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thermal (PV/T) s o l a r  energy c o l l e c t o r s  was eva lua ted .  The study was l im i ted  

t o  f l a t - p l a t e  c o l l e c t o r s  s ince  concent ra t ing  photovo l ta ic  c o l l e c t o r s  r e q u i r e  

a c t i v e  coo l ing  and thus  a r e  i n h e r e n t l y  PV/T c o l l e c t o r s ,  the  only dec is ion  

be ing  whether t o  use the  thermal energy o r  t o  dump i t .  It w a s  a l s o  s p e c i f i e d  

a t  t he  ou tse t  t h a t  reduc t ion  i n  requ i red  roof a rea  was not t o  be used as an 

argument f o r  combining the  c o l l e c t i o n  of thermal and e l e c t r i c a l  energy i n t o  

one module. Three tests  of economic v i a b i l i t y  were i d e n t i f i e d ,  a l l  of which 

PV/T must pass i f  it is t o  be considered a promising a l t e r n a t i v e :  PV/T must 

prove t o  be compet i t ive with photovol ta ic-only,  thermal-only, and side-by-side 

photovol ta ic-plus-thermal c o l l e c t o r s  and systems. These t h r e e  tests  were 

app l ied  t o  systems using low-temperature (unglazed) c o l l e c t o r s  and t o  systems 

using medium-temperature (g lazed)  c o l l e c t o r s  i n  Los Angeles, New York, and 

Tampa. For pho tovo l ta i cs ,  t he  1986 DOE c o s t  goa ls  w e r e  assumed t o  have been 

r e a l i z e d ,  and f o r  thermal energy c o l l e c t i o n  two techno log ies  were considered: 

a cur ren t  technology based on metal and g l a s s ,  and a f u t u r e  technology based 

on th in - f i lm  p l a s t i c s .  The study showed t h a t  f o r  medium-temperature appl ica- 

t i o n s  PV/T i s  not an a t t r a c t i v e  op t ion  i n  any of the  l oca t i ons  s tud ied .  For 

low-temperature a p p l i c a t i o n s ,  PV/T appears t o  be marg ina l l y  a t t r a c t i v e .  
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FOREWORD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

f lec tec 

major o b j e c t i v e  of t h i s  study w a s  t o  

upon in tens i ve  y ,  wi th  an understanc 

o b t a i n  r e s u l t s  which may be re- 

i ng  of t he  f a c t o r s  which caused 

the  r e s u l t s  t o  t u r n  ou t  as they d id .  I n  p a r t i c u l a r ,  Sect ions I V ,  V, and V I  

at tempt  t o  develop t h i s  i n t u i t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- with which, of course,  t he  reader  may d is-  

agree. Sect ions I and I1 se rve  as in t roduc to ry  material, Sec t ion  I11 develops 

t h e  c a l c u l a t i o n  procedure,  Sect ions V I 1  and V I 1 1  develop the  r e s u l t s ,  and Sec- 

t i o n  I X  t akes  a s p e c i f i c  look at  heat  pump app l i ca tons .  

A c r i t i ca l  premise of t h i s  r e p o r t  is t h a t  PV/T systems must be compared 

not  only w i th  PV-only systems t o  which a thermal over lay may be conceptual ly  

added, but a l s o  wi th  thermal-only systems to which the  a d d i t i o n  of PV i s  con- 

templated. The reasons f o r  t h i s  can be i l l u s t r a t e d  by a reductio-ad-absurdam 

example. Suppose a PV-only system del ivered $ 1  worth of energy and cost  

$1,000,000. Suppose t h e  PV/T system d e l i v e r e d  $1,000,000 worth of energy and 

c o s t  $1,000,001. C e r t a i n l y  PV/T would look a t t r a c t i v e  r e l a t i v e  to the PV 

only.  But suppose f u r t h e r  t h a t  a thermal on ly  system d e l i v e r e d  $999,999 worth 

of energy and c o s t  $1. Would anyone buy t h e  PV/T system now? O f  course, 

t h e s e  are r i d i c u l o u s  numbers bu t  they i l l u s t r a t e  the  po in t  t h a t  both compari- 

sons must be made. Furthermore, PV/T must be compared with side-by-side pho- 

t o v o l t a i c  and thermal c o l l e c t o r s  as an opt ion.  

X 



I. INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. Study D e f i n i t i o n  

The So la r  Technology Group a t  Brookhaven Nat ional  Laboratory (BNL) w a s  

requested by the Je t  Propuls ion Laboratory (JPL) Photovol ta ic  Lead Center to 

undertake, dur ing t h e  per iod October 1980 t o  September 1981, a study to  deter-  

mine the  p o t e n t i a l  economic v i a b i l i t y  of combined 'photovol ta ic / thermal  (PV/T) 

s o l a r  energy systems u t i l i z i n g  f l a t - p l a t e  c o l l e c t o r s .  The study was c a r r i e d  

out  dur ing the f i r s t  ha l f  of t h i s  per iod,  and the r e s u l t s  were presented to  

l e d  t o  them. 

B. Scope 

The ob jec t i ve  of t h i s  study was  l a i d  down at  the ou tse t  by i t s  sponsor. 

This w a s  t o  answer the  ques t i on ,  "Can the  c o l l e c t i o n  of thermal energy i n  a 

PV/T system subs id i ze  photovol ta ics?"  That is ,  we were asked t o  determine 

whether an added thermal c o l l e c t i o n  subsystem could be more marg ina l ly  cost -  

e f f e c t i v e  than the  PV-only system to  which i t  is added, so t h a t  it would 

enhance the economic a t t r a c t i v e n e s s  of the combined system. 

The study w a s  l i m i t e d  t o  f l a t - p l a t e  c o l l e c t o r s .  I n  a f l a t - p l a t e  PV 

a r ray ,  pass ive cool ing is genera l l y  considered t o  be adequate; t he re fo re ,  t h e  

dec i s ion  whether t o  c o l l e c t  thermal energy is a design opt ion.  Concentrat ing 

PV systems (above a very low concentrat ion r a t i o )  requ i re  a c t i v e  cool ing of 

t h e  a r r a y  and are t he re fo re  i n h e r e n t l y  PV/T, t he  only dec i s ion  being whether 

t o  use the  heat o r  t o  dump i t .  

F i n a l l y ,  we were d i r e c t e d  not t o  use l im i ted  roof area as a reason f o r  

cons ide ra t i ons ,  then the a b i l i t y  of a combined PV/T system t o  c o l l e c t  a given 

amount of electr ical  and thermal energy using a smal ler  a r r a y  than a side-by- 

s i d e  photovoltaic-plus-thermal system could be brought i n  as the c l inch ing 

argument. But a r r a y  area cons ide ra t i ons  could not be used as an e s s e n t i a l  

p i l l a r  i n  the  argument. Under these ground r u l e s ,  i n  which we f u l l y  

concurred, t he  study proceeded. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 



C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Background 

The idea  of u t i l i z i n g  a s i n g l e  s o l a r  c o l l e c t o r  t o  s a t i s f y  both the ther- 

, m a l  and electr ical  energy needs of a bui ld ing is i n t u i t i v e l y  a t t r a c t i v e ,  

whether approached from t h e  s tandpoint  of a photovol ta ics engineer who 

r e a l i z e s  t h a t  a considerable amount of thermal energy is  a v a i l a b l e  which could 

be obtained i n  add i t i on  t o  the  electr ical  energy produced by the photovol ta ic  

module, o r  from the  s tandpoint  of a thermal systems engineer who r e a l i z e s  t h a t  

a por t i on  of t h e  thermal energy could be upgraded t o  higher-qual i ty electr ical 

energy by t h e  a d d i t i o n  of photovol ta ics i n t o  thermal c o l l e c t o r  design. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An extens ive program of PV/T c o l l e c t o r  development and system performance 

modeling has been c a r r i e d  out under t h e  auspices of t h e  United S t a t e s  Depart- 

ment of Energy f o r  s e v e r a l  years.  Work performed to  d a t e  on PV/T c o l l e c t o r s  

and systems may be convenient ly div ided i n t o  the  a reas  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof (1) c o l l e c t o r  

theory,  (2) c o l l e c t o r  des ign,  and (3) PV/T system s t u d i e s .  

PV/T Co l l ec to r  Theory. The bas i c  work i n  t he  area of  PV/T c o l l e c t o r  

theory w a s  by F lorscheutz zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(l), - who extended t h e  standard Hot te l -Whi l l ier  model 

f o r  thermal a n a l y s i s  of f l a t - p l a t e  c o l l e c t o r s  t o  inc lude both the  thermal and 

electr ical  outputs  of a PV/T c o l l e c t o r .  The approach was  t o  ob ta in  modified 

forms of t he  usual  c o l l e c t o r  thermal e f f i c i e n c y  parameters which, together  

w i th  t h e  PV electr ical  e f f i c i e n c y  and i t s  temperature dependence, provide a 

p r e d i c t i v e  framework f o r  use i n  PV/T system s t u d i e s .  This work w a s  extended 

by Raghuraman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2-4)  _ -  t o  take  i n t o  account s p e c i f i c  d e t a i l s  i n  air- and 

l iquid-based c o l l e c t o r  cons t ruc t i on  which caused t h e  F lorscheutz model t o  

overest imate PV/T thermal performance by as much as 15%. Pred ic t i ons  from 

these models w e r e  found t o  agree w e l l  w i th  experiments (5) .  - 

PV/T Co l l ec to r  Design. In t he  area of c o l l e c t o r  design, approaches have 

ranged from the  simple mounting of  PV cells onto t h e  absorber p l a t e  of a n  

e x i s t i n g  thermal c o l l e c t o r  t o  s o p h i s t i c a t e d  approaches intended t o  overcome 

thermal and/or electr ical e f f i c i e n c y  l o s s e s  assoc ia ted  wi th  t h e  simple 

approach. 

The simple approach has produced degradat ions i n  thermal e f f i c i e n c y  w e l l  

beyond what would be expected from t h e  uptake of electr ical  energy by the 
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cel ls  ( 6 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Pr imar i ly ,  these e f f i c i e n c y  degradat ions s t e m  from such th ings  as 

r e l a t i v e l y  poor heat t r a n s f e r  through the cel ls t o  the  absorber p l a t e  (2), 

r e f l e c t i o n  of long-wavelength r a d i a t i o n  by the meta l l ized back su r face  of the 

ce l l  (7),  - and reduced s e l e c t i v i t y  of an absorber sur face composed of photo- 

v o l t a i c  cel ls r e l a t i v e  t o  t h a t  obta inable i n  a good thermal-only s e l e c t i v e  

absorber (8). - Advanced-design c o l l e c t o r s  have been proposed o r  developed 

inc lud ing such design f e a t u r e s  as absorpt ion of heat at  more than one sur face 

i n  a i r -heat ing ( 9 )  and l iqu id-heat ing (10) c o l l e c t o r s ,  prov is ion of means t o  

enhance heat  t r a n s f e r  from a s i n g l e  su r face  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(c), replacement of t he  

me ta l l i zed  back su r face  by a g r i d  t o  al low passage of long-wavelength 

r a d i a t i o n  t o  an absorbing su r face  behind the  cel ls (7) ,  blackening of the 

meta l l ized su r face  (c), and promotion of s e l e c t i v i t y  through the  use of 

app rop r ia te l y  conf igured thin-f i lm cel ls incorporat ing metal-semiconductor 

junct ions wi th a n t i - r e f l e c t i v e  coa t ings  (8). The r e s u l t s  of t h i s  work suggest 

t h a t  cons iderable c o l l e c t o r  development w i l l  be required before a PV/T 

c o l l e c t o r  can be made with performance parameters c l o s e  to  those which 

ob ta inab le  i n  separa te  PV and thermal u n i t s .  The cos t  of the advanced designs 

has ye t  t o  be s e r i o u s l y  addressed. 

- 

- - 

- 

- 

PV/T System Studies.  Considerable work has been done on the a n a l y s i s  of 

PV/T systems. Perhaps the l a r g e s t  number of papers has been publ ished by t h e  

group at the Lincoln Laboratory of t he  Massachusetts I n s t i t u t e  of Technology. 

I n  an e a r l y  paper ( 1 2 )  i t  w a s  concluded t h a t  a system employing a PV/T 

c o l l e c t o r  feeding electr ical  and thermal energy to  a heat  pump would i n  

genera l  be considerably  more e f f i c i e n t  than a stand-alone thermal-only s o l a r  

system. Another paper (13) i n d i c a t e d  t h a t ,  g iven a choice among PV-only, 

thermal-only, and PV/T c o l l e c t o r s ,  optimum system performance included some 

PV/T i n  th ree  out of four  l o c a t i o n s .  Optimum system economics requi red PV/T 

i n  only one loca t i on ,  Boston. The study assumed an electr ical  e f f i c i e n c y  f o r  

t h e  PV/T c o l l e c t o r  of -10% a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3OoC c o l l e c t o r  temperature,  and a thermal 

e f f i c i e n c y  of -62% at  ambient c o l l e c t o r  i n l e t  temperature. Another paper (14) 

held t h a t  " i n  genera l ,  f o r  any system, annual system cos t  decreases as hybrid 

c o l l e c t o r s  are replaced by photovol ta ic  modules because of the a n t i c i p a t e d  

lower cos t  of photovol ta ic  modules and the g r e a t e r  value of electr ical  energy 

compared t o  thermal energy." Two years later,  the conclusion w a s  drawn (15) 

- 

- 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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t h a t  "where the hea t ing  load is dominant, a PV/T c o l l e c t o r  i s  more economical 

than an exc lus i ve l y  PV c o l l e c t o r . "  The optimal system i n  t h i s  a n a l y s i s  w a s  a 

p a r a l l e l  PV/T hea t  pump system, t h a t  i s ,  a system i n  which the s o l a r  thermal 

energy is  used to  heat t he  load d i r e c t l y  (not v ia  the heat pump) and t h e  

e l e c t r i c i t y  is used (among o the r  th ings )  t o  operate the  hea t  pump, which uses 

ambient ai r  as i ts  source. 

PV/T system s t u d i e s  c a r r i e d  out by t h e  s o l a r  energy group at  t he  Univer- 

s i t y  of Maryland (16) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- have concentrated on system performance s e n s i t i v i t y  t o  

v a r i a t i o n s  i n  c o l l e c t o r  and s to rage  parameters. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A study by Westinghouse Electr ic Corporation (17) - concluded t h a t  PV/T 

systems would be v i a b l e  wi th high-volume product ion.  I n s t a l l e d  a r r a y  c o s t s  of 

$45/m2 f o r  t h e  PV a r r a y  and $65/m2 f o r  the combined PV/T ar ray  were assumed 

(1975 d o l l a r s )  f o r  t h e  high-volume scenar io  (17a).  - Bat te ry  s to rage  w a s  deemed 

e s s e n t i a l  f o r  h igh market pene t ra t i on .  

A companion study (18) - by the General Electr ic Corporat ion a r r i ved  a t  a 

negat ive conclusion concerning PV/T, because " t ransmiss ion l o s s e s  and degraded 

PV output  due t o  h igher  ope ra t i ng  temperatures i n  the c o l l e c t o r  are apparent ly  

too severe to  make t h i s  approach a t t r a c t i v e ,  and i t  thus received zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa low 

ranking. " (18a) . - 

F ina l l y ,  an in-house study performed a t  Sandia Labora to r ies  (19) - con- 

eluded t h a t  side-by-side photovol ta ic  and thermal c o l l e c t o r  a r r a y s  are more 

cos t  e f f e c t i v e  than combined PV/T c o l l e c t o r s .  Major po in ts  c i t e d  i n  t h i s  

s tudy were t h a t  t he  side-by-side system d id not i n  f a c t  requ i re  much more 

c o l l e c t o r  area (-25%) than an equ iva len t  PV/T system, t h a t  t he  combined PV/T 

c o l l e c t o r  d id  not provide s i g n i f i c a n t  savings i n  materials c o s t ,  t h a t  the 

combined PV/T c o l l e c t o r  needs some kind of a c t i v e  heat dump t o  prevent over- 

hea t ing  of t he  ce l l s  under s tagna t ion ,  t h a t  improving the  s e l e c t i v i t y  of the 

cel l  su r faces  r e s u l t s  i n  decreased e l e c t r i c a l  output a t  t h e  s a m e  t i m e  thermal 

output  is increased,  t h a t  t he  allowed incremental  c o s t  of adding PV t o  a 

thermal c o l l e c t o r  t u rns  out  t o  be lower than pro jected cel l  c o s t s ,  and t h a t  i n  

t h e  side-by-side system the  PV and thermal subsystems can be s ized indepen- 

dent ly .  

To summarize, cons iderable t h e o r e t i c a l  and exper imental  work has been 

done on PV/T c o l l e c t o r s  and systems. Two major schools of thought have 
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developed. One den ig ra tes  the p o t e n t i a l  of PV/T because of t echn ica l  problems 

and poor benef i t - to-cost  r a t i o s ,  whi le the other  maintains t h a t ,  at  least i n  

co ld climates, the  b e n e f i t s  of PV/T w i l l  exceed t h e  c o s t  once the i n e v i t a b l e  

engineer ing problems assoc ia ted  with any new technology are solved. 

D .  Approach 

The approach taken i n  t h i s  study w a s  designed to  conform t o  two major 

gu ide l i nes :  

1. It should be r e l a t i v e l y  simple and t ransparent  i n  i ts  methodology, so 

t h a t  t he  path from assumptions to  conclusions could be r e a d i l y  followed. A 

degree of complexity i n  the  mathematical development could not be avoided, 

however. 

2.  It should consider  PV/T r e l a t i v e  t o  each of t he  other  th ree  s o l a r  

opt ions:  W-only, thermal-only, and side-by-side PV and thermal (PV+T) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. That 

i s ,  PV/T must be j u s t i f i e d  s e p a r a t e l y  aga ins t  each, and only i f  i t  satisf ies 

a l l  t h r e e  cr i ter ia can i t  be s a i d  t o  be j u s t i f i e d  ove ra l l .  

The methodology comprised the  fol lowing s t e p s  : 

1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAssess the thermal f l a t - p l a t e  c o l l e c t o r  market. This s t e p  provides a 

framework f o r  est imat ing the  poss ib le  energy con t r i bu t i on  from PV/T systems, 

and i t  i n d i c a t e s  the  most promising regions of the United S t a t e s  to  choose f o r  

the study. 

2 .  Develop an economic c r i t e r i o n  of m e r i t .  So la r  energy economics have 

been stud ied i n  many ways with many d i f f e r e n t  assumptions, leading t o  widely 

varying conclusions. The economic c r i t e r i o n  der ived i n  t h i s  s tudy is based on 

considerat ions of payback, cash flow, and l i f e -cyc le  cos t i ng  judged most 

app l i cab le  t o  t h e  r e s i d e n t i a l  user .  The c r i t e r i o n  developed is found to  be 

compatible wi th t h e  DOE photovol ta ic  r e s i d e n t i a l  1986 cost  goals .  

3 .  Address the technology i s s u e s  inherent  i n  PV/T. These i s s u e s  

comprise considerat ions which may lead t o  d i f f e r e n t  (genera l l y  poorer)  bas i c  

parameters (eq.  a b s o r p t i v i t y ,  em iss i v i t y ,  heat t r a n s f e r )  i n  combined PV/T 

c o l l e c t o r s  than i n  thermal-only o r  W-only ones. How t o  account f o r  t hese  

p o t e n t i a l  d i f f e rences  is resolved at  t h i s  s tage.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  Determine incremental  system cos ts .  The cos t  of adding thermal 

c o l l e c t i o n  t o  a basic W system and the c o s t  of adding PV t o  a basic thermal 

5 



system are ( separa te l y )  determined. The r a t i o  between t h e  c o s t  of a 

side-by-side W+T system and t h a t  of a combined PV/T system is determined. 

5. Determine incremental  energy va lues.  H e r e  the d i f f e rences  and r a t i o s  

i n  c o l l e c t e d  energy between t h e  same system p a i r s  as i n  S tep  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 a r e  

determined. 

6. Apply the  economic c r i t e r i o n .  Here i t  is determined whether t h e  

b e n e f i t  ca l cu la ted  i n  S tep  5 i s  s u f f i c i e n t  t o  j u s t i f y  the cos t  ca l cu la ted  i n  

S tep  4 .  The rat l io X between the value of thermal energy and t h a t  of 

electr ical  energy i s  allowed t o  vary as a parameter i n  the  study. The 

quest ion is asked, "A re  t h e r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- any va lues o f  X f o r  which PV/T simultaneously 

passes the th ree  tests ( a g a i n s t  PV, aga ins t  thermal, aga ins t  PV+T) , and, i f  

s o ,  do these va lues f a l l  i n  t he  range which i s  l i k e l y  t o  be seen i n  p r a c t i c e ? "  

The remainder of t h i s  repo r t  fo l lows t h i s  p lan f o r  some gener ic  PV/T 

a p p l i c a t i o n s .  A t  t he  end, s p e c i f i c  app l i ca t i ons  involv ing heat pumps are 

taken up and r e l a t e d  t o  t h e  conclusions obtained i n  the foregoing sec t i ons .  
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i n g  primary energy savings, a three-step process was undertaken. (1) Informa- 

t i o n  on pas t  sales of thermal-only f l a t - p l a t e  c o l l e c t o r s  w a s  obta ined.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  

Future p ro jec t i ons  by, recognized authors were co l l ec ted .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  A l i k e l y  

scenar io  of s o l a r  i n s t a l l a t i o n s  w a s  generated. This informat ion w a s  obta ined 

s e p a r a t e l y  f o r  two gener ic  types of c o l l e c t o r s ,  ( a )  unglazed, low- t empe ra- 

t u r e  c o l l e c t o r s  used l a r g e l y  f o r  swimming pool heat ing,  and ( b )  glazed, 

medium-temperature c o l l e c t o r s  used mostly f o r  space and water heat ing.  

I n  the swimming pool case, t h e  s i z e  and growth rate of the  t o t a l  r e s i d e n t i a l  

pool market w a s  a l s o  obtained t o  serve as a gross upper bound. 

A. Low-Temperature Co l l ec to rs  

Recorded manufacturing a c t i v i t y  f o r  unglazed c o l l e c t o r s  used to  heat 

swimming pools ( 2 0 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- is shown i n  Table 1. This rep resen ts  a 28% annual growth 

rate from 1975 t o  1980.  The l a r g e s t  market areas f o r  s o l a r  swimming pool 

hea te rs  are Ca l i f o rn ia ,  F lo r i da ,  and the n o r t h e a s t e r n  United States. For 

example, €or the  six-month per iod January-June 1978,  57% of  s o l a r  pool hea te rs  

were sold i n  C a l i f o r n i a ,  21% i n  F lor ida,  and 13% i n  New York and New Je rsey  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(2). I n  the  s i x  yea rs  from 1974 t o  1980,  t he  t o t a l  number of pools grew at  a 

Table 1 
So la r  Co l l ec to r  Manufacturing A c t i v i t y ,  1974-1980, 

Mil l ions of Square Feet  

Year 

Co l l ec to r  Type 
Low Temperature Medium-Temperature 

(Unglazed) (Glazed) 

1974 1.2 
1975 3 .o 
1976 3.8 
1977 4.8 
1978 5.8 
1979 8 .3  
1980(est .) 11.4  

0.2 
0.6 
1.9 
5.4 
4.8 
5.9 
7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 
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6% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAannual rate (22) .  - Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 shows the primary energy d isp laced v i a  the 

e l e c t r i c i t y  produced by PV/T swimming pool h e a t e r s  under two condi t ions.  

I. Assume t h a t  a l l  swimming pools have PV/T s o l a r  systems. This is 

c l e a r l y  an u n r e a l i s t i c  cond i t i on  intended only t o  e s t a b l i s h  a gross upper 

l i m i t .  

2. Assume t h a t  a l l '  solar-heated swimming pools are PV/T and t h a t  t h e i r  

numbers i nc rease  at t he  cu r ren t  rate. This again is u n r e a l i s t i c  ( a )  because 

t h e r e  are no PV/T pools at  present ,  and (b )  because t h e  28% growth rate of 

thermal-only s o l a r  pools cannot be susta ined i n d e f i n i t e l y  i n  the face of a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6% 

growth rate f o r  a l l  pools.  The crossover of t h e  two curves around t h e  tu rn  of 

t h e  century reflects t h i s .  

I n  order  t o  o b t a i n  a more rea l is t ic  estimate, two f u r t h e r  s t e p s  were 

taken. F i r s t  an at tempt w a s  made t o  estimate the a c t u a l  level of s o l a r  pool 

i n s t a l l a t i o n s ,  but assuming a l l  of them t o  be PV/T; a second estimate 

recognized t h a t  only a por t i on  of them w i l l  be PV/T. Although these curves 

(do t ted  l i n e s  i n  F igure 1) are l i t t l e  more than guesses, they do give a 

rough i n d i c a t i o n  t h e  energy displacement obta inable from PV/T swimming pool 

hea te rs .  These estimates are predicated on PV/T being a good idea .  I f  i t  i s  

no t ,  t h e  curves w i l l  l i k e l y  remain near t h e  zero level i n d e f i n i t e l y .  The 

conclusion is t h a t  t he  p o t e n t i a l  primary energy displacement due to  t h e  

e l e c t r i c i t y  produced i n  PV/T swimming pool h e a t e r s  is - 0.1 quad/yr.  This 

inc ludes a f a c t o r  of 3 t o  account f o r  power p lan t  and t ransmiss ion l o s s e s  

which would be saved as primary energy i n  add i t i on  t o  the  electr ic energy 

produced. It does not  inc lude the  thermal energy produced by the  c o l l e c t o r s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B .  Medium-Temperature C o l l e c t o r s  

The manufacturing a c t i v i t y  f o r  medium-temperature c o l l e c t o r s  shown i n  

Table 1 has involved mostly hot  water hea te rs .  A f o r e c a s t  of f u t u r e  

i n s t a l l a t i o n s  w a s  generated by using a pro jec t i on  of i n s t a l l e d  c o l l e c t o r  area 

up t o  1992 (23) _. and e x t r a p o l a t i n g  l i n e a r l y  beyond 1992. On the  bas i s  of t h i s  

p ro jec t i on ,  which inc ludes r e s i d e n t i a l  hot  w a t e r  and space heat ing/hot  w a t e r  

systems , t he  primary energy displacement from the  electr ical  energy produced 

by PV/T medium-temperature f l a t - p l a t e  c o l l e c t o r s  w a s  est imated, as shown i n  

F igure 2. For the  s o l i d  curve i t  is assumed t h a t  a l l  medium-temperature s o l a r  

10 



t ransmiss ion l o s s e s ,  and thermal energy production i s  not included. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

p o t e n t i a l  primary energy savings of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 0.1 quadlyr.  i s  found f o r  t he  elect r ica l  

component of PVIT a t  t h e  end of the century.  

Since the  primary market areas f o r  both low- and medium-temperature 

c o l l e c t o r s  have t i l l  now been C a l i f o r n i a ,  F lo r i da ,  and the Nor theast ,  the 

l o c a l i t i e s  chosen f o r  s tudy were Los Angeles, Tampa, and New York. The 

p o t e n t i a l  con t r i bu t i ons  of low- and medium-temperature PVIT were judged to  be 

about equal  wi th regard t o  electr ical  energy, and t h e r e f o r e ,  both types of 

systems were included i n  the  a n a l y s i s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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111- CALCULATION OF THERMAL AND ELECTRICAL OUTPUTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. Ca lcu la t i on  Tools 

The c a l c u l a t i o n s  of thermal and electr ical output from f l a t - p l a t e  PV/T 

c o l l e c t o r s  made use of two d i s t i n c t  formalisms. The f i r s t  is t h a t  of 

F lorscheutz (1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- who modif ied the  well-known Hottel-Whi l l ier  equat ions f o r  

f l a t - p l a t e  thermal-only c o l l e c t o r s  t o  inc lude both the  thermal and electr ical  

outputs  of PV/T c o l l e c t o r s .  These equat ions give output rates under spec i f i ed  

operat ing condi t ions.  The second formalism zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 4 , 2 5 )  -- uses a s p e c i f i c  i n s o l a t i o n  

p r o b a b i l i t y  d i s t r i b u t i o n  t o  ob ta in  i n t e g r a t e d  values of the energy outputs 

over spec i f i ed  t i m e  per iods  (months i n  t h i s  r e p o r t ) .  These monthly va lues are 

t hen  summed over the  year i n  order  t o  make system comparisons. Each system 

type is charac te r i zed  i n  the  a n a l y s i s  by c h a r a c t e r i s t i c  thermal operat ing 

temperatures , which are used i n  the  c a l c u l a t i o n  of thermal and electr ical  

outputs .  

B. Summary of t he  F lorscheutz Approach t o  PV/T 

Because of t h e  use made i n  t h i s  repo r t  of F lorscheutz 's  work, i t s  major 

a s p e c t s  are f i r s t  summarized. E s s e n t i a l l y ,  i n  t h i s  work, t he  well-known 

Hottel-Whi l l ier  equat ions f o r  f l a t - p l a t e  thermal-only c o l l e c t o r s  are modif ied 

t o  take i n t o  account t h e  e f f e c t s  of adding W cel ls t o  the  absorber p l a t e  of a 

thermal c o l l e c t o r .  The modi f icat ions genera l l y  take the  form of modif ied 

va lues  of t he  parameters which c h a r a c t e r i z e  a f l a t  p l a t e  c o l l e c t o r .  These 

modified va lues are i nd i ca ted  by a t i l d e .  Thus, t he  o v e r a l l  heat l oss  

c o e f f i c i e n t  UL becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUL. The c o l l e c t o r  e f f i c i e n c y  f a c t o r  F' and the  

h e a t  removal f a c t o r  FR become F' and FR. Other q u a n t i t i e s ,  such as the 

s u n l i g h t  S s t r i k i n g  t h e  absorber  and t h e  u s e f u l  thermal energy c o l l e c t i o n  rate 

Qu are modif ied t o  S and Qu, respec t i ve l y .  

..d 

- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n .., 

Although the re  are i n d i c a t i o n s  t h a t  t h e  method of F lorscheutz may over- 

estimate t he  amount of thermal energy co l l ec ted ,  it w a s  considered t h a t  t h i s  

discrepancy, due l a r g e l y  t o  r e l a t i v e l y  poor heat  t r a n s f e r  through the  cel ls 

and the  cel l -absorber p l a t e  i n t e r f a c e ,  may not  be i nhe ren t ,  and t h a t  PV/T 

should not be d i s q u a l i f i e d  on the basis of poss ib ly  co r rec tab le  d e f i c i e n c i e s .  

The r e s u l t s  obtained, then, can be viewed as a l i m i t  which may be a,pproached 

by PV/T i n s o f a r  as thermal energy production is concerned. 
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C.  Impl icat ions f o r  t h e  Thermal E f f i c i ency  Curve i n  PV/T' 

I n  add i t i on  t o  these v a r i a b l e s  def ined by Florscheutz,  i t  is convenient 

t o  def ine a modified a b s o r p t i v i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa such t h a t  

r) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% = a -  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAci i s  the c o l l e c t o r  a b s o r p t i v i t y  and rl is t he  e f f i c i e n c y  of t h e  PV 

a r r a y .  Since zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq is  a func t i on  of temperature, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 i s  not a constant .  The 

percentage v a r i a t i o n  of over a reasonable range of c o l l e c t o r  temperatures i s  

small. For a PV a r r a y  whose e f f i c i e n c y  v a r i e s  by 0.5%/'C, t h e  v a r i a t i o n  i n  cx 

over a 5OoC temperature range i s  2.5%. 

I n  terms of a, t he  c o l l e c t o r  e f f i c i e n c y  curve f o r  t he  c o l l e c t i o n  of 

thermal energy can be expressed as 

- - I -  - 
ACHT 

where A, i s  the c o l l e c t o r  area, HT i s  t he  i n s o l a t i o n  rate on the  c o l l e c t o r  

su r face ,  T f , i  and T, are t he  c o l l e c t o r  f l u i d  i n l e t  temperature and ambient 

temperature,  respec t i ve l y ,  Na and Nr are the PV a r r a y  e f f i c i e n c i e s  at ambient 

and reference temperatures,  r e s p e c t i v e l y ,  Br is t he  temperature c o e f f i c i e n t  of 

ce l l  e f f i c i ency ,  T is  t he  g laz ing  t ransmiss i v i t y ,  and the  o the r  q u a n t i t i e s  are 

as def ined above. I n  de r i v ing  the  t h i r d  l i n e  of Eq. (2 )  the r e l a t i o n  

has been used. The r e l a t i o n  (2 )  is i d e n t i c a l  t o  the  s tandard Hottel-Whi l l ier  

e f f i c i e n c y  curve except f o r  t he  s u b s t i t u t i o n  of FR and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc1 f o r  FR and a.  
- - 

Figure 3 shows a schematic comparison of the thermal performance of PV/T 

with t h a t  of thesmal-only c o l l e c t o r s .  The d i f f e rences  i n  the  curves can a r i s e  

from t h e  fol lowing sources : 

1. The electr ical energy ex t rac ted  by t h e  PV a r ray  is mostly sub t rac ted  

from the  thermal energy produced. 
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COLLECTOR INLET TEMPERATURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAminus AMBIENT TEMPERATURE 
INSOLATION RATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 3. Comparison of thermal performance of PV/T with t h a t  of 
thermal-only c o l l e c t o r s .  
are shown. 
Curve 2 shows the thermal performance of the PV/T c o l l e c t o r  
assuming no d i f f e rence  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc1 o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUL due to  the  presence of 
t h e  cel ls .  Curve 3 r e s u l t s  i f  lower c1 and h igher  UL (a* 
and UL*) must be accepted i n  the PV/T c o l l e c t o r .  Note: 
la and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, are the values of % a t  ambient and s tagna t ion  
temperatures,  respec t i ve l y ,  t he re  being a s m a l l  temperature 
dependence due t o  the  v a r i a t i o n  of PV ce l l  e f f i c i e n c y  with 
temperature.  

Hor izonta l  and v e r t i c a l  i n t e r c e p t s  
Curve 1 shows the thermal-only performance. 
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thermal-only c o l l e c t o r .  

4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA va lue  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUL f o r  t he  PV/T c o l l e c t o r  d i f f e r e n t  from t h a t  f o r  the 

thermal-only c o l l e c t o r .  

Di f ference 1 rep resen ts  a gain of use fu l  energy i n  a higher q u a l i t y  form 

( e l e c t r i c a l )  t han  what is given up ( thermal)  and so rep resen ts  a net  gain f o r  

PV/T. Di f ferences 2 ,  3, and 4 may o r  may not be s i g n i f i c a n t .  I n  2,  t he  va lue 

of F"R would almost c e r t a i n l y  be less than FR i f  t he re  is a d i f f e rence ,  

s i n c e  the  cel ls could represent  an a d d i t i o n a l  thermal impedence, but i t  is 

hard t o  imagine t h a t  t h e i r  presence could improve heat t r a n s f e r .  I n  3, t h e  

va lue of c1 f o r  t he  PV/T case may be s i g n i f i c a n t l y  less than t h a t  f o r  the 

thermal-only case because of poss ib le  d i f f i c u l t i e s  i n  blackening the  current -  

ca r ry ing  g r i d  on the cel l  su r faces  and because the absorptance of the a c t i v e  

cel l  area may be less than t h a t  ob ta inab le  wi th black pa in t .  I n  4, the va lue 

of UL may be h igher  i n  the  PV/T than i n  the  thermal-only case i f  the 

thermal-only c o l l e c t o r  has a s e l e c t i v e  coat ing;  t h e  p o t e n t i a l  f o r  obta in ing 

good s e l e c t i v i t y  i n  a p r a c t i c a l  PV/T c o l l e c t o r  remains i n  doubt. The d i f f e r -  

ences i n  2,  3, and 4 rep resen t  net  l o s s e s  f o r  PV/T re la t ive t o  thermal-only 

c o l l e c t o r s  which are uncompensated by any corresponding electr ical  energy 

gain.  The sources and poss ib le  remedies f o r  d i f f e rences  2,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  and 4 are 

discussed i n  Sect ion V I .  

D .  To ta l  Monthly Col lected Energy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An approach appl ied prev ious ly  f o r  combined s o l a r  heat pump systems (24, 

25) t o  c a l c u l a t e  the  monthly c o l l e c t e d  s o l a r  thermal energy is appl ied here.  

The bas i s  of t h i s  method i s  t he  assumption of a constant  p r o b a b i l i t y  dens i t y  

f o r  i n s o l a t i o n  i n t e n s i t y ,  g iven t h a t  the sun i s  above the hor izon,  from ze ro  

up t o  some maximum value--usually around 3410 kJ/m2-hr (300 Btu/ f t2-hr) .  That 

i s ,  f o r  any hour wi th sunshine, i t  is j u s t  as l i k e l y  t h a t  t he  i n s o l a t i o n  rate 

has one value as any other  wi th in  the  prescr ibed range. In  f a c t  t h i s  d i s t r i -  

but ion does not hold exact ly .  Many l o c a t i o n s  have a tendency f o r  excess hours 

at low i n s o l a t i o n  va lues,  together  wi th  a gradual  f a l l o f f  near the  top of t h e  

range, so t h a t  f o r  any reasonable cutof f  t he re  w i l l  be hours wi th i n s o l a t i o n  
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values above the top of the range. The sunl ight  received at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlow rates w i l l  be 

less ef fec t i ve  than average, and indeed the thermal component may be complete- 

l y  uncol lectable.  On the other hand, sunl ight  at inso lat ion rates above the 

cutof f  w i l l  be more e f fec t i ve  than average. The two e f fec ts  thus tend t o  

cancel  out. Comparisons of co l lected inso la t ion  calculated by the above 

method with a standard thermal co l lec to r  design too l ,  F-Chart, gave good 

agreement (see Sect ion VII I )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The advantage of t h i s  method i s  tha t  it allows 

the  Florscheutz equations to  be in tegrated to  give closed-form expressions f o r  

the  monthly co l lected thermal and electrical W/T output.  

I f  hs is the number of hours with sun i n  the month, and Hmax is the maxi- 

mum inso la t ion  ra te ,  then under the above assumptions the number of hours 

having an inso la t ion  rate between HT and HT + dHT i s  (hs/Hmax)dHT. 

The amount of so la r  thermal energy co l lected fo r  these values of inso lat ion 

rate is then 

h dHT 

Qu 
dEc = - 

Hmax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 )  

where Q t h e  usefu l  thermal energy co l l ec t i on  rate, is a funct ion of H and 

t h e  operat ing parameters of t h e  co l lec to r .  

is then 

U Y  T 
The t o t a l  thermal energy co l lected 

H 
h max 

max 
E c H  = SIQudHT 

0 

Simi lar ly ,  t he  t o t a l  e l e c t r i c a l  energy co l lected is 

max 
H 

h 

rnax 

- 
J~ - 

0 

where Q is  t h e  usefu l  electr ical output of t h e  co l l ec to r .  I n  addi t ion,  t h e  

t o t a l  inso la t ion  1 received during the  month at t he  co l lec to r  aper ture is 
e 

h H  

2 
s max 

h max 
H 

1 = I H T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe dHT = 

0 max 

Equations ( 5 ) ,  (6 ) ,  and (7 )  are used i n  the  fol lowing 

t o t a l  co l lected thermal and electr ical energy values. 

(7) 

sec t ions  t o  obta in  t h e  

16 



of t h e  PV/T c o l l e c t o r  under s p e c i f i e d  opera t i ng  condi t ions as 

Gu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA c R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF [S - UL(TfYi - T a l ]  (8) 

where 5 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS(l - q a / a ) ;  cL = UL - r H  q 6 - and, fo l lowing t h e  d i scuss ion  by 

Florscheutz on p. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA364,  FR 

a t  t h e  absorber  s u r f a c e ,  is h e r e  taken t o  equal  t h e  i nc iden t  r a d i a t i o n  H at tenu-  

a t e d  by t h e  g laz ing  t r a n s m i s s i v i t y  and absorber  a b s o r p t i v i t y ,  o r  S = H TCI. 

.“ T r r y  

FR. S ,  t h e  s o l a r  r a d i a t i o n  per u n i t  area absorbed 

T 

T 

U s e  of  t h e  prev ious ly  der ived r e s u l t  

dE =(% dHT) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ, 
Hmax C 

and s u b s t i t u t i o n  of 6 f o r  Qu as t h e  approp r ia te  v a l u e  i n  a PV/T c o l l e c t o r  
U 

where the subsc r ip t  f , i  has been dropped from the c o l l e c t o r  i n l e t  tempera- 

t u r e  T.  The minimum u t i l i z a b l e  i n s o l a t i o n  i s  t h a t  f o r  which the  quan t i t y  i n  

b racke ts  on the r i g h t  s i d e  of Eq.  (8) i s  zero. If Hmin i s  the value of HT 

f o r  which t h i s  holds,  then 

UL(T - Ta) UL(T - Tal 
- - - - 

Hmin T a ( 1  - qa/a + T q r e T ( ~  - T ~ )  T E  

where by d e f i n i t i o n  E E a - ‘1, f qrB,(T - Ta). 

u a l  

The q u a n t i t y  E i s  the res id -  

thermal a b s o r p t i v i t y  a f t e r  t h e  PV energy i s  taken o f f .  

The t o t a l  c o l l e c t e d  thermal energy i s  then 
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F TG 
R 

Achs 

Hmax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -  

2 AchsFRUL2(T - Tal 2 
AchsFRUL2(T - Tal - - Achs FRT'Hmax - - AchsFRUL(T - Tal + 

2 2H max zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~d 'maxT 

A ~ ~ ~ F ~ u ~ ~ ( T  - T ~ )  2 

- AchsFRUL(T - Ta) + 
2Hmax T d 

- - AchsFRTdHmax 
2 

The t o t a l  received inso la t ion  during t h e  t ime period i s ,  from Eq. (7) 

I = h H  / 2 .  s max 

Then 

E = I A  F TE 
C c R  

= I A  F TE 
c R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 2UL(T - Tal UL2(T - Tal 

TdH + 2 2-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 -  

HmaxT max 

where Tm i s  t h e  maximum stagnat ion temperature, Ta + Hmax~E/UL. 

i s  t h e  same as a formula derived f o r  thermal-only co l l ec to rs  (25) - except t h a t  ci i s  

replaced by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE i n  t h e  last l i n e  of Eq. (14) and i n  t h e  d e f i n i t i o n  of Tm. 

F. Collected Electr ical Energy 

This formula 

Equation 1 4  of Florscheutz (1) d isp lays  t h e  ca lcu lated electr ical output 

of t h e  PV/T co l l ec to r  under speci f ied operat ing condi t ions as 

18 



Qe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - 'a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[I - - 'r 'r [? (T - Ta) + L S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 - 
uL 

R f , i  
'a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

With subs t i t u t i ons  f o r  t h e  t i l d e  quan t i t i es  as i n  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8 ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I n o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A re la t ionsh ip  similar t o  Eq. (9) can be shown t o  hold f o r  electr ical 

quant i t ies ,  under t h e  same assumptions upon which Ea.  (9) w a s  derived: 

d J  C = (& dH$Qe 
max 

For the  thermal energy case, t h e  i n t e g r a l  w a s  computed from Hmin t o  

Hmax 
For HT < Hmin, t h e  operat ing temperature w i l l  not be T but ra the r  w i l l  be t h e  

co l lec to r  stagnat ion temperature, which w i l l  be less than T. 

Hmin 

. However, electr ical energy can be co l lected a t  a l l  i nso la t ion  leve ls .  

Remember t h a t  

i s  t h a t  va lue of inc ident  inso la t ion  f o r  which T equals t h e  s tagnat ion 

temperature. Under st aanat ion " 

Then 

and 

a 
( T - T ) =  

a U- - H-Tn 8 
L T - ' r ' - r  

t he  quant i ty  i n  brackets i n  Eq. (17) s imp l i f ies :  
T < Hmin, 

Then f o r  H 

1 9  



Then 

H 
Hmin 

JC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= JdJc + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf C 

0 "min zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U - 

Hmin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H 
pmax 

AchsTnrBrFR(T - 
HTdHT - 

H 
min 

Hmax 

With the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAuse of t h e  re la t ionsh ip  (13) l i nk ing  t o t a l  received inso la t ion  t o  

maximum inso la t ion  rate, these t e r m s  reduce t o  

20 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHmax 

H 
2 1 A c ~ q r  BrFR(T - Ta> ImaX 

HTdHT + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

Hmax 

Hmin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U 

Hmin 

The last  th ree  t e r m s  are genera l ly  s m a l l  compared with the  f i r s t  because 

of t he  s m a l l  f ac to r  q B which is  t yp i ca l l y  -0.0005. Furthermore, TH q B i s  

genera l ly  not more than 20% as l a rge  as UL. 
L  ̂ r,  T r r  

W e  there fore  make the  approximation 

and t h e  i nde f in i t e  i n teg ra l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 3wrBrHT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

= -  HT + 2  TqrBrHT 
4uL ) + c .  

Then, t o  a good degree of approximation, 
2 3 

IAcqrBrFRUL (T - Tal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Jc = I A c ~ q a -  I A  TI) 6 F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(T - Ta) + - 

TZ2 "max 
c r r R  

2 1  



3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'r 'rHmax 

4uL 
2LA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-c 2 nrpr (a  - qa) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 - F ~ >  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq Hmax (. + 

2 
Hmax 

where t h e  second and t h i r d  terms of Eq. (26) are t h e  i n t e g r a l  of t h e  t h i r d  t e r m  

of Eq. (23), and t h e  FR i n  t h e  four th  t e r m  of Eq. (26) is  contr ibuted by t h e  

upper l i m i t  of t h e  i n t e g r a l  of t h e  four th  term Eq. (23) .  

W e  now make t h e  following f i n a l  approximations i n  t h e  terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (26) 

o ther  than t h e  f i r s t .  

a - r l a z n y  (27) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z O ,  

'rHmax 

4uL 

W e  then may write 

(T - T a m m a x  

Td/UL 
. The physical  i n te rp re ta t i on  of E i s  t h e  f rac t i ona l  where E f 
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d is tance ( i n  AT/I  t e r m s )  of t h e  co l l ec to r  operat ing point  from ambient t o  

stagnat ion under maximum insolat ion.  

w i l l  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< 0.5. 

Under most condi t ions t h e  va lue of E 

Some consistency checks can be performed on t h i s  formula, based on t h e  

not ion t h a t  i f  t h e  c e l l  temperature is  T everywhere then t h e  energy co l lected 

from t h e  PV a r ray  w i l l  be 

The f i r s t  condi t ion t o  check i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFR = 1 and E << 1, such t h a t  t h e  c e l l  

temperature i s  equal t o  t h e  co l lec to r  i n l e t  temperature everywhere (s ince  

FR = 1) and t h e  co l lec to r  temperature always equals T (E  /3 

T i s  c lose  enough t o  T 

Subst i tu t ing FR = 1 and E = 0 i n to  Eq. (30) y ie lds  Eq. (31) as hoped f o r .  

2 
0 means t h a t  

t h a t  t h e  low-insolat ion s tagnat ion can be ignored). 
a 

Other consistency checks depend on t h e  f a c t  t h a t  under s tagnat ion condi t ions 

t h e  average co l lec to r  temperature weighted f o r  so la r  input i s  2/3 as f a r  above 

ambient as t h e  maximum stagnat ion temperature. That is ,  

H 
max zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T E  

S H :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 q 
H 

Jm;dHT 0 

dHT 

I f  FR = 0, no thermal energy i s  co l lected and t h e  co l l ec to r  is  always 

stagnat ing.  Subs t i tu t ion  of F = 0 i n t o  Eq. (30) gives R 

2 
J C = IAcTC[qa - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 qrPr(Hmax zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATn/UL>I 

2 
7 ‘r’r (Tm - Ta) 1 

- - IAcT [‘a (33) 
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as expected. 

output of a stand-alone PV a r rayy  with a su i tab le  va lue of UL r e f l e c t i n g  passive 

cool ing. 

This condi t ion (wi th T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1) w i l l  be used t o  ca l cu la te  t h e  energy 

The t h i r d  test condi t ion i s  t h a t  f o r  which T - T a = H max zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATE/U~, meaning t h a t  

t h e  operat ing temperature i s  s o  high t h a t  t h e  co l l ec to r  i s  always stagnat ing 

regard less of t h e  va lue of F Under t h i s  condi t ion E = 1. Subst i tu t ion  of 

these va lues i n to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (30) y ie lds  
R' 

2 
J = I A c ~ [ q a  - - r) B F H - - B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 - F ~ ) H ~ ~ ~ T E / u ~ I  

C 3 r r R max 3 r r  

as it should. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. ASSESSMENT PROCEDURE 

Af ter  c a l c u l a t i o n  of t he  elect r ica l  and thermal outputs  from a PV/T sys- 

t e m ,  t h e  system s t i l l  had t o  be assessed.  The philosophy underlying t h i s  

study demanded t h a t  PV/T be compared with th ree  a l t e r n a t i v e s :  W-only, 

thermal-only, and side-by-side PV and thermal c o l l e c t o r s  (PV+T) , with no 

c r e d i t  f o r  reduct ion i n  roof area ( a s  explained i n  t h e  In t roduc t i on ) .  

I n  order t o  make these  comparisons, i t  was  necessary to  c a l c u l a t e  the 

electr ical  o r  thermal output of PV and thermal c o l l e c t o r s  i n  t h e  same loca- 

t i o n s  i n  which PV/T was  studied.  For W only,  t he  PV/T formalism was used 

w i th  FR = 0 (no heat  removal), ‘t = 1.0 (no g laz ing ) ,  and a high value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
UL approp r ia te  f o r  an unglazed c o l l e c t o r  wi th no back i n s u l a t i o n  (pass ive 

coo l i ng ) .  For thermal-only, t he  PV e f f i c i e n c y  i n  the PV/T model w a s  set equal 

t o  zero.  

Using these  numbers, each of the fo l lowing q u a n t i t i e s  w a s  ca lcu la ted  as a 

funct ion of the r a t i o  of t he  p r i c e  (value) of thermal energy t o  the  p r i c e  

(va lue)  of e lectr ical  energy taken as a parameter: 

I .  Allowable PV/T system c o s t  over t h a t  o f  PV-only. 

2.  Allowable PV/T system c o s t  over t h a t  of thermal-only. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  The r a t i o  of t h e  al lowed PV/T system cos t  t o  t h e  allowed c o s t  f o r  

side-by-side PV+T. 

I n  a later s e c t i o n  these q u a n t i t i e s  are examined i n  d e t a i l .  F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i s  

a t y p i c a l  graph showing how these  comparisons are made. This graph is  f o r  a 

medium-temperature a p p l i c a t i o n  (glazed c o l l e c t o r )  i n  Los Angeles . The s o l i d  

l i n e s  are discussed here; t h e  dashed l i n e s  are an e labo ra t i on  which w i l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe 

discussed la ter .  The v e r t i c a l  a x i s  on the  l e f t  shows t h e  equiva lent  

e lect r ica l  energy gain,  Eequiv from PV/T over  PV-only o r  thermal-only, which 

is def ined as 

Eequiv = E e  + E t X  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 5 )  

where E, is t he  g a i n  ( o r  l o s s  i f  negat ive)  i n  electr ical energy output o f  PV/T 

compared w i th  PV-only o r  thermal-only, Et i s  the thermal energy ga in  ( o r  l oss )  

i n  t he  same comparison, and X is  t he  thermal t o  electr ical  energy p r i c e  r a t i o ,  

p l o t t e d  on the  ho r i zon ta l  a x i s .  
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  Typical  graph of equiva lent  e lectr ical  energy ga in ,  PV/T 
r e l a t i v e  t o  W-only and thermal-only, ve rsus  X, the r a t i o  
of the thermal energy p r i c e  t o  the electr ical  energy p r i ce  
(LA Hot Water). 
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The most s i g n i f i c a n t  r e s u l t s  of t h i s  repo r t  are i m p l i c i t  i n  these curves; 

t he re fo re ,  it is important t o  understand them. The curve marked "T ADD-ON, 

AGAINST W-ONLY" shows the  equiva lent  e l e c t r i c a l  energy gain from PV/T as 

a g a i n s t  PV-only. I f  X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0, thermal energy is worth less and the  only e f f e c t  of 

going t o  PV/T from PV i s  a s m a l l  l o s s  i n  the amount of use fu l  e l e c t r i c i t y  

produced. This is because the  g laz ing cu ts  of f  about 8% of the  i nc iden t  

r a d i a t i o n  and because the  higher operat ing temperature of the glazed c o l l e c t o r  

reduces cel l  e f f i c i e n c y .  A s  X i nc reases  above zero,  the thermal energy 

c o l l e c t e d  by the PV/T becomes inc reas ing l y  important,  and f o r  high enough 

va lues of X the incremental  value of adding thermal energy c o l l e c t i o n  to a 

b a s i c  PV system becomes s i g n i f i c a n t .  Economics has not yet  been discussed, 

but it can be seen t h a t  a t  high va lues of X t he  allowed incremental  cos t  of 

adding thermal t o  PV t o  make PV/T goes t o  the $300 t o  400/m2 range. It is 

p l a u s i b l e  t h a t  thermal energy c o l l e c t i o n  could be added t o  PV f o r  a p r i c e  i n  

t h i s  v i c i n i t y .  

I f  one starts with a thermal energy c o l l e c t o r ,  what l is t h e  va lue of 

adding PV? The l i n e  labeled "PV ADD-ON, AGAINST T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAONLY" addresses t h i s .  

Again, suppose f i r s t  t h a t  X = 0. Then the  equiva lent  electr ic energy ga in  

from PV/T over thermal-only w i l l  be j u s t  the e l e c t i c i t y  produced by the PV/T, 

s ince  the  thermal energy i s  worth less a t  X = 0. This is less e l e c t r i c i t y  t han  

would be produced by PV only,  as discussed above, and the  gap between PV/T 

(over thermal-only) a t  X = 0 and the e l e c t r i c i t y  produced by W-only ( t h e  

arrow i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  i s  the same as the gap between PV/T (over PV-only) and 

zero,  a l s o  a t  X = 0 i n  Figure 4 .  

The c r i t i c a l  a t t r i b u t e  of t h i s  curve is t h a t  i ts  s lope i s  negat ive.  A s  X 

i nc reases ,  t he  equiva lent  electr ical  energy gain from PV/T over thermal-only 

decreases.  This happens because, t o  a f i r s t  approximation, elect r ica l  energy 

produced by a PV/T c o l l e c t o r  correspondingly reduces the  thermal energy 

produced. The more va luable thermal energy becomes, the less a t t r a c t i v e  t h i s  

t radeof f  i s .  I f  t h i s  t radeof f  were exact ,  the curve would have a zero i n t e r -  

cep t  at  X = 1; s i n c e  i t  i s  not exact ,  t he  X = I. i n t e r c e p t  is p o s i t i v e .  

These two curves may i n d i c a t e  a double-bind s i t u a t i o n .  I f  thermal energy 

i s  cheap r e l a t i v e  t o  e l e c t r i c i t y ,  it may be a t t r a c t i v e  t o  add PV t o  a 

thermal-only system, but not t o  add thermal t o  a W-only system. I f  thermal 
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energy g e t s  almost as expensive as e l e c t r i c i t y ,  the reverse may be t r ue .  It 

may become a t t r a c t i v e  t o  add thermal c o l l e c t i o n  t o  PV, but not t o  add PV t o  

thermal. The requirement t h a t  both be a t t r a c . t i v e  i n  order f o r  PV/T t o  be a 

winner presents  a problem. There is s t i l l  the p o s s i b i l i t y ,  however, t h a t  both 

are a t t r a c t i v e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin some range of in termediate values of X; t h i s  i s  examined i n  

d e t a i l  below. 

The PV/T vs. PV+T comparison, which t h e o r e t i c a l l y  could negate the 

a t t r a c t i v e n e s s  of PV/T even i f  t he  above two comparisons w e r e  favorable,  a l s o  

w i l l  be taken up later. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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V .  ECONOMIC CRITERIA 

The economics of s o l a r  energy systems has been analyzed i n  a v a r i e t y  of 

ways. Widely d i f f e r i n g  r e s u l t s  have been obtained, ranging from broad state- 

ments t h a t  s o l a r  energy is extremely cos t  e f f e c t i v e  t o  equal ly  broad state- 

ments t h a t  s o l a r  energy w i l l  never make i t  i n  the marketplace. The d iscuss ion 

below is intended t o  e l u c i d a t e  some aspec ts  of these analyses.  

To begin wi th,  one divergence i n  outlook between the heat ing,  v e n t i l -  

a t i n g ,  and a i r -condi t ion ing (HVAC) i ndus t r y  and t h e  s o l a r  i ndus t r y  needs t o  be 

pointed out .  General ly,  t he  HVAC i ndus t r y  requ i res  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- t o  5-year payback 

before it w i l l  consider marketing a more expensive but cheaper-to-operate 

hea t ing  o r  cool ing u n i t .  I n  c o n t r a s t ,  the s o l a r  i ndus t r y  has t y p i c a l l y  used 

20-year l i f e -cyc le  cos t i ng  t o  eva lua te  the  economic v i a b i l i t y  of s o l a r  sys- 

t e m s .  These two cr i ter ia y i e l d  q u i t e  d i f f e r e n t  r e s u l t s .  Poss ib l y  one o r  t he  

other  i s  " r i g h t , "  o r  perhaps some number i n  between is  r i g h t ,  as determined by 

t h e  response of t he  marketplace. To i n v e s t i g a t e  t h i s  f u r t h e r ,  the fo l lowing 

approaches have been taken: (1) simple payback, (2 )  p o s i t i v e  cash flow, and 

( 3 )  l i f e - c y c l e  cost ing.  

A. Simple Payback 

Simple payback t i m e  is  t he  per iod requi red f o r  cumulative f u e l  savings t o  

equal  the e x t r a  i n i t i a l  ou t l ay  i f  a customer spends more f o r  a novel system 

than  f o r  a convent ional  a l t e r n a t i v e .  A s  s t a t e d  above, the HVAC i ndus t r y  

th inks i n  terms of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3- t o  5-year payback, but t h e  s o l a r  i ndus t r y  i n  terms of 20 

years  o r  longer.  A period of 7 o r  8 years  has been suggested as a reasonable 

compromise which al lows f o r  i nc reas ing  energy consciousness on t h e  p a r t  of t h e  

pub l i c  but does not diverge widely from cu r ren t  p rac t i ce .  With no allowance 

made f o r  t he  i nc reas ing  cos t  of energy, t h i s  would mean t h a t  t he  incremental  

s o l a r  system cos t  ( t h e  d i f f e r e n c e  between the  f i r s t  cos t  of t he  s o l a r  system 

and t h a t  of t he  convent ional  a l t e r n a t i v e )  should be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno more than 8 t i m e s  t h e  

f i r s t  yea r ' s  f u e l  savings. With both f u e l  c o s t  e s c a l a t i o n  and t h e  t i m e  value 

of money taken i n t o  account, t h i s  l i m i t i n g  f a c t o r  might rise t o  about 10. The 

requi red payback t i m e  is  a matter of judgement, and t h i s  judgement can 

determine the  e n t i r e  d i r e c t i o n  of a development program; therefore,  i t  is of 

i n t e r e s t  t o  consider some o the r  ways of reaching i t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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B. Post ive Cash Flow 

The bas i s  of t h i s  approach t o  s o l a r  economics i s  t he  idea t h a t  a customer 

w i l l  buy a s o l a r  system i f  the t o t a l  payments f o r  mortgage, maintenance, and 

energy are less f o r  t he  s o l a r  system than f o r  the conventional one. Depending 

on the  i n t e r e s t  rate, t h i s  c r i t e r i o n  could be compatible wi th r e l a t i v e l y  long 

payback per iods.  In  order t o  assess t h i s  c r i t e r i o n ,  the c a p i t a l  recovery 

f a c t o r s  (CRF) w e r e  ca l cu la ted  f o r  nine mortgages: f o r  10, 20, and 30 years 

at i n t e r e s t  rates of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ,  10, and 14%. The CRF is the r a t i o  of the annual 

mortgage payment ( i n t e r e s t  p lus p r inc ipa l )  t o  the face amount of the loan. 

The loan amount is taken as the incremental  s o l a r  system cos t ,  t h a t  is,  t h e  

d i f f e r e n c e  between the  f i rst cost  of the s o l a r  system and t h a t  of the conven- 

t i o n a l  one. This i s  then modified by sub t rac t i ng  the tax savings due t o  t h e  

d e d u c t i b i l i t y  of the i n t e r e s t  and by adding the incremental maintenance and 

miscel laneous cos ts ,  where these are assumed t o  equal  2% of the incremental  

system c o s t .  The net  c a p i t a l  recovery f a c t o r  rep resen ts  the amount of f u e l  

savings required, per d o l l a r  of incremental system cos t ,  t o  achieve zero 

i n i t i a l  cash flow r e l a t i v e  t o  the competing conventional system. The inverse 

of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACRF is the r a t i o  of incremental  s o l a r  system cost  t o  f i r s t - yea r  f u e l  

savings needed t o  achieve zero r e l a t i v e  cash flow i n  the f i rst  year. Values 

of t h i s  cost-to-savings r a t i o  are shown i n  Table 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA cost /sav ings r a t i o  of 

10 i s  cons is ten t  wi th a 20-year 10% l o a n  and a marginal tax rate of 37%. 

C. Life-Cycle Costing 

Life-cycle cost ing i s  a method of tak ing i n t o  account a l l  the var ious 

c o s t s  and bene f i t s  which occur i n  the course of achieving an ob jec t i ve  over 

t i m e .  A c o s t  incurred i n  the  f u t u r e  is not as grea t  a l i a b i l i t y  as the same 

cost  incurred now, even i n  the  absence of i n f l a t i o n .  Qua l i t a t i ve l y  it i s  

human nature t o  defer  pa in as long as possib le .  Quan t i t a t i ve l y ,  i f  a cos t  i s  

deferred,  the money set a s i d e  t o  pay i t  can earn i n t e r e s t  i n  the meantime, and 

t h e  longer the deferment, the more i n t e r e s t  is earned. It may happen, how- 

ever,  t h a t  t he  f u r t h e r  i n  the  f u t u r e  a cost  is  deferred, the g rea te r  i t  w i l l  

be. I n  an era of r i s i n g  energy p r i ces ,  the cost  of a given amount of f u e l  

w i l l  i nc rease  over t i m e .  A way is  needed t o  put cos ts  incurred a t  d i f f e r e n t  

t i m e s  on an equal foot ing.  This is accomplished by means of the present value 

func t i on  (PVF), which is def ined (26)  as t he  amount of money t h a t  must be set zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Rat ios  of Incremental  So la r  System Cost t o  First-Year 
Fue l  Savings Consistent wi th  Zero Re la t i ve  Cash Flow f o r  t h e  

F i r s t  Year, f o r  Two Tax Brackets.  

Cost/Savings Rat io  
Term of I n t e r e s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30% Marginal 50% Marginal 
Loan ( y r )  R a t e  (%) Tax R a t e  Tax R a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10 

20 

30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14 
10 
6 

14 
10 
6 

14 
10 
6 

5.9 
6.5 
7.2 
7.8 
9.3 

11.2 
8.3 

10.4 
13.3 

7 .O 
7.5 
7.9 
9.9 

11.5 
13 .O 
10.8 
13.2 
15.9 

a s i d e  now, at an annual rate of r e t u r n  d, t o  cover over the nex t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN years a n  

annual ly  occurr ing expense now c o s t i n g  one d o l l a r  but expected t o  escalate at  

an annual rate e: 

PVF(d, e, N) = - d - e  (1 -(s)N] i f  d#e 

i f  d = e. 

I n  evaluat ing the r e l a t i v e  merits of a s o l a r  and a convent ional  HVAC 

system the  present  va lues of the var ious c o s t s  ( o r  b e n e f i t s )  of each system 

are added (o r  sub t rac ted )  t o  ob ta in  a t o t a l  present value (TPV) of the l i f e -  

cyc le  c o s t s  of each. The system having the  lower TPV is t he  more c o s t  

e f f e c t i v e  under t h e  given assumptions. 

In  t h e  d iscuss ion below t h e  fol lowing c o s t s  and b e n e f i t s  are considered: 

1. System f i r s t  c o s t .  

2. Maintenance and miscel laneous c o s t s .  

3. Energy c o s t s .  

4 .  Tax bene f i t s  due t o  d e d u c t i b i l i t y  of i n t e r e s t  payments. 

These are t he  main i t e m s  of concern t o  the r e s i d e n t i a l  use r .  I n  the  

commercial area o the r  f a c t o r s ,  mostly r e l a t e d  t o  the tax consequences of doing 
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business,  must be considered. I f  t a x  subs id ies  (such as t he  s o l a r  tax c r e d i t )  

are a v a i l a b l e ,  then t h e  s o l a r  system f i r s t  c o s t  would be taken 

a f t e r s u b t r a c t i n g  t h e  c r e d i t .  

I n  the  c a l c u l a t i o n s  below, t h e  fo l lowing assumptions a r e  made zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

1. The t h r e e  measures r e l a t e d  t o  t i m e  value of money (d i scoun t  rate, 

i n t e r e s t  rate, and i n f l a t i o n  r a t e )  are set equal t o  one another .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn t h e  

numerical examples t h i s  common value i s  taken as 10%. 

2. The system is assumed to  be f inanced by a loan covering most of i t s  

c o s t .  The down payment is  taken as a nominal 20%. 

3. The loan term equals  t h e  l i f e  of t h e  system. 

Under these  assumptions the  present  va lue of the system c o s t  (PVSYS) i s  

equal t o  t h e  system c o s t  C: 

PVSYS = c. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 7 )  

The present  va lue of t he  maintenance and miscel laneous c o s t s  (WMISC) i s  

given (26a) - by: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(38 )  

N 
PVMISC = mC - 1 + d '  

where mC i s  t he  annual  maintenance and miscel laneous expense (assumed t o  

i nc rease  with i n f l a t i o n ) ,  d is t h e  discount rate, and N is t h e  number of yea rs  

i n  t h e  a n a l y s i s .  

The present  va lue of t he  energy c o s t s  (YENER) i s  given (26a) __ by: 

PVENER = F'PVF(d, e,  N ) ,  ( 3 9 )  

where F is  the energy c o s t  incurred i n  the  f i r s t  year of operat ion and e is  

t he  energy cos t  e s c a l a t i o n  rate. 

The present  value of t he  t a x  reduct ion due to  d e d u c t i b i l i t y  of mortgage 

i n t e r e s t  i s  (26b) - equal t o  the  marginal  t a x  rate mul t i p l i ed  by t he  present  

va lue  of t he  i n t e r e s t  (PVINT) : 

t-PVINT = 0.8Ct ([*I [1 - ] + I ,  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY 

1 N  1 -  ~ 

l + d  
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where t is the marginal income t a x  rate of the purchaser ( f e d e r a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ state - 
state ' f e d e r a l ) .  

The t o t a l  present va lue is obtained by combining t h e  four  terms: 

TPV = PVSYS + PVMISC + PVENER - t PVINT. (41) 

The values of t PVINT and PVMISC f o r  d = 0.1 are given i n  Table 3 f o r  

per iods of 10 t o  20 yea rs .  

Table- 3 
Present  Value of I n t e r e s t  Tax Deductions and of Maintenance 
and Miscel laneous Expenses f o r  Various Per iods of Analysis 

Per iod of Analysis ( y r )  t * PVINT WMISC 

10 0.343Ct 9 .1  mC 
15 0.457ct 13.6 mC 
20 0.546Ct 18.2 mC 

It i s  then poss ib le  t o  c a l c u l a t e  the  va lue of m f o r  which t h e  second and 

f o u r t h  t e r m s  i n  Eq. (41) j u s t  cancel ,  f o r  marginal tax rates of 30% and 50%. 

These are shown i n  Table 4. 

Table 4 

E f f e c t s  of  I n t e r e s t  Tax Deduction Cancel Incremental  Maintenance Costs.  
First-Year Maintenance Cost ( a s  a F r a c t i o n  m of System F i r s t  Cost) f o r  Which 

Marginal Tax R a t e  
Period of Analysis ( y r )  

10 15 20 

30% 
5 0% 

0.011 0.010 0.009 
0.019 0.017 0.015 

The m value is j u s t  t h e  f r a c t i o n  of system f i r s t  c o s t  which is requi red 

f o r  maintenance and miscel laneous expenses dur ing t h e  f i r s t  year.  Values of 

1.5% (26c) and 2.0% (27)  have been advanced as reasonable.  This suggests t h a t  

t h e  combination PVMISC - t PVINT tends to  cancel ,  o r  at  least t h a t  zero is 

w e l l  wi th in  t h e  range of p l a u s i b l e  values. With t h i s  assumption, the 

express ion f o r  t o t a l  present  va lue becomes 

- - 

TPV = PVSYS + PVENER 

= C + F PVF(d, e, N). (42) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The TPV f o r  s o l a r  (TPV,) i s  next compared wi th  t h a t  f o r  t he  conventional 

system (TPV,). The threshold of s o l a r  cost  e f fec t i veness  occurs when t h i s  

d i f f e rence  equals zero zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

0 = TPV, - TPV, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACs - Cc + (F, - Fc)'  PVF(d, e, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 3 )  

This leads t o  

- cc = WF(d, e, N ) .  
Fc - Fs 

( 4 4 )  

I n  o ther  words, the r a t i o  of incremental  s o l a r  system cost  to  f u e l  

savings at  the threshold of cost  e f fec t i veness  is given by the present value 

funct ion as shown i n  Eq. ( 3 6 ) ,  which can e a s i l y  be ca lcu lated and is shown i n  

Table 5 .  The PVF i s  mostly a funct ion of the d i f f e rence  between e and d; t h a t  

is, adding or  sub t rac t i ng  a s m a l l  amount to  both e and d does not alter t h e  

PVF so g r e a t l y  as changing e or  d independently. 

Table 5 
Values of t h e  P resen t  Value Function f o r  Various 

Fuel Esca la t i on  R a t e s  and Per iods of Analysis 

Present Value Function 
(Calculated f o r  d = 0.1) 

Fuel  Esca la t i on  Fuel  Period of Analysis ( y r )  
Minus Cost 

Discount R a t e  Esca la t i on  5 10 15 20 25 

-0.05 0.05 4.2 7.4 10.0 1 2 . 1  13 .8  
0 0.10 4.5 9.1 13.6 18.2 22.7 
0.05 0.15 5.0 11 .2  19.0 28.7 40 .1  
0.10 0.20 5.5 13.9 26.9 47 .O 78 .o 
0.20 0 .30  6.5 21.6 56.3 136.2 320.6 

The l a r g e r  t h e  PVF, of course, t he  more the  s o l a r  system can c o s t .  For 

h igh f u e l  cost  esca la t i on  rates and long terms of ana lys i s  one obta ins very 

high r a t i o s  indeed. The use of long system l i f e t i m e s  such as 25 years and 

l a r g e  f u e l  e s c a l a t i o n  rates such as 30% r e s u l t s  i n  very high values f o r  PVF 

and the re fo re  high al lowable p r i c e s  f o r  s o l a r  systems. This extreme case 

appears to  suggest t h a t  one should r a t i o n a l l y  be wi l l i ng  t o  pay 320 t i m e s  the 

f i r s t  yea r ' s  energy savings f o r  a s o l a r  system. I n  add i t i on  t o  not ing t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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t h i s  assumption means t h a t  o i l  would c o s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- $700 per  ga l l on  i n  2005, one may 

observe as w e l l  t h a t  t h i s  apparent p r i c e  freedom is  l im i ted  by c e r t a i n  

a d d i t i o n a l  c o n s t r a i n t s :  

1. The per iod of a n a l y s i s  should not exceed the  system l i f e .  Indeed, i t  

should probably be s h o r t e r  by a s u f f i c i e n t  period t o  induce purchases with the 

expectat ion of a p r o f i t .  Since exper ience wi th  s o l a r  systems is l im i ted ,  t h e  

use of system l i f e t i m e s  as long as 20 years  is probably not warranted. Even 

15 yea rs  may be too long. 

2. The expectat ion of h igh f u e l  c o s t  e s c a l a t i o n  rates w i l l  probably not 

be borne out as much f o r  e l e c t r i c i t y  as f o r  f o s s i l  f u e l s .  Fuel  c o s t s  comprise 

only  a po r t i on  of t he  t o t a l  c o s t  of electr ic power generat ion,  and cheaper 

s o l i d  f u e l s  are, i n  any case, expected t o  d i sp lace  o i l  i n  electr ic power 

generat ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  I nso fa r  as f u e l  c o s t s  do escalate at  a rap id rate, t h i s  w i l l  l i k e l y  

l ead  t o  r e l a t i v e l y  rap id innovat ion i n  photovol ta ics,  s o l a r  heat ing,  and other  

forms of energy conservat ion.  Thus a long- l i fe  high-cost s o l a r  system may be 

rendered obsolete w e l l  before the  end of i t s  se rv i ce  l i f e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D. Se lec t i on  of  Target Cost/Savings Rat io  

The numbers i n  Table 5 rep resen t  a v a r i e t y  of poss ib le  c o s t  goals f o r  

s o l a r  systems. Which goal  i s  most app rop r ia te  is  a matter of judgment, bu t ,  

f o r  t he  reasons advanced above, a value of 10 has been se lec ted  f o r  t he  r a t i o  

incremental-system-cost/first-year-energy-savings, cons is ten t  wi th  a f u e l  

e s c a l a t i o n  rate 5% above i n f l a t i o n  and a breakeven t i m e  of < 10 years .  

E. Est imat ion of 1986 Energy Prices 

I n  order  t o  estimate 1986 p r i c e s  f o r  both e l e c t r i c i t y  and f o s s i l  f u e l ,  a 

survey w a s  taken of 1980-81 p r i c e s  i n  the  th ree  market areas being s tud ied .  

For Southern Ca l i f o rn ia ,  e l e c t r i c i t y  and gas p r i c e s  quoted by Southern 

C a l i f o r n i a  Edison were taken as r e p r e s e n t a t i v e  (28).  For F lo r i da ,  Tampa 

Electr ic Co. pr i ces  were used (29).  These two u t i l i t i e s  serve the  Los Angeles 

and Tampa areas, respec t i ve l y ,  which were used i n  the  study. For t h e  

Nor theast ,  Long I s land  L ight ing Co. e l e c t r i c i t y  p r i ces  were used (30) r a t h e r  

than  Consolidated Edison, even though New York C i t y  weather data w e r e  used, 

- 

- 

- 

35 



because LILCO p r i c e s ,  although above the  na t i ona l  average, were not as extreme 

as those p reva i l i ng  i n  New York Ci ty and hence were more rep resen ta t i ve  of 

p r i c e s  genera l ly  over t h e  Northeast.  O i l  w a s  used as the f o s s i l  f u e l  i n  t h i s  

case, although both o i l  and gas are widely used. 

To t r a n s l a t e  1981 t o  1986, e l e c t r i c i t y  p r i ces  were esca la ted  a t  a rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5% 

above i n f l a t i o n .  The allowed cost /sav ings r a t i o  of 10 was then appl ied t o  

ob ta in  an  al lowable incremental  system c o s t  per G J e  annual e l e c t r i c i t y  

savings. 

The r e s u l t s  of t h i s  process are given i n  Table 6.  I n  order  to compare 

these r e s u l t s  wi th  other  standard measures of system economic v i a b i l i t y ,  t hese  

cr i ter ia  were appl ied t o  a PV-only system i n  each of the th ree  areas studied. 

The e l e c t r i c i t y  co l l ec ted  per square meter w a s  ca lcu lated by the formalism 

developed i n  the preceding sect ion.  This number w a s  then mul t ip l ied by the 

allowed cost  i n  d o l l a r s  per g iga jou le -e lec t r i c  ($/GJe) to  ob ta in  an allowed 

c o s t  i n  d o l l a r s  per square meter ($/m2). With use of a peak i n s o l a t i o n  rate 

Table 6 
Calcu lat ion of Allowed System Incremental  Costs 

Los Angeles New York Tampa 

1981 e l e c t r i c i t y  p r i c e  

1986 e l e c t r i c i t y  p r i c e  (1981 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$) 
(Q/kWh) 8 .O 9.6 5.9 

((f/kWh) 10.2 12.3 7.5 
($/GJe) 28.38 34.06 20.93 

1986 allowed incremental system cos t  (1981 $) 

E l e c t r i c i t y  co l l ec ted  by PV-only 

Affordable PV-only p r i ce  

($/GJe) 2 84 340 20 9 

( GJe/m2-yr) 0.643 0.480 0.671 

($/m2> 183 170 14 0 
($/WP> 1.83 1.70 1.40 

A l l  t h r e e  l oca t i ons  were adjusted t o  r e f l e c t  $1.60/Wp al lowable p r i ce  f o r  a 
PV-only system. 

of 1000 W/m2, these p r i ces  can be t r a n s l a t e d  t o  d o l l a r s  per peak w a t t  ($/Wp). 

The r e s u l t s  of these ca l cu la t i ons  are a l s o  given i n  Table 6 .  The r e s u l t i n g  

allowed c o s t s  of $1.83/WpY $1.70/Wpy and $1.4O/Wp are a l l  very c lose  t o  t h e  
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1986 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW program goal  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(31) of $1.60/Wp f o r  r e s i d e n t i a l  systems. Because the  

u n c e r t a i n t i e s  i n  t h e  1986 e l e c t r i c i t y  p r i c e s  as ca lcu la ted  are l a r g e r  than t h e  

d i f f e rences  between the  above c o s t  goals  and $1.6O/Wpy the value $1.60/Wp f o r  

t h e  W-only system w a s  used as the  c r i t e r i o n  i n  a l l  t h ree  cit ies. This 

c r i t e r i o n  was used t o  scale a l l  systems, as w i l l  be seen i n  a later sec t i on .  

For f o s s i l  f u e l ,  t h e  1981 p r i c e s  were 48+/therm f o r  gas i n  Los Angeles 

(28),  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- $1.20/gal f o r  o i l  i n  New York (32 ) ,  - and 474/therm f o r  gas i n  Tampa 

(2). I n  the  a n a l y s i s  below, f o s s i l  energy p r i c e s  were taken as a parameter. 

S p e c i f i c a l l y ,  t he  parameter was  def ined as the r a t i o  of the p r i ce  of f o s s i l  

energy (de l i ve red  t o  t h e  point  of use)  t o  t h e  p r i c e  of e l e c t r i c i t y .  I n  order  

t o  estimate t he  most l i k e l y  va lue  of t h i s  r a t i o ,  1981 f o s s i l  energy p r i ces  

were esca la ted  at  a rate 8% above i n f l a t i o n .  An 80% conversion e f f i c i e n c y  was 

assumed. The r e s u l t s  of t hese  c a l c u l a t i o n s  are shown i n  Table 7. It appears 

t h a t  the most l i k e l y  va lues of t h i s  r a t i o  w i l l  f a l l  i n  t he  range 0.25 t o  0.50. 

Table 7 
F o s s i l  Energy P r i c e  E s t i m a t e s  

Los Angeles New York Tampa 

1981 f o s s i l  f u e l  p r i c e  
gas ,  $/therm* 48 47 
o i l ,  +./gallon** 120 

1981 f o s s i l  energy p r i c e ,  80% conversion e f f i c i e n c y  

1986 f o s s i l  energy p r i c e  (1981 $) 

Rat io  f o s s i l  energy p r i c e / e l e c t r i c i t y  p r i c e  i n  1986 

(S/GJt) 5.68 10.71 5.56 

(S/GJt) 8.35 15.74 8.17 

(dimensionless) 0.29 0.46 0.39 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
*l therm = 100,000 Btu. 

**I g a l l o n  #2 f u e l  o i l  = 140,000 Btu. 
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V I .  TECHNOLOGY ISSUES 

Technology i s s u e s  inc lude aspec ts  of e i t h e r  PV o r  thermal c o l l e c t o r  tech- 

nology which con t r i bu te  t o  the  v i a b i l i t y  o r  non-v iab i l i ty  of PV/T as aga ins t  

PV-only; thermal-only, o r  side-by-side PV+T. These i s s u e s  are discussed i n  

t h e  fo l lowing s e c t i o n s .  

A. Glazing Transmiss iv i ty  

For medium-temperature thermal a p p l i c a t i o n s  such as space heat ing o r  hot 

water, it i s  necessary t o  use glazed c o l l e c t o r s .  (Systems which employ a heat 

pump may be an except ion;  t h e s e  w i l l  be considered i n  Sec t i on  IX.) The i n t e r -  

p o s i t i o n  of a g laz ing  between the i nc iden t  r a d i a t i o n  and the cel ls ( l oca ted  on 

t h e  absorber p l a t e )  reduces the  amounr of r a d i a t i o n  s t r i k i n g  the  cel ls and 

thus reduces the electr ical energy produced by PV/T compared w i th  PV-only. 

For low-temperature thermal a p p l i c a t i o n s  where unglazed c o l l e c t o r s  can be 

used, t h i s  cons ide ra t i on  does not  apply.  

B. Operating Temperature 

For medium-temperature a p p l i c a t i o n s  the  average c o l l e c t o r  operat ing t e m -  

p e r a t u r e  i s  expected t o  be higher f o r  PV/T than  t h a t  f o r  a PV-only system. 

This w i l l  r e s u l t  i n  lowered electr ical  output f o r  t h e  PV/T c o l l e c t o r  because 

ce l l  e f f i c i e n c y  dec l i nes  wi th i nc reas ing  temperature. I n  a d d i t i o n ,  unless 

some a c t i v e  means of heat dumping is employed, the  s tagna t ion  temperature of 

t h e  PV/T c o l l e c t o r  w i l l  .be much h igher  than t h a t  of the PV-only c o l l e c t o r .  

"Cooking" the  cel ls i n  t h i s  way may severe ly  l i m i t  ce l l  l i f e ,  and t h i s  problem 

must be addressed even though it may have no impact on s imulat ions of 

c o l l e c t o r  performance. The e f f e c t  of e levated operat ing temperatures is thus 

very similar to  t h a t  of g laz ing.  For the  low-temperature unglazed c o l l e c t o r  

t h i s  e f f e c t  is less se r ious ,  and indeed i n  some app l i ca t i ons  t h e  cel ls may be 

cooled below t h e i r  otherwise normal operat ing temperature,  which improves 

e f f i c i e n c y .  

C. Thermal Absorp t i v i t y  

It is tempting t o  assume i n  s imulat ions t h a t  the a b s o r p t i v i t y  t o  i nc iden t  

s o l a r  r a d i a t i o n  w i l l  be the  same i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa PV/T c o l l e c t o r  as i n  a thermal-only 

c o l l e c t o r .  It is  q u i t e  pos ib le ,  however, t h a t  t h e  PV/T c o l l e c t o r  w i l l  s u f f e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
38 



from reduced a b s o r p t i v i t y .  I n  the  thermal c o l l e c t o r ,  an optimal coat ing 

( s e l e c t i v e  o r  nonse lec t i ve )  can be used. In  a PV/T c o l l e c t o r ,  t t e  cel ls are 

necessary and one cannot j u s t  pa in t  over them o r  deposi t  b lack chrome onto 

t h e i r  su r face .  Absorpt iv i ty  problems involve ( a )  t he  cel l  sur face i t s e l f ,  and 

(b)  t h e  g r i d  connect ions,  which represent  a s m a l l  f r a c t i o n  of t he  cel l  area. 

Presumably any area not covered by cel ls could be coated i n  the  same way as a 

thermal-only c o l l e c t o r ,  though at  higher c o s t  p e r  u n i t  area. The g r i d  

connect ions,  i n  p r i n c i p l e ,  could be blackened o r  s e l e c t i v e l y  coated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ll), but 

t h e  cos t  is l i k e l y  to  be high because the  coat ing must be pinpointed onto the 

g r i d  and kept o f f  the ce l l .  S t i l l ,  i t  is poss ib le  t h a t  a process such as 

rotogravure p r i n t i n g  could be used c o s t  e f f e c t i v e l y .  The major problem 

concerns the  a c t i v e  cel l  su r face  i t s e l f .  I n  order  to maximize electr ical  

e f f i c i e n c y ,  t he  back of a ce l l  i s  normally h igh ly  r e f l e c t i v e .  This high 

r e f l e c t i v i t y  does not a f f e c t  photons wi th  energy above the  absorpt ion edge, 

s i n c e  they a r e  e s s e n t i a l l y  a l l  absorbed i n  the  s i l i c o n .  Long-wavelength 

photons are r e f l e c t e d  by the  me ta l l i zed  back and mostly pass back out of t h e  

c e l l .  I n  PV-only a p p l i c a t i o n s  t h i s  is d e s i r a b l e  because i t  reduces the 

operat ing temperature of the ce l l ,  but i n  a PV/T c o l l e c t o r  t h i s  rep resen ts  a 

n e t  l o s s  of energy. Some means of captur ing these photons is  d e s i r a b l e ,  

e i t h e r  by making most of t he  back su r face  nonre f l ec t i ve  i n  a manner c o n s i s t e n t  

w i th  maintaining conductance of e l e c t r o n s  away from the cel l ,  o r  by rep lac ing 

the me ta l l i zed  back with a g r i d  similar to  t h a t  on the  f r o n t ,  and providing a n  

a u x i l i a r y  absorbing su r face  t o  absorb the  photons which pass through ( 7 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 

- 

D. Co l lec to r  Heat Loss Factor  

The c o l l e c t o r  heat  l o s s  f a c t o r  o r  UL va lue  of a PV/T c o l l e c t o r  may be 

h igher  than t h a t  of a s e l e c t i v e l y  coated thermal-only c o l l e c t o r  of the same 

geometry and with the same amount of i n s u l a t i o n  because the s p e c t r a l  response 

of t he  ce l l  may not provide optimum s e l e c t i v i t y .  That i s ,  i n  add i t i on  to  

reduced a b s o r p t i v i t y  i n  the v i s i b l e  reg ion of the spectrum, discussed above, 

em iss i v i t y  i n  the  i n f r a r e d  may be higher than t h a t  i n  a se lect ive-sur face 

thermal-only c o l l e c t o r .  This can be due, f o r  example, t o  high emiss i v i t y  of 

t h e  encapsulant.  I n  t h i s  case, t he  c o l l e c t o r  heat l o s s  f a c t o r  w i l l  r e v e r t  t o  

a value approp r ia te  t o  a nonselect ive c o l l e c t o r ,  and thermal energy c o l l e c t i o n  

w i l l  be impaired. This e f f e c t  w i l l  be most pronounced f o r  t h e  
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higher-temperature a p p l i c a t i o n s  and r e l a t i v e l y  unimportant f o r  low-temperature 

c o l l e c t o r s .  It may be poss ib le  t o  i s o l a t e  the i n t e r i o r  of the c o l l e c t o r  

s u f f i c i e n t l y  t h a t  no a d d i t i o n a l  encapsulant is heeded; a l t e r n a t i v e l y  a very 

t h i n  material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(---1/4 wavelength at  t he  blackbody peak at  t he  temperature of 

operat ion)  may be found which can be used f o r  t h i s  purpose. I n  any case, both 

t h i s  and the  previous i s s u e  rep resen t  problems t o  be solved. 

E. Electr ical-Thermal Tradeoff 

This i s s u e  w a s  discussed above and is  a consequence of heat t r a n s f e r  laws 

and conservat ion of energy. The impact here i s  t h a t  t he  more va luable thermal 

energy is, t he  less incrementa l ly  va luable is  electr ical  energy, and hence t h e  

less one can spend t o  add a device which " t rades  i n "  thermal f o r  electr ical  

energy. It is t h i s  t radeo f f  which r e s u l t e d  i n  the  downward s lope  i n  F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

of the l i n e  rep resen t ing  the incremental  value of PV/T over thermal-only. 

F. Li fe t ime Match/Mismatch 

It is q u i t e  poss ib le ,  indeed l i k e l y ,  t h a t  t he  optimum l i f e t i m e  of the 

thermal po r t i on  of a PV/T c o l l e c t o r  w i l l  be d i f f e r e n t  from t h a t  of t h e  PV 

po r t i on ,  i f  each is considered separa te l y .  However, i n  a composite u n i t  such 

as t h i s  i t  is d e s i r a b l e  t h a t  t he  system be designed, l i k e  the  "one hoss shay," 

so t h a t  a l l  i ts  major components w i l l  break down a t  once. A 20-year s o l a r  

cel l  i n  a 10-year thermal c o l l e c t o r  i s  c l e a r l y  suboptimal, whereas i t  may w e l l  

be poss ib le  t h a t  i n  a c o s t  vs. l i f e  t radeo f f  the optimum l i f e  of a 

thermal-only c o l l e c t o r  would be 10 years .  This rep resen ts  a p o t e n t i a l  

d i f f i c u l t y  f o r  PV/T systems which may o r  may not be a problem i n  p rac t i ce .  A 

r e l a t e d  d i f f i c u l t y  which almost c e r t a i n l y  w i l l  be a problem is t h a t ,  even i f  

t h e  design l i f e t i m e s  of t he  thermal and PV p o r t i o n s  are the same, i n  a given 

i n s t a l l a t i o n  they may be q u i t e  d i f f e r e n t .  The breakdown of t he  shor ter - l ived 

subsystem may cause the  o the r  to  f a i l ;  a t  t he  very l e a s t  the performance of 

t he  remaining subsystem w i l l  probably be impaired. 

G. Co l lec to r  Area Match/Mismatch 

The optimum thermal c o l l e c t o r  area may w e l l  be d i f f e r e n t  from t h e  optimum 

PV area. I n  t h i s  event ,  suboptimal area of one o r  the o the r  would have to  be 

used, o r  else a mixture of PV/T and single-purpose c o l l e c t o r s  would be 

needed. A t  t he  very least t h i s  would r e s u l t  i n  system compl icat ions which 
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would e l im ina te  the  "only one kind of c o l l e c t o r "  s i m p l i c i t y  sometimes claimed 

f o r  PV/T. 

H. Market Area MatchlMismatch 

The economics of s o l a r  e l e c t r i c i t y  may not always fol low t h a t  of s o l a r  

thermal energy, a l though the  two are no doubt c o r r e l a t e d .  Thus marketers may 

be faced with s i t u a t i o n s  where the  need f o r  one type of energy from s o l a r  i s  

much less than t h e  need f o r  t he  o the r .  With side-by-side c o l l e c t o r s ,  t he  area 

of one kind o r  another can zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe e a s i l y  set to  zero,  but t h i s  is not poss ib le  

wi th  PV/T. 

These t h r e e  i s s u e s  need no t ,  of course, be f a t a l  t o  PV/T, which could 

have a s i z a b l e  market niche i n  s p i t e  of them. I n  evaluat ing any PV/T program, 

however, they must be taken i n t o  account. A t  the very least, they tend t o  

f o r t i f y  t he  f i n a l  i s s u e ,  below. 

I. Limited Program Resources 

Regardless of the m e r i t s  of PV/T, i t  is c l e a r  t h a t  an extens ive engineer- 

ing development program would be requi red to  br ing PV/T t o  a state of commer- 

c ia l  readiness.  I n  order  t o  j u s t i f y  t he  necessary expendi ture of resources,  

i t  must be shown not merely t h a t  PV/T is "compet i t ive" wi th other  s o l a r  

op t i ons ,  but t h a t  i t  is c l e a r l y  super io r  t o  them i n  enough app l i ca t i ons  to  

j u s t i f y  t he  c o s t  of a development program. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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V I I .  INCREMENTAL SYSTEM COSTS 

I n  t h i s  s e c t i o n  estimates are made of t he  incremental  c o s t s  of adding 

thermal energy c o l l e c t i o n  c a p a b i l i t y  t o  a PV-only system and, a l t e r n a t i v e l y ,  

those of adding electr ic energy c o l l e c t i o n  c a p a b i l i t y  t o  a thermal-only 

system, t o  make a PV/T system. I n  add i t i on ,  estimates are made of the c o s t s  

of a PV/T system r e l a t i v e  to  a side-by-side PV+T system of t he  same PV and 

thermal c o l l e c t o r  area. These incremental  ( o r  r e l a t i v e )  system c o s t s  are then 

compared wi th  the  incremental  ( o r  r e l a t i v e )  energy c o l l e c t i o n  c a p a b i l i t y ,  as 

determined i n  the  next s e c t i o n ,  i n  order  to  assess the economic v i a b i l i t y  of 

PV/T. 

Each system is broken down i n t o  two subsystems, c o l l e c t o r  and balance- 

of-system (BOS).  The c o l l e c t o r  inc ludes the  device used to  c o l l e c t  s o l a r  

energy, any i n t e r n a l  wi r ing o r  piping, and materials and labor  involved i n  

a f f i x i n g  it t o  the  bui ld ing roof .  BOS inc ludes everything else needed t o  

i n t e r f a c e  t h e  c o l l e c t o r  t o  the  point  of de l i ve ry  of the energy to the load. 

Thus, a thermal-only system i s  assumed t o  inc lude a thermal c o l l e c t o r  and a 

thermal BOS; a PV-only system inc ludes a PV c o l l e c t o r  and a PV BOS; and a PV/T 

system inc ludes a PV/T c o l l e c t o r ,  a PV BOS, and a thermal BOS. 

The incremental  c o s t  C 1  of PV/T over  PV only  i s  thus est imated as 

C 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= PV/T ~011 + PV bos + T bos - PV ~011 - PV bos zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 5 )  

where the  var ious terms represent  the c o s t s  of c o l l e c t o r  and BOS f o r  equal- 

area PV/T, PV, and thermal systems. This s i m p l i f i e s  t o  

C 1  = PV/T ~011 + T bos - W ~011 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(46  1 

Sim i la r l y ,  t h e  incremental  c o s t  C2 of PV/T over thermal only i s  est imated as 

C2 = PV/T ~011 + W bos + T bos - T ~011 - T bos 

= PV/T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ 0 1 1  + PV bos - T ~011 . ( 4 7 )  

It i s  recognized t h a t  t he  thermal BOS c o s t  assoc ia ted  with a given area of 

PV/T c o l l e c t o r  may vary from t h a t  assoc ia ted  with the same area of thermal- 

on ly  c o l l e c t o r ,  but  t h i s  is considered to  be a second-order e f f e c t  which w i l l  

not  g r e a t l y  al ter  t he  r e s u l t .  
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The r a t i o  of PV/T system c o s t  t o  t h a t  of a side-by-side PV+T system is 

def ined as 

PV/T c o l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ PV bos + T bos 
R =  

pV c o l l  + T c o l l  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPV bos + T bos 

The cos t  of each of t hese  subsystems i s  now estimated f o r  each of t he  two 

thermal energy temperature ranges considered, t h a t  i s ,  medium-temperature 

glazed c o l l e c t o r s  (>4OoC) and low-temperature unglazed c o l l e c t o r s  (<3OoC). 

For the medium-temperature a p p l i c a t i o n s ,  two technologies are considered. The 

f i r s t  is the cu r ren t  state-of- the-art  technology comprising metal-and-glass 

c o l l e c t o r s  operated under pressure and freeze-protected with g lyco l  o r  o ther  

a n t i f r e e z e  s o l u t i o n .  The second is a proposed f u t u r e  technology comprising 

th in- f i lm p l a s t i c  c o l l e c t o r s  operated a t  atmospheric pressure and using 

ord inary water as the  heat t r a n s f e r  f l u i d  i n  a drainback mode of operat ion.  

These c o l l e c t o r s  are c u r r e n t l y  under development a t  Brookhaven Nat ional  

Laboratory, and it is of i n t e r e s t  whether t h e i r  success fu l  development would 

have any e f f e c t  on t h e  economic a t t r a c t i v e n e s s  of PV/T. 

A. Thermal Co l l ec to r  (Medium Temperature, Current Technology) 

The i n s t a l l e d  c o s t  of thermal c o l l e c t o r s  v a r i e s  widely. Important var i -  

ab les  are heat t ranspor t  f l u i d  ( l i q u i d  o r  a i r ) ,  number of g laz ings,  and 

whether the absorber i s  s e l e c t i v e l y  coated. For t h i s  a n a l y s i s ,  a single- 

glazed, se lect ive-sur face copper-and-glass l iqu id-heat ing c o l l e c t o r  w a s  used, 

because i t  is t he  most popular type and pravides adequate performance f o r  

space heat and hot water without the use of double g laz ing .  Two separa te  

r e p o r t s ,  one prepared by Zweigel f o r  Cont inenta l  Group, Inc.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(33) and the 

other  by Booz Allen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.1 Hamilton zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 4 ) ,  - were used i n  assess ing  c o l l e c t o r  c o s t s .  

These were used because they delved i n t o  the  inner  workings of the manufac- 

tu r i ng  and d i s t r i b u t i o n  chain,  thus providing i n s i g h t s  which proved use fu l  i n  

eva lua t i ng  pro jected c o s t s  of advanced c o l l e c t o r  technologies and of balance- 

of-system. 

The assessment methodology used i n  both r e p o r t s  was  t o  begin wi th mater- 

ia ls  c o s t s  and then t o  consider added c o s t s  introduced at  the fac to ry  and i n  

t h e  d i s t r i b u t i o n  and i n s t a l l a t i o n  process t o  a r r i v e  a t  a f i n a l  cos t  t o  the 

consumer. The c o l l e c t o r  materials c o s t s  as determined i n  these s t u d i e s  are 

t abu la ted  below: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Col lector  Materials Costs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( $ / f t 2 )  

Cont inenta l  (33) - Booz Al len (34) - 

Glazing 0.63 
Se lec t i ve  coat ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .oo 
Absorber 2.81 
Frame and backing p l a t e  1.13 
Gaskets and i n s u l a t i o n  0.62 

To ta l  6.19 

0.50 

2.13 
2.14 
0.72 

5.49 

N/A 

The Cont inenta l  c o l l e c t o r  is s e l e c t i v e l y  coated. It is not clear from 

t h e i r  repor t  whether o r  not t h e  Booz Allen c o l l e c t o r  i s  s e l e c t i v e l y  coated, 

but ,  s ince the absorber c o s t  given does not appear high enough t o  admit the 

cu r ren t  cost  of a s e l e c t i v e  su r face  (b lack chrome), which i s  -$ l / f t 2 ,  i t  i s  

assumed t o  be nonselect ive.  I n  t h i s  case the two t o t a l s  are i n  q u i t e  good 

agreement (exact i f  $0.70 i s  taken as the d i f f e rence  i n  cost  between a 

s e l e c t i v e  and nonselect ive sur face) .  Note, however, the v a r i a t i o n s  i n  the 

estimates f o r  the var ious subcomponents. A s  a r e s u l t  of these considerat ions,  

t h e  cost  chosen f o r  use w a s  the Cont inenta l  materials cost  of $6.19/f t2 f o r  

the s e l e c t i v e l y  coated absorber wi th  a s i n g l e  glazing. 

Fac to rs  by which the materials cost  must be mult ip l ied on the way to 

obta in ing an i n s t a l l e d  cos t  t o  the customer are shown i n  Table 8. Besides t h e  

Cont inenta l  and Booz Al len va lues,  the values used i n  t h i s  study are shown. 

The reasons f o r  these choices are given below. 

Table 8 
Market Ra t ios  

Factor  Cont inenta l  (33) - Booz Al len (34) This Study - 

Manufacturing c o s t s  other  
than materials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.28 

Manufacturer 's markup 1 . 2  
D i s t r i b u t o r ' s  markup 1.2 
D e a l e r / i n s t a l l e r  markup 

Overal l  market r a t i o  3.2 

and labo r  1.75 

1.31 
1.5 
1.3 

1.14 

2.9 

1.3 
1.4 
1.25 

1.55 

3.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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For manufacturing c o s t s  o the r  than materials, the Cont inental  and Booz 

Allen va lues were c lose  and appeared reasonable,  and t h e i r  average w a s  taken 

f o r  use. 

For manufacturer 's markup, the va lues from the  two r e p o r t s  d i f f e r e d  

s i g n i f i c a n t l y .  Booz Al len broke out t h ree  c o s t  i t e m s :  recovery of investment 

i n  p lan t  and equipment, genera l  and admin i s t ra t i on ,  and p r o f i t .  No such 

breakout was given i n  the Cont inenta l  repo r t .  Therefore more weight was  given 

to  t h e  Booz Allen number, and a va lue of 1 . 4  w a s  se lec ted  f o r  use here.  

For d i s t r i b u t o r ' s  markup, t he  two va lues were f a i r l y  c lose ,  and t h e i r  

average w a s  adopted. 

For d e a l e r / i n s t a l l e r  markup and labo r ,  the Cont inenta l  repo r t  took care 

t o  j u s t i f y  i t s  high value on the bas i s  of a study of labor c o s t s  as w e l l  as 

t h e  d e a l e r / i n s t a l l e r ' s  overhead and p r o f i t .  Booz Al len,  on the o the r  hand, 

se lec ted  an a r b i t r a r y  $ 2 / f t 2  wi th no f u r t h e r  explanat ion.  The judgement 

adopted here is t h a t  t he  Booz Allen market r a t i o  is q u i t e  low, and the  f i g u r e  

adopted f o r  use i s  much c l o s e r  t o  t h e  Cont inenta l  va lue.  

The product of t h e  four  f a c t o r s  thus a r r i v e d  a t  is 3.5. Note t h a t  i n  

each of t he  two cases with a s i g n i f i c a n t  discrepancy between t h e  two r e p o r t s  

our a n a l y s i s  i nd i ca ted  t h a t  t he  h igher  w a s  l i k e l y  t o  be c l o s e r  to  the  t ru th ;  

t he  o v e r a l l  value of 3.5 w a s  t he re fo re  h igher  than t h e  o v e r a l l  value obtained 

by e i t h e r  r e p o r t .  

Applying t h e  o v e r a l l  market r a t i o  of 3.5 to  the  materials cos t  of $6.191 

This is i n  f t2  y i e l d s  an i n s t a l l e d  c o l l e c t o r  cos t  of $21.67/f t2 o r  $233/m2. 

the  range of p r i c e s  c u r r e n t l y  seen f o r  t h i s  type of c o l l e c t o r  (35,36). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 

B. Thermal Co l l ec to r  (Medium Temperature, Future Technology) 

The materials c o s t s  f o r  t h e  Brookhaven thin-f i lm c o l l e c t o r  'have been 

est imated (37) and are shown i n  Table 9 .  This c o l l e c t o r  is based on the use 

of a thin-f i lm laminate absorber and a th in- f i lm g laz ing a t tached  t o  a l i g h t -  

weight bent-metal frame. The t h i n  f i lms are s t r e s s e d  i n  a monocoque construc- 

t i o n  which adds s t r u c t u r a l  s t r e n g t h  to the  panel. The absorber c o n s i s t s  of 

two shee ts  of laminate material. Each sheet  has a t h i n  l a y e r  of a high-tem- 

pe ra tu re  p l a s t i c  such a s  Du Pont Tefze l  laminated to  a l a y e r  of aluminum 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 9 
Materials Costs f o r  Future Technology Thermal Co l l ec to r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4  x 8- f t  Panel)  

I t e m  c o s t  

Frame 
Glazing f i lm-Tedlar PVF 

0.004 i n .  $0.28/f t2 
Absorber heat exchanger laminate 

Tefzel/aluminum $0.56/f t2 
Adhesive, f a s t e n e r s ,  i n s u l a t i o n  
Honeywell s e l e c t i v e  paint  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

$ 4.80 
8.95 

17.92 

12.80 
0.64 

T o t a l  $45.12 
= $1.41/f t2 o r  $15/m2 

f o i l .  The aluminum f o i l  provides l a t e r a l  heat t r a n s f e r  so t h a t  incomplete 

we t t i ng  can be t o l e r a t e d ,  it provides good elast ic r i g i d i t y ,  and because of 

i t s  thermal conduct iv i ty  it helps t o  prevent a non-uniform temperature d i s t r i -  

but ion wi th r e s u l t i n g  "hot spots"  under s tagna t ion .  It a l s o  provides a good 

s u b s t r a t e  f o r  t he  s e l e c t i v e  coat ing.  The p l a s t i c  l a y e r  provides tear resis- 

tance,  keeps t h e  hea t  t r a n s p o r t  water away from the  aluminum t o  prevent 

corros ion,  and can provide a thermal ly nonconductive point  of attachment t o  

t h e  c o l l e c t o r  frame. The heat t r a n s p o r t  water is  introduced a t  the top of the 

panel through a manifold, f lows by g r a v i t y  between the twin shee ts  of t h e  

absorber ,  and emerges at the  bottom i n t o  an e x i t  manifold o r  trough. A low- 

c o s t  selective coat ing under development by Honeywell Corporation under a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U . S .  Department of Energy con t rac t  (38) i s  pro jected t o  be used i n  t h i s  

design. 
- 

C. Thermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABOS (Medium Temperature, Current Technology) 

Overa l l  balance-of-system c o s t s  given i n  the two r e p o r t s  f o r  space 

heating/DHW systems and f o r  hot water only systems are shown i n  Table 10, i n  

terms of cos t  per square f o o t  of c o l l e c t o r .  Note t h a t  t hese  numbers r e f e r  t o  

f reeze-protected systems. I n  t r o p i c a l  and s u b t r o p i c a l  areas where f reeze  

p ro tec t i on  i s  not needed, s o l a r  DHW systems are considerably cheaper. For 

hot-water-only systems (F igu re  5) t h e r e  i s  a s i g n i f i c a n t  d i f f e rence  but f o r  

space heating/DHW systems (F igure 6 )  t h e  two r e p o r t s  are i n  c l o s e  agreement. 
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appears to  inc lude i t . Other d i f f e rences  may be due t o  v a r i a t i o n s  i n  system 

conf igurat ion and component s i z i n g .  Overal l ,  t h e  Booz Allen estimate f o r  BOS 

i s  -$20/ft2 whi le the Cont inenta l  repo r t  g ives numbers ranging from $24 t o  

$40 / f t 2 .  P r i ces  f o r  s o l a r  DHW systems have been creeping upward, and $3000 

appears t o  be an average p r i c e  i n  the  no r theas te rn  United States.  This would 

correspond t o  $50 / f t 2  f o r  t he  system. With the c o l l e c t o r  cost  est imated a t  

-$22/ft2, t h i s  would correspond to  a BOS c o s t  of -$28/f t2.  A l l  th ings consid- 

ered, t h i s  va lue ,  o r  $300/m2, is thought t o  represent  f a i r l y  w e l l  the thermal 

BOS c o s t  f o r  a s o l a r  DHW system. For the  space heating/DHW system, no expl ic-  

it breakout was given i n  t h e  Cont inental  r e p o r t .  The Booz Al len breakout i s  

shown i n  Table 12. 

Table 12 
Thermal BOS Component Costs f o r  

Space Heating/DHW System, Current Technology 

I t e m  Booz Allen (34) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 300-ft2 Co l l ec to r  

Storage 
Pumps zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  
Pip ing 
Heat exchangers 
Valves and c o n t r o l s  
Misc. 

To ta l  

Cost per f t 2  

$2275 
579 

1907 
398 
643 

0 

$5802 

$19.34 

The o v e r a l l  t o t a l s  given i n  the  Booz Allen and t h e  Cont inental  r e p o r t s  

are i n  c lose  agreement (Table l o ) ,  and the  thermal BOS c o s t  f o r  space 

heating/DHW systems w a s  taken as t h e i r  mean, $19.67/f t2 o r  $212/m2. 

D .  Thermal BOS (Medium Temperature, Future Technology) 

The use of nonpressur ized thin-f i lm c o l l e c t o r s  operat ing i n  an automat ic 

(open drop) drainback mode with ord inary water as the heat  t ranspor t  f l u i d  can 

make poss ib le  some s i g n i f i c a n t  c o s t  reduct ions i n  the  balance-of-system as 

w e l l .  S p e c i f i c a l l y ,  s to rage  c o s t s  may be reduced by using a vented, 

p las t i c - l i ned  v e s s e l  e i t h e r  made of concrete (39) o r  b u i l t  l i k e  a n  

above-ground swimming pool. The heat exchanger normally used between the 

c o l l e c t o r  and s to rage  can be el iminated.  The number of pumps can be reduced. 
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The use of p l a s t i c  piping becomes a p o s s i b i l i t y  because the system is not 

pressur ized and cannot exper ience temperature excursions above 100°C as could 

a pressur ized system. Some progress i n  reducing the p r i c e  of system c o n t r o l s  

may be experienced. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA pre l iminary estimate of t he  p o t e n t i a l  f o r  these c o s t  

reduct ions has been developed. Table 13 shows est imated BOS 

Table 13 
Thermal Balance-of-System Component Costs f o r  Domestic Hot 

Water System, f o r  60-ft2 Co l l ec to r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Future Technology 

I t e m  

c o s t  t o  
System Market I n s  t a1 led  

Remarks Manufacturer Rat io  P r i c e  

Storage Sheet metal, 
p l a s t i c  l i n e r ,  $70 3.5 $245 
i n s u l a t i o n  

Pump One only  25 2.5 60 
Pip ing 30' 1/2" CPVC, 

30' 1" CPVC, 20 2.5 50 
i n s u l a t i o n  80 2.5 200 

Heat exchanger 100' 1 / 2 "  Cu, 
c o i l  immersed 30 3.5 105 

Con t ro l l e r  40 2.5 10 0 
Check va l ve  10 2.5 25 
Misc. 10% 14 0 

To ta l  $925 
= $15.42/f t2 o r  $166/m2 

component c o s t s  f o r  the hot water system (Figure 7 ) ,  and Table 14 shows those 

€or t h e  space heating/DHW system (F igure 8 ) .  A market r a t i o  of 2.5 w a s  used 

f o r  i t e m s  t h a t  come i n  manufactured form ready f o r  use on t he  job s i te ;  a 

r a t i o  of 3.5 w a s  used where fac to ry  o r  on-s i te  f a b r i c a t i o n  of more bas i c  

materials is requi red.  An allowance of 15% f o r  cont ingency/est imat ion e r r o r /  

miscel laneous w a s  used t o  provide a margin of s a f e t y  i n  t h e  estimates. These 

estimates r e s u l t  i n  p o t e n t i a l l y  achievable thermal BOS i n s t a l l e d  c o s t s  of 

$166/m2 f o r  hot-water-only systems and $75/m2 f o r  space heat/DHW systems. 

E.  W Co l lec to r  

The i n s t a l l e d  cos t  of t h e  PV c o l l e c t o r  w a s  taken from t h e  DOE PV program 

goa l  f o r  1986 ( 3 1 ) .  This c o s t  is $1.12 pe r  peak w a t t  ($/Wp) p l u s  $O.ll/Wp as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Table 10 
Overa l l  Thermal Balance-of-System Costs ,  

Medium Temperature, Current Technology, i n  $ / f  t2 of Co l l ec to r  

System Type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~~ ~ 

Booz Al len zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 4 )  - Cont inenta l  (33) - - 
~~ ~~~ ~~~ 

3 Hot water only  $30-40/ft2*; $24/ft2** $20.60/f t2 (based on 60 f t 2  
Space heat /hot  water $20/ f t2  (based on 375 f t 2 )  $19.34/ft2 (based on 300 f t  ) 

*Overal l  estimate based on s t a t e d  $50-60/ft2 system c o s t ,  $20 / f t 2  
c o l l e c t o r  c o s t  (60 f t2 of c o l l e c t o r ) .  

**Based on item-by-item breakout.  

DHW 

I 

‘1; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASOLAR 
HOT 

WATER 
TANK 

Figure 5. Hot water only system diagram ( c u r r e n t  technology). 

Breakouts of BOS components f o r  domestic hot water systems are given i n  Table 

11. Agreement between the  t o t a l s  i s  f a i r ,  t he  d i f f e rence  being -15%. 

However, t he  estimates €or the  i nd i v idua l  i t e m s  show considerable v a r i a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In some cases t h i s  is expla inable.  For example, t he  Cont inenta l  e n t r y  f o r  

p iping c l e a r l y  does not inc lude i n s u l a t i o n ,  whereas t h e  Booz Allen estimate 
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Table 11 

Hot Water System, for 60-ft2 collector, Current Technology 
Thermal Balance-of-System Component Costs for Domestic 

Item Continental (339 Booz Allen (349 

Storage 
Pumps (2) 
Piping 
Heat exchanger 
Controls and valves 
Misc. and other 

Total 

Cost per ft2 

$718 
125 
102 

Not li s t ed 
78 

418 

$1441 

$24.02 

$507. 
130 
38 5 
110 
10 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

$1236 

$20.60 
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Figure 6. Space heating/DHW system diagram (current technology). 
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Figure 7.  Hot water only system diagram (advanced technology). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  Are t h e r e  any savings t o  be r e a l i z e d  on t h e  thermal s i d e  by v i r t u e  of 

t h e  thermal c o l l e c t i o n  process being combined wi th  PV i n  a PV/T c o l l e c t o r ?  

Care must be taken not t o  count savings twice by charging common i t e m s  

l i k e  the  c o l l e c t o r  frame t o  t h e  thermal s i d e  i n  answering the  f i r s t  quest ion 

and t o  t h e  PV s i d e  i n  answering t h e  second. The viewpoint taken here is t h a t  

t h e  PV/T c o l l e c t o r  i s  e s s e n t i a l l y  a thermal c o l l e c t o r  wi th at tached PV cel ls  

"going along f o r  t he  r i d e . "  It t he re fo re  seems un l i ke l y  t h a t  t h e  PV/T 

c o l l e c t o r  w i l l  o f f e r  any savings on the  thermal s ide .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn Sec t ion  V I  a number 

of reasons why t h e  thermal c o l l e c t i o n  c a p a b i l i t y  might s u f f e r  i n  PV/T were 

discussed,  such as d i f f i c u l t y  i n  ob ta in ing  high a b s o r p t i v i t y  and low 

emiss i v i t y .  It is assumed here t h a t  no savings i n  c o l l e c t o r  c o s t s  per u n i t  

a r e a  can be obtained on t he  thermal s ide .  
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Figure 8. Space heating/DHW system diagram (advanced technology). 

On t h e  PV s ide ,  some p o t e n t i a l  savings are l i s t e d  i n  Table 15. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  a 

r e s u l t  of these estimates, i n  computing the  p o t e n t i a l  c o s t  of PV i n  a PV/T 

c o l l e c t o r ,  $0.93/Wp o r  $93/m2 ( r a t h e r  than  $1.23/Wp o r  $123/m2) i s  added t o  

t h e  i n s t a l l e d  cos t  of t he  thermal-only c o l l e c t o r  t o  ob ta in  the i n s t a l l e d  cos t  

of t h e  PV/T c o l l e c t o r .  Thus, f o r  a current-technology medium-temperature PV/T 

c o l l e c t o r ,  t he  r e s u l t i n g  c o s t  is $233/m2 + $93/m2 = $326/m2. For the fu ture-  

technology medium-temperature PV/T c o l l e c t o r ,  the cost  i s  $53/m2 + $93/m2 = 

$146/m2. This estimate may be low i n  t h a t  t he  $93/m2 was predicated i n  part 

on shar ing the marketing and d i s t r i b u t i o n  c o s t s  with the thermal subsystem, 

and $53/m2 leaves l i t t l e  leeway f o r  such shar ing;  neve r the less ,  i t  is allowed 

t o  s tand,  as a lower l i m i t .  
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Table 15 
PV Savings i n  PV/T Co l l ec to r  as Against PV-Only ($/Wp) 

I t e m  W-Only (31) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- W i n  PV/T Explanat ion of Di f ference 
~~~ ~ 

PV c o l l e c t o r ,  
FOB mfg. 0.70 0.65 Module f a b r i c a t i o n  n o t  

requi red (save $0.10) 
but  cel ls must be 
secured t o  absorber (add 
$0 .OS). 

Marketing and 
d i s t r i b u t i o n  0.21 

I n s t a l l a t i o n  0.17 

0.10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.03 

F i e l d  w i r i ng  0.04 

Sub to ta l  1 .12  

Allocated po r t i on  
of i n d i r e c t  s 0.11 

To ta l  1.23 

0.04 

0.82 

H a l f  t hese  c o s t s  borne by 
thermal s i d e  of sys t e m  

Not much more expensive 
t o  i n s t a l l  PV/T t han  T- 
on ly  ($0.03 f o r  minor 
v a r i a t i o n ) .  

Same. 

0.11 Same. 

0.93 

H. Summary: Medium-Temperature Appl icat ions 

The cos t  estimates obtained i n  the  foregoing sec t i ons  a r e  summarized i n  

Table 16. 

I. Incremental  System Costs:  Medium Temperature Appl icat ions 

It is now poss ib le  to  c a l c u l a t e  the incremental  system c o s t s  def ined 

earl ier :  

1. Cost of PV/T over W only.  

2 .  Cost of PV/T over  thermal only. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 .  Rat io  o f  PV/T c o s t  t o  side-by-side W+T c o s t .  

These c o s t s  are shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin Table 17. Note t h a t  i n  the second case, c o s t  of PV/T 

over thermal-only, t h e  va lue i s  t h e  same f o r  a l l  systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn each system t h e  

incrementa l  c o s t  is  the $37/m2 f o r  the PV BOS p lus  the $93/m2 c o s t  of adding 

PV t o  t h e  thermal c o l l e c t o r  t o  make a PV/T c o l l e c t o r .  The wide v a r i a t i o n  of 

numbers i n  t h e  f i r s t  case, c o s t  of PV/T over PV-only, is due t o  the wide 

v a r i a t i o n  i n  thermal c o l l e c t o r  and BOS c o s t s  from system t o  system. 
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Summary of Subsystem Costs ,  Medium-Temperature Appl icat ions 

Subsys t e m  Technology I n s t a l l e d  Cost zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( $/m2) 

Thermal c o l l e c t o r  Current 233 
Future 53 

Thermal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABOS - DHW Cur ren  t 300 
Future 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

Thermal BOS - space Current 212 
h e a t  /DHW Future 75 

PV Co l l ec to r  1986 R e s i d e n t i a l  123 
PV BOS 198 6 Res iden t ia l  37 
PV/T c o l l e c t o r  Thermal-Current 3 26 

Thermal-Future 146 

The numbers i n  Table 17 w i l l  be used i n  Sect ion V I 1 1  to eva lua te  t h e  

economic a t t r a c t i v e n e s s  of PV/T f o r  medium-temperature app l i ca t i ons .  

J. Low Temperature Appl icat ions:  Unglazed Swimming Pool  Systems 

The economic p o t e n t i a l  of PV/T systems u t i l i z i n g  unglazed c o l l e c t o r s  

operat ing a t  low temperatures w a s  a l s o  analyzed. Such app l i ca t i ons  would 

m i t i g a t e  some of t he  drawbacks encountered a t  higher temperatures,  such as the 

e f f e c t  of the g laz ing i n  reducing i nc iden t  r a d i a t i o n ,  the l oss  of ce l l  e f f i -  

c iency at  higher  temperatures,  and t h e  loss  of s e l e c t i v i t y  l i k e l y  to  be 

encountered i n  a PV/T absorber.  The p r i n c i p a l  a p p l i c a t i o n  of unglazed 

c o l l e c t o r s  at present is f o r  heat ing swimming pools. Such systems genera l l y  

use low-cost p l a s t i c  c o l l e c t o r s  and have low BOS c o s t s  because no s to rage  i s  

needed and they have no complex c e n t r a l  modes o r  f low rout ings.  I n s t a l l e d  

c o l l e c t o r  c o s t s  tend t o  run  -$6/ f t2  and t h e  balance-of-system -$2/f t2 

i n s t a l l e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 0 ) .  These c o s t s  are equiva lent  t o  $65/m2 and $22/m2 respect ive-  

l y .  To estimate t he  cos t  of an unglazed PV/T c o l l e c t o r ,  t h e  $93/m2 incre- 

mental PV c o s t  is  added t o  the  $65/m2 thermal c o l l e c t o r  cos t  t o  ob ta in  a 

$158/m2 PV/T c o l l e c t o r  c o s t .  W c o l l e c t o r  and BOS c o s t s  remain a t  $128/m2 and 

$37/m2 respec t i ve l y .  By using these  va lues,  it i s  poss ib le  to  prepare a t a b l e  

of incremental  c o s t s  similar t o  Table 17,  but wi th only one e n t r y  f o r  each 

case r a t h e r  than four  s ince  one technology and one system a p p l i c a t i o n  have 

been considered r a t h e r  than two of each. The va lues obtained, shown i n  Table 

18, w i l l  be used i n  Sec t i on  V I 1 1  t o  eva lua te  the  economics of a PV/T swimming 

pool system. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA17 
Incremental System Costs Medium Temperature Applications, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$/m2 Collector 

Technology 
Application Current Advanced 

I. Cost zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof PV/T over PV-only Hot water only 503 $/m2 189 
(PV/T coll + T box - PV co'll) Space heat/DWH 415 98 

11. Cost of PV/T over thermal-only Hot water only 130 $/m2 130 
(PV/T coll+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbox - T coll) Space heat/DHW 130 130 

111. Ratio of PV/T cost to Hot water only 0.96 
cost of side-by-side PV+T Space heat /DHW 0.95 

(PV/T coll + PV bos + T bos) 
(PV coll + T coll + PV bos + T bos) 

0.92 
0.90 

Table 18 . 
Incremental System Costs Low-Temperature Applications $ /m2 Collector 

Technology : 
Application Current 

I. Cost of PV/T over PV only Swimming pool 57 $/m2 
(PV/T ~011 + T bos - W ~011) 

11. Cost of PV/T over thermal only Swimming pool 130 $/m2 
(PV/T ~011 + W bos - T ~011) 

111. Ratio of PV/T c o s t  to Swimming pool 0.86 
cost of side-by-side PV+T 

PV/T coll + PV bos zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC T bos 
(PV coll + T coll + W bos + T bos) 
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Sect ion I11 f o r  PV/T systems as w e l l  as PV-only and thermal-only systems. 

Once these va lues are obtained, i t  is poss ib le  to  c a l c u l a t e  an equiva lent  

e l e c t r i c a l  energy gain from PV/T r e l a t i v e  t o  PV-only and t o  thermal-only. As  

explained i n  Sect ion I V Y  i n  these c a l c u l a t i o n s  thermal energy is  r e l a t e d  t o  a n  

amount of electr ical  energy equiva lent  i n  value by means of a m u l t i p l i c a t i o n  

f a c t o r  X, t he  r a t i o  of the va lue of thermal energy to  the  va lue of e lectr ical  

energy. The va lue of X i s  t r e a t e d  as a parameter i n  the ana lys i s  which 

fo l lows.  That is,  t he  quest ion is  asked, " A r e  t h e r e  any va lues of X f o r  which 

PV/T i s  j u s t i f i e d  economical ly, and, i f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso,  do these va lues inc lude those 

l i k e l y  t o  be experienced i n  the real world?" 

I n  order  t o  do the  c a l c u l a t i o n s ,  weather and i n s o l a t i o n  da ta  are needed 

as w e l l  as the  s o l a r  c o l l e c t o r  parameters. The inc iden t  i n s o l a t i o n  va lues 

used i n  t h i s  s tudy are shown i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 9 .  The va lues f o r .  Los Angeles and 

Table 19 
Summary o f  I nc iden t  I n s o l a t i o n ,  GJ/m2 

Month 
Los Angeles New York Tampa 
(30° t i l t )  (40° t i l t )  (30' t i l t )  

Jan.  
Feb. 
Mar. 
Apr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
May 
Jun . 
J u l .  
Aug . 
Sep. 
O c t .  
Nov . 
Dec. 

0.459 
0.491 
0.562 
0.710 
0.600 
0.590 
0.741 
0.726 
0.613 
0.553 
0.488 
0.461 

0.320 
0.330 
0.444 
0.502 
0.477 
0.494 
0.564 
0.618 
0.439 
0.413 
0.291 
0.230 

0.605 

0.692 
0.667 
0.683 
0.611 
0.601 
0.603 
0.603 
0.640 

0.576 

0.582 

0.628 

T o t a l  6.994 5.122 7.491 

kWh/m2 1943 1423 2081 

Btu / f t 2  615,000 450,000 660,000 
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New York were taken from Lunde and Brown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(41), and those for Tampa were 

calculated from data given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWynn and Johnson (42) since Lunde and Brown gave 

no values for Florida. The collector parameters used are shown in Table 20. 

For the thermal-only medium-temperature collector, these parameters correspond 

approximately to those of a single-glazed selective-surface collector. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

Table 20 
Collector Operating Parameters 

Medium Temperature Low Temperature 

Thermal Only 

FR 
T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 
UL (kJ/hr-m2-OC) 

PV Only 

FR 
T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ct 

UL ( kJ/hr-m2-OC) 

PV/T 

FR 
T 

ct 

UL (kJ/hr-m2-OC) 
nref 
dn/dT 

0.80 
0.92 
0.95 

21.85 

0 
1.0 
0.6 
80 

10% at 28OC cell temperature 
-0.0005 

0.80 
1 .o 
0.95 
80 

0.80 
0.92 

21.85 
0.95 or 0.85 

10% at 28OC 
-0.0005 

0.80 
0.92 

80 
0.95 or 0.85 

10% at 2 8 O C  
-0.0005 

~ ~~ ~~ ~ 

PV-only collector was simulated by setting T = 1 (no glazing), FR = 0 (no 

heat removal), and UL = 80°kJ/hr-m2-OC and a = 0.60 (passive cooling). The 

latter conditions result in a cell temperature 27OC above ambient at a peak 

insolation of 1000 W/m2. For the PV/T collector, two cases were considered, 

one in which the absorptivity was the same as in the thermal-only case (a = 

0.95) and one in which the absorptivity was less ( a  = 0.85). This was done to 

assess the impact of the the reduction in absorptivity which may be difficult 

or impossible to eliminate in PV/T collectors. The possible difficulty of 

58 



a t t r a c t i v e  than predic ted here f o r  any a p p l i c a t i o n s  where t h e  c o l l e c t o r  

temperature is s i g n i f i c a n t l y  above ambient. 

The PV opera t i ng  c h a r a c t e r i s t i c s  inc lude a system e f f i c i e n c y  of 10% a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
28O cel l  temperature and a temperature c o e f f i c i e n t  of e f f i c i e n c y  of -0.0005 

per  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC. Thus the c e l l  e f f i c i e n c y  drops to  zero 2OO0C above ambient, but  the 

cel ls would not be operated anywhere near t h a t  high at  temperatures f o r  

reasons of cel l  l i f e  as w e l l  as e f f i c i e n c y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. Annual Energy Production-Hot Water Systems 

The annual energy product ion f o r  domestic hot water systems is shown i n  

Table 21.  These c a l c u l a t i o n s  were done with an assumed average c o l l e c t o r  

temperature of 6OoC. The PV-only and T-only va lues are given f o r  comparison. 

I n  the  case o f  PV/T, where the thermal energy is  used to  heat water, t h e  

energy produced i s  seen t o  be a f unc t i on  of a b s o r p t i v i t y .  A s  a check on the 

methods of s e c t i o n  111, t he  va lue of energy produced by the  thermal-only 

system w a s  compared with t h a t  obtained from F-Chart ( 4 2 ) ,  which c a l c u l a t e s  

s o l a r  thermal energy c o l l e c t e d  i n  space heat ing and domestic hot  water 

systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

Table 21 
Summary of Energy Produced ( G J / m 2 )  , Hot Water Appl icat ion 

~ ~~ ~~ 

Los Angeles New York Tampa 
( 30° t i l t )  (40° t i l t )  ( 30° t i l t )  

To ta l  i nc iden t  
PV-Only* 
T-Only 
PVJT, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc1 = 0.95 

Electr ic 
Thermal 

PV/T, c1 = 0.85 
Electr ic 
Thermal 

6.994 5.122 7 .491 
0.643 0.480 0.671 
2.459 1.679 2.945 

0.512 0.376 0.540 
2.068 1.400 2.513 

0.517 0.380 0 3 5 0  
1.611 1.078 2.009 

*System e f f i c i e n c y  10% a t  28OC ce l l  temperature. 
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The la t ter  c a l c u l a t i o n s  were done f o r  an annual hot water load of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0 ~ 1 0 ~  

Btu ( 2 1 . 1  G J )  p a r t i a l l y  m e t  by a s o l a r  system having 6 0  f t 2  ( 5 . 5 7  m2) of 

c o l l e c t o r  area. The s o l a r  f r a c t i o n s  obtained by each procedure f o r  each 

l o c a t i o n  are given i n  Table 22.  The d i f f e rences  i n  annual s o l a r  f r a c t i o n  

between t h e  two methods range from 0 t o  10%. Since the accuracy of F-Chart is 

i t s e l f  -lo%, t h e  agreement is goad. 

Table 22 
Comparison of So la r  F r a c t i o n s  Obtained by Method of Sect ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 ( f ) ,  

w i th  t h o s e  Obtained from F-Chart (f*) 
(Thermal-only c o l l e c t o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, domestic hot  water, 60 f t2) 

Month 
Locat i o n  

Los Angeles New York Tampa 
€ f* f f *  f f* 

Jan.  0.47 0.52 0.22 0.28 0.65 0.71 
Feb. 0.56 0.67 0.26 0.37 0 .71  0.80 
Mar. 0.57 0.64 0.34 0.47 0.78 0.80 
Apr . 0.78 0.84 0.48 0.60 0.85 0.84 
May 0.65 0.70 0.52 0.56 0.87 0.83 
Jun  . 0.68 0.73 0.60 0.64 0.84 0.80 
J u l .  0.85 0.85 0.72 0.70 0.81 0.76 
Aug . 0.87 0.84 0.77 0.75 0.81 0.76 
Sep. 0.73 0.77 0.54 0.56 0.82 0.79 
O c t .  0.64 0.63 0.42 0.47 0.80 0.78 
NOV 0.54 0.60 0.25 0.30 0.75 0.79 
Dec. 0.46 0.53 0.18 0.16 0.64 0.68 

T o t a l  0.65 0.69 0.44 0.49 0.78 0.78 

The annual energy product ion t o t a l s  as i n  Table 2 1  show t h a t  t he  t o t a l  

energy product ion i n  t h e  PV/T system w i th  u = 0.95 i s  s l i g h t l y  g r e a t e r  than 

t h e  thermal energy c o l l e c t e d  i n  the thermal-only system. To zero o rde r ,  the 

PV/T c o l l e c t o r  "trades i n "  thermal energy €or electr ical energy on a 

one-for-one b a s i s .  More accu ra te l y ,  s l i g h t l y  more elect r ica l  energy is 

c o l l e c t e d  than thermal energy is given up. 

With u ' =  0.85 i n  t he  PV/T c o l l e c t o r ,  less t o t a l  energy is co l l ec ted  i n  

t h e  PV/T system than i n  t h e  base l i ne  thermal-only system w i th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA01 = 0.95. Even 

i n  t h i s  case it is poss ib le  t h a t  PV/T would be a t t r a c t i v e ,  s ince  e l e c t r i c i t y  

is g e n e r a l l y  more va luable than thermal energy. The v i a b i l i t y  of PV/T i s  

addressed i n  a la ter  p a r t  of t h i s  sec t i on .  
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The o the r  two loca t i ons  were judged to  have space heat ing loads too low t o  be 

of i n t e r e s t .  Rather than keying the  s imulat ion to  a spec f i c  heat ing load, i t  

was assumed t h a t  t he  c o l l e c t o r s  operat ing at  4OoC were f u l l y  u t i l i z e d  i n  

November through Apr i l ,  and t h a t  i n  May through October t h e r e  w a s  no heat ing 

load and a hot water load of 0.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGJ p e r  month per square meter of c o l l e c t o r ,  

which was f u l l y  m e t .  This would correspond t o  a monthly hot water load of 1.7 

G J  f o r  a 34-m2 system. These assumptions involve approximations, bu t ,  s ince 

the  ob jec t i ve  is t o  cross-compare the  va r ious  systems, these  approximations 

were judged t o  be adequate. The annual energy product ion f i g u r e s  are shown i n  

Table 23. Note t h a t  i n  t h i s  case t h e  t o t a l  energy produced by PV/T wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ci zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.95 is  s i g n i f i c a n t l y  g r e a t e r  than t h a t  produced by the thermal-only sys- 

t e m .  This is because the  thermal c o l l e c t i o n  c a p a b i l i t y  is  underu t i l i zed  i n t h e  

summer and the re fo re  e l e c t r i c i t y  produced by the PV dur ing t h a t  t i m e  does not 

d e t r a c t  from t h e  thermal energy a c t u a l l y  used. How t h i s  a f f e c t s  the  a n a l y s i s  

w i l l  be seen s h o r t l y .  

Table 23 
Summary of Energy Produced ( GJ/m2)  , Space Heating/DHW 

New York (40° t i l t )  

To ta l  I nc iden t  

T Only* 
PV/T, a = 0.95 

PV only 

Electr ic 
Thermal* 

Electr ic 
Thermal* 

PV/T, ci = 0.85 

5.122 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.480 
1.139 

0.389 
1.003 

0.394 
0.860 

*Thermal energy u t i l i z e d  Nov.-Apr. f o r  space heat/DHW year round. 
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t ive t o  PV-only and t o  thermal-only. 

from PV/T r e l a t i v e  t o  PV-only ( t h a t  is ,  f o r  thermal add-on) is  

The equiva lent  electr ical  energy g a i n  E 1  

(49) E 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Ee(PV/T) - Ee(PV) + Et(PV/T) X 

where Ee(PV/T) and Et(PV/T) are t he  electr ical  and thermal outputs  from PV/T, 

Ee(PV) i s  the electr ical  output from t h e  PV-only system, and X is t he  r a t i o  of 

thermal t o  elect r ica l  energy p r i c e s  def ined previously.  The equiva lent  elec- 

t r i c a l  energy g a i n  E2 from PV/T r e l a t i v e  t o  thermal-only ( t h a t  i s ,  f o r  PV 

add-on) i s  

E2 = Ee(PV/T) + [Et(PV/T) - Et(T) ]  X (50) 

where Et(T) i s  t he  thermal output from t h e  thermal-only system. 

f o r  E 1  and E2 are given i n  Table 25 €or  each of t he  s i t u a t i o n s  of i n t e r e s t .  

The equat ions 

The s t r a i g h t  l i n e s  r e s u l t i n g  from these  equat ions are p l o t t e d  i n  F igures 

9 through 15 ( lef t -hand o rd ina te ) ,  with s o l i d  l i n e s  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAci = 0.95 and dashed 

l i n e s  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 0.85. The equiva lent  electr ical  energy g a i n  from adding thermal 

energy c o l l e c t i o n  t o  a PV system has a negat ive i n t e r c e p t  ( f o r  t he  medium- 

temperature a p p l i c a t i o n s )  and a p o s i t i v e  s lope.  The i n t e r c e p t  is negat ive 

because less elect r ica l  energy is  c o l l e c t e d  i n  a PV/T c o l l e c t o r  than i n  a PV- 

only  c o l l e c t o r  o f  equal area. I f  thermal energy is worthless ( X  = O),then the  

equiva lent  electr ical  energy f o r  each system is j u s t  t he  electr ical energy 

i t s e l f ;  hence, t h e  negat ive i n t e r c e p t  rep resen ts  the  amount by which the  PV/T 

e l e c t r i c i t y  product ion is less than t h a t  of PV only. The s lope  is p o s i t i v e  

because no thermal energy is c o l l e c t e d  i n  a PV-only system, and t h e r e f o r e  the 

thermal energy c o l l e c t e d  by t h e  PV/T rep resen ts  an i n c r e a s i n g l y  va luab le  

increment as X increases.  

The l i n e  f o r  the equiva lent  electr ical  energy gain from adding PV to  a 

thermal-only system has a p o s i t i v e  i n t e r c e p t  and a negat ive s lope.  The 

p o s i t i v e  i n t e r c e p t  shows j u s t  t h e  e lect r ica l  energy c o l l e c t e d  by t h e  PV/T 

system, s i n c e  f o r  X = 0 t h e  equiva lent  elect r ica l  energy c o l l e c t e d  by the 

thermal-only system is zero. 
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Table 25 
Equivalent Electr ical  Energy Gain from PV/T Against 

W Only (Thermal Add-on) and Against Thermal Only ( W  Add-on). 

System Subsys t e m  
Type 

DHW LA T 

Locat i o n  Added On 

PV zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NY T 

PV 

TA 

SH/DHW NY 

SPH LA 

NY 

T 

PV 

T 

PV 

T 

PV 

T 

PV 

TA T 

PV 

W/T 
Absorbt iv i ty  

Equat ion For  Equivalent 
Elec t r i ca l  Energy Gain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( GJ/m2 Co l lec to r )  

0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 

E 1  = -0.131 + 2.068X 
E 1  = -0.126 + 1.611X 
E2 = 0.512 - 0.391X 
E2 = 0.517 - 0.848X 
E 1  = -0.104 + 1.400X 
E 1  = -0.100 + 1.078X 
E2 = 0.376 - 0.279X 
E2 = 0.380 - 0.601X 
E 1  = -0.131 + 2.513X 
E l  = -0.121 + 2.009X 
E2 = 0.540 - 0.432X 
E2 = 0.550 - 0.936X 
E 1  = 0.091 + 1.003X 
E1 = 0.086 + 0.860X 
E2 = 0.389 + 0.136X 
E2 = 0.394 - 0.279X 
E 1  = 0.019 + 1.665X 
E 1  = 0.024 + 1.377X 
E2 = 0.662 - 0.297X 
E2 = 0.667 - 0.585X 
E 1  = 0.015 + 1.177X 
E l  = 0.019 + 0.999X 
E2 = 0.495 - 0.183X 
E2 = 0.499 - 0.361X 
E 1  = 0.029 + 2.663X 
E 1  = 0.033 + 2.315X 
E2 = 0.700 - 0.354X 
E2 = 0.704 - 0.702X 

- ~ ~ 

DHW = domestic hot  water; SH/DHW = space heat/domest ic hot water; SPH = swim-  
ming pool heat ing;  LA = Los Angeles; NY = New York; TA = Tampa; T = thermal 
add-on; W = photovol ta ic  add-on; E 1  and E2 def ined i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q s .  (49) and (50).  

~~~ ~~~~ ~ 

Why the  negat ive s lope? Since t h i s  negat ive s lope is the  crux of t h i s  

r e p o r t ' s  argument, i t  i s  e s s e n t i a l  t h a t  it be understood. I n  c a l c u l a t i n g  t h e  

equiva lent  e l e c t r i c a l  energy gain from PV/T r e l a t i v e  to  thermal-only, two 

t h ings  must be accounted f o r .  The f i r s t  is,  t he  e l e c t r i c i t y  produced by t h e  

PV i n  t h e  PV/T system, which is a gain f o r  PV/T and is represented by the 

p o s i t i v e  vert ical  i n t e r c e p t .  The second i s  the thermal energy given up i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
64 



orde r  t o  get t he  electr ical  energy. Less thermal energy is co l l ec ted  i n  the 

PV/T system than i n  t h e  thermal-only system. Therefore,  the more va luab le  

thermal energy becomes r e l a t i v e  t o  e l e c t r i c i t y  ( t h e  higher the value of X)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
t he  g r e a t e r  the weight of t h i s  re l i qu i shed  thermal energy, and the less t h e  

ne t  equivalent electr ical  energy gain.  I n  o ther  words, the s lope of the l i n e  

is  negat ive.  

E.  Allowed Subsystem Incremental  Cost 

On each of F igures 9 through 15, t he  electr ic energy product ion of t h e  

PV-only system i s  shown on the  lef t -hand o rd ina te .  I n  Sect ion V i t  was argued 

t h a t  t he  allowed first c o s t  of t h e  W-only system w a s  approximately $1.60/Wp 

i n  each loca t i on ,  by the  economic c r i t e r i o n  adopted i n  t h i s  repo r t .  For 

s i m p l i c i t y  and ease of i n t e r p r e t a t i o n ,  and because t h e  unce r ta in t y  i n  

e l e c t r i c i t y  c o s t  p ro jec t i ons  t o  1986 exceed's by a wide margin the d i f f e rences  

between t h e  allowed c o s t s  obtained i n  Sec t i on  V and t h e  PV program goal  of 

$1.60/Wp, i t  w a s  decided t o  peg the  allowed c o s t  of the PV-only system i n  each 

l o c a t i o n  a t  exac t l y  $1.6O/Wp. With the nominal 10% a r r a y  e f f i c i e n c y  and 1000 

W/m2 peak i n t e n s i t y ,  t h i s  t r a n s l a t e s  t o  $160/m2 f o r  the PV-only system. This 

provides a conversion f a c t o r  between equiva lent  e lec t r i cd  energy gain and 

allowed incremental  system c o s t  i n  each loca t i on :  

f o r  Los Angeles, $160/m2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.643 GJ/m2 = $249/GT, 

f o r  New York, $160/m2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 0.480 GJ/rn2 = $333/GJ, 

f o r  Tampa, $160/m2 + 0.671 GJ/m2 = $238/GJ. 

These conversion f a c t o r s  are used t o  c a l i b r a t e  the  r i g h t  hand o rd ina tes  of 

F igures 9 through 15, which g ive the allowed incremental  system c o s t s  C 1  and 

C2 corresponding t o  t h e  equiva lent  e lectr ical  energy gains E 1  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE2. The 

c r i t e r i o n  thus becomes: "Is t he  proposed a d d i t i o n  of thermal energy c o l l e c t i o n  

t o  a PV-only system, o r  of PV t o  a thermal-only system, more o r  less 

attract ive economically than PV i t s e l f  on a stand-alone bas i s? "  

The equat ions f o r  t h e  allowed incremental  system c o s t s  C 1  and C2 

equiva lent  t o  t h e  l i n e s  i n  F igures 9 through 15 are shown i n  Table 26. It i s  

poss ib le  t o  c a l c u l a t e  those va lues of X f o r  which the  allowed incremental  

system cost  i n  Table 26 exceeds the  est imated incremental  system cos t  i n  

Tables 17 o r  18 (Sec t i on  VI I )  . These c a l c u l a t i o n s  are shown i n  Table 27, f o r  
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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RATIO OF THERMAL TO ELECTRICAL 
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Figure 9 .  Equivalent electr ical  energy gain from PV/T, 
domestic hot water, Los Angeles. 
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JEW YORK HOT WATER PV/T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a (PV/T) = GC(T) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a ( PV/ T ) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC ( T ) - 0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .------ 

-$SO0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF cn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 

rn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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AGAINST T ONLY - $100 
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RATIO OF THERMAL TO ELECTRICAL 
ENERGY COSTS 

Figure 10. Equivalent e l e c t r i c a l  energy gain from PV/T, 
domestic hot water, New York. 
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TAMPA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHOT WATER PV/' 

/' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcx ( P V / T )  = U(T)  
/ 

/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - - 0 - 0 -  cx ( P V / T ) = a ( T ) - O . I  
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I I I I I I 
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RATIO OF THERMAL TO ELECTRICAL 

ENERGY COSTS 
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b300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b200 

$100 

0 

Figure 11. Equivalent e lec t r i ca l  energy gain from PV/T, 
domestic hot water, Tampa. 
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2 
IEW YORK SPACE HEATING PV/T 

- 

0 AGAINST T ONLY 

0.1 0.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3 0.4 0.5 0.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.7 0.8 0.9 1.0 
RATIO OF THERMAL TO ELECTRICAL 

ENERGY COSTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 1 2 .  Equivalent e l e c t r i c a l  energy gain from PV/T, 

space heating/DHW, New York. 

$500 

$400 

$300 

$200 

$100 

0 

69 



3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALOS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANGELES SWIMMING POOL PV/' 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I I I I I 

0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

RATIO OF THERMAL TO ELECTRICAL 
ENERGY COSTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 13. Equivalent electrical energy gain from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPV/T, 
swimming pool heating, Los Angeles. 
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Figure 15. Equivalent e l e c t r i c a l  energy gain from PV/T, 
swimming pool  heat ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Tampa. 
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Allowed Incremental  System Costs  f o r  PV/T Against 
W Only (Thermal Add-on) and Against  Thermal-Only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( W  Add-on). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

~ ~ ~~ ~~ ~~ _____ ~~~ 

Equation f o r  Allowed 
Subsys t e m  W/T Incremental System Cost 

System Locat ion Added On Absorpt iv i ty  ( GJ/m2 c o l l e c t o r )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DHW LA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NY 

SH/DHW 

SPH 

TA 

NY 

LA 

NY 

TA 

T 

PV 

T 

PV 

T 

PV 

T 

PV 

T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pv 

T 

PV 

T 

PV 

0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0.95 
0.85 
0 -95 
0.85 
0.95 
0.85 
0.95 
0 -85 

-33 + 515X 
-31 + 401X 
127 - 97X 
129 - 211X 
-35 + 466X 
-33 + 359x 
125 - 93X 
127 - 200X 
-31 + 598X 
-29 + 478X 
129 - 103X 
131 - 223X 
-30 + 334X 
-29 + 286X 
130 - 45X 
131 - 93X 

5 + 415X 
6 + 343X 

165 - 74X 
166 - 146X 

5 + 392X 
6 + 333X 

165 - 6 1 X  
166 - 120X 

7 + 634X 
8 + 551X 

167 - 94X 
168 - 167X 

t h e  case i n  which PV/T a b s o r p t i v i t y  equals 0.95. For each system i n  each 

c i t y ,  t h e  o b j e c t i v e  is t o  f i nd  a set of X va lues f o r  which both of t h e  

fo l lowing are t rue :  

1. The allowed incremental  system cos t  f o r  the thermal add-on exceeds 

t h e  pro jected incremental  c o s t  f o r  thermal add-on; and - 
2.  The allowed incremental  system cos t  €o r  PV add-on exceeds t h e  

p ro jec ted  incremental  system c o s t  f o r  PV add-on. 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA27 
Values of Energy Cost Ra t io  Parameter X f o r  Which the Allowed Incremental  

System Cost Exceeds t h e  Calcu lated Incremental  System Cost, 
f o r  PV/T Against PV-Only (Thermal Add-on) and Against  Thermal-Only (PV Add-on) 

PV/T Absorbt iv i ty  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.95)  

Projected 
Incremental  

System F e a s i b l e  
Subsystem c o s t  Values I n t e r s e c t i o n  

of x of S e t s  System Locat i o n  Added On ( $ /m2> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DHW 
(Current 
technology) 

DHW 
(Future 
technology) 

SH/DHW 

SH/DHW 

(Current tech)  

(Future tech)  

SPH 

LA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NY 

TA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LA 

NY 

TA 

NY 

NY 

LA 

NY 

TA 

T 
PV 
T 

PV 
T 

PV 

T 
PV 

T 
PV 

T 
PV 

T 
Pv 

T 
PV 

T 
PV 

T 
PV 

T 
PV 

503 
130 
5 03 
130 
503 
130 

189 
130 
189 
130 
189 
130 

4 15 
130 

98 
130 

57 
130 

57 
130 

57 
130 

< - 0 . 0 3  

< -0.05 

< -0.01 

< -0.03 

< -0.05 

< -0.01 

< 0.00 

< 0.00 

< 0.47 

< 0.57 

< 0.45 

8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b 

0.13 0.47 

0.13 0.57 

0.08 0.45 

t--------. - - 
Only va lues  of X between zero and one need be considered. Thermal energy 

should never be more va luable than electr ical  energy, s ince  electr ical  energy 

can e a s i l y  be converted i n t o  thermal energy, but thermal energy cannot be 

completely converted t o  electr ical  energy. Recall t h a t  t he  most l i k e l y  va lues 

of X appear to  l i e  i n  t he  range 0.25 < X < 0.50 ( c f .  Sect ion V) . 
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For the current-technology medium-temperature systems, there are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAno 

values of X which are f eas ib le  under both of the above c r i t e r i a .  In  f a c t ,  

except fo r  the values of X above 0.89 i n  Tampa, ne i ther  c r i t e r i o n  is s a t i s f i e d  

anywhere i n  the range from zero t o  one. 

For the future-technology systems, Cr i te r ion  1 i s  s a t i s f i e d  fo r  values 

above -0.4 (ac tua l l y  the lower cutof f  va r ies  from 0.37 t o  0.48). However, 

Cr i te r ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 is  not s a t i s f i e d  f o r  any values of X above 0, and thus PV/T f a i l s  

the test here a l so .  The value-to-cost r a t i o  of adding PV t o  the thermal-only 

system is  less than the same r a t i o  fo r  the PV-only system. This is t rue  

whether the thermal system is  cheap or  expensive. Thus, the medium-tempera- 

t u r e  systems f a i l  the test even i f  there is no reduct ion i n  absorp t iv i t y  and 

no increase i n  co l lec to r  heat l oss  due t o  loss  of s e l e c t i v i t y .  

For the Low-temperature swimming pool system, appl icat ion of Criteria 1 

and 2 does y ie ld  some feas ib le  values of X. Moreover, these values cover the  

range of X values which appear reasonable. One can say, then, tha t  the low 

temperature PV/T system passes the test fo r  the case of PV/T absorp t iv i t y  

equal  to  0.95. 

I f  PV/T absorp t iv i t y  is  as low as 0.85, the "windows of v i a b i l i t y "  become 

narrower. I n  Los Angeles, the feas ib le  values of X become 0.15 t o  0.25; i n  

New York, 0.15 t o  0.30; i n  Tampa, 0.09 t o  0.23. This shows tha t  the feas ib le  

region is qui te  sens i t i ve  to  absorp t iv i t y  and the lat ter  feas ib le  X values are 

mostly outs ide the region 0.25 t o  0.50, which is  most l i ke l y  to  be encountered 

i n  the real world. The conclusion drawn here is tha t  low-temperature PV/T i s  

marginal as f a r  as these tests of economic a t t rac t i veness  are concerned. 

F. Comparison of PV/T t o  Side-by-Side PV+T 

Figures 16 t o  18 show the r a t i o s  of energy value derived from a un i t  area 

of PV/T co l l ec to r  t o  tha t  derived from a un i t  area of PV-only plus a un i t  area 

of thermal-only. The test of v i a b i l i t y  here i s ,  "Does t h i s  r a t i o ,  f o r  a given 

system i n  a given locat ion,  exceed the corresponding r a t i o  of system cos ts  

shown i n  Tables 17 and 18 (Sect ion V I I ) ? "  For the medium temperature systems, 

the  energy r a t i o  never exceeds 0.85 even under favorable condi t ions,  while the 

cost r a t i o  is never less than 0.90 even fo r  the advanced-technology thermal 

subsystem. Thus the medium-temperature PV/T systems f a i l  t h i s  test: side- 

by-side W+T is  more a t t r a c t i v e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 16. Energy value ratios, PV/T vs. side-by-side PV+T, 

Los Angeles. 
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Figure 1 7 .  Energy value r a t i o s ,  PV/T vs.  side-by-side PV+T, 
New York. 
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Figure 18. Energy value r a t i o s ,  PV/T vs. side-by-side PV+T, 
Tampa. 
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expected range of X values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0.25 to 0.50). With 0.85 PV/T absorptivity the 

energy ratio in the range 0.25 < X < 0.50 drops to within a few percentage 

points of the cost ratio. Thus it is concluded that the low-temperature 

swimming zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApool PV/T is at least marginally attractive according to this test. 

It should be noted that this is not the most stringent test that could be 

made, since it compares PV/T to a side-by-side system with a fixed collector 

area ratio (1:l). In other words, if PV/T passes this test, it could still 

fail a test against a side-by-side system with a different ratio of PV to 

thermal collector area. 

G. Summary 

The results of this section are pessimistic for the PV/T systems 

studied. The medium-temperature applications fail the tests even under 

assumptions that must be considered favorable. Even the low-temperature 

applications, which fare better, do not come out as clear winners, unless one 

assumes no loss of absorptivity in the PV/T system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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IX. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHEAT PUMP APPLICATIONS FOR PHOTOVOLTAICS 

The eva lua t i on  o f  PV and PV/T as c o l l e c t o r s  €or use with heat pumps w a s  

c a r r i e d  out as a p a r t  of t h i s  p r o j e c t .  The p o t e n t i a l  a t t r a c t i v e n e s s  of PV/T 

with a heat  pump l ies  i n  t h e  a b i l i t y  of t h e  heat pump t o  make use of relative- 

l y  low-grade heat (below -3OOC) as a heat  source t o  i t s  evaporator a t  the same 

t i m e  as it uses the  e l e c t r i c i t y  from t h e  PV t o  d r i ve  the  compressor motor. 

Operat ing the  c o l l e c t o r  a t  t hese  low temperatures a l s o  has the advantage of 

improved ce l l  e f f i c i e n c y  over t h a t  obtained at higher  temperatures i n  d i r e c t  

space heat ing and hot water systems. This is t he  so-cal led series configura- 

t i o n  (F igure 1 9 ) .  

I n  a l t e r n a t i v e  con f igu ra t i on ,  t he  c o l l e c t o r  feeds heat d i r e c t l y  to the 

load without going through t h e  heat pump, as i n  a d i r e c t  heat ing system. The 

hea t  pump then serves as the  backup, providing heat  t o  the house with ambient 

a i r  as the  source whenever the s o l a r  heat is  inadequate. This is  t he  p a r a l l e l  

con f i gu ra t i on  (F igure 20) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
Besides s o l a r  heat and ambient air,  a t h i r d  heat source--the ground-- 

should be considered. Ground-coupled heat  pumps have been stud ied during two 

d i s t i n c t  per iods,  t h e  decade fo l lowing World War I1 and, more recen t l y  t h e  

pas t  four  years.  A summary of t h i s  work is  a v a i l a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 4 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A. 

- 
S o l a r  Source Heat Pump w i t h  PV/T 

Considerable work has been done on series s o l a r  heat pump systems with 

thermal-only c o l l e c t o r s  (35, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45-56) .  The bas ic  series system which uses elec- 

t r i c  r e s i s t a n c e  backup has the  problem of thermal s t a r v a t i o n .  That i s ,  during 

per iods of high heat ing load and low i n s o l a t i o n ,  which tend to occur dur ing 

t h e  co ldes t  months of t he  year ,  t h e  a v a i l a b l e  s o l a r  heat  can be i n s u f f i c i e n t  

t o  m e e t  t he  heat ing load, f o rc ing  t h e  system to  use i n e f f i c i e n t  e lectr ic 

r e s i s t a n c e  backup heat .  Such systems face the  dilemma t h a t ,  i f  s m a l l  

c o l l e c t o r  areas are used, the  system is forced onto backup o f t e n  and i t s  

performance s u f f e r s ;  i f  l a r g e  c o l l e c t o r  areas are used t o  l e s s e n  the  need f o r  

backup, the  system c o s t s  are forced up. It is thus e s s e n t i a l  i n  such systems 

t o  f i n d  a way t o  avoid t h e  use of electr ic r e s i s t a n c e  ( 4 4 ) .  - This is why 

ground coupl ing w a s  f i r s t  considered f o r  use i n  s o l a r  a s s i s t e d  heat pump 

- -- 
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Figure 19.  S e r i e s  s o l a r  a s s i s t e d  heat pump con f igu ra t i on ,  
wi th PV/T c o l l e c t o r s .  

F igure 20. P a r a l l e l  s o l a r  a s s i s t e d  heat  pump conf iguraton,  
w i th  PV/T c o l l e c t o r s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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systems, al though it is now evident t h a t  ground coupling can be used by 

i t s e l f ,  w i th  s o l a r  input  as a n  opt ion.  

The conclusion t h a t  the series system wi th  elect r ic  r e s i s t a n c e  backup i s  

not a t t r a c t i v e  economically i s  not l i k e l y  t o  be changed by the add i t i on  of 

pho tovo l ta i cs  t o  t h e  c o l l e c t o r .  Indeed, because less thermal energy is 

c o l l e c t e d  i n  a PV/T c o l l e c t o r  than i n  a n  equal  area of thermal-only c o l l e c t o r ,  

thermal s t a r v a t i o n  w i l l  occur sooner, thus c a l l i n g  f o r  more backup hea t .  

To t h e  f i r s t  approximation i n  which the  sum of electr ical  and thermal 

energy produced by the  PV/T c o l l e c t o r  is  equal t o  the thermal energy produced 

by t h e  thermal-only c o l l e c t o r ,  t he  increased need f o r  backup due t o  t h e  

reduct ion i n  thermal energy c o l l e c t e d  ( i n  going from thermal only to  PV/T) 

w i l l  j u s t  equal  t he  electrical energy produced by t h e  PV/T. I n  e f f e c t ,  one 

can consider the  electr ical  energy as con t r i bu t i ng  t h i s  d i f f e rence  i n  backup. 

Thus the  electr ical energy produced by t h e  PV/T c o l l e c t o r  i s  l a r g e l y  degraded 

t o  thermal energy. There is then l i t t l e  o r  no bene f i t  gained i n  the PV/T 

system over t h e  thermal-only one, i n  s p i t e  of a considerable i nc rease  i n  c o s t .  

B. Air Source Heat Pump wi th  PV/T 

It has been suggested (15) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- t h a t  t h e  p a r a l l e l  s o l a r  heat pump 

con f igu ra t i on  wi th  PV/T c o l l e c t o r s  has advantages , e s p e c i a l l y  i n  co ld 

climates. Since the  p a r a l l e l  system is  a stand-alone s o l a r  heat ing system 

which has an a i r - to-a i r  heat  pump as i ts  backup ins tead  of an o i l  o r  gas 

furnace, t he  a n a l y s i s  o f  PV/T f o r  space heat ing and domestic ho t  water c a r r i e d  

ou t  i n  t h i s  repo r t  is equa l l y  app l i cab le  to  a parallel PV/T s o l a r  heat pump 

system. The r e s u l t s  obtained i n  t h i s  a n a l y s i s  were not encouraging, as 

seen above. From a pure ly  thermal s tandpoint ,  t he  parallel system cannot be 

s a i d  t o  show much promise a t  presen t .  One a n a l y s i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 7 )  - of both series and 

p a r a l l e l  s o l a r  heat pump systems with e lectr ic r e s i s t a n c e  backup concluded 

t h a t  none of t hese  systems w a s  economically v i a b l e .  Another a n a l y s i s  (57), - 

done by a group reputed t o  be s t rong  advocates of t he  p a r a l l e l  system, 

concluded t h a t  even the  p a r a l l e l  system, opt imal ly  s i zed  economically, would 

no t  save energy r e l a t i v e  t o  a 70 t o  85% e f f i c i e n t  gas furnace i n  nor thern 

climates. (See F igure 21).  

For the above reasons, the p a r a l l e l  PV/T hea t  pump system is  given no 

f u r t h e r  cons ide ra t i on  here.  
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Figure 21. Contours of t he  convent ional  gas o r  o i l  furnace e f f i c i e n c y  
requi red t o  save more primary energy than t h e  best  a l t e r n a t i v e  
system (from Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(57)). 

C. Ground Source Heat Pump w i th  PV/T 

A study (25) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- of var ious opt ions f o r  combining s o l a r  energy wi th a 

ground-coupled heat pump system has been c a r r i e d  out at  Brookhaven Nat ional  

Laboratory, f o r  systems us ing thermal-only c o l l e c t o r s .  Four ways of 

c o l l e c t i n g  and using s o l a r  energy i n  such systems were i d e n t i f i e d  (F igure 22): 

I 

I 

1. Act ive ly  c o l l e c t e d  s o l a r  energy and heat  removed from t h e  ground are 

both used as sources of thermal energy t o  the  heat pump ( s e r i e s l d i r e c t  

hea t ing ) .  

2. Act ive ly  c o l l e c t e d  s o l a r  energy is  de l i ve red  d i r e c t l y  t o  t h e  bu i l d ing  

load,  wi th the  ground-coupled heat  pump as backup ( d i r e c t  heat ing only) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3.  Act ive ly  c o l l e c t e d  s o l a r  energy preheats the r e t u r n  air stream from 

t h e  bui ld ing,  and t h e  heat  pump raises t he  a i r  temperature f u r t h e r  ( i f  

necessary)  t o  the  va lue requi red f o r  comfort (h igh s i d e  boost ing) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 22. Ground-coupled s o l a r  heat  pump: 1) s e r i e s / d i r e c t  heat ing;  
2) d i r e c t  heat ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAonly; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3) h igh  s i d e  boosting; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  pass ive  
augmentation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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4 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASolar  energy c o l l e c t e d  v i a  d i rect -ga in pass ive design is used to 

reduce the  bui ld ing load requi red t o  be m e t  by the  ground-coupled hea t  pump. 

I n  systems 1 and 2 t h e  duct c o i l s  operate a l t e r n a t e l y ,  n o t  simultaneous- 

l y ,  as ind i ca ted  by the  symbol -(aAb). I n  system zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t he  c o i l s  can opera te  

i n d i v i d u a l l y  o r  together  (avb) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In each of t he  t h r e e  a c t i v e  s o l a r  opt ions the  heat  pump produces hot  

water t o  the ex ten t  t h a t  s o l a r  energy is inadequate. I n  the  pass ive op t i on  

a l l  of Che hot  water is produced v i a  the  heat pump. The s tudy w a s  undertaken 

f o r  t h ree  c i t ies (A t l an ta ,  New York, and Madison) providing a range of hea t ing  

season environments from mild t o  severe.  

The s tudy considered ground-coupled systems i n  which the ground is used 

as an a l t e r n a t i v e  hea t  source but not as a s to rage  element f o r  s o l a r  energy. 

So la r  heat  ( i n  t h e  a c t i v e  opt ions)  i s  s to red  i n  a separa te ,  i n s u l a t e d  tank. 

Such systems were found t o  f a c e  a dilemma. I f  t he  s o l a r  energy is  

c o l l e c t e d  and used a t  low temperatures ( 5 O  t o  10°C) then  the c o e f f i c i e n t  of 

performance (COP) of the  hea t  pump w i l l  be on ly  marg ina l ly  b e t t e r  than what 

could have been obtained from t h e  ground source alone. This reduces the value 

of the thermal energy obtained from the c o l l e c t o r .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOn t he  o the r  hand, i f  t h e  

s o l a r  c o l l e c t i o n  temperature is moved h igher ,  say to  -25OC, then one of two 

th ings  happens. (1) With c o l l e c t o r s  of t he  low-temperature type, t he  amount 

of s o l a r  energy c o l l e c t e d  is s i g n f i c a n t l y  reduced i n  winter ,  when t h e  hea t  is 

needed, r e l a t i v e  t o  what would have been c o l l e c t e d  at  the lower temperature. 

( 2 )  With the medium-temperature c o l l e c t o r ,  t he  system performs b e t t e r  i f  the 

c o l l e c t o r  temperature is  pushed up t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40°C and t h e  heat i s  used d i r e c t l y ,  

wi thout going through the  heat  pump. 

Thus, the conclusion w a s  t h a t ,  i n  a ground-coupled heat  pump system where 

s o l a r  energy i s  not a l s o  s to red  i n  the  ground, t h e  s o l a r  energy should not be 

routed through the hea t  pump but should be used d l r e c t l y ,  wi th t h e  ground used 

as a backup source f o r  hea t ing  and hot water and as a s i n k  f o r  cool ing.  

Another conclusion of t h i s  s tudy w a s  t h a t  a good way t o  i nco rpo ra te  s o l a r  

i npu t  a t  r e l a t i v e l y  low c o s t  is t o  make use of a moderate amount oE 

di rect -ga in pass i ve  wi th n ight  i n s u l a t i o n .  

85 



In zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAany event ,  t h e  use of s o l a r  c o l l e c t o r s  i n  o the r  than a d i rec t -hea t ing  

mode d id not  appear attract ive i n  ground-coupled heat  pump systems where t h e  

ground i s  no t  used t o  s t o r e  a c t i v e l y  c o l l e c t e d  s o l a r  heat  but on ly  as an 

a l t e r n a t i v e  hea t  source and as a s ink .  

The i d e a  of using of a c t i v e  s o l a r  c o l l e c t o r s  feeding energy t o  ground- 

coupled s to rage  has been s e r i o u s l y  considered f o r  s p e c i f i c  system conf igura- 

t i o n s  (58, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) b u t  has no t  been genera l l y  evaluated o r  optimized. I f  such 

systems were t o  use glazed c o l l e c t o r s ,  t h e  PV/T opt ion would l abo r  under t h e  

same d i f f i c u l t i e s  as the  medium-temperature PV/T systems d iscussed here.  That 

i s ,  although the  economic va lue of adding thermal c o l l e c t i o n  c a p a b i l i t y  t o  PV 

may under some circumstances be favorable,  t he  va lue of adding PV t o  the 

thermal system is  degraded by the  i n t e r c e p t i o n  of r a d i a t i o n  by the g laz ing ,  

t h e  loss of cel l  e f f i c i e n c y  due t o  t h e  h igher  operat ing temperature,  the 

pena l t y  incurred by t h e  va lue of t he  thermal energy given up i n  order  t o  

o b t a i n  t h e  e l e c t r i c i t y ,  and poss ib le  a d d i t i o n a l  p e n a l t i e s  caused by lessened 

a b s o r p t i v i t y  and l o s s  of s e l e c t i v i t y .  These e f f e c t s ,  as d iscussed e a r l i e r , a r e  

s u f f i c i e n t  t o  reduce t h e  marginal va lue of PV i n  t h e  system below i t s  c o s t .  

I f  unglazed c o l l e c t o r s  could be used, the  PV/T might be marg ina l ly  a t t ract ive,  

l i k e  t h e  swimming pool  PV/T. One repo r t  (60) - has ind i ca ted  the  p o s s i b i l i t y  

t h a t  unglazed PV/T c o l l e c t o r s  may be attract ive with heat pumps under c e r t a i n  

condi t ions.  Fu r the r  i n v e s t i g a t i o n s  i n  t h i s  area would appear to  be warranted. 

D. PV With Ground Coupling 

A t  l e a s t  one system con f igu ra t i on  invo lv ing photovol ta ics may have 

merit. Although it is not a PV/T system, i t  is included here because readers  

working i n  t h e  photovol ta ic  area may be i n t e r e s t e d  i n  ground coupl ing i f  i t  

can enhance the  market p o t e n t i a l  of photovol ta ics in any way. 

The proposed system con f igu ra t i on  would i nco rpo ra te  the optimized 

ground-coupled h e a t  pump system wi th  modest pass ive augmentation which 

r e s u l t e d  from t h e  s tudy by Andrews (25) .  However, i n s t e a d  of a l l  t he  power 

needed t o  ope ra te  the hea t  pump being purchased, p a r t  of i t  would be provided 

by a PV a r r a y  of modest s i z e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(-30 m2 f o r  a moderately w e l l  i nsu la ted  house i n  

New York). The PV a r r a y  would not need t o  be grid-compatible. E i t h e r  the dc 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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pump. There would be l i t t l e  o r  no s to rage  of e l e c t r i c i t y .  PV e l e c t r i c i t y  

would be used as c o l l e c t e d  t o  operate the  heat pump, supplemented as needed 

from t h e  u t i l i t y  g r i d .  Energy s to rage  would be possib le  i n  the domestic hot 

water subsystem; i n  e f f e c t  the e l e c t r i c i t y  produced by t h e  PV a r r a y  would be 

magnif ied by the  COP of the heat  pump and could then be s to red  as thermal 

energy. 

System schematics are shown f o r  a water-to-air heat pump (F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23) and 

a water-to-water heat pump (F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 4 ) .  The diagram shows the  dc opt ion,  but 

t h e  ac opt ion wi th the  low cos t  non-grid compatible i n v e r t e r  is a l s o  worthy of 

cons iderat ion.  I n  both systems the  domestic hot water tank shown is a s p e c i a l  

des ign which separa tes  the  incoming cold water from the hot water which is 

produced by pass ing water through a water- ref r igerant  heat exchanger. This 

hea t  exchanger could be used as a desuperheater a t  low water f low rates and as 

a condenser at  high water f low rates, i f  a s u i t a b l y  designed heat pump i s  

employed. Desuperheater ope ra t i on  would be used when the heat  pump w a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso 

needed f o r  space heat ing.  Condenser ope ra t i on  would be used dur ing sp r ing  and 

f a l l  when hot  water w a s  requi red but not space heat ing.  To provide t h i s  

v e r s a t i l i t y  a var iab le-capaci ty  heat pump would be needed with prov is ion f o r  

r e f r i g e r a n t  charge management. 

The water-to-air heat pump adheres most c l o s e l y  to  cu r ren t  p r a c t i c e  f o r  

s ingle-fami ly res idences.  The water-to-water heat pump would probably be more 

approp r ia te  f o r  mult i fami ly o r  commercial app l i ca t i ons .  I n  the water- to-air  

hea t  pump the water c i r c u i t s  are simple but the r e f r i g e r a n t  c i r c u i t  is complex 

(al though no more complex than i n  a standard a i r - to-a i r  heat pump). I n  t h e  

water-to-water heat  pump the  r e f r i g e r a n t  c i r c u i t  is simple but the water 

c i r c u i t s  are complex. The water-to-water heat pump does provide p o t e n t i a l  

advantages: t h e  evaporator and condenser do not exchange r o l e s  as the heat  

pump goes from heat ing to  cool ing,  and so t h e i r  designs can be optimized f o r  

t h e i r  s p e c i f i c  ro les ;  water s to rage  al lows off-peak opera t i on  of t h e  hea t  pump 

t o  the  ex ten t  t h a t  t h e  PV energy is inadequate; and t h e  bui ld ing can be e a s i l y  

zoned v i a  the use of mu l t i p le  f a n l c o i l  u n i t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LIQUID - REFRIGERANT I I  H E A T  EXCHANGERS TO GROUND 

COIL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

DOMESTIC 
HOT WATER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure  23. W-driven ground-coupled heat  pump, water- to-air  con f i gu ra t i on .  
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CONDENSATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I- 

FAN /CO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI L 
UNIT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(S) 
IN DUCT 
OR ROOMS 
(WATER - A I R ) 

MANUALLY OPERATED 
VALVES GANGED TO 
SINGLE CONTROL 

I 
r 
I 

f i== 

DOMESTIC HOT 
WATER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24.  W-driven ground-coupled heat pump, water-to-water conf igurat ion.  
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Calculations have been made for an example of the system in New York, and 

the results are shown in Table 28. The system is that of Andrews zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(25), - a 

ground-coupled heat pump with 15 m2 of direct-gain passive with movable 

insulation which is set in place at night (either manually or automatically). 

The first three columns of Table 28 show the loads and gains involved. The 

study of (25) - did not consider cooling specifically, since all the systems 

studied were identical in the cooling mode. Here an annual cooling load of 20 

GJ is assumed, to give an annual heating/cooling load ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) of 3.0, and 

a cooling COP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 2.35 corresponding to an energy efficiency ratio (EER) of  8 

for cooling. The cooling season is assumed to run from mid-June to 

mid-September. During this period, hot water is produced from the 

air-conditioning reject heat. During the spring and fall, when there is no 

heating or cooling load, hot water is assumed to be produced with a COP of 

2.0, comparable to that obtained from dedicated heat pump hot water heaters 

(E). During the winter months, when hot water is produced by desuperheating, 

the hot water COP is assumed to be the same as that obtained by the heat pump 

for space heating. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A number of annual performance factors (APF) have been calculated for 

comparison (Table 28). APF is defined as the ratio of total benefits (heating 

and cooling) divided by the purchased electric energy required. For electric 

resistance with electric air conditioning (12R + A/C) the APF is 1.13. For 

the air-to-air heat pump with electric hot water and electric air 

conditioning, the APF is 1.62. For the ground-coupled heat pump with 15 m2 of 

direct-gain passive with night insulation, and hot water production via the 

heat pump, the APF rises to 3.51. (Without the passive, the APF is -3.0.) 

With the addition of photovoltaics, the APF rises to 4.19, 5.21, 6.42, and 

8.08, depending on whether 10, 20, 30 or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 m2 of PV are used. For compar- 

ison, a parallel solar/heat pump system (thermal-only collectoh) with a solar 

fraction of 50% would have an APF of less than 3.0 under similar circumstances 

(Table 2 9 ) .  
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Example of Pho tovo l ta i c  Ground-Coupled H e a t  Pump System, New York, 
Electr ic Energy Requirements and W Contr ibut ions,  

( A l l  va lues i n  G J ;  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 278 kWh) 

Pass ive Electric W Contr ibut ion 
Heat DHW N e t  Cooling Energy 

Month Load Load Gain Load Required 10 m2 20 m2 30 m 3  40 m2 

Jan. 13.65 1.74 2.25 
Feb. 12.33 1.57 2.59 
Mar. 10.15 1.74 3.90 
Apr. 4.92 1.69 3.94 
May 0.32 1.74 0.32 
Jun. 0 1.69 0 
Ju l  . 0 1.74 0 
Aug . 0 1.74 0 
Sep. 0 1.69 0 
O c t .  1.87 1.74 1.87 
Nov . 6.72 1.69 2.73 
Dec. 12.30 1.74 2.10 

T o t a l  62.26 20.51 19.70 

PV contr ibution/m2 

APF w i th  W 

% W energy used 

--- 

To ta l  load zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
0 
0 
0 
0 
3 
7 
7 
3 
0 
0 
0 
- 

20 

4.80 0.32 
4.25 0.33 
2.92 0.44 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.LO 0.48 
0.87 0.44 
1.60 0.45 
2.75 0.50 
2.75 0.55 
1.60 0.39 
0.87 0.39 
1.72 0.28 
4.09 0.23 

__. 

29.32 4.80 

o .4a 

4.19 

100 

= 62.26 + 20.51 

0.64 0.96 1.28 
0.66 0.99 1.32 
0.88 1.32 1.76 
0.96 1.10 1.10 
0.87 0.87 0.87 
0.90 1.35 1.60 
1.00 1.50 2.00 
1.10 1.65 2.20 
0.78 1.17 1.56 
0.78 0.87 0.87 
0.56 0.84 1.12 
0.46 0.69 0.92 

9.59 13.31 16.60 

0.48 0.44 0.42 

5.21 6.42 8.08 

100 92 86 

. + 20 = 102.77 

= 1.13 
62.26 + 20.51 + 20 

.53 APF [12R + A/C (EER = 8 ) ]  = 62 .26 + 2o .51 + 

= 1.62 
62.26 + 20.51 + 20 
34.59 + 20.51 + 8.53- 

APF [Air-air heat  pump] = 

= 3.51 
62.26 + 20.51 + 20 

29.32 
APF [ground coupled HP w / 1 5  m2 pass ive ]  = 

9 1  



Table 29 
Est imat ion of P a r a l l e l  S o l a r  Ass i s ted  Heat Pump System 

Performance (50% So la r  Fract ion)  

Load Desc r ip t i on  Purchased E l e c t r i c i t y  (GJe) 

Heating l oad  -60 G J  
Solar  25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@L5 COP 
H e a t  pump 35 G J  @1.8 COP 

So la r  15 GJ @15 COP 
12R 5 GJ @ L . O  COP 

Heat pump 20 GJ @2.4 COP 

Hot water load -20 GT 

Cooling l oad  -20 GJ 

1.7 
19.4 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 . 3  

60 + 20 + 20 - 2.82 - -  APF = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 5 . 4  
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tems for hot water heating and space heating (glazed collectors, medium- 

temperature applications) and for swimming pool heating (unglazed collectors, 

low-temperature applications). For medium-temperature applications, PV/T 

systems were not found to be attractive relative to the three solar alterna- 

tives, PV-only, thermal-only, and side-by-side PV plus thermal, in any of the 

locations studied for any ratio of thermal to electrical energy costs. This 

conclusion held even under the assumption of greatly reduced thermal energy 

collection costs. The conclusion resulted largely from the significantly 

lower marginal value of PV cells in a PV/T collector than in a PV-only 

system. The marginal value of the PV cells in the PV/T collector is reduced 

by the glazing interposed between the sun and the cells; by the higher 

collector operating temperatures, which reduce cell efficiency; and by the 

reduction in thermal output due to the electrical energy collected. Addi- 

tional complications that may make the comparison even more unfavorable are 

possible reduced solar absorptivity and increased infrared emissivitiy rela- 

tive to a good selective surface, which may be applied to a thermal-only 

collector. 

For low-temperature unglazed collectors, PV/T appeared to be marginally 

attractive. The reasons for this better result include the absence of 

glazing, improved cell efficiency due to low temperature operation, and the 

limitation of the need for thermal energy for swimming pool heating to only 

part of the year zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the electricity collected year-round makes this 

system more attractive. The use of unglazed PV/T collectors with heat pumps 

warrants further study. 

The outlook for PV/T could be improved by PV cost reductions to values 

well below the DOE 1986 program goals, coupled with progress in thermal energy 

collection consistent with the advanced technology projected in this study. 

In view zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof these results, our recommendation is that further work on PV/T 

hardware await those developments in PV and thermal energy collection 

technology which would make the PV/T marriage economically attractive. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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