or, 

an a.r.1:•a.:y 

:a•etu.T"ns 
a .. it"ray, bavln.;g 
specJ. fi ed hy 

a shape 
·the le:ft 

aa~gu1;1en. t a:nd: composed o.ra'.' 
·th.a e:len1ent:s in the :righ:t 
-a 1~ Jfi.r~.::uu '.e 1·11: 

-r•etu:1ron.s 1 i:f .f"if~hi; 

a:J?;f,;uwi.ent· equn.ls 2;,,e1~0, anct 

equals 1 

i:f' 
:posi·t ive 1 

:f.Lrst N 
vec·to.a~ 

eletrrents <of 
.le:ft A, if 

arg11.u~1ent is 
returns .la.:;;;:d: N 
off vec "to!'C' A 

nega:ti ve 
eJ. e;;D. en ·ts 

i:f 1.e:ft argu1~1ent is 
posi~ive NIA returns wi~h 
:first 

a:rgurnent .is 
re"tu:rns .lasi; N 
.;:»1: vec ·tor A 

.11>.e ga t i V•<i1 

eJtements 

a vecto.x• 
consecutive Integers £rom 
:l t-;:;i t.he vn.l\.1.e o:f the 
rl,gh-t a.rgume11r1:" i;nc1.us.i. ve 

x0 etu:Y.•ns subsc r i_pt n:f le:ft 
argu,11er.d; whet~,e its value 
:f.i:t•:s"t occur:red :in ·th.'e 

TC.ighi: 

returns ;pJ:•oduct o.1' Pl a.nd 
a it• ~3f'Dllii en it 
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hoJI. lDlya.diic N.aJ11e 

0 D ci..ir•c.le :func tio,ns 

D 

.M: 

* 

oatura1 1ogarltbm 

D 

r ceil.i:ng 

returns ~unction o1 
argument { l.n rad.ians) 
base,d upon value 
a:rgument 

1 

.2 
·-2 

,3 

F(x) 
.sin x 
a1.•csin x 
COS .X 

~l:an x 
a:rctan x 

re~uros ~be vectpr 
speci£led in ~be right 
ar.~;ui:.HH:t t in r·e·yeir.'EH2' ~yz•der 

·.t~e t ux•ns 
.rotat·ed 

right argument 
·the uu1uhe:r o;f 

the 
spfc;c.i:fied in th.e rig.ht 
a.rgur;uant such th.at ·the 
Jt·o~·;:s aru:i co .i 1cnnns a re 
:reve"I'Sed 

re~urns e raised to right 
a.rgll1ment 

·re-turns 
:r-alsed 

.le:>f·t argument 
to i:he 

re-tux•ns -the .LOG base e off. 
x'3i.gh·t ar;gumen ·it 

r·etnrns the lA-:1ga.rithm of' 
the 1.".igh-t a1"'@ume11t w·hose 
.base is ·the le:ft a.:r;gument: 

returns the least integer 
g:'reat e:T than Oir' eq1Li.a.l -f,o 
11:·nEo1 right argui-,,e-1rn. ·t 
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1\Ionadic 
Sym- 0.11:• 

bQl Dyadic t,Jarf!e 

f D Hl·:a Xi l~'~ 'UJ'.U 

t M :f.loor 

l D J¥jlU.ill!lUii~ll 

+ M grade up 

t !\!{ grade ct OWl.n 

! j\{ .I.acto1i.~:ia1 

{ ] D i.ruiex 

1l .. .M execute 

M: ahsoJl.ute va .. lK~e 

D ,res li·fu.e 

., D cai;enai:e 

Opera t .1. on 

·returns the 
the ::l:':ight 
a·a•guments 

gr•ea.te.Jt" 
and 

oi'. 
1.e.::ft 

-i:·e·ttn:•n:s 
:integer 
equa.l ·to 

the g:rea·te.st 
1ess than or 

righ-t argument 

returns the lesser o~ the 
r.lght and le'.t't a!?gumerd:.s 

11.·e·tu:rns 
i1u:t ic eoLS 

a vec-to.r o:f 
which >!illl sor·t 

rigb~ argument into 
aacendlog order 

returns 
indices 

a vec~or 0£ 
which wil1 sort 

rigbt argument i1rto 
descending order 

roet·urns ::fac ·t.·o:r.i aJ" •'.l>:f 
rLght a:P;~ru~m~n.t 

re1tu;r11s a. vector co!c1Jp:osed 
~rom the elements 
l ext a.rguI11en t 
speciifi et:t by 
sui:• sc ~· .i ;pi t :s 
bra.c.kets 

w ith.i:n 

o:iE the 
as 

the 
the 

rEd;u.rns ·the value oJ'. an 
exp£"essio111 en ·te x•ed as 
c.harac .. te·1• data 

..ir•eturns ahso:l ut-e va1.ue o:f 

.r.i.g;ht a rgumen. t 

:ir)etu1~n:s 

resu1.·t in;;;:; 1'.iroa;n 
r,.;t: 1.*'!:f 1; ope ra.nd 
a·!!'g:111.ro>e11t 

retu·?r1s .le:It 

rerna.i nde.r 
di v.i s.i :o:n 
by 11:•igh.t 

and rigid; 
argi:unen ·ts t..:11g•~ther a.s a 
vec~or (or array) 



Sy.11u-
bo.l 

t 

I 

\ 

MA>nadic 
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Dyadic 
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c>0n·ve.a?·ba an ar•Pay 
v•ec·to:t· 

~he ma-trix entered as 
:rit:Pb t a·r,gume1• t 

<!>f 
·the 

;per :fo t"lliS 

sp·e c:i :f. l ed a--s 
arg;'lunen t <C)fl 

c oi'";po sin@>; 
ar&rumen-t (a 
a.1•:ray) 

fH~t':fOX'llUS 'the 
spe·.ci :f ·1 e•.il as 
a:&:'\§\U.tlHon -1; on 
C OXfJpO s.l ng 

a.t'~,gum.ent 1 

r:igh·:J:, and 
results as a 

:the e.l.e1m1en:ts 
the right 

V·>El'C "l:o:t• ·OA" 

ope1~ation 

·t b.e .le :fi~ 
·t ih e '"" .1 B.cl1B .nt .i!'l 
the t:•igh·t 

.le :ft -to 
the 

the x•ight as the v:c1x•.iable 
named on the ]...e:ft 

equi·va-1ent ·to crn;;.u1a.r:iJ:i 11 go 
·ton 

alte.1!'.'s 
op·eii~ations 

·01::.eratlons 
t·K) per.fo::t:'m 

c:oni:a1ned 
wl~hln parenthesis £irst 

{87) :M.ar1'.!.: Arno13X, mwhat is APL 1 n By·t~t l\h:l• lS {N,ovemher 
lB76) pp.. 20-241 12.~~-l.2;6 .• 



APPENDIX B: TABLE OF NOMENC.LATURE 

ABSORBED 

ABSORPTIVl"l'Y 

ABSORPT.IV.lTY2 

ABSORPT rVIT'Y6il 

AIRFLOW 

ALU:HRECT 

- JA.LT.ITUD.B 

.AMIJIENT 

APPARENT 

AREA 

AUGMENTATION 

·- quantity o:f direct radiai:i-o.n .absorbed .by 
the g.lass 
UNITS: .BTU per (hour) -(s-qu.are :foot) 

-- coe·f::f ic :ie:nt -o:f so.lar-oOlp·tica.l absor-pti on 
by g,iasa; i'.o.r d:ouh.le ;g.la.:z.ing--the 
coe:f:ficient o::f -a.bsorp·tlo.n l:o.1-" the cu-ter 
layer o·.f gJ.a.ss. 
U.NITS: no dimens.ion 

= :for douhl.e igl.azi.ng-tbe coe:f:fic ient n-£ 
absorptio.n for -tbe inner 1-ayeir o:f g . .lass 
UNITS: , no dimens.ion 

= coe:ff.ic ien-t o.:£ abso;ll."'ption :for gl.ass when 
the a.ng.le of incidence equals 60 degrees 
U.NlTS: no dimens:ion 

= a.mount o:f air drawn in1:o -the heating 
system ~rom tbe exterio• envlronmen~ 
UN.ITS: cubic :feei: per wnin"1..'lte 

= in tens.ity o::f dlrec -t sol.ar .rad lat ion u-pon 
any sur:f ace 
UN.IT$: BTU per (hour) {square :foo-t) 

= angular distance o:f' -the sun above the 
horizon 
UNITS: degrees 

= ;W;emper,a-ture o:f . the ;fluid: coni:ained by a 
b-oi.ler prio·Jt" to .:firing 
UNI'l'S-;: degrees Fah:1~enhe.it 

= ap_fParent so.la:i"' radi a t.io.n -a.·t a.ir mass 
equal. t:o 0 
lJNlTS: BTU per (hour) (square :foo·t) 

= sur:face area o·f el th.er a :ma·te;roia.l norma.1 
to ·th.,e direction o·:f hea·t .:flow or o:f a 
radiative body 
UNITS! square :feei; 

- amount -o:f ene.rgy 1:0 :be supplied 
.mecha.nlcal sys-t.,em necessa.ry 
suppl. im.ent the na. tu.ra.l heat gains 
UNITS! BTU ·per hour 

-1.22-
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= a.m;cnJ.nt o:f the1•:ma..l energy tn be :snppli ed 
to the bui1diog heating system 
UNITS: BTU per hour 

= solar azimu~h angle 
UNITS! degrees ;&~;>Lte:f BEYEA.FUS' = p{]lin-t 
:Ln ·t :ime when econ<Gin:ic 1:>realk-even 
cond.i '.!,; ion.s exis·t :J'or a given i.nvestineni: 
UNITS: years 

= a>miouni: o::f :f.luid contained h:y e.. hoi.le]:• 
UN.ITS! c·uhic :feEd 

- period o1 time radiation is 
during cloudless conditions 
UNITS! hoMrs per da<y 

= hea·t ing va] .. u.e o:f a :f 0ue1 
UNITS: BTU per pound mass 

1•.ecei vetl 

= rate c.ii' corLduct.iv'e :heat t·ran.s:fe.1" 
lLNI'TS: BTU per hour 

= the:ruiraJ.. 
U:NITf-l! 

cooduct1vl~y o1 a 
BTU per { hr..H.1r) 

given material 
(square ~oot) 

(degree Fahrenheit) 

= ll'ca·te of con-vec ti·v-e heat 
UN.r'f;S:: Il'fU .tier lmu.~· 

tr<:u1s.:f.e.:1:' 

= convect.ive beat trans1er 
UNITS: BTU per (hour) 
(degree Fahrenheit) 

coef~icleot 

(square ~ootl 

- Threll!>:eld 1 s cora'ecti·o:n :i a c ·t ;a. .:r 1'. O'.I:' 

di. :f:fuse .r.ad.i a;t ion 
UN.r:rs: .rH) d:im"'n:1sion 

= rat.le be·tween ·total observed 
::trol.l"& "the sky vaul. 'i: ·to ·the 
ra.d.ia t .ion :no:r<ma.l ·t.o th<i~ pa. tb 
Incident solar beam 
·~rnrrs: il.i0 dli!1H:l1'.H3iQ11 

11•adia. t:i-o.n 
.incl dent 

o:f. the 

= an.gu.lar d:ista.nce .be-t'liveen the ear.i:h 1 s 
or·bi·ta.l pla'1'.2°e a:n.d the s,ola:t~ bea.m 
u.Nr.rs: deg:il'."ees 

= density o~ th~ 

£.lu.id 
heating syst·oem 

UNITS:: ;t:>nu.nds per cubic :foot 

·wor:li;:.i 1·1;g 
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- quantity o:f tfi.:ffus1a radi.a"l:ion absorbed: 
.'by glass 
UNITS: BTU pe;ir (bout') {squa:t<>e :t:~oi;) 

= dl::f·::f'use soJ,a:t• .!!:"ad.ia:t.ion up.on a:ny su~·fa·ce 

U.hf ITS: :mru per (.hour) · ( sq~.1.a:r:e f·oot) 

·- l:u~at galn eon;tr1bution by r•a-.ir·ndiation 
a:nd C•onvee t.i Oil o:!f ahsor.h.:<;:Hi ctLf:f.use 
.radia i; i•on 
UNI·~rs: BTU per ( lw•u'') { squa :rr,;i ::toot) 

- c:ti.r·ec·t solar 1~a.;:1ia 0t ion !H>Jt•ma'i to ·the 
eur1ace 0£ the earth 
U.NI'T'S: BTU per {!hour) ! squa·'!'e :il'.oo t) 

= heat t:rans~f·et" 0:£ d.i;r-e•c't .lt'adiai:ion 
through double glazing 
UN rrs: .BTU per { h10u.1""} {square foot) 

= rate o.-£ h·aii.ll:t t.rans:iex• o:f di1rect and: 
di:'i':il'.nse rad.ia·tJon ~thr-ong'b singl.c• ,g.la:ziug 
UNI'TS: BTU pe.r ( hou1t>) { squa!"e :fooi:} 

- :lf-0.2• d:ouh.l,2 
·.trans:'if:e'l'." nT. 

g_la.zing---the rate o:f heai; 
cLirect a .. nd di':f..:fu.se .radia,ti 0t1>'itt 

throug;b d@uble gJ.azing 
UNITS! BTU per UH'.ll~~u'.-) (s,::_tua:re f>l:H;it) 

- distance between exterior surraces o1 a 
m•aterial rn:ieasu::.''ed :al•n1g t.he path .o:f ·the 
heat .f.low 
UNITt;: :feet 

= e:fi:.iciency :o:f the _heating syste1m 
T.fN.I'r.s: ratio 

- :fo't' double gla:~lnig,...-tlhe co1ubi11ed 
e11ectlve emissivity ~or the air space 
UNITS: no ·.dim.ens.ion 

= .radiative proper'tY D:f a sur:iface 
expressed as a ratio 
'UNITS: :no di111.•en.s.ion 

- .:f-•or d-O'i:.:tbJl.e g:l-az.iu_g--the e:;i;;issiv.i·t-y o:\t 
·the i.nne:.t' sur::face o:f_ th·e oud:er .laye f" @f' 
g1.ass 
UNITS: no dimension 
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- for douhl.e g.la:zlng--t-be emissi -vi·ty o:f 
the outer sur1ace o1 tbe inne~ layer 0£ 
g.las:s 
UNITS! no dimension 

- amount o:f :fuel consumed by a mecba..nl-eal 
sys·tem :for the hea. ting o:f its 
.recl·rcu.la1:ed wo1•king :f.luld 
UNrrs: .BTU per bpur 

= ai::mospberic e:x1:inct1on coe:f'll:lcie11t 
U.NITS! · no dimension 

-- nu;nbe·r o::f square glazing 
ma.ter:ial. 
UNITS! s.qua:re ::feet 

= purchase p:r.ic·e o:f .t:ue~l per uni·t volu1ne 
UN.ITS! do.llturs per unit vo1-ume 

= :future.,, or ·terminal, va.lue o:f an asset 
UNITS! duJ.1.ars 

= .su.in~a:t io·n ~o:f bui.lding .be.a·-t ga.ins 
UNITS: BTU per hour 

- physical gas eo.n:ed:an·t 
UN ITS: (:foot} ( p-0unds :fore e} 
{pounds mass) · {degree Ran.kine) 

- so.lar ht11ur ang.le 
UNITS! de,g.rees 

per 

= hea·t i:lt'ansm.i1:ted by the glass to i:he 
lnte.rlor :by eonveeti-on. and :rtui.ia.-tlon 
UN.ITS: BTU peJr { h.our) - (square 1:001:) 

= .heat transmitted by 1::b.e g.1-ass i:o i:he 
exter.ior by co.nvec.tion and radiatio·n 
UNITS: .BTU :per (bou.rl { squa:re :foot) 

·- a:ngJ:.e of lncldence of 'the so1.a:r bea.in and 
.a .line iiHu•ma.l · ·t<> the SU.T'.:face under 
invest .iga 't.i o.n 
UNITS: deg.re-es 

o:f al. te.rnat ive i.n·ves-t:ment st!lf!'at:egies 
U.Nrrs: d-;01.la.rs 
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= :for dJ:>uble g.lazing--the ai.r .space he at 
trans~er coe~ricient 

1!NITS: BTU ;per (huur) { squa.x•·e 
{ degr·e·e .Fa.hre;nhei t} 

- eos·t cd': :f;;_ae1 used by hea t.ing ays'.\tem 
U.Nlr:rs: do.1.la.rs pelt' ki loi~at t-bour' 

:foot) 

- 1a~Itude o1 the site unde~ considera~ion 
lJN.1·~r.s: de.g&;:t-'•ee.s 

- we 
3f.luid 
UNITS: 

oi' the heating sys·t,erH wo.•i~:king 

;pounds :mass 

- :fo.r douhl.e g.lazing--i:be t;•ea:n a ill'.·' s;pace 
tempe·if:'a ture :;f,()t' sing:le glaz.ing--i:he 
av.;n:·a.ge glass ten1p.era ·tu1~e 
UNITS: 'lh:l:Krees Fa.hren.hei't 

- inte.r:est :rat{~ per pe:r io.d ea1~1>et::I 

he)ldLng a:n asset 
UNITS: n~ di11\'ieXASi<l:!Jll:l 

= :nilaximu;;;1 possible pe::rio<:I oi: ti:tiie 
Tad.LaLtion can be .r.•<ecei·wect 
UNITS.: h.omi.•s k~e:r day 

- perceni: possibie sunshine 
UNITS: pe.rcen ·tagir~ 

= cl <0ud cove1• <eo:rJr'.ec·t.ion :faci::oJ.• 
UNI'I"S: 

·- r11.t' ese'fft 
UNITS: 

no diu1ension 

vaJ .. 1.H:! -o·:f an asset 
dol..la.:rs 

- atmospheric pressure exerted upon 
hea.tiug s~··ste.m :>t.vor·king :fluid: 
UNITS: :tHH,mds .·per squa:re inch 

:f. '£' -0.il'i:l 

sol ax• 

the 

= combined c'oe:fi'icient ·o:f ·Jt•adia'.!:.i ve an:d 
convec·tive heat t.rans:fe;P :f.o·.r the inuer 
sur.face <0>:f the glass 
Ul\!Tl'S: BTU per ( hOU1"') ( de{;!l'.'ee 
.Fah:r•enheit) 

= comJ::dned coe:i':eficient o.f :radia.t.lve and 
:for the «::n:d:er convec-tlve .h-ea"t t.rans:fe1P 

stu•iface o:f the g .. lass 
UNITS: BTU per 
Fab:r·enhel't} 

{hour) { deg.·ree 
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== heat g;ain cont.:ri:bution i:rom sin.g.le glass 
by ra-rad.ia.1: ion and con. vec"t .ion o:f 
abso:r.bed direct radiai:ion 
UN ITS:: BTU pe.:r ( hmu:• ) {square :f,oo "t) 

= heat gain co,ntributiou :t:rom doub:le glass 
by re-ra.diai: i_on a.ad convec·ti.on o::f 
ahso.rbed di rec 1: radiation 
UNITS: BTU per. {hour) · (square :foe-t} 

- rate o:f !"ad:ia:h:id beat ·tra.ns1nitted :bJ' an 
o:bJect (Stephan-.Boit·zmann La~) 
UNITS: .B:TU pe:r- hour 

= rate o:f .Padiation ·re.:fl.ec"ted by glass 
UNITS~ BTU per (hour}' (squa-re foot) 

== cce:f:f.icien:t o:f sol.ar-optica1 re:f.lection. 
by sing.le g.la.zlng; :fo.r d<Jtubie 
g~lazing.;..--the coe:f:flc:iA:H1i: o:f so.lar-
op"tical re.:f.lection :for th'E) outer .layer 
-o::f g.laz.lng 
'UNITS: no d.i.niens.ion 

- di f':ference .in operating cosi:s bet·ween 
two .Lnves"tmen t s·t:t>ai;egies 
UNITS.:: doJ.lairs 

= Step,han-Bo1·tz!nann constant 
UNITS: B'I'U pe.r (hour) (squaJt"e foot} 
(degree Ra.nkln·e.) 

- si ngJ..e compound: amonnt ·Jfac.1:-o,r 
UNITS: no dimension 

= ti.it ang.le ~fri!lm ho:rizon·tal o:f .a. su·.r:face 
under ln1res·tiga'1:i·on 
U.Nrrs: deg:rees 

= specl::fi<:: heat o::f a ?l!rorking :fl.uid at 
cons·ta.nt plt"essure 
UNITS: BTU per (pound mass) (degree 
Rankine) · 

== spec i:f ic h.ea t o::f a work.lug ad: cons·tan"t 
volume 
UN.ITS: B"I'U per (pound .mass) (degree 
Ranki:ne) 

- spec l.£ ic volume o:f' a 1'.l u.id 
UNITS: .cublc :fe,et per pounds mass 
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- single preseot worth 1actor 
no di111ension 

CO!llPOkil en ts 1 

con1pone·n·ts 
UNITS: BTU 

m.inus 
.bui1d.ing 

.so.la:t' 
heat 

rmat 
gah:1 
~~a In 

- temperature 0£ the working ~Iuid when i~ 

1eaves the boi1er or hea~ exchanger 
degrees ~abrenheit 

between 
interi'l.T!' a..rru::i ex·'l>et•lot• air sepa.x•a.t·ed h:y a 
plane off. g:J .. a.ss 
UN.ITS: degT•ees Fabr·enl:iei t 

= tempera~ure 0£ a gas 
degrees Fahrenheit 

= temfHH'•at .. u:r"e o:! ·the :inside envir;J.,riKaen't 
UNITS: degrees Fabrenhe1t 

- ~emperature 0£ the ou~door environmen~ 
UNITS! degrees Fah:r"enhe.it 

= to~tal 
.:fo.rced a.i:r h,ea.ti:nn; system 
UNITS:: BTU per 'hour 

= to~a1 beat ga1n through single gl~zlng 
~rom di~1use aod direct radia~lon 
UNITS: .BTU fH-H' (hm .. u'."} Csqua:;;:•e. foot) 

= ~ota1 radiation £a1llng upon any sur1ace 
UNITS: BTU pe:r. {bour) (sq',H.\.cre J.'oot) 

- coe:fi'i c.ieni: 
transmission through sing1e g1ass; ~or 

double g.ia.zi ng--i:he coe:f:ficie.nt oJ? sola.1' 
tra:usm.iss..ion tht:•ough ·the outer lay«:H" OI 
g.lass 
UNITS: no di:i:Jlensi<m 

- .'for d.<;J)Uhle g.l:a.~.ing--i:he <:o,e'I:ficinr,d; of 
sol.ar t,rausmissien :fo:r. the i.nne:t• :layer 
o.f glass 
UNITS: no dimension 

.singl.;e glazing 
UNITS: BTU per {haur) (square ~oot) 



u 

UC.A 

OCR 

UPJifl 

VSF 

VO LU.ME 

f!.A.Z I.MVT!F:J. 

YEARS 

h.ENTHALPY 

= co,.1.i':d.ned k1eat 
g:Jlass and ai,_r 
UNITS: BTU 

trans1er coe~ficlent £or 
1iln:is 
per (hour) (square ~ootJ 

= uni:fo·'J'.•m ·c>01j1peund ati1oun ·~: :!faci:or 
UNITS: no dimension 

= uni1orm capit~l recovery ~actor 
no di.i1uension 

·- u11iform p1:-e:sent ·w;ru:'i:h ::iactnr-
UNITS: ne dimension 

n;ci d.i.mensJ.o:n 

= all~ount ff:f ene·r;<;]fY ~r-equ.l:red to wa r.m 
exi:ernal SUlli"C e o:f ai:r• da"awYJtl :in t-0 warm 
air beating system 
UNTTS! BTU per hour• 

= .:::i:uantity o:f hea·tiro.g sy;sd::em 'W-0rkix1t; ·1J'..lu1d 
UN.ITS! cubic :feet 

- ~v:a;l.l -a.--;zi.n1u·tl?i a:.t11$·J_,e 
uwrrs: deg·!"ees 

·- ·t;;la.l.l.-s-o~lar a.,zimu·t.h ,a·ng;le 
UN ITS: d.eglt"ees 

= weig:trt -pe1~ unlt v'o,l·ume :o::f I'ne:l 
UN.ITS: p-0unds. J:)er ga:Llon, -0.'lr! POlUHiS pEn:· 
cu.bi,c .fooi: 

time wh..ich an 
inves·tmeni: lasts 
UNITS: 

= change i:n ,enthalpy of a wor1i:ing :f.luid 
UNITS'! BTU pe:r- :ifl'(HJnd mass 

= change in tempe.:ra'hl:!r'e o.'f a workin.g fluid 
degrees Fahrenheit 



APPENDIX C! CASE STUDY 

Anal.yze two al t,e:rna ·ti v.e window a.ssem.b1 ies t;o be used: on 

a bull.ding .1oca1:ed l.n Gt."eensboro, N. c. {1.a:ti tude equals 

36. 07 degrees) :fo-r Decemherr 21 at 10:00 sohu• tim.e du.ring 

the :first yea.1• in "the ll:fe o:f ·the bu.i.ld.ing. The g.lazi ng 

ma"teir.la.l proposed in al. "ta:t•na;tlve 1 .is Pi. ·ttsburgb Pla:te G.lass 

(.PPG). 1/'J,H Solargray19 g1ass w.i 'th coef:fic len"ts o:f 

t.ra.nsm.issi on, ahsorp·t ion, and ·re:flection equal. ·to G.24, 

0.71, and 0.05 .r-espectlvely,. The cos·t o:f ·the ir.asta:lled 

as.semb.ly equals $8.16 per. square ·:fo,ci-t. The g1az1ng mate•iaI 

p.roposed in .a.l te:rnat ive 2 is PPG .weta.l edge Twindow 

insulat lng g..l.ass com.s.:sosed o:f .1 /8° G:t'ayli1:e31 g.la.ss, !l\>"i"th 

coef:fieients o.f 1:.ra.nsm.ission, absorpt.ion, and :r.e.f.lect f{)n o:f 

o.s6, o.3s, 
1/8" ciear 

and, 0.06 respectivel.y, and an .inner .1.lght o.:f 

g1ass 1 with cne£1.iclents o~ *rans~Lssion, 

absorption,, .and re:flection o:f ,0.35, o .. ::n, and 0.,08 

respectively. 'i"he two 1igbts in the combined assembly a.re 

separated .by a 1/ 4" a.i·r space. T:he cos·t of the i.nstaJ.led 

a.ssemh.ly equal.s ,$9.40 per square :foot~ The orienta~~on o~ 

the 4200 square :feet 0:£ vertical. :fenes1:ra1:ion ,gl.azing 

material i;a due sou·th • The .bull.dint.I; has a ca.lcuJ..ated: heat 

.loss o:f 240,000 BTU per ho11.n•. to·taJ. hea-t 4Jain '.from s<en.111.•ces 

other than the giaz,ad a.ssemb.l.ies to be analyzed equa.ls 

30~000 BTU per hour. The bu.i.lding is to be heai;ed .by an oil 

:fired :forced ai.r system:, and is ·to be maintained a.i: 70 
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The SUi"J'flly ai:iP 

temperature) equais 

.lon ... 

vent ilsi.t i;;::;n~ 28 

sunsid.ne 

The 

the ana!.ysis 

Anticipated 11£e e1 



l.atitude 

day o::l 
made 

the in 

LA.TITUDE 

which ca1cuiat1on 

D.ATE' 

Tf ME 

hour angle 1or so1ar time in degrees 

HA 

dec1inat~on o1 ~be earth in degrees 

te1;mpe:ra·tt'u.•e -0£ exi:e.rt~io:!C' euv.i·ron~l\!.ent in d.cegr·ee:s 
Fatu•e.nbei 1t 

te.mpera. tur.i"e of inter.io·r env.i ronmen ·t in degrees 
Fahrenheit 

TE.MP.IN 

'>\'ind spe·ed: striking g;.lazed. SitltlP:faces 
per hour 

in ~iu . .les 

= 

= 

= 

= 

= 
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cal.cula:te s,0.lar a.11:1 tude 
EQ. 1 

ALTITUDE 

e.n ter · azimuth -o:f the g.lazed 
degrees) ·under .invest.iga.-tion 

W.AZI $1.U'I'R 

(in 

eni:e.r 1:i.l t a.ngl.e {in degrees) o:f t.be sur:face 
unde:r invest.igati·on 

S.lGMA 

ente.1"' pel"Cent '!?OSslb.le sunsh.ine 
statlsi:ica.l re1e:reuces :f-0.r day 
inves1:1gat.ion 

and time under 

f'PS 

calcula·te :fll:"om EQ. 5 the corre,ct ion f:actor :f.or 
perce.ni: possible sunsh. ine 

PP SCORREC:T 

cal.cu.la-te s<0J.a:r azimuth in degrees :f.rom EQ,. 6 

cal.cu1a·te wa.lJ..-sa1.ar 
ei i:her EQ. 8 1 or EQ. 
day and w«l-ll. az.imu-th 

AZIMUTH 

azim.uth in degrees :from. 
9 depend.log upon tim•e o:f 

WSAZHil.UT.H. 

:f:rom s1:a"t.is·ti cal re:fe.rences -en-tea• di:t•ecd: 
rad.ia:t .ion normal. to ·the eartb 1 s su.r:face in BTU 
per ( hour) · {square :foo ·t) 

DIRECT 

= 

= o.oo 

90 .. 00 

= 78.00 

= 0 .. 88 

= 34.57 

= 
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f,rnin EQ~ 10 1 calcu.la·te the ang.le o:f incidence 
i11 degrees sola:1· beam s·'bt~:ikes g.lazi ng 

.TbJC.ID'E.NT 

calculate 1rom EQ. 11, the quantI~y o1 direct 
so.!.ar :t'adla t i·on .s·triking glazed su:r-:face i.n BTU 
pex~ (h,cn1r) (square :Ioot-) 

Af .. LDLi::rnc1· 

e:n try ·the ·h}·tal. .bu.ildin,g heat 1.<oss, 
lu::n.:u•., :f o -i:~ t !!:.i~~ day and fH.iru.r 

in BTU per 
1or whlcb 

caicuiation is to be made 

.LOSST01'AL 

ecd;er the number 
ma te,11'.'i a.1 un·der 
renestra~lon undeP 
sa.l!lle -0.rientat.ion) 

o~ square 
analysis 

:fee·t o::f 
{al..l 

iovestiga~lon •ust 

glazing 
g1azed 

have ~he 

FEET 

en't'e.r the ·to·ta.l bul.lding h--eat gain -from 
con1;poneni:s 'l°)ther than 
und-er study 

the g1azed ~enestration 

SUfJG.AIN 

en~er whether bea~ing system 
ciT'culating ''li'Jo·lr'~tin;g: :ltl.u.id sys·tem 
:to.reed ai,r. system (F,AS) 

is a 
{RiYFS) 

SYBTEti.! 

en·b:?:r the ai.r p1•essure o:f the outdo-0r:' 
;pounds spelt' S<l.)i'.'lU\l.T e inch 

PRESSUF! .. E' 

x·-e-
·01~ a 

a. i '!!' .i:n 

41 .. 71 

= :!79 .. 97 

= 240,, 000 .... 0,0 

= 4200 .• 0(l 

= tH.Hfl.,00 

= FAS 

14~70 
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calicula-te the density o~f the worklng fluid in 
pound.s peri.~ cubic :f4:HJd: 
BQ. 56 .1or PAS g.iven, 
TEMPOV':l' 

usi:n1g EQ. 
:fur FAS, 

55 .:for ~:t:>S.FS .:~r 

TEMPGA.S equals 

DENSIT'Y 

en·te-r• the 
system 

e~1iciency rating hea-t.ing 

E.F.FlCLEUCY 

i:f heat ls provided hy a :f<ilrced ai.r sy:ed:etn 
(FAS} · ente.:r the amJOl.tr1 t of' air d.:!"aw.n i:nto the 
.syste;m :from the e:;;cte1r.i·O:il'.' envLr{n1EH2'n·t in cu:b.ic 
.:f·eet pe:r :D.11inu·te 

.AIH.Ji'LO~/ 

l:f hea:t 
enter the 

.is pr-0vi:detl .by a ::fo!Pccecl air system 
specl~lc heat at constant pressure 

in BTU peT (pound mass) { d{2'£f:i"ee 
Ii!ankene) 

i:f heat ls ji.?:!rGVided by a 
eni:er ·the su~pp.ly 

Fah1"~n1heit 

Sf'ECllOL 

:fo.1~ced a.i1 .. 
in 

system 
,d-eg.rees 

S'{Jll>PLYTEMP 

ea~er type o~ ruel used by beating sys~em 

calculate cost of ::fue.l p-ex• KWll :from EQ • 6:.1, o~ 

select 1rom Table 3 

= 

= 

0 .. 24 

= 18-0.00 

== OIJ .. 

.. Ol43 
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enter opfH.1>ir·tu:nity .t"'ate pel:" .ln."h?.:1"est pe:t•lod: .fo.t' 
cosi: cen·ter 

enter interest period in 
analysis represen*s 

enter antlcipa~ed 
.in J.Lfe -0:f .building 

PER.l'ODS 

l.l:fe o.f 

YEAR'S 

interest periods 

LIFE 

= 

= .. 3:55 

= 



:!':'1•n:m "fable 1 select the so.la:r-optical 
properties ~or the alternat~ve glass type 
under invest~gation 

ca.J.cul.ate the 
:by "the g~'lass 

:irum EQ.. 17~ 

'1~.t?..i1JVS"b.tl S SJ V.1..T Y 

J'.{EFI .. ECTTV.l'J.'Y 

qua.nt i ·ty o:f radiati<on re:fl.ected 
.in BTU per {.hoco!l'.') (square f''1:PD't) 

$kBF.L.EC1.'ED 

ca:lcula.te the quantity o-f radlc'li:ion absorbed 
by the glass .i.n 13'I'U PEL\!." (h>t11ur) {aqua.re :foot) 
:f.ro:in EQ,,. 18. 

JifJSD.R.BED 

calculate ·the •:.g11ant iil:y ·r>:f 
·t1 .. ans1.11 .. it~ted ·th11.~ou.gh the lsla.ss 
(hour) (s('ruare foot) .f.t•om BQ .. 1'9 ... 

. </._ 

x•aaiat :ion 
.in .BTU pe.tr' 

= O.'H 

= 

= 127.,. 78 

= 
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gi.ven ·that ABSORP'1'Jl1I'l'Y equals EMISSIVITY, and 
BADCONOV1' ~qua.ls 4 • {} .BTU pe;P deglf'ee 
Fahii"'e.nhe i ·t 1 ca.lcu.la ·be the <'Pi1,>:nr•·a.ge ·te,m{:>•er•a t..11."e 
o~ the g1ass in degrees Fahrenheit ~rom EQ • 
.21.,.1. 

.i\Ulil.NGLASST BNfP' 

caJ.cu.la te the combined coe11lcient 
trans::fer ~f-r,om t.he inn1::H' su,:r::fac'Z ox the g1.ass 
in .BTU ];:!e:t" (h-our) {degree ll'ahrenheit) :fr.01J1 EQ .. 
21 .. 2. 

R.ADCOMIN 

calcu1ate the combined heat trans1er 
c·oef:fici·eot :for the glass and air. :fi.lr.;I.S i:n "B'l'U 
per ·degr.ee .Fah:r.e.nhe.it :t:1•0111 EQ .. 21 .. a. 

u 

f:rum EQ<> 21., ca.lculate the hea·t 
c.ont:ribu:tion ::f:r•oi111 the .i~e-radi;ei;tion 

conv·ect lo.n r~.:f di.il'e<e't ·;r•adia ti-on. absorbed 
gl.ass .in BTU .lf.•er { hou::t') ( sq'i.:la:!•e :f:o·<:id:) 

direct radia~lon passing 
per { :t.o·ur} { S'l:;[Ua..r e f-no t ) 

RJLDCONVECT 

t.tn~ough g.lass 
:1!'.t'O~i!ll EQ. 22 .. 

D . .lRECT GA J,\f 

calcu1.att~ ·the :req'i.Jtired ,hui.ldi.n.g 
.in IlT.U pe·r hour :f.t•ct:rnn EQ. 53 

gain 
and 

hy ·the 

in BTU 

= 

= 

= 
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Pax:.1 J2! .ki fe-:£Y.£!.~ :gg£!:Ji!\~ Co§..! Ca.lcula.11:.:2!! 

{ A.lternative 1) 

ca.lcul.a:te the amount o.f 'energy con€;U;;"'le;.i by the 
heat.ir~g system in 'f!TU per 1'.aour uslng EQ,,, Sfl 
~or RWPS, or EU~ 59, EQ. 61 1 and EQ. 62 for 
FAS 

ENERGY 

YEN'l'}YARM 

. TOTALENERGY 

ca.lcu.late cost "':f heating in dollars, :fr-01~1 EQ. 
64A :for FAS, ·o Jt' Ef,~ • 6·4B .f';o r RWF S 

.tlEA'l'COS1' 

en te1~ in:i tia.1. cnst o:t: g:lass awa.ly~:z.ed .i.n th ls 
study in dol.la:rs 

G! .... 4.SSCOS'l.' 

calculate the single present worth %ac~or ~or 
this analysis .:fruiu EQ,. 2f7 

SPttJ 

ca.lcu..iat"l?- t.he p1•esent wori.tb o::f flE.A'.'1.'COST ~t.rom 

EQ ... 3:8, t'!iiven .FUTU.r'LE equals B.EA''1.'COS1" 

PJ:l.ESE.N'i.' 

9:},B60.00 

- 2, "114. 

= :t,,626,714 .. 

= 11,.00 

= -3.<~ j ~;~ *'12~ ·'O {~ {} 

= o .• t~8 

= fi ,,..:{).~~ 
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sum PRES.ENT and GLASSCOST to produce .li:fe-
cyc1e cost ~o• this static anaLysis 

LCC = 34.,281.68 
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(Al'terna"tive 2} 

Tab.le :1 se.l.ec"t the so.1.a.r-optica.l 
p.rope:ri:ies :for the erterioi" .layer. of: gJ.ass in 
-the dou.b!.e g1a.ss assembl.y 

'l'RANSMISSIVI.TY 

ABSORPTIVITY 

RB.&<""LECT :l V.lTY 

Table 1 se,lec"t the sol.ar-optical 
p1•oper:t.les 1'.or the in-ter.ior layer o:f glass .in 
the dou.ble g.la.ss a.ssembJ_:y 

= 

= 

TRANSM.lSSIVITY2 = 

calcuia"te the qu.ant.i ty o:f 
bY outer layer o:f glass 
(square ::foo-t) 1'.ro._ EQ.,. 18 

ABSORPTIVITY2 = 

R.EPLBCTIVI.TY2 = 

rad.iation ~bsor:.bed 
in BTU per ('hrou.r) · 

ABSORBED = 

0 .. 56 

o .• cn 
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~rom manu~acturer 1 s speci1ications enter tbe 
air space tb~ckness 1or the double g~aes 

assembly in ~ncbes 

give.n ·that HADCONOU;J' equals 4 . .,0 BTU per degree 
Fahr:i:n1.hei·t, calcula"l:<t~ the mean glass ai.1• spa·ce 
·terope:a•a ture .in. dega:-ees Fah:renhe1 t :f'l"mtii EQ... 26 

NlBA.NG.LASS'!f'Ei/l.P 

•Ca.lculate dl:f:f.e.:rence o:f 
surrounding air in degrees Fahrenheit ~rom EQ. 
27 

cal.C<&late the 
:fi"Om EQ" 29. 

selA3ct the 
•C-O e:.t::fi.c.ien1: 

e:f·fect i ve ail:" 

appt•op.:Pitt te 
:f•o.r convect ion 

( hou1"") (:square 
Fahrenhe.l:t) :from Table 2 

BBM.ISSIV.ITY 

and radiation In 
~loot) {degree 

.I AHJ."EflCON Sl'.AA!T 

giv,an that i:he e:misslv1ty {ElfISSl"V.fTY} :io:i' a 
douh1e glazed assembly equals its e11ective 
emissivity {EEMISSIVITYJ calculate the 
combined coe11ic~eot o~ heat ~rans~e• ~or tbe 
.inner sur:face o:f 'the as:EHH11.bly ln BTU pe:1" 
(hou!X') { deg.ree Fah:1'•en:he1 t} :fr,0.111 BQ,. 21.2 

RA.DCOi\Y IN 

= 5"1 .. 57 

= 

= 
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given th«:i.·t Tt.AlJCOiWJU1' equa.ls 4 .. 0 BTU P<'J:K' 
iF a ha•enhei t 1 ca.lcuJ.a i: e ii: :he >>i:»:un h.i n :ed 
tt•ansi'e.t' co·e:if·.ficLe1'.1-t f'or the gl.ass and 
:fi.lms in 
21 .. 3 

u 

:i"e-e 
heat 
air 

calculate the rate o1 convective heat trans1er 
th:a'ough the .nute.r .l.:iy·r~l' of a douh.le azed 
asserably ln BTU ;peL<" {h,ffur) {squa.re :foot) f1r•om 
EQ• 21 

caiculate the rate o1 convective heat traos~er 
through douh.le ing in :BTU pe:ir {hnurl 
( squar-e :fooi: ) :if:roix1. BQ. 3 :0 

r.ad.iai:.ion thx•«:>:ugh 1Jl;cn1b:.le gi.azing 
(hour) {:square :1"00-t) J.::r•o.m BQ.. ;32 

111 BTU per 

c:a..lculate the ·t-oi:al rate o:f hea1: i:.ransf-et• :frO!ffl 
direct .rad.ia:t io.n th1•:0,ug'.h double ,ff:;la.zing in H'XU 
per· {h;(l)u.r} (s'-"!ua11~,e :foo1:) fll;'o,,11 EQ.- 3:3 

D.'i'.RHCTG.AIN 

c:alcu1ai:e ·the required hu11d~ng 
in BTU per hour ~rom EQ. 54 

= 
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calculate ~he amount o~ energy consumed by the 
hea·tlng sys item in BTU per .h.our :using EQ"' 5!:1 
£or RVPS 1 or EQ. 59 1 EQ~ 61, and EQ. 62 gor 
FAS 

ENE.HGY 

'1.'0'l.'ALENEJ:WY 

ca.lcu.l ate cost o ::f .he.at ing .in doJ .. la.rs, :f.1'."'·!l'lm EQ .. 
64A :fo:r FAS, or EQ,. 6,413 :for RWFS 

enter ini·tia.l cost o:f e;I..i:iss fj.na.ly;:zed in this 
study 

caiculate ~he single present 
~bAs analysis ~rom EQ. 37 

GL.ASSCOS.'1' 

worth 1ac~or for 

ca1cu1ate ~he present worth o1 BBATCOST £rom 
EQ. 38, given FUTURE equa1s REATCOST 

PR.'ESENT 

= 

= 

= 

= 
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sum. PitiESENT an.d GL.ASSCVS'.l' to p1~;:;n:::hnce J_ i :fe-
cy.cle co.st :f.o.r this static analysis 

LCC = 
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SumillS!ll:X o :f .Eg_§..!ii ts 

AI terna'tive 1 

l!'<:H1u.ired .bull.ding aug1m1centatio;n e.ne·rgy 
pe:t• hour 

in BTU 

iWGJJ.l.E.NT AT I 0 N 

amount o:f energy consumed :loy ~bea ti :ng sys·te:m in 
:g"fU pesr• hour 

6S., ~n2,.oo 

l'fJT.AL'B.NER.GY = 2 1 626, 71,~L. 

cost o~ heating in dollars 

IlEATCOST = 11 .. (}0 

:ini ·tial. .cost u:f g.lass 

GLAS SC OST = 34 1 272 .. LH} 

preseo~ worth a~ cost of heating in dollars 

Pi'WSENT :r~'® 6-8 

il:fe-cycl-e cost .ix-1 d-0.lla.rs 

LCC = :'.;)4, 281 .. 68 
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requl.red. hui.lding aug·&1entati-0·n ene:r>fJ.Y 
per hoU.'I." 

in BTU 

amount 0£ energy consumed by heating system in 
BTU per hour 

TOTALENER.GY 

cost o1 heating in dollars 

l!EA .. 1'COST 

initial cost o1 g1ass 

present worth o1 cos* o~ heating in dollars 

!-'RESENT' 

1i1e-cyc1e cost in dollars 

LCC 

= 

o .. oo 
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On the basis oX i:he 

2 lthe me~al edge 

·t:he basis space 

heat.:Lng costs spec i-fied 

.{ 1iEATCDS~T .} ., 

thl.s :since -the 

additional 97 1 650.00 gain (A.UGMENTA.:1' ION) 

the building at addi~iona1 

cost. ener;gy in t.his pa;t:i>ex· dea.1 

heat lng.) 

alternative 1 is more satls1actory, 

primarily because o1 its L-0wer initial cost {GLA.SSCDS'.n .. A 

clima1:ic be neces.sa:i~y 

anaiysis between ~hese two al~eroatives. 
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.A AmTHODOLOGY F'O.R THE EV.1rLUA.TION OF THERM...4.L 

PERFORMANCE OF' WIN.DOWS HAS.ED U.PON LIFE-CYCLE COST 

by 

{ .ABSTRACT) 

The purpose o..f the research described herein was ~a 

estab1lsh the a1gorithms necessary to pe1 .. form 11 fe-cycle 

a.nu.l ys es o.:f the solar ;b.eat gain 'l:hrough .bui:lding 

windows as a :funci:ion o.:f ·the a..b.i.li "ty of. the .glazing to al:low 

th~ penetration and u~i1~zatloa within the 

environme.nt oi: avai.labl.e sensible .radiation :f.r•cun ·the na:tura.l 

a:ilow;s eva.lua'tions 

which wll.l. in:fluence -the g.lazing selection in l"'esponse ·to 

seasonal changes in insola't.ion and ·t.he net eneil"gy e:f:feet o·f 

orienta;tion. 

The .research cous.is1:ed o:f ·two phases. '.fbe :first 

.incl.uded a search o:f the .l.i tera·ture on energy related 

s:tudles and !t"esu.li:ed in a comp.11.a.tion oi:· algor.i th.ms 

.necessary to dete.t>mine heat ga.in through w.indoW"s 7 aqua. 't.icns 

requi.red to dete:rmine e:ne rgy cost, and equations necessary 

to pe.r.:form li:i:e-cycl.e cos·ting. The second phase c:f the 

r.esea;rcb was a synthesis process "t·o resol.ve ifft.er:facing 

pro.bl.ems het·ween un.l.ilte cal.cu.lat ion systems and uni ts o:f 

measure which were encounte:red. This was acco.mpl.ished 

through bas.ic inductive p~ocesses .:fami1.iar t@ l.i:fe-cyc.le 



costing/value engineering techniques. This resulted i.n a 

schematic .m.odel. to cu.i"it•ela te the beat .gain cal.<:u.latio.n wi i:h 

the energy cosi: cal.cu.lat ion to deterznine the .ll:lfe-cycle cost 

:for the window as.sembl.y. 

The ·resea.rch bu.i.lt upon exist:lng; processes to deveiot:> a 

mo.re comprehensive ·tecbnique :f.or the analysis o:f ~indow 

systems to aid in meet.i.ng economic 

sp.ec:i:fi.ca:tlons during ·the wint:er heating moni:hs. 
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