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The So lar  Energy System Performance Evaluat ion - Seasonal Report has been 

developed f o r  the  George C. Marshal! Space F l i g h t  Center as a  p a r t  o f  the 

So la r  Heating and Cool ing Development Program funded by the  Department o f  ' 

Energy. The ana lys is  contained i n  t h i s  document describes t h e  techn ica l  

performance o f  an Operat ional Test S i t e  (OTS) f u n c t i o n i n g  throughout a  

spec i f i ed  pe r iod  o f  t ime which i s  t y p i c a l l y  one season. The o b j e c t i v e  o f  the  

ana lys i s  i s  t o  r e p o r t  t he  long term performance o f  t h e  i n s t a l  l e d  system and 

t o  make techn ica l  c o n t r i b u t i o n s  t o  the  d e f i n i t i o n  o f  techniques and requ i re -  

ments f o r  s o l a r  energy system design. 

The contents o f  t h i s  document have been d i v ided  i n t o  the  f o l l o w i n g  t o p i c s  

of d iscussion : 

e System Desc r ip t i on  

0 .Performance Assessment 

e Operat ing Energy 

e Energy Savings 

e Maintenance 

e Summary and Conclusions 

~ a t a  u&d for the s i a s o i a l  analyses o f  t h e  Operat ional Test  S i t e  described 

i n  t h i s  document have been co l l ec ted ,  processed and maintained under t h e  OTS 

Development Program and have prov ided the .major  i npu ts  used t o  perform the  

l ong  term techn ica l  assessment. T h i s  data i s  a rch ived by MSFC f o r  DOE. 

The Seasonal Report document i n  con junc t ion  w i t h  t h e  F ina l  Report f o r  each 

Operat ional Test S i t e  i n  the  Development Program culminates the  techn ica l  

a c t i v i t i e s  which began w i t h  the  s i t e  s e l e c t i o n  and ins t rumenta t ion  system 

design i n  A p r i l  1976. The F i n a l  Report emphasizes the  economic ana lys i s  

o f  s o l a r  systems performance and fea tures  the  payback performance based on 

' l i f e  c y c l e  costs f o r  the  same s o l a r  system i n  var ious geographic regions. 

Other documents s p e c i f i c a l l y  r e l a t e d  t o  t h i s  system a re  References [ I ]  and 

C21 * 

*Numbers i n  brackets designate references found i n  Sect ion 8. 



2. SYSTEM DESCRIPTION 

The Solaron Akron So la r  Energy System was designed t o  p rov ide  both space 

hea t i ng  and domestic h o t  water  (DHW) preheat ing f o r  a dual l e v e l  s i n g l e -  

f a m i l y  res idence con ta in ing  approximately 1840 square f e e t  i n  Akron, Ohio. 

So la r  energy c o l l e c t i o n  i s  accomplished w i t h  f l a t - p l a t e  c o l l e c t o r s  us ing  

a i r  as t h e  t r a n s p o r t  f l u i d .  The c o l l e c t o r  a r r a y  has a gross area ' o f  546 

square f e e t  and faces south a t  an angle o f  45 degrees from the  h o r i z o n t a l .  

So la r  energy i s  s to red  i n  a 270 cubic f o o t  rock  thermal s torage b i n  l oca ted  

on t h e  lower l e v e l  of t he  house. So lar  energy i s  t r a n s f e r r e d  t o  t h e  DHW 

subsystem by means of an i n -duc t  heat exchanger (HX1) whenever the  system 

i s  s t o r i n g  c o l l e c t e d  s o l a r  energy. Water f r o m  the  80 g a l l o n  preheat t a n k  
and make-up water  a re  t r a n s f e r r e d  from the  preheat system t o  the  52 g a l l o n  

DHW tank  when the re  i s  a demand f o r  h o t  water. The a u x i l i a r y  space hea,ting 

subsystem .cons is ts  of an a i r  t o  l i q u i d  heat pump coupled w i t h  a 1000 g a l l o n  

water  s torage tank. The heat  pump can prov ide  .energy e i t h e r  d i r e c t l y  t o  

t he  house o r  t o  the  1000 g a l l o n  tank. The system i s  designed so t h a t  t he  

heat  pump can charge t h e  1000 g a l l o n  tank du r ing  of f -peak hours when e l e c t r i c a l  

r a t e s  a r e  lower. Energy s to red '  i n  t h e  tank can then be used fo r  space 

heat ing  purposes as requi red.  A u x i l i a r y  energy f o r  both the  space heat ing  

and .DHW subsystems i s  p rov ided by e l e c t r i c i t y .  The heat pump has a nominal 

capac i t y  o f  30,000 Btu/Hr w i t h  supplemental heat  s t r i p s  r a t e d  a t  12 kw, and 

t h e  a u x i l  l a r y  h o t  water heater  i s  r a t e d  a t  4.5 kw. The system i s  shown 

schemat ica l ly  i n  F igure  2-1, and sensor designat ions i n  F igure  2-1 a r e  i n  

accordance w i t h  NBSIR-76-1137 [3]. The measurement symbol ' p re f i xes :  W ,  T, 
EP, and I represent  r e s p e c t i v e l y :  f l o w  ra te ,  temperature, e l e c t r i c  power, 

and i n s o l a t i o n .  The system has t h e  f o l l o w i n g  n~odes o f  operat ion:  

A. F i r s t  Stage 

1. C o l l e c t o r  t o  Storage and DHW. I n  t h i s  mode t h e  c o l l e c t o r  blower 

t r a n s f e r s  s o l a r  energy from the  c o l l e c t o r  a r r a y  t o  the  rock  

thermal s torage b i n  through the  DHW heat exchanger. P a r t  of t h e .  

s o l a r  energy i s  u t i l i z e d  i n  t h e  DHW preheat loop and the  remain- 

i n g  s o l a r  energy i s  d e l i v e r e d  t o  storage. Th i s  mode i s  entered 
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whenever the d i  f f e r e n t i  a1 temperature between t h e  c o l l  ec to rs  

and t h e  r e t u r n  a i r  duc t  i s  40 - + 7OF and heat ing demands a re  

such t h a t  d i r e c t  space heat ing  from t h e  c o l l e c t o r  a r r a y  i s  n o t  

required.  Th is  mode terminates whenever the  d i f f e r e n t i a l  tem- 

pe ra tu re  f a l l s  t o  25 - + 5OF, o r  less ,  o r  d i r e c t  space heat ing 

from t h e  c o l l e c t o r  a r r a y  i s  required. '  

2. C o l l e c t o r  t o  Space Heating Load. I n  t h i s  mode dampers MD1 and,. 

MD2 a re  open and s o l a r  energy goes d i r e c t l y  t o  t h e  r e s i d e n t i a l  . 
a r e a , u t j l i z i n g  both t h e  c o l l e c t o r  and c i r c u l a t i n g  blowers. The 

DHW heat exchanger i s  bypassed i n  t h i s  mode and a l l  c o l l e c t e d .  

energy i s  d e l i v e r e d  t o  t h e  .space heat ing  load; The same d i f f e r -  

e n t i a l  temperature cond i t i ons  described above a l s o  c o n t r o l  opera- 

t i o n  i n  t h i s  mode. 
. ,  . .  

3. Storage t o  Load. When i n c i d e n t  s o l a r  energy on t h e  c o l l e c t o r  

a r ray  i s  i n s u f f i c i e n t ,  space heat ing i s  provided from t h e  

storage b i n  by way o f  t h e  c i r c u l a t i n g  'blower. Dampers. MD1 and 

MD3 are  c losed i n  t h i s  mode and MD2 i s  open. A minimum storage 

temperature o f  90°F i s  requ i red  f o r  opera t ion  i n  th. is  mode. 

B. Second Stage 

4. Heat Pump A u x i l i a r y  D i rec t .  When i n s u f f i c f e n t  s o l a r  'energy i s  

present  on t h e  c o l l e c t o r  a r ray  and the  storage temperature i s  

a l so  i n s u f f i c i e n t  t o  main ta in  a l e v e l  of comfort,  dampers MD1 

and MD2 c lose and MD3 opens. t o  provide heated a i r  from the  heat 
pump by way o f  t he  a u x i l  i a r y  heat ing/cool  i n g  heat  exchanger. 

A t  outdoor temperatures o f  approximately 40°F o r  above, t h e  

heat pump w411 c a r r y  the e n t i r e  space heat lng load. For tempera- , , 

t u res  between 2OF and .approximately 40°F, t h e  heat pump i s  supple- . 

mented by t h e  e l e c t r i c a l  s t r i p  heaters. 

It i s  a l so  poss ib le  t o  heat  i n  t h i s  mode'while, a t  t he  same time, 

c o l l e c t e d  s o l a r  energy i s  being de l i ve red  t o  storage. Th is  



cond i t i on  e x i s t s  whenever t h e  room thermostat  i s  c a l l i n g  f o r  
. 

second stage heat ing  and s u f f i c i e n t  i n s o l a t i o n  i s  a v a i l a b l e  

t o  a l l ow  the  c o l l ' e c t o r  a r ray  t o  operate. 

5,  A u x i l i a r y  Heat from   eat Pump Storage. Th is  mode a l lows space 

heat ing  f r o m  t h e  of f -peak water  s torage tank. During of f -peak 

hours, when the  heat pump i s  n o t  needed t o  heat the  residence, 

i t  s tores  ho t  water f o r  use dur ing  t h i s  mode. Dampers M D l  and 

MD2 are  c losed and MD3 i s  open i n  t h i s  mode. 

C. T h i r d  Stage 

6. E l e c t r i c a l  res is tance ( s t r i p )  heat i s  used whenever t h e  heat 

pump i s  unable t o  main ta in  the  desi'red comfort l e v e l  i n .  t h e  . 

house. Above 2°F the  s t r i p s  supplement t h e  heat pump, as 

described i n  Mode 4 above, and below 2°F the  st r ' ips c a r r y  the  

e n t i r e  load. 



2.1 Typ ica l  System Operat ion 

Curves d e p i c t i n g  t y p i c a l  system opera t ion  on a co ld ,  mos t l y  b r i g h t  day 

(February 5, 1979) a re  presented i n  F igure  2.1 -1. F igure  2.1-1 (a) 

shows t h e  i n s o l a t i o n  on t h e  c o l l e c t o r  a r r a y  and the  p e r i o d  when t h e  a r r a y  

was ope ra t i ng  (shaded area).  A lso  shown i n  F igure  2.1-1 (a )  a re .  t h e  

c o l  1 e c t o r  a r r a y  temperature p r o f i l e s .  These a r e  t h e  i n 1  e t  temperature 

(TI 00) , the  o u t l e t  temperature (T I  50) and the  absorber p l a t e  temperature 

(Jl 04). 

On t h i s  p a r t i c u l a r  day the  c o l l e c t o r  a r r a y  began opera t ing  a t  0916 hours. 
2 A t  t h a t  t ime the  i n s o l a t l o n  l e v e l  was 199 Btu /F t  -Hr and t h e  absorber 

p l a t e  temperature (T104) was 137°F. A t  t he  same t ime t h e  c o l l e c t o r  a r r a y  

i n l e t  temperature (T100) was 5g6F. Th is  represents a h igher  d i f f e r e n t i a l  

temperature than t h e  40 - + 7OF requ i red  between the  c o l l e c t o r  a r r a y  and 

r e t u r n  duc t  t o  i n i t i a t e  c o l l e c t o r  a r r a y  operat ion.  However, i t  should be 

noted t h a t  TI04 and TI00 a r e  n o t  c o n t r o l  sensors, b u t  o n l y  serve t o  mon i to r  

system behavior.  These ope ra t i ng  temperature c o n s t r a i n t s  a re  mentioned t o  

make t h e  reader aware t h a t  mon i to r i ng  ins t rumenta t ion  and c o n t r o l  sensors 

have no d i r e t t  c o r r e l a t i o n ,  b u t  moni t o r l n g  i ns t rumen ta t l  on can p rov ide  

s u f f i c i e n t  i n fo rma t ion  t o  determine if each opera t iona l  mode i s  func t ion-  

i n g  w i t h i n  a reasonable range o f  c o n t r o l  temperature sensor l i m i t s .  

The c o l l e c t o r  a r r a y  cont inued t o  operate normal ly  throughout  t he  day. I t  

w i l l  be noted t h a t  TI04 t racked t h e  i n s o l a t i o n  l e v e l  q u i t e  c l o s e l y  dur ing  

t h e  opera t iona l  per iod.  The a r r a y  o u t l e t  temperature (T150) a l s o  t racked 

bo th  t h e  i n s o l a t i o n  l e v e l  and absur.Ber. p l a t e  ternpcrature bu t  i t s  f l uc tua -  

t l o n s  were n o t  as pronounced as those of t he  absorber p l a t c  temperature. 

The c o l l e c t o r  a r r a y  i n l e t  temperature (T100) showed a gradual r i s e  almost 

c o n s t a n t l y  dur ing  the  opera t iona l  per iod.  Th i s  i s  expected because t h e  

system was opera t ing  i n  t h e  c o l l e c t o r  t o  s torage and h o t  water mode most 

o f  t h e  day. As a r e s u l t  TlOO tended t o  t r a c k  t h e  temperature a t  t h e  

bottom o f  t h e  storage b i n  f a i r l y  c l o s e l y .  The o n l y  except ion t o  t h i s  

occurred a t  approximately 0937 hours. A t  t h a t  t ime t h e  system operated 
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br ief ly  (approximately 10 t o  15 minutes) in the d i rec t  col lector  to  space 
heating mode. During this time TlOO showed a s l igh t  decrease, as would 
be expected. 

The col lector  array continued to  operate until 1441 hours when i t  shut down 

momentarily f o r  about f ive  minutes. I t  came back on and ran for  approxi- 
mately 17 minutes until  1503 hours. I t  cycled on .br ie f ly  once again a t  1508 
hours and then shut down for  the remainder of the day. Just  before the 
i n i t i a l  shutdown a t  1441 hours the array temperature (TI 04) had dropped 
approximately 15 degrees ( to  126OF) due t o  a momentary drop in the insola- 
t ion level.  A t  t h i s  time TlOO was reading approximately 86OF. This 40°F 

d i f fe rent ia l  again was greater than the 25 - + 5OF required to  terminate array 
operation b u t ,  as noted before, TI04 and TlOO do not precisely r e f l ec t  con- 
t ro l  sensor temperatures. 

Figure 2.1-1 (b) presents a profi le  of the storage bin temperatures fo r  the 
selected day. During the f i r s t  hour the system was providing energy fo r  
space heating. However, a t  0100 hours the temperature a t  the top of storage 

dropped t o  approximately 90°F and the storage t o  sp'ace heating mode t e r -  
minated. ( I t  i s  coincidental t ha t  the minimum storage temperature required 

f o r  space heating i s  also 90°F). After 0100 hours the system remained in 
a quiescent s t a t e  untll the col lec tor  array began operating ~ I I J  charging 
storage. During the charging period the temperature profi le  in the storage 
b i n  behaved as would be expected, based on the a i r  flow pattern through the 
storage bin and the col lector  array out le t  temperature (T150). Once col- 

lec tor  array operation, and hence storage charyirry, ceased, t hc  sysLell~ 

remained relat ively s table  for  the r e s t  of the  day, as the system did not 
enter  the storage t o  space heating mode during the evening hours. 



2.2 System Operat ing Sequence 

F igure  2.2-1 presents bar  cha r t s  showing t y p i c a l  system opera t ing  sequences 

f o r  February 5, 1979. Th i s  data c o r r e l a t e s  w i t h  t h e  curves presented i n  

F igure  2.1-1 and prov ides some a d d i t i o n a l  i n s i g h t  i n t o  those curves. Th i s  

p a r t i c u l a r  day was chosen because almost a l l  poss ib le  modes o f  system opera- 

t i o n  were exerc ised a t  some t ime du r ing  t h e  day and, i n  add i t i on ,  some 

system c o n t r o l  problems are  v i s i b l y  demonstrated. 

There are  several  i n t e r e s t i n g  observat ions t h a t  can be made r e l a t i n g  t o  t he  

o v e r a l l  space heat ing  subsystem f rom F igure  2.2-1. F i r s t  i s  t he  poor per fo r -  

mance o f  t he  a u x i l i a r y  heat ing  system con t ro l s .  As can be observed du r ing  

t h e  f i r s t  hour o f  t he  day, the  rock  storage b i n  was p r o v i d i n g  energy f o r  space 

heat ing. However, a t  t he  same t ime t h e  heat pump was a t tempt ing  t o  charge 

theo f f -peak  tank. Normal ly t h i s  would be des i rab le ,  bu t  a t  t h i s  p a r t i c u l a r  
t ime  the  outdoor ambient temperature was below 2"F, so the compressor should 

n o t  have been running a t  a l l .  As a r e s u l t ,  t he re  was no. u s e f u l ,  energy ga in  

On t h e  of f -peak tank ( the  temperature remained a t  approximately l lO°F)  and 

t h e  power expended t o  operate t h e  compressor and pump was wasted. Once the  

rock  storage b i n  was depleted a t  approximately 0100 hours, t h e  a u x i l i a r y  

system took over  t h e  space heat ing  requirements. However, even though the re  

was some energy a v a i l a b l e  i n  t he  off-.peak storage tank, the  system d i d  n o t  . 

take advantage o f  it. Instead,  t he  e l e c t r i c a l  a u x i l i a r y  heat s t r f p s  c a r r i e d  

t h e  e n t i r e  heat ing  load. Also du r ing  t h i s  t ime p e r i o d  t h e  heat pump system 

was not  working proper ly .  The dashed b locks i n  F igure  2.2-1 show t h a t  t he  

system was t r y i n g  t o  operate i n  the  d i r e c t  heat pump t o  space heat ing  mode 

du r ing  t h i s  per iod.  However, t h i s  t ime t h e  compressor d i d  n o t  come on ( t h e  

outdoor ambient temperature was now s l i g h t l y  below 0°F) even though the  c i r c u -  

l a t i n g  pump (P2) was running. Thus the  energy requ i red  t o  operate t h e  pump 

was wasted. Had t h e  system used t h e  o f f -peak  tank  f o r  heat ing  du r ing  t h i s  

t ime the  pump energy expendi ture would have been j u s t i f i e d  and the  energy 

realr ived f o r  t he  hea t  s t r i p s  would have been el imin'ated o r  s i g n i f i c a n t l y  

r e d ~ ~ c e d .  
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A t  approximately 0700 hours the  system began t o  use the  of f -peak system f o r  

space heat ing  and cont inued t o  do so u n t i l  j u s t  a f t e r  0900 hours. A t  t h i s  

t ime the  s o l a r  energy system beqan opera t ing  and the re  were no f u r t h e r  mea- 

sured space heat ing  demands u n t i l  t h e  evening. A t  j u s t  a f t e r  2000 hours the  

system again heated from the  of f -peak storage tank f o r  a  b r i e f  p e r i o d  o f  t ime. 

Then, beginning s h o r t l y  a f t e r  2100 hours, t h e  heat pump, supplemented by the  

heat  s t r i p s ,  took over t he  space heat ing  load. Th is  opera t ion  cont inued un- 

t i l  approximately 2300 hours and, a t  t h i s  p o i n t ,  unscheduled opera t ion  o f  

pump P2 began again. 

The second observat ion t o  be made concerns t h e  manner i n  which t h e  space heat- 

i n g  demands were s a t i s f i e d  du r ing  the  evening hours. As noted above they were 

c a r r i e d  e n t i r e l y  by the  a u x i l i a r y  system, i r r e s p e c t i v e  o f  t h e  manner i n  which 

the  a u x i l i a r y  system was performing. Re fe r r i ng  back t o  F igure  2.'1-1, i t  can 

be seen t h a t  ample s o l a r  energy had been de l  i ve red  t o  the  st0rag.e b i n  dur ing  

the  day t o  p rov ide  a  use fu l  space heat ing  c o n t r i b u t i o n  du r ing  t h e  evening. 

However, t h e  con t ro l  system d i d  n o t  i n i t i a t e  the storage t o  space heat ing  

mode a t  any t ime du r ing  the  evening ( o r  du r ing  t h e  e a r l y  morning hours the  

n e x t  day), so the  s o l a r  energy supp l ied  t o  s torage du r ing  t h e  day was n o t  used 

by the  system a t  n igh t .  This  a l s o  r e s u l t e d  i n  an unnecessary consumption of 

e l e c t r i c a l  aux i  1  i a r y  energy. 

The 1 a s t  p o i n t  t o  be made r e l a t i n g  t o  the  space heat ing  subsystem concerns 

t h e  l a c k  o f  any measured' heat ing  l oad  du r ing  t h e  day when t h e  c o l l e c t o r  a r ray  

was opera t ing  (except b r i e f l y  a t  approximately 0937 hours).  Wi th  outdoor 

ambient temperatures below 20°F a l l  day, a  subs tan t i a l  heat ing  load would be 

expected. The problem here has t o  do w i t h  the  l a r g e  amounts o f  a i r  leakage 

i n  the  system. This s i t u a t i o n  i s  addressed i n  g rea te r  d e t a i l  l a t e r  i n  t h i s  

repo r t .  

Domestic ho t  water usage f o r  t h i s  day was considerably above t h e  105 ga l lons  

per  day average f o r  ~ e b r u a r ~ .  As shown i n  F igure  2.2-1, approximately 170 

ga l l ons  o f  water was used du r ing  the  day (bars w i t h o u t  a  value above them 

represent  usages o f  l e s s  than 2  ga l  lons) .  Therefore, a  h igher  than normal 

amount of a u x i l i a r y  energy was requ i red  t o  support t he  DHW subsystem. 



3. PERFORMANCE ASSESSMENT 

The performance o f  t h e  Solaron Akron Solar  Energy System has been evaluated 

f o r  t h e  November 1978 through October 1979 t ime pe r iod  from two perspec- 

t i ves .  The f i r s t  was t h e  overal l '  system view i n  which the  performance values 

o f  system s o l a r  f r a c t i o n  and n e t  energy savings were evaluated aga ins t  t h e  

p r e v a i l  i,ng and long-term average c l  i m a t i c  cond i t ions  and system loads. The 

second view presents a more in-depth l ook  a t  t h e  performance o f  t h e  i n d i -  

v idua l  subsystems. D e t a i l s  r e l a t i n g  t o  t h e  performance o f  t he  system a re  

presented f i r s t  i n  Sect ion 3.1 fo l lowed by t h e  subsystem assessment i n  

Sect ion  3.2. 

For t h e  purposes o f  t h i  s Sol a r  Energy Sys tem Performance Eva1 u a t i  on, monthly 

performance data were regenerated t o  r e f l e c t  re f l n t r l~~en ts  and improvements 

i n  t h e  system performance equations t h a t  were incorpora ted as t h e  ana lys is  

p e r i o d  progressed. These mod i f i ca t i ons  resu l  t e d  i n  changes i n  t h e  numerical 

values o f  some o f  t h e  performance fac to rs .  However, t h e  basic t rends have 

n o t  been a f fec ted.  

Before beginning t h e  d iscuss ion o f  ac tua l  s o l a r  energy system performance 

some high1 i g h t s  and p e r t i n e n t  l i l fb rmat ion  r e l a l i ~ i g  t o  s i t e  h i s t o r y  a r e  pre= 

sented i n  t h e  f o l l o w i n g  paragraphs. . . 
, . 

The Solaron Akron S o l a r  Energy System was i n i t i a l l y  a c t i v a t e d  i n  August 1978. 

A t  t h a t  t ime  a l l  known system problems were addressed and cor rec ted where 

possib le.  A f t e r  t h e  system was s t a r t e d  up, a pe r iod  o f  data moni to r ing  was 

l n i  t i a t e d  t o  v e r i f y  t h a t  ' the s o l a r  system and moni to r ing  ins t rumenta t ion  

were f u n c t i o n i n g  proper ly .  

Dur ing t h e  i n i t i a l  check-out phase the re  were several problems i d e n t i f i e d  

r e l a t i n g  t o  both t h e  s o l a r  energy system and t h e  monl tor-lrrg inst rumentat ion.  



Some o f  t h e  more s i g n i f i c a n t  problems were: s i x  temperature probe 

thermoLel ls  were too shor t ;  t he  bypass l i n e  t o  t h e  h o t  water tempering 

va l ve  was loca ted i n c o r r e c t l y  w i t h  respect  t o  t he  ho t  water t o t a l i z i n g  

f lowmeter (W302); t he  supply water temperature sensor (T302) was reading 

h i g h  due t o  being l oca ted  too  c lose  t o  o the r  elements i n  t he  ho t  water 

subsystem; t h e  c o l l e c t o r  loop opera t ion  was somewhat e r r a t i c ;  and a sign- 

i f i c a n t  amount o f  c o l l e c t o r  a r r a y  leakage was observed. 

These problems, w i t h  the  except ion o f  the  c o l l e c t o r  a r r a y  leakage, were 

a l l  cor rec ted  before the  system entered the  r e p o r t i n g  phase i n  November 

1978. The c o l l e c t o r  a r ray  leakage problem was accepted because i t  would 

have been very d i f f i c u l t  (and c o s t l y )  t o  c o r r e c t  i t .  A1 so, T302 was dam- 

aged when i t  was re loca ted  t o  a p o i n t  f u r t h e r  away from the  h o t  water sub- 

system, and W400 f a i l e d  i n  October. Software mod i f i ca t i ons  were i nco r -  

porated t o  p rov ide  a temporary s o l u t i o n  t o  these l a s t  two problems u n t i l  

a  s i t e  v i s i t  cou ld  be made i n  December t o  c o r r e c t  them. 

Once the  system entered the  r e p o r t i n g  pe r iod  the re  were very few a d d i t i o n a l  

ins t rumenta t ion  problems noted. However, c o n t r o l  problems, e s p e c i a l l y  w i t h  

the  of f  -peak heat ing  (and coo l i ng )  system, were noted throughout t he  repo r t -  

i n g  per iod.  These problems, where appl i cab le ,  have been addressed i n  t h e  

appropr ia te  subsections. 



3.1 System Performance 

Th is  Seasonal Report prov ides a system performance eva lua t i on  summary 

o f  t h e  opera t ion  o f  t h e  Solaron Akron So la r  Ene:.gy System loca ted  i n  

Akron, Ohio. This  ana lys i s  was conducted by eva lua t i on  o f  measured 

system performance aga ins t  t h e  expected performance w i th . l ong - te rm 

average c l i m a t i c  cond i t ions .  The performance o f  t he  system i s  eva l -  

uated by c a l c u l a t i n g  a s e t  o f  pr imary performance f a c t o r s  which a re  

based on those proposed i n  t h e  intergovernmental agency repo r t ,  "Thermal 

Data Requirements and Performance Eva1 u a t i o n  procedures f o r  t h e  Nat iona l  

S o l a r  Heating and Cool i n g  Demonstration Program" [3]. The performance 

of  t h e  major subsystems i s  a l s o  evaluated i n  sul~sequent sec t ions  o f  t h i s  

r e p o r t .  

The measurement data were c o l l e c t e d  f o r  t he  pe r iod  November 1978 through 

October 1979. System performance data were prov ided through an I B M  devel-  

oped Centra l  Data Processing System (CDPS) [4] c o n s i s t i n g  o f  a remote 

S i t e  Data A c q u i s i t i o n  System (SDAS) , telephone data t ransmiss ion 1 ines 

and couplers, an I B M  System 7 computer f o r  da ta  management, and an I B M  

System 370/145 computer f o r  data processing. The CDPS supports t he  c o l -  

l e c t i o n  and ana lys i s  o f  s o l a r  data acqui red from instrumented systems 

l o c a t e d  throughout t h e  country .  These data a re  processed d a i l y  and sum- 

marized i n t o  monthly performance formats which form a Common bas is  Tur. 

comparat ive system eva lua t ion .  These monthly summaries a re  t h e  bas is  o f  

t h e  eva lua t i on  and data g iven i n  t h i s  repo r t .  

The s o l a r  energy system performance summar,iied i n  t h i s  sec t i on  can bc 

viewed as t h e  dependent response o f  t he  system t o  c e r t a i r ~  pr.iaary i n p u t s .  

T h i s  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F igure  3.1-1. The pr imary i npu ts  a r e  

t h e  I n c i d e n t  s o l a r  energy, t h e  out.door ambient temperature and t h e  system 

load. The dependent responses o f  t he  system are  t h e  system s o l a r  f r a c t i o n  

and t h e  t o t a l  energy savings. Both the  i n p u t  and ou tpu t  d e f i n i t i o n s  a re  

as f o l l o w s :  
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Figure 3 .1 .1  scalar Energy System Eva1 uation Block Diagram 



Inputs 

~ n c i d e n t  solar  .energy - The total  solar  energy incident 
on the col lector  array and available for  collection. 

e Ambient temperature - The temperature of the external 
environment which af fec ts  both the energy tha t  can be 
col 1 ected and the energy demand. 

e System load - The loads tha t  the system i s  designed to  
meet, which are  affected by the 15fe s ty le  of the user 
(space heating/cooling, domestic hot water, e tc . ,  as 
appl i cab1 e )  . 

Outputs 

0 System solar  fraction - The r a t i o  of so lar  energy appl led 
t o  the system loads t o  to ta l  energy ( so la r  plus auxi l iary.  - . . : 

12 

energy) required by the loads. 

r Total energy savings - The quantity of auxil fary energy 
(electrical or f o s s i l )  displaced by solar  energy. 

The monthly values of the inputs and outputs for  the total  operational 
period a re  shown in Table 3.1-1, the System Performance Summary. Compara- 
ti.ye . long-term . ayerage values of daily incident so lar  energy .and outdoor 
ambient temperature are  glven fo r  reference purposes. The long-term data 
are  taken .from Reference 1 of Appendix C. Generally the solar  energy 
system $s destgned t o  supply an amount of energy t h a t  resu l t s  In a 
desired value of system solar  fraction while operating under cl imatic 
condi ti.ons tha t  are  defined by the long.-term average value of dai ly  
inctdent so lar  energy and outdoor ambient temperature. ' I f  the actual 



TABLE 3.1-1 
L 

SYSTEM PERFORMANCE SUMMARY 

 h he DHW f l u m e t e r  (W302) was de fec t i ve  du r i ng  A p r i l .  Therefore the  DHW subsystem c o n t r i b u t i o n  t o  these . 

o v e r a l l  system parameters i s '  based on appropr ia te  DHW subsystem averages. 

**Average i s  weighted by the  measured system load.. 
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climatic conditions are close t o  the long-term average val'ues, 

there i s  l i t t l e  adverse impact on the system's ability t o  meet 
design goals. This i s  an important factor in emluating system 
performance and i s  the reason the long-term average values are 
given, The d a t a  reported in the following paragraphs are taken 
from Table 3.1-1. .- 

A t  the Solaron Akron s i t e  for the 12 month report period, the 
long-term average daily incident solar energy in ' the plane of the 

2 colle,ctor array was 1,179 B t u / F t  . The average daily measured value . 

was 1,118 ~ t u / ~ t ' ,  which i s  about  five percent balow the long-term 
value. On a monthly basis, October of 1979 was therworst month with 

an averaqe daily measured value of incident solar energy 34 percent 
below the long-term average daily value. December 1978 was the Best 
month  w i t h  an average daily measured value 19 percent above the long- 

term average daily value. On a long-term basis i t  i s  obvious t h a t  

the good and bad months almost average o u t  so t h a t  the long-term 
average performance should not be adversely influenced by small differ- 
ences between measured and long-term average incident solar energy. I t  
should be noted t h a t  monthly performance assessments prior t o  September 
1979 for this s i t e  provided long-term reference insolation data based 
on averages measured in the horizontal plane, rather t h a n  the plane of 
the collector array. As a result,  they would be somewhat low when com- 
pared t o  insolation i n  the plane of the collector array. As noted above 
the values in Table 3.1-1 are all in the plane of the collector array. 

The outdoor ambient temperature influences the operation of the solar 
energy system i n  two important ways. First the operating point of the 
'col lectors and consequently the collector efficiency o r  energy gain  i s  

determined by the difference in the oL1t.dnor ambient temperature and the . -  
, - 

collector inlet temperature. This will be discussed in greater detail i n  

Section 3.2.1. Secondly the load i s  influenced by the outdoor ambient tem- 
perature. The long-term average daily ambient temperature for the 12 
month  period from November 1978 through October 1979 was 50'~ a t  the 

Solaron Akron s i te .  This compares very favorably with the measured 

value of 49'~.  



It i s  i n t e r e s t i n g - t o  note the' s t rong in f luence t h a t  the l o c a l  weather 

condi t ions.  had on the measured so l a r  f rac t ion.  For example, the 
measured average outdoor ambient temperature i n  January 1979 was 21 O F  

( f ive degrees below the 'long- term average), and i n  February 1979 i t  

was 19°F (nine' degrees below the 1 ong- term average). Thus, the 'average 

outdoor ambient. temperature was q u i t e  c lose f o r  these two months. . I n  

January . the measured i nso la t i on  was 13 percent below the 1 ong- term average 

and the measured so l a r  f r a c t i o n  was n ine percent. However, i n  February 
the measured i nso la t i on  was 18 percent above the long-term average and 

the  measured so l a r  f rac t ion  was 17 percent. I n  March 1979 the measured 
i nso la t i on  'as f i v e  percent above the  long-term average, and the measured 

average outdoor ambient temperature o f  42°F was s i x  degrees above the 

long term average. The measured so l a r  f r a c t i o n  increased markedly t o  

46 percent f o r  t h a t  month. These observations serve t o  r e i n f o r ce  the 

ea r l  i e r  statement concerning the impact o f  p reva i l  i n g  weather condi- 

t i ons  on the performance o f  a so l a r  energy system. 

The system load has an important a fyect  on the system so la r  f r a c t i o n  and 

the t o t a l  energy savings. I f  the load i s  small and s u f f i c i e n t  energy i s  

ava i lab le  from the co l lec to rs ,  . the  system so la r  f r a c t i o n  can be expected 

t o  b,e large. However, the t o t a l  energy savings w i l l  be less  than under 

more nominal load condi t ionsi  This i s  i l l u s t r a t e d  by comparing the per- , . ,  

formance,of the system dur ing the summer (June, Ju ly  and A U ~ U S ~ )  and win ter  

(December, January and February) months. During . t he  summer the space heat- 

i n g  load was n,egl i g i  b l e  and the system was used p r i m a r i l y  t o  support the 

hot  water load. As a r e s u l t  the system so la r  f r a c t i o n  was approximately . 

th ree times higher than dur ing the w in te r  months. However, the  t o t a l  

measured savings dur ing the w in te r  were almost tw ice as hi.gh as dur ing 

t h e  summer and the measured w in te r  load was over f ou r  times greater  than 

the summer 1 oad , 



Also  presented i n  Table 3.1-1 a re  t h e  measured and expected values of 

system s o l a r  f r a c t i o n  where system s o l a r  f r a c t i o n  i s  t he  r a t i o  o f  s o l a r  

energy a p p l i e d  t o  system loads t o  t h e  t o t a l  energy ( s o l a r  p lus  a u x i l  i a r y ) .  , 

a p p l i e d  t o  t h e  loads. The expected values have been der ived from a  . 

mod i f i ed  f -Char t  ana lys i s  which uses measured weather and subsystem . . 

loads as i n p u t s  ( f-Chart i s  t he  des ignat ion  o f  a  procedure t h a t  was t . .. 

developed by the  So lar  Energy ~ a b o r a t o r ~ ,  U n i v e r s i t y  o f  Wisconsin, 

Madison, f o r  modeling and designing s o l a r  energy systems [8]).  The 

model used i n  the  ana lys i s  i s  based on manufacturers'  data and o the r  

known system parameters. The bas ls  f o r  t he  model . ' i s  a s e t  o f  emp i r i ca l  

c o r r e l a t i o n s  developed f o r  l i q u i d  and a i r  s o l a r  energy systems t h a t  a r e .  

presented i n  g raph ica l  and equat ion form and r e f e r r e d  t o  as t h e  f- 

Charts, where I f '  i s  a  designator  f o r  t he  system s o l a r  f r a c t l o n .  The 

ou tpu t  o f  t he  f -Char t  procedure i s  t he  expected system s o l a r  f r a c t i o n .  

The measured value of system s o l a r  f r a c t i o n  was computed from measurements, 

ob ta ined through the  ins t rumenta t ion  system, o f  t he  energy t r a n s f e r s  
.. . t h a t  took  p lace w i t h i n  the  s o l a r  energy system. These represent  t he  

ac tua l  performance o f  t he  system i n s t a l  l e d  a t  t h e  . s i t e .  .. . 

- The measured value o f  system s o l a r  f r a c t l o n  can genera l l y  be cu~r~pared 

w i t h  t h e  expected value.so l ong  as the  assumptions which a re  i m p l i c i t  i n  

t h e  f-Chart procedure reasonably apply t o  t h e  system being analyzed. As 

shown i n  Table 3.1-1, t h e  measured system s o l a r  f r a c t l u r ~  u r  24 pe r ten t  

compared w e l l  w i t h  the  expected value o f  22.percent  generated by the  

modi f ied f-Chart program. However, even though the  y e a r l y  values o f  t h e  

measured and p red i c ted  system s o l a r  f r a c t i o n  compared c l o s e l y  , t h e r e  was 

a  cons iderab le  d i f f e r e n c e  between the  i ,ndi  v i dua l  monthly va l  ues . The 

exac t - reason  f o r  t h i s  d i s p a r i t y  i s  n o t  known, b u t  t he re  a re  several  

f ac to rs  t h a t  should be considered. F i r s t  i t  w i l l  be noted t h a t  t h e  

expected s o l a r  f r a c t i o n  averaged 56 percent  du r ing  the  summer months, as 

opposed t o  a' measured average o f  43 percent.  During t h i s  t ime p e r i o d  

the re .  was a  c o n t r o l  problem t h a t  r e s u l t e d  i n  c y c l  i c  opera t ion  o f  t he  



. . 

c o l l e c t o r  array and' h o t  water r e c i r c u l a t i o n '  ~ump'. Th is  r e s u l t e d  i n  l e s s  

e f f i c i e n t  opera t ion  o f  the  h o t  water subsystem and hence served t o  

reduce performance. Also du r ing  the  simmer months the  sys'tem f l o w  pa th  

i s  changed. Dampers D l  and D2 are ad jus ted  so t h a t  a i r  f l o w  does n o t  . . 

c i r c u l a t e  through storage. I n  t h i s  c o n f i g u r a t i o n  the  c o l l e c t o t j  a r ray  

performance i s  reduced because the  i n l e t  temperature t o  t h e  a r r a y  w i l l  
be considerably h ighe r  than when the  f u l l  system i s  being u t i l i ' z e d .  It 

i s  suspected t h a t  t h i s  a l s o  has a  bear ing on expected versus ac tua l  

system s o l a r  f r a c t i o n .  

During t h e  remaining e i g h t  months o f  t h e  year  t h e  expected s o l a r  f r a c t l o n  

was genera l l y  lower than the  measured s o l a r  f r a c t i o n .  Again, however, 

t he re  a re  several unusual circumstances t h a t  tend t o  c loud t h e  p i c t u r e .  

F i r s t  of a l l  i t  should be noted t h a t  t he re  i s  no f lowmeter i n  t he  i m e -  
. 

d i a t e  v i c i n i t y  of the  storage b i n  and, i n  add i t i on ,  t he  c o l l e c t o r  a r r a y  

I t s e l f  leaks  a  subs tan t i a l  amount. As a  r e s u l t  i t  i s  d i f f i c u l t  t o  g e t  

an accurate representa t ion  o f  system a i r  f l ow  i n  t h e  c o l l e c t o r  t o  s torage 

mode o f  operat ion.  Th is  parameter i s  needed t o  compute one o f  t h e  

i npu ts  f o r  t he  f -Char t  model. Also, t he  system e x h i b i t s  a  considerable 

amount o f  i n t e r n a l  a i r  leakage and t h i s  problem a l s o  tends t o  a f f e c t  t he  

computations. To f u r t h e r  compound the  d i f f i c u l t i e s  the  a i r  f l o w  c o r r e c t l o n  

f a c t o r s  f o r  the  f i r s t  f i v e  months (November through March) were n o t  

f i r m l y  establ ished.  This  caused a d d i t i o n a l  inaccuracies i n  a i r  f low 

measurements throughout the  system. F i n a l l y ,  i t  must be remembered t h a t  

i n  A p r i l  t h e  ho t  water subsystem c o n t r i b u t i o n  t o  t h e  t o t a l  system s o l a r  

f r a c t i o n  was based on estimated, r a t h e r  than ac tua l  data. 

Based on a l l  t he  fo rego ing  problems, a  g rea t  deal o f  r e l i a n c e  cannot be 

p laced i n  t he  s h o r t  term f -Char t  p r e d i c t i o n s  and comparisons f o r  t h i s  

s o l a r  energy system. However, based on the  long-term r e s u l t s ,  t he  

u t i l i t y  o f  t h i s  ana lys i s  t o o l  should n o t  be underestimated. 



. . 

The t o t a l  energy savings i s  the most important performance parameter 

f o r  the so la r  energy system because the fundamental purpose o f  the 

system i s  t o  replace expensive conventional energy sources w i t h  inex- 

pensive so la r  energy. I n  p rac t i ca l  considerat ion, the system must 

save enough energy t o  cover both the cost  o f  i t s  own operation and t o  

repay the i n i t i a l  investment fo r  the system. I n  terms o f  the technical  

ana lys is  presented i n  t h i s  repor t  the net  t o t a l  energy savings should 

be a s i g n i f i c a n t  p o s i t i v e  f igure.  The ' t o t a l  computed energy savings 

f o r  the Solaron Akron Solar  Energy System was 6.88 m i l l i o n  Btu, o r  

2,015 kwh, which was n o t  a la rge  amount o f  energy. However, t h i s  sav- 

ings i s  based on ly  on measured inputs o f  so la r  energy t o  the load sub- 

systems. A t  the Solaron Akron s i t e  there were a s i g n i f i c a n t  amount o f  

uncont ro l led (and hence unmeasured) inputs o f  so la r  energy i n t o  the 

house. These uncont ro l led inputs o f  so l a r  energy came p r i m a r i l y  from 

storage and t ranspor t  losses and tended t o  reduce the overa l l  heating 

load, which i n  t u r n  tended. t o  increase rea l  savings. This s i t u a t i o n  i s  

addressed i n  more d e t a i l  i n  the appropr iate sections t h a t  follow. 



3.2 Subsystem Performance 

The Solaron Akron Solar  Energy ' i n s t a i l a t i o n  may be d iv ided i n t o  . . 
f ou r  subsystems : . . 

1 . ~ o l  1 ec to r  ar ray  

2. Stofage 

3. Hot water 

4. Space heat ing 

Each subsystem has been evaluated b y ,  the techniques def ined i n  Section 3 

and i s  numerical ly  analyzed each month fo r  the monthly performance assess- 

ment.  his sect ion presents the r esu l t s  o f  ' i n teg ra t ing  the monthly data 

ava i lab le  o n  the f ou r  subsystems f o r  the per iod November 1978 through 

October 1979. ' 



3.2.1 Co l l ec to r .  Array Subsystem 

The Solaron Akron c o l l e c t o r  a r r a y  cons i s t s  o f  28 Solaron 2000 se r ies  

f l a t - p l a t e  a i r  c o l l e c t o r s  arranged i n  two p a r a l l e l  rows of 14 c o l l e c t o r s  

each. These c o l l e c t o r s  a re  a  one-pass a i r  heat ing  t ype  w i t h  a  double 

g laz ing .  Typ ica l  f l o w r a t e  through t h e  c o l l e c t o r  a r r a y  i s  approximately 

1.85 CFM per  square f o o t  o f  gross a r r a y  area. D e t a i l s  o f  t he  a i r  f l o w  

p a t h  a r e  shown i n  F igure  3.2.1-1 (a)  and a  photograph of the  c o l l e c t o r  

a r r a y  i n s t a l l a t i o n  i s  presented i n  F igure 3.2.1-1 (b).  The c o l l e c t o r  

subsystem ana lys i s  and data are  g iven i n  t h e  f o l l o w i n g  paragraphs. 

. . 

C o l l e c t o r  a r r a y  performance i s  descr ibed by t h e  c o l l e c t o r  a r r a y  e f f i -  

c iency.  Th i s  i s  t he  r a t i o  o f  c o l l e c t e d  s o l a r  energy t o  i n c i d e n t  s o l a r  

energy, a  value always l e s s  than u n i t y  because o f  c o l l e c t o r  losses. 

The I n c i d e n t  s o l a r  energy may be viewed from two perspect ives.  The 

f i r s t  assumes t h a t  a l l  a v a i l a b l e  s o l a r  energy i n c i d e n t  on t h e  c o l -  
I 

l e c t o r s  must be used i n  determin ing c o l l e c t o r  a r r a y  e f f i c i e n c y .  The 

e f f i c i e n c y  i s  then expressed by t h e  equat ion: 

where 

" c  = Q;/Qi (1  

'' c 
= Col 1  ~ c t . ~ r  array e f f i c i e n c y  

Qs = to1  l e c t e d  s o l a r  energy 

i, 

i = I n c i d e n t  s o l a r  energy 

The e f f i c i e n c y  determined i n  t h i s  manner inc ludes  t h e  opera t ion  o f  t he  

c o n t r o l  system. For example, s o l a r  energy can be a v a i l a b l e  a t  t he  c o l -  

l e c t o r ,  b u t  the  c o l l e c t o r  absorber p l a t e  temperature may be below the  

minimum c o n t r o l  temperature s e t  p o i n t  f o r  co l  l e c t o r  loop operat ion,  thus 

t h e  energy i s  n o t  co l l ec ted .  The monthly e f f i c i e n c y  by t h i s  method i s  

l i s t e d  i n  the  column e n t i t l e d  " C o l l e c t o r  Array E f f i c i e n c y "  i n  Table 

3.2.1-1. 



(a) Collector Air Flow Path 

(b) Collector Array l nstallation 

COLLECTOR ARRAY SITE LOCATION 

Tilt Angle - 45' 

Azimuth - Due South 

Latitude - 40.QpN 

LoAgitude - 81.43OW 

Figure 3.2.1-1 Coll ector Details 
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The second viewpoint assumes tha t  only the so lar  energy incident on the 
co l l ec to r  when the co l lec to r  loop i s  operational be used i n  determining 
the co l  l e c t o r  array e f f i c iency  . The val ue o f  the operational incident 
so lar  energy used i s  mu1 t i p l i e d  by the r a t i o  of the gross co l lec to r  area 
t o  the gross co l lec to r  array area t o  compensate f o r  the di f ference between 

the two areas caused by i n s t a l l a t i o n  spacing. The e f f i c iency  i s  then ex- 
pressed by the equation: 

"CO = Qsl(Qoi x APIAa) 

where "co = Operational co l lec to r  array e f f i c iency  

Qs = Collected so lar  energy 

Qoi = Operational incident solar energy 

*P 
= Gross co l lec to r  area (the product o f  

the number o f  co l lectors and the 
envelope area o f  one col 1 ector) 

Aa 
= Cm55 c011cct0r array area ( t o t a l  area 

including a1 1 mounting and connecting 
hardware and spacing of un i ts  ) 

The monthly ef f ic iency computed by t h i s  method i s  l i s t e d  i n  the column 

e n t i t l e d  "Operational Col lector Array Eff ic iency" i n  Table 3.2.1-1. 

I t  should be noted tha t  the values f o r  col lected solar energy and both 

co l lec to r  array e f f i c iency  terms presented i n  Table 3.2.1-1 are somewhat 
suspect f o r  the f i r s t  f i v e  months (November 1978 through March 1979). 

This i s  due t o  the f a c t  t ha t  the a i r  f low correction Factors were not 
f i r m l y  established f o r  these months. Based on data f o r  the remaining 

seven months i n  the repor t  period and addit ional  information from s i t e  
operation obtained a f t e r  the close o f  the formal data assessment period, 

the reported values for the f i r s t  f i v e  months are probably t h i r t y  percent 

higher than they ac tua l l y  were. 



COLLECTOR ARRAY PERFORMANCE 

* Collected solar ener5y and collector efficiencies appear to be high. See last paragraph on page 26 for 
for explanation. 

**The collector array did not operate from May 1 1  to May 30 due to a control problem. 

Month 

Nov 78* 
Dec 78* 

Jan 79" 

Feb 79" 

Mar 79* 

Apr 79- 

May 79** 

Jun 79 
Jul 79 

Aug 79 

sep 79 

' ' Oct 79 

Total 

Average 

Incident 
Solar Energy 
(Mi 1 1  ion Btu) 

12.96 

11.46 

9.99 

16.34 

20.27 

18.51 . 

23.28 

24.34 

25.63 

21.27 
. . 

24.34 

14.24 . 

222.63 

1f3.55 . 

. . 

Col 1 ected 
,Solar Energy 
(Mi 1 1  ion Btu) 

4.08" 

- 3.52 ; 

2.08 

5.50 

6.88 

4.24 

1.99 

2.08 

2.13 

1.78 

3.70 

2.80 

40.78 

3.40 

Coll ector 
Array 

Efficiency. 

. 0.31 

0.. 31 

0.21 

0.34 

0.34 

0.23 

0.09 

0.09 

0.08 

0.08 

0.15 

+ 0.20 

- - 
0.18 

Operational 
, Incident Ener y 3 (Million Btu 

8.51 

6.54 . ' 

4.13 

9.42 

1137 

11.54 

6.05 

9.37. 

9.11 

7.65 

12.80. 

7.99 

104.42 

8.70 

Operational 
Coll ector Array 

Efficiency 

-0.50 : . .  . 

. .  . 0.54 . . . 

0.50 

0.58 

0.59 

0.37 

0.33 

0.22 

0.23 

0.23 
. . 

0.29 

0.35 

- - 
0.. 39 



I n  t h e  ASHRAE Standard 93-77 [5] a  c o l l e c t o r  e f f i c i e n c y  i s  de f ined i n  

t h e  same terminology as the  opera t iona l  c o l  l e c t o r  a r ray  e f f i c i e n c y .  

However, t h e  ASHRAE e f f i c i e n c y  i s  determined from instantaneous evalua- 

t i o n  under t i g h t l y  c o n t r o l  led,  steady s t a t e  t e s t  condi t ions,  w h i l e  the  

opera t iona l  co l  l e c t o r  a r r a y  e f f i c i e n c y  i s  determined from ac tua l  dynamic 

cond i t i ons  o f  d a i l y  s o l a r  energy system opera t ion  i n  the  f i e l d .  

The ASHRAE Standard 93-77 d e f i n i t i o n s  and methods o f t e n  are  adopted 

by c o l l e c t o r  manufacturers and independent t e s t i n g  l abo ra to r ies  i n  

eva lua t ing  the  c o l l e c t o r s .  The c o l l e c t o r  eva luat ion  performed f o r  t h i s  

r e p o r t  us ing  t h e  f i e l d  data i nd i ca tes  t h a t  t he re  was some d i f f e r e n c e  

between t h e  l abo ra to ry  s i n g l e  panel c o l l e c t o r  data and the  c o l l e c t o r  

da ta  determined from long-term f i e l d  measurements. Th is  may o r  may no t  

always be the  case, and there  are two pr imary reasons f o r  di f ferences 

when they e x i s t :  

a Test cond i t i ons  a re  no t  t h e  same as cond i t ions  

i n  t h e  f i e l d ,  no r  do they represent  the  wide 

dynamic range o f  ' f i e l d  opera t ion  ( i ,e .  i n l e t  and 

o u t l e t  temperature, f'low ra tes  and f ' low d i s t r i  - 
bu t ion  o f  t h e  heat t r a n s f e r  f l u i d ,  i n s o l a t i o n  

l eve ls ,  aspect angle, wind cond i t inns ,  etc.  ) .  

a C o l l e c t o r  t e s t s  a re  not  genera l ly  conducted w i t h  

. u n i t s  t h a t  have undergone the  e f f e c t s  o f  aging 

(1.e. changes i n  t h e  c h a r a c t e r i s t i c s  o f  t he  g laz ing  

ma te r ia l ,  c o l l e c t i o n  o f  dust, soot, p o l l e n  o r  o ther  

f o r e i g n  m a t e r i a l  on the  g laz ing,  d e t e r i o r a t i o n  of t h e  

absorber p l a t e  sur face treatment, etc.  ) . 

Consequently f i e l d  data c o l  l e c t e d  over an extended p e r i o d  w i  11 genera l l y  

provide.  an improved source o f  c o l l e c t o r  performance c h a r a c t e r i s t i c s  f o r  

use i n  long-term system performance d e f i n i t i o n .  



The long-term data base f o r  Solaron Akron inc ludes a1 1 but  two o f  t h e  
months from A p r i l  1979 through February 1980. Although t h e  system was 

opera t ing  p r i o r  t o  A p r i l  1979, the re  'were problems r e l a t i n g  t o  t h e  accu- 
racy  o f  a i r  f l o w  c o r r e c t i o n  f a c t o r s  dur ing  t h e  i n i t i a l  f i v e  months of 

t h e  r e p o r t t n g  period. Therefore, data obta ined p r i o r  t o  A p r i l  1979 have 

n o t  been inc luded i n  the  data base. However, s i ' t e  data was c o l l e c t e d  

and archived beyond the  end of t he  formal data assessment period. Th is  
add f t i ona l  data was used t o  b u i l d  t h e  long-term d,ata base f o r  t h e  c o l -  

l e c t o r  a r ray  analys is .  A f o u r  month extension o f  t h e  long-term data base 
enabled t h e  generat ion o f  a more accurate assessment o f  co l ' l ec to r  a r ray  
performance. 

J u l y  and December a re  n o t  inc luded i n  the  long-term data base. In' J u l y  
data was l o s t  f o r  17 days, and i n  December t h e  f i l t e r e d  c o l l e c t o r  a r ray  

performance data e x h i b i t e d  too much s c a t t e r  t o  be usable. 

The opera t iona l  c o l l e c t o r  a r ray  e f f i c i e n c y  data g iven i n  Table 3.2.1 -1 
are  monthly averages based on instantaneous e f f i c i e n c y  computations over 
t h e  t o t a l  performance pe r iod  using a l l  a v a i l a b l e  data. For d e t a i l e d  co l -  

l e c t o r  ana lys is  It was des i rab le  t o  use a l i m i t e d  subset o f  t h e  a v a i l a b l e  
data t h a t  character ized c o l  l e c t o r  opera t ion  under "steady s t a t e M  condi t ions.  
Th is  subset was def ined by app ly ing  the  f o l l o w i n g  r e s t r i c t i o n s :  

(1) The measurement pe r iod  was r e s t r i c t e d  t o  c o l l e c t o r  opera- 
- t i o n  when the  sun angle was w i t h i n  30 degrees o f  t he  co l -  

I e c t o r  normal. 

(2) Only measurements associated w i t h  p o s i t i v e  energy ga in  
from the c o l l e c t o r s  were used, i .e., o u t l e t  temperatures 
must have exceeded i n 1  e t  temperatures. 

(3) The sets o f  measured parameters were r e s t r i c t e d  t o  
those where t h e  r a t e  o f  change o f  a l l  parameters o f  

i n t e r e s t  dur ing  two r e g u l a r  data system in terva , ls*  

was 1 i m i t e d  t o  a maximum o f  5 percent.  
. . . . . . . . . . . . . . . . . . . . . . . .  

*The data system i n t e r v a l  was 5-1/3 minutes i n  dura t ion .  Values of 
a l l  measured parameters were cont inuously sampled .at t h i s  r a t e  
throughout t h e  performance per iod,  



Instantaneous e f f i c i enc i es  ( )  computed from the "steady state! '  
. J 

operat ion measurements o f  i n c i den t  so l a r  energy 'and col  1  ected so l a r  

energy by Equation (2)* were co r re la ted  w i t h  an operat ing po in t  

determined. by the  equation: 

where x = Co l lec to r  operat ing p o i n t  a t  the j t h  
j 

i n s t a n t  

Ti = Co l l  ec to r  i n l e t  f l u i d  teu~perature 

Ta = Outdoor ambient temperature 

I = Rate o f  i nc iden t  so la r  r a d i a t i o n  

The data po in ts  (rl , . x . )  were then p l o t t e d  on a, graph o f  e f f i c i ency ,  J J  
versus operat ing po in t  and a  f i r s t  order curve described by thenslope- 

i n t e r cep t  formula was f i t t e d  t o  the data thro'ugh l i n e a r  regression 

techniques. The form o f  t h i s  f i t t e d  e f f i c i e n c y  curve i s :  - . 

rl = b - m x  
j j 

where 3 
= Co l lec to r  e f f i c i ency  corresponding t o  the 

jth ins tan t  

b  = I n t e r c e p t o n  t h e e f f i c i e n c y a x i s  

x = Co l lec to r  operat ing p o i n t  a t  j t h  
j 

i n s t a n t  

The re l a t i onsh ip  between the  empir ical  l y  determined e f f i c i e n c y  curve 

and the ana l y t i ca l  l y  developed 'curve w i l l  be establ  ished i n  subsequent 

paragraphs. 
--- - -- 

*The r a t i o  A /A i s  assumed t o  be u n i t y  f o r  t h i s  analysis.  
P  a 



The analytically developed collector efficiency curve is based on 
the Hottell-Whii 1 ier-~l jss equation 

where rl = Col.lector .efficiency 

~. 

F R  = Collector heat removal factor 

T = Transmis'sivi ty of col lector glazing 

a = Absorptance of collector plate 

UL = Overall collector energy loss coefficient 

Ti = Collector inlet fluid temperature 

Ta = Outdoor ambient temperature 

I = Rate of incident solar radiation 

The correspondence between equations (4) and (5) can be readily 'seen. 
Therefore by determining the slope-intercept efficiency equation from 

measurement data, the coil ector parameters corresponding to 

the laboratory single panel data can be derived according to the follow- 
ing set of relationships: 

b = F ~ ( T C X )  

and 

m = F R U ~  

where the'terms are as previously defined 

The discussion of the col lector array efficiency curves in subsequent 

paragraphs is based upon the relationships expressed by Equation (6). 



I n  d e r i v i n g  the  c o l l e c t o r  a r r a y  e f f i c i e n c y  curves by t h e  1  i nea r  re -  

g ress ion technique, measurement data over t h e  e n t i r e  performance pe r iod  

y i e l d s  h igher  confidence i n  t h e  r e s u l t s  than s i m i l a r  ana lys is  over sho r te r  

periods. Over the  longer  per iods the  c o l l e c t o r  a r ray  i s  fo rced t o  operate 

over  a  wider  dynamic range. Th ls  e l im ina tes  t h e  tendency shown by some 

types o f  s o l a r  energy systems. t o  c l u s t e r  e f f i c i e n c y  values over a  narrow 

range o f  opera t ing  po in ts .  The c l u s t e r i n g  e f f e c t  tends t o  make t h e  

1 i n e a r  regression technique approach cons t ruc t i ng  a  1  i n e  'through a  sing1 e  

data po in t .  The use o f  d a t a  from t h e  e n t i r e  performance pe r iod  r e s u l t s  

i n  a  c o l l e c t o r  a r ray  e f f i c i e n c y  curve t h a t  i s  more accurate i n  long-term 

s o l a r  system performance predict ion, .  The long-term curve and t h e  curve 

der ived from the  1ab.oratory s i n g l e  panel data a re  shown i n  F igure  3.2.1-2. 

The long-term f i r s t  order  curve presented i n  F igure  3.2.1-2 i nd i ca tes  

t h a t  t h e  c o l l e c t o r  a r ray  as a  whole seemed t o  perform b e t t e r  than t h e  

l a b o r a t o r y  t e s t  u n i t .  However, t h i s  i s  probably due t o  t h e  f a c t  t h a t  t h e  

performance equations f o r  t he  c o l l e c t o r  a r ray  take i n t o  account t h e  leakage 

o f  o u t s i d e  ambient a i r  i n t o  the  array.  Also the  long-term f i r s t  o rder  curve 

has a  s l i g h t l y  l ess  negat ive slope than the  curve der ived from s i n g l e  panel 

l a b o r a t o r y  t e s t  data. Th is  i s  a t t r i b u t a b l e  t o  lower losses (o the r  than leak-  

age) r e s u l t i n g  from a r ray  e f f e c t s .  The labo ra to ry  p red ic ted  instantaneous 

e f f i c i e n c y  i s  no t  i n  c lose  agreement w i t h  the  curve der ived from ac tua l  f i e l d  

operat ion.  Thls i n d i c a t e s  t h a t  the l abo ra to ry  der ived curve might  n o t  r e  

use fu l  f o r  design purposes i n  an a r ray  c o n f i g u r a t i o n  o f  t h i s  type. However, 

t h i s  statement must be tempered by t h e  f a c t  t h a t  ac tua l  performance might 

approach p red ic ted  performance more c l o s e l y  i f  there  were no leakage problems 

w i t h  t h e  c o l l e c t o r  a r ray  o r  ductwork. 

For i n fo rma t ion  purposes ' the data associated w i t h  Figure 3.2.1-2 i s  as 

f o l  1  ows : 

S ing le  panel l abo ra to ry  data 

FR(~a) = 0.476 

Long -term f i e l d  data 



I - - .  

OPERATING POINT 

Figure 3.2.1-2 Solaron Akron Collector Efficiency Curves 



Table 3.2.1-2 presents data comparing the monthly measured values o f  

so lar  energy col lected w i th  the predicted performance determined from 

the long-term regression curve and the laboratory s ~ n ' ~ l e  panel e f f i -  

ciency curve. The predict ions were derived by the f o l  lowing procedure: 

1. The Snstantaneous operating points were computed 

using Equation (3). 

2. The instantaneous e f f i c iency  was computed using 
Equation (4) wi th  the operating point  computed i n  
Step 1 above for: 

a. The long-term l i nea r  regression curve 
f o r  co l lec to r  array e f f i c iency  

b. The laboratory single pane1 co l lec to r  

e f f  ic lency curve 

3. The e f f i c ienc ies  computed i n  Steps 2a and 2b 

above were m l t i p l  i e d  by the measured solar  
energy avai 1 abl e when the col  1 ectors were 
operational t o  give two predicted val ues o f  

sol ar  energy col  1 ected. 

The er ro r  data i n  Table 3.2.1-2 were computed from the differences 

between the measured and predicted values o f  so lar  energy col lected 
according t o  the equation: 

Error  = (A-P)/P 

where A = Measured solar  energy col lected 
P = Predicted solar energy col lected 

The computed e r ro r  i s  then an ind icat ion of hnw well  the pa r t i cu la r  

predic t ion curve f i t t e d  the r e a l i t y  o f  dynamic operating condit ions 

I n  the f ie ld.  



TABLE 3.2.1-2 

ENERGY GAIN COMPARISON 

(ANNUAL) 

SITE: SOLARON AKRON AKRON, OHIO 
- . . . .  . 

. 
Month 

Apr 79 

May 79 

Jun 79 

hug 79 

Sep 79 

Clct 79 

NOV 79 

Jan 80 

Feb 80 

Average 

Col 1 ected 
Sol a r  Energy 
( M i l  1 ion  Btu) 

4.221 

1 .988 

1.934 

1.914 

3.905 

2.781 

2.462 

2.351 

3.410 

2.774 

f 

Er ro r  
F i e l d  Derived 

Long Term 

-0.064 

-0.079 

-0.184 

-0.170 

-0.092 

-0.057 

-0.052 

0.01 9 

0.067 

-0.059 

Laboratory 
Single Panel 

0.253 

0.231 

0.255 

0.205 

0.202 

0.179 

0.229 

0.302 

0.380 

0.251 



The values o f  "Co l l ec ted  So lar  Energy" g iven i n  Table 3.2.1'-2 'are n o t  

necessa r i l y  i d e n t i c a l  w i  t h  the  values o f  "Co l lec ted  So la r  .,.Energy1' 

g i ven  i n  Table 3.2.1-1. Any variations a re  due e i t h e r  t o  d i f f e r e n c e s  

i n  t h e  data base o r  t o  t h e  d i f f e rences  I n  data processing between the  

so f tware  programs used t o  generate the  monthly performance assessment 

da ta  and t h e  component l e v e l  c o l l e c t o r  ana lys i s  program. These data 

a r e  shown i n  Table 3.2.1-2 o n l y  because they  form the  references from 

which t h e  e r r o r  data g iven i n  the  t a b l e  a r e  computed. 

The data  from ' fable 3.2.1-2 i l l u s t r a t e s  t h a t ,  f o r  t h e  Solaron Akron s i t e ,  

t h e  average e r r o r  computed from t h e  d i f f e r e n c e  between t h e  measured s o l a r  

energy c o l l e c t e d  and the  p red i c ted  s o l a r  energy c o l l e c t e d  based on t h e  

f i e l d  de r i ved  long- term c o l l e c t o r  a r r a y  e f f i c i e n c y  curve was -5.9 per-  

cent. For t he  curve der ived from the  l a b o r a t o r y  s i n g l e  panel data, t he  

e r r o r  was 25.1 percent.  Thus the  long- term c o l l e c t o r  a r r a y  e f f i c i e n c y  

curve  g i ves  s i g n i f i c a n t l y  b e t t e r  r e s u l t s  than t h e  1 aboratory s l n g l  e panel 

curve. 

A histogram of c o l l e c t o r  a r r a y  opera t ing  p o i n t s  . i l l u s t r a t e s  t h e  d i s t r i - .  

bu t ion  of Instantaneous values as determined by Equation (3) f o r  t h e  

e n t i r e  month. The h is togram was cons t ruc ted  by computing t h e  i ns tan -  

taneous ope ra t i ng  p o i n t  value from s i t e  i n s  t rumenta t ion  measurements 

a t  the r e g u l a r  data saystem I n t e r v a l  s throughout t he  month, and count ing  

t h e  number o f  values w i t h i n  cont iguous i n t e r v a l s  o f  w i d t h  0.01 from zero 

t o  u n i t y .  The ope ra t i ng  p o i n t  histogram shows the  dynamic range o f  c o l -  

l e c t o r  opera t ion  du r ing  the  month f rom which the  midpo in t  can be ascer- 

ta ined.  The average c o l l e c t o r  a r r a y  e f f i c i e n c y  fo r . t he ,mon th  can then be 

de r i ved  by p r o j e c t i n g  the  midpo in t  va l  ue t o  the  appropr ia te  e f f i c i e n c y  

curve and reading the  corresponding value o f  e f f i c i e n c y .  

Another c h a r a c t e r i s t i c  o f  the  opera t ing  p o i n t  h is togram i s  t h e  s h i f t i n g  

of  t h e  d i s t r i b u t i o n  a long the  opera t ing  p o i n t  ax is .  This .  can be exp la in -  

ed i n  terms of t h e  c h a r a c t e r i s t i c s  ,of t h e  system, t h e  c l i m a t i c  f a c t o r s  



of the s i t e ,  i .e. ,  incident solar  energy and ambient temperature, and 
the method of system operation. Figure 3.2.1-3 shows two histograms 
that  i l l u s t r a t e  a typical winter month (February) and a typical summer 
month (hugust) operation. The approximate average operating pol n t  f o r  
February i s  a t  0.22 and for  August a t  0.29. In terms of Equation (3) 
it can be seen tha t ,  as the operating, point becomes larger ,  the col- 
lector  array efficiency decreases. A t  the Solaron Akron s i t e  i t  will 
be recalled tha t  the flow path i s  changed d u r i n g  the summer months so 
tha t  a l r  c i rculates  i n  a t i g h t  path between the out le t  and i n l e t  of 
the col lector  array. The only mechanisms fo r  extracting energy  i n  t h i s  
flow conffguratlon are the DHW heat exchanger and duct losses. As a 
resu l t ,  the col lector  array i n l e t  temperature becomes very h i g h  and the 
col lector  array efficiency tends to  decrease, even though both the inso- 
lation level and the outside ambient temperature also tend t o  increase 
in the summer months. The behavior i s  fur ther  i l l u s t r a t ed  by considering 
the data i n  Table 3.2.1-1. 

Table 3.2.1-1 presents the monthly values of incident solar  energy, opera- 
tional incident solar energy, and collected so lar  energy from the 12 month 
performance period. The coll ector array efficiency and operational col- 
lector  array efficiency were computed fo r  each month uslng Equations ( 1 )  

and (2). On the average the.  operational col lector  array efficiency ex- 
ceeded the collector array efficiency, which included the effect of the 
control system, by 117 percent. 

Additional information concerning coll ector array analysis i n  general may 
be found i n  Reference [7]. The material i n  the reference describes the 
detailed collector array analysis procedures and presents the resul ts  of 
analyses p.erformed on numerous col lector  array ins ta l la t ions  across the 
United States. 
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3.2.2 Storage Subsystem 

Storage subsystem performance i s  described by comparison of energy t o  
storage, energy from storage and change in stored energy. The ratio of 
the sum of energy from storage and change i n  stored energy to energy to 
storage i s  defined as storage :efficiency, Q,. Thls relationship i s  ex- 
pressed in the equation 

nS . =  ( A Q + Q ~ ~ I / Q ~ ~  

where: 

AQ = Change in stored energy. This i s  the difference in 
the estimated stored energy during the specified 

' 

'reporting period, as indicated by the relative 
temperature of the storage medium (either positive 
or negative val.ue) 

Qso = Energj from storage. This i s  the amount of energy 
extracted by the load subsystem from the primary 
storage medi um 

Qsi = Energy. t o  storage. This is  the amount of energy 
. . 

(bo th  solar and auxil iary) delivered to the pr,imary 
storage medi u m  

Evaluation of the system storage performance under actual system opera- 
tion and weather conditions can be performed using the parameters defined 
above. The uti l i ty of these measured data in evaluation of the overall 
storage 'design can be i l l  ustrated f n the fol lowing d i  scuss~on. 



Table 3.2.2-1 summarizes the storage subsystem performance during the 
report period. However, before discussing storage subsystem performance 
E t  ts necessary t o  point out a minor difficulty relating to the monitoring 
lnstrurnentation in the storage loop.' ~xamination of Figure 2-1 will re&l 
t h a t  there i s 'no  flowmeter in the ducts leading directly in or out of the 
storage bin. Physical 1 imitations prevented the ins ta l  1 a t  ion of a f l  owmeter 
i\n this area, so other flowmeters (W100, WlOl and W600, as applicable) 'have ' 
been used to measure a i r  flow through the storage bin. Since.there are in- 
evttable a l r  leaks in an a1.r system of th is  type, the computations for en- 
e,rgy t o  and from storage will be slightly in error, even though an attempt 
was made to account for a i r  leakage wherever possible. 

Durlng the 12 m o n t h  period an .approximate, total of 12.73 million B t u  was 
delivered to storage and 4.44 million B t u  was extracted for support of the 
space. heating load. However, the storage subsystem was inactive during the 
summer months (June, July and August), so these values essentially represent 
performance for a nine 'month, rather than a 1 2  m o n t h  period. During these 
same nine months the net change in stored energy was -0.11 million B t u ,  
whlch leads to an overail storage efficiency of 0.34 and a total heat loss 
from storage of 8.40 'mi 11 ion ~ t u ;  'The average temperature of storage during 
the acti.ve period was 108OF, and for the full 12  months i t  was 102OF. 

I t  will be noted that almost two times as much energy was lost  from storage 
as was removed for support of the  space heating load during the active 
peri,od. I t  i s  suspected t h a t  the seal around the cover of the unit i s  de- 
fective to some degree, thus allowing this  large amount of leakage. During 
seasonal transitional months, such as April, May, September.and October, . 

th is  leakage can result in some discomfort for theoccupants and also cause 
a higher than normal cooling load. However, during the winter months the 
losses represent an uncontrol led reduction in the" overall 'space heating load. 
The ramifications of th is  uncontrolled heat input to the dwelling will be, 
discussed in greater detail in subsequent sections. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

*These.val.ues based on on ly  the n ine months t h a t  the storage subsystem was act ive .  The values f o r  
'June, J u l y  and kugust are  no t  included i n  the t o t a l  o r  averages. 

Month 

NOV 78 

Dec 78 

Jan 79 

Feb 79 

Energy To 
Storage 

( M i l l  i o n  Btu) 

0.61 

1.53 

0.47 

2.02 

Mar 79 

Apr 79 

May 79 

Jun 79 
Ju l  79 

Aug 79 

Sep 79 

Oct 79 

Total  

Average 

Energy From 
Storage 

( M i l l  i on  Btu) 

0.19 

0.60 

0.31 

1.25 

2.30 

2.28 

1.04 

0 

0 

0 

1.17 

1.31 

12.73 

1.06 

Change I n  
Stored 
Energy 

( M i l l  i o n  Btu) 

-0.26 

-0.03 

-0.15 

0.23 

1.04 

0.74 

0.09 

0 

0 

0 

0.04 

0.18 

4.44 

0.37 

Storage 
E f f i c i ency  

-0.12 

0.38 

0.34 

0.73 

-0.09 

0.12 

-0.23 

0.03 

0.04 

-0.01 

0.29 

0.01 

-0.11* 

-0.01 * 

Storage 
Average 

Temperature 
(OF) 

116 

96 

84 

9 1 

0.42 

0.38 

-0.14 

1 .OO 

1 .OO 

1 .OO 

0.28 

0.15 

-- 
0.34* 

122 

122 

114 

83 

84 

86 

109 

122 

-- 
1 08* - 



3.2.3 Hot Water Subsystem 

The performance of t h e  ho t  water  subsystem i s  described by comparing t h e  

amount o f  s o l a r  energy suppl i e d  t o  t h e  subsystem w i t h  t h e  energy requ i red  

t o  s a t i s f y  t h e  t o t a l  ho t  water load. The energy requ i red  t o  s a t i s f y  t h e  

t o t a l  l o a d  cons is ts  o f  both s o l a r  energy and a u x i l i a r y  thermal energy. 

The performance o f  t h e  Solaron Akron ho t  water  subsystem i s  presented i n  

Table 3.2.3-1. The value f o r  a u x i l i a r y  energy supp l ied  i n  Table 3.2.3-1 

?s t h e  gross energy supp l ied  t o  the  a u x i l i a r y  system. The value of aux- 
P I  i'ary energy suppl i e d  mu1 t i p 1  i e d  by the  aux i  1  i a r y  system e f f i c i e n c y  g ives 

t h e  a u x t l  i a r y  thermal energy a c t u a l l y  de l i ve red  t o  the load. The d i f f e r -  

ence between the  sum o f  a u x t l  i a r y  thermal energy p lus  s o l a r  energy and 

the. h o t  water l oad  i s  equal t o  t h e  thermal (standby) losses froni t h e  ho t  

water subsystem. 

The measured s o l a r  f r a c t i o n  i n  Table 3.2.3-1 i s  an average weighted value , 

for  t h e  month based on the  r a t i o  of s o l a r  energy i n  the  ho t  water tank t o  

t h e  t o t a l  energy i n  t h e  h o t  water tank when a  demand f o r  ho t  water ex i s t s .  

Th ls  va lue i s  dependent on t h e  d a i l y  p r o f i l e  of ho t  water usage. I t  does 

n o t  represent  t h e  r a t i o  of s o l a r  energy supp l ied  t o  the  sum o f  s o l a r  p lus  

a u x i l i a r y  thermal energy supp l ied  shown i n  t h e  Table. 

For t h e  12 month p e r i o d  f rom November 1978 through October 1979, t h e  s o l a r  

energy system supp l ied  a  t o t a l  o f  7.29 m i l lSon  Btu t o  t h e  ho t  water suh- 

system. However, t h e  hot  water subsystem i t s e l f  e f f e c t i v e l y  de l  i v e r e d  

5.95 m i l l  i o n  Btu t o  t h e  h o t  water ioad.  The d i f ference represents losses 

a t t r~Sb i r tab le  t o  t h e  preheat. tank  and i t s  associated plumbing, The t o t a l  

h:?t water  l oad  f o r  t h l s  pe r iod  was 20.50 m i l l i o n  Btu, and the  weighted 

average monthly s o l a r  f r a c t i o n  was 26 percent.  



* T302 was defect ive  u n t i l  December 13, 1978. Therefore these values are approximate. 
** M302 was defect ive  dur ing most o f  Ap r i l .  The values presented i n  the  tab1 e have been est imated from 

the app l icab le  data f o r  the o ther  11 months. 
. ***The c o l l e c t o r  ar ray  d i d  no t  operate from May 11 t o  May 30 due t o  a cont ro l  problem. 

. . * .  

4 

Month 

Now 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79**  

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 
- 

Total  

Average 

Hot 
Load 

( M i l  1 i on  Btu) 

1.53 

2.18 

2.44 

2.02 

1.80 

1.71** 

2.00 

1.37 

1.48 

1.39 

1.27 

1.31 

20.50 

1.71 

Weighted 
Solar  

F rac t ion  
(Percent) 

18 

17 

10 

21 

34 

26** 

14 

39 

39 

4 0 
54 

3 1 

- - 
2 6 

\dater 
Gal 1 ons 

Used 

3,043 

3,561 

3,665 

2,942 

2,633 

3,092** 

3,722 

2,736 . 
3,154 

3,166 

2,835 

2,552 

37,101 

3,092 

Energy Consumed 
Parameters 

Solar  

0.47 

0.40 

0.18 

0.54 

0.82 

0.76 

0.30 

0.71 

0.79 

0.79 

0.96 

0.57 

7.29 

0.61 

Temperatures 
supply 

66" 

60* 

5 5 

56 

54 

59** 

65 

69 

7 3 

7 5 

75 

7 0 

- - 
65 

(OF) 

Del i v e r y  - '  

126 

127 

127 

127 

127 

1 27** 

126 

127 

127 

127 

126 

126 

- - 
127 

( M i l l i o n  Btu) 
A u x ~  1 i a r y  
Thermal 

1.54 

2.04 

2.37 

1.76 

1.97 

1.94 

1.91 

0.97 

1 .OO 

0.96 

0.71 

1.06 

18.23 

1.52 

Aux i l  i a r y  

1.54 

2.04 

2.37 

1.76 

1.97 

1.94 

1.91 

0.97 

1 .OO 

0.96 
0.71 

1.06 

18.23 

1.52 



The mon'thly average hot.water load during the reporting period was 1.71 
mill ion B t u .  This i s  based on an average da i ly  consumption of 102 gal-  

lons,  delivered a t  an average temperature of 127°F and supplied t o  the 
system a t  an average temperature of 65qF. The temperature of the  supply 
water ranged from a low of 54OF i n  March t o  a high of 75OF i n  August and 
September. 

. Each month an average of 0.50 mill ion B t u  of so l a r  energy from the 
preheat tank and 1.52 mill ion B t u  of aux i l i a ry  thermal ( e l e c t r i c a l )  
energy were supplied t o  support the  hot water load. Since the  average 
monthly hot water load was 1.71 mill ion B t u ,  an average of 0.31 mill ion 
B t u  was l o s t  from the  hot water tank each month. In add i t ion , . an  average 
of 0.02 mill ion B t u  of operating energy was required t o  support the  hot 
water subsystem each month. 

There were some instrumentation problems re la t ing  t o  the hot water 
subsystem during the  report ing period. Both t he  supply water temperature 
sensor (T302) and flow sensor (W302) f a i l ed  a t  d i f f e r en t  times f o r  
periods of approximately one t o  one and one half months. The affected 

. parameters have been noted i n  Table 3.2.3-1 and i t  i s  believed t h a t  t he  

values presented there  cons t i t u t e  a reasonable approximation t o  t h e  t r ue  
values f o r  these  parameters. ' 

In addi t ion t o  the  instrumentation problems there  was a control problem , 

t h a t  developed during the s u n e r  months. This problem resul ted i n  

cyc l ic  operation of both the  hot water reci rcula t ion pump (PI ) and the  
ECSS blower (Bl) .  The problem was corrected w i t h  the  i n s t a l l a t i on  o f  a 
d i f f e r e n t i a l  con t ro l le r  in the  ear ly  f a l l ,  b u t  performance of the hot 
water subsystem was probably degraded somewhat from July  through September. 



3.2.4 Space  eating Subsystem 

The performance of the space heating subsystem i s  described by comparing 
the amount of solar  energy suppl fed to  the subsystem w i t h  the energy re- 
quired to  sa t i s fy  the to ta l  space heating load. The energy required to  
sa t i s fy  the to ta l  load consists of both solar  energy and auxi l iary thermal 
energy. The r a t io  of solar  energy supplied to  the load t o  the to ta l  load 
i s  defined as the heating solar  fraction. The calculated heating solar  
fraction i s  the indicator of performance fo r  the subsystem because i t  
defines the percentage of the to ta l  space heating load supported by solar  
energy. 

The performance of the Solaron Akron space heating subsystem is presented 
fn Table 3.2.4-1. For the 12 month period from November 1978 through 
October 1919, the solar energy system supplied a measured total  of 3;23 
mlllion B t u  t o  the space heating load. ' The total  measured heating load 
for  t h f s  perlod was 15:09, mill ion B t u ,  and the average monthly solar  f rac-  
t ton was 21 percent. 

I t  must be emphasized tha t  a l l  values presented in t h i s  section relat ing 
t o  the performance of the space heating subsystem are  based on measured 
parameters. In other words the space heating load, solar  contribution and 
so lar  fraction are a l l  determined based on the measured output of the space 
heating subsystem. These measured values do not include any of the various 
so lar  cncrgy losses t h a t  are present i n  L h t !  system. However, so lar  energy 
losses are generally added to  the in te r ior  of the house and, as such, rep- 
resent an uncontrol 1 ed (unmeasured) contribution t o  the space heating 1 oad. 
A t  the Solaron Akron s i t e  these solar  energy losses occur during energy 
transport between the various subsystems (primarily due to  duct leakage), 
from the storage bin and, t o  a lesser  extent,  the hot water preheat tank. 
During the prlmary heating season (October through April) a to ta l  of approxi- 
mately 23.12 million B t u  of so lar  energy was added t o  the in t e r io r  of the 



TABLE 3.2.4-1 

tii:lTING SUBSYSTEM PERFORMANCE 

*Average so la r  f r a c t i o n  i s  the r a t i o  o f  Total  Solar  Energy t o  Total  Load. 

. 
Measured 

Solar  
Fract ion 
(Percent) 

16 

21 

9 

15 

6 3 
62 

88 
- - 
- - 
- - 

100 

4 1 

- - 
2 i *  

C 

Month 

Nov 78 

Dec 78 

Jan 79 
Feb 79 

Mar 79 

Apr 79 

May 79 
Jun 79 
Ju l  79 

Aug 79 

Sep 79 
Oct 79 

' Tota l  

Average 
i 

Energy Consumed 
Heating 

Load 
( M i l  1 i o n  Btu) 

1.19 

2.43 

4.77 

4.34 

1.22 

0.77 

0.05 

0 

0 

0 

0.04 
0.25 

15-09 

1.26 

Auxi 1 i a r y  

0.47 

1.78 

2.43 

2.57 

0.53 
0.08 

0.01 

0 

0 

0 

0 

0.44 

8.31 

0.69 

(M i l  1 i on  ~ t u )  

Sol a r  

0.20 

0.50 

0.42 

0.66 

0.76 

0.48 

0.05 

0 

0 

0 

0.04 

0.12 

3.23 

0.27 

Parameters 
.lux1 1 i a ry  
Thermal 

- 1.15 

2.99 

5.03 

4.26 

1.20 
0.25 

0.02 

0 

0 
0 

0 

1.15 

16.05 

1.34 

Temperatures 
Bui ld ing,  

70 

68 

68 

6 9 

7 1 

71 

7 3 

76 

79 

77 

75 

71 

- - 
72 

( " t )  
Outdoor 

43 

3 2 

21 

19 

42 

4 7 

58 

68 

71 

6 9 

6 4 

5 1 

- - 
49 



house through these var ious losses. Th is  amount o f  uncon t ro l l ed  s o l a r  . ' . 

energy added was over seven times g r e a t e r  than t h e  measured amount o f  

s o l a r  energy suppl fed  t o  the  space heat ing subsystem dur ing  t h e  pr imary 

heat ing  season. As such, t h i s  uncon t ro l l ed  i n p u t  o f  s o l a r  energy t o  t h e  

house represents a s i g n i f i c a n t  c o n t r i b u t i o n  t o  ' t he  space heat ing load. 

I n  a d d i t i o n  t o  t h e  s o l a r  energy system losses there  a re  a l so  losses of 

a u x i l  l a r y  energy from the  of f -peak system. During t h e  pr imary heat ing 
season these losses t o t a l e d  approximately 5.96 m i l l i o n  Btu and a l s o  con- 

t r i b u t e d  t o  t h e  space heat ing load, a l though t o  a l esse r  ex ten t  than 

t h e  s o l a r  energy system losses. 

It i s  I n t e r e s t i n g  t o  note the  dramatic change t h a t  occurs i n  t h e  ca l cu la ted  

space heat ing  subsystem performance when a1 1 t h e  losses are  inc luded i n  t h e  

computations f o r  t h e  pr imary heat ing  season. By adding the  t o t a l  amount o f  

losses (so la r  p l u s  a u x i l i a r y )  t o  the  measured load, and adding the  s o l a r  

losses o n l y  t o  the  s o l a r  c o n t r i b u t i o n ,  t he  heat ing  s o l a r  f r a c t i o n  increases 

t o  60 percent.  Th is  i s  almost th ree t imes g rea te r  than t h e  computed value 

of 21 percent. 

One f i n a l  p o i n t  r e l a t i n g  t o  t h e  uncon t ro l l ed  s o l a r  energy losses should be 

consfdered. Even though these losses prov ide a b e n e f i t  dur ing  the  heat ing 

season, they rep resen t  a burden t o  t h e  coo l i ng  l oad  du r ing  the  t r a n s i t i o n a l  

per iods o f  t h e  year. I f  any a i r  cond i t i on ing  i s  done, t h e  cos t  o f  operat ing 

t h e  cool fng u n i t  w l l l  be increased. If no a i r  cond i t i on ing  i s  used, t h e  

occupants o f  t h e  house may have t o  su f fe r  some unnecessary d iscomfor t  due 

t o  h igher i n t e r i o r  temperature l eve ls .  

During t h e  12 month r e p o r t i n g  pe r iod  a t o t a l  o f  8.31 m i i l  i o n  Btu  o f  a u x i l  i a r y  

energy was consumed by the  space heat ing  subsystem when i t  was opera t ing  i n  

t h e  var ious a u x i l i a r y  heat ing modes. O f  t h i s  t o t a l ,  6.95 m i l l i o n  Btu  were 



consumed by the heat pump compressor and 1.36 m i l l i o n  Btu were consumed 

by the heat s t r i ps .  Since 14.69 m i l l i o n  Btu were added t o  the a u x i l i a r y  

heat ing system by the heat pump, the average COP o f  the heat pump was 

approximately 2.11. This i s  i n  cont rast  t o  the average COP o f  approxi- 
mately 1.11 f o r  the e n t i r e  off-peak system. The average overa l l  system 
COP o f  1.11 i s  based on a comparison o f  the t o t a l  amount o f  power con- 
sumed by the heat pump compressor and pump P2 versus the t o t a l  energy 

de l i ve red  t o  the a u x i l  i a r y  system a t  HX2 (reference Figure 2-1). As 
such, i t  t s  a more accurate i nd i ca to r  o f  the a u x i l i a r y  heat pump system 

performance because i t  represents the actual  r a t i o  o f  energy sought t o  

energy t h a t  costs. Power unnecessarily consumed by e i t h e r  pump P2 o r  the 
heat pump compressor due t o  con t ro l  system o r  other problems i s  included, 
so t he  average system COP represents a l l  phases of system operation. 



4. OPERATING. ENERGY 

0perati.ng energy f o r  the Solaron Akron Solar Energy System i s  defined 
as the energy required t o  t ranspor t  so la r  energy t o  the p o l n t  o f  use. Total 
operatlng energy for t h i s  system cons.1 s t s  of energy co l  l e c t i o n  and storage 

subsystem operatlng' energy, ho t  water subsystem operating energy and space 

heating subsystem operatlng energy. operating energy i s  e l e c t r i c a l  energy 
t h a t  t s  used t o  support the subsystems wi thout  a f f e c t i n g  t h e i r  thermal state. 

Measured month1 y values f o r  subsystem operating energy are presented i n  

Table 4-1. 

Tota l  system operating energy f o r  the Solaron Akron Solar  Energy System I s  
t h a t  e l e c t r i c a l  energy required t o  operate the blowers i n  the ECSS loop 
(BI) and the a i r  d i s t r i b u t f o n  duct (B2), the pumps i n  the DHW subsystem 

(PI) and the aux i l  i a r y  heat pump system (P2), and the heat pump outs ide 
fan. These are shown as EP100, EP400, EP301, EP404 and EP403, respectively, 

i n  Figure 2-1. Although addi t iona l  e l e c t r i c a l  energy i s  required t o  operate 

the  three motor dr iven dampers and the cont ro l  system f o r  the i ns ta l l a t i on ,  

i t  i s  not Included I n  t h i s  report .  These devices are not  monitored f o r  

power consumption and the power they consume i s  inconsequential when com- 
pared t o  the fan and pump motors. 

During the 12 month repor t ing period, a t o t a l  o f  5.22 m i l l i o n  Btu (1529 kwh) 

o f  operating energy .was consumed. However, t h i s  includes the energy required 

t o  operate the blower i n  the a i r  d i s t r i b u t i o n  duct and the pump and outside 
fan  I n  the heat pump system, and t h a t  ,- energy would be required whether o r  not 

the  so lar  energy system was being u t i l i z e d  f o r  space heating. . Therefore, the 
energy consumed by these devices i s  no t  considered t o  be so la r  pecul f a r  opera- 

t i n g  energy, even though it i s  included as pa r t  o f  the space heating subsystem 
operating energy. 



. 

TABLE 4-1 

. . OPERATING ENERGY 

T 

Total  System 
Operating ,Energy. 

. ( M i l  1 i o n  Btu) 

0.340 . 
0.865 

1.112 . . . 

0.912 

0.432 ' 

. . 
. . 0.288 : 

0.113. 

0.200 

0.215. . 

o.iso 
0.253 - 

0.297'% . 

5.217 

0.435 . 

Space Heating 
. . A Operating Energy 

( M i l  1 i on  Btu) 

0.188 

0.730 
. 

1.033 

0.739 : 
0.183 

01.066 . ' 

0.004 

0 

0 

0 .  

0.001 

0.128 

3.072 , 

0.256 

Hot Water 
Operating Energy . ,  , 

; ' ( M i l l i o n  Btu) - 

I .  

0.01 7 

0.019- 
. 

0.009 ' 

0.025 I 

0.030 

0.028 

0.010 

0.021 
! 0.02'5 

0.030. 

0.039 

0.025 ' 

0..278 . . 

i : .  0.023 

Month 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

Ju l  79 

A U ~  79 

Sep 79 

Oct 79 

Total  

Average 

ECSS 
Opera-ti ng Energy 

(Msi l l ion  Btu) . 

0.135 

0.11.6 

0.070 

0.148 

0.219 

0.194 

0.099 

0.179, 

0.190 

0.160 

0.213 

0.1441 

1 .867 

0.156 ' 

b E 



A t o t a l  of  2.15 mill ion Btu (630 kwh) of ope ra t i ng  energy was r equ i r ed  
t o  suppor t  t h e  pump and fan  t h a t  a r e  unique t o  t h e  s o l a r  energy system 
during t h e  r epo r t i ng  per iod .  Of t h i s  t o t a l ,  1.87 mil 1 ion ~ t u  were a l l o -  
c a t e d  t o  t h e  Energy Co l l ec t i on  and S torage  Subsystem (ECSS) and 0.28 mil- 
l i o n  Btu were a l l o c a t e d  t o  t h e  DHW Subsystem. S ince  a measured 9.21 mil- 

l ion B t u  o f  s o l a r  energy was del ivered  t o  system loads  during t h e  r epo r t i ng  
per iod ,  a t o t a l  o f  0.23 m i l l i o n  Btu (67 kwh) o f  ope ra t i ng  energy was re- 
qu i r ed  f o r  each one mill ion Btu o f  s o l a r  energy del ivered  t o  t h e  system 
1 oads . 



5. ENERGY SAVINGS 

s o l a r  energy system savings are  r e a l i z e d  whenever energy provided by the  . 

s o l a r  energy system i s  used t o  meet system demands which would otherwise 

be met by a u x i l i a r y  energy sources. The opera t ing  energy requ i red  t o  

p rov ide  s o l a r  energy t o  t h e  l o a d  subsystems i s  subt rac ted f rom t h e  s o l a r  

energy con t r i bu t i on ,  and t h e  r e s u l t i n g  energy savings a re  adjusted t o  re -  

f l e c t  t h e  c o e f f i c i e n t  o f  performance (COP) of the  a u x i l i a r y  source being 
supplanted by s o l a r  enqrgy. 

The Sol aron Akron So la r  Energy System' has a heat  pump f o r  auxi  1 i a r y  space 

heat ing  purposes. However, t h e  heat pump i s  n o t  used as a stand-alone u n i t ,  

b u t  r a t h e r  i n  con junc t ion  w i t h  an of f -peak storage tank and associated hard- 

ware. As discussed i n  t h e  Space Heat ing.  Subsystem sect ion,  t he  average COP 

f o r  t h e  o v e r a l l  heat pump system (not i n c l u d i n g  t h e  e l e c t r i c a l  s t r i p  heaters) 

was approximately 1.11 f o r  t he  r e p o r t i n g  per iod.  A u x i l i a r y  energy f o r  t h e  
heat  s t r i p s  and h ~ t  water heat ing  i s  a l s o  provided by e l e c t r i c i t y  and the  

COP f o r  bo th  the  s t r i p s  and hot  water heat ing  element i s  considered t o  be 

1.0 f o r  computational purposes. 

Energy savings f o r  t h e  12 month r e p o r t i n g  pe r iod  a re  presented i n  Table 5-1. 

DurPng t h i s  t ime the  system r e a l i z e d  a gross e l e c t r i c a l  energy savings o f  
9.03 m i l l i o n  Btu, which i s  the  amount o f  s o l a r  energy supp l ied  t o  t h e  ho t  
water subsystem and space heat1 ng subsystem ( w i t h  appropr ia te  COP ad jus t -  

ment). Since 0.28 m i l l i o n  Btu were requ i red  t o  operate the  ho t  water sub- 

system r e c i r c u l a t i o n  pump, t h e  n e t  savings f o r  t h e  ho t  water subsystem 

amounted t o  5.70 m i l l  i o n  Btu. The n e t  savings f o r  t h e  space heat ing sub- 

system, which i s  .no t  charged w i t h  any opera t ing  energy deduction, t o t a l e d  P 

3.05 m i l l  i o n  Btu. The ECSS blower consumed 1.87 m i l  1 i o n  Btu o f  opera t ing  

energy, so the  n e t  e l ' e c t r i c a l  energy savings f o r  t h e  ent i , re  s o l a r  energy 

system were 6.88 m i l l i o n  Btu .(2,015 kwh). 



TABLE 5-1 

ENERGY SAVINGS 

. . . . . .  . . . . . . . . . . . . .  . .  . 

Month 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 

Tota l  
1 

Average 

*The DHW 
performance o f  the  subsystem. 

E l e c t r i c a l  
Energy Savin s Q ECSS 

Operating 
Energy 

( M i l  1 i o n  Btu) 

0.135 

0.116 

0.070 

0.148 

0.219 

0.194 

0.099 

0.179 

0.190 

0.160 

0.213 

0.144 

1.867 

0.156 

e l e c t r i c a l  energy savings 

( M i l l  
no t  

Water 

0.211* 

0.342* 

0.220 

0.41 6 

0.631 

0.604* 

0.273 

0.585 

0.634 

0.609 

0.743 

0.431 

5.699 

0.475 

subsystem 

i o n  Btu 
bpace 

Heating 

0.179 

0.470 

0.412 

0.636 

0.720 

0.442 

0.044 

0 

0 

0 

0.036 

0.106 

3.045 

0.254 

con t r i bu t i on  t o  

Net 
E l e c t r i c a l  Energy 

Fossi 1 
Equivalent 
At  Source 

( M i l l  i o n  Btu) 

0.850* 

2.320* 

1.873 

3.01 3 

3.773 

2.840* 

0.727 

1.353 

1.480 

1.497 

1.887 

1.310 

22.923 

1.910 

esi imated 

Savings 
( M i l l i o n  Btu) 

0.255* 

0.696* 

0.562 

0.904 

1 .I32 

0.852* 

0.218 

0.406 

0.444 

0,449 

0.566 

0.393 

6.877 

0.573 

dur ing these months 
i 

( kwh) - 
75* 

204* 

165 

26 5 

332 

2 50* 

64 

119 

130 

132 

166 

11 5 

2,015 

168 

i s  based on 



It should be noted t h a t  a l l  values r e l a t i n g  t o  space heating savings 

are based .on ly  on the measured so la r  energy con t r ibu t ion  t o  the space 

heat ing load. As discussed i n  the Space Heating subsystem section, 

approximately 23.12 m i l l  i o n '  Btu o f  so la r  energy were added t o  the i n -  

t e r i o r  o f  t h e  house through various losses dur ing the primary heating 

season. This uncontrol led add i t i on  o f  so la r  energy t o  the house,- had 

i t  been included i n  the space heating subsystem computations; would have 
a l t e r e d  the space heating (and t o t a l  system) savings tremendously. This 

addi t i o n q l  bu t  unreported savings can be approximately quan t i f i ed  by 

determining the r a t i o  o f  a u x i l i a r y  energy suppl l ed  by t h e  heat (88 
percent)  and the heat s t r i p s  (12 percent), s p l i t t i n g  the losses by t h i s  

r a t i o ,  and d i v i d i ng  by the appropr iate COP (1.11 f o r  the heat pump and 

1.0 f o r  the heat s t r i p s ) .  This procedure y i e l d s  -a savings o f  21.10 m i l -  

l i o n  Btu (6182 kwh), again over seven times greater than the reported 

space heating savings o f  3.05 m i l l  Son Btu. I f  the losses were taken i n t o  

account, the net  savings f o r  the complete so la r  energy system would have 

been 27.98 m i l  1 ion  Btu (8198 kwh), as opposed t o  the reported value o f  

6.88' m i l l i o n  ~ t u .  



Th is  sec t i on  prov ides a summary o f  a l l  known maintenance v i s i t s  made . 

t o  t he  Solaron Akron s i t e  f r o m t h e  t ime i t  went on l i n e  u n t i l  t h e  c l o s i n g  

of the  data 'assessment per iod.  

A U ~ U S  t ,22, 1978 

e Release a i r  en t ra ined  i n  system and repr ime system 

October 7, 1-978 . .  . .' 

e Set off-peak tank charging .system f rom cool  i n g  mode t o  o f f  

December 12-1 3, 1978 

e 'Replace of f -peak t i m e r  w i t h  a u n i t  i nco rpo ra t i ng  a sp r ing  reserve 

a Check f i l t e r s  i n  off-peak system 
r S e t  of f -peak charging system f rom o f f  t o  heat ing  mode 

February 8, 1979 

a Replace damper motor f o r  MD3 

March 27-30, 1979 

Seal a i r  leaks,  i n  ductwork 

October 9-1 1, 1979 (approximate) 

s Replace c o n t r o l l e r  i n  c o l l e c t o r  loop 
e Adjus t  off-peak c o n t r o l  system 

NOTE: No formal r e p o r t  was rece ived f o r  t h i s  maintenance 

v i s i t .  Therefore, t he  above data may be incomplete. 



7. SUMMARY AND CONCLUSIONS 

The f o l l o w i n g  paragraphs prov ide a b r i e f  summary o f  a1 1 p e r t i n e n t  

parameters f o r  the  Solaron Akron So lar  Energy System f o r  t h e  pe r iod  

f rom November 1978 t o  October 1979. A more detai1,ed d iscussion can 

be found i n  t h e  app l i cab le  preceding sect ions. 

Dur ing t h e  r e p o r t i n g  per iod,  t h e  measured d a i l y  average i n c i  dent inso-  
2 l a t i o n  i n  t h e  plane o f  t h e  c o l l e c t o r  a r ray  was 1,118 Btu/Ft  . Th is  

2 was f i v e  percent  below the  long-term d a i l y  average o f  1,179 Btu /F t  . 
Dur ing t h e  same pe r iod  t h e  measured average outdoor ambient tempera- 

t u r e  was 49°F. Th is  was one degree below the  long-term average o f  

50°F. . A s - a  r e s u l t  6,528 heat ing  degree-days were accumulated, as com- 

pared t o  t h e  long-term average o f  6,224 heat ing  degree-days. 

The s o l a r  energy system s a t i s f i e d  24 percent o f  t h e  t o t a l  measured load 

(ho t  water p l u s  space heat ing)  du r ing  the  12 month r e p o r t i n g  per iod.  

Th is  agreed c i o s e l y  w i t h  t h e  expected value o f  22 percent fo r '  t he  

e n t i r e  r e p o r t i n g  per iod.  However, t he re  were considerable v a r i a t i o n s  

between t h e  measured and expected s o l a r  f r a c t i o n  a t  t he  monthly l e v e l .  

The exact  cause f o r  t he  monthly v a r i a t i o n s  i s  no t  known, b u t  t he re  were 

several  p o s s i b i l i t i e s .  ~ h e s e  were discussed a t  l eng th  i n  t h e  System 

Performance sec t ion  o f  t h i s  repor t .  

A t o t a l  o f  222.63 m i l l i o n  Btu o f  i n c i d e n t  s o l a r  energy was measured i n  the  

p lane of t h e  c o l l e c t o r  a r r a y  dur ing  the  r e p o r t i n g  per iod.  The system c o l -  

l e c t e d  40.78 m i l l i o n  Btu o f  t he  .ava i lab le  energy, which represents a c o l -  

l e c t o r  a r ray  e f f i c i e n c y  o f  18 percent.  During per iods when the  c o l l e c t o r  

a r ray  was ac t ive ,  a t o t a l  o f  104.42 m i l l  i o n  Btu was measured i n  t h e  p lane 

o f  t h e  c o l l e c t o r  array.  Therefore,. t he  opera t iona l  c o l l e c t o r  e f f i c i ency  

was 39 percent. However, as noted i n  p r i o r  sect ions,  t he  a i r  f low correc-  

t i o n  f a c t o r s  f o r  November through March were suspect. Th is  means t h a t  

t h e  values f o r  s o l a r  energy c o l l e c t e d  and the  two c o l l e c t o r  a r r a y  e f f i -  

c ienc ies  were somewhat h i g h  dur ing  these . f i v e  months. 



During the  r e p o r t i n g  pe r iod  a  t o t a l  o f  12.73 m i l  1  i o n  Btu o f  s o l a r  en- 

ergy was de l  ivered'  t o  the  storage b in.  During t h i s  same t ime 4.44 

m i l  1  i o n  Btu were removed from storage f o r  support o f  t h e  space heat ing 

load. However, t he  storage subsystem was n o t  used dur ing  t h e  summer 

months as the re  were no space heat ing  requirements dur ing  t h i s  time. 

During the  a c t i v e  pe r iod  the  n e t  change i n  s tored energy was -0.11 

m i l l i o n  Btu and 8.40 m i l l i o n  Btu were l o s t  from storage. The average 

storage e f f i c i e n c y  was 0.34 and the  average temperature was 108°F. 

The .hot wa te r . l oad  f o r  t he  12 month r e p o r t i n g  pe r iod  was 20.50 m i l  l i o n  

Btu. A t o t a l  o f  5.98 m i l l i o n  Btu o f  s o l a r  energy and 18.23 m i l l i o n  Btu 

o f  auxi 1  i a r y  energy were appl i e d  t o  t h e  ho t  water 1  oad, which represents  

a  weighted ho t  water s o l a r  f r a c t i o n  o f  26 percent.  The average d a i l y  

consumption o f  ho t  water was 102 ga l lons ,  de l i ve red  a t  an average tempera- 

t u r e  o f  127°F. A t o t a l  o f  3.71 m i l l i o n  Btu'was 1os t : f rom the  hot  water 

tank dur ing  t h e  r e p o r t i n g  period. The subsystem ex t rac ted 7.29 m i  11 i o n  

Btu o f  s o l a r  energy f rom the c o l l e c t o r  loop, so the re  were a d d i t i o n a l  

t ranspor t  and preheat tank 1  osses o f  1.31 m i l  1  i o n  Btu. . 

The measured space heat ing  load was 15.09 m i l l i o n  Btu f o r  t h e  f u l l  r epo r t -  

i n g  period. However, a l l  o f  t h i s  space heat ing  demand occurred dur ing  

the  September through May t ime per iod.  During t h e  seven month pr imary 

heat ing season (October through Apr i  1  ) t h e  measured space heat ing 1  oad 

was 15.00 m i l l i o n  Btu, o r  99 percent  of t h e  t o t a l .  The heat ing  s o l a r  

f r a c t i o n  f o r  both the  f u l l  12 month pe r iod  and t h e  pr imary heat ing  season 

was 21 percent. During the  seven month heat ing  season a  t o t a l  o f  3.14 

m i l l i o n  Btu of measured s o l a r  energy and 11.86 m i l l i o n  Btu o f  a u x i l i a r y  

thermal energy were a c t u a l l y  de l i ve red  t o  t h e  space heat ing load, and 
t h i s  energy maintained an average b u i l d i n g  temperature o f  70°F. How- 

ever, a t o t a l  o f  16.03 m i l l i o n  Btu o f  a u x i l i a r y  thermal energy was. 
a c t u a l l y  added t o  the  space heat ing subsystem by the  compressor and 

heat s t r l p s ' d u r i n g  the  pr imary heat ing  season when the  system was opera- 

t i n g  i n  a  def ined heat ing  mode. 



A t o t a l  o f  2.15 m i l  1  i o n  Btu, o r  630 kwh, o f  e l e c t r i c a l  opera t ing  energy 
was r e q u i r e d  t o  support t h e  s o l a r  energy system dur ing  t h e  12 month r e -  

po r t i , ng  period. Th is  .does n o t  i n c l  ude t h e  e l e c t r i c a l  energy requ i red  

t o  operate t h e  fan, pump o r  heat pump i n  t h e  a u x i l i a r y  system. These 

would be requ i red  f o r  operatdon of t h e  space heat ing  subsystem regard- 

l e s s  o f  t h e  presence o f  t h e  s o l a r  energy system. 

Gross e l e c t r i c a l  energy savings f o r  t he  12 month r e p o r t i n g  p e r i o d  were 9.03 

m i l l i o n  Btu. However, when t h e  2.15 m i l l i o n  Btu o f  e l e c t r i c a l  opera t ing  

energy i s  taken i n t o  account, t he  n e t  e l e c t r i c a l  energy savings were 6.88 
m i l l i o n  Btu, o r  2,015 kwh. I f  a 30 percent e f f i c i e n c y  i s  assumed f o r  
power generat ion and d i s t r i b u t i o n ,  then the  n e t  electrical energy savings 

t r a n s l a t e  i n t o  a savings o f  22.92 m i l l i o n  Btu t n  generat ing s t a t i o n  f u e l  

requirements. It should a l s o  be noted t h a t  t he  e l e c t r i c a l  energy savings 

a r e  based o n l y  on the  measured ,amount of s o l a r  energy de l i ve red  t o  t h e  

space heat ing  subsystem. As discussed i n  Sect ion 5 . ,  t h e  energy savings 

w i l l  increase considerably i f  the  uncon t ro l l ed  s o l a r  energy i n p u t  t o  t h e  

b u i l d i n g  i s  considered. 

I n  general,  the  performance o f  t h e  Solaron Akron So lar  Energy System was 

somewhat d i f f i c u l t  t o  assess f o r  t h e  November 1978 through October 1979 

t ime  period. The problems r e l a t i n g  t o  t h e  c o n t r o l  systems, var ious  

s o l a r  energy leakages, a i r  f l o w  c o r r e c t i o n  fac tors  and ins t rumenta t ion  

cause a s i g n i f i c a n t  amount o f  s u b j e c t i v i t y  t o  be invo lved  i n  t h e  per for-  

mance assessment f o r  t h i s  s o l a r  energy system. Had these problems n o t  

been present,  i t  i s  f e l t  t h a t  t h i s  system would have e x h i b i t e d  a reasonably 

h i g h  l e v e l  o f  measured performance. 
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APPENDIX A 

DEFINITION .OF PERFORMANCE FACTORS AND SOLAR TERMS 

ENERGY COLLECTION AND STORAGE SUBSYSTEM 

The Energy C o l l e c t i o n  and Storage Subsystem (ECSS) i s  composed o f  t h e  

c o l  l e c t o r  array,  t h e  pr imary  storage medi urn, t he  t r a n s p o r t  1 oops between 

these, and o the r  components i n  the  system design which a r e  necessary t o  

mechanize t h e  co l  l e c t o r  and storage equipment. 

"INCIDENT'SOLAR ENERGY (SEA) i s  the  tot 'a l  i n s o l a t i o n  a v a i l a b l e  

on the  gross c o l l e c t o r  a r r a y  area. This  i s  the  area o f  t h e  

c o l  l e c t o r  a r r a y  energy-receiv ing aper ture,  i n c l u d i n g  t h e  frame- 

work which i s  an i n t e g r a l  p a r t  o f  t he  c o l l e c t o r  s t ruc tu re .  

'AMBIENT'TEMPERATURE (TA) i s  t he  average temperature o f  t h e  outdoor 

envir0nmen.t a t  t he  s i t e .  

a ' 'ENERGY 'TO'LOADS (SEL) i s  t he  t o t a l  thermal energy tra.nsported 

f rom the  ECSS t o  a1 1 l oad  subsystems. 

e ''AUXILIARY 'THERMAL ENERGY TO ECSS (CSAUX) i s  t h e  t o t a l  a u x i l i a r y  

supp l ied  t o  t h e  ECSS, i n c l u d i n g  a u x i l i a r y  energy added t o  t h e  

storage tank, heat ing  devices on the  c o l l e c t o r s  f o r  f reeze-  
/ 

p ro tec t i on ,  etc .  

' 'ECSS 'OPERATING 'ENERGY (CSOPE) i s  t he  c r i t i c a l  opera t ing  energy 

requ i red  t o  511pport t h e  CCSS heat t r a n s f e r  loops. 



. . 

COLLECTOR ARRAY PERFORMANCE' ' . ' 

. . 
. . .  

The c o l l e c t o r  a r ray  performance i s  charac ter ized by t h e  amount o f  s o l a r  energy 
c o l  l e c t e d  w i t h  respect t o  the  energy avai  1  ab le  t o  be c o l  lec ted.  

e INCIDENT SOLAR ENERGY (SEA) i s  the  t o t a l  i n s o l a t i o n  a v a i l a b l e  on t h e  

gross c o l l e c t o r  a r ray  area. Th is  i s  the  area o f  t h e  c o l l e c t o r  
- a r ray  energy-receiving aperture, i n c l u d i n g  t h e  framework which i s  

an i n t e g r a l  p a r t  .of t h e  c o l l e c t o r  s t ructure. .  

C OPERATIONAL INCIDENT ENERGY (SEOP) i s  t h e  amount i n c i d e n t  s o l a r  

energy on t h e  c o l l e c t o r  a r ray  dur ing  t h e  t ime t h a t  t h e  c o l -  

l e c t o r  loop i s  a c t i v e  (at tempt ing t o  c o l l e c t  energy). 

a "COLLECTED SOLAR ENERGY (SECA) i s  t h e  thermal energy removed from 
the c o l l e c t o r  a r ray  by t h e  energy t r a n s p o r t  medium. 

@ COLLECTOR A R R A Y  ' EFFICIENCY (CAREF) i s  t h e  r a t i o  o f  t h e  energy c o l -  

l e c t e d  t o  t h e  t o t a l  s o l a r  energy i n c i d e n t  on the  c o l l e c t o r  array.  

It should be emphasized t h a t  t h i s  e f f i c i e n c y  f a c t o r  i s  f o r  t h e  

c o l l e c t o r  array,  and a v a i l a b l e  energy inc ludes t h e  i n c i d e n t  energy 
on the  ar ray  when t h e  c o l l e c t o r  loop I s  i nac t i ve .  Th is  e f f i c i e n c y  

must n o t  be confused w i t h  t h e  more common c o l l e c t o r  e fP ic lency  

f igures whl ch are determined from instantaneous t e s t  data obtained 

dur fng steady s t a t e  opera t ion  o f  a  s i n g l e  c o l l e c t o r  u n i t .  These 

e f f i c i e n c y  f i g u r e s  are  often provided by c o l  l e c t o r  manufacturers 

o r  presented i n  techn ica l  j ou rna ls  t o  charac ter ize  t h e  func t i ona l  

capabi l  i t y  o f  a  p a r t i c u l a r  c o l  l e c t o r '  design. I n  general,  t he  

c o l  l e c t o r  panel maximum e f f i c i e n c y  f a c t o r  w i  11 be s i g n l f  i c a n t l y  

h,igher than t h e  c o l  1  e c t o r  a r ray  e f f i c i e n c y  repor ted  here. 



0 

STORAGE PERFORMANCE 

The storage performance is  characterized by the relationships among the energy 
delivered to  storage, removed from storage, and the subsequent' change i n  the 
amount. of stored energy. 

ENERGY T 0 , S T O R A G E  ( S T E I )  is  the amount of energy, both so lar  and 
auxi 1 iary,  del ivered to  the primary storage medi um. 

a ENERGY FROM STORAGE (STEO) is. the amount of energy extracted by 

the load subsystems from the primary storage medium. 

CHANGE, I N  STORED ENERGY (STECH) i s  the difference i n  the estimated 
stored energy during the specified reporting period, as  indicated 
by the re la t ive  temperature of the storage medium (e i ther  posit ive 
o r  negative val ue) . 

STORAGE AVERAGE TEMPERATURE ( T S T )  i s  the mass-wei ghted average 
temperature of the primary storage medi urn. 

. STORAGE E F F I C I E N C Y  ( S T E F F )  i s  the r a t i o  ,of the sum of the 
energy removed fmm storage and the change i n  stored energy 
to  the energy del ivered to storage. 



HOT WATER SUBSYSTEM . .  :: . . .: . . 

, . 

The ho t  water subsystem i s  cha rac te r i zed  by a complete accounting o f  t h e  

energy f low.  t o  and f r o m  the  subsystem, as we l l  as an. accounting o f  i n -  

t e r n a l  energy, The energy i n t o  t h e  subsystem i s  composed o f  a u x i l i a r y  
e l e c t r i c a l  o r  f o s s i l  fuel ,  s o l a r  energy, and t h e  opera t ing  energy f o r  t h e  

subsystem. I n  add i t ion ,  - t h e  s o l a r  f r a c t i o n  f o r  t he  subsystem i s  tabulated. 

The load  o f  t he  subsystem i s  t a b u l a t e d  and used t o  compute the  est imated 
e l e c t r i c a l  and f o s s i l  f u e l  s a v l n g s o f  the  subsystem. The load o f  t he  sub- 
system I s  f u r t h e r  i d e n t i f i e d  by tabu1 a t i n g  the  supply water temperature, and 

t h e  o u t l e t  ho t  water. tempera!ure, and the  t o t a l  ho t  water consumption. 
... 

. . 
. . . .. ... . . 

r H O T  WATER LOAD (H.w~) i s  the  amount o f  energy requ i red  t o  heat 

the  amount o f  h,ot . ,  :water . demanded a t  t he  s i t e  from th.e incoming 

temperature t o  t h e  des i red  o u t l e t  temperature. 

a ' 'SOLAR 'FRACTION 'OF LOAD (HWSFR) i s  t h e  percentage o f  t he  l oad  

demand which i s  s6pported by s o l a r  energy. 
. . 
: .- 

o SOLAR ENERGY USED (HWSE) i s  t h e  amount o f  s o l a r  energy suppl ied 

t o  t h e  h.ot water:,subsystem. 

OPERATING ENERGY (HWOPE) i s  the  amount o f  e l e c t r i c a l  energy r e -  

qu i red  t o  support t he  subsystem, (e.g., fans, pumps, e tc . )  and 

which i s  no t  Intended t o  a f f e c t  d i r e c t l y  t h e  thermal s t a t e  o f  

t he  subsystem. 

e AUXILIARY THERMAL USED (HWAT) i 's t he  amount o f  energy supp l ied  

t o  the  major components of t h e  subsystem i n  t h e .  form o f  thermal 

energy i n  a heat t r a n s f e r  f l u i d ,  o r  i t s  equivalent. Th is  term'  

a1 so inc ludes . the  conv6rted e l e c t r i c a l  and f o s s i  1 f u e l  .energy 

suppl l e d  t o  t h e  subsystem. 



8 A U X I L I A R Y  E L E C T R I C A L  FUEL (HWAE) i s  the amount of e lec t r ica l  
energy supplied d i rec t ly  to  the subsystem. 

E L E C T R I C A L  ENERGY S A V I N G S  (HWSVE) is  the estimated difference 
between the electr.ica1 energy requirements of an a1 ternative 
conventional system (carrying the fu l l  load) and the actual 
e lec t r ica l  energy required by the subsystem. 

8 SUPPLY WATER TEMPERATURE (TSW) i s  the average i n l e t  temperature 
of the water supplied to  the subsystem. 

0 AVERAGE HOT WATER TEMPERATURE (THW) is the average temperature of 
the out le t  water as i t  i s  supplied from the subsystem to  the load. 

e HOT WATER USED (HWCSM) i s  the volume of water used. 



. . . , . .  
The space heat ing subsystem 1,s charac ter ized by performance f a c t o r s  account- 

trig f o r  t h e  complete energy f l o w  t o  and from t h e  subsystem. The average 

b u t l d i n g  temperature and t h e  average ambient temperature are  tabu la ted t o  

I n d t c a t e  the  r e 1  a t i v e  &r fo~mance d f  t h e  subsystem i n  sa t1  s f y i n g  t h e  space 

heat ing  1 oad and i n  c o n t r o l  1 i n g  t h e  temperature o f  t h e  cond i t ioned , space. 

r S P A C E  HEATING .LOAD (HL)  i s  t h e  sensible'  energy added t o  t h e  a i r  

t n  t h e  bui ldi ,ng. 

r ' 'SOLAR.FRACTIOP4 ' O F  LOAD (HSFR) i s  t h e  f r a c t i o n  o f  t h e  sensi b l e  

energy added t o  t h e  a i r  i n  ' the b u i l d j n g  der ived f rom t h e  s o l a r  

energy system. 

r " SOLAR 'ENERGY 'USED (HSE), i s  t h e  amount o f  s o l a r  energy suppl i e d  to. 

t h e  space heat fng subsystem. 

8 "OPERATING ENERGY (HOPE) i s  t h e  amount o f  e l e c t r i c a l  energy 

requ i red  t o  support t h e  subsystem, (e.g., fans, pumps, etc. )  and 

whlch l.s n o t  intended t o  a f f e c t  d i r e c t l y  t h e  thermal s t a t e  o f  

the: subsystem. 
. . 

e . ' A U X I L I A R Y  THERMAL USED (HAT) i s  t h e  amount o f  energy suppl ied. t o  

t h e  major components o f  t h e  subsystem i n  t h e  form o f '  thermal energy 
tn a heat t rans fe r  f l u i d  o r  i t s  equ iva lent .  Th is  term a l so  i n -  

cludes t h e  converted e l e c t r i c a l  and f o s s i l  f u e l  energy suppl ied t o  

t h e  subsystem; 

@ " A U X I L I A R Y  ' E L E C T R I C , F U E I 1  (HAE) i s  t h e  amount o f  e l e c t r i c a l  energy 

suppl l e d  d i r e c t l y  t o  the  subsystem. 

E L E C T R I C ~ ~ E N E R G Y  SAYINGS (HSVE) i s  t he  est imated d i f f e r e n c e  between 

the  e l e c t r i c a l  energy requirements o f  an a1 t e r n a t i v e  conventional 

system (car ry ing  t h e  f u l l  load)  and the  ac tua l  e l e c t r i c a l  energy 

requ i red  by t h e  subsystem. 



a ELECTRICAL ENERGY SAVINGS (HSVE) i s  the cost o f  the operating 

energy (HOPE) required t o  support the solar  energy, port ion o f  
the space heating subsystem. 

a BUILDING TEMPERATURE (TB) i s  the average heated space dry bulb 
temperature. 

a AMBIENT TEMPERATURE (TA). i s  the average ambient dry bulb . tern- . 

perature a t  the s i t e .  



ENVIRONMENTAL SUMMARY 

The environmental surrmary i s  a c o l l e c t i o n  o f  the weather data which i s  

genera l ly  instrumented a t  each s i t e  i n  the program. It i s  tabulated i n  

t h i s  data r epo r t  f o r ,  two purposes--as a measure o f  the cond i t ions prevalent  
' 

dur ing the  operat ion o f  the system a t  the s i t e ,  and as an h i s t o r i c a l  
record o f  weather data f o r  .the v i c i n i t y  o f  the s i t e .  

e ' 'TOTAL ' INSOLATION (SE) i s  accumulated t o t a l  i nc iden t  s o l a r  
energy upon t h e  gross c o l l e c t o r  ar ray  measured a t  the  s i t e .  

a ' 'AMBIENT ,TEMPERATURE (TA) i s  the average temperature o f  the 
environment a t  the s i t e .  

e ' ' W I N D ' D I R E C T I O N  (WDIR) i s  the average d i r e c t i o n  o f  the  p reva i l -  

tng wind. 

@ ' ' W I N D  SPEED (WIND) i s  the  average wind speed measured a t  the s i t e .  

e ' ' DAYTIME AMBIENT 'TEMPERATURE (TDA) i s  the temperature ' dur ing the - 

per iod. f rom three hours before so l a r  noon t o  three hours a f t e r  

so l a r  noon. 
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APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

SOLARON AKRON 

I. INTRODUCTION 

So la r  energy system performance i s  eval  uated by per forming energy ba l  ance 

c a l c u l a t i o n s  on t h e  system and i t s  major subsystems. These c a l c u l a t i o n s  

a r e  based on physical  measurement data taken from each subsystem every 

320 seconds. This data i s .  then numerica1,ly combined t o  determine the  

hour ly ,  d a i l y ,  and monthly performance o f  t he  system. This appendix 

descr ibes t h e  general computational methods and the  s p e c i f i c  energy 

balance equations used f o r  t h i s  evaluat ion.  

Data samples from t h e  system measurements ' i r e  numerical l y  i n t e g r a t e d  

t o  p rov ide  d i s c r e t e  approximations o f  the continuous func t i ons  which 

cha rac te r i ze  the  system's dynamic behavior. Th is  numerical i n t e g r a t i o n  

i s  performed by summation o f  the  product o f  t h e  measured r a t e  o f  t h e  

approp r ia te  performance parameters and the  sampling i n t e r v a l  over t h e  

t o t a l  t ime  pe r iod  o f  i n t e r e s t .  

There a r e  several general forms o f  numerical i n t e g r a t i o n  equations which 

a re  a p p l i e d  t o  each s i t e .  These general forms a re  exempl i f ied  as fo l l ows :  

The t o t a l  s o l a r  energy a v a i l a b l e  t o  the  c o l l e c t o r  a r r a y  i s  g iven by 

SOLAR ENERGY AVAILABLE = (1160) c [ I O O l  x AREA] x AT 

where 1001 i s  the  s o l a r  r a d i a t i o n  measurement provided by the  pyranometer 
2 i n  B t u / f t  -hr, AREA i s  the  area o f  t he  c o l l e c t o r  a r ray  i n  square fee t ,  

AT i s  t h e  sampling i n t e r v a l  i n  minutes, and t h e  f a c t o r  (1160) i s  inc luded 

t o  c o r r e c t  t h e  s o l a r  r a d i a t i o n  " r a t e "  t o  the  proper u n i t s  o f  time. 



S i m i l a r l y ,  t he  energy f l o w  w i t h i n  a system i s  g iven t y p i c a l l y  by 

COLLECTED SOLAR ENERGY = 2 [ M l O O  x AH] x AT 

where M l O O  I s  the  mass f l o w  r a t e  o f  t he  heat t r a n s f e r  f l u i d ,  i n  lbm/min, and 

&-ti i s  t h e  enthalpy change, i n  Btu / lbmY o f  the  f l u i d  as i t  passes through 
t h e  heat exchanging component. 

.. For a l l q u i d  system AH i s  genera l ly  g iven by . 

where i s  the  average s p e c i f i c  heat, i n  Btu/(lbm-OF), o f  t h e  heat 
P 

t r a n s f e r  f l u i d  and AT, i n  O F ,  i s  t he  temperature d i f f e r e n t i a l  across 

t h e  heat exchanging component. 

For an a i r  system .AH . i s  genera l ly  g iven by 

where Ha(T) i s  the ,entha lpy ,  i n  Btu/lb,, o f  t he  t ranspor t  a i r  

evaluated a t  the  i n l e t  and o u t l e t  temperatures o f  t he  heat ex- 

changing componen t . 

H,(T) can have var ious forms, depending on whether o r  n o t  t h e  humidi ty  r a t i o  

o f  t h e  t ranspor t  a i r  remains constant as i t  passes through the  heat ex- 

changing component; 



For e lec t r ica l  power, a general example i s  

ECSS OPERATING ENERGY = (3413160) E [EPIOO] x AT 

where EPlOO i s  the measured power required by e lec t r ica l  equipment i n  
kilowatts and the two factors  (1160)- and 3413 correct the data t o  B t u / m i n .  

These equations are  comparable to  those specified in "Thermal Data 
Requirements and Performance Evaluation Procedures fo r  the National 
Solar Heating and Cool ing Demonstration Program. " This document, given 
i n  the l i s t  of references, was prepared by an inter-agency committee of 
the government, and presents guidelines fo r  thermal performance evaluation. 

Performance factors  are computed for  each hour of the day. Each numerical 
integration process, therefore, i s  performed over a period of one hour. . 

Since long-term performance data i s  desired, i t  i s  necessary to  build 
these hourly performance factors  to  daily values. This i s  accompl i shed, 
f o r  energy parameters, by summing the 24 hourly values. For temperatures, 

the houriy values a re  averaged. Certain special fac tors ,  such as ef- 

f ic ienc ies ,  requi re  appropriate hand1 ing to  properly weight each hourly 
sample f o r  the daily value computation. Similar procedures are  required 
to  convert daily values to  monthly values. 

11. PERFORMANCE EQUATIONS 

The performance equations f o r  Solaron Akron used fo r  the data evaluatJon 
of t h i s  report  are contained in the following pages and have been included 
fo r  technical reference and information. 



EQUATIONS USED I N  MONTHLY PERFORMANCE ASSESSMENT . 

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2-1  

AVERAGE AMBIENT TEMPERATURE (OF) 

TA  = (1/60) x E TOOl x AT 

AVERAGE BUILDING TEMPERATURE (OF) 

T B  = ( 1 / 6 0 )  x E T 6 0 1  x AT 

DAYTIME AVERAGE AMBIENT 'TEMPERATURE (OF) - 
TDA = ( 1 / 3 6 0 )  x E TOOl x AT 

FOR - + 3 HOURS FROM SOLAR NOON 

SE = (1/60) x .  E 1001 x AT 

OPERATIONAL INCIDENT SOLAR ENERGY (BTU) 

SEOP = ( 1 1 6 0 )  x E [I001 x CLAREA] x AT 

WHEN THE COLLECTOR LOOP I S  ACTIVE 

HUMIDITY RATIO FUNCTION (BTU/LBM-OF) 

H R F = O O 2 4 + 0 . ' 4 4 4 ' x H R  : . . 

WHERE 0 .24  I S  THE SPECIFIC HEAT AND HR I S  THE HUMIDITY RATIO 

OF THE TRANSPORT AIR: T H I S  FUNCTION I S  USED WHENEVER THE 

HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANSPORT AIR FLOWS 

.THROUGH A HEAT EXCHANGING DEVICE 

SOLAR ENERGY COLLECTED BY THE ARRAY (BTU) 

SECA = c [ ( M I  01 x ( T I  5 0 - T I  00) + (MI  00-MI 01 ) x ( T I  50-TO01 ) ) x HRF] x , A T  
.. 

NOTE THAT T H I S  EQUATION ACCOUNTS FOR.LEAKAGE FLOW FROM THE OUTSIDE 

ENVIRONMENT INTO THE COLLECTOR ARRAY.. ALSO, I N  THE EVENT THAT THE 

COLLECTOR I N L E T  .TEMPERATURE EXCEEDS 15g°F, T lOO I S  REPLACED BY 

(T102-3).O~. , .  . 



SPACE HEATING LOAD (BTu) 

HL = Z EM600 x HRF x (T450-T601) ]  x A T  

WHENEVER THE SYSTEM I S  I N  A SPACE HEATING MODE 

AVERAGE TEMPERATURE OF STORAGE (OF) 

T S T l  = (1160)  x c [ ( T 2 0 0  + T 2 0 1  + T 2 0 2 ) / 3 ]  x A T  

SOLAR ENERGY TO STORAGE (BTU) 

S T E I  = c C0.5 x ( M I 0 0  + M101)  x HRF x (T102-T152) ]  x AT 

SOLAR ENERGY FROM STORAGE (BTU) 

STEO = c l ( ~ 6 0 0 - ~ 1 0 0 ~ )  x I-IRF x (T102-T152) ]  x A.r 

WHERE' MlOOT I S  A TERM THAT ACCOUNTS FOR ANY FLOW THAT DOES NOT 
. . 

GO THROUGH STORAGE DUE TO DAMPER LEAKAGE 

SOLAR ENERGY TO LOAD FROM STORAGE (BTU) 

HSE3 = HL WHEN HEATING FROM STORAGE 

SOAAR ENERGY TO LOAD FROM COLLECTOR ARRAY (BTU) 

. . HSE2 = HL WHEN HEATING FROM THE COLLECTOR ARRAY 

ECSS OPERATING ENERGY (BTU) 

CSOPE = 56 .8833  x c EPlOO x AT  

HOT WATER CONSUMED (GALLONS) 

HWCSM = ~WD382 x n T  

\ 

EMTHALPY FUNCTION FOR WATER (BTUILBM) 
, 

T H I S  FUNCTION COMPUTES THE ENTHALPY CHANGE OF WATER AS I T  PASSES 

THROUGH A HEAT EXCHANGING DEVICE . 



HOT WATER LOAD. ( ~ T U )  

HWL = c [M302 x HWD(T352, T302)] x AT 

SOLAR ENERGY TO HOT WATER SUBSYSTEM (BTU) 

HWSE = c [M301 x HWD (T351, T301)] x AT I 

SOLAR ENERGY TO HOT WATER LOAD (BTU) 

HWSE1 = c [M302 x HWD (T303, T 3 0 2 ) l  x AT IF ~ 3 0 1  = 0 

HWSEl = c [M302 x HWD (T351, T302)] x AT I F  ~ 3 0 1  - > v302 

HWSEl = Z [M302. x HWD (TX, T302)] x AT I F  M301 < N302 

WHERE 

TX = (T351 x M301 + T303 x (M302-M301))/M302 

HOT WATER SUBSYSTEM OPERATING ENERGY (BTU) 

HWOPE = 56.8833 x c EP301 x AT 

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56.8833 x z EP302. x AT . . 

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 

HOPE = 5'6.8833 x c [EP400 + EP403 + EP4041 x AT 

WHENEVER SYSTEM OPERATING I N  A HEATING MODE 

AUXILIARY ELECTRICAL FUEL ENERGY TO HEAT STRIPS (BTU) 

HAEl = 56.8833 x z EP401 x AT 



AUXILIARX ELECTRICAL FUEL ENERGY TO HEAT PUMP COMPRESSOR (BTU) e. 2-* r 

HAE3 =,56.8833 - x z [EP402-EP403] x AT 

7 c WHEN HEATING DIRECTLY FROM THE HEAT PUMP 

HAE4 a 56.8833 x c [EP402-EP403) x AT 

WHEN CHARGING OFF PEAK STORAGE WITH HEAT PUMP 

HEAT PUMP SYSTEM POWER (BTU) 

HPPWR e 56.8833 x X [EP402 + EP4043 x AT 

WHEN HEAT PUMP I S  I N  A HEATING MODE 

ENERGY DELIVERED BY HEAT PUMP SYSTEM (BTU) 

HTHPDIR = c [M400 x HWD (T401, T451)]  x AT 

WHEN HEATING DIRECTLY FROM THE HEAT PUMP 

HTHPSTO = z [M400 x HWD (T401, T451) ]  x AT . 

WHEN HEATING FROM OFF PEAK STORAGE TANK 

AI.IXILIARY THERMAL ENERGY FROM HEAT PUMP (BTU) 

HAT3 = c .[M202 x HWD (T257, ~ 2 0 7 ) ]  x AT 

\!HEN HEATING UIRECTLY FROM THE HEAT PUMP 

HAT4 = .E .[M202 x HWD (T257, T207)] x AT 

WHEN CHARGING OFF PEAK STORAGE WITH HEAT PUMP 

SUPPLY WATER TEMPERATURE (OF) 

TSIaI T302 

IIQT WATER TE14PERATURE ( O F )  

THI.1 a T352 

BOTH TSW AND THW ARE COMPUTED ONLY WHEN FLOW EXISTS I N  THE 

SUBSYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES OBTAINED 

DURING THE PREVIOUS FLOW PERIOD. 



SEC = SECA/CLAREA 

COLLECTOR ARRAY EFFICIENCY 

CAREF = SECA/SEA 

CHANGE I N  STORED ENERGY (BTU) 

STECH = STECHI - STECH Ip 

WHERE THE SUBSCRIPT REFERS TO A PRIOR REFERENCE VALUE 

STORAGE EFFICIENCY 

STEFF = (STECH + STEO)/STEI 

EflERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU) 

CSEO STEO + HSE2 +.HWSE 

AUXILIARY THERMAL ENERGY TO HOT WATER SUBSYSTEM (BTU) 

HWAT = HWAE 

HOT WATER SOLAR FRACTION (PERCENT) 

HWSFR a 100 x HWTKSE/(HWTKSE + HWTKAUX) 

WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR. AND 

AUXILIARY ENERGY CONTENT OF THE HOT WATER TANK 

HOT WATER 'ELECTRICAL ENERGY SAVINGS (BTU) . . 

HWSVE p HWSEI . -  HWOPE 



SOLAR ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 
" .  

HSE = HSE2 + HSE3 

AUXIL IARY ELECTRICAL ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 

HAE = HAE1 + HAE3 + HAE4 

TOTAL ENERGY DELIVERED BY HEAT PUMP SYSTEM (BTU) 

HLHP = HTHPSTO + HTHPDIR 

AUXIL IARY THERMAL ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 
' 

HAT = HAE l  + HAT3 + HAT4 

SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT) * 

HSFR = 100 x HSE/HL 

SPECIAL HEAT PUMP TERMS 

NORMALIZED CAPACITY 

CAPN = 0.325 + TA x (0.0162-0.00005 x TA)  

HEAT PUMP FRACTION 

HPF = 1 

HPF = 1. 'I 1 x CAPN x (TB-40 ) /  (TB-TA) 

HPF -= 0 . 

HEAT PUMP OVERALL SYSTEM COP 

HCOP = HI..HP/HPP\rlR 

WHERE HCOP I S  BASED ON A TOTaL OF EIGHT 

NONTHS OF SYSTEM OPERATION 



SPACE HEATING SUBSYSTEM ELECTRICAL ENERGY SAVINGS (BTU) 

HSVE HSE x (HPF/HCOP + 1 - HCOP) I F  TA - > 2 

HSVE = 0.5 x HSE x (1 + HCOP)/HCOP I F T A < 2  - 

SYSTEM LOAD (BTU) 

SYSL = HL + HWL. 

SOLAR FRACTION OF SYSTEM LOAD (PERCENT) 

SFR = (HL x HSFR + HWL x HWSFR)/SYSL 

SYSTEM OPERATING ENERGY (BTU) 

SYSOPE = HWOPE + HOPE +'CSOPE 

AUXILIARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HWAT + HAT 

AUXILIARY ELECTRICAL ENERGY TO LOADS (BTU ) 

AXE = HWAE + HAE 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU) 

SEL = HWSE + HSE 

ECSS SOLAR CONVERSION EFFICIENCY 

CSCEF = SELISEA 

TOTAL ELECTRICAL .ENERGY SAVINGS (BTU ) 

TSVE HWSVE + HSVE - CSOPE 

TOTAL ENERGY CONSUMED (BTU) 

TECSM = SYSOPE + AXE + SECA 

SYSTEM PERFORMANCE FACTOR 

SYSPF = SYSL/(AXE + SYSOPE) x 3.33 



APPENDIX C 

LONG-TERM AVERAGE WEATHER CONDITIONS 



APPENDIX C 

LONG-TERM AVERAGE WEATHER CONDITIONS 

The environmental est imates given i n  this appendix provide a point of 
reference f o r  evaluation of weather conditions as  reported i n  the  Monthly 
Performance Reports and Solar  Energy System Performance Eva1 uations issued 
by the s o l a r  Heating, Cooling and Hot Water Development Program. As such, 
the  information presented can be useful in prediction of long-term system 
performance. 

Environmental est imates for this s i  te incl  ude the  fol  lowing monthly averages : 
e x t r a t e r r e s t r i a l  insola t ion,  insola t ion on a horizontal plane a t  the s i t e ,  
insola t ion i n  the t i l t  plane of the col lect ion surface ,  ambient temperature, 
heating degree-days , and cool ing degree-days. Estimation procedures and data 
sources a r e  deta i  1 ed i n  the  fol 1 owing paragraphs. 

The preferred source of long-term temperature and insola t ion data is  "Input 
Data ' for  Solar  Systems" (IDSS) [ I ]  s ince  t h i s  has been recognized a s  the  
s o l a r  standard. The IDSS data a re  used whenever possible i n  these environ- 
mental est imates f o r  both insola t ion .and temperature re la ted  sources; 'however, 
a secondary source used fo r  insola t ion data is the,  c l imat ic  --- Atlas of the  
United S ta tes  [2], and f o r  temperature re la ted  data ,  the  secondary source 
i s  "Local Cl imatological Data'' [3]. 

Since the  avai lable  long-term insola t ion data a r e  only given f o r  a horizontal 
surface ,  s o l a r  col lect ion subsystem or ien ta t ion  information i s  used i n  an 
algorithm [4] t o  ca l cu l a t e  the  insola t ion expected i n  the  t i 1  t plane of the 
co l lec to r .  This calcula t ion is made using a ground ref lectance o f  U.2. 



REFERENCES 

[I]  Cinquemani , V .  , e t  a1 . "'Input Data f o r  Solar Systems. " Prepared f o r  

the U.S. Department of Energy by the National Climatic Center, 
Asheville, NC, 1978. 

[2] United S ta tes  Department of Commerce, Climatic Atlas of the United 
S ta tes ,  Environmental Data Service, Reprinted by the  National 
Oceanic and Atmospheric Administration, Washington, D C ,  1977. 

[3] United S ta tes  Department of Commerce, "Local Cl imatological Data," 
Environmental Data Service, National Oceanic and Atmospheric 
Administration, Asheville, NC,  1977. 

[4] Klein, S. A . ,  'Calculation of Monthly Average Insolation on Ti l t ed , .  
1 

Surfaces," Jo in t  Conference 1976 of the  International  Solar Energy 
Society and the Solar Energy Society of Canada, Inc. , Winnipeg, August 
15-20, 1976. 



i 212 .E :  ...... - b t l A R Q . 4 i .  AK2G.N . 1:34. L C C A T I O N :  A K R C N  OH 

1 
I A N A L Y S T :  O .  E R E G t R Y  

.- -- . . .  ................ .. ... 
F C R I V E  N3.: 6 • 

COQLECTCR F I L T :  45.CO ( C E G R E E S  I C O L L E C T C R  A Z I M U T H ! :  3.0 ( D E G R E E S )  

.. - -... - ... - ... - ... - 
LATIT'~JDE: 4 0 . 9 2  ( D E G R E E S )  R U N  . C A T E :  0 2 / , 3 5 / d 3  

* * * * * ... * * 
H O N T H  * HOPPR * HEAa * K S A K  9 ROAR 8  SPAR * I-00 * CD3 * T 9 A R  

....... * * * * f * * 
* * * * * * * * * * * * * * * * 8 * ~ * f @ * * 8 ~ O 3 * * * 0 ~ ~ ~ * ~ 8 * $ ~ ~ * ~ * * 8 * 4 8 ~ * ~ 4 ~ * ~ ~ ~ 9 ~ * ~ ~ ~ 8 8 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ * ~ * * * ~ * ~ * * ~ *  * * * * * 8  * 
U N  * 1 2 7 7 .  f 4 2 8 .  * 0 . 3 3 4 3 . 3 *  1.591 * 6 8 1 .  * 1 2 2 3  * * 9 * 8 

0 * 2 6 .  * 
F E B  ' * 1 7 4 5 .  * 6 4 9 .  * 3 , 3 7 1 8 6  * 1 . 3 9 4  * 9 3 5 . .  + 1 ~ 4 4  * " 280 * * * * 8  * 
MAR * 2 3 5 6 .  966.  0 . 4 1 3 0 7  * 1 . 1 8 4  * 1 1 4 3 .  * 

f 
893 X f 3 6 .  

- .  * * * 9 

JUN * 3 t 4 3 .  t 18400 0 . 5 0 5 0 3  * 3 . 8 2 5  * 1 5 1 6 .  * 3 3  132 * 6 8 .  * 9 * * * * 0 
JU L * 3 5 4 4 .  * 1 7 9 8 .  * 0 . 5 0 4 5 9 *  0 . 9 4 7  * 1 5 1 5 .  * 

. .  * * * 9 8  9 0 
9 * 2 1 7  7 2 .  

LEGEND : 
- - - -. - .... .. . .. ........... 

H O a A R  ==> f 4 C k T H L Y  L V E R A C E  C A I - Y  E X T R A T C R K E S T R I A L  R A C l A T I G h  I d S E A L )  I N  3 T U / D A Y - F T Z .  

: ............. M A R .  ==>. . .  H C h T H L Y  L V E R P G E  C A I  ,Y R A C I A T  [CN ( A C T U A L )  I N  R T U / C h t - F T L .  
: .. 

KBAR ==> R A T I O  OF H B A R  T C  HG!AR. 

. . . . . . .  RW-.=.L.PJTIO aF E . ~ ~ N T H L Y  AV;~UL.S~ CAILY RADIATIGN OPJ TILTED 'SURFACE T O  THAT ON A 
H C R I Z G N T L L  S U R F A C E  -OR t A t H  R3i4TH (1.Eo.p M U L T . I P L I E F .  C B T A I i ' J E O  B Y  T I L T I Y G ) .  

SBAR ==>, M C N T H L Y  A V E R A G E  C A I L Y  R A D I A T E O N  CM d T I L T E D  S l l R F A C E  (I.E.9 R B A R  * k 3 4 : i )  I N  U T U / O A Y - F T Z .  
. . .  . . . . . .  . . . . 




