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1. FOREWORD 

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

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

So lar  Heating and Cool ing Development Program funded by the  Department o f  

Energy. The ana lys i s  contained i n  t h i s  document describes the  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 

s p e c i f i e d  per 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  of 

t h e  ana lys i s  i s  t o  r e p o r t  t he  long-term performance o f  t he  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 r e -  

quirements fo r  s o l a r  energy system design. 

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

o f  d iscussion:  

e Sys te~ i iDesc r ip t i on  

e . Performance Assessment 

e Operat ing Energy 

e Energy Savings 

Maintenance 

e Summary and Conclusions 

Data used f o r  the seasonal analyses o f  the Operat ional Test S i t e  descr ibed 

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

OTS Development Program and have provided the  major i npu ts  used t o  per-  

form the  long-term techn ica l  assessment. The data have been arch ived 

by 'the Marshal l  Space F l i g h t  Center f o r  t he  Department o f  Energy. 

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

each Operat ional Test S i t e  i n  the  Development Program culminates t h e  

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 i n s t r u -  

mentat ion system design i n  A p r i l  1976. The F ina l  Report emphasizes 

the  economic ana lys i s  o f  s o l a r  systems performance and fea tu res  pay- 
back performance based on l i f e  c y c l e  cos ts  f o r  the same s o l a r  system 

i n  var ious geographic regions. The o the r  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] through [3] .* 

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

1 



The IBM System 4 Solar  Energy System was designed t o  provide space heat ing  
and domestic ho t  water preheat ing f o r  a  sing1 e- fami ly  residence located w i th -  

. i n ' t h e  Uni ted States. Areas o f  a p p l i c a t i o n  i nc lude  a l l  regions o f  t h e  U.S. 

except t h e  extreme.,north, and regions w i t h  low heati 'ng degree days, 

such as southern. C a l i f o r n i a  and F lor ida .  The s o l a r  system i s  a  pre- 

packaged u n i t  c a l l e d  the Remote Solar  Assembly which i s  documented 

f o r  gross c o l l  ec to r  .areas of 191, 259 and 327 square f e e t .  The system 

fabr ica ted f o r  performance eva luat ion  i s  Remote Solar  Assembly, 

7934930-2 as documented i n  Keference [3]. I t  i s  i n teg ra ted  Snto 

- t h e  heat ing  and domestic hot  water systems i n  t h e  dormi tory a t  t he  

M iss i ss ipp i  Power and, L i g h t  t r a i n i n g  center  i n  C l in ton ,  M iss i ss ipp i .  

So lar  energy c o l l  e c t i o n  i s  accompl ished w i t h  Solaron 2001  se r ies  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 the  t ranspor t  f l u i d .  The c o l l e c t o r  a r r a y  

has a  gross c o l l e c t o r  area of 259 square f e e t  and faces due south i n c l i n e d  

a t  a  t i l t angle o f  45 degrees from the  ho r i zon ta l .  A i r  i s  c i r c u l a t e d  
by two blowers. One blower c i r c u l a t e s  a i r  from t h e  c o l l e c t o r  a r ray  t o  

storage. The o ther  blower c i r c u l a t e s  a i r  from the  c o l l e c t o r  a r ray  o r  

t h e  rock  storage bed t o  the  load ( b u i l d i n g ) .  A i r  passes through t h e  

a i r  t o  water heat exchanger which i s  duct mounted a t  t he  hot  a i r  i n l e t  

of t h e  rock  storage bed. Solar  heated water i n  the  heat exchanger c i r c u l a t e s  

by thermosyphoning t o  a  52 g a l l o n  preheat tank. Supply water f o r  two 30 

g a l l o n  ho t  water tanks i s  drawn from the preheat tank. Solar  energy i s  s to red  

i n  rock  storage bed conta in ing  11,100 pounds o f  rock. A u x i l i a r y  energy 

f o r  t h e  hot  water and space heat ing subsystems i s  provided by a  4kW 
e l e c t r i c  heater  i n  each ho t  water tank and a  20 kW e l e c t r i c  duct  mounted 

s t r i p  heater respec i i ve l y .  The system, shown schemat ical ly  i n  F igure 2-1, 

has th ree  basic '  modes of operat ion. The sensor designat ions i n  F igure 2-1 

a re  i n  accordance w i t h  NBSIR-~~- I  137 [4]. The measurement symbol pref ixes; 

W, T, EP and I represent  respec t i ve l y :  flow ra te ,  temperature, e l e c t r i c  power, 

. and i n s o l a t i o n .  The IBM System 4  i n s t a l l a t i o n  a t  C l i n t o n  M iss i ss ipp i  i s  
i l l u s t r a t e d  i n  F igure 2-2. 

' ' 

. . 
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Flgure 2-2 IBM System 4 Installation at 21inton, Mississippi 



Mode 1 - ~ o l  lec tor - to -s to rage:  The system operates i n  t h i s  mode whenever 

the  space heat ing demands have been s a t i s f i e d  and a d d i t i o n a l  s o l a r  energy 

i s  a v a i l a b l e  fo r  heating.. So lar  heated a i r  f rom the  c o l l e c t o r s  i 's 'passed 

through the  duc t  mounted a i r  t o  water heat exchanger on i t s  way t o  the, rock  

storage bed. Solar  energy i s  t he re fo re  s to red i n  the  preheat tank as w e l l  

as i n  t h e  rock  storage bed. I n -  t h i s  mode the  c o l l  e c t o r  .blower i s  ope ra t i ng  

and the  space heat ing blower i s  o f f .  

Normal Mode - The Normal Mode i s  se lec ted  by manually p o s i t i o n i n g  

the  summer mode swi tch  t o  "o f f . "  The c o l l e c t o r  blower and i t s  

c o n t r o l  damper opera t ion  a re  au tomat i ca l l y  i n i t i a t e d  i n  th is 'mode 

by a d i f f e r e n t i a l  temperature c o n t r o l l e r  when the  temperature 

d i f f e r e n c e  between the o u t l e t  o f  the  c o l l  e c t o r  and bottom rock  

. s torage exceeds 40°F. C o l l e c t o r  blower opera t ion  cont inues i n  

t h i s  mode u n t i l  the  temperature d i f f e r e n c e  decreases t o  l e s s  than 

. 25°F o r  u n t i l  t he  top  of rock storage o r  preheat tank temperatures 

exceed 200°F o r  170°F, respec t i ve l y .  

Summer Mode. - The Surn~lier. Mode i s  se lected by manua 1 1 y posi  t i o n i n g  t h e  

summer mode swi tch  t o  "on." The c o l l e c t o r  blower and i t s  c o n t r o l  

damper a re  au tomat i ca l l y  i n i t i a t e d  i n  t h i s  mode by two d i f f e r e n t i a l  

temperature c o n t r o l  1  e rs  when e i t h e r  (1 ) t he  temperature d i f f e r e n c e  

between the o u t l e t  of the c o l l e c t o r  and bottom o f  rock storage 

exceeds 40°F, o r  (2 )  t he  temperature d i f f e r e n c e  between the  bottom 

o f  rock  storage and the  bottom o f  the  preheat tank exceeds 40°F. 
1 

C o l l e c t o r  blower opera t ion  cont inues u n t i l  the  temperature d i f f e r -  

ence which i n i  t i  t a t e d  the  blower opera t ion  i s  decreased t o  1 ess than 

25°F o r  u n t i l  the  top  of rock storage o r  preheat tank temperatures 

exceed 200°F o r  1 70°F, respec t i ve l y .  



. . 

' . . Mode 2 - Col lector-to-Load: The system operates. i n  t h i s  mode whenever ' 

s o l a r  energy i s  a v a i l a b l e  a t  t he  'co l  l e c t o r s  and there  i s  a demand f o r  

:. - : space heating. ' ~ 6 t h "  the  c o l l  e c t o r  blower and the  space heat ing blower 

operate i n  t h i s  mode; C o l l e c t o r  blower opera t ion  i s  i n i t i a t e d  as described 

i n  Mode 1 . The space. heat ing  blower and i t s  associated con t ro l  damper 

opera t i on  a r e  i n i t i a t e d  by the  f i r s t  stage contacts of t he  s i t e  d w e l l i n g '  ': 
. . 

thermostat.  . . . . :  . :  . . . . 

Mode 3 - s torage- io -~oad:  The system operates i n  t h i s  mode whenever 

the re  i s  a demand .'fo'r' space heat. The space heat ing blower and i t s  

c o n t r o l  damper opera t ion  a r e  i n i t i a t e d  by the  f i r s t  stage contacts of 
. . 

t h e  s i t e  dwel l  i ng thermos t a t .  

, , NOTE 1: , ' A u x i l i a r y  . . heat i s  u t i l i z e d  i n  Mode 2 and 3 when the  s i t e  
. . 

thermqstat second stage c a l l  s f o r  heat o r  when the  s i t e  
' , 

thermostat f i r s t  stage c a l l s  f o r  heat when the  rock  storage 

temkerature i s  below '90°F. 

NOTE 2: Domestic water preheat occurs i n  a l l  th ree modes whenever 

t h e - a i r ' t e m p e r a t u r e  across the heat exchanger- is  h igher 

than the  c i t y  water supply temperature. 
) .  



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  normal mode system opera t ion  on a cool  b r i g h t  

day (March 2, 1980) a re  presented i n  F igure 2.1-1. F igure  2.1-1 (a) 

shows i n s o l a t i o n  on the  c o l l e c t o r  a r ray  and t h e  pe r iod  when the  c o l l e c t o r  

blower i s  opera t ing  (shaded area) .  On t h i s  p a r t i c u l a r  day t h e  c o l l e c t o r  

blower d i d  n o t  appear t o  c y c l e  a t  s ta r t -up  (0834 hours) o r  a t  shut-down 

(1612 hours); a t  l e a s t  c y c l i n g  was no t  d iscernab le  w i t h i n  t h e  5.33 minute 

r e s o l u t i o n  o f  t he  data c o l l e c t i o n  system. . 

F igure  2.1-1 (b)  shows t y p i c a l  c o l l  e c t o r  a r r a y  temperatures du r ing  t h e  day. 

The low l i m i t  temperature readout f o r  the  t h r e e  temperature measurements 

i s  approximately 32°F. Since the  c o l l e c t o r  a r r a y  temperatures i n  t h e  

absence o f  s o l a r  r a d i a t i o n  approach t h e  temperature o f  t he  environment, 

which was i n  t h e  low 20°F range i n  t h e  e a r l y  morning and l a t e  evening, 

t he  ac tua l  c o l l e c t o r  temperatures were n o t  measurable a t  t h a t  t ime. As 

the  sun s t a r t e d  t o  r i s e ,  a t  approximately 0652 hours the c o l l e c t o r  a r r a y  

s t a r t e d  t o  warm up, bu t  n o t  u n t i l  0719 hours d i d  the  absorber temperature 

(T104) r i s e  above t h e  32°F low 1 i m i t .  The c u l l e c t o r  blower s t a r t e d  a t  

0827 hours when t h e  absorber temperature (T104) was 137'F. The a r r a y  

c o n t r o l  sensor i s  l oca ted  i n  one o f  t he  two o u t l e t  c o l l e c t o r  plenums. 

I t s  temperature i s  n o t  monitored; however, i t  can be assumed t o  have 

been about 105°F because system c o n t r o l  requ i res  a 40°F temperature 

d i f f e r e n t i a l  between bottom of s torage and c o l l e c t o r  plenum. 

During the  opera t iona l  per iod  of  t he  c o l l e c t o r  blower the  absorber 

temperature (T I  04) and a r r a y  e x i t  te~ i ipera ture  (T I  01 ) general l y  1 agged 

the  i n s o l a t i o n  l e v e l  w i t h  T lOl  showing t h e  greater  l ag .  C o l l e c t o r  i n l e t  

temperature remained f a i r l y  constant  a t  60°F t o  70°F. Th is  was due t o  the  

f a c t  t h a t  t he  bottom o f  s torage d i d  n o t  r i s e  apprec iab ly  above the  r e t u r n  

a i r  temperature from the  dwel l  ing .  
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Figure  2.1 -2 (a)  shows the  temperature p r o f i  1  e o f  t h e  t h r e e  temperature 

measurements i n  t he  rock  s torage bed. .Measurement T200 i s  a t  t he  t o p  

center  o f  t h e  bed f o u r  inches down f rom the  t o p  sur face  o f  t h e  pebbles. 

Measurement T201 i s  a t  t h e  geometric cen te r  o f  t h e  bed. Measurement 

T202 i s  a t  the  bottom center  of t h e  bed f o u r  inches up i n t o  t h e  pebbles 

from t h e  surface of t he  nietal g r a t i n g  which supports t he  pebbles. Dur ing 

the  e a r l y  morning hours t h e  s torage bed i s  dep le ted  o f  energy and t h e  

th ree  storage temperatures a re  between 53°F and 65"F, approx imate ly  t he  
. . 

same temperature as t h e  r e t u r n  a i r  teniperature f rom the  dwe l l i ng .  ' S ince 

r e t u r n  a i r  always passes through storage, even when storage i s  depleted, '. 
I .I 

t he re  a r e  per iods o f  t ime  when r e t u r n  a i r  ma in ta ins  s torage a t  e s s e n t i a l l - y  . . 

r e t u r r i  a i r  temperature by adding heat t o  s torage t o  make up f o r  heat 'be ing 

l o s t  t o  t h e  environment ( e s s e n t i a l l y  outdoor c o n d i t i o n s ) .  Th is  c o n d i t i o n  

e x i s t e d  du r i ng  t h e  morning u n t i l  0900 hours and l a t e  i n  t h e  evening a f t e r  

2100 hours. 

F igure  2.1 -2 (b)  shows the  teniperature p r o f i l e  of t he  two temperature 

measurements i n  t h e  preheat tank  and the  two water temperature measure- 

ments a t  t h e  i n l e t  and o u t l e t  of t he  a i r - t o - w a t e r  heat exchanger. There 

was no ho t  water consumed on t h i s  day. The temperature d i f f e r e n c e  between 

the  top  o f  t he  preheat tank (T306) and bottom o f  preheat tank  (T305) 

va r i ed  from 27°F du r i ng  the  very e a r l y  morni!g t o  10.4"F 'at  1513 hours. 

The temperature o f  t h e  water decreases du r i ng  t h e  e a r l y  morning hours as 

heat i s  l o s t  from t h e  preheat tank  t o  t h e  environment u n t i l  approxiniately 

1130 hours when thermosyphoning a c t i o n  begins, i . e . ,  water begins t o  f l o w  

from heat exchanger t o  preheat tank. The temperature o f  t he  tank  cont inued 

t o  r i s e  f rom 1130 t o  1514 hours. P r i o r  t o  1020 hours, t h e  o u t l e t  f rom heat 

exchanger (T303) i s  h igher  i n  temperature than t h e  i n l e t  t o  heat exchanger 

(T302). Between 1020 hours and 11 30 hours t h e  temperature r e l a t i o n s h i p  reverses 

and the  i n l e t  teniperature becomes h igher  than t h e  o u t l e t  temperature. The 

temperature reversa l  i s  t he  r e s u l t  o f  t h e  heat exchanger warming up. The i n l e t  

t o  preheat tank, measured by T302, i s  t he  s h o r t e r  d is tance from t h e  heat  ex- 
. . .  

changer and warms up f a s t e r .  As t h e  water temperature w i t h i n  t h e  heat exchanger 

exceeds t h e  temperature a t  t h e  t o p  o f  t h e  preheat tank, thermosyphoning f l o w  

begins a t  1130 hours. As f low, begins t h e  i n l e t  t o  heat exchanger, T302, drops 

r a p i d l y  as water f rom t h e  bottom of preheat tank  f lows t o  t h e  heat exchanger. 

Flow f rom t h e  heat exchanger cont inues u n t i l  t h e  water temperature i n  the  heat  
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exchanger decreases below t h e  water temperature a t  t he  t o p  o f  t he  preheat 

tank  a t  approximately 1514 hours. - It should be understood t h a t  t he  measure- 

ments a t  t h e  i n l e t  (T302) and o u t l e t  (T303) temperature measurements do n o t  

measure t h e  exact temperature w i t h i n  the  heat exchanger e i t h e r  be fore  o r  

a f t e r  water f l o w  begins. Also t h e  teil iperature measurements a t  t h e  top  

(T306) and bottom (T305) of t he  preheat tank do n o t  measure t h e  top-most 

o r  bottom-most l o c a t i o n  w i t h i n  the  tank. Therefore t h e  "average o f  t h e  

heat exchanger i n l e t  and o u t l e t  temperatures (T306 + T305)/2 i s  n o t  

necessa r i l y  equal t he  temperature a t  t he  top  of t h e  tank  when water f low 
. . 

begins o r  ceases. 

F igure  2.1 -3(a)  shows heat exchanger water i n 1  e t  temperature ( ~ 3 0 2 )  and 
. . 

water o u t l e t  temperature (T303) f o r  t he  same day o f  o p e r a t i o n  as F i g u r e  . 

2.1-2(b). F igure 2.1-3(b) shows t h e  a i r  temperature a t  t he  t o p  (T105) 

and bottom (T106) of t he  heat exchanger. 

As thermosyphoning a c t i o n  begins t h e  a i r  i n l e t  t o  t h e  heat exchanger (T105) 

i s  133°F. and t h e  a i r  temperature d i f f e r e n c e  across t h e  heat exchanger i s  l e s s  

than 1°F. A maximum a i r  temperature d i f f e r e n c e  across the  heat exchanger o f  

15OF occurred a t  1102 hours. The i n l e t  a i r  temperature (T105) and water 

o u t l e t  temperature (T303) a re  both 116°F when thermosyphoning f low ceases 
' 

a t  1514 hours. 

F igures 2.1-4 and 5 shows t y p i c a l  sumnier mode system opera t ion  on a ho t  b r i g h t  

day, June 20, 1979. F igure  2.1 -4 shows i n s o l a t i o n  on the  c o l l e c t o r  a r r a y  and 

the  per iod  when the  c o l l e c t o r  blower i s  ope ra t i ng .  (shaded area) .  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  blower d i d  n o t  c y c l e . a t  s t a r t - u p  (0904 hours);  

however, i t  d i d  c y c l e  tw i ce  a t  shut-down. The f i r s t  shut-down was a t  1446 

hours the  second a t  1507 hours and the  f i n a l  shut-down a t  1528 hours. 

F igure  2.1-5 shows t y p i c a l  c o l l e c t o r  a r ray  temperatures du r ing  one 
. . 

day o f  operat ion.  The c o l l e c t o r  blower operated n ine  times du r ing  the  

e a r l y  evening from zero hours u n t i l  600 hours t o  t rans fe r  heat from rock  

storage t o  t h e  preheat tank. The c o l l e c t o r  blower operated aga in  f o r  t h e  
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... 

same purpose i n  t he  l a t e  evening from 2027 hours u n t i l  2307 hours and 

from 2334 hours u n t i l  2400 hours. The temperature d i f f e rence  from i n l e t  

( ~ 1 0 0 )  t o  o u t l e t  (T101) of  the c o l l e c t o r  du r ing  the  n igh t - t ime  opera t ion  
was r e l a t i v e l y  constant  a t  30°F. . The temperature d i f f e rence  durin'g the  

day 1 i g h t  hour reached a maximum of 62°F s h o r t l y  a f t e r  1200 hours. The 

c o l l e c t o r  blower s t a r t e d  i n  t he  morning a t  0904 hours when the  absorber 

temperature (T104) was 202°F. The bottom of s torage (T202) a t  t h a t  t ime 

was 108°F. Since the  c o l l e c t o r  blower i s  i n i t i a t e d  when the  temperature 

d i f f e r e n c e  between these two po in t s  i s  40°F, e i t h e r  T104, T202 o r  both 

measurements were considerably d i f f e r e n t  than the  l o c a t i o n s  o f  the  control 

sensors which a re  a t  the  bottom o f  storage and top  c o l l e c t o r  a r r a y  plenum. 
A much h igher  temperature d i f ference a l s o  occurred between these two p o i n t s  

a t  c o l l e c t o r  blower shut-down than the  25°F requ i red  by t h e  c o n t r o l l e r  

sensors. The saw t o o t h  appearance of the  temperature p r o f i l e s  o f  t h e  

c o l l e c t o r  a r ray  temperatures i n d i c a t e s  a r a p i d  temperature.drop and 

increase when the  blower cyc les.  

F igure 2.1-6 shows t h e  temperature p r o f i l e  o f  the  th ree  measurements 

i n  the  rock  storage bed on June 20. During the  e a r l y  and l a t e  evening hours 

energy i s  being r e j e c t e d  through the  c o l l e c t o r s  and storage temperatures were 

dropping. A t  t h a t  t ime the  t o p  o f  storage (T200) i s  co lde r  than the  bottom 

(T202). During the  day-1 i g h t  hours the  temperature s t r a t i f i c a t i o n  reverses 

and the  top  o f  s torage becomes h o t t e r  than the  bottom. 
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. . 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  normal mode system opera t i ng  

sequences fo r  March 2, 1980. This  data c o r r e l a t e s  w i t h  curves presented i n  

Figures 2.1-1, 2.1-2, and 2.1-3 and provides some a d d i t i o n a l  i n s i g h t  i n t o  

those curves. 

On t h i s  p a r t i c u l a r  day t h e  c o l  1 e c t o r  blower operated cont inuous ly  from 0822 

hours u n t i  1 1607 hours. So lar  energy from the  c o l l  e c t o r  a r r a y  was e i t h e r  

de l i ve red  t o  the.1nad o r  storage. During t h e  e a r l y  morning and l a t e  evening 

the re  was heavy u t i l i z a t i o n  of a u x i l  i a r y  space heat. A f te r  t h e  c o l l e c t o r  

a r r a y  became opera t iona l ,  a u x i l i a r y  space heat was s t i l l  r e q u i r e d  u n t i l  

11 30 hours; however, no auxi  1 i a r y  energy' was then requ i red  u n t i l  1831 

hours. I t  should be understood t h a t  t he  bar' c h a r t  i nd i ca tes  t h e  p e r i o d  

of t ime t h a t  s o l a r  energy o r  a u x i l i a r y  energy was opera t iona l  ; however, ' the 

q u a n t i t y  o f  each energy t rans fe r  i s  n o t  represented. 

No domestic ho t  water was drawn on t h i s  day. Therefore, no s o l a r  energy 

c o l l e c t e d  i n  the  preheat tank was de l i ve red  t o  t h e  h o t  water tanks. The 

a u x i l i a r y  domestic ho t  water energy u t i l i z e d  was requ i red  t o  supply t h e  

energy l o s t  t o  t h e  environment and main ta in  ho t  water tanks 1 and 2 a t  t h e  

s e t  p o i n t  temperatures. 
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3. PERFORMANCE ASSESSMENT 

The performance o f  t he  IBM System 4 So lar  Energy System has been 

evaluated fo r  a one year  t ime pe r iod  from two perspect ives.  The 

f i r s t  was the o v e r a l l  system view i n  which the  performance values 

of system s o l a r  f r a c t i o n  and n e t  energy savings were evaluated agai.nst, 

t he  p r e v a i l  i n g  and long-term average c l  i m a t i c  cond i t i ons  and system 

loads. The second view presents a more in-depth l ook  a t  t h e  performance 

o f  t he  i n d i v i d u a l  subsystems. D e t a i l s  r e l a t i n g  t o  the  performance o f  

t h e  system a re  presented f i r s t  i n  ~ e c e i o n  3.1 fol lowed by t h e  subsystem 
0 0 

assessment i n  Sect ion 3.2. 0 

For the  pu'rposes o f  t h i s  So lar  Energy System Performance Eva1 uat ion,  

monthly performance data were regenerated t o  r e f l e c t  ref inements and 

improvements i n  the  system performance equat ions t h a t  were incorpora ted  
i 

as the  ana lys i s  per iod  progressed. These modi f i ca t ions  r e s u l t e d  i n  
changes i n  t he  numerical values of some o f  the  performance f a c t o r s .  

However, t he  basic  t rends have n o t  been a f fec ted .  

Before beginning the  d iscussion of 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  in format ion r e l a t i n g  t o  s i t e  h i s t o r y  a r e  

presented i n  t he  fo1  lowing paragraphs. . , 

The IBM System 4 So lar  Energy System was i n i t i a l l y  brought on 1 i n e  i n  
October, 1978. A t  t h a t  t ime a l l  known.system problems were addressed 

and co r rec ted  where possib le.  A f te r  t h e  system became opera t iona l ,  a 

pe r iod  o f  data mon i to r ing  was i n i t i a t e d  t o  v e r i f y  t h a t  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 .  

During the  system check-out phase, a temperature range change was made 

t o  measurement T300, T302, T303, T306, T307 and T308 because measurements 

were. near o r  exceeding 160°F f u l l  sca le  reading. The upper 1 i m i  t o f  

these measurements was changed from 160°F t o  230°F i n  October 1978. 



In ear ly November, 1978, i t  was observed tha t  the indoor building temperature 

was dropping as  much as 7°F below the s e t  point during periods of heavy 
space heat demand. This problem was caused by the increased electr ical  

current.flowing through the control thermostat when the s t r i p  heaters 
were being. energized . . .by the thermostat second stage contacts. This 
increased load on the thermostat 'caused excessive thermostat ant ic ipator  

. . . .  . 
a c t i o n .  The problem . . was eliminated by adding a relay to  the system 

,. ' 

control c i r c u i t  so-that the same current would be flowing through the 
thermostat when.ei ther  f i r s t  o r  second stage control was required. 

. . . . 

The performance of the domestic hot water flowmeter W301 and W302 were 

d i f f i c u l t  t o  assess because there were frequent periods of no occupancy. 
.' :, 

W302 was i n i t i a l l y  e r r a t i c  and f ina l ly  fa i led  i n  October, 1978. I t  was 
replaced on ~ovehber 6, 1978. 

I ,' 
 he domestic h o t  water supply 1 ine froze several times in January, 1980, 

because i t  was instal led above ground level.  This problem was corrected 
by wrapping the l ines  w i t h  a heater tape and insulation. The instal la t ion 

of t h e '  heater tape 'did a f fec t  the -supply water temperature during periods 
of low hot water.'flow, however, during periods of reasonable flow the t rue 
ground water temperature was measured. 

. , 

A fogging of the '  solaron 2001 Series coll ector glazings was encountered with 
. several of the '.collectors in the array. The fogging was condensed water 

I .  , '.. * 1 

par t ic les  on the i n s i d e  surface of the glazing during the early morning. 
:  his condition was p+s~med to  occur because of faul ty  seal ing of the glazing 
assembly. As sol'ki- kadiat(on began durlng the day t h i s  curlder~sation quickly 

- . .  

evaporated and was no longer v i s ib l e .  During February, 1979, three glazing 

assembl ies  were, Ckplaced on three of the coll ectors which exhibited t h e  . . . . . . 

mos t condensation. ' ., 

In May, 1979, the[ bypass valve around the preheat 'tank wag found open. 
I t  was not known when ' t h i s  valve had been inadvertently l e f t  open, but 
i t  was suspected that  the valve had been l e f t  open on December 12, 1978, 

when a small water, leak in a pipe union a t  the preheat tank was repaired. 
 he open bypass valve caused supply water to  the hot water tank t o  flow 
in paral le l  partiy through the preheat tank and partly through the bypass 

1 ine. The effect .  was' t o  reduce the performance of the solar  system an 
,. . 

indeterminabl e'a,mounG 
- I .  



The Remote Solar  Assembly which supports the  c o l l e c t o r  a r r a y  was i n s t a l l e d  

near a d i r t  d r i v e  way. As a r e s u l t  t h e  c o l l e c t o r s  and pyranometer were 

genera l ly  covered w i t h  dust.  Th is  could have reduced t h e  r a d i a t i o n  

measurements o f  t he  pyranometer and reduced t h e  r a d i a t i o n  absorp t ion  

c a p a b i l i t y  o f  t h e  c o l l e c t o r s .  

The performance assessment data was selected from the  a v a i l a b l e  s i t e  da ta  

which was a v a i l a b l e  from October, 1978, through March, 1980. It wa,s 

i n i t i a l l y  planned, t o  use January, 1979, through December, 1979, data f o r  

t h e  assessment. However, because of l a r g e  data vo ids  i n  January, March, - 

November and December, 1979, data from 1978 and 1980 were s u b s t i t u t e d  : 

f o r  those months. 



3.1 System ~erformarike 
.... s 

. . 
, .  , 

This Seasonal Report a system performance evaluation summary 
of the operation of the IBM System 4 Solar Energy System located in 
C l  inton, ~ i s i i s s i p p i  . Analysis was conducted by evaluation of measured 
system performance against the expected 'performance with long-term average 

. climatic conditions. . . The performance of the system i s  evaluated by 
. . calculating :a set':,of primary performance factors  which are  based on 

. ;  , . . 
those ' pro'pdsed i n  .the,:intergovernmental agency report, "Thermal Data 
Requirements and Performance Evaluation Procedures for  the National 
Solar Heating and cooling   em on strati on Program" [4]. The 
of the, major subsystems i s  a1 so evaluated in subsequent section i f  t h i s  

/ ' 

. . report .  . . . +, '4 . a ,  ! 
, . 

Measurement data for  ,the s i t e  i s  dvdilalsle from October, 1978, through 
March, 1980. The data used fo r  th i s  performance evaluation was selected 
so a s  to  use data'ifr0.i months that  contained the most complete s e t  of 

(.... . . 
. I  

s i t e  measured data; : ; 
.. . .:;; ' 

. . 
, . 

System p'erformance. , data . were provided through an IBM developed Central 
Data Processing ,System (CDPS) [5] consisting of a remote S i t e  Data 

d '  

~ c q u j s i  t ion System' (SDAS), telephone data transmission 1 ines and couplers, 
. . 

an IBM System 7 computer for  data management, and an IBM System 370/145 - .  
computer fo r  daGiprocessing. The CDPS supports the collection and 
analysis of solar data acquired from instrumented systems located 
throughout the country. .-These data are  processed daily and summarized 

into monthly . . formats which form a common basis for  comparative . .. 
system evaluation. '.: ,These monthly summaries a re  the basis of the evalua- 

.. . . . . *  . 

t ion and data giv.en in t h i s  report. 
. . .. . 

The solar  energy system performance summarized in this section can be viewed 
as  the dependent response of the system to certain primary i n p u t s .  This 
relationship i s  i l lus t ra ted  i n  Figure 3.1-1. The primary inputs a re  the 
incident solar.energy, the outdoor ambient temperature and the system load. 
The dependent responses of the system are  the system solar  fraction and the 
to ta l  energy savings. Both the input and output definit ions are  as follows: 

1 
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F igu re  3.1-1 So la r  Energy System Eva1 u a t i o n  B lock Diagram 



. . 
, .' I npu ts  . . : . . 

. ~ . . . , 

- 1ncident;sol.ar energy - The t o t a l  s o l a r  energy i n c i d e n t  
, :  

on t h e  c d l l  &$or a r r a y  and avai lab1 e f o r  c o l l  ect ion.  ( .  . . 

i ,. 

, .  . 
Ambient temperature - The temperature of t h e  ex terna l  

environment'which . ..  . a f fects both t h e  energy t h a t  can be 

c o l  l e c t e d  and' t h e  energy demand. 
. . . . ~  

~ ~ s t e m ' l o a d ' ' - : . ~ h e  loads t h a t  t h e  system i s  designed t o  
. . . ,  . 

meet, whlch a re  . . a f f e c t e d  by t h e  l i f e  s t y l e  o f  t h e  user 
, . 

(space heatin(i/cool ing, domestic h o t  water, e k . ,  as 

appl i c a b l  e), : 
. . 

Ou l p u  l;s 
. . . . . .  

o , System so la r  f r a c t i o n  - The r a t i o  o f  s o l a r  energy app l ied  

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

energy) . re$h i red b y  the  1 oads . 
. . 

8 ,  

. . To ta l  energy savings - The q u a n t i t y  o f  a u x i l i a r y  energy 
.. 

. . ( e lec t r i ca l " '  o r  f o s s i  1 ) d i s p l a c e d  by s o l a r  energy. 

The monthly values o f ' t l ~ e  i npu ts  and outputs fo r  t h e  t o t a l  opera t iona l  

p e i i o d  a re ,  shown i'n;..~abl e 3.1-1 , the  System Performance ~ u m m a ~ ~ .  Comparative 

1 ong-term average : va l  ues o f  d a i l y  i n c i d e n t  s o l a r  energy, and outdoor ambient 

temperature a r e  gi,vek fo r  reference purpose. The long-term data a r e  taken 

from Reference 1 of:Appendix C. General ly.  t he  s o l a r  energy system i s  de- 

signed t o  supply an &&nt o f  energy t h a t  r e s u l t s  i n  a des i red  value o f  

system s o l a r  f rac t i o :n  wh i l e  opera t ing  under c l  i m a t i c  cond i t i ons  t h a t  are: 

d e f i n e d  by t h e  l ong - i ' e rn  average value. o f  d a i l y  i n c i d e n t  s o l a r  energy and 

outdoor ambient tempe'irature. I f  the  ac tua l  c l i m a t i c  cond i t ions  a r e  c lose  

. . t o  t h e  l ong  t e r m  8verage.~.values, there  i s  l i t t l e  adverse impact on t h e '  

system's a b i l i t y  t o . d e e t :  design goals. This i s  an important  f a c t o r  i n  

eval u a t i n g  system-pecformance and i s  t h e  reason t h e  long-term average 

values a r e  given: The.data repor ted  i n  the  fo l lowing paragraphs a r e  

taken f roni .Table 3.1'-1.. 



TABLE 3.1-1 

SYSTEM PERFORMANCE SUMMARY 

IBM 4 CL.INTON 

*Averages a r e  weighted values.' 

Month 

Jan 80 

Feb 79 

Mar 80 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 78 

Dec 78 

T o t a l  

Average 

D a i l y  I n c i d e n t  So la r  
Energy per U n i t  Area 
(45' T i  1 t ) ( ~ t u / ~ t ' - ~ a ~ . ) .  

Long-Term 
Measured 

635 

835 

1073 

1284 

1402 

1389 

1237 

1492 

1382 

1769 

1031 

1148 

- - 

1223 

Average 

1124 

1351 

1529 

1592 

1575 

1543 

1501 

1565 

1570 

1629 

1345 

1110 

- - 

1453 

Sys tern 
Load 

Measured 

(M i l  1 i o n  Btu) 

6.06 
8.56 

4.67 

0.61 

0.52 

0.28 

0.33 

0.22 

0.08 

1.08 

2.37 

6.72 

31.49 

2.62 

Ambi e n t  
Temperature 

# 

, 

(OF) 

Measured 

47 

4 5 

54 

6 7 

72 

79 

8 1 

8 0 

7 4 
6 5 

5 9 

4 7 

- - 

64 . 

~ o t a l  
Energy 
Savings 

( M i l l i o n  Btu) 

.0.78 

0.40 

1.65 

8.40 

0.48 

0.13 

0.10 

-0.02 

-0.05 . 

0.75 

. I .  35 
2.08 

. . 

8.05 

0.67 

Long-Term 
Averaqe 

47 

50 

5 6 

6 6 

73 

7 9 

8 2 

81 

7 6 

66 

55 

49 

- - 
6 5 

Solar  F r a c t i o n  
(Percent ) 

Measured 

21 

15 

44 

27 

10 

6 1 

48 

58 

41 

71 

6 1 

39 

- - 

32* 

Expected 

6 

6 

2 8 

3 3 

42 

42 

3 1 

3 2 

2 0 

69 

44 

23 

-- 

20* 



' .  
A t  t h e  IBM System ' . s i t e  f o r  t h e  12 month period, t h e  long-term average 

. . 

d a i l y  i n c i d e n t  : s o i a r e n e r g y  i n  t h e  plane of t he  c o l l e c t o r  was 1,453 
2 Btu/Ft  . . The averqge d a i l y  measured value was 1,223 ~ t u / ~ t ' ;  which i s  

' . 

1 6  percent below t h e  long-term value. On a monthly basis January, 1980, 

was t h e  worst month' w i t h  an average d a i l y  measured value o f  i n c i d e n t  

s o l a r  energy 44 'percent  below t h e  long-term average d a i l y  value. October, 

1979, was t h e  besf .month w i t h  an average d a i l y  measured value 9 percent  

a b o k  t h e  l ong - tb&  .. average d a i l y  va l  ue. On a long-term basis i t  can be 

concluded that. the:. l :ong-term average performance would be s l i g h t l y  h igher  

than t h e  measured (p.6iformance based on the  di f ference between long-term 

and measured average i n c i d e n t  s o l a r  energy,. , 

. . 

The outdoor  ambienttempera . . t u r e  i n f  1 uences the  operat i o n  o f  t he  s o l a r  

energy system in. . . two' important  ways. Fi,rs't t h e  opera t ing  p o i n t  o f  t h e  
8 . .  

c o l l e c t o r s  and 'c6nsequently t h e  c o l  l e c t o r  e f f l c l e n c y  o r  energy lvdin i s  

determined by the  d i f fe rence i n  the  outdoor ambient tenlperature and t h e  

' c o l l e c t o r  i n l e t ,  temperature. This w i l l  be discussed i n  greater  d e t a i l  . 

i,ri S e c t i o n  3.2.;'. ' secondly the  load i s  in f luenced by the  outdoor ambient 

temperature..' The ,l:ong-term average d a i l y  ambient temperature. f o r  the .  

12 month p e r i o d ~ w a s ; ( 5 ° ~  a t  t h e  I B M  System 4 s i t e .  This agrees c l o s e l y  

w i t h  t h e  Measured 'val'ue which was 64°F. 
, .  . 

The system desien v a l u e s f o r  the  I B M  System 4 a t  C l i n t o n  were a t o t a l  

system s o l a r  f r a c t i o n  , . o f  48 percent which inc ludes a space heat ing  s o l a r  

f r a c t i o n . o f  35 percent and a hot  water s o l a r  f r a c t i o n  of 63 percent. 

The measured val"e' o f  system s o l a r  f r a c t i o n  do n o t  genera l ly  agree favorab ly  
. , 

w i t h  t h e  expected,values . . .  computed by the  modif ied f -Chart  method. The 

reason f o r  , t h i s " i s  t h a t  t he  modi f ied  f -Char t  method uses some assumptions 

t h a t  do n o t  f i t  this:,;olar system. The o r i g i n a l  f -Char t  system neglects 
. . 3 .  

system heat losses and presumes heat losses from t h e  s o l a r  system u l t i m a t e l y  

c o n t r i b u t e  t o  the ,system heat ing load. Cer ta in  losses from IBM system 4 

a r e  l o s t .  t o  t h e  ihibieiit and d e f i n i t e l y  do n o t  c o n t r i b u t e  t o  the  space 

heat ing subsyst& :lo@. The modi f ied  f-Chart method accounts f o r  these 

losses f o r  a s tandard  s o l a r  system. Var ia t i on  between t h i s  standard system 

and IBM System 4 appa&ntly . . cause the  d i f f e rence  between ' t h e  measured and 

expected s o l a r  f r a c t i o n s .  
+ .  

. . . :  



. . 
The t o t a l  energy savings i s  t he  most important  parameter f o r  ' 

the s o l a r  energy system because the  fundamental purpose o f  t h e  system i s  

t o  rep lace expensive convent ional energy. sources w i t h  l e s s  expensive s o l a r  

energy. I n  p r a c t i c a l  cons idera t ion ,  t he  system must.  save enough energy 

t o  cover both the  c o s t  of i t s  own opera t ion  and t o  repay the  i n i t i a l  
investment fo r  t he  system. I n  terms of t he  techn ica l  ana lys i s  presented 

i n  t h i s  r e p o r t  t h e  n e t  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  t h e  IBM System 4 
Solar  Energy System was 7.70 m i l l i o n  Btu, which i s  equ iva len t  t o  2256 kwh, 

o r  1.3 b a r r e l s  o f  o i l ,  which was n o t  a l a r g e  amount o f  energy. However, 

t h i s  savings i s  based .only on measured' in'puts. of s o l a r  energy t o  the  l oad  

subsystem. A t  t h e  IBM'System 4 s i t e  the-  h o t  water consumption was con- " 

s i de rab l y  lower t h a n  expected, which of course r e s u l t e d  i n  much lower 

savings than expected. T h i s  c o n d i t i o n  i s  addressed i n  more d e t a i l  i n  t he  
appropr ia te  sect ions t h a t  fo l low.  



3.2 Subsystem Performance 

The IBM System 4 Solar  Energy System may be d i v ided  i n t o  

four  subsystems: 

1. Co l l  e c t o r  a r ray  

2. Storage 

3, Hot Water 

4. Space heat ing 

Each subsystem has been evaluated by the  techniques def ined i n  

Sect ion  3 and i s  numer ica l ly  analyzed each month f o r  the.monthly  

performance assessment. Th is  sec t ion  presents t h e  r e s u l t s  of 

i n t e g r a t i n g  t h e  monthly data a v a i l a b l e  on t h e  f o u r  subsystems 
f o r  a one year pe r iod  as f o l l o w s :  

January, 1 980 

February, 1979 
March, 1980 . "  

. A p r i l ,  1979 

May, 1979 

June, 1979 

Ju ly ,  1979 
August, 1999 

September, 1979 . 

October, 1979 

November, 1 978 
December, 1978 

Por t ions  o f  t h e  c o l l e c t o r  a r ray  ana lys is  used data from the  year 1979 

e x c l u s i v e l y  . These areas a r e  noted accord ing ly  i n  subsequent discussions . 



3.2.1 C o l l e c t o r  Array Subsystem 

The IBM System 4  c o l l e c t o r  a r ray  cons i s t s  o f  twelve Solaron 2001 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 .  The c o l l e c t o r  i s  3  f e e t  wide by 6.5 fee t  l o n g  
by 7.2 inches h igh  and weighs 153 pounds. The c o l l e c t o r  i s  double g lazed 

w i t h  118 i n c h  t h i c k  low i r o n  sa fe ty  g lass (Forco) having a  t o t a l  t r ans -  

mi t tance of 0.77. The absorber i s  24 gauge s t e e l  ' w i t h  a  PPG "Duracron 600" 
sur face f i n i sh .  The a b s o r p t i v i t y  and emmissiv i ty  o f  t he  absorber i s  0.94 

and 0.82 respec t i ve l y .  The back surface i n s u l a t i o n  of t h e  c o l l e c t o r  i s  

1  i n c h  t h i c k ,  2  pounds per  cubic f o o t  f i b e r g l a s  b a t t .  The c o l l e c t o r s  a r e  

arranged i n  an a r r a y  2 c o l l e c t o r s  h i g h  by 6  c o l l e c t o r s  wide. C o l l e c t o r  

a i r  mani fo ld ing i s  arranged i n t o  two e x t e r n a l l y  mani fo lded groups w i t h  

each of the  two groups i n t e r n a l  l y  'manifolded. This  man i fo l  d ing  r e s u l t s '  

i n  6  p a r a l l e l  a i r  paths through t h e  a r ray  w i t h  an a i r  f l o w  r a t e  o f  77 
cubic f e e t  per minute through each path. Therefore, t h e  a i r  f l o w  r a t e  

through each c o l l e c t o r  i s  77 cubic f e e t  per  minute. D e t a i l s  of  t he  

c o l l e c t o r  and c o l l e c t o r  a r r a y  "f low" paths a r e  shown i n  F igure  3.2.1-1. 

The c o l l e c t o r  a r r a y  i s  o r i en ted  as fo l l ows :  

. . 

T i l t  . - 4 5 "  

Azimuth, -. Due South 

Locat ion - 32' 19" , L a t i  tude/88' 45" Longt i  tude 

The c o l l e c t o r  subsystem ana lys i s  and data a r e  g iven i n  the  f o l l o w i n g  .paragraphs. 

Co l l  e c t o r  a r r a y  performance i s  described by 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 .  

This  i s  t h e  r a t i o  of 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  so lac  energy i n c i d e n t  on the  c o l l e c t o r s  must be used i n  

determining c o l l e c t o r  a r ray  e f f i c iency .  The e f f i c i e n c y  i s  then expressed 

by the  equat ion: 



, ' 

.MANIFOLD CHAMBERS . . . 

AIR IN , AIR OUT 
SECTION A-A (TYP) : . . .  

. , 

HOT AIR OUT 

COLD AIR IN 

AIR FLOW THROUGH COLLECTORS' 

Figure 3.2.1-1 ~oll&~tor Array Air Flow 



where. " c = Collector array efficiency 

Qs = , Collected solar  energy 

Qi = Incident solar energy 

The effi.ciency determined in th i s  manner includes the operation of the 

control system. For example, solar energy can be available a t  the col- 
1 ector,  b u t  'the collector absorber plate temperature may be below the 

minimum control temperture s e t  point for  coll ector loop operation, thus 
the energy i s  n o t  c o l l ~ c t e d .  The.montlrly effjciency by t h i s  method i s  
l i s t e d  in the column ent i t led  "Collector Array Efficiency" in Table 

3.2.1-1. 

The second viewpoint assumes that  only the solar energy incident on the , .  

collector when the coll ector loop i s  operational be used in determining 

the collector array efficiency. The value of the operational incident 

solar  energy used i s  multiplied by the ra t io  of the gross col lector  area 

to  the gross collector array area to compensate for the djfference between 
the two areas caused by instal la t ion spacing. The efficiency i s  then ex- 
pressed by the equation: 

"CO = Qs/ (Qoi x A P I A a )  

where %o = Operational collector array efficiency 

Qs = Collected solar  energy 

Qoi = Operational incident solar energy 

*P 
= 

' Gross collector area ( the product of 

the number. of coll ectors and the 

envelope area of one col lector)  

A, = Gross collector array area ( to ta l  area 

including a1 1 mounting and connecting 

hardware.and spacing of uni ts)  
. .. 

' .31 



TABLE 3.2.1-1 

COLLECTOR '.ARRAY PERFORMANCE 

*Opera.tional Co l lec to r  Array E f f i c i ency  Valuer a re  adjusted f o r  the r a t i o  o f  Ap/Aa as ind icated i n  Equation (2). 

Operational 
Inc iden t  Energy 

( M i  11 i o n  Btu) 

3.90 

4.82 

7.06 

5.79 

5.48 

7.62 

6.80 

8.43 

6.34 

8.53 

5.67 

8.08 

78.52 

6.54 

Co l l  e c t t r  
Array 

E f f i c i ency  

0.30 

0.31 

0.30 

0.17 

0.13 

0.22 

0.22 

0.22 

0.17 

0.17 

0.25, 

0.34 

-- 

0.22 

Operational 
Co l l  ec to r  Array 

E f f i c iency*  

0.43 

0.43 

0.40 

0.32 

0.29 

0.34 

0.35 

0.35 

0.32 

0.31 

0.40 

0.43 

- - 

I 0.36 

Inc iden t  
Sol a r  Energy 
(Mi l  1 i on  Btu) 

5.10 

6.06 

8.62 

9.98 

11.26 

10.79 

9.94 

11.99 

10.74 

14.21 

8.01 

9.22 

11 5.92 

9.66 

Month 

Jan 80 

Feb 79 

Mar 80 

Apr 79 

May 79 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 78 

Dec 78 

Tota l  

Average 

Col l  ected 
Solar Energy 
( M i l l i o n  Btu) 

1.53 

1.88 

2.57 

1.68 

1.46 

2.39 

2.15 

2.66 

1.84 

2.39 

2.03 

3.19 

25.77 

2.15 



The monthly efficiency computed by th i s  method i s  l i s t ed  i n  the column 
. . 

ent i t led  "Operational Collector Array Efficiency" in Table'3.2.1-1. ' . 

. . 

In the ASHRAE Standard 93-77 [6]' a collector efficiSency i s  defined i n  

the same terminology as the ope.rational collecto'r array efficiency. 
However, the ASHRAE efficiency i s  determined from. instantaneous .evalua- . 

tion under t ight lyc control led,' steady s t a t e  t e s t  conditions, while the . . ., 

o p e r a t i o n a l ~ ~ o l l e c t o r  array efficiency i s  determined from a.ctua1 dynamic 
conditions of daily solar energy system operation i n  the f i e ld .  

The ASHRAE Standard 93-77 definit ions and methods often are  adopted 
by collector.  manufacturers and independent tes t ing laboratories in i 

evaluating collectors.  The collector evaluation performed for  th i s  
report using the f i e ld  data indicates that  there was a s ignif icant  
difference between laboratory cal l brated sing1 e panel col 1 ector data 
and the collector data determined from long-term f i e l d  measurements. 
There a re  two primary reasons for  differences i n  the laboratory and 
f i e ld  data: 

e Test conditions are rut the same as conditions 
in the f i e ld ,  nor do they represent the wide 
dynamic range of f i e ld  operation ( i  .e.  i n l e t  and 

. .  . .  
out le t  temperatu.re, flow ra t e s  and flow d i s t r i -  
bution of the heat t ransfer  f lu id ,  insolation 
1 eve1 s ,  aspect angle, wind conditions, e tc .  ) 

m Collector t e s t s  are  not generally conducted w i t h  

units that  have undergone the effects  of aging 
( i  .e. changes i n  the character is t ics  of the glazing 

.material ,  collection of d u s t ,  soot, pollen or  other 
foreign. material on the glazing, deterioration of the 
absorber plate surface treatment, e tc .  ) 



Consequently f i e l d  data coll  ected over an extended period will general ly  
provide an improved source of col lector  performance character is t ics  for  
use i n  long-term .system performance definit ion. 

. . 

The longlterm data base f o r  IBM 4 Clinton detailed col lector  anelysis 
includes a l l  data collected fo r  the year 1979. E i g h t  .more months of ' ' 

. . d a t a  were available for  analysis;  however, data from t h e  twelve months' . 

of 1979 were considered adequate. . . 
, ,. 

> 

The operational' col lector  array efficiency data given i n  Table 3.2.1-1 

, . a r e  monthly averages based on instantaneious efficiency computations 
. . 

, . , over the to ta l  performance period using a l l  available data. . For detailed ' .  

.. . col lector  analysls ' i 1 W&S desirable t o  use a 1 imited subset o f .  the avall-  
. . able  data tha t  characterized col lector  operation under "steady s ta te"  .. ' 

conditions. T h i s  subset was defined by applying the following res t r ic t ions :  . 
. 

. . .  

(1 ) The measurem.int period was restr ic ted t o  col lector  operation'. 
when the sun angle was within 30 degrees of the col lector  

: normal. 

. . 
(2)  Only measurements associated w i t h  positlve energy gain from 

the coll  ectors were used, i . e. , out1 e t  temperatures must 
, . 

have exceeded i n l e t  temperatures. 

. ( 3 )  The se t s  of measured parameters were res t r ic ted  t o  those 
where the r a t e  of change of a l l  parameters of in te res t  
d u r i n g  two regular data system intervals* was limited t o  

' . a maximum of 5 percent. . . 

, . 
. . 

. .  . . . 
. .  . . . - 

 h he data system interval was 5-113 minutes iii duration. values of 
a l l .  measured parameters were continuously sampled a t  this r a t e ,  , 

throughout the performance period. 



Instantaneous eff ic iencies  (n . )  computed from the "steady s ta te"  
3 . . 

operation measu.rements of incident solap energy and collected solar  '. 

. "  . , 

energy by Equation (2)* were correlated with an operating point 
determined by the equation : 

where x . -  
j 

- Collector operating point a t  the jth instaqt 

Ti  Collector In le t  temperature . .  . 

Ta = Dutdoor ambient temperature . 
. . 

I ' = Rate of incident solar  radiation 

. The data (?, x j )  were then 'plotted on . a . graph of efficiency 
I .  versus operating point and a f i r s t  order curve described by the slope- , .  . 

intercept formula was f i t t e d  to  the data through 1 inear regression 

techniques. The form of th i s  f i t t e d  efficiency curve i s :  . ' . . 
. b  ' 

where 0 = Collectok efficiency corresponding to  the jth instant  . ' 

b = Intercept on the efficiency axis . . . . 
% : .  

(-)m = Slope 

X 
j 

= Collector operating point a t  jth instant  

" 

, The relationship between the empirically determined efficiency curve and . . .  

, . 
1 . '  

the analytically developed curve wS11 be established i n  subsequent paragraphs. . :. . . 

*The ra t io  A /A  i s  assumed to' be unity f o r  this analysis. 
P a  



The a n a l y t i c a l l y  developed c o l l  ec tor  eff ic iency curve i s  based on . . 
. . 

the  H o t t e l l  -Whi l l  ie r -B l  i s s  equation : .. . 

,. " :. 

where s = C o l l e c t o r e f f i c i e n c y  . . ,._ -. , . " , . 
, . . .  . . 

. , FR = Co l lec to r  heat removal f ac to r  . .. % .. -. . 

t = Transmissivi ty o f  co l  l e c t o r  g laz ing 

\ . . 
a = Absorptance o f  c o l l e c t o r  p l a te  

UL = Overal l  co l l ec to r  energy loss c o e f f i c i e n t  

Ti = Col lec tor  i n l e t  f l u i d  temperature 

Ta = Outdoor ambient temperature 

I = Rate o f  inc ident  so la r  rad fa t ion  
. . 

The correspondence between equations (4) and (5) can be r e a d i l y  seen. 

Therefore by determining the s l  ope-intercept e f f i c iency  equation f r o m  
measurement data, the c o l l e c t o r  performance parameters corresponding 
t o  the laboratory  s ing le  panel data can be derived according t o  the 

f o l  lowing se t  o f  re la t ionsh ips : 

. . b = F R ~ "  
and 

, where, the terms are as previously defined 

, .. 
. \  - ,. . 

The discussion o f  the c o l l e c t o r  ar ray eff iciency curves i n  subsequent . .  . , , . . . - 
. . .. I..,. . j. ! ; 

paragraphs i s  based upon the.  re la t ionsh ips expressed by Equation (6) .I . . .  . . !.,.: . 



In deriving the col lector  array efficiency curves by the 1 inear re- 
. . , % . . gression technique, measurement data over the en t i r e  performance period 

. , 
. yields higher confidence in the resu l t s  than similar analysis over shorter  

.. . 
periods. Over the longer periods the col lector  array i s ' fo rced- to  operate . . 

over a ~ ide r~dynamic  range. This eliminates the tendency shown by some . . . 

types of solar  energy systems* to c lus te r  efficiency values over a narrow 
range of operating points. The clustering ef fec t  tends t o  make the 
l inear  regression technique approach constructing a l i n e  through a singqe 
data point. The use of data from the en t i r e  performance period resul ts '  
i n  a collector array efficiency curve tha t  i s  more accurate i n  long-term 
solar system performance prediction. ' The long-term curve and the curve . 

. . 
derived from the laboratory single panel data a re  shown i n  Figure 3.2.1-2. 

The long-term f i r s t  order curve shown i n  Figure 3.2.1-2 has a s l ight ly  higher 
. . 

negative slope than &e curve derived from single panel laboratory t e s t  data. , .; 

This i s  a t t r ibutable  t o  higher losses (other than leakage) resulting from . . 
. . 

array effects .  The laboratory predicted instaneous efficiency i s  not i n  
close agreement w i t h  the curve derived from actual f i e ld  operation. T h i s  

indicates tha t  the laboratory derived curve might not be useful f o r  design 
purposes i n  an' array configuration of t h i s  type. However, t h i s  statement 

, , 

must be tempered by the fac t  t ha t  actual performance might approach pre- 
. . 

dlcted performance more closely i f  there were no leakage problems with 
t . .  . . - 

the col lector  array o r  ductwork. Additionally a higher col lector  a i r  , . 
s .  . 
., . . . 

. . flow r a t e  i n  the col lector  array would have increased the overall efficiency. - '  . . . ' 

The laboratory t e s t  was performed w i t h  an a i r  flow r a t e  of 4 cubic f e e t  per . . . . 

minute per square foot of col lector ,  whereas the IBM 4 Clinton col lector  
flow ra te  averaged about 3.5 cubic f ee t  per minute per square foot of . 

col 1 ector. 
, . 

*Air collector/rock storage systems show a marked tendency toward clustering . . .': . '  

because the collector in l e t  temp'erature remains relat ively constant and' the 
range of val ues of ambient temperature and incident solar  energy during 
col lector  operation a r e  also relat ively res t r ic ted  on a short-term..basis. 



OPERATING POINT 

Figure 3.2.1-2 IBM System 4 Collector Efficiency Curve 



For in format ion purposes t h e  data associated w i t h  F igure 3.2.1-2 i s  as 

fo l lows:  

Sing1 e  panel l abo ra to ry  data 

Long-term f i e l d  data 

. . 

FR(Ta) = 0.455 F ~ U ~  
- - -0.806 ' 

Table 3.2.1-2 presents data comparing t h e  monthly measured values o f  

s o l a r  energy c o l l e c t e d  w i t h  t h e  pred ic ted  performance determined f rom 

t h e  long-term regress ion  curve and t h e  l abo ra to ry  s i n g l e  panel e f f i -  

c iency curve. The p r e d i c t i o n s  were der ived by t h e  f o l l o w i n g  procedure: 

1. The instantaneous opera t ing  p o i n t s  were computed 

us ing  Equation (3 ) .  

2. The instantaneous e f f i c i e n c y  was computed us ing  

Equation (4 )  w i t h  t h e  opera t ing  p o i n t  computed i n  
. . 

Step 1  above fo r :  

a. The long-term l i n e a r  regress ion  curve . 

f o r  c o l l  ec to r  a r r a y  e f f i c i ency  

b. The labo ra to ry  s i n g l e  panel c o l l e c t o r  

e f f i c i e n c y  curve 

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

above were mu1 t i p 1  i e d  by the  measured s o l a r  

energy ava i  lab1 e  when the  co l ' l  ec tors  were 

opera t iona l  t o  g i v e  two pred ic ted  values o f  

s o l a r  energy co l l ec ted .  



TABLE 3.2.1-2 
. . . . 

ENERGY GAIN COMPARISON . . 

(ANNUAL) 

SITE: IBM 4 CLINTON CLINTON', MISSISSIPPI. . . . .  

P 
o 

+ 

a Month 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 79 

Dec 79 

Average 

Col l  ected 
Solar Energy 
( M i  11 ion B+u) 

1.808 

1 .684 

1.427 

1,649 

1 428 

2.523 

2.246 

2.649 

1.754 

1.805 

2.81 5 

1.975 

1 .980 

Er ro r  
Fie1 d Derived 
Long-Term 

0.050 

0.035 

0.030 

0.065 

0.11 1 

0.069 

0.081 

0.082 

0.078 

0.069 

0.042 

0.189 

0.075 

Laboratory 
Single Panel 

-0.006 

-0.065 

-0.135 

-0.164 

-0.166 

-0.148 

-0.142 

-0 146 

-0.181 

-0.205 

-0.139 

-0.038 

-0.128 



The error  data in Table 3.2.1-2 were computed from the differences 

between the measured and predicted values of solar  energy collected 

according to  the equation: 

Error = (A-P)/P 

where A = Measured solar energy collected 

P = ,Predic tedsolarenergycol lec ted  

. .  ... 

The computed error  i s  then an indication of how well the par t icular ,  . : 

predi cfi'bn curve f i t t e d  the real i ty  of dynamic operating conditions 

in the f i e ld .  

The values of "Collected Solar Energy" given in Table 3.2.1-2 are not 

necessarily identical with the values of "Collected Solar Energy" 

given in Table 3.2.1-1. Any variations a re  due .-to .the differences in  . . 

data processing between the software programs used to generate the 

monthly performance assessment data and the component level col lector  
analysis program. Also data for  January, March, November, and December 
were taken from different  years as noted. These data are  shown i n  Table 
3.2.1-2 only because they form the references from which the error  data 

given in the table a re  computed. 

The data from Table 3.2'.1-2 i l l u s t r a t e s  tha t  for  the IBM Clinton. .  . 

s i t e  the average er ror  computed from the difference between the mea- 

sured solar  energy col l ected and the predicted solar energy col l ected 

based on the f i e ld  derived long-term collector array efficiency curve 

was 7.5 percent. For the curve derived from the laboratory single 

panel data, the error  was -12.8 percent. Thus the long-term col lector  

array efficiency curve gives s l ight ly  better resu l t s  than the laboratory 

single panel curve. 



. . A histogram o f  co l l ec to r  array operat ing po in ts  i l l u s t r a t e s  the d i s t r i -  

but ion o f  instantaneous values as determined. by Equation (3)  f o r  the.  

e n t i r e  month. The histogram was constructed by computing the instan- 
, . .  taneous operat ing po in t  value from s i t e  instrumentation measurements 

. . 

a t  the regu lar  data system i n te r va l s  throughout the month, and c ~ u n t i n g  

the  number of values w i t h i n  contiguous i n te r va l s  of width 0.01 from zero 

t o  un i t y .  The operating po in t  histogram shows the dynamic range o f  co l -  . 

l e c t o r  operat ion during the month from which the midpoint can be ascer- . . 

tained. The average c o l l e c t o r  array ef f icrency f o r  the month can then, be 

derived by p ro jec t ing  the midpoint value t o  the appropriate efficiency 
curve and reading the.  corresponding val ue of e f f i c iency  . 

: 'Anqther cha rac te r i s t i c  o f  the operating po in t  histogram 5s the s h i f t i n g  
. o f  the  d i s t r i b u t i o n  .along the operat ing po in t  axis. This can be explain- 

ed i n  terms o f  the charac te r i s t i cs  of the system and the c l ima t i c  fac tors  
- o f  the s i te ,  i.e., i nc iden t  so la r  energy and ambient temperature. Figure 

, 
3.2.1-3 shows two histograms t h a t  i l l u s t r a t e  a t yp i ca l  w in te r  month 

(February) and a t yp i ca l  sumner month (August) operation. The approxi- 

mate average operat ing po in t  f o r  February i s  a t  0.10 and f o r  August a t  

0.17. From Equation ( 3 ) ,  when the temperature d i f fe rence  becomes l a rge r  

between Ti andTa, and the inc iden t  so la r  energy becomes smaller, as i s  

t y p i c a l  i n  the  winter, the operating po in t  increases and c o l l e c t o r  opera-.  ' 

. . t i o n  s h i f t s  t o  the r i g h t  on the operating po in t  histogram. The opposite 

s i t u a t i o n  occurs i n  the summer. Normally, the important po in t  t o  be made 

from t h i s  i s  t h a t  the average co l l ec to r  ef f ic iency,  which depends on the' 
. operat ing point,  s h i f t s  from winter  t o  summer, assuming the higher value 

i n  ' t he  sumner. ' The t yp i ca l  w in ter  and summer average monthly operat ing 

po in ts  fo r  t h i s  s i t e  as shown i n  Figure 3.2.1-3 ind icates t h a t  there i s  

. ' a  s l i g h t  reversal  o f  t h i s  expected trend. The average monthly c o l l e c t o r  

., a r ray  e f f ic iency5for  the year under study as shown i n  Table 3.2.1-1 a lso  

shows a reversal  from the expected trend. The operating po in t  reversal 

i s  suspected t o  be caused by co l l ec to r  ar ray leakage t h a t  lowers the a i r  

temperature (T150) land lowers the actual  f low through the co l l ec to r  array. 



IB!4 4 C L I N T O N  C L I N T O N s  MS 

C O L L E C T O R  T Y P E :  SOLARON C O L L E C T O R  MODEL: 2 0 0 0  

10 .0%-  

9 .0%-  . , 

8.0%- 

7 .  OZ- I 

6 . 0 9 -  
. . 

I I 5.0%- 

4 . 0 % -  

O P E R A T I  FIG P O I V r  r i1ST;SkAM.-  F E B R U A R Y ' .  

4 B C I S S 4  = ( I N L E T  TEMP - A Y B I E N T  T E M P ) / I N S J L A T t 3 Y  D E G  F - HR - .  S Q F I / , B T U  
ORPINATE = P E R C E N T  O F  T O T A L  OLCURRENCES 

. - - .  
1.. . - 

Figure 3.2.1-3 IBM System 4 Operating Point Histogram 
for Typ i ca l  Winter and Sumner Months 



Also the inc iden t  energy on the ar ray i s  affected by the array t i 1  t 

angle which i s  45". The ar ray i s  therefore t i l t e d  13" above the 

. . , s i t e  l a t i t u d e  which favors win ter  incidence absorption. 

Table 3.2.1-1 presents the monthly values o f  i nc iden t  so la r  energy, 
. . 

operat ional  i nc iden t  so la r  energy, and c o l l  ected so la r  energy from 
the 1 2  month performance period.. The co l l ec to r  ar ray e f f i c i ency  and 

operat ional  co l l ec to r  array ef f ic iency were computed f o r  each month 
using Equations (1) and (2) .  On the average the operational c o l l e c t o r  

, a r ray  e f f i c i ency  exceeded the co l l ec to r  array e f f i c iency ,  which 

included the e f f e c t  o f  the con t ro l  system, by 57 percent. 

Addi t iona l  informat ion concerning co l l ec tu r~  array analysis i n  general 

may be found i n  Reference [8]. The mater ia l  i n  the reference describes 

the de ta i  1 ed co l  1 ec tor  array analysis procedures and presents the 
resu l  t s  o f  analyses performed on numerous c o l l  ec tor  array i n s t a l  l a t i o n s  

across the United States. 



3.2.2 Storage Subsystem 
. . . . .  

I '  

Storage subsystem performance i s  described by comparison o f  energy ' t o  

storage, energy from storage and change i n  s tored energy. The r a t i o  o f  

t h e  sum of energy from storage 'and change ' i n  s tored energy' t o  energy t o  

storage i s  d e f i n e d a s  storage e f f i c i e n c y ,  sS. This r e l a t i o n s h i p  i s  ex- '  

pressed i n  the  equation . .  , 

where : 
. . 

AQ = Change i n  stored energy. Th is '  i s  t h e  d i f f e r e n c e  i n  

the  est imated stored energy dur ing  the  spec i f ied  ' . 

' r e p o r t i n g  period;' as i 'ndicated by the  r e l a t i v e  
. . <. . 

. . temperature o f  t he  storage. medium ' (e i ther  p o s i t i v e  
. - 

:: , ' o r  negat ive value) '. 
. . 

. . 

Q 50 
= Energy from storage.  his i s  t h e  amount b f  energy 

. . 
.extracted by the  load subsystem from the  pr imary . ' .  . 

storage medi um 

Q s i  = Energy t o  storage. This i s  the  amount o f  energy 

(both s o l a r  and a u x i l i a r y )  de l i ve red  t o .  t h e  pr imary 

storage medi um 

Evaluat ion o f  t h e  system storage performance under ac tua l  system opera- 

t i o n  and weather cond i t ions  can be performed using the  parameters def ined 

above. The u t i l i t y  o f  these measured data i n  eva luat ion  o f  t h e  o v e r a l l  

storage design a re  i l l u s t r a t e d  i n  the  fo l lowing discussion, 



, . .. . 
. . 

. . Tab1 e 3.2.2-1 summarizes the storage subsystem performance dur ing the ' .  
. . . . 

r epo r t  period. , . . , 

. ' . .  
During t he  12 "month per iod o f  study a t o t a l  of 22,.37 m i l l  i on  ~ ' t u  was 

,, . . . . a 

:.a , : 
. . . . . . .  , . .. 

de l ivered t o  t he  rock storage and a t o t a l  of 14.12 m i l l i o n  Btu was . .' . .  . v:. . . . !. . .;. , :. 
. , . . 3 .  

3 .  . . . 
removed f o r  support o f '  system loads o r  re jected.  The ne t  change i n  ..  . . . . .  ? ' . .  

. ' .  . : 

' _. . I (..'L _ ( 
.,.,; " . s tored energy dur ing t h i s  same t ime per iod was -0.17 m i l l i o n  Btu, which . . 

leads t o  a storage ef f ic iency of 0.59 and a t o t a l  energy loss  from storage 

o f  8.42 m i l l i o n  Btu. 

The computed storage e f f i c i ency  o f  0.59 i s  r e l a t i v e l y  low as compared t o  

many so la r  energy systems. However, the average storage temperature 

dur ing the per iod t h a t  e f f i c i ency  was computed was 122"F, so the low 

value o f  e f f i c i ency  i s  reasonable. Heat losses are d i r e c t l y  proport ional  

t o  the  temperature d i f fe rence  between the ins ide  average storage temp- 

era ture  and t he average ambient temperature. This temperature d i f fe rence  

was 55OF fo r  the per iod studied. This value i s  r e a l t i v e l y  h igh and 

accounts f o r  the somewhat low storage ef f ic iency.  The storage u n i t  i s  

considered wel l  insu la ted since the ef fect ive heat t rans fe r  c o e f f i c i e n t  

averaged on ly  16.5 Btu/Hr°F dur ing the per iod studied. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

b 

Storage 
Average 

Temperature 
(FO) 
7 6 

7 9  

9 5 

139 

151 
I 
I 
I 

136 

135 

138 

148 

155 

117 

89 

- - 

122 

I 
I 

Month 

Jan 89 

Feb 79 

Mar 80 

Apr 79 

May 7 9  

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 78 

Dec 78 

To ta l  

Average 

Change I n  
Stored 
Energy 

( M i l l i o n  Btu)  

-0.01 

-0.01 

0.07 

0.08 

-0.06 

0.02 

0.00 

0.00 

0.07 

-0.06 

-0.22 

-0.05 

-0.17 

-0.01 

Storage 
E f f i c i e n c y  

0.76 

0.45 

0.75 

0.82 

-0.06 
0.70 

0.64 

0.72 

0.43 

0.36 

0.68 

0.85 

- - 

0.59 

. 

Energy To 
Storage 

( K i l l  i o n  Btu) 

1.61 

2.47 

2.35 

1.37 

1.07 

1.83 

1.67 

2.14 

1.51 

1.84 

1.67 

2.84 

22.37 

1.86 I 

F 

Energy From 
Storage 

( M i l  1 i o n  Btu) 

1.24 

1 .13 

1.70 

1.04 

0.00 

1.26 

1.07 

1.55 

0.58 

0.73 
I 

1.35 

2 -47 

14.12 

1.18 



3.2.3 Hot Water Subsystem 

The performance of the  hot  water subsystem i s  described by comparing the amount 

o f  so l a r  energy suppl ied t o  the  subsystem w i t h  the energy requ i red t o  sa t i s f y  

the t o t a l  hot  water load. The energy required t o  s a t i s f y  the t o t a l  load con- 

s i s t s  o f  both so la r  energy and a u x i l i a r y  thermal energy. 

The performance of the IBM System 4 hot  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 suppl ied i n  Table 3.2.3-1 " i s  

the gross energy suppl ied t o  the a u x i l i a r y  system. The value o f  a u x i l i a r y  

energy suppl i e d  mu1 t i p 1  i e d  by the aux i l  i a r y  system e f f i c iency  gives the  
. . 

a u x i l i a r y  thermal energy a c t u a l l y  de l ivered t o  the load. The d i f fe rence  .. 

between the sum o f  a u x i l i a r y  thermal energy plus so la r  energy and the hot  , ' ' ' .  

water load i s  equal to t he  thermal , (standby) losses from. the hot  water --. 

.'subsystem. . . 

. . . ,. 

The measured so la r  . f rac t ion  i n  Table 3.2.3-1 i s  an average weighted va1:ue 
f o r  the  m o n t h  based on the r a t i o  of so la r  energy i n  the hot  water tank t o  , . 

the  t o t a l  energy i n  the hot  water tank when a demand f o r  hot  water ex is ts .  

This value i s  dependent on the d a i l y  p r o f i l e  o f  hot  water usage. It does 

.. . .not represent the r a t i o  o f  so la r  energy suppl ied t o  the sum of so l a r  p lus  

. a u x i l i a r y  energy suppl ied shown i n  the Table. - .  

. . 

For t he  12 month per iod described' i n  Table 3.2.3-1 the  so la r  energy 

system suppl ied a t o t a l  o f  3.67 m i l l i o n  Btu t o  the hot  water load. The 

t o t a l  ho t  water load f o r  t h i s  per lod was 3.48 m i l l i o n  Btu, and the weighted 

average monthly so la r  f r a c t i o n  was 33 percent. 

The monthly average hot  water load dur ing the repor t ing  per iod was 0.29 m i l l  i o n  

. . . B t u .  Th is  i s  based on ah average d a i l y  consumption o f  20 gallons, . de l ivered . a t  

an average temperature of 126OF and suppl ied t o  the system a t  an average tempera- 

t u r e  o f  72OF. The temperature of the supply water ranged from a low o f  5g°F I n  
February t o  a h igh of 83OF i n  August. 

., . . , 

Each month an average of 0.31 m i l l i o n  ~ t u  of so la r  energy and 0.41 m i l l  i o n  Btu  . . . . 
~ ' f  a u x i l  i a r y  thermal ( e l e c t r i c a l  ) energy were suppl l e d  t o  the hot  water subsystem. .:.: 

Since the  average .monthly hot  water load was 1.29 m i l  1  i o n  Btu, an average o f  

0.43 m i l l i o n  Btu was l o s t  from the preheat and hot  water tanks each month. 
# 

48 



TABLE 3.2.3-1 

HOT WATER SUBSYSTEM PERFORMANCE 

h 

v 

Month 

Jan 80 

Feb 79 

Mar 80 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 78 

Dec 78 

To ta l  

Weighted 
So la r  

F r a c t i o n  
(Percent) 

18 

24 

3 0 

13 

10 

6 1 

48 

58 

41 

53 

2 9 

33 

Energy Consumed 
(Mi 11 i o n  Btu)  Hot Water Parameters 

- - 

33 Average 
. 

A u x i l  i a r y  

0.40 

0.36 

0.34 

Load 
(Mi 11 i o n  Btu)  

0.13 

0.16 

0.13 - 
0.51 

0.52 

0.28 

0.33 

0.22 

0.08 

0.40 

0.46 

0.26 

3.48 

. 
So la r  

0.16 

0.26 

0.22 

Gal lons 
Used 

206 

288 

246 

835 

7 37 

939 

877 

61 5 

197 

972 

101 9 

420 

7351 

Aux i l  i a r y  
Thermal 

0.40 

0.36 

0.34 

Temperatures 
Supply 

68 

59 

6 2 

6 9 

7 7 

7 9 

8 2 

83 

77 

7 1 

7 2 

6 7 

- - 

0.29 

0.13 

0.24 

0.44 

0.36 

0.39 

0.22 

0.53 

0.29 

0.38 

(OF 

Delivdy- 

129 . 
11 4 

128 

141 

128 

117 

128 

126 

124 

127 

121 

128 

- - 

61 3 72 

0.77 0.77 

0.84 

0.19 

0.29 

0.28 

0.24 

0.33 

0.41 

10.47 

4.92 

0.41 

0.84 

0.19 

0.29 

0.28 

0.24 

0.33 

0.41 

0.47 

4.92 

0.41 
1 3 * 6 7  

126 0.31 



Hot water so lar  f r a c t i o n  i s  not  on ly  a r e s u l t  o f  the p a r t i c u l a r  ho t  . 

water so la r  system design but i t  i s  a lso a r e s u l t  o f  many s i t e  imposed 

i n s t a l l a t i o n  and hot water u t i l i z a t i o n  character is t ics .  The r e l a t i v e l y  
low ho t  water solar  f r a c t i o n  f o r  IBM 4 Cl in ton i s  caused by several ' 

' 

f a c to r s  r e l a ted  t o  s i t e  charac te r i s t i cs  as follows: 

, 

e Extremely low water consumption 

8 Sporadic hot  water consumption 

8 Frequent leaky hot  water faucets 

0 Long pipe 1 ines between preheat tank and hot  water tank 

The i n i t i a l  estimated hot water demand f o r  the Cl in ton s i t e  was 130 ga.llons. 

per day. Based on t h i s  demand and assuming no so la r  energy l o s t  from the 

system, a hot  water so lar  f r a c t i o n  of b3 percent was ca lcu la ted by f-Chart 

f o r  t he  i n i t i a l  System Performance Spec i f ica t ion Reference [ lo ] .  An 
analys is  using 25 gal lons per day w i t h  f -Chart  would have given a 71 ' . 

percent hot  water so lar  f r a c t i o n  which i s  even higher. The reason f o r  ' . 

the  discrepancy between the ca lcu la ted and measured hot  water so la r  f r a c t i o n  

i s  t h a t  the  o r i g i n a l  f-Chart does not  take energy l osses , i n to  account when 

p red ic t ing  hot  water so lar  f rac t ion .  There a re  many so la r  system design 

parameters which can a f f e c t  these losses. Insu la t ion  o f  the a i r  t o  water 

heat exchanger, preheat tank, and interconnect ing pipe 1 ines between 

these items and the hot water tank can d e f i n i t e l y  a f f e c t  performance, 

but  i nsu la t i on  o f  these items is ,cons idered adequate. The des ign.  

character is t i ' c  which does a f f e c t  performance i s  the s e r i a l  f low 

arrangement between the preheat tank arid the hot  water tank. The on ly  . 

way so la r  energy can get  t o  the hot water tank i s  by a hot  water draw. 

Because s i t e  occupancy was periodic, hot  water demand was frequently non- 

ex is tent .  A t  t h a t  t ime on ly  a u x i l i a r y  energy was suppl ied t o  DHW tank t o  

make up f o r  heat losses even though hot water may have been a v a i l a b l e  a t  

a h igher temperature i n  the  preheat tank. 



The p ipe  1  ines  from t h e  preheat tank t o  t h e  south ba th  and n o r t h  ba th  

were approximately 100 and 170 f e e t  respec t i ve l y .  The heat l o s t  f rom 

these 1  ines  was increased by the  f requent  h o t  water faucet  leaks.  A t  

t h e  low leak  r a t e  of about 25 ga l l ons  per day, ho t  water which l e f t  

t h e  preheat tank  was c o l d  by the  t ime i t  reached t h e  ho t  water tanks. 

Thus, most i f  n o t  a l l  o f  t he  s o l a r  energy was l o s t .  

The low demand fo r  ho t  water r e s u l t e d  i n  the  l o s s  o f  most of t h e  s o l a r  

heat supp l ied  t o  the preheat tank. Also, i f  water i s  n o t  drawn from 

t h e  preheat tank i t  q u i c k l y  reaches temperature and thermosyphoning 

a c t i o n  ceases so t h e  f u l l  c a p a b i l i t y  of t h e  system i s  n o t  r e a l i z e d .  T h i s  

a f f e c t e d  the  energy savings. 

Solar  hardware performance a l so  a f f e c t s  the  h o t  water s o l a r  f r a c t i o n .  

Performance o f  t h e  s o l a r  c o l l e c t o r  a r r a y  was discussed i n  Sect ion 3.2.1. 

The a r r a y  e f f i c i e n c y  i n  sec t i on  was shown t o  be s i g n i f i c a n t l y  l e s s  

than t h e  s i n g l e  panel l abo ra to ry  t e s t  c o l l e c t o r  e f f i c i e n c y  used i n  t h e  

o r i g i n a l  f -Char t  p red i c t i on .  Therefore, w i t h  l e s s  energy being c o l l e c t e d  

than o r i g i n a l l y  c a l c u l a t e d  the  hot  water s o l a r  f r a c t i o n  would be lower 

than o r i g i n a l l y  predic ted.  

The summer mode opera t ion  o f  t he  system d i d  n o t  perform as we l l  as 

expected. Special  s i t e  equations were w r i t t e n  t o  ob ta in  several  

parameters f rom which t h e  perforniance cou ld  be evaluated. Energy 

removed f rom storage, energy t r a n s f e r r e d  t o  preheat tank  and 

c o l l e c t o r  blower opera t ing  energy were c a l c u l a t e d  t o  ob ta in  t h e  

parameters f o r  t h e  per iod  o f  t h e  summer mode of operat ion.  The 

f o l l o w i n g  t a b l e  i s  a  summary o f  t h i s  ana lys is .  



Energy Removed ~ n e r g y  Suppl i ed Blower operat ing' 
From Storage Preheat Tank . . .  .Energy . 

, . 

Month , (Btu Thousands) (BtU Thousands) (Btu Thousands) . . 

June 79 1259 23 90 
July 79 1072 14 7 3 

' August 79 - 1550 - 19 - 106 
Total 3881 5 6 269 

The data shows tha t  four times as  much energy was expended to operate the 
blowers than the energy gathered i n  the preheat tank. Also Sixty times a s  
much energy was removed from rock storage as was gathered i n  the preheat 
tank. 

Two intangible benefits were achieved by dumping energy from storage i n  the 
summer mode. First, without dumping energy i n  the evening, the col lector  
blower operation i n  the morning would quickly ra i se  the preheat tank o r  
rock storage t o  the i r  maximum allowable temperature and then shut down 
for  the remainder of the day. If rock storage remained above the maximum 
a1 1 owabl e temperature (200°F) the col 1 ector blower would not run  even 
though the preheat tank is  depleted of hot water. The col lector  absorber 
temperature r i s e s  t o  very high temperature i n  t h i s  s t a l l  condition. 
Coll ector efficiency deterioration has been measured fo r  these coll  ectors 
when they were subjected t o  a one year weathering t e s t  as  reported in 
Reference [12]. Removing heat from storage i n  the evening insures tha t  
the col lector  blower will operate during the day 1 ight hours and therefore 
eliminates the problem associated w i t h  the col lector  s t a l l  condition. This 
continual operation during the day gives an additional benefit in tha t  i t  
extends the day time period when solar energy can be transferred t o  the 
preheat tank. 

. . 

During sumner mode operation i n  the evening there i s  approximately a 30°F 
temperature drop across the collector.  Normally the energy loss which 
causes t h i s  temperature drop would be caused by col lector  radiation loss 

: and back side conduction losses;  however, both of these .are not expected 



t o  cause the  30°F temperature drop. Losses because o f  a i r  leakage i n t o  the  

a r ray  i s  expected t o  con t r i bu te  h e a v i l y  t o  t h i s  energy loss .  I n  order  f o r  

t he  summer mode t o  be e f f e c t i v e  these losses must be e l iminated.  I f  t h e  . 

losses can no t  be e l  imindted, the  summer mode of opera t ion  can be s imply.  

e l im inated by l eav ing  t h e  summer mode s w i t c h , i n  the  o f f  pos i t i on .  Also, : 

t h e  c o n t r o l l e r  and sensors a l l o c a t e d  t o  the  summer mode cou ld  be removed 

and used f o r  some o ther  purpose. Since i t  i s  i d e n t i c a l  t o  the  pr imary 

c o n t r o l l e r  i t  can be used as a  back-up. 



3.2.4 Space Heating Su bsys tern 

The performance of the  space heating . subsystem i s  described by comparing 
t h e  amount of so la r  energy supplied to  the subsystem w i t h  the  energy ;equired 
t o  s a t i s f y  the  to ta l  space heating load.' The energy required t o  s a t i s f y  the 

: t o t a l  .load consis ts  of both so l a r  energy and aux i l i a ry  thermal energy.  he he 

. .> 
r a t i o  of so l a r  energy supplied t o t h e  load t o  the  t o t a l  load  i s*de f i&d  a s ,  

. . 

t he  heating so l a r  f ract ion.  The ca lcu l i t ed  heating so l a r  f rac t ion  is t h e  
ind ica tor  of performance f o r  the  subsystem because i t  def iries the  percentage 

. . 
of t he  t o t a l  space heating load supported by so l a r  energy. 

. . 

The performance of the  IBM 4 Clinton space heating subsystem . i s  presented . . 

i n  Table 3.2.4-1. For t he  12 month period under study, t he  so l a r  energy system. 
supplikd a t o t a l  of 8.96 million B t u  t o  the  space heating load. The t o t a l  

. . heating Toad f o r  t h i s  period was 28.01 mill ion B t u ,  and the  average monthly 
s o l a r  f rac t ion '  was 32 percent. 

Space heating load and space heating so la r  f ract ion t ha t  we.re calculated f o r  
this s i t e  by .f-Chart during the  design phase were 30.69 mill ion B t u  and ,35. 

. . 

percent respectively.  These were reported i n  Reference [lo] and were based 
on long-term insola t ion,  long-term weather data f o r  Jackson, ~ i s s ' i s s i ~ ~ i , ,  and 

.a design UA value f o r  the building of 556 Btu/Hr°F. 

 he measured spare  heating load of 28.01 mill ion B t u  and so l a r  f rac t ion  o f .  
32 percent a r e  i n  c lose  agreement to  the calculated values. The -long-term 
ava i lab le  radia t ion of 8.80 mill ion B t u  agrees* favorably w i t h  ttie measured 
value of 8.74 mill ion B t u .  The long-term heating degree day value of 2,300 
i s  10% below the  measured heating degree day value of 2,530.   his increased 
measured load par t i a l  l y  . accounts fo r  the  reduction i n  the  space heating solar .  
f rac t ion .  . . 

T h i  s system has storage .and auxi 1 i ary heat arranged i n ,  s e r i e s .  T h i s  requires . .. 

re turn a i r  t o  pass through storage even if no so l a r  heat remains in  storage.  
As a r e s u l t  of this, there  a r e  times when aux i l i a ry  heat supplies.energy t o  
storage t o  maintain storage a t  room a i r  return temperature. T h i s  heat loss  
. i s  not included i n  the  heating load and was equal t o  1.804 million ~ t u '  f o r  'the 
year. 



TABLE 3.2.4-1 

HEATING SUBSYSTEM PERFORMANCE 

Measured 
Solar 

Fraction 
(Percent) Month 

Jan 80 

Feb 79 

Mar 80 

Apr 79 
May 79 

Jun 79 

Jul 79 
Aug 79 

Sep 79 

Oct 79 

Nov 78 

Dec 78 

Total 

Average 

i 

Load 
(Million Btu) 

5.93 

8.40 

4.54 

0.10 

0.00 

0.00 

0.00 

0.00 

0.00 

0.68 

1.91 

6.45 

28.01 

2.33 

Energy Consumed 

Solar 

1.27 

1.20 

2.02 

0.10 

0.00 

0.00 

0.00 

0.00 

0.00 

0.56 

1.29 

2.52 

8.96 

0.75 

Heating Parameters 
I Temperatures 

Building 

69 

7 4 

7 3 

75 

7 6 

7 3 

77 

75 

7 5 

74 

7 2 

7 2 

- - -  .. 

- - 

74 

('F) 
Outdoor ' 

47 

4 5 

54 

67 

72 

7 9 

81 

80 

74 

6 5 

5 9 

47 

-- 

6 4 

(Mill ion Btu) 
Auxilary 
Themal 

5.01 

8.20 

2.69' 

0.00 

0.00 

0. OC 

0.00 

0.00 

0.00 

0.13 

0.61 

4.17 

--- 
20.81 

1.73 

Auxi 1 ary 

5.01 

8.20 

2.69 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.13 

0.61 

4.17 

20.81 

1.73 



.. . 

Air leakage into the col lector .  array d u r i n g  the storage t o  load mode of 
operation imposes a load on the system which i s  not included i n  the reported 

. space heating load. Energy l o s t  i n  this manner amounted t o  1.855 mill ion 
B t u  fo r  the year. These losses could be eliminated by fixing the leaks i n  

.' the col 1 ector array. 
. . 

The a i r  conditioning system fo r  t h i s  s i t e  i s  in parallel  w i t h  the heating'". . . 
' .  . 

system.. Both systems deliver a i r  t o  two main supply ducts.   he return a i r  
. . 

ducts a re  separate for  each system. During check out of the solar  heat ing 
system, i t  was discovered tha t  when the a i r  conditioning blower was operating, ' . 

solar  heat would leak into the building through the heating return air duct 
regis ter .  The l e a k a g e i s  caused by the a i r  conditioning system which pro- 
duces a positive' pressure' w i t h  respect t o  the dwell ing and outside' ambient 
i n .  the two main supply ducts. This pressure different ial  induces a flow of . . 

a i r  from the supply ducts. into the  solar  system supply duct. ~ l t h o u ~ h  the . 

flow is  impeded by motorized damper 02 and back d r a f t  damper 04 (see  Figure. 2.1 ) , 
both dampers allow a small amount of a i r  t o  pass through. ~ h e r e f o i e ,  the cool 

. . 
a i r  conditioned a i r  forces hot a i r  from storage into the b u i l d i n g .  T h i s  leakage . . 

I 

was eliminated by inserting a cover plate i n  the return a i r  regis ter .  The plate 
must be manually inserted 'when beginning . the a i r  conditioning season and removed 
when beginning the heating' season. . . . . . . 

. . 

i 



4. OPERATING ENERGY 

Operat ing energy f o r  the  IBM System 4 So lar  Energy System i s  de f ined as 

the  energy requ i red  t o  t ranspor t  s o l a r  energy t o  the  p o i n t  o f  use. To ta l  
opera t ing  energy f o r  t h i s  system cons i s t s  of energy c o l l e c t i o n  and storage 

subsystem opera t ing  energy and space heat ing  subsystem opera t ing  energy. No 

opera t ing  energy i s  charged t o  the  ho t  water subsystem. The c o l l e c t o r  blower 

operates t o  pass a i r  through the  heat exchanger ( a i r  t o  water)  i n  t h e  storage 

mode, bu t  t h i s  energy i s  charged t o  energy c o l l e c t i o n  and storage subsystem. 

The space heat ing blower operates t o  draw a i r  from storage through the  heat 

exchanger on i t s  way t o  the  load i n  the  storage t o  l o a d  mode, b u t  t h i s  energy i s  

charged t o  the  space heat ing  subsystem. No ope ra t i ng  energy i s  requ i red  t o  

t r a n s f e r  water from the  heat exchanger ( a i r  t o  water )  t o  t he  preheat tank because 

the  system u t i l i z e s  t h e  thermosyphoning p r i n c i p a l  and, there fore ,  no pump i s  
requi red.  Water flows from the  preheat tank t o  the  ho t  water tanks by c i t y  

water supply water pressure which i s  n o t  charged t o  the  h o t  water subsystem. 

Measured monthly values f o r  subsystem opera t ing  energy a re  presented i n  Table 

4-1. 

Energy c o l  l e c t i o n  and storage subsystem opera t ing  energy i s  the  e l e c t r i c a l  . 

energy requ i red  t o  operate the  c o l l e c t o r  blower and c o n t r o l  damper Dl and i s  

measured by EP101. Space heat ing  opera t ing  energy i s  t he  e l e c t r i c a l  energy ' 

r equ i red  t o  operate t h e  space heat ing blower and c o n t r o l  damper D2 and i s  

measured by EP400. 

During t h e  12 month r e p o r t i n g  per iod  a  t o t a l  of 3.73 m i l l i o n  Btu (1,096 kwh) 

o f  opera t ing  was consumed. The opera t ing  energy requ i red  t o  operate the  space 

heat ing  blower (2.21 m i l l i o n  Btu)  i s  n o t  considered t o  be a  s o l a r  p e c u l i a r  

opera t ing  energy, because t h i s  energy would be expended by the  a u x i l a r y  space 

heat ing system i f  t h e  s o l a r  system were no t  involved.  A t o t a l  o f  1.52 m i l l i o n  

Btu  was a1 loca ted t o  the  Energy Col l e c t o r  and Storage Subsystem ECSS) . 
consumption was tw ice  as h igh  du r ing  the  summer months (June, Ju  1 y and August 

when the  system was i n  the  summer mode. Operat ing energy consumption cou ld  

be reduced du r ing  these months by n o t  sw i tch ing  the  system i n t o  the  summer mode 

(see Sect ion 3.2.3). s ince a  measured 12.63 m i l l i o n  Btu o f  s o l a r  energy was 

de l  i vered t o  the  system loads du r ing  the. r e p o r t i n g  per iod,  a  t o t a l  o f  0.30 

m i l l i o n  Btu (88 kwh) of opera t ing  energy was requ i red  f o r  each one m i l l i o n  Btu  . 

of s o l a r  energy de l i ve red  t o  the  system loads. 

5 7 



TABLE 4-1: 
. . 

OPERATING ENERGY 
. . 

Tota l  System 
Operating Energy 

( M i l l  i on  Btu) 
. . 

0.52 

0.87 

0.43 

0.10 

0.08 . 

0.23 

0.19 

. 0.25 

0.13 
I 

, 0.16 

Space Heating 
Opera ti ng Energ,y 

(Mi l  1 i o n  Btu) 

0.46 

0.79 

0.32 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.05 

r 

~ o n t h  

Jan 80 

~ e b  -79 

Mar 80 

Apr 79 

M a y 7 9 .  . 

Jun 79 

Ju l  79 

Aug 79 

Seg 79 

Oct 79 

P ,  

ECSS 
Operating Energy 

(Mi l  1 i o n  Btu) 

0.06 

0.08 

0.11 

. , 0:09 . . 

0.08, 

0.23, 

0.19 

0.25 

0.13 

0.11 

Nov 78 . . 

Dec 78 

b t a l  . 

Average 

0.09 

0. l a  

1.52 

' , 0.13 

0.12 1 ' 0.21 

0.46 j 0.56 

2.21 

0.18 

3.73 

0.31 . . 



5. ENERGY SAVINGS . ,.  

So lar  energy systein ' savings a r e  r e a l  i zed 'whenever energy prov ided by the  

. . .  . . s o l a r  energy system i s  used t o  meet system demands which would otherwise 
. be met by .aux i1  i a r y  energy sources. The opera t ing  energy required. t o  

prov ide s o l a r  energy to..the l oad  subsystems i s  subtracted from the  s o l a r  

energy' c o n t r i b u t i o n ;  and the  r e s u l t i n g  energy savings a re  ad jus ted  t o  r e -  

fl e c t  t he  c o e f f i c i e n t  o f  performance (COP) o f  t he  a u x i l  i a r y  sou rce~  being 

supplanted by s o l a r  energy. 

The IBM 4 System So la r  Energy System uses e l e c t r i c a l  s t r i p  heat f o r  a u x i l i a r y  
. . 

: : 

space heat ing  and a u x i l i a r y  energy f o r  water .  heat ing  i s  a l s o  prov ided by 
. . e l e c t r i c i t y .  The e l e c t r i c a l  s t r i p  heat and t h e  e l e c t r i c a l  ho t 'wa te r  heat ing .  

elements a re  considered t o  he 100 percent  e f f i c i e n t .  

Energy sav ings , fo r  t he  12 month r e p o r t i n g  period'  a re  presented by Table 5-1; .. 

During t h i s  t ime t h e  system r e a l i z e d  a n e t  e l e c t r i c a l  energy savings of :. 

8.05 m i l l i o n  Btu, which i s  t he  sum of t he  s o l a r  energy supp l ied  t o  t h e  h o t  
'water subsystem and s o i a r  energy suppl i e d  t o  t h e  space heat ing  subsystem 

less  the  opera t ing  energy. This  i s  equ iva len t  t o  approximately 1.4 b a r r e l s  

Energy savings 'would have been considerably h igher  f p r  t h i s  system i f  the  

h o t  water load had been c l o s e r  t o  t he  130' g a l l o n  per  day measured. Also, 

i f  t h e  leaks i n  t he  c o l l e c t o r  a r r a y  were f i x e d ,  t he  energy savings would be 

increased. The summer mode opera t ion  i n  the  evening expended more energy 

t o  run  the '  c o l l e c t o r  than . t h e  . s o l a r  energy de l  i v e r e d  t o  t h e  preheat tank. It 

'may be d e s i r a b l e ' n o t  t o  use the  summer mode o f  opera t ion  (See Sect ion 3.2.3). 



TABLE 

. ENERGY SAVINGS 
. . 

- 

Month 

Jan 80 

Feb 79 

Mar 80 

Apr 79; 

May 79 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 78 

Dec 78 

Total  

Average 

E l e c t r i c a l  
Energy Savings 
( M i l  1 i o n  Btu)  Solar 

" Operating 
Energy 

- (MSl l ion Btu) 

0.06 

0.08 

0.11 

0.09 

0.08 

0.23 

0.19 

Hot 
Water 

0.03 

0.05 

0.06 

0.39 

0.56 

0.36 

0.29 

0.23 

0.08 

0.35 

0.24 

0.11 

2. 75 

0. 23 

Space 
Heating 

0.81 

0.43 - 

1.70 

0.10 

0.0 

0.0 

0.0 

v 

\ Net Savings 

E l e c t r i c a l  

Total  

0.84 

0.48 

1.76 

0.48 
0.56 

0.36 

M i l  l i o n  
Btu 

0.78 

0.40 

1.65 

0.40 

0.48 

0.13 

0.10 

-0.02 

-0.05 

0.75 

1.35 
2.08 

8.05 

0.- 67 

0.0 

0.0 

0.51 

1.20 

2 67. 

6. 82 

0. 57 

kwh 

228.5 

117.2 

483.4 

117.2 

140.6 

38.1 

29.3 

-5.9 

-1 4.7 

219.8 

395.6 
609.4 

2358.5 

.196.5 

0.23 O o Z 9  1 0.25 

0.08 1 0.13 

0.86 

1.44 
2.18 

9. 57 

0. 80 

0.11 

0.09 

0.10 

1.52 

0.13 



6. MAINTENANCE 

. . 

Several maintenance tasks were performed on t h i  s  system dur ing  the  moni t o r i  ng 

pe r iod  from October 1, 1978 u n t i l  March 31, 1980 as fo l l ows :  

October 1978 - The c o l l e c t o r  loop blower motor p u l l e y  f a i l e d  a t  8:30 AM 
on October 16. The p u l l e y  was a  d i e  cas t  i tem. F a i l u r e  was apparent ly  t h e  : 

r e s u l t  o f  the  loosening of the  s e t  screw. Repair was accomplished t h e  same 

day a t  1:39 PM by rep lac ing  the  damaged p u l l e y  w i t h  a  new pu l l ey .  Water had 

been leak ing  i n t o  the  space between the  g laz ings  f o r  several months. Mineral  

depos i ts  were beginning t o  b u i l d  up on the  i n s i d e  o f  the  glazings. The g laz ings  

were r e ~ ~ ~ u v e d ,  cleaned and r e i n s t a l  1  ed on 0ctober 4. 

November 1978 - The two g laz ing  assemblies t h a t  were removed and cleaned i n  

October were . s t i  11 e x h i b i t i n g  water condensation between glaz ings.  The g laz ing  

assembl i e s  were replaced w i t h  new ones. 

December 1978 - A small ~ a t e r ~ l e a k  was found i n  the  supply water l i n e  t o  the  

preheat tank. The leak  was caused by a  loose union. The leak  was repa i red  

on December 15 by removing p ipe  i nsu la t i on ,  t i g h t e n i n g  the  union and r e i n -  

s t a l l i n g  the  p ipe  i nsu la t i on .  

February 1979 - The p o t e n t i a l  freeze-up cond i t i on  observed i n  January was 

e l im inated by i n s t a l l i n g ,  t he rmos ta t i ca l l y  c o n t r o l l e d  heater tapes on the  

water tota.1 i z e r  and preheat ' tank water 1  ines. A leaky h o t  water faucet  which 

began i n  January was repaired.  . A shat tered ou te r  g laz ing  on one o f  t he  c o l -  

l e c t o r s  was repa i red  by rep lac ing  the  damaged g laz ing  assembly w i t h  a  new 

one. The cause o f  t he  breakage was unknown. 

March 1979 - The top  removable access panel o f  rock storage was adjusted f o r  

a  t i g h t e r . f i t  and t h e  cracks formed between t h e  cover and o the r  storage mating 

surfaces were calked. 

November 1979 - A c l e a r  p l a s t i c  l ock ing  enclosure was i n s t a l l e d  over the  the r -  

mostat a t ,  the  s i t e  t o  e l  iminate occupant temperature con t ro l  s e t t i n g  changes. 



. . 

February:1980'- Leaky hot water faucets i n  both baths t h a t  were observed 
' from preheat  Cl ow measurements were repaired. 

. . 

. .  . 



7. SUMMARY AND CONCLUSIONS 

During t h e  12 month r e p o r t i n g  period,. the  measured d a i l y  average i n c i d e n t  
2 i n s o l a t i o n  i n  t h e  plane of t h e  c o l l e c t o r  a r ray  was 1,223 B t u l f t  . Th is  
2 was 16 percent below t h e  long-term d a i l y  average o f  1,453. B t u / f t  . There 

i s  no reason t o  suspect t h e  accuracy o f  measured data. A poss ib le  explanat ion 

f o r  t he  measured data t o  be lower than t h e  long-term data i s  t h a t  t he  c o l l e c t o r  

a r ray  i s  located near a dust  access road t o  the  dormitory. During d r y  periods, 

t h e  ar ray  was covered w i t h  a coat ing  o f  d u s t  and presumably t h e  pyranometer a1 so 

was covered w i t h  dust.  . A  coat ing  o f  dust  from t ime t o  t ime could reduce t h e  

measured . insolat ion.  The long-term annual heat ing degree day value f o r  t he  

adjacent  c i t y  o f  Jackson, ~ l s s i s s i ~ ~ i '  i s  2,300. The ca lcu la ted  heat ing  degree 

day value from measured data dur ing  t h e  r e p o r t i n g  year was 2,530, which i s  

10% higher than t h e  long-term value. The h igher measured heat ing l oad  

together  w i t h  t h e  lower a v a i l a b l e  i n s o l a t i o n  i nd i ca tes  t h a t  t h e  measured 

performance should be lower than was pred ic ted du r ing  t h e  design phase. The 

s o l a r  energy system s a t i s f i e d  32 percent of t h e  t o t a l  measured load  (space 

heat ing and ho t  water).  Th is  was somewhat below t h e  design value o f  48 percent 

as described i n  Reference [ lo] .  The reduct ion  i n  o y e r a l l  performance i s  due t o  

the  v a r i a t i o n  bktween 1 ong-term and measured heat ing degree days and a v a i l a b l e  

i n s o l a t i o n  as . desc r ibed  . above. Also, leakage i n  t h e  c o l l e c t o r  array as de- 

, 
scr ibed i 'n Sections 3.2.1 and 3.2.4, an open by-pass valve around t h e  preheat 

tank and load  r e l a t e d  problems described i n  Sect ion 3.2.3 a r e  a l so  responsib le 

fo r  measured performance reduct ion.  
. . 

A t o t a l  o f  115.92 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  t h e  

plane o f  t h e  c o l l e c t o r  a r ray  dur ing  t h e  r e p o r t i n g  period. The system c o l -  

l e c t e d  25.77 m i l l  i o n  Btu o f  t he  a v a i l a b l e  energy, which represents c o l l e c t o r  

a r ray  e f f i c i e n c y  o f  23 percent. During periods when t h e  c o l l e c t o r  a r r a y  was 

act ive,  a t o t a l  o f  78.52 m i l l  i o n  Btu was measured i n  the  plane . o f  t h e  c o l l e c t o r  

array. Therefore, t h e  opera t iona l  c o l  1 ec to r  e f f i c i e n c y  was 36 percent (based. 

on an area adjustment o f  1 .I ).  

For the  12 month r e p o r t i n g  period, ,a t o t a l  of 22.37 m i l l  i on .B tu  o f  sol.ar 

energy was de l i ve red  t o  rock storage. Dur ing . the  same per iod  14.12.mi l l ion .  

-Btu was removed from storage. Of t h i s  amount, 0.75 m i l l i o n ' B t u  was.,delivered 



t o  the preheat tank, 4.46 m i l l i o n  Btu was re jec ted  dur ing the summer mode 

o f  operat ion and the remainder was e i t h e r  de l ivered t o  the space heating 
system o r  l o s t  i n  t ranspor t  ' t o  the load. The e f f e c t i v e  storage heat .  l oss  

c o e f f i c i e n t  was 16.5 Btu/Hr-OF, which i s  low and indicates a wel l  insu ia ted 
storage subsystem. The average temperature of storage . . was 122OF f o r  the 

12 month repor t ing period. 

The ho t  water load fo r  the repor t ing  ,period was 3.48 m i l l i o n  Btu. . A  t o t a l  
o f  3.67 m i l  1 i on  B t u  o f  so l a r  energy and 4.92 m i l l  i on  Btu of a u x i l  i a r y  energy 

were suppl ied t o  the subsystem, which represents a weighted hot  water so lar  

f r ac t i on  o f  33 percent. The average d a i l y  consumption o f  hot  water was 20 

gal lons, del ivered a t  an average temperature o f  126OF. A t o t a l  o f  5.11 . . 

m i l l  i o n  .Btu was l o s t  from the hot  water tank and preheat tank dur ing t h e  
. . 

repor t ing  period. . . 

The space heating load fo r  the r e p o r t i n g  per iod was 28.01 m i l l i o n  Btu. ' A 

t o t a l  of 8.96 m i l l  i on  Btu o f  so la r  energy and 20.81 Btu o f  a u x i l i a r y  thermal 

energy were de l ivered t o  the space heating load t o  maintain the bu i l d i ng  . 
, 

average temperature a t  74" w i t h  an average outdoor temperature o f  64'F.   he 
20.81 m i l l i o n  Btu o f  a u x i l i a r y  energy suppl ied t o  the space heating subsystem 

represents 6,097 kwh o f  e l e c t r i c a l  energy. The. measured so la r  f r a c t i o n  was 

32 percent. 

A t o t a l  of 1.52 m i l l i o n  Btu, o r  445 kwh, o f  e l e c t r i c a l  operating energy was 

reported t o  'support the so la r  energy system dur ing the 12 month repor t ing  

period. This does not  inc lude the e l e c t r i c a l  energy required t o  operate 
the fan  i n  the aux i l i a r y  furnace. T h i s f a n  would be iequ i red  f o r o p e r a t i &  

o f  the space heating subsystem regardless o f  the presence of the , so la r  energy 

sys tem . 
Gross e l e c t r i c a i  energy savings were 9.22 m i l l  i on  Btu. However, when the 

1.52 m i l l  i on  Btu of e l e c t r i c a l  operating energy i s  taken i n t o  account, the 

ne t  e l e c t r i c a l  energy savings were 7.70 m i l  1 i on  Btu, o r  2,256 kwh. If, a 

30 percent e f f i c i ency ,  i s  assumed for  power generation and d i s t r i b u t i o n ,  then 

the ne t  e lec t r ic .a l  energy savings t rans la te  i n t o  a savings o f  25.67 m i l l i o n  : 
Btu i n  .generating s ta t i on  fue l  requirements. This i s  equivalent t o  
approximately 4.6 bar re ls  o f  o i l .  



In general, the performance of the IBM Cl inton solar  energy system did not 
meet design expectations during the reporting period, since the overall 
design sola'r fraction was 48 percent and the meesured value was 32 percent. 

Although the measured space heating solar  fraction a t  32 percent d i d  agree 
favorably' with the design space heating solar fraction a t  35 percent, the 
hot water measured solar fraction a t  33 percent d i d  not agree favorably 
with the design hot water solar fraction of 63 percent. The reduced mea- 
sured performance i s  due to a number of factors.  In particular col lector  
array a i r  l.eakage, dust covered collectors,  abnormal hot water demand and 
the preheat tank by-pass valve problem are-main reasons fo r  the lower per- 
formance. Detailed explanations a re  covered in Sections 3.2.1, 3.2.3 and 
3.2.4. . . . 

The performance of the summer mode of operation was unsatisfactory. If  
the large teniperature drop through the collector during the non-solar ra- 
diation period of operation (generally in the evening) i s  the resu l t  of the 
array leakage, the mode may prove to  be profitable. If t h i s  i s  not the case, 
the summer mode should be deleted and the consequences of the col lector  
s t a l l  condition i n  the summer accepted. 



. . . . . . . . ,' . , . 
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DEFINITION OF PERFORMANCE FACTORS AND SOLAR TERMS . . !  

C O L L E ~ O R  ARRAY PERFORMANCE 

The co l  1  ec tor  ar ray performance i s character i  zed by the amount o f  so la r  energy 

co l  1  ected w i t h  respect t o  'the energy avai l a b l  e  t o  be c o l l  ected. 

a INCIDENT SOLAR ENERGY (SEA) i s  the t o t a l  i nso la t i on  ava i lab le  on the 

gross co l l ec to r  ar ray area. This i s  the area o f  the c o l l e c t o r  

drrdy energyarecciving aperture, inc lud ing the framework which i s  

an in tegra l  p a r t  of the co l l ec to r  s t ruc ture .  

r . OPERATIONAL INCIDENT ENERGY (SEOP) i s  the amount o f  so la r  energy 

inc iden t  on the co l l ec to r  array dur ing the time t h a t  the co l -  

. . ' l e c t o r  loop i s  ac t i ve  (attempting t o  c o l l e c t  energy). 
.- . .. . 

r COLLECTED'SOLAR ENERGY (SECA) i s  the thermal energy removed from . . . . 

the co l l ec to r  ar ray by the energy t ranspor t  medium. 

COLLECTOR ARRAY EFFICIENCY (CAREF) i s  the r a t i o  o f  the energy co l -  

l ec ted  t o  the t o t a l  so lar  energy incident, on the co l l ec to r  array. 

It should be emphasized t h a t  t h i s  e f f i c i ency  f ac to r  i s  f o r  the 

c o l l  ec tor  array, and avai l a b l  e  energy i n c l  udes the energy inc iden t  

on the ar ray when the co l l ec to r  loop i s  inact ive .  This e f f i c i e n c y  

must not  be confused w i t h  the more common co l l ec to r  e f f i c i ency  
f igu res  which,are determined from instantaneous t e s t  data obtained . 

dur ing steady s ta te  operation o f  a  s ing le  co l l ec to r  un i t .  These 

e f f i c i ency  f igures are o f t en  provided by*  col  1  ec tor  manufacturers 

o r  presented i n  technical  journal  s  t o  character ize the functi 'onal 

c a p a b i l i t y  of a  pa r t i cu l a r  co l l ec to r  design. I n  general, the.  ., 

c o l l  ec tor  panel maximum e f f i c i ency  factor  w i l l  be s i g n i f i c a n t l y  

h igher than the co l l ec to r  array ef f ic iency reported here. 
. . . . 



The st0rag.e performance i s  charac ter ized by the  r e l a t i o n s h i p s  among t h e  -energy 

de l i ve red  t o  storage, removed from storage, and t h e  subsequent change i n  the  , 

amount o f  s to red energy. 

e ENERGY TO STORAGE ( S T E I )  i s  the  amount o f  energy, both s o l a r  and 

a u x i l  ia ry ,  de1 i ve red  t o  the  pr imary storage medium. 

e ENERGY FROM STORAGE (STEO) i s  the  amount o f  energy ex t rac ted by 

the  load subsystems from the pr imary storage medium. 

a CHANGE I N  STORED ENERGY (STECH) i s  t h e  d i f f e r e n c e  i n  t h e  est imated 
' >  . 

s to red energy du r i vg  the  s p e c i f i e d  r e p o r t i n g  period, as i n d i c a t e d  

bjl t he  re1 a t i v e  temperature o f  t he  storage medium ( e i t h e r  p o s i t i v e  

o r  negative value) . 

o STORAGE AVERAGE TEMPERATURE (TST) i s  t he  mass-weighted average 

temperature o f  t he  pr imary storage medium, 

e STORAGE EFFICIENCY (STEFF) i s  t he  r a t i o  o f  t he  sum o f  the  

energy removed from storage and t h e  change i n  s tored energy 

t o . t h e  energy de l i ve red  t o  storage. 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

The Energy Co l lec t ion  and storagd ~ u b s ~ s t ' e m  (ECSS) i s  composed o f  the 

c o l l  ec to r  array, the primary storage medium, the t ranspor t  1 oops between 

these, and other  components i n  the system design which 'are necessary t o  

mechanize the co l  1 ec tor  and storage equipment. 

a . INCIDENT SOLAR ENERGY (SEA) i s  the t o t a i  i nso la t i on  ava i lab le  

on the gross co l l ec to r  ar ray area. Th i s . i s  the area o f  the 
. . 

' c o l l e c t o r  ar ray energy-receiving aperture, including. the frame- 

work which i s  an in tegra l  p a r t  o f  the co l l ec to r  st ructure.  

a AMBIENT TEMPERATURE (TA) i s  the average tenperature of the outdoor 

. - environment a t  the s i t e .  
. , 

a ENERGY TO LOADS (SEL) i s  the t o t a l  thermal energy transported . . 

from the ECSS t o  a1 1 load subsystems. 
. .. 

AUXILIARY THERMAL ENERGY TO ECSS (CSAUX) i s  the t o t a l  aux i l  i a r y  

suppl i e d  t o  the ECSS, inc lud ing a u x i l  i a r y  energy added t o  the 

storage tank,' hea t ing  devices on the col  i ec to r s  f o r  freeze- 
. .. 

protect ion, etc. . ' . . 

ECSS OPERATING ENERGY (CSOPE) i s  the c r i t i c a l  operating energy . 

required t o  support the ECSS heat t rans fe r  luops. 



HOT WATER SUBSYSTEM 
. . 

The h o t  water subsystem i s  charac ter ized by a complete accounting o f  the  

energy f l o w  t o  and ,from the  subsystem, as we1 1 as an accounting o f :  i n -  

t e r n a l  ehergy. The energy i n t o  the  subsystem i s  composed o f  e l e c t r i c a l  

a u x i l  i a r y  thermal .  energy, and the  opera t ing  energy f o r  t he  subsystem. 

I n  add i t ion ,  the  s o l a r  energy supp l ied  t o  the  subsystem, a long w i t h  

s o l a r  f r a c t i o n  i s  tabulated.  The l oad  o f  the subsystem i s  tabu la ted  

and used . t o  compute the  e s t i m a t e d e l e c t r i c a l  savings o f  t he  subsystem. 

The l oad  o f  the  subsystem i s  f u r t h e r  i d e n t i f i e d  by t a b u l a t i n g  the  supply 

water temperature, and the  o u t l e t  h o t  water temperature, and the  t o t a l  

h o t  'water 'consumption. 

e HOT WATER LOAD (HWL) i s  t he  amount o f  energy requ i red  t o  heat  

t he  amount o f  ho t  water demanded a t  t he  s i t e  from the  incoming 

temperature t o  the des i red  out1 e t  temperature. 

o ..... SOLAR .. F R A C T I O N O F  LOAD (HWSFR) i s  the  percentage o f  the  l o a d  

. 'demand which i s  supported by s o l a r  energy. . 

a . ' .  SOLAR ENERGY USED (HWSE) i s  the  amount o f  s o l a r  energy supp l ied  

t o  the h o t  water subsystem. 

@ .OPERATING - ENERGY' (HWOPE.) i s  the  amount o f  e l e c t r i c a l  energy re -  

qu i red  t o  support the  subsystem, (e.g., fans, pumps, e tc . )  and 

which i s  n o t  intended t o  a f f e c t  d i r e c t l y  the  thermal s t a t e  o f  

t h e  subsystem. 

a A U X I L I A R Y  THERMAL USED (HWAT) i s  the amount of energy supp l ied  

. t o ' t h e . m a j o r  conlponents o f  t he  subsystem i n  the 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 .  This term 

' a'l so ' inc ludes the  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  the  subsystem. 



a AUXILIARY ELECTRICAL FUEL (HWAE) i s  the imount o f  e l e c t r i c a l  

energy suppl i ed d i r e c t l y  t o  the  subsystem. 

ELECTRICAL ENERGY SAVINGS (HWSVE) i s  the estimated d i f ference 

between the e l e c t r i c a l  energy requirements o f  an a l t e rna t i ve  

conventional system (car ry ing the f u l l  load) and the actual 

e l e c t r i c a l  energy required by the subsystem. . . 

a ' SUPPLY WATER TEMPERATURE ( T S W )  i s  the average i n1  e t  temperature, 

o f  the water suppl ied t o  t h e  subsystem. . . 
, .. 

. a . AVERAGE HOT WATER TEMPERATURE (THW). i s  the average temperature o f .  

the ou t l e t .wa te r ' as  i t  i s  suppl ied from the subsystem t o  the load. 

: 0 , HO'T WATER USED (HWCSM) i s  the volume o f  water, used.. 



,SPACE HEATING; SUBSYSTEM . . 

The .space heat ing subsystem i s  character ized by performance f a c t o r s  account- 

i n g  f o r  t he  complete energy flow t o  and from the  subsystem. The average 

b u i l d i n g  temperature and the  average ambient temperature are  tabu la ted t o  

indicate t h e  re1 a t i  ve performance of the  subsystem i n  s a t i s f y i n g  the  space 

heat ing load and i n  con t ro l  1 i n g  the  temperature o f  t he  condi t ioned space. 

a SPACE HEATING LOAD (HL )  i s  the  sens ib le  energy added t o  t h e  a l r  

i n  t h e  bu i l d ing .  

a SOLAR FRACTION OF LOAD. (HSFR) i s  the  f r a c t i o n  o f  t he  sens ib le  

energy added t o  the  a i r  i n  the  b u i l d i n g  der ived from the  s o l a r  

energy system. 

a SOLAR ENERGY USED (HSE) i s  t he  amount o f  s o l a r  energy supp l ied  t o  

the  space heat ing subsystem. 

OPERATING ENERGY (IIOPE) i s  the amount o f  e l e c t r i c a l  energy 

requ i red  t o  support t he  subsystem, (e.g. , fans, pumps, etc. )  and 

which i s  no t  intended t o  a f f e c t  d i r e c t l y  the  thermal s t a t e  o f  

t h e  subsystem. 

A U X I L ~ ~ R Y  THERMAL USED (HAT)  i s  t he  amount of energy suppl ied t o  
. . the ,major  components o f  t he  subsystem i n  the  form o f  thermal energy 

i n  a 'heat  t rans fer  f l u i d  o r  i t s  equivalent .  This term a l s o  in-  
c ludes,  the converted e l e c t r i c a l  and f o s s i  1 f u e l  energy supp l ied  t o  

the  subsystem. 



a ELECTRICAL ENERGY SAVINGS (HSVE) i s  the cost o f  the operating * 

energy (HOPE) required to  support the solar  energy portion o f  
. . 

' the  space.heating Subsystem. . . 

a BUILDING TEMPERATURE (TB) i's the average hea'ted space d r y  bulb . . . 
'. , .. ' : .. . 

temperature.. 

a -- AMBIENT TEMPERATURE (TA) i s  the average ambient dry bulb. tem- 
, . 

. ;. 
.' per?.cure a t  ' i i ii! s i t e .  



ENVIRONMENTAL SUMMARY 

The environmental summary i s  a c o l l e c t i o n  o f  t h e  weather data which i s  

genera l l y  instrumented a t  each s i t e  i n  t h e  Development Program. It i s  

tabu la ted  i n  t h i s  r e p o r t  f o r  two purposes (1)  as a measure o f  t he  condi- 

t i o n s ,  p reva len t  du r ing  the  opera t ion  of t he  system a t  t h e  s i t e ,  and 

(2 )  as a h i s t o r i c a l  record  of weather data fo r  t h e  v i c i n i t y  o f  t h e  s i t e .  

@ TOTAL INSOLATION (SE) i s  t he  accumulated t o t a l  s o l a r  energy 

i n c i d e n t  upon the  gross c o l l e c t o r  a r r a y  measured a t  t he  

s i t e .  

e AMBIENT TEMPERATURE (TA) i s  the  average temperature o f  t h e  

environment a t  the  s i t e .  

0 DAYTIME AMBIENT TEMPERATURE (TDA i s  t h e  temperature du r ing  

the  pe r iod  from th ree  hours before s o l a r  noon t o  th ree  hours 

a f t e r  s o l a r  noon. 





APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

I B M  4 CLINTON 

I. INTRODUCTION 

Solar  energy system performance i s  evaluated by performing energy balance 

ca lcu la t ions  on the system and. i t s  major subsystems. These ca lcu la t ions 

a re  based on physical measurement data taken from each subsystem every 

320 seconds. This data i s  then numerical ly combined t o  determfne the 

hourly, da i l y ,  and monthly performance of the system. This appendix 

describes the general computatiurtal ~ ~ ~ e l l ~ o c l s  and the spee i f i c  energy 

balance equations used f o r  t h i s  evaluation. 

Data samples from the system measurements are numerical ly in tegrated 

t o  provide d i  screte approximations o f  the continuous funct ions which 

character ize the system's dynamic behavior. This numerical i n t eg ra t i on  

i s  performed by summation o f  the.product  o f  the measured r a t e  o f  the 

appropr iate performance parameters and the sampling i n te r va l  over the 

t o t a l  t ime per iod o f  i n te res t .  

There a re  several general forms o f  numerical i r l tegrat ion equations which 

are appl ied t o  each s i t e .  Examples o f  these general forms are as fo l lows: 

The t o t a l  so la r  energy ava i lab le  t o  the col1ecto.r array i s  given by 

SOLAR ENERGY AVAILABLE = (1/60) c [ I O O l  x AREA] x AT 

where 1001 i s  the so la r  r ad ia t i on  measurement provided by t h e  pyranometer 
2 . in  B t u / f t  -hr, AREA i s  the area o f  the co l l ec to r  array i n  square feet', 

AT  i s  the sampling i n te r va l  i n  minutes, and the f ac to r  (1/60) i s  included 

t o  co r rec t  the so lar  r ad ia t i on  " ra te"  t o  the proper u n i t s  o f  time. 



Simi lar ly ,  the energy f low w i t h i n  a system i s  given t y p i c a l l y  by 
. . 

COLLECTED' SOLAR ENERGY = Z [MI00 x AH] x A T  

where M l O O  i s : t h e  mass f low r a t e  o f  the heat t rans fe r  f l u i d  i n  lbm/min and 

A H  i s  the enthalpy change, i n  Btu/lbm, o f  the f l u i d  as i t  passes through 

the heat exchanging component. 

For a 1 i q u i d  system' AH i s  general ly given by 

where i s  the average spec i f i c  heat, i n  ~ t u / ( l   OF). o f  the heat 
P 

t rans fe r  f l u i d  and AT, i n  OF, i s  the temperature d i f f e r e n t i a l  across 

the heat exchang'i ng component. 

For an a i r  system AH i s  general ly  given by 
. , .  

where Ha(T) i s  the enthalpy, i n  Btu/lbm, of the'  t ranspor t  a i r  

eva luatkd-at  the i n l e t  and o u t l e t  temperatures o f  the heat ex- 

changing.component. 

Ha(T) can have various forms, depending on whether o r  not  the humid i t y  r a t i o  

o f  the t ranspor t  a i r  remains constant as i t  passes through the heat ex- 

changing' component. 



. . . . 
. . .  . . 

For electrical"oher, a ,general examil e i s  

. . 
ECSS OPERATING ENERGY = (3413160) E [EPlOO] x AT 

. . , . .  
where EPlOO i s  the measured poker requ i red by e l e c t r i c a l  equipment i n '  

k i l owa t t s  and ' the two fac to rs  (1160) and 3413 co.rrect . the data t o  Btu/min. 

These equations are  comparable t o  those speci f ied i n  !Thermal. Data 

Requirements and Performance Evaluation Procedures f o r  the National 

Solar  Heating and Cool i ng  Demonstration Program. " - This document ,, given 

i n  the  l i s t  of references, was prepared by an Inter-agency committee o f  

the  government, and presents guideli,nes for  thermal performance evaluation. 

Performance fac to rs  are computed for  each hour of the day. Each numerical 
i n t eg ra t i on  process, therefore, i s  performed over a per iod o f  one hour. 

Since long-term performance data i s  desired, .it i s  necessary t o  . b u i l d  . 

these hour ly  performance fac to rs  t o  d a i l y  values. . This i s  accomplished, 

for .  energy parameters, by summing the 24 hour ly values. For temperatures, 
. . 

t he  hour ly  values are averaged. Certain special factors,  such as ef--. 

f i c ienc ies ,  requ i re  ,.appro,pria.te hand1 ing t o  ' proper ly weight each hour ly . .. 

sample for  t h e  d a i l y  value computation. Similar. procgduies are required 

t o  convert d a i l y  values t o  monthly values. 

I I. ,PERFORMANCE EQUATIONS . . 

. . .  . . .  

The performance equations f o r  I B M  4 Cl in ton used f o r  the data evalua- 

t i o n  o f  t h i s  report' are contained i n  the fo l lowing pages and have been 

included f o r  technical reference and information. 



EQUATIONS USED I N  MONTHLY PERFORMANCE ASSESSMENT.. 
. . 

AVERAGE AMBIENT TEMPERATURE ( O F )  

TA = ( 1 / 6 0 )  x 1 TOOl x AT 

AVERAGE BUILDING TEMPERATURE ( F) 

TB =. (1 / 6 0 )  x Z T 6 0 0  x AT  

DAYTIME AVERAGE AMBIENT TEMPERATURE ( O F )  

TDA = (1 /360)  x Z TOOl x AT 

. 
' FOR ' + 3 HOURS FROM SOLAR NOON - 

INCIDENT SOLAR ENERGY PER SQUARE 'FOOT (BTUIFT~) 

SE =: ( 1 / 6 0 )  . x  c 1001 x AT 

OPERATIONAL INCIDENT SOLAR ENERGY (BTU) 

. . SEOP = ( 1 / 6 0 )  x c [ I O O l  x CLAREAJ x AT 

WHEN THE COLLECTOR LOOP I S  ACTIVE 

HUMIDITY RATIO FUNCTION (BTU/LBM-OF) 

HRF = 0.24 .+' 0 .444  x HR 

WHERE 0 .24  I S  THE SPECIFIC HEAT AND HR I S  THE HUMIDITY RATIO 

OF THE TRANSPORT AIR.  THIS'  FUNCTION I S  USED WHENEVER THE 

. . 
HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANSPORT AIR FLOWS 

THROU'GH A HEAT EXCHANGING DEVICE 

SOLAR ENERGY COLLECTED BY THE ARRAY (BTU) 

SECA = L [ M ~ O O  x HRF x ( T I 5 0  - T l O O ) ]  x AT 

ENERGY REJECTED BY COLLECTOR ARRAY (BTU) 

. SECAI :=  X [Ml'OO x HRF x ( T I  01 - T I  OO)] x AT 

CSRJE = .-SECAI 

ENTHALPY FUNCTION FOR WATER (BTU/LBM) 

PASSES THROUGH A HEAT EXCHANGING DEVICE. 

. . . . 



S T E I l  = Z [Ml 00 x HRF x ( T I 0 6  - T lOO) ]  x AT 

AUXILIARY ENERGY TO STORAGE (BTU) 

CSAUX = 1 [M400 - M100) x HRF x (T403  - T 1 0 6 ) I x  AT 

TOTAL ENERGY TO STORAGE (BTU) 

S T E I  = S T E n  + CSAUX 

, ENERGY REMOVE FROM STORAGE (BTU) 

WHEN GOING TO SPACE HEATING LOAD 

STEO = 2 [ (M400 - M1 00) x HRF X, ( T I  0 6  - T 4 0 3 ) l  x AT 

WHEN GOING TO COLLECTOR (SUMMER MODE) 

STEO = c [ ( M I 0 0  x HRF x ( T I 0 0  - ,T106) ]  x AT 

. S T E I 2  = 1 [ ( M I 0 0  x HRF x ( T I 0 6  - TlOO)]  x AT 

AVERAGE TEMPERATURE OF STORAGE (OF) 

TST = ( 1  1 6 0 )  x X [ ( T 2 0 0  + T 2 0 1  + T 202) / 3 ]  x AT 

SOLAR ENERGY FROM COLLECTOR ARRAY TO SPACE HEATING LOAD (BTU) 

CSEOl = 1 [Ml 00 x HRF x ( T I  01 - TI 00)] x AT 

ECSS OPERATING ENERGY (COLLECTOR BLOWER) (BTU) 

CSOPE = 56.8833 x c (EP101) x AT 

, . SOLAR ENERGY TO PREHEAT TANK (BTU) :,. . 
. . 

,. WHEN COMI.NG FROM . . COLLECTORS 

PHTSEI = T .  [ M ~ O O  x HRF x ( T i  0 5  - .,f 1 0 6 ) ]  x AT 
, , .  

WHEN COMING FROM STORAGE 
. , 

I- . PHTSE2 = c [M400 x HRF x (T106  - T 1 0 5 ) ]  x AT . 
f 

PHTSE3 = c C(M400 - M100) x HRF x (T106  - T 1 0 5 ) ]  x AT 

WHEN I N  SUMMER MODE 

PHTSE4 = PHTSEl 

AUXILIARY SPACE HEAT TO PREHEAT TANK (BTU) 

PHTCSAUX2 = c [M400 * HRF * ( T I 0 6  - T 1 0 5 ) ]  x AT 
PHTCSAUX3 = c [ (M400 - M100) * HRF * (T106  - T 1 0 5 ) ]  x AT 

SOLAR ENERGY FROM PREHEAT TANK ENERGY TO HOT WATER TANKS (BTU) 

HWSEl = c [M301 x HWD (T300, T 3 0 1 ) ]  x AT 

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56.8833 x 1 (EP300 + EP301) x A T  

HOT WATER CONSUMED (GALLONS) 

HWCSM = 1 WD300 x AT 



HWL = 1 [M302 x HWD (T309,T301) + (M301 - M302) * HWD (T304,T301)]  x A T  

. HOT WATER AUXILIARY THERMAL ENERGY (BTU) 

HWAT = HWAE 

SUPPLY WATER TEMPERATURE (OF) 

TSW = .T301 

HOT WATER TEMPERATURE ( O F )  

THW = . (T304 + T309)  1 2  

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. 

SPACE HEATING OPERATING ENERGY (BTU) 

HOPE = 56.8833 X .  1 (EP400) x A T  

SPACE HEATING SUBSYSTEM ELECTRICAL FUEL ENERGY (BTU) 

HAE = 56 .8833  x 1 (EP401) x AT 

SPACE HEATING' SUBSYSTEM AUXILIARY THERMAL ENERGY (BTU) 

HAT = ' HAE 

SPACE HEAT.ING SUBSYSTEM ELECTRICAL ENERGY SAVINGS ( BTU) 

HSVE,.= HSE - HOPE . . 

SPACE HEATING LOAD (BTU) . . 

HL = HSE + HAT - CSAUX 

SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT) 

HSFR := ,100 x HSEIHC 

INCIDENT SOLAR ENERGY ON COLLECTOR ARRAY (BTU) 

SEA =' CLAREA x SE 

. COLLECTED SOLAR ENERGY ( B T U / F T ~ )  

SEC = SECA/CLAREA 

COLLECTOR ARRAY' EFFICIENCY 

CAREF =: SECAISEA 

CHANGE IN, STORED ENERGY (BTU ) 

STECH = STECHl - STECHl 
P 

, 
WHERE THE SUBSCRIPT p REFERS T O A  PRIOR REFERENCE VALUE. 

STORAGE EFFICIENCY 

STEFF .= (STECH + STEO)/STEI' . 

ECSS SOLAR'CONVERSION EFFICIENCY 

CSCEF .=..SEL/SEA a 



HOT WATER ELECTRICAL SAVINGS 
. . 

HWSVE = HWSEl . . 

APPARENT SOLAR ENERGY. TO HOT WATER SUBSYSTEM (BTU) 

HWSEAUX = PHTSE 

ACTUAL SOLAR ENERGY TO HOT WATER SUBSYSTEM (BTU) 

.HWSE = HWSEAUX - HWSEAUX x CSAUX x STEFF/(HSEAUX + HWSEAUX) 

APPARENT SOLAR ENERGY. TO SPACE HEATING LOAD (BTU) 

HSEAUX = STEO + STEI2  + CSEOl - PHTSE2 - PHTSE3 

-ACTUAL SOLAR ENERGY TO. SPACE. HEATING LOAD (BTU) 
, . .  

. . 
HSE = HSEAUX - HSEAUX x , . CSAUX x STEFF/(HSEAUX + HWSEAUX) 

, . . ENERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU) 

CSEO = HSE +' HWSE . + CSAUX .x STEFF . . 

. :  HOT WATER SOLAR FRACTION (PERCENT) 
. . HWSFK = 100 x HWTKSE/(HWTKSE, + HWTKAUX) 

. . 
WHERE HWTKSE AND HWTKAUX REPRESENT THE. CURRENT SOLAR AND 

. . 

. . AUXILIARY' ENERGY CONTENT OF .THE HOT WATER TANK 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU) 

SEL = HWSEl + HSE . . 
- 4 

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 = HOPE + SCUPE 

AUXILIARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HWAT + HAT 

AUXILIARY ELECTRICAL ENERGY TO LOADS (BTU ) 

AXE = HWAE + HAE 

TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 

TSVE = HWSVE + HSVE - CSOPE 

TOTAL ENERGY CONSUMED (BTU) , 

. . 

TECSM = SYSOPE + AXE + SECA 

SYSTEM PERFORMANCE FACTOR 

s y s p ~  = SYSL/(AXF + (AXE + SYSOPE) x 3.33) 



. A P P E N D I X  C 

LONG-TERM AVERAGE WEATHER C O N D I T I O N S  
. . 



APPENDIX C ' 

LONG-TERM AVERAGE WEATHER CONDITIONS 

  he environmental est imates g iven i n  t h i s  appendix prov ide  a p o l n t  o f  , 

reference f o r  eva luat ion  of weather cond i t ions  as repor ted  i n  the  Monthly 
. . 

Performance Assessments and Solar  Energy System Performance Eva1 uat ions  , 

i ssued by t h e  Nat ional  So lar  Data Program. As such, the  in format ion  

presented can be useful i n  p r e d i c t i o n  of long-term system performance. 

Environmental est imates f o r  t h i s  s i t e  inc lude the  f o l l o w i n g  monthly averages: 

e x t r a t e r r e s t r i a l  i nso la t i on ,  i n s o l a t i o n  on a ho r i zon ta l  plane a t  t h e  s i t e ,  

i n s o l a t i o n  i n  t h e  t i lt plane of the  c o l l e c t i o n  surface, ambient temperature, 

heat ing  degree-days, and cool i ng degree-days. Est imat ion procedures and data 

sources a re  d e t a i l e d  i n  the  f o l l o w i n g  paragraphs. 

The p re fe r red  source o f  long-term temperature and i n s o l a t i o n  data i s  " Input  

Data f o r  Solar  Systems" (IDSS) [I] since t h i s  has been recognized as the  

s o l a r  standard. The I D S S  data a r e  used whenever poss ib le  i n  these environ- 

mental est imates f o r  both i n s o l a t i o n  and temperature r e l a t e d  sources; however, 

a secondary source used ' fo r  i n s o l a t i o n  data i s  the  C l imat ic  A t las  o f  t h e . ,  

Un i ted  States [2], and f o r  temperature r e l a t e d  data, t he  secondary source 

i s  "Local C l imato log ica l  Data" [3]. 

Since t h e  a v a i l a b l e  long-term i n s o l a t i o n  data a re  o n l y  given fo r  a hor i zon ta l  

surface, s o l a r  c o l l e c t i o n  subsystem o r i e n t a t i o n  in format ion  i s  used i n  an 

a lgo r i t hm [4]  t o  c a l c u l a t e  the  i n s o l a t i o n  expected i n  t h e  t i lt plane o f  t h e  

c o l l e c t o r .  Th is  c a l c u l a t i o n  i s  made using a ground re f l ec tance  o f  0:2. 

No l i s t i n g  f o r  Togus, Maine i s  given i n  any o f  t he  p re fe r red  pr imary data 

. . sources. It i s  therefore necessary t o  i n t e r p o l a t e  among data g iven by nearby 

weather s t a t i o n s  t o  de r i ve  an estimate. Fo r  i n s o l a t i o n  estimates, IDSS data 

f rom Bangor, Maine and Port land, Maine are  used i n  the  propor t ions  o f  0.4595 . . 

; t o  . 0.5405, . respect ive ly .  For temperature r e l a t e d  estimates, IDSS data: from ' . 
. . 

Caribou; Maine and Port land, Maine are  proport ioned 0.2099 and 0.7901. 
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