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. 
1. FOREWORD 

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

been developed f o r  t h e  George C. Marshal l  Space F l i g h t  Center as a 

p a r t  o f  t h e  S c l a r  Heat ing  and Cool ing Development Program Funded by 

t h e  Department o f  Energy. The ana l ys i s  con ta ined  i n  t h i s  document 

descr ibes t h e  t echn i ca 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  p e r i o d  o f  t ime  which i s  t y p ' i c a l l y  

one year. The o b j e c t i v e  o f  t h e  ana l ys i s  i s  t o  r e p o r t  t h e  long- term 

performance o f  t h e  i n s t a l  1  ed system and t o  make t echn i ca l  con t rq  bu t i ons  

t o  the d e f i n i t i o r l  o f  techniques and requirements f o r  s o l a r  energy system 

design. 

The con ten ts  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 iscuss ion  : 

e System Desc r i p t i on  

o Summary and Conclusions 

w P e r f ~ ~ i i ~ a t l c e  Eva1 u a t i o i i  Techniques 

9 Performance Assessment 

,a Maintenance 

Data used f o r  the  seasonal analyses o f  t h e  Operat ional  Tes t  S i t e  de- 

sc r i bed  i n  t h i s  document have been c o l l  ected, processed and mainta ined 

under t h e  OTS Development Program and have p rov ided  the  major  i npu t s  

used t o  per fo rm t h e  long- term techn i ca l  assessnient. Th is  da ta  i s  a rch ived  
by NSFC f o r  POE. 

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

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

t echn i ca l  a c t i v i t i e s  which began w i t h  t h e  s i t e  s e l e c t i o n  and inst rument-  

a t i o n  system design i n  A p r i l  1976. The F ina l  Report  eniphasizes t he  

economic a n a l y s i s  o f  s o l a r  systems performance. The F ina l  Report f ea tu res  
, 

t h e  payback performance based on l i f e  c y c l e  cos t s  f o r  t he  same s o l a r  

system i n  va r i ous  geographic reg ions.  Other documents s p e c i f i c a l l y  r e l a t e d  

t o  t h i s  system a re  References 611 through [3].* 

"Numbers i n  b racke ts  des ignate re ferences found i n  Sect ion 7. 



2, SYSTEM DESCRIPTION 

The Glendo Reservo i r  Ranger S t a t i o n  i s  owned by t he  s t a t e  o f  Wyoming. The 

b u i l d i n g  occupies 1078 square f e e t  and i s  used as t h e  res idence f o r  a  

Glendo Reservo i r  S t a t e  Park Ranger. F igure  2-1 i s  an i l l u s t r a t i o n  o f  

t h e  I B M  System 3 Glendo So la r  Energy System I n s t a l l a t i o n .  

The s o l a r  energy i n s t a l l a t i o n ,  which was r e t r o f i t t e d  t o  t h e  e x i s t i n g  b u i l d i n g ,  

i nc l udes  294 square f e e t  o f  f l a t  p l a t e  c o l l e c t o r s ,  a  1,000 g a l l o n  h o t  water 

s to rage  tank, a  65 g a l l o n  domestic ho t  water  tank, t oge the r  w i t h  pumps and 

h e a t  exchangers t o  t r a n s f e r  s o l a r  energy on command f rom the  c o n t r o l l e r .  

Water i s  t h e  o n l y  heat  t r a n s f e r  medium used i n  t h i s  c losed  ~ o l u m e ,  pass ive 

d r a i n  down system designed f o r  space and domestic h o t  wa te r  (DHW) heat ing.  

The c o l l e c t o r  a r r a y  faces south w i t h  a  t i 1  t of 35 degrees t o  t h e  h o r i z o n t a l .  

The c o l l e c t e d  s o l a r  energy en te r s  s torage f o r  d i s t r i b u t i o n  on l oad  demand t o  

t h e  respec t i ve  space hea t ing  o r  domestic ho t  water  c i r c u i t s .  

I f  s o l a r  energy does no t  meet t he  f u l l  space hea t  l o a d  demand, a  gas furnace 

i s  a c t i v a t e d  t o  make up t he  shortage. S i m i l a r  energy shor tage f o r  t he  domestic 

h o t  water i s  made up by e l e c t r i c  elements w i t h i n  t h e  DHW tank. The system, 

shown schemat ica l l y  i n  F igure  2-2, u t i  1  imes t h e  independent, nonexcl us i ve  opera- 

t i o n  o f  each o f  t h e  t h ree  l i q u i d  pumps t o  accompl ish a  des i r ed  heat  t r a n s f e r  

funct ion.  Two d i f f e r e n t i a l  thermostats,  a  low temperature sensor and a  stan- 

d a r d  two s tage room thermostat  p rov ide  t he  c o n t r o l l e r  i n p u t  s i gna l s .  







Mode ,1 - Col 1  ector - to-Storage:  Th i s  mode i s  i n i t i a t e d  when t h e  c o l l  e c t o r  -. 

probe S1 i s  20°F o r  more h i ghe r  than  t he  bot tom o f  s torage temperature (S3 j .  

The s o l a r  c o l l e c t i o n  pump (PI  ) c i r c u l a t e s  t h e  t r a n s f e r  f l u i d  th rough  t he  

c o l l e c t o r s  and back i n t o  t h e  t o p  o f  s o l a r  s to rage  tank.  When t h e  c o l l e c t o r  

probe i s  4°F o r  l e s s  h i ghe r  than  s torage probe temperature,  t h e  pump t u r n s  

o f f .  

Mode 2 - Storage-to-Space Heat ing:  I n  t h i s  mode, when t h e  room temperature 

d rops  t o  t h e  s e t t i n g  o f  t h e  ther inostat ,  and t h e  s to rage  temperatt;re i s  g r e a t e r  

t h a n  t he  l ow  temperature l i m i t ,  then pump, P2, t u r n s  on. When t h e  room tempera- 
t u r e  equals t h e  thernrostat  s e t t i n g ,  then t h e  pump t u r n s  o f f .  

Mode 3 - Domestic Water Preheat: The DHW pump, F3, begins t o  t r a n s f e r  heat  

energy Prom s o l a r  s to rage  t o  domestic h o t  water  s to rage  anytinie t h e  s o l a r  

s t o rage  temperature i s  20°F g r e a t e r  than t h e  temperature a t  t he  bottom of t h e  

DHW tank. Energy t r a n s f e r  contei  nues u n t i  1 t he  c o n t r o l  d i  f f e r e n t i  a1 i s  reduced 

t o  4°F. 

Mode 4 - A u x i l i a r y  Space Heat ing  Mode: Th is  mode i s  i n i t i a t e d  when t he re  i s  

a  demand f o r  space h e a t ~ n g  and t h e  s torage water  temperature i s  below t he  

mi  nimum thermos ta t  s e t  p o i n t .  ( I f  t he  rni nirnum s to rage  temperature t e s t  f a i  1 s, 

t h e  heat  r eques t  i s  r ou ted  t o  t h e  a u x i l i a r y  hea t  equipment.) 

Mode 5 - A u x i l i a r y  DtIW Heat ing Mode: When t h e r e  i s  a  demand f o r  domestic 

h o t  water hea t ing ,  heat  w i l l  be t r a n s f e r r e d  f rom s to rage  t o  t he  DHW tank 

anyt ime s to rage  temperature s a t i s f i e s  the  20°F/4"F d i f f e r e n t i a l  t h e r ~ n o s t a t  

parameters. When main s to rage  teir iperature i s  be1 ow t he  DHW temperature 

s e t  po in t ,  t h e  e l e c t r i c  hea te r  i n  t he  t op  o f  t h e  tank makes up t h e  requ i r ed  

d i f f e r e n c e .  



The basic  c o l l e c t o r  module i s  t he  Sunworks 1 i q u i d  s o l a r  c o l l e c t o r ,  Model 

LAlOOlA, which i s  a 7 ' x  3 '  rec tangu lar  u n i t  housed i n  an aluminum frame 

weighing 114 Ibs .  Each module has a s i n g l e  3/16" t h i c k  tempered safety 
2 g lass  cove:* f o r  the 18.7 f t s e l e c t i v e  sur face absorber area. The l i q u i d  

system has a f l o w  p a t t e r n  designed t o  p rov ide  uni form f l o w  through a1 1 

tubes and t o  d r a f n  w i thou t  water entrapment. I n l e t  and o u t l e t  f l u i d  

connections a r e  1 I' diameter copper pipe. The c o l l e c t o r  a r ray  cons is ts  

o f  14 o f  these modules r o o f  mounted and o r i e n t e d  due south w i t h  a t i 1  t 

ang le  o f  35'. 

The storage subsystem cons is ts  o f  an Adamson ASME 1000 g a l l o n  h o t  water 

s torage tank and two i n t e r n a l  d i s t r i b u t i o n  manifolds. The ho t  ( t op )  and 

c o l d  (bottom) d i s t r i b u t i o n  manifolds are designed t o  enhance s t r a t i f i c a t i o n  

w i t h i n  storage. (The f i nned  tube heat exchanger which provides heat t o  DMW 

i s  i n s t a l l e d  near the h o t  mani fo ld. )  I n  operat ion,  the  tank w i l l  conta in 

approximately 900 ga l lons  of s o l a r  heated water w i t h  the  remaining volume 

func t ion ing  as an expansion tank and a i r  separator.  To reduce corros ion 

problems, t he  system i s  a i r  t i g h t ;  therefore,  the i n t e r n a l  pressure w i l l  
va ry  w i t h  s torage temperature. Pressure r e l i e f  i s  prov ided a t  30 ps ig .  

The energy t ranspor t  subsystem has three func t i ona l  modes, w i t h  each 

f u n c t i o n  associated w i t h  one o f  the  three c i r c u l a t i n g  pumps. These 

modes are as fo l lows:  

C o l l e c t o r  t o  Storage Mode 
* Storage t o  Space Heating Mode 

Domestic Water Preheat Mode 



I n  the  C o l l e c t o r  t o  Storage Mode, pump PI t r a n s f e r s  heat  energy 

from the  c o l l e c t o r s  t o  s o l a r  storage. A Grundfos Model UP 26-64F 

pumps 1 i f t  water from the bottom o f  s o l a r  storage, through the  c o l l e c t o r  

a r ray  (where i t  i s  heated) and over the b r i n k  o f  t he  f r e e  f a l l  r e t u r n  

1 in@. So la r  heated water en ter ing  the  f r e e  f a l l  r e t u r n  l i n e  "drops" 
i n t o  storage. 

I n  the  Storage t o  Space HeatSng Mode, pump P2 removes heat energy from 

s o l a r  s torage and adds i t  t o  a i r  being c i r c u l a t e d  from the  heated space. 

A s i n g l e  Grundfos Model UP 26-64F pump i s  capable o f  p rov id ing  7 gpm 

design f l o w  through the  c o i l s  o f  an l i q d i d - t o - a i r  heat exchanger aga ins t  

14 F t  H20 head. The Heat exchanger has been s ized t o  supply 30,000 
BTU/Hr from s o l a r  storage water a t  120°. 

I n  the Domestic Water Preheat Mode, the  DHW pump begins t o  t r a n s f e r  

heat energy from s o l a r  storage t o  domestic ho t  water storage anytime the  

so la r  s torage temperature I s  20°F greater  than the temperature a t  the  

bottom o f  the  DHW tank. The t r a n s f e r  c i r c u i t  cons is ts  o f  a water f i l l e d  

loop connect ing a f inned tube heat exchanger i n  s o l a r  storage t o  a 

s i m i l a r  heat exchanger i n  DhW storage. The dual exchanger con f i gu ra t i on  

provides double w a l l  i s o l a t i o n  between s o l a r  water and p ~ t a b l e  water. 

Energy t r a n s f e r  cont inues u n t i l  the con t ro l  d i f f e r e n t i  a l  i s  reduced t o  

4OF. 



The s o l a r  c o n t r o l  subsystem provides f o r  the  indepcbtident, non-excl us i  ve 

opera t ion  o f  each o f  the three 1  i q u i d  pumps t o  aecompl i s h  a  desi red heat 

t r a n s f e r  funct ion.  Two d i f f e r e n t i a l  thermostats, a  low temperature 

sensor and a  standard t w ~  stage room thermostat p rov iae  the c o n t r o l l e r  

i n p u t  s ignals.  

The c o l l e c t o r  d i f f e r e n t i a l  thernlostat w i l l  s t a r t  pump P I  when probe S1 i s  

20°F h o t t e r  than probe S3. When the temperature o f  probe S3 becomes 4°F 5 2°F 

co lde r  than S1, punip P1 w i l l  t u r n  o f f .  This  dec i s ion  l o g i c  i s  shown i n  

F igure  2-3. 

The DHW d i f f e r e n t i a l  thermostat w i l l  s t a r t  pump P3 when probe S2 i s  20°F 

h o t t e r  than probe S4. When the temperlature o f  probe S4 becomes 4°F - + 2°F 

co lde r  than probe S2, pump F3 w.111 t u r n  o f f .  This  dec is ion  l o g i c  i s  

shawn i n  F igure 2-4. 

Freeze Protect :  The d i f f e r e n t i a l  thermostat i s  f a c t o r y  equipped w i t h  a  

f reeze p ro tec t  f ea tu re  t h a t  w i l l  c lose  the N-0 contacts when probe #i 

( t y p i c a l l y  c o l l e c t ~ r  probe) shows a  t m p e r a t u r e  o f  40°F - + 5°F. Since the 

system i s  designed t o  use passive d r a i n  down o f  t he  c o l l e c t o r s  f o r  freeze 

pro tec t io r l ,  t h i s  feature must be d isabled per vendor i n s t r u c t i o n s  from the 

c o l l e c t o r  c o n t r o l  u n i t .  

B o i l  Protect :  The d i f f e r e n t i a l  thermostat i s  f a c t o r y  equipped w i t h  a  b o i l  

p r o t e c t  fea ture  t h a t  w i l l  t u r n  the  c o n t r o l l e r  o f f  when a  temperature o f  180°F 

i s  reached a t  t h e  c o l l e c t o r .  This fea ture  must be d isab led  per  vendor i n -  

s t r u c t i o n s  f o r  t h e  u n i t  used t o  con t ro l  c o l l e c t o r  operat ion.  

, igures 2-3, 2-4, and 2-5 show the decis ion l o g i c  f o r  the C o l l e c t  and Store, 

Heat Domestic Water and Space Heat con t ro l  modes. A w i r i n g  diagram f o r  the 

c o n t r o l  subsystem i s  shown i n  F igure 2-6. 
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The sensor des igna t ions  i n  F igure  2-2 a re  i n  accordance w i t t i  NEIS-IR- 

76-1137 [s]. The ~aeasur%~~lent s y t ~ ~ b o l  p r e f i x e s ,  W ,  T, EP and I rep-  
r esen t  r e s p e c t i v e l y :  f l o w  r a t e ,  temperature,  e l e c t r i c  power, and 
i n s o l  a t ion,  



2.1 Typ i ca l  System Operat ion 

Curves d e p i c t i n g  t y p i c a l  system ope ra t i on  on a cool  c l e a r  day 

(November 17, 1979) a re  presented i n  F igures  2.1-1 (a)  through (c ) ,  

F i gu re  2.1-1 (a )  shows t h e  i n s o l a t i o n  ( I001 ) on t h e  c o l l e c t o r  a r r a y  

and t h e  p e r i o d  when t h e  a r r a y  was ope ra t i ng  (shaded a rea ) ,  On t h i s  
p a r t i c u l a r  day t h e  a r r a y  tu rned  on f o r  a  s h o r t  p e r i o d  a t  0902 hours 

and t h e n  s t a r t e d  nortrial ope ra t i on  a t  0924 hours.  A l l  c o l l e c t e d  energy 

i s  p rov ided  t o  storage, The a r ray  cont inued t o  operate u n t i l  1516 
hours and then s h u t  down f o r  t h e  day. 

F i gu re  2 ,  I-'( (b) shows t y p i c a l  c o l l e c t o r  a r r a y  teinperati lres d u r i n g  t he  

day. As t he  sun s t a r t e d  t o  r i s e  a t  approxiniately 0720 hours, t h e  ab- 

so rbe r  p l a t e  teniperature (T107) began t o  r i s e  r a p i d l y  and reached 140°F 

be fo re  t he  system began normal opera t ion  a t  0924 Iiours. I t  should be 

noted t h a t  t he  temperature o f  t h i s  sensor i s  n o t  t he  c o n t r o l  sensor t h a t  

governs system opera t ion .  

Dur ing  t h e  ope ra t i ona l  p e r i o d  t he  absorber p l a t e  teniperature g e n e r a l l y  

t r acked  t he  i n s o l a t  i o n  l e v e l  and c o l l  e c t o r  ou t1  e t  te t~ iperature ( T I  01 ) 

showed son)@ lag ,  as would be expected. Col l e c t o r  o u t l e t  te l i iperature (T101) 

c l o s e l y  t racked  t h e  i n l e t  temperature (T100) w i t h  a  s l i g h t  lag .  

b F igu re  2.1-1 ( c )  shows t he  temperature a t  t he  top,  n i idd le  and bottom o f  
I t he  storage. The s o l a r  energy f r o n ~  the c o l l e c t o r s  i s  supp l i ed  d i r e c t l y  t o  ; 1 
I t he  s to rage  tank. P r i o r  t o  the c o l l e c t o r  a r r a y  t u r n  on (0924) t h e  midd le  

:j 
d 

o f  s t o rage  (T201) and bottom o f  s torage (T202) were approx imate ly  13'F ! 

1, c o o i e r  than t o p  o f  s torage (T200). Upon t u r n  on, T200 dropped w h i l e  T201 
! and T202 increased due t o  the  s t r a t i f i c a t i o n  p e r t u r b a t i o n  t a k i n g  p lace.  
L 

A t  abou t  1330 hours, T201 and T202 began t r a c k i n g  T200. When the  c o l l e c t o r  

a r r a y  t u rned  o f f  a t  1516 hours, t h e  t h ree  s to rage  sensors were w i t h i n  a  few 
' ( I  I (  

degrees o f  each o ther .  Storage coo l  down was very  s l i g h t  u n t i l  a f t e r  2200 i 1 
hours when a s l i g h t  demand was p laced on t h e  s o l a r  space hea t i ng  subsystem. 

A t  t h i s  t ime T202 e x h i b i t e d  a s l i g h t  temperature d e c l i n e  as energy was 

f u r n i s h e d  t o  space heat ing.  

14 ! 
* i 'i 

rr -%+w , I - ---' rrr̂ .--.r r -----T=-----f- I----= . , - 
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Figure 2.1-1 ( b )  C o l l e c t o r  T n ~ i p e r ~ ~ t u r r s  Vrrsus Ti inr  
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Flgure 2.1-1 ( c )  Storage Temperature Versus Time o f  Day 



Typ ica l  System Operating Sequence 

F igure  2.2-1 presents bar  char ts  showing t y p i c a l  system opera t ing  sequences 

f o r  November 17, 1979. This data co r re la tes  w i t h  the  curves presented 

i n  F igure  2.1-1 and provides some add i t i ona l  i n s i g h t  i n t o  those curves. 

So la r  space heat ing was u t i l i z e d  u n t l l  0804 hours, a t  which t l a e  i t  turned 

o f f  and a u x i l i a r y  space heat cyc led on and o f f  u n t i l  1006 hours. A t  1022 

hours so la r  space heat ing turned on b r i e f l y  f o r  f i v e  minutes and d i d  no t  

t u r n  on again u n t i l  2237 hours from which t ime i t  cycled on and o f f  
through 2351 hours. 

So lar  energy was fu rn ished t o  the doniestic ho t  water tank f o r  about a 

continuous three-hour per iod  from 1121 hours through 1422 hours. Aux i l  i a r y  
e l e c t r i c a l  energy was suppl ied t o  the  domestic h o t  water tank i n  s i x  shor t  

turn-ons from 0830 hours t i 1  1708 hours f o r  a t o t a l  t ime o f  approximately 

45 minutes. To ta l  ho t  water consumed on t h i s  day was nea r l y  40 gal lons.  

This  day was character ized by f reez ing  n f g h t  temperatures w i t h  warmlng 

daytime temperatures. The design e f f i c i e n c y  i s  i nd i ca ted  by i t s  nea r l y  
exc lus i ve  use o f  s o l a r  energy w i t h  a u x i l i a r y  p rov id ing  on ly  an occasional 

boost t o  both space and domestic ho t  water. 
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3. PERFORMANCE ASSESSMENT 

The performance of  the  I B M  System 3 So lar  Energy System has been evaluated 

f o r  t h e  January 1979 through December 1979 t ime period. Two perspect ives 

have been taken i n  t h i s  assessment. The f i r s t  looks a t  the o v e r a l l  system 

view i n  which the  t o t a l  s o l a r  energy co l lec ted ,  the  system load, the  measured 

values f o r  so la r  energy used and the  system s o l a r  f r a c t i o n  have been presented. 

Also presented, where appl i cab le ,  a re  the  expected values f o r  s o l a r  energy 

used and system s o l a r  f r a c t i o n .  The expected values have been der ived from a 
mod i f ied  f -Chart  analys is  whlch uses measured weather and subsystem loads as 

inputs  ( f -Chart  i s  the designat ion o f  an a n a l y t i c a l  procedure f o r  designing 

so la r  heat ing systems t h a t  was developed by the  Solar  Energy Laboratory, 

U n i v e r s i t y  o f  Wisconsin-Madison). The model used i n  the ana lys is  i s  based 

on manufacturers data and o the r  known system parameters. The second view 

presents a  more in-depth l o o k  a t  t he  performance o f  i n d i v i d u a l  components. 

Ge ta i i s  r e l a t i n g  t o  the per.foriiiance o f  the c o l l e c t o r  a r r sy  and storage sub- 

systems are  presented f i r s t ,  fo l lowed by d e t a i l  s  pe r ta in ing  t o  the  domestic 

hot  water  subsystem and the  space heat ing subsystem. Inc luded i n  t h i s  are 

a1 1 parameters p e r t i n e n t  t o  the  operat ion o f  each i n d i v i d u a l  subsystem. 

The performance assessment s f  any s o l a r  energy system i s  h i g h l y  dependent on 

the p r e v a i l i n g  c l i m a t i c  cond i t ions  a t  t he  s i t e  dur ing  the per iod  o f  performance. 

The o r i g i n a l  design o f  the  system i s  genera i l y  based on the long-term averages 

f o r  a v a i l a b l e  i n s o l  a t i o n  and temperature. Deviat ions from these long-term 

averages can s i g n i f i c a n t l y  a f f e c t  the  performance o f  the  system. Therefore, 

before beginkling the  d iscussion o f  actual  system performance, a  presentat ion 

o f  t h e  measured and long-term averages f o r  c r i t i c a l  c l i m a t i c  parameters has 

been p r o v i  ded . 



3.1 System Performance i 

/ "I 

T h l s  Seasonal Repor t  p rov ides  a system performance e v a l u a t i o n  summary I 
1 

o f  the  ope ra t i on  of  t h e  IBM-System 3 Sa la r  Energy System l o c a t e d  I n  
Glendo, Wyoming. T h i s  ana l ys i s  was conducted by e v a l u a t i o n  o f  I 

measured system performance aga ins t  t h e  expected performance w i t h  long- term 

average c l  i m a t i c  cond i t i ons .  The performance o f  t h e  system i s  eva luated by 
1 1  

c a l c u l a t i n g  a s e t  of p r imary  performance f a c t o r s  which a re  based on those 

proposed i n  t h e  in tergovernmenta l  agency r e p o r t ,  "Thermal Data Requirements 

and Performance Eva1 u a t i o n  Procedures f o r  t h e  Nat iona l  So la r  Heat ing and 
Cool ing Demonstrat ion Program" [5]. The performance o f  t h e  major  subsystems 
i s  a l so  eva lua ted  i n  subsequent sec t ions  o f  t h i s  report.. 

The measurement da ta  were c o l l e c t e d  f o r  t he  p e r i o d  January 1979 through 

December 1979. System perforn;znce da ta  were p rov ided  through an I B M  
developed C w t r a l  Data Processing System (CDPS) [4] c o n s i s t i n g  o f  a remote 

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

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

System 370/145 computer f o r  data processfng. The CDPS suppor ts  t h e  c o l -  

1 e c t i o n  and a n a l y s i  s of s o l  a r  data acqu i red  f rom inst rumented systems 
l oca ted  th roughout  t he  country .  These data a re  processed d a i l y  and 

summarized i n t o  month ly  performance formats which form a common bas is  S 
f o r  comparat ive systein eva lua t ion .  These m o n t t ~ l y  summaries a re  t he  bas is  P 

of the  e v a l u a t i o n  and da ta  g iven  i n  t h i s  r e p o r t .  

The s o l a r  energy system performance summarized i n  t h i s  s e c t i o n  can be 

viewed as t h e  dependent response o f  t h e  system t o  c e r t a i n  p r imary  i npu t s .  1 
Th i s  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F igure  3.1-1. The p r imary  i npu t s  a re  

t h e  I n c i d e n t  s o l a r  energy, t he  outdoor  ambient temperature and t he  system 
I 

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

and t he  t o t a l  energy savings. Both t he  i n p u t  and ou tpu t  d e f i n i t i o n s  a r e  9 ,  

as f o l l o w s :  1 

"i 
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I n p u t s  

0 I n c i d e n t  So la r  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 o l  l e c t o r  a r r d y  and a v a i l a b l e  f o r  c o l l e c t i o n .  

e Ambient Temperature - The temperature o f  t he  ex te rna l  

environment which a f f e c t s  bo th  t he  energy t h a t  can be 

c o l l e c t e d  and the  energy demand. 

0 System Load - The loads t h a t  t h e  system i s  designed t o  

meet, which a r e  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 heat ing/cool  ing,  domestic h o t  water,  e t c .  , as 

appl  i c a b l  e)  . 
I 
I Uu t p u t s  I 

e 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 a p p l i e d  

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

energy) r e q u i r e d  by t he  loads. 

0 T o t a 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 l e c t r i c a l  o r  f o s s i l  ) d isp laced  by t he  s o l a r  energy. 

The monthly values o f  t he  i n p u t s  and ou tpu ts  f o r  t he  t o t a l  ope ra t i ona l  

p e r i o d  a r e  shown i n  Table 3.1-1, the  System Performance Summary. Compara- 

t i v e  long- term average values o f  d a i l y  i n c i d e n t  s o l a r  energy, and outdoor  

ambient tempera t tu re  a re  g iven  f o r  re fe rence  purpsse. The long- term data 

a r e  taken f rom Reference 1  o f  Appendix C.  Genera l l y  t he  s o l a r  energy system 

i s  designed t o  supply  an amount o f  energy t h a t  r e s u l t s  i n  a des i red  va lue of  

system s o l a r  f r a c t i o n  w h i l e  opera t ing  under - 1 ima t i c  cond i t i ons  t h a t  a r e  
de f i ned  by  t h e  long- term average va lue o f  dai l ,  i n c i d e n t  s o l a r  energy znd 
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outdoor ambient temperature. I f  the  ac tua l  c l i m a t i c  cond i t i ons  a r e  c lose  

t o  t h e  long-term average values, t he re  i s  1 i t t l e  adverse impact on the  

system's a b i l i t y  t o  meet design goals. Th is  i s  an impor tan t  f a c t o r  i n  

eva lua t i ng  system performance and i s  the  reason the  long- term average 

values a re  given. The data repor ted  i n  the  f o l l o w i n g  paragraphs are  

taken from Table 3.1-1. 

The outdoor ambient temperature in f luences  the  opera t ion  o f  the  s o l a r  energy 

system i n  two important  ways. F i r s t  t he  o p e r a t i r  . po'int o f  the  c o l l e c t o r s  

and consc ,uent ly  the  c o l l e c t o r  e f f i c i e n c y  o r  energy ga in  i s  determined by 

the  d i f f e r e n c e  i n  t he  outdoor ambient temperature and the  c o l l e c t o r  i n l e t  

temperature. Th is  w i l l  be discussed i n  g rea te r  d e t a i l  i n  Sect ion 3.2.1. 

Secondly the l oad  i s  in f luenced by the  outdoor ambient temperature. The 

long-term average d a i l y  ambient temperature was 46OF f o r  t he  IBM System 3 

s i t e  which was exac t l y  t he  measured value. On a monthly basis  November, 

December, January and February were the  worst  months temperaturewise. 

January was an extremely c o l d  month w i t h  measured temperzture 15OF below 

the l ong  term average and i n s o l a t i o n  was o n l y  a l i t t l e  more than h a l f  the  

long  te rm average. Also,  November was beiow the  l ong  term temperature and 

i n s o l a t i o n  averages. Every month o f  the year  showed lower i n s o l a t i o n  

than f o r  the  l ong  term average. For t he  year  measured i n s o l z t i o n  was o n l y  

about 78 percent o f  the  expected long term average. 

The system load  was expected t o  vary i n  a manner rough ly  i n  inverse  propor t ion  

t o  t he  average monthly ambient temperature, o the r  f a c t o r s  remaining constant.  

During the  twelve month r e p o r t i n g  period, a t o t a l  o f  48.55 m i l l i o n  Btu o f  

s o l a r  energy was c o l l e c t e d  and the  t o t a l  system load  was 102.35 m i l l i o n  Btu. 

The measured amour t o f  s o l a r  e i~e rgy  del i ve red  t o  the  l oad  was 27.31 m i l l  i o n  

Btu. 



A1 so presented i n  Table 3.1-1 a r e  t h e  measured and expected va lues o f  

systeni s o l a r  f r a c t i o n  where systenl s o l a r  f r a c t i o n  i s  t h e  r a t i o  o f  so la r  

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

appl  l e d  t o  the  loads. The expected va lues have been de r i ved  f rom a  

~ i i o d i f i e d  f -Char t  a n a l y s i s  which uses liieasured weather and subsysl;f!ni loads 

as i n p u t s  ( f -Char t  i s  t he  des igna t i on  o f  a  procedure t h a t  was developed 

by t he  S o l a r  Energy Laboratory,  U n i v e r s i t y  o f  Wisconsin-Madison, f o r  lilodel i n g  

and des ign ing  s o l a r  energy systems [e l ) .  The model used i n  t h e  ana l ys t s  i s  

based o n  nianufacturers '  da ta  and o t h e r  known system parameters, The bas is  f o r  

t h e  tilode1 a re  e lnp i r i ca l  c o r r e l a t i o n s  developed f o r  1  i q u i d  and a i r  s o l a r  

energy systenis t h a t  a r e  presented i n  graphical and equat ion fo rm and r e f e r r e d  

t o  as  t h e  f -Char ts  where I f '  i s  a  des igna to r  f o r  t he  system s o l a v f r a c t i o n .  

The o u t p u t  o f  t h e  f -Cha r t  procedure i s  t h e  expected system s o l a r  f r a c t i o n .  

Th is  i n  t u r n  i s  m u l t i p l i e d  by t he  system l oad  t o  d e r i v e  t he  expected va lue  

o f  s o l a r  energy used, The measured va lue o f  system s o l a r  f r a c t i o n  was cot~iputed 

from lnetisurements ob td ined  through t he  ins t run len ta t ion  systcni o f  t h e  energy 

t r ans fe r s  t h a t  t ook  p lace  w i t h i t i  t h e  s o l a r  energy system. These represen t  t he  

ac tua l  perforniance o f  ,the systelii i n s t a l l e d  a t  t h e  s i t e .  

Based o n  t h e  o r i g i n a l  f -Char t  a n a l y s i s  done du r i ng  t h e  design stage, t h e  s o l a r  

energy system was expected t o  supply 46 percent  o f  t h e  est imated space 
I 

hea t ing  l o a d  o f  94.44 m i l l i o n  Btu. The est in iated h o t  water hea t ing  l oad  

was 20.6 nil11 i o n  B t u  based on 75 ga l l ons  per  day a t  140°F. The s o l a r  

energy systeln was expected t o  supply 80 percent  o f  t h i s  l oad  [ l o ] .  

The o r i g i n a l  a n a l y s i s  was based on f -Char t  w i t h  long-tern1 average weather 

c o n d i t i o n s  and est in ia ted loads  as i npu t s .  I n  the f -Cha r t  a n a l y s i s  done f o r  

1 the  Seasonal Report, ac tua l  weather and measured loads  were used t o  gsve a  

b e t t e r  e s t l n ~ a t e  o f  expected performance. The sniall d i f f e r e n c e  csf 2 percentage 

p o i n t s  between expected and ac tua l  system s o l a r  f r a c t i o n  i n d i c a t e s  t h a t  t h i s  

technique was successfu l .  

Tile average s o l a r  f r a c t i o n  f o r  t h e  space hea?ing subsyste~i i  was 22 percent  

based o n  a space hea t ing  l o a d  o f  96.74 m i l l i o n  Btu. The average s o l a r  f r a c t i o n  

f o r  t h e  h u t  water  subsystem was 58 percent  based on a  l oad  o f  5.55 liiill i o n  Btu.  



Three f a c t o r s  account f o r  t h e  d i f f e r e n c e s  i n  t h e  o r i g i n a l  est i rnates an t  

t h e  nieasured perfomlance. These a re :  

1,  Energy losses  f ro in  t h e  s o l a r  systerii 

2. D i f fe rences  i n  1  ong-tern) average i n s o l a t i o n  and ineasured 

( a c t u a l  ) i n s o l a t i o n  

3. D i f f e rences  i n  t h e  est in la ted ho t  wa te r  l o a d  and t h e  ac tua l  

l oad .  

The conc lus ions  a re  t h a t  t h e  s o l a r  energy sys ten~  should  be {nsu la ted  t o  ~ i i i n i ~ i i i z e  

t h e  losses and designed f o r  t h e  ac tua l  loads t o  be encounteref:, 

The t o t a l  energy sav ing i s  t he  rilost i ~ i i p o r t a n t  perforniance parai i ieter f o r  

t h e  s o l a r  energy systenl because t h e  fundamental purpose o f  t h e  systeni i s  

t o  rep1 ace expensive convent iona l  energy sources w i t h  inexpens ive  s o l a r  

energy. I n  p r a c t i c a l  cons idera t i o n ,  t h e  systeni niust save enough energy 

t o  cover b o t h  t h e  c o s t  o f  i t s  own ope ra t i on  and t o  repay t he  i n i t i a l  i n v e s t -  

rilent o f  t h e  systeni. I n  terrns o f  t h e  t echn i ca l  a n a l y s i s  presented i n  t h i s  

reporat  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 i g u r e .  

The t o t a l  energy savings f c r r  t h e  IBM Systenl 3  So la r  Energy Systenl was 

30.08 r l i i l l  i o n  B tu  o r  8,813 kwh which i s  e q u i v a l e n t  t o  5 b a r r e l s  o f  o i l .  



3.2 Su bsysteni Performance 

The IBM System 3 S o l a r  Energy I n s t a l l a t i o n  may be d i v i d e d  i n t o  f o u r  

subsystems: 

1. C o l l  e c t o r  a r r a y  

2. Storage 

3. Heat ing  

4 .  H o t W a t e r  

Each subsystem has been evaluated by t he  techniques de f i ned  i n  Sec t ion  3 and 

i s  numer i ca l l y  analyzed each month f o r  t he  monthly performance assessment. 

T h i s  sec t i on  presents  t h e  r e s u l t s  a i i n t e g r a t i n g  t he  month ly  data a v a i l a b l e  

on t h e  f o u r  subsystems f o r  the  pe r i od  January 1979 through December 1979. 



3.2.1 Col 1 e c t o r  A r ray  Subsysteill 

The IBM System 3  c o l l e c t o r  a r r a y  c o n s i s t s  o f  14 Sunworks, Model LA1001A 

f l a t  p l a t e  l i q u r d  c o l l e c t o r s  hav ing  a  gross area o f  294 square f e e t .  

Flow d e t a i l s  and o t h e r  p e r t i n e n t  o p e r a t i o n a l  c h a r a c t e r i s t i c s  a r e  shown i n  

F igure  3.2.1-1. The c o l l e c t o r  subsystem a n a l y s i s  and da ta  a re  g i ven  i n  t he  

f o l l o w i n g  paragraphs. 

C o l l e c t o r  a r r a y  per fo r~~ lance  i s  descr ibed by  t h e  c o l  l e c t o r  a r r a y  e f f i -  

c iency.  T h i s  i s  t h e  r a t i o  o f  c o l l e c t e d  s o l a r  energy t o  i n c i d e n t  s o l a r  

energy, a  va l ue  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 f r om two perspec t i ves .  The 

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

1  ec to rs  be used i n  deter i l i in ing c o l l e c t o r  a r r a y  e f f i c i e n c y .  The e f f i -  

c iency  i s  then  expressed by t h e  equat ion:  

where '-' c = Col l ec to ra r r aye f i i c i ency  

Qs  = C a l l  ec ted  s o l a r  energy 

Qi = I n c i d e n t s o l a r e n e r g y  

The e f f i c i e n c y  determined i n  t h i s  nianner i nc l udes  t he  ope ra t i on  o f  t he  

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

1  ec to r ,  b u t  t h e  c o l  l e c t o r  absorber p l a t e  temperature niay be below t h e  

min in~un~ c o n t r o l  tenlperature s e t  p o i n t  f o r  c o l l e c t o r  l o o p  opera t ion ,  thus 

t h e  energy i s  n o t  c o l l e c t e d .  The rnonthly e f f i c i e n c y  by t h i s  nlethod i s  

1  i sted i n  t h e  c o l  unin e n t i  tl ed "Col 1  e c t o r  A r ray  Performance" i n  Tab1 e  

3.2.1-1. 





TABLE 3.2.1-1 

COLLECTOR ARRAY PERFORMANCE 

* Col lec tor  a r r a y  t i l t  angle i s  35" which provides lower than desired inc ident  s o l a r  energy f o r  winter  months 
and higher i n  s u m e r  when system load i s  lowest. 

+ 
, 

Month 

Jan 79 

I Feb 79 

I Mar 79 
J k Apr 79 

I May 79 

u Jun 79 
--t 

Ju l  79 

j Aug 79 
5 

f Sept  79 
1 

- 1 
' I  ! t Oct 79 

Inc ident  
So la r  Energy 
(Mi 11 ion Btu) 

6.295 * 

Co 1 1 ec t o  r Array 
Eff iciency 

0.452 

Col 1 ec ted  
So la r  Energy 
(Mil 1 ion Btu) 

2.846 

10.493 * 
8.669 * 

I ; Nov.79 1 10.285'  I 3.193 0.310 7.458 

4.330 1 0.413 

4.503 0.519 

I 

9.504 

7.969 
I 

13.695 

12.812 

I i 
0.43 

i; : Dec 79 1 9 . 3 4 2 *  3.311 
I ! 

0.354 ! 7.476 i 0.44 
i 
! 

Total / 153.866 48.550 --- 120.411 I 8 - - 
I I ! 

1 
Average 12.822 0.338 1 

t 

4.046 
I I I 10.034 0.43 

i 

0.46 

0.57 

Opera t i  onal 
Inc ident  Energy 

(Mil 1 ion Btu) 

4.464 

Operational 
Coll e c t o r  
Eff iciency 

0.64 

5.394 0.394 11.974 f 
4.454 j 0.348 

0.45 

f i 9.997 

16.213 4.508 I 0.278 12.236 

18.656 3.736 0.200 1 1 13.058 

1 6.368 3.342 0.204 I 11.548 

17.204 
I 
t 4.367 0.254 13.297 1 , 13.834 / 4.566 : 0.330 11.460 

0.45 

i 0.37 

0.29 

0.29 

0.33 

0.40 



The second viewpoint assumes t ha t  only the so lar  energy inc ident  on the 

c o l l e c t o r  when the co l l ec to r  loop i s  operational be used i n  determining 

the co l l ec to r  array e f f ic iency.  The value of the operational inc ident  

so lar  energy used i s  mu1 t i p l i e d  by the r a t i o  o f  the gross co l l ec to r  area 

t o  the gross co l l ec to r  array area t o  compensate for  the d i f ference between 

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

pressed by the equation: 

where 'Ico = Operational c o l l e c t o r a r r a y  ef f ic iency 

QS = Co l lec tedso la renergy  

a, i = Operational inc ident  so lar  energy 

A~ 
= Gross co l l ec to r  area ( the  product of 

the number o f  co l lec to rs  and the 

envelope area o f  one co l l ec to r )  

A, = Gross co l lec to r  array area ( t o t a l  area 

including a1 1 mounting and connecting 

hardware and spacing of un i t s )  

The monthly e f f i c i ency  computed by t h i s  method i s  1 i s t ed  i n  the column 

e n t i t l e d  "Operational Col lector  Array E f f i c iency"  i n  Table 3.2.1-1. 

I n  the ASHRAE Standard 93-77 [6] a co l l ec to r  e f f i c i ency  i s  defined i n  

the same terminology as the operational co l l ec to r  array ef f ic iency.  

However, the ASHRAE eff i c  iency i s  determined from instantaneous eval ua- 

t i o n  under t i g h t l y  control led,  steady s ta te  t e s t  conditions, whi le the 

operational co l l ec to r  array e f f ic iency i s  determined from actual dynamic 

condi t ions o f  d a i l y  so lar  energy system operation i n  the f i e l d .  



The second viewpoint assumes t ha t  only the so la r  energy incident on the  
co l lec to r  when the  co l lec to r  loop i s  operational be used i n  determining 
the co l lec to r  array efficiency.  The value of the  operational incident 
so l a r  energy used i s  multiplied by the r a t i o  of the  gross co l lec to r  area 
to  the gross co l lec to r  array area to compensate f o r  the difference between 
the two areas caused by ins ta l l a t ion  spacing. The efficiency i s  then ex- 
pressed by the equation: 

where %o = Operational col lector  array efficiency 

QS = Collected so la r  energy 

Qo i = Operational incident so l a r ene rgy  

Ap 
= Gross col lector  area ( the  product of 

the  number of col lectors  and the 
envelope area of one co l lec to r )  

A, = Gross col lector  array area ( t o t a l  area 
i ncl udi ng a1 1 mounti ng and connecti ng 
hardware and spacing of un i t s )  

The monthly efficiency computed by t h i s  method i s  l i s t e d  in the column 
e n t i t l e d  "Operational Collector Array Efficiency" i n  Table 3.2.1-1. 

In t h e  ASHRAE Standard 93-77 [6] a col lector  efficiency i s  defined in 
the  same terminology a s  the operational col lector  array efficiency.  
However, the ASHRAE efficiency i s  determined from instantaneous eval ua- 
t ion  under t i gh t l y  controlled,  steady s t a t e  t e s t  conditions, while the 
operational co l lec to r  array efficiency i s  determined from actual dynamic 
conditions of dai ly  so la r  energy system operation i n  the f i e l d .  



The ASH,RAE Standard 93-77 d e f i n i t i o n s  and methods o f t e n  a r e  adopted 

by c o l  1  e c t o r  rnanufacturers and independent t e s t i n g  l a b o r a t o r i e s  i n  

e v a l u a t i n g  c o l l e c t o r s .  The c o l l e c t o r  e v a l u a t i o n  performed f o r  t h i s  

r e p o r t  u s i n g  t h e  f i e l d  data i n d i c a t e s  t h a t  t h e r e  was an i n s i g n i f i c a n t  

d i f f e r e n c e  between t h e  l a b o r a t o r y  s i n g l e  panel c o l l e c t o r  data and t h e  

c o l l e c t o r  data determined f rom l ong  term f i e l d  measurements. Th is  i s  

n o t  always t h e  case, and t h e r e  a re  two p r ima ry  reasons f o r  d i f f e r e n c e s  

when t h e y  e x i s t :  

e Tes t  c o n d i t i o n s  a re  n o t  t h e  same as c o n d i t i o n s  

i n  t h e  f i e l d ,  no r  do they rep resen t  t h e  wide 

dynamic range o f  f i e l d  o p e r a t i o n  ( i  .e. i n l e t  and 

o u t l e t  temperature, f l o w  r a t e s  and f l o w  d i s t r i -  

b u t i o n  o f  t h e  hea t  t r a n s f e r  f l u i d ,  i n s o l a t i o n  

l e v e l s ,  aspect  angle, wind cond i t i ons ,  e t c .  ) 

C o l l e c t o r  t e s t s  a r e  no t  g e n e r a l l y  conducted w i t h  

u n i t s  t h a t  have undergone t h e  e f f e c t s  o f  ag ing  

( i . e .  changes i n  t h e  c h a r a c t e r i s t i c s  o f  t h e  g l a z i n g  

m a t e r i a l ,  c o l l e c t i o n  o f  dust ,  soot ,  p o l l e n  o r  o t h e r  

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

absorber p l a t e  surface t reatment ,  e t c .  ) 

Consequently f i e l d  data c o l l e c t e d  over  an extended p e r i o d  w i l l  g e n e r a l l y  

p rov i de  an improved source of c o l l e c t o r  performant e  c h a r a c t e r i s t i c s  f o r  

use i n  1  ong-term system performance d e f i n i t i o n .  

The o p e r a t i o n a l  c o l l e c t o r  a r r a y  e f f i c i e n c y  data g iven  i n  Table 3.2.1-1 

a re  month ly  averages based on ins tantaneous e f f i c i e n c y  computat ions 

over  t h e  t o t a l  performance pe r i od  us ing  a l l  a v a i l a b l e  data.  For de- 

t a i l e d  c o l l e c t o r  a n a l y s i s  i t  was d e s i r a b l e  t o  use a  l i m i t e d  subset 

o f  t he  a v a i  l ab1  e  data t h a t  cha rac te r i zed  c o l l  e c t o r  o p e r a t i o n  under 

"steady s t a t e "  cond i t i ons .  Th is  subset was de f i ned  by app l y i ng  t h e  

f o l l o w i n g  r e s t r i c t i o n s :  



(1 ) The measurement pe r iod  was r e s t r i c t e d  t o  c o l l e c t o r  
operat ion when t h e  sun angle was w i t h i n  30 degrees 

o f  the  c o l l e c t o r  normal. 

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

must have exceeded i n l  e t  temperatures. 

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

i n t e r e s t  dur ing two regu lar  dats system i n t e r v a l  s* was 

1 im i ted  t o  a maximum o f  5 percent. 

Instantaneous e f f i c i e n c i e s  (n.) computed from the  "steady s t a t e "  
J 

opera t ion  measurements o f  i n c i d e n t  so la r  energy and co l  1 ected s o l a r  

energy by Equation (2)** were co r re la ted  w i t h  an opera t ing  p o i n t  

determined by t h e  equation: 

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

i n s t a n t  

Ti = Co l l ec to r  i n l e t  temperature 

Ta = Outdoor ambient temperature 

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

The data  po in ts  (nj, x . )  were then p l o t t e d  on a graph o f  e f f i c i e n c y  
J 

versus operat ing p o i n t  and a f i r s t  order curve described by the  slope- 

i n t e r c e p t  formula was f i t t e d  t o  the  data through l i n e a r  regression 

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

*The data system i n t e r v a l  was 5-113 minutes i n  durat ion.  Values of 

a1 7 measured parameters were cont inuously  sampled a t  t h i s  r a t e  

throughout the  performance period. 

**The r a t i o  A /A was assumed t o  be u n i t y  f o r  t h i s  ana lys js .  
P a 



where ' j = Coll ector efficiency corresponding t o  the 
jth ins tant  

b = Intercept on the efficiency ax i s  

( -  )m = Slope 

x = Collector operating point a t  j t h 
j 

ins tant  

The re la t ionship  between the empirical l y  determined efficiency curve 
and the ana ly t ica l ly  developed curve will be established in subsequent 
paragraphs. 

The analyt ical ly  developed col lector  efficiency curve i s  based on 
the Hottel-Whill ier-Bl i s s  equation 

where n = Collector efficiency 

FR = Collector heat removal fac tor  

T = Transmissivity of col lector  glazing 

0: = Absorptance of col lector  p la te  

UL = Overall col lector  energy loss  coeff ic ient  

Ti = Collector i n l e t  f l u id  temperature 

T, = Outdoor ambient temperature 

I = Rate of incident so la r  radiat ion 



The correspondence between equat ions (4 )  and (5)  can be r e a d i l y  seen, 

Therefore by de te rmin ing  t h e  s l  ope- in te rcep t  e f f i c i e n c y  equat ion  f rom 

measurement data, t h e  c o l l e c t o r  performance parameters corresponding t o  

the l a b o r a t o r y  s l n g l e  panel da ta  can be de r i ved  accord ing t o  t h e  f o l l o w -  

i n g  s e t  o f  r e l a t i o n s h i p s :  

b  = F R ~ a  

and 

where the  terms a re  as p r e v i o u s l y  de f i ned  

The d iscuss ion  o f  t h e  c o l  l e c t o r  a r r a y  e f f i c i e n c y  curves i n  subsequent 

paragraphs i s  based upon t h e  r e l a t i o n s h i p s  expressed by Equat ion (6 ) .  

I n  d e r i v i n g  t he  c o l l e c t o r  a r ray  e f f i c i e n c y  curves by t he  l i n e a r  r e -  

g ress ion  technique, measurement da ta  over  t h e  e n t i r e  performa.nce p e r i o d  

y i e l d s  h igher  conf idence i n  the  r e s u l t s  than s i m i l a r  a n a l y s i s  over  sho r te r  

per iods .  Over t h e  l onge r  per iods  t h e  c o l l e c t o r  a r r a y  i s  f o r ced  t o  operate 

over a w ider  dynamic range. Th is  e l i m i n a t e s  t he  tendency shown by some 

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

range o f  ope ra t i ng  po in t s .  The c l u s t e r i n g  e f f e c t  tends t o  make the  

l i n e a r  regress ion  technique approach c o n s t r u c t i n g  a  l i n e  through a  s i n g l e  

data p o i n t .  The use o f  da ta  f rom the  e n t i r e  performance p e r i o d  r e s u l t s  

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

s o l a r  system performance p r e d t c t i o n .  The l o n g - t e r n  curve and t h e  curve 

der i ved  from t h e  l a b o r a t o r y  s i n g l e  panel data a re  shown i n  F igure  3.2.1-2. 

The long- term curve  shown i n  F igure 3.2.1-2 has a much lower  nega t i ve  s lope 

than t h e  curve de r i ved  from s i n g l e  panel l a b o r a t o r y  data.  Th i s  i s  a t t r i -  

bu tab le  t o  the  shrouding around t i i~  c o l l e c t o r s  i n  t he  a r ray  c o n f i g u r a t i o n  

which reduces edge and back s i de  losses.  The e f f i c i e n c y  o f  t he  long- te rm 

data was somewhat lower  than the  s i n g l e  panel l a b o r a t o r y  da ta  i n  the opera- 

t i n g  p o i n t  range f r ~ m  0  t o  0.35. The reason f o r  t h i s  i s  n o t  known, b u t  i t  

I s  suspected t h a t  t h e  f l o w  r a t e  o f  w i t e r  f o r  t he  s i n g l e  panel l a b o r a t o r y  

data was somewhat h i ghe r  than t he  long- term data f low r a t e  which was approx i -  

mate ly  15.3 pounds per  hour per  square f o o t .  

% s i n g l e  tank  h o t  wa te r  systems show a  marked tendency toward c l u s t e r i n g  
because t he  c o l l e c t o r  i n l e t  temperature remains re1 a t  s;ely constant  and 
t he  range of va lues o f  ambient temperature and i n c i d e n t  s o l a r  energy du r i ng  
c o l l e c t o r  opera t ion  are a l s o  r e l a t i v e l y  r e s t r i c t e d  on a s h o r t - t e r n  bas i s .  



OPERATlMG POINT 

Figure 3.2.1-2 IBM System 3 Gl endo Coll ector Efficiency Curve 



Table 3.2.1-2 presents data comparing the monthly measured values of solar 
energy collected with the predicted performance determined from the long- 
term regression curve and the 1 aboratory single panel efficiency curve. 
The predictions were derived by the following procedure: 

1 . The instantaneous operating points were computed using 
Equation (3) .  

2. The instantaneous efficiency was computed using Equation 
( 4 )  with the operating point computed in Step 1 above for: 

a ,  The long-term linear regression curve 
f o r  collector array efficiency 

b. The laboratory single panel collector 
efficiency curve 

. The efficiencies computed in Steps 2a and 2b  above 
were mu1 tip1 ied by the measured solar energy available 
when the collectors were operational to give two pre- 
dicted values of solar energy collected. 

The e r ro r  data in Tab1 e 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 = Pleasured solar energy collected 
P = Predicted solar energy collected 

The computed error  i s  then an indication of how we1 I the psrticular prediction 
curve f i t t ed  the rea l i ty  of dynamic operating condition in the f ie ld .  



TABLE 3.2.1-2 

ENERGY GAIN COMPARISON 
(ANNUAL 

SITE: IBM3GLENDG GLENDO, WYOMING 

Month 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

MEY 79 

Jun 79 

J u ~  79 

A u ~  79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 2.806 0.060 -0.024 

Average 3.222 0.001 -0.0?6 
i 

Col 1 ected 
Solar Energy 
(Million Btu) 

1.505 

3.459 

2.236 

3.91 4 

3.073 

3.418 

3.71 5 

3.419 

4.21 8 

4.057 

2.845 

Error 
t- i el  d Derived 
Long-Term 

-0.143 

0.012 

-0.028 

-0, CI26 

-0.01 1 

-0.008 

0.020 

0.034 

0.003 

0.000 

0.017 

Laboratory 
Single Panel 

-0 .a70 

-0.078 

-0,160 

-0.150 

-0.099 

-0.086 

-0.010 

-0.015 

-0.057 

-0.097 

-0.084 1 



The values of "Collected Solar Energy" given in Table 3.2.1-2 are not 
necessarily identical with the values of "Col lected Solar Enerqy" 
given i n  Table 3.2.1-1. Any variations are due to the differences in 
da ta  processing bktween the software programs used to generate the 
monthly perfornlance report data and the coniponent 1 eve1 col 1 ector anal - 
ysis program. These data are shown in Table 3.2.1-2 only because they 
form the references fron~ which the error data given in the table are 
coniputed. 

The data from Table 3.2.1-2 i l l l ls t ra tes  that for the IBM System 3 
s i t e  the average error  coniputed froni the difference between the wea- 
sured solar energy collected and the predicted solar energy collected 
based on the fie1 d derived long-tenii coll ector array efficiency curve 
was 0.1 percent. For the curve derived fro111 the laboratory single panel 
data, the error was 7.6 percent. Thus the long-term collector array 
eff iclency curve gives significantly better results than the manufacturer's 
laboratory singie panei curve. 

A histogram of collector array operating points i l l u s t r a t e s  the d i s t r i -  
bution of Instantaneous values as determined by Equation ( 3 )  for  the 
ent i re  month .  The histogram was constructed by comput.lng the instan- 
taneous operating point value from s i t e  instrumentation measure~iients 
a t  the regular data system intervals throughout the month, and counting 
the nuniber of values within contiguous intervals of width 0.01 from zero 
t o  unity. The operating point histograni shows the dynamic range of 
collector operation during the nionth fronr which the midpoint can be 
ascertained. The average collector array efficiency for  the month  can 
be derived by projectir g the midpoint value to  the appropriate efficiency 
curve and reading the corresponding val ue of eff ici  ency . 

Another characteristic of the operating point histogram i s  the shif t ing 
of the distr!bution along the operating point axis. This can be explain- 

ed in terms of the characteristics of the system and the climatic factors 



of the  s i t e ,  i . e . ,  incident solar  energy and anib4ent; teliiperature. Figure 
3.2.1-3 siiows two iiistogra~iis t ha t  i l l u s t r a t e  a typical  winter month 
(February) and a typical sulilliier ~iiontti  (July) opera t ion.  The actual 
niidpoint which represents the average operating point f o r  February i s  
a t  0.25 and f o r  July a t  0.32. 

Table 3.2.1-1 presents tile lnonthly values of incident so la r  energy, 
operational incident so la r  energy, and collected so la r  energy from 
tlie 12 lilonth perfor~~iance period. The col 1 ector array efficiency and 
operational col 1 ector array efficiency were coniputed f o r  eacli month 
using Equations (1)  and ( 2 ) .  The values of operatiorial co l lec to r  
efficiency range fro111 a ~iiaxii~iurii of 0.64 in January 1979 t o  a liiini~liulr~ 
of 0.29 in July and August of 1979. On the average the operational 
col 1 ector array efficiency exzeeded the col 1 ector  array efficiency 
which included tlie e f f ec t  of the control syste~ll by 27 percent. 

I t  i s  t o  be noted that  the actual slope or  t i l t  angle fo r  ttiese col lectors  
was 35" fro111 the horizontal. The opti~num t i 1  t angle fo r  a space heating 
and Iiot water heating systeni i s  l a t i t ude  plus 10" \vhich i s  equal to 53' 

f o r  tliis s i t e .  The loss dlie to  t h i s  non-optimum t i 1  t angle i s  approximately 

s i x  percent, 

Additional infor~llation concerning coil  ector array analysis  in general 
niay be found in Reference [a]. The 111ateria1 in the  reference describes 

the  detailed col lector  array analysis  procedures and presents the resu l t s  
of analyses perfora~ed on numerous coll  ector array ins ta l  l a t ions  across 
t he  United Sta tes .  





3 . 2 . 2  Storage Subsystelii 

Storage subsystein per for~ i iance i s descr ibed by compuri son o f  energy t o  

storage, energy fro111 s torage and change i n  s to red  energy. The y a t i o  o f  

t h e  sum o f  energy froni  s torage and change i n  s to red  energy t o  energy t o  

storage i s  de f i ned  as s torage e f f i c iency ,  Q,. Th i s  r e l a t i o n s h i p  i s  ex- 

pressed i n  t he  equat ion  

where: 

AQ = C h a n g e i n s t o r e d e n e r g y .  Th is  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 d u r i n g  t h e  s p e c i f i e d  

r e p o r t i n g  per iod,  as i n d i c a t e d  by t he  r e l a t i v e  

tenlperature o f  t h e  s tarage riiediurn ( e i t h e r  p o s i t i v e  

o r  nega t i ve  value; 

Qso = Energy froni storage. Th is  i s  t h e  aniount o f  energy 

e x t r a c t e d  by the  l oad  subsystelii f ro l i i  t he  pr i i r iary 

s to rage  riiedi ulil 

Q s i  = Energy t o  storage. Th is  i s  t h e  alnount o f  energy 

( b o t h  s o l a r  and a u x i l i a r y )  d e l i v e r e d  t o  t he  pr in iary  

s to rage  liiedi ulil 

Eva1 ua t i o n  o f  t he  system storage perfor~i iance under ac tua l  t r a n s i e n t  systelli 

opera t ion  and weather cond i t i ons  can be perfort i led us ing  t h e  paranieters 

1 i s t e d  above. The u t i l i t y  o f  these liieasured da ta  i n  eva lua t i on  o f  t h e  over- 

a l l  s torage des ign can be i l l u s t r a t e d  i n  t h e  d e r i v a t i o n  presented below. 

The o v e r a l l  theri l ial p r o p e r t i e s  o f  t he  s to rage  subsysterii des ign can be 

der ived  en ip i r i ca l ' l y  as a f unc t i on  o f  average s torage tel i iperature f o r  the  

r e p o r t i n g  p e r i o d  and t h e  ainbient teri iperature i n  t h e  v i c i n i t y  o f  t i l e  s torage 

tank .  



An effective storage heat transfer coefficient for  the storage sub- 

system can be defined as follows: 

- B t u  
c = (Q,~-Q,,-AQ)/[(T~ - x t J  Hr-oF (6 ) 

where 

C = Effec t ives to ragehea t t r ans fe rcoe f f i c i en t  

Qsi = Energy t o  storage 

QSo = Energy from storage 

AQ = Change in stored energy 

= Storage average temperature 

- 
Ta 

= Average ambient tempeature in the 

vicinity of storage 

t = Number of hours in the month 

The effective storage heat transfer coefficient i s  comparable to  the heat 

loss ra te  defined in ASHRAE Standard 94-77 [7].  I t  has been calculated for 

each month in t h i s  report period and included, along with Storage Average 

Temperature, ln Tab1 e 3.2.2-1. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

Month 

Jan 79 2.846 2.066 0.002 1 0.727 92 33 
Feb 79 4.330 3.070 0.020 1 0.714 9 5 5 3 
Mar 79 4.503 3.205 - 0.174 f 0.673 98 52 

1 
Apr 79 5.394 2.254 0.459 1 0.503 138 34 

1 

May 79 4.454 2.959 - 0.675 ! 0.513 138 40 
i 

Jun 79 4.508 1 2.201 0.433 0.584 3 57 3 0 
Jul  79 3.736 I 0.838 0.070 1 0.243 181 36 
Aug 79 3.342 0.914 - 0.057 1 0.256 173 34 j I 

Sep 79 4.367 1 .834 - 0.057 Q. 407 I 1 70 I 36 
Oct 79 4.566 1 3.389 - 0.521 

I 
0.628 I 125 I 3 5 

NOV 79 i 3.193 2.372 - 0.004 0.742 i 96 32 
I 

Dec 79 3.311 , 2.208 0.028 0.675 96 , 40 I 
1 

I 
I I 

Total 48.55 27.310 - 0.476 --- I -- I - - I 

, ! I 

! t 
12  Month I i i 
Average 4.046 2.276 - 6.040 0.555 I 130 38 

i , 

Storage 
Average 

Temperature 
(OF) 

Ef fec t ive  
Storage 
Heat Loss 
Coeff ic ien t  
(Btu/Hr°F) 

Change In 
Stored 

Energy I Storage 
(Million Btu) Eff ic iency  

Energy To 
Storage 

(Mil l ion Btu) 

Energy From 
Storage 

(Mill ion Btu) 



The s to rage  e f f i c i e n c y  values a re  more c l o s e l y  r e l a t e d  t o  usage than t o  

t he  des ign  and q u a l i t y  o f  t he  s torage con ta iner .  I f  t h e  energy p laced  

i n  s to rage  I s  n o t  used i n  a s h o r t  p e r i o d  o f  t ime (hours),  t h i s  energy 

escapes from s to rage  t o  t h e  lower  temperature surroundings. The s to rage  

tank a t  the  IBM System 3 s i t e  i s  l oca ted  i n  a  poured concre te  w a l l e d  room 

approx imate ly  80 percen t  below ground l e v e l .  The room i s  a t tached  t o  

t he  basement o f  t h e  d w e l l i n g  b u t  separated by a door. The tank  has 
s t e e l  f e e t  s e t  on concrete b locks on t he  concrete f l o o r .  The t h r e e  

p a r t i a l l y  bu r i ed  e x t e r i o r  w a l l s  o f  t h e  room tend  t o  have a moderat ing 

e f f e c t  on the  room temperature. 

The p r e f e r r e d  use o f  s to rage  i s  i l l u s t r a t e d  i n  F igure  2.1 -1 ( c )  where most 

of t h e  s o l a r  energy s to red  du r i ng  t h e  day was used t h a t  n i g h t .  From 
F igure  2.1-1 (c)  , t h e  t y p i c a l  temperature s t r a t i f i c a t i o n  i n  t h e  s torage 

can be seen, The c l ose  t r a c k i n g  o f  t he  midd le  o f  the  s to rage  w i t h  t he  

bottom o f  s torage i s  because the  h o t  water  t o  space heat  i s  drawn f rom 

the  bo t tom and r e t u r n e d  t o  the middle.  



3.2.3 Hot Water Subsystem 

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

of  so la r  energy suppl ied to the subsystem with the  energy required to  s a t i s f y  

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

i s t s  of both so la r  energy and auxi l iary  thermal energy. 

The performance of the  IBM System 3 hot water subsystem i s  presented in Table 

3.2.3-1. The value f o r  auxi l iary  energy supplied in Table 3.2.3-1 i s  the 
gross energy supplied to  the auxi l iary  system. The value of auxi l iary  energy 
supplied mu1 t ip1  ied by the auxi l iary  s y s t e ~  eff ic iency gives the auxi l iary  

thermal energy actual ly  delivered to  the load. The difference between the 

sum of aux i l i a ry  thermal energy plus solar  energy and the hot water load i s  
equal t o  the thermal (standby) losses frorn the hot water subsystem. 

The measured so l a r  f rac t ion in Table 3.2.3-1 i s  an average weighted value fo r  

t he  month based on the r a t i o  of so la r  energy in the hot water tank to  the 

t o t a l  energy in  the hot water tank when a demand f o r  hot water ex i s t s .  This 

value i s  dependent on the dai ly  p rof i l e  of hot water usage. I t  does not 
represent the  r a t i o  of solar  energy supplied t o  the sum of so la r  plus aux- 

i l  i a ry  energy supplied shown in the Table. 

For the 12-month -rioci from January 1979 through December 1979, the so la r  

energy system s u p p l i e ~  to ta l  of 6.002 mill ion B t u  to the hot water load. 

T h e t o t a l  h o t w a t e r l o a d ,  t i i s p e r i o d w a s 5 . 5 5 1 n i i l l i o n B t u , a n d t h e  

weighted average monthly so la r  f rac t ion was 58 percent. 

The monthly average hot water load during the reporting period was 0.463 

mill ion B t u .  This i s  based on an average dai ly  consumption of 21 gallons,  

del ivered a t  an average temperature of 146OF and suppl fed t o  the system a t  

an average temperature of 62°F. The temperature of the supply water ranged 

from a low of 58°F t o  a high of 65°F. 

Each month an average of 0.500 million B t u  of so l a r  energy and 0.219 mill ion 

B t u  of aux i l i a ry  thermal e lec t r i ca l  energy were supplied t o  the hot water 
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subsystem. Since the  average monthly h o t  wa te r  l o a d  was 0.463 m i l l i o n  Btu, 
an average o f  0.257 n i i l l  i o n  B tu  was l o s t  f rom the  h o t  water tanks each month. 

Th i s  d w e l l i n g  was occupied by one person f rom January through t he  midd le  
o f  March and was vacant t i 1  May a t  which t ime  i t  became occupied by a 

f a m i l y  w i t h  h l g h e r  demands on h o t  water .  A m a l f u n c t i o n i n g  o f  t he  t o t a l  i z e r  
occurred I n  J u l y  g i v i n g  erroneous usage da ta  u n t i l  t h e  t o t a l i z e r  was 

rep laced on October 5, 1979. For t h a t  reason t he  measured ho twate r  
cornsumption f o r  Ju ly ,  August, and September was much lower  than t he  ac tua l  
consumption. Est imated consumption f o r  these months i s  about 40 ga l  l o n s  
pe r  month. 

The h o t  water  usage a t  t h e  I B M  System 3 s i t e  averaged 21 ga l l ons  pe r  day. 

Th is  average i s  a composite o f  t he  t h ree  months i n  which t he  d w e l l i n g  had 

on l y  one user, a pe r i od  o f  vacancy and t he  remainder ( t w o - t h i r d s  o f  y e a r )  

i n  which t he  f a m i l y  occupied t he  dwe l l i ng .  The f a m i l y  used an est imated 
45 ga l l ons  p e r  day. The h o t  water s o l a r  f u n c t i o n  v a r i e d  f rom 14 percen t  
t o  94 percent .  The 94 percent  s o l a r  f r a c t i o n  was f o r  August 1979 and 

should be d isregarded due t o  the t o t a l i z e r  problem. I n  September, the  
o r i g i n a l  65 g a l l o n  ho t  water  tank was rep laced by a 120 g a l l o n  tank due 

t o  h i g h e r  demands p laced on ho t  wa te r  by t he  f a m i l y  occupants. 



3.2.4 Space Heat ing  Subsystem 

The performance o f  t h e  space hea t i ng  subsystem i s  descr ibed  by comparing 

the amount of s o l a r  energy supp l i ed  t o  the  subsystem w i t h  t h e  energy 

r e q u i r e d  t o  s a t i s f y  t h e  t o t a l  space hea t ing  load, The energy r e q u i r e d  
t o  s a t i s f y  the  t o t a l  l o a d  c o n s i s t s  o f  bo th  s o l a r  energy and a u x i l i a r y  

thermal energy. The r a t i o  o f  s o l a r  energy supp l i ed  t o  t h e  l oad  t o  t h e  
t o t a l  l o a d  i s  de f i ned  as t h e  hea t i ng  s o l a r  f r a c t i o n .  The c a l c u l a t e d  
hea t i ng  s o l a r  f r a c t i o n  i s  t h e  i n d i c a t o r  o f  perfomlance f o r  the  subsystem 

because i t  de f fnes  the  percentage o f  t h e  t o t a l  space hea t i ng  l oad  supported 

by s o l a r  energy. 

The perfomlance u f  the  IBM System 3 space hea t i ng  subsystem i s  presented 
I n  Tab le  3.2.4-1. For t h e  12-month p e r i o d  under study, t he  s o l a r  energy 

system supplled a t o t a l  o f  21.31 m i l l i o n  B tu  t o  t h e  space hea t i ng  load. 

The t o t a l  hea t ing  l oad  f o r  t h i s  p e r i o d  was 96.74 m i l l i o n  Btu, and t h e  

weighted average monthly s o l a r  f ~ a c t i o n  was 22 percen t .  

The measured space hea t i ng  subsystem performance was lower  than expected 

dur ing  t h e  r e p o r t i n g  per iod .  January and February were co lde r  and more 

cloudy than expected, I f  these two months had been near  normal, t h e  weight-  
ed average s o l a r  f r a c t i o n  would have been cons iderab ly  h igher .  

Dur ing t h e  t r a n s i t i o n  months (September, October, and May) the  space hea t ing  

subsysStem prov ided the  expected h i g h  percentage of smal l  h e a t i ~ g  load.  The 
s o l a r  f r a c t i o n  f o r  September, October, and May were r e s p e c t i v e l y  93, 58, and 

69 percents .  The t o t a l  l o a d  f o r  these t h ree  months was 9.22 m i l l i o n  B tu  

and t h e  welghted s o l a r  f r a c t i o n  was 66 percent .  

A major  c o n t r i b u t i n g  f a c t o r  t o  t he  performance o f  t h i s  subsystem i s  energy 

t o  storage. Th i s  u l t i m a t e l y  i s  a  f u n c t i o n  o f  t h e  c o l l e c t o r  a r ray  t i l t  

angle which a t  35' i s  ve ry  poor f o r  w i n t e r  months. 



TABLE 3.2.4-1 

SPACE HEATING SVRqYSTEM PERFCIRMANCE 

* System i n  "Summer Mode" these months. 

ace Heatin: Load * Measured Solar Fraction ** Weighted Solar Fraction: t Total 

Measured 
S9l a r  Fraction 
(Percent) 

7 

18 

2 7 

62 

69 

90 

0 

n 
E (Space Heating Load)i * (Measured Solar F r a ~ t i o n ) ~  

i =l  

Aug 79 0.06 7 7 68 0.00 0.06 0.08 5 

Sep 79 0.92 7 7 6 5 0.86 0.06 0.08 93 

Oct 79 4.69 7 4 5 0 2.73 1.97 2.46 58 

Nov 79 13.26 7 3 29 2.04 11.22 14.02 15 

Dec 79 12.42 72 3 2 1.78 10.64 13.30 14 

Total 96.74 - - - - 21.31 75.44 93.11 - - 

Average 8.06 7 3 46 1.78 6.29 7.76 22** 

Heating Parzzeters 

Total Load 

Energy Supplied (Million Btu) 

Solar 

1.93 

2.37 

3.17 

2.25 

2.48 

1.10 

0.00 

- 
Space Heating iuuci 

Month 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

Jul 79 

Temperature (OF) Auxil i a ry  
Thermal 

26.62 

13.39 

8.74 

1.42 

1.13 

0.13 

0.06 

(Mi 1 1 ion Btu) 

28.55 

16.36 

11.91 

3.68 

3.60 

1.23 

0.06 

BUI l ding 

7 0 

7 0 

6 9 

6 5 

7 0 

7 6 

7 9 

Auxi 1 iayy 

32.08 

16.74 

10.92 

1.78 

1.41 

0.16 

0.08 

Outdoor 

8 

28 

3 9 

47 

5 1 

6 5 

72 



4. OPERATING ENERG 

Operating energy f o r  the IBM System 3 Solar Energy System is defined as  the 
energy required t o  transport  so la r  energy t o  the point of use. Total opera- 
ting energy fo r  this system consis ts  of the co l lec to r  loop pump (PI ), the 
space heating loop pump (P2), the domestic hot water preheat pump (P3) and 
the space heating a i r  c i rcula t ion blower power. 

Operating energy is  electrical energy t ha t  i s  used t o  support the  subsystems 
without affecting their thermal s t a t e .  Measured monthly values f o r  subsystem 
operating energy a r e  presented i n  Ta5le 4.1. 

For t h e  January 1979 through December 1979 period covered by t h i s  report  a 
total  of 6*47 mil 1 ion B t u  of operating energy was consumed, During the 
same time a to ta l  of 27*31 million B t u  of so la r  energy was supplied t o  the 
total  system load, 

Therefore, for  every one million B t u  of so la r  energy delivered t o  the load, 
0,237 mill ion Btu  (o r  70.0 kWh) of e lec t r i ca l  operating energy was expended. 



TABLE 4-1 

OPERATING ENERGY 

ECSS Hot Water Space Heating Total System 
Operating Energy Opera ti ng Energy Operating Energy Operating Energy 

Month (Mil 1 ion Btu) (Mi 11 ion Btu) (Mil 1 ion Btu) (Mil 1 ion Btu) 

Jan 79 0.130 0.011 0.944 1 .085 1 

Feb 79 0.184 0.008 0.847 1 .039 

Mar 79 0.173 0.008 0.673 0.854 

Apr 79 0.200 0.021 0.225 0.446 

May 79 0.166 0.031 0.250 0.447 

Jun 79 0.092 0.031 0.099 0.222 

Jul 79 0.083 0.029 0.000 0.112 

Aug 79 0.074 0.025 0. OGO 0.100 

Sep 79 0.089 0.025 0.042 0.156 

Oct 79 0.099 0.017 0.331 0.447 

Nov 79 0.077 0.011 0.643 0.731 I 
Dee 79 0.157 0.027 0.643 0.827 

Total 1 .524 0.245 4.697 6.465 
- 

Average 0.127 6.020 0.391 j 0.139 1 
I 



5. ENERGY SAVINGS 

So la r  energy system savings a re  r e a l i z e d  whenever energy prov ided by t h e  

s o l a r  energy system i s  used t o  meet system denlands which would o therw ise  

be niet by a u x i l i a r y  energy sources. The ope ra t i ng  energy requ i red  t o  

p rov ide  s o l a r  energy t o  t h e  l oad  subsyste l~~s i s  sub t rac ted  f rom the  s o l a r  

energy c o n t r i b u t i o n ,  and t h e  r e s u l t i n g  energy savings a r e  ad jus ted  t o  

r e f l e c t  t h e  c o e f f i c i e n t  o f  performance (COP) o f  the  aux':' i a r y  source 

being supplanted by s o l a r  energy. 

Energy savings f o r  January 1979 through Deceniber 1979 a r e  presented i n  

Table 5-1. For t h j s  t ime  per iod,  t h e  average gross month ly  savings 

were 2.633 n i i l l  i o n  B t~c .  A f t e r  t h e  ECSS subsyster~i ope ra t i ng  energy was 

deducted, t h e  average n e t  monthly e l e c t r i c a l  savings were 2.507 n i i l l  i o n  

Btu, o r  732.9 kwh. For t h e  o v e r a l l  t in ie  pe r i od  covered by t h i s  r e p o r t  t h e  

t o t a l  n e t  savings were 30.078 r n i l l i o n  Btu, o r  8813 kwh, which i s  equ i va len t  

t o  approxinlately 5 b a r r e l s  o f  o i l .  

The s o l a r  energy system showed steady energy savings throughout  t he  year .  

Reduced savings a r e  noted, as expected, du r i ng  t h e  sunmler months o f  June, 

Ju l y ,  August, and September when t h e  syste l~ i  was prov ided 1 i t t l e  o r  no 

s o l a r  energy t o  t he  space hea t ing  subsystem. Also, as p r e v i o u s l y  noted, 

savings were no t  as g r e a t  as would have been expected had t he  c o l l e c t o r  

a r r a y  t i 1  t angle been s e t  a t  an optimum f o r  t h i s  l a t i t u d e ,  which i s  approx- 

ima te l y  53' f o r  t h i s  i n s t a l  l a t i o n .  
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6. MAINTENANCE 

The o n l y  ~l ia intenance r e q u i r e d  OD t h e  IBM 3 Glendo s i t e  d u r i  rig t h e  

October, 1978 t o  A p r i l ,  1980 r e p o r t i n g  p e r i o d  was t o  seal  p i n  ho les  i n  

the  c o l l e c t o r  a r ray .  One c o l l e c t o r  developed a l e a k  on March 12, 1979, 

and was repa i red  on March 16, 1979. Atlother c o l l e c t o r  developed a  smal l  

l eak  i n  October. The l e a k  was repa i red  i n  May, 1980. Both leaks  devel -  

oped i n  a  copper n i p p l e  a t  t he  o u t l e t  o f  t he  c o l l e c t o r .  The n i p p l e  forms 

the  attacti l l lent p o i n t  a t  which t he  upper man i f o l d  i s  s o l d e r ~ d  t o  t h e  

c o l l  e c t o r ,  Both n i p p l e s  e x h i b i t e d  evidence o f  c l  aniping de fo rmat ion  

and bu rn ing  f rom extre~r le heat  t h a t  was app l i ed  when t h e  c o l l e c t o r  

was nianufactured. 

The h o t  water capac i t y  wi.:h the  65 g a l l o n  tank proved t o  be inadequate. 

I t  was rep laced w i t h  a  Ford Product Co~ilpany Model TClZOE, 120 g a l l o n  tank 

i n  September. 

A s o l a r  o v e r r i d e  sw i t ch  was added t o  the  c o n t r o l  systelii i n  n ~ i d  March, 1980. 

When i n  t he  s o l a r  o v e r r i d e  p o s i t i o n  t he  sw i t ch  causes t h e  d w e l l i n g  hea t ing  

ther l i ios ta t  f i r s t  s tage con tac ts  t o  a c t i v a t e  t i l e  space hea t i ng  fu rnace  

i ns tead  o f  the s o l a r  c i r c u l a t i o n  pu~iip P2 and t h e  furnace blower.  



7, SUMMARY AND CONCLUSIONS 

T l ~ i  s  Systeni Perforriiance Eva1 u a t i o n  r e p o r t  prov ides an opera t l o n a l  

summary o f  t h e  I B M  Systerli 3 s o l a r  energy systeni i n s t a l l e d  a t  t h e  Glendo 

Reservo i r  Ranger S t a t i o n  owned by t t i e  s t a t e  o f  Wyoming, Th is  ana l ys i s  
was conducted by eva lua t i on  o f  measured systenl perforniance and by coniparison 

o f  nieasured c l  i n l a t i c  da ta  w i t h  long- term average c l  i m a t i c  cond i t i ons .  

The p e r f o r n ~ n c e  o f  major  subsystenrs I s  a l s o  presented. 

Measured average d a i l y  i n s o l a t i o n  was low f o r  t he  year ,  i n d i c a t i n g  an 

abnsnnal ly  h i g h  nuriiber o f  c loudy days. A d e t a i l  d iscuss ior i  o f  t h e  

i n s o l a t i o n  da ta  i s  found i n  Sec t ion  3.1. 

The y e a r l y  average ambient teniperature was e x a c t l y  t h e  sanie as t he  long- 

te rm average. Measured hea t ing  degree days were 7694 conlpared t o  7555 

f o r  the long- term average a t  t he  near by Casper Wy~r~ i ing  Weather S ta t i on ,  

January, May, August, and November were c o l d e r  than t h e  average (by 15, 

2, 2, and 5 percen t  r e s p e c t i v e l y )  bu t  t he  o t h e r  nionths were s l i g h t l y  

warrlier than t h e  1 ong-tern1 average. With t he  excep t ion  o f  January t h e r e  

was negl i g i  b l e  adverse inipact on s o l a r  systerri perforniarice due t o  weather 

cond i t ions .  

The systerii p rov ided  s o l a r  energy t o  the  b u i l d i n g  space heat arid ho t  

water  loads as expected f o r  the  year ,  p r o v i d i n g  22 percen t  o f  t he  space 

hea t ing  and 58 percent  of t he  ho t  water energy. 

The occupants a t  t h e  s i t e  coliiplained t h a t  t h e  space hea t i ng  b l ~ w e r  ran  I 
e x c e s s ~ v e l y  and t h a t  at. tiri les t h e  a i r  fro111 t h e  r e g i s t e r s  f e l t  coo l .  The I 

d 
c o n t r o l  systenl i s  s e t  t o  heat fro111 s to red  s o l a r  energy when t t ie  d w e l l i n g  

hea t ing  thermostat  f i r s t  stage con tac ts  c a l l  f o r  heat  i f  s o l a r  s torage i s  

above the  i l l id  90°F range. When s to rage  i s  i n  t h e  mid 90°F range s o l a r  

heated a i r  w i l l  be i n  t h e  low 80°F range which w i l l  f e e l  c o l d  t o  t he  

s k i n  i f  t h e r e  i s  mot ion. Th is  problem can be c o r r e c t e d  by r a i s i n g  t he  

teniperature s e t t i n g  o f  t h e  c o n t r o l  t l ierniostat  i n  s torage;  however, t h i s  

w i l l  increase s torage losses end reduce t h e  e f f i c i e n c y  o f  t h e  systeni. 

Fo r  the p e r i o d  covered by t h i s  r e p o r t  t h e  t o t a l  n e t  average savings were 

30.078 r ~ i i l l  i o n  Btu, o r  8813 kwh, which i s  equ i va len t  t o  approx i~ i ia te ly  5 

b a r r e l  s  o f  o i  1  . 
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DEFINITION OF PERFORMANCE FACTORS 



APPENDIX A 

D E F I N I T I O N  OF PERFORMANCE FACTORS AND SOLAR TERMS , 

! COLLECTOR ARRAY PERFORMANCE 

I 

L The c o l l e c t o r  a r ray  perfomlance i s  cha rac te r i zed  by  t he  aliiount o f  s o l a r  energy 

c o l l e c t e d  w i t h  r espec t  t o  t h e  energy a v a i l a b l e  t o  be c o l l e c t e d .  
I 

a INCIDENT SOLAR ENERGY (SEA) i s  t h e  t o t a l  i n s o l a t i o n  a v a i l a b l e  on t h e  

gross c o l l e c t o r  a r r a y  area. Th i s  i s  t h e  area o f  t h e  c o l l e c t o r  

a r ray  energy - rece iv ing  aper tu re ,  i n c l  ud i ng  t h e  framework which i s  

an i n t e g r a l  p a r t  o f  t he  c o l l e c t o r  s t r u c t u r e .  

OPERATIONAL INC IDENT  ENERGY - (SEOP) i s  t h e  alnount o f  s o l a r  energy 

i n c i d e n t  on t h e  c o l l e c t o r  a r r a y  d u r i n g  t h e  t ime  t h a t  t h e  c o l -  

l e c t o r  l oop  i s  a c t i v e  ( a t t emp t i ng  t o  c o l l e c t  energy) .  

cs COLLECTED SOLAR ENERGY (SECA) i s  t h e  thermal  energy removed f rom 

t h e  c o l l e c t o r  a r r a y  by t he  energy t r a n s p o r t  medium. 

o COLLECTOR ARRAY EFF IC IENCY (CAREF) i s  t h e  r a t i o  o f  t h e  energy c o l -  

l e c t e d  t o  t h e  t o t a l  s o l a r  energy i n c i d e n t  on t h e  c o l l e c t o r  a r ray .  

I t  should be emphasized t h a t  t h i s  e f f i c i e n c y  f a c t o r  i s  f o r  t h e  
1 
i c o l l e c t o r  a r ray ,  and a v a i l a b l e  energy i nc l udes  t h e  energy i n c i d e n t  4 

I 

1 on the a r r a y  when t h e  c o l l e c t o r  loop  i s  i n a c t i v e .  Th i s  e f f i c i e n c y  1 
! must n o t  be confused w i t h  t h e  niore comnion c o l l e c t o r  e f f i c i e n c y  
I 
b' f i g u r e s  which a re  detert i l ined froni  ins tantaneous t e s t  da ta  ob ta ined  

du r i ng  s teady s t a t e  ope ra t i on  o f  a  s i n g l e  c o l l e c t o r  u n i t .  These 1 
e f f i c i e n c y  f i g u r e s  a re  o f ten  p rov ided  by c o l l e c t o r  manufacturers  

o r  presented i n  t echn i ca l  j o u r n a l s  t o  c h a r a c t e r i z e  t he  f u n c t i o n a l  

c a p a b i l i t y  o f  a p a r t i c u l a r  c o l l e c t o r  des ign.  I n  genera l ,  t h e  

c o l l e c t o r  panel maxinium e f f i c i e n c y  f a c t o r  w i l l  be s i g n i f i c a n t l y  

h igher  than t h e  repo r t ed  c o l l e c t o r  a r r a y  e f f i c i e n c y .  



I 
I I 

I 

STORAGE PERFORMANCE , 
' I 

i 1 
The s to rage  performance i s  cha rac te r i zed  by t h e  re1  a t i onsh ips  among t h e  energy i 
d e l i v e r e d  t o  s torage,  removed f rom storage, and t h e  subsequent change i n  t h e  
amount o f  s t o red  energy. 

i 
i 

1 

o ENERGY TO STORAGE ( S T E I )  i s  t h e  amount o f  energy, bo th  s o l a r  and 

a u x i l i a r y ,  d e l i v e r e d  t o  t h e  p r ima ry  s torage medium. I 
i 

o ENERGY FROM STORAGE (STEO) i s  t h e  amount o f  energy e x t r a c t e d  by 
t h e  l oad  subsystems f rom t h e  p r imary  s torage medlum. 

8 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 ng  the  s p e c i f i e d  r e p o r t i n g  per iod,  as i n d i c a t e d  
by t he  re1  a t i v e  temperature of t h e  s torage medi um ( e l  t h e r  p o s i t i v e  

o r  nega t i ve  va lue) .  

8 STORAGE AVERAGE TEMPERATURE (TST)  i s  t h e  mass-weighted average 

temperature o f  t he  p r imary  s to rage  medium. 

e STORAGEEFF IC IENCY (STEFF)  i s  t h e  r a t i o o f  t h e s u m o f  t he  

energy removed f rom storage and t h e  change i n  s t o r e d  energy 
t o  t he  energy de l  i v e r e d  t o  storage. 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

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

c o l l e c t o r  a r ray ,  t h e  p r imary  s torage medium, t h e  t r a n s p o r t  loops between 

these, and o t h e r  components i n  t h e  system des ign which a r c  necessary t o  

mechanize t h e  co l  1  e c t o r  and s to rage  equipment. 

a INCIDENT SOLAR ENERGY (SEA) i s  the  t o t a l  i n s o l a t i o n  a v a i l a b l e  

on t he  gross c o l l e c t o r  a r ray  area. T h i s  i s  t h e  area o f  t h e  

c o l l e c t o r  a r ray  energy - rece iv ing  aper tu re ,  i n c l u d i n g  t h e  frame- 

work which i s  an i n t e g r a l  p a r t  o f  t h e  c o l l e c t o r  s t r u c t u r e .  

AMBIENT TEMPERATURE (TA) i s  t h e  average temperature o f  t h e  outdoor 

environment a t  t h e  s i t e .  

e ENERGY TO LOADS - (SEL) i s  t he  t o t a l  thermal  energy t r anspo r t ed  

f rom the  ECSS t o  a17 l oad  subsystenis. 

e AUXILIARY THERMAL ENERGY TO ECSS (CSAUX) i s  t h e  t o t a l  a u x i l i a r y  

supp l ied  t o  t he  ECSS, i n c l u d i n g  a u x i l  i a r y  energy added t o  t h e  

s torage tank,  hea t i ng  dev ices on t he  c o l l e c t o r s  f o r  f reeze-  

p r o t e c t i o n ,  e t c .  

e ECSS OPERATING ENERGY .- (CSOPE) i s  t he  c r i t i c a l  ope ra t i ng  energy 

r e q u i r e d  t o  suppor t  t h e  ECSS heat t r a n s f e r  loops. 



HOT WATER SUBSYSTED4 

The ho t  wa te r  subsystem i s  cha rac te r i zed  by a  complete account ing o f  t h e  

energy f l o w  t o  and from t h ~  subsystem, as w e l l  as an account ing o f  i n -  

t e r n a l  energy. The energy i n t o  t h e  subsystem I s  composed o f  a u x i l i a r y  

f o s s i l  f u e l ,  and e l e c t r i c a l  a u x i l i a r y  thermal energy, and t h e  ope ra t i ng  

energy f o r  t h e  subsystem. I n  add i t i on ,  t h e  s o l a r  energy supp l i ed  t o  t h e  

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  t he  sub- 
system i s  t a b u l a t e d  and used t o  compute t h e  est imated e l e c t r i c a l  and 

f o s s i l  f u e l  savings o f  t he  subsystem. The l oad  o f  t he  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 t h e  

o u t l e t  h o t  water  temperature, and t he  t o t a l  h o t  wa te r  consumption. 

e HOT WATER LOAD (HWL) i s  t h e  amount o f  energy r e q u i r e d  t o  heat  

t h e  amount o f  h o t  water  demanded a t  t h e  s i t e  f rom t h e  incoming 

temperature t o  t he  des i red  o u t l e t  temperature. 

o SOLAR FRACTION OF LOAD (HWSFR) i s  t he  percentage o f  t he  l o a d  

demand which i s  supported by s o l a r  energy. 

e SOLAR ENERGY USED (HWSE) i s  t h e  anount o f  s o l a r  energy supp l ied  

t o  the  h o t  water subsystem. 

e OPERATING ENERGY (HWOPE) i s  t he  amount o f  e l e c t r i c a l  energy r e -  

q u i r e d  t o  support  t he  subsystem, (e.g., fans, pumps, e t c . )  and 

which i s  n o t  in tended t o  d i r e c t l y  a f f ec t  t he  thermal s t a t e  o f  

t h e  subsystem. 

e AUXILIARY THERMAL USED (HWAT) i s  the  amount o f  energy supp l i ed  

t o  t he  major  components o f  t he  subsystem i n  t h e  form o f  thermal 
energy i n  a  heat  t r ans fe r  f l u i d ,  o r  i t s  equ i va len t .  Th is  term 

a l s o  inc ludes  t he  converted e l e c t r i c a l  and f o s s i l  fue l  energy 

supp l i ed  t o  the  subsystem. 



a AUXILIARY ELECTRICAL FUEL (HWAE) i s  t h e  amount o f  e l e c t r i c a l  
energy supp l i ed  d i r e c t l y  t o  t h e  subsystem. 

a ELECTRICAL ENERGY SAVINGS (HWSVE) i s  t h e  es t imated  d i f f e r e n c e  

between t h e  e l e c t r i c a l  energy requirements o f  an a1 t e r n a t i v e  

convent ional  system ( c a r r y i n g  t h e  f u l l  l o a d )  and t h e  ac tua l  

e l  e c t r i c a l  energy r e q u i  r e d  by t h e  subsystem. 

e SUPPLY WATER TEMPERATURE (TSW) i s  the  average i n l e t  temperature 
o f  the wate r  supp l i ed  t o  the  subsystem. 

a AVERAGE HOT WATER TEMPERATURE (THW) i s  t h e  average temperature o f  

t h c  o u t l e t  wa te r  as i t  i s  supp l i ed  f rom t h e  subsystem t o  t h e  load. 

0 HOT WATER USED (HWCSM) i s  t he  volume o f  wa te r  used. 



SPACE HEATING SUBSYSTEM 

The space h e a t i n g  subsystem i s  chd rac te r i zed  by perfort i lance f a c t o r s  account- 

ing f o r  t h e  complete energy f l o w  t o  and from the  subsystem. The average 
b u i l d i n g  temperature and t h e  average ambient temperature a re  tabu1 deed t o  

i n d i c a t e  t h e  r e l a t i v e  performance o f  t h e  subsystem i n  s a t i s f y i n g  t h e  space 

hea t i ng  l o a d  and I n  c o n t r o l  1  i n g  t h e  temperature o f  t he  cond i t i oned  space. 

e SPACE HEATING LOAD (HL) i s  t h e  sens ib l e  energy added t o  t h e  a i r  
i n  t h e  b u i l d i n g .  

a SOLAR FRACTION OF LOAD (HSFR) i s  t he  f r a c t i o n  o f  t h e  sens ib l e  
energy added t o  the  a i r  i n  t he  b u i l d i n g  de r i ved  f rom 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 i ed  t o  
the space hea t ing  subsystem. 

a OPERATING ENERGY (HOPE) i s  t he  amount o f  e l e c t r i c a l  energy 

r e q u i r e d  t o  suppor t  t h e  subsystem, (e. g., fans, pumps, e tc .  ) and 

which i s  n o t  in tended t o  a f f e c t  d i r e c t l y  t h e  thermal s t a t e  o f  

t h e  subsystem. 

AUXIL IARY THERMAL USED (HAT) i s  t h e  amount o f  energy supp l i ed  t o  

t h e  major  components o f  the  subsystem I n  t he  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  equ i va len t .  Th i s  terrn a l s o  i n -  

c ludes t h e  converted e l ~ q t r i c a l  and f o s s l l  f u e l  energy supp l ied  t o  

t h e  subsystem. 



0 ELECTU3LENEAGY SAVINGS (HSVE) i s  the  cos t  o f  the  operat ing 
energy (HOPE) requ i red  t o  support the  s o l a r  energy p o r t i o n  o f  
t h e  space heat ing  subsystem. 

0 BUILDING TEMPERATURE (TB) i s  the  average heated space d ry  bu lb  
temperature. 

e AMBIENT TEMPERATURE (TA) i s  the average ambient d ry  bulb tem- 
perature a t  the s i t e .  



ENVIRONMENTAL SUMMARY 

The environmental  summary i s  a r o l l e c t i o n  of t h e  weather da ta  which i s  

gene ra l l y  ins t rumented a t  each s i t e  i n  t h e  Develupment Program. I t  i s  
t abu 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 h e  condi -  
t i s n s  p reva len t  d u r i n g  the  ope ra t i on  o f  t h e  system a t  t h e  s i t e ,  and 

(2)  as a h i s t o r i c a l  r eco rd  o f  weather da ta  f o r  t he  v i c i n i t y  o f  t he  a l t e .  

a TOTAL INSOLATION (SE)  i s  the  accumulated t o t a l  s o l a r  energy 
i n c i d e n t  upon t he  gross c o l l e c t o r  a r r a y  measured a t  t h e  

s i  te .  

AMBIENT TEMPERATURE (TA )  i s  t h e  hverage temperature o f  t he  

environment a t  t he  s l i te .  

i DAYTIME AMBIENT TEMPERATURE (TDA) i s  t he  temperature d u ~ i n g  t he  

p e r i o d  fronl  t h ree  hours be fo re  s o l a r  noon t o  t h r e e  hours a f t e r  

s o l a r  noon. 
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APPENDIX R 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

IBM SYSTEM 3 

I. INTRODUCTION 

S o l a r  energy system perfort~iance i s  eva luated by per fo rn l ing  energy balance 

c a l c u l a t i o n s  on t h e  systenl and i t s  major  subsystenis. These c a l c u l a t i o n s  

a r e  based on phys i ca l  nleasurerllent data taken f rom each subsystem every  

320 seconds. T h i s  data i s  then nu lne r i ca l l y  con~bined t o  d e t e ~ m i n e  t he  

h o u r l y ,  d a i l y ,  and monthly perforniance o f  t he  syste~n.  Th i s  appendix 

descr ibes  the  general  coniputat ional  methods and t h e  s p e c i f i c  energy 

ba lance  equat ions used f o r  t h i s  eva lua t i on .  

Data sa~npl es f r om  the  systetu rneilsure~nents a re  nui l ler ical  l y  i n t e g r a t e d  

t o  p r o v i d e  d i s c r e t e  a p p r o x i n l a t i o ~ ~ s  of t h e  cont inuous f u n c t i ~ n s  which 

c h a r a c t e r i z e  t h e  system' s dynatriic behav ior .  Th is  numerical  i n t e g r a t i o n  

i s  perfornied by  sulrlniation o f  the product  of t he  nicasured r a t e  o f  t h e  

i r pp rop r i a t e  pet*for~nance parar i~eters  and t he  sanlpl i n g  i n t e r v a l  over  t he  

t o t a l  t ime p e r i o d  o f  i n t e r e s t .  

There a r e  severa l  general  fornls o f  numerical  i n t e g r a t i o n  equa t ions  which 

a re  a p p l i e d  t o  each s i t e .  These general  forms a r e  exen ip l i f i ed  as f o l l o w s :  

The t o t a l  s o l a r  energy a v a i l a b l e  t o  t h e  c o l l e c t o r  a r r a y  i s  g i ven  by 

SOLAR ENERGY AVAILABLE = (1 /60)  c [ I001 x AREA] x AT 

-.. 
where 1001 i s  t h e  s o l a r  r a d i a t i o n  nleasurement p rov i ded  by t h e  pyranometer 

2 i n  B t u / f t  -hr, AREA i s  t l i e  area of t he  c o l l e c t o r  a r r a y  i n  square f e e t ,  

A T  i s  t l i e  sarnpling i n t e r v a l  i n  nlinuteo, and t he  f a c t o r  (1 /60)  i s  i nc l uded  

t o  c o r r e c t  the  s o l a r  r a d i a t i o n  " r a t e "  t o  t h e  p roper  u n i t s  o f  t fme. 



S i m i l a r l y ,  t he  energy f l o w  w i t h i n  a system i s  given t y p i c a l l y  by 

COLLECTED SOLAR ENERGY = E [MI00 x AH] x AT  

where M l O O  i s  t he  mass f low r a t e  o f  the  heat t r a n s f e r  f l u i d ,  i n  lb,,,/min, and 
AH i s  the enthalpy change, i n  B t u / l  b,, o f  the  f l u i d  as i t  passes through 

t h e  heat exchanging component. 

For  a l i q u i d  systenr AH i s  genera l l y  given by 

where i: i s  the  average s p e c f f i c  heat, i n  B t u / ( l  bm-OF) o f  the  heat 
P 

t r a n s f e r  f l u i d  and AT, i n  O F ,  i s  the temperature d i f f e r e n t i a l  across 

the  heat exchanging component. 

For an a i r  system AH i s  genera l l y  given by 

where Ha(T) i s  the  enthalpy, i n  Btu/lbm, o f  the  t ranspor t  a i r  

evaluated a t  t he  i n l e t  and o u t l e t  temperatures o f  the  heat ex- 

c b n g i  ng component. 

H,(T) can have var ious forms, depending on whether o r  n o t  the humidity r a t i o  

o f  t he  t ranspor t  a i r  remains constant as i t  passes through the heat ex- 

changing compnnent. 



For e l e c t r i c a l  power, a genera l  example i s  

ECSS OPERATING ENERGY = (3413/60) c [EPlOO] x AT 

where EPlOO i s  t h e  measured power r e q u i r e d  by e l e c t r i c a l  equipment i n  
k i l o w a t t s  and t h e  two fact.ors (1160) and 3413 c o r r e c t  t h e  data t o  Btu/niin. 

These equat ions a r e  comparable t o  those s p e c i f i e d  i n  "Thermal Data 

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

Solar  Heat ing and Cool i n g  Demonstration Program. '' Th i s  document, g i ven  

i n  t h e  I i s t  of re ferences,  was prepared by an in ter -agency conimi t t e e  o f  

the government, and presents  gu ide l i nes  f o r  themia l  perfcrmance eva lua t ion .  

Performance f a c t o r s  are coniputed f o r  each hour o f  t he  day. Each nunier ical  

I n t e g r a t i o n  process, t he re fo re ,  i s  pcrfornied over  a p e r i o d  o f  one hour. 

Since long- term performance data i s  des i red,  i t  i s  necessary t o  b u i l d  

these h o u r l y  performance f a c t o r s  t o  d a i l y  values. Tk I s  f s  accomplished, 

f o r  energy parameters, by suni~ning t he  24 h o u r l y  v a l  ues. For  teniperatures, 

the h o u r l y  values a r e  averaged. C e r t a i n  spec ia l  f a c t o r s ,  such as e f -  

f l c i e n c i e s ,  r e q u i r e  app rop r i a te  hand1 i n g  t o  p r o p e r l y  we igh t  each h o u r l y  

sample f o r  the d a i l y  va lue computation. Simi l a r  procedures a re  r e q u i r e d  

t o  c o n v e r t  d a i l y  values t o  monthly values. 



EQUATIONS USED I N  MONTHLY PERFORMANCE REPORT 

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2 - 2  

AVERAGE AMBIENT TEMPERATURE (OF) 1 
TA = ( 1 / 6 0 )  x Z TOO1 x AT I 

AVERAGE BUILDING TEMPERATURE (OF) i 
TB = ( 1 / 6 0 )  x Z T600 x AT 

I 
DAYTIME AVERAGE AMBIENT TEMPERATURE (OF) 

TDA = (11360)  x Z TO01 . X  AT 

FOR - + 3 HOURS FROM SOLAR NOON 

INCIDENT SOLAR ENERGY PER SQUARE FOOT (BTUIFT~) 

SE = ( 1 / 6 0 )  X Z 1001 X AT 

OPERATIONAL INCIDENT SOLAR ENERGY (BTU) 
1 1 

SEOP = (1160)  x Z [I001 x CLAREA] x AT 

WHEN THE COLLECTOR LOOP I S  ACTIVE 
4 

HUMIDITY RATIO FUNCTION (BTUILBM-OF) 

HRF = 0.24 + 0.444 x HR 

WHERE 0 . 2 4  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 A I R  FLOWS 

THROUGH A HEAT EXCHANGING DEV JCE 

SOLAR ENERGY COLLECTED BY THE ARRAY (BTU) 

SECA = c [ M I 0 0  x HRF x ( T I  5 0  - TlOOP)]  x AT 

WHEN THE COLLECTOR PUMP OPERATES FOR AT LEAST 9 0  PERCENT OF ONE SCAN TIME. 

WHERE TlOOP I S  THE PAST VALUE OF TIOO. THE PAST VALUE OF TlOOP 

WAS USED TO CORRECT FOR ANALYTICAL ERRORS WHICH WOULD BE CAUSED BY 

THE COLLECTOR F I L L  TIME. 



THIS FUNCTION COMPUTES THE ENTHALPY CHANGE OF WA'TER AS I T  

PASSES THROUGH A HEAT EXCHANGING DEVICE. 

SOLAR ENERGY TO STORAGE (BTU) 

S T E I  = SECA 

AVERAGE TEMPERATURE OF STORAGE (OF) 

TST = ( 1 / 6 0 )  x c [ ( T 2 0 0  + T 2 0 i  + T202) /3 ]  x AT 

SOLAR ENERGY FROM STORAGE TO DHW SUBSYSTEM 

STEOl = c [M300 x HWD (T302, T 3 0 0 ) ]  x AT 

SOLAR ENERGY FROM STORAGE TO SPACE HEATING (BTU) 

STE02 = c [M400 X HWD (T401, T 4 0 0 ) l  

ECSS OPERATING ENERGY (BTU) 

CSOPE = 56.8833 X c EPl  01 X AT 

DOMESTIC HOT WATER CONSUMPTION (GALLONS) 

HWCSM = c WD301 X AT 

HOT WATER LOAD (BTU) 

HWL = c [M301 x HWD (T303, T 3 O l ) l  

HOT WATER OPERATING ENERGY 

HWOPE = 56.8833 x c EP301 x A T  

B-6 
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HOT WATER SUBSYSTEM AUXIL IARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56 .8833  x Z EP300 x A T  

AUXIL IARY ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 

HAT = Z [M401 x HRF x ( T 4 0 4  - T 4 0 3 ) ]  x AT 

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 

HOPE = 5 6 . 8 8 3 3  x Z (EP401 + EP402)  x AT 

SOLAR ENERGY TO SPACE HEATING OPERATING ENERGY (BTU) 

HOPE 1 = 5 6 . 8 8 3 3  x 1 EP401 x A T  

SUPPLY WATER TEMPERATURE (OF) 

TSW = T 3 0 1  

DOMESTIC HOT WATER TEMPERATURE (OF) 

THW = T 3 0 3  

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. 

TOTAL SOLAR ENERGY FROM STORAGE (BTU) 

STEO = STEOl + STE02 

SEA = CLAREA x SE 

COLLECTED SOLARE ENERGY ( BTU/ F T ~ )  

SEC = SECA/CLAREA 

COLLECTOR ARRAY EFFICIENCY 

CAREF = SECAISEA 



CHANGE I N  STORED ENERGY (BTU) 

STECH = STECHl - STECH I 

WHERE THE SUBSCRIPT REFERS TO A PRIOR REFERENCE VALUE 

STORAGE E F F I C I E N C Y  

STEFF = (STECH + STEO) /STE I  

ENERGY DELIVERED FROM ECSS TO SUBSYSTEMS (BTU)  

CSEO = STEO 

TOTAL ENERGY USED BY HOT WATER SUBSYSTEM (BTU) 

HWSE = STEOl  

TOTAL ENERGY USED BY SPACE HEATING SUBSYSTEM (BTU)  

HSE - S T E 0 2  

ECSS SOLAR CONVERSION EFF IC IENCY 

CSCEF = SEL/SEA 

A U X I L I A R Y  THERMAL ENERGY TO HOT WATER SUBSYSTEM (BTU) 

HWAT = HWAE 

HOT WATER SOLAR FRACTION (PERCENT) 

HWSFR = 100 x HWTKSE/(HWTKSE + HWTKAUX) 

WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR AND 

A U X I L I A R Y  ENERGY CONTENT OF THE HOT WATER TANK 

HOT WATER ELECTRICAL ENERGY SAVINGS (BTU) 

HWSVE = HWSE - HWOPE 

SPACE HEATING LOAD (BTU) 

HL  = HAT + HSE 



SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT) 

HSFR = 100 x HSE/HL 

SPACE HEATING SUBSYSTEM ELECTRICAL ENERGY SAVINGS (BTU) 

HSVE = -HOPE1 

SPACE HEATING SUBSYSTEM FOSSIL  ENERGY SAVINGS (BTU) 

HSVF = HSE/ - 8  

SPACE HEATING AUXIL IARY FOSSIL  

HAF = HAT/ .8 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU) 

SEL = HSE + HWSE 

SYSTEM LOAD (BTU) 

SYSL = H L  + HWL 

SOLAR FRACTION OF SYSTEM LOAD (PERCENT) 

SFR = l o o  x [(HWSFR/IOO) x HWL x HSEI/(HWL + HL) 

SYSTEM OPERATING ENERGY (BTU) 

SYSOPE = CSOPE + HWOPE + HOPE 

AUXIL IARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HWAT + HAT 

AUXILIARY ELECTRICAL ENERGY TO LOADS (BTU) 

AXE = HWAE 

AUXIL IARY FOSSIL  ENERGY TO LOADS (BTU) 

AXF = HAF 



TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 

T S V E  = HWSVE + HSVE - CSOPE 

TOTAL F O S S I L  ENERGY SAVINGS (BTU) 

T S V F  = HSVF 

TOTAL ENERGY CONSUMED (B'iU) 

TECSM = SYSOPE + AXE + SECA + AXF 

TOTAL F O S S I L  ENERGY CONSUMED (BTU j 

F O S S I L  = AXF + 3.33 x (AXE + SYSOPE) 

SYSTEM PERFORMANCE FACTOR 

SYSPF = SYSL/FOSSIL  



APPENDIX  C 

LONG-TERM AVERAGE WEATHER C O N D I T I O N S  



APPENDIX C 

LONG-TERM AVERAGE WEATHER CONDITIONS 

The environmental est imates given i n  t h i s  appendix p rov ide  a  p o i n t  o f  

reference f o r  eva lua t ion  o f  weather cond i t ions  as repor ted  i n  the Monthly 

Performance Assessments and Solar  Energy System Performance Evaluat ions 
issued by the Nat ional  So lar  Data Program. As such, the in fo rmat ion  

presented can be usefu l  i n  p r e d i c t i o n  o f  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 nso l  a t i o n  on a  ho r i zon ta l  plane a t  t he  s i t e ,  

i n s o l a t i o n  i n  t he  t i lt plane o f  the c o l l e c t i o n  surface, ambient temperature, 

heat ing degree-days, and cool i n g  degree-days. Est imat ion procedures and data 

sources a re  d e t a i l e d  i n  the fo l l ow ing  paragraphs. 

The p r e f e r r e d  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 a.s the 

so la r  standard. The IDSS  data are 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 Is the  C l i m a t i c  --- Atlas  o f  the  

United States [2], and f o r  temperature r e l a t e d  data, the  secondary source 

i s  "Local C l  imato log ica l  Data" [3]. 

Slnce t h e  ava i l ab le  long-term i n s o l a t i o n  data are on ly  g iven f o r  a  hor jzonta l  
surface, so la r  c o l l e c t i o n  subsystem o r i e n t a t i o n  in fo rmat ion  i s  used i n  an 

a lgor i thm [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  the t i lt plane o f  the 

c o l l e c t o r ,  This 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. 



SITE: IBH GLEND.; 39. 

ANALYST: R. GIUNTINI 

COLLECTOR TILT: 35.00 (DEGREES) 

LATITUDE : J 1.50 (DEGREES ) 

LOCATION: CASPER WY 

FilRIVE NO. : 49. 

COLLECTOR AZIMUTH: 0.0 (DEGREES) 

RUN DATE: 04/21/80 

MONTH HOBRR HBAR KBAR RBAR SBAR HDD CDD TBAR 

JAN 1192. 082. 0.57214 1.881 1283. 1296 0 23. 

FEB 1665. 1014. 0.60887 1 .578 1 600. 1070 0 27. 

MAR 2291. 1442. 0.62934 1 -297 1870. 1054 0 31. 

APR 2958. 1847. 0.62443 1 -075 1985. 669 0 43. 

MAY 3442. 2205. 0.64062 0.947 2089. 388 6 53. 

JUN 3643. 2503. 0.68717 0.894 2239. 147 54 62. 

JUL 3538. 2537. 0.71 697 0.917 2327. 13  199 71. 

AU G 31 42. 2227. 0.70881 1.024 2281. 17 159 70. 

SEP 2529. 1751 . 0.69253 1.218 21 34. 229 40 59. 

OCT 1846. 1220. 0.66093 1 .502 1833. 536 0 48. 

NOV 9 302. 767. 0.5891 8 1.799 1379. 933 0 34. 

DEC 1 065. 594. 0.55729 1.983 1177. 1203 0 26. 

LEGEND: 
HOBAR -- MONTHLY AVERAGE DAILY EXTRATERRESTRIAL RADIATION (IDEAL) IN BTUJDAY-FT2. 
HBAR -- MONTHLY AVERAGE DAILY RADIATION (ACTUAL) IN BTU/DAY-IT2. I 

KBAR -- RATIO OF HBAR TO HOBAR. I 
RBAR -- RATIO OF MONTHLY AVERAGE DAILY RATIATION ON TILTED SURFACE TO THAT ON A 

HORIZONTAL SURFACE FOR EACH MONTH ( I .  E. , MULTIPLIER OBTAINED BY TILTING). I 

SBAR -- MONTHLY AVERAGE DAILY RADIATION ON A TILTED SURFACE (I.E., RBAR * !!BAR) IN BTU/DAY-FT2. 
HDD -- NUMBER OF HEATING DEGREE DAYS PER MONTH 
CDD -- NUMBER OF COOLING DEGREE DAYS PTR MONTH 
TBAR -- AVERAGE AMBIENT TEMPERATURE IN DEGREES FAHRENHEIT. 
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