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1. . FOREWORD , 

The Solar Enerqy System Performance Evaluation - Seasonal Report has been 
developed for  the George C. ~ a r s h a l l  space F l i g h t  Center as  a part  of the 
Solar Heating and Cooling Development Program funded by the ~ e ~ b r t m e n t  of 
Energy. The analysis contained i n  t h i s  doc'ument describes the technical 

. . performance of an Operational Test S i te  (OTS) functioning throughout a 
specified period of time which i s  typically one season. The objective of 
the analysis is to  report the long-term performance of the instal led system 
and to make technics-1- contributions t o  the definit ion of techniques and re- 
quirements fo r  solar  ebergy system design. 

T h e  contents of th i s  document have been divided into the following topics 
of discussion:. . . 

- e System Description 
e Performance Assessment 

. e  Operating Energy 
0 Energy Savings 

Mai ntenance 
. e Summary ,and Conclusions 

Data used for  the seasonal analyses . . of the operational ~ e s t  S i te  described 
i n  t h i s  document have been collected, processed and maintained under the , 
OTS Development Program and have provided the major inputs used to  per- 
form the long-term technical assessment. Thts data i s  archiyed by flSJ-C. for  DOE. 

The Seasonal Report document i n  conjunction w i t h  the Final Report fo r  
each ~ ~ e r a t i o n a l  ~ e s t .  SI t e  i n  the ~ e v e l  opment Program culminates the 
tcchni'cal ac t iv i t i e s  which began w i t h  the s i t e  selectfon and ii~stru- 
mentatlon system design i n  April 1976. The ~ i n a l  Report emphasizes 
the economic analysi s of sol a r  systems performance and features pay- 
back performance based on 1 i f e  cycle costs .  for  the same so lar  system ,f 

i n  various geographic regions. The other document specif ical ly  related 
t o  this system i s  Reference [I]. 

fcNumbers in brackets designate references found i n  Section 8. 



2. SYSTEM DESCRIPTION 

The Elcam Tempe Solar  Energy System i s  a "Sunspot Cascade" comnercial 

domestic hot water heat ing system t h a t  u t i l i z e s  two four  by e i gh t  foot 

f l a t  p l a t e  co l l ec to r s  t o  heat water i n  a ' f i f t y - t w o  ga l lon preheat tank 

o r  a f i f t y - t w o  ga l lon domestic hot  water (DHW) tank. The DHW tank pro- 

vtdes hot  water t o  the Agr i cu l tu re  Department residence a t  Arizona State 

Univers i ty.  Addi t iona l  heat i s  suppl ied, i f  required, by an aux i l  i a r y  

e l e c t r i c a l  heating element i n  the DHW tank. 

The system uses an automatic cascade cont ro l  system t o  cont ro l  three 
' 

. independent actuators, the coolant c i r c u l a t i o n  pump, the cascade valve, 

and the e l e c t r i c  heating element. The s ta te  o f  the three cont ro l  va r i -  

ables are determined by the use o f  a pre-programmed cont ro l  law and 

three temperature measurements . 
The system provides f reeze-protect ion by automat ical ly  actuat ing the 

system pump and c i r c u l a t i n g  water heated by the domestic hot  water tank 

through the co l  1 ectors when col  1 ec to r  temperatures approach freezing. 

Addi t iona l ly ,  manual valves are incorporated i n t o  the system such that ,  

whenever the s i t e  i s  t o  be unattended f o r  any periods dur ing the f reez ing 

season, the co l l ec to r s  can be i so l a ted  from the system and the water i n  

the co l l ec to r s  emptied t o  a drafn. Whenever the manual d ra in  i s  used, 

the so la r  system e l e c t r i c a l  power i s  shut down, and the system w i l l  
r eve r t  t o  the standard e l e c t r i c a l  l y  heated domestic hot  water system. 

The bu i ld ing  i s  a s ing le  s tory  residence located a t  the ag r i cu l t u re  

experiment farm o f  the Arizona State Univers i ty.  Hot water i s  suppl l e d  

t o  the bathroom and k i tchen f a c i l i t i e s  of the residence. The hot  water 

demand o f  the system i s  low ( less than nominal 80 gal lons per day per  

person) due t o  the small number o f  people i n  residence. 

Figure 2-1 i s  a schematic of the .system; a p i c t o r i a l  i s  shown i n  

Figure 2-2. 



The Elcam-Tempe So lar  Energy System has the  f o l l o w i n g  modes o f  operat ion:  

Mode 1 - ~ 6 1  i b e t o r - t o - ~ o m e s t i c  Hot Water: Th is  mode takes precedence over 

a l l  o ther  modes and i s  i n i t i a t e d  whenever:the s o l a r  c o l l e c t o r  o u t l e t  tempera- 
b t u r e  exceeds the  temperature o f  t he  water i n  t h e  bottom o f  the  domestic h o t  - 

water tank by 205'F, and the  temperature of the domestic ho t ,wa te r  tank i s .  
4 

l e s s  than 140°F. Th is  mode cont inues u n t i l  t h e  temperature d i f f e r e n c e  be- 

tween. t h e  c o l l e c t o r  o u t l e t  and the  bottom o f  t h e  domestic ho t  water tank 

drops below 3°F or,  when the  temperature d i f f e r e n c e  between the  c o l l e c t b r .  

o u t l e t  and ! the  s'olar' tank 'bot tom f a l l s  below 20°F o r ,  when t h e  temperature 

a t  t he  bottom o f  t h e  domestic ho t  water tank exceeds 140°F. 

"Mode ' 2  '0 'Col lec tdr - toa torage-Energy  : , Th is  mode i s  i n i t i a t e d  whenever the  

difference between the  temperature o f  t he  bottom o f  the  s o l a r  storage tank 

and the  c o l l e c t o r  o u t l e t  exceeds 20°F, o r  when the  temperature i n  t h e  do- 

mest ic  h o t  water tank exceeds 140°F and the  c o l l e c t o r  o u t l e t  temperature 

exceeds t h e  preheat tank bottom by 2 0 0 ~ .  " Th is  mode cont inues u n t i l  the  

temperature d i f f e rence  between the  c o l l e c t o r  o u t l e t  and the  preheat tank 

bottom f a l l s  t o  3"F, o r  u n t i l  Mode 1 '.is i n i t i a t e d  by the  c o l l e c t o r  o u t l e t  

temperature exceeding t h e  domestic ho t  water tank bottom by 20°F when do- 

mest1.c h o t  'water i s  l e s s  than 140°F. 

'Mode'3 - - A u x i l i a r y :  Th is  mode i s  i n i t i a t e d ,  whenever t h e  temperature i n  the  
. . 

domestic h o t  water tank f a l l s  below 1 0 5 " ~  a t  which t i m e  e l e c t r i c a l  energy i s  . 

added t o  t h e  tank water by a standard 4.5 kW immersion heater  element. 

"Node'4'-.Frcete.Protect: ~ t l l s  rrlode i s  i n i t ' l a t e d  when the  c o l l e c t o r  ou t l . e t  '~ 

temperature reaches 40°F. A t  t h i s  t ime the  pump- i s  'actuated and h o t  water ' .  

from the domestic ho t  water tank i s  c i r c u l a t e d  through the  c o l l e c t o r s  pre- . . 

vent ing f reezing.  Th is  mode cont inues u n t i l  t h e  c o n t r o l  temperature sensor 

i n  the  c o l l e c t o r  o u t l e t  measures 40°F. I n  the event t h a t  t h e  s i t e  w i l l  be 

unattended f o r  any pe r iod  o f  t ime dur ing  which f reez ing  may occur, manual 

valves are i,ncorporated i n t o  the  system which permi t  i s o l a t i n g  t h e  c o l l e c t o r s  

and empty the  c o l l e c t o r s  and dumping i t  i n t o  a dra in.  I n  con, junct ion w i t h  

manually i s o l a t i n g  and d ra in ing  the  c o l l e c t o r s ,  t h e  power t o  the  s o l a r  system 

i s  shut o f f ,  and the  domestic ho t  water system r e v e r t s  t o  the  standard 

e l e c t r i c a l  l y  power h e a t i  tiy ~ ~ n d e .  
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Figure 2-2 Elcan Tempe Pictorial 



2 . 1  r yp ica l  System Operation 

The a u x i l i a r y  domestic hot  water (DHW) heater was se t  a t  l lO°F dur ing 

t he  t ime the  system was monitored. This low a u x i l f a r y  hot  water s e t  
p o i n t  allowed good u t i l i z a t i o n  of so la r  t o  charge both the preheat tank 
and the  DHW heater. The con t ro l  system i n i t i a t e d  operation when the 

c o l l e c t o r  o u t l e t  temperature was 20°F higher than the temperature o f  
the water i n  the bottom o f  the DHW tank o r  the preheat tank. Because 
the temperature i n  the DHW tank i s  maintained by the a u x i l i a r y  e l e c t r i c a l  

heat ing element, the preheat tank w i l l  normally be cooled i n  the mornings. 

Typical  l y ,  then, the c o l l  ec to r  o u t l e t  temperature would a t t a i n  20°F above 

the preheat tank before reaching 20°F above the DHW tank, and would begin 

by c i r c u l a t i n g  so la r  heated water t o  the preheat tank f i r s t ,  and then t o  
the  DHW tank l a t e r  i n  the day. 

January 24, 1980 has been selected t o  i l l u s t r a t e  t yp i ca l  operation o f  

the Elcam Tempe s i t e .  Figure 2.1-1 (a)  i s  a p l o t  o f  so l a r  i nso la t i on  
measurement, 1001. System turn-on and t u rn -o f f  were a t  9:00 AM and 

2:57 PM respect ively.  The so la r  inso la t ion  was 135 ~ t u / f t ~ - h r  a t  
2 system turn-on and 218 B t u / f t  -hr  a t  system turn-of f .  

Included i n  Figure 2.1-1 (b) i s  a p l o t  o f  the c o l l e c t o r  absorber p l a t e  

temperature measurement (~104) ,  col  1 ec to r  i n l e t  temperature (TI  00) and 
c o l l e c t o r  o u t l e t  temperature (7150). A t  the 9:00 AM system turn-on, the 

absorber p l a t e  temperature was 109"F, the c o l l  ec tor  i n l e t  temperature was 
65OF and the c o l l e c t o r  o u t l e t  temperature was 82°F. At  system tu rn -o f f  

the c o l l e c t o r  o u t l e t  temperature was 14g°F and the absorber p l a t e  temper- 
a ture  was 169°F. A few minutes a f t e r  system tu rn -o f f  the absorber p l a t e  

temperature reached 191°F then began t o  drop. 

Figure 2.1-1 (c)  i s  a p l o t  o f  c o l l e c t o r  loop flow through each o f  the two 
f low meters. The W l O O  measurement ind icates flow from the preheat tank 
through the co l l ec to r s  and measurement W l O l  ind icates f l ow from the 

domestic ho t  water heater through the co l lec to rs .  For t h i s  day, the 

Elcam c o n t r o l l e r  allowed the preheat tank t o  be charged f i r s t  (from 9:00 AM 
t o  12:49 PM). For the r e s t  o f  the day the system charged the domestic hot  
water heater, cyc l ing  back t o  the preheat tank occasionally. 



Figure 2.1-1 (d) i s  a p l o t  of t he  tank temperature f o r  the day. The preheat 

tank was 65°F a t  system turn-on and 143°F a t  t u rn -o f f  f o r  the day. The 

DHW heater. was 114°F a t  turn-on and 147" a t  tu rn -o f f .  

For January 24, 1980, the system operated as designed. For t h i s  day the 

inc iden t  so la r  energy was 125,000 Btu of which 50,000 Btu was co l lec ted  

for  a 40% co l l ec to r  array e f f i c iency .  The preheat tank received 35,000 

Btu w i t h  15,000 Btu going t o  the DHW heater. 
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2.2 System Operating Sequence 

F lgure 2.2-1 shows the operat ing sequence o f  the Elcam Tempe system for  

January 24, 1980. The system cycled on a t  9:00 AM. Since the DHW heater 

was much ho t t e r  than the preheat tank, the c o n t r o l l e r  al lowed the preheat 

tank t o  be charged f i r s t .  A t  12:49 PM the preheat tank was a t  129°F and 

t he  c o n t r o l l e r  switched the cascade valve t o  a l l ow  charging the DHW heater. 

By 2:57 PM the DHW heater had been charged t o  147°F and the cascade valve 

switched back t o  the preheat tank f o r  about 10 minutes. By 2:57 PM the pre- 

heat  tank was up t o  143°F and the DHW tank 146°F. The system turned o f f  a t  

2:57 PM and cycled on and o f f  once f o r  a shor t  durat ion.  
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3. PERFORMANCE ASSESSMENT 

The performance of t h e  Elcam Tempe So lar  Energy System has been 

evaluated fo r  t h e  June, 1979, through January, 1980, t ime pe r iod  

from two perspect ives. The f i r s t  was the o v e r a l l  system view i n  

which t h e  performance values o f  system s o l a r  f r a c t i o n  and n e t  energy 

savings were evaluated aga ins t  t he  p r e v a i l i n g  and long- term average 

c l i m a t i c  cond i t i ons  and system loads. The second view presents a 

more i n  depth l ook  a t  t h e  performance o f  t he  i n d i v i d u a l  subsystems. 

D e t a i l s  r e l a t e d  t o  t h e  performance o f  t he  system a r e  presented f i r s t  i n  

Sect ion 3.1 fo l l owed  by t h e  subsystem assessment i n  Sect ion 3.2. 



3.1 System Performance 

Th is  Seasonal Report provides a system performance eva luat ion  summary 

of t he  opera t ion  o f  t h e  Elcam ~ e m p e S o l a r  Energy System loca ted  i n  

Tempe, Arizona. This ana lys is  was conducted by eva luat ion  of measured 

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

c l  ima t i c  condi t ions.  The performance o f  t h e  system i s  evaluated by c a l c u l a t i n g  

a s e t  of pr imary performance fac to rs  which a re  .based on those proposed i n  the 

intergovernmental agency repor t ,  "Thermal Data Requi rements and Performance 

Eva1 ua t ion  Procedures f o r  t he  Nat ional  Solar  Heating and Cool i ng' Demonstra- 

t i o n  Program" [3]. . The performance o f  t h e  major subsystem i s .  a l s o  evaluated 

i n  subsequent sec t i on  o f  t h i s  repor t .  

The measurement data were c o l l e c t e d  f o r  June, 1979, through January, 1980. 

System performance data were provided through an IBM developed c e n t r a l  Data 

Pro.cessing System (CDPS) [Z] cons is t i ng  o f  a remote S i t e  Data A c q u i s i t i o n  

System (SDAS) , telephone data t ransmission 1 i nes  and couplers, an I B M  

system 7 computer f o r  data management, a n d  an IBM System 370/145'computer 

f o r  data processing. The CDPS supports the  c o l l e c t i o n  and ana lys i s  of 

s o l a r  data acquired from instrumented .systems loca ted  throughout '  t h e  

country. These data 'are processed d a i l y  and summarized i n t o  monthly 

performance summaries which form a common basis f o r  comparative system 

evaluat ion. These monthly summaries a re  the  bas is  o f  t he  eva luat ion  

and data g iven i n  t h i s  repor t .  
. . 

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

viewed as the  dependent response o f  the;system t o  c e r t a i n  pr imary inputs.  

Th is  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  ~ i ~ u r e  3.1-1.  he pr imary i npu ts  are 

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

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

and' t h e  t o t a l  energy savings. Both t h e ' i n p u t  and output  d e f i n i t i o n s  are  

as fo l lows:  



INCIDENT 

AMBIENT 

SOLAR ENERGY 

SYSTEM 
LOAD , 

~ 1 l ~ 1 1 1 l l l l l l l ~ l  l l l l 1 l 0 0 l l l ~ l 3 l l l l ~ ~ ~ l l l l l l l l l l 8 l l l l 8 l l ~ l l l ~ ~ l 8 l l l l ~ l l l l l l ~  
- .  m - 
m (. 
a - SOLAR ENERGY SYSTEM - - - - 

SYSTEM SOLAR FRACTION 

TOTAL ENERGY SAVINGS 

F igu re  3.1-1 Sol a r  Energy System Eva1 u ~ t i o n  Block Diagram 



Inputs 

a Incident Solar Energy - The total  solar  energy incident on 
the collector array and available for  collection. 

a Ambient Temperature - The temperature of the external 
environment which af fec ts  both the energy tha t  can be 
collected and the energy demand. 

e System Load - The loads tha t  the system i s  'designed t~ meet, 

which are  affected by the l i f e  s ty l e  of the user, (e.g., space 
heatinglcooling, domestic hot water). 

O u t p u t s  

e System Solar Fraction - The ra t io  of so lar  energy applied to  

the system loads to total  thermal energy requirement of the 

system. 

Total Energy Savings - The quantity of auxiliary energy (electr ical  
or fossi l  ) displaced by solar  energy. 

The monthly values of the inputs and outputs fo r  s ix  months operational 
period are  shown in the System Performance Sumary, Table 3.1-1. Com- 

parative long-term average values of daily incident solar  energy, and 
outdoor ambient temperature are  given for  reference purpose. The long- 

term data are  taken from Reference 1 of Appendix C. Generally the solar 

energy system i s  designed to  .supply an amount of energy tha t  resu l t s  in a 
desired value of system solar f ract ion '  whii e operating under cl imatic con- 

di t ions that  are  defined by the long-term dverage value of daily incident 



Table 3.1-1 

SYSTEPI PERFORMANCE SUMMARY 

ELCAM TEMPE 

*Average value o f  measured s o l a r  f r a c t i o n  i s  weighted by load.  

i 

-Month 

J u ~  79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

1 Jan 80 

To ta l  

b 

Average 

1 

Tota l  
Energy 
Savings 

(Mi 11 i o n  Btu) 

1.015 

1 . I50 

1 . I39 

0.909 

0.699 

0.628 

5.540 

0.923 

I 

Da i l y  I n c i d e n t  Solar  
I r 

Ambient Sys tem 
Energy per  U n i t  Arfa Temperature Load- 
@ 30" T i 1  t (Bt l> / f t  Day) 

I Lclng-Tern . 
Measured " i Averaqe 

i 
2668 j 2393 

! 
I 

1936 1 5259 I 
I 

1830 * 2062 I 
1633 j 1713 

I 
1473 ' 1469 i 
1113 j 1552 

I 

10053 / 11448 

I 
1676 i 1'908 

i 
1 

- 
Solar  

F rac t i on  
(Percent) : 

1 
Measured t Expected 

56 i 76 

5 8 

9 7 

6 6 

49 

37 

- 

71 *' 

72 

68 

5 5 

43 

2 8 

- 

i 5 7 

0.880 

1.438 

0.961 

1 . I26 

- 1.238 

1.534' 

7.177 

1 . I96 

I 

88 85 
! 

8 6 I ! 84 
j 

72 1 7 2 
I 

56- ! 60 i 

i 

5 5 j 5 3 

54 

- ... 

. . 51 

- 
i 
1 

6 9 1 68 
I .  



s o l a r  energy and outdoor ambient temperature. If the  ac tua l  c l i m a t i c  con- 

d i t i o n s  are  c lose t o  the  long-term average values, there  i s  l i t t l e  adverse 

impact on t h e  system's a b i l i t y  t o  meet design goals. Th is  i s  an important 

fac tor  i n  eva luat ing  system performance and i s  t h e  reason t h e  long-term 

average values a re  given. The data repor ted  i n  t h e  fo l l ow ing  paragraphs 

are  taken from Tables 3.1-1. 

A t -  t he  Elcam Tempe s i t e  f o r  t he  si-x month r e p o r t  period, t h e  long-term 

average d a i l y  i n c i d e n t  s o l a r  energy i n  the  plane o f  t h e  c o l l e c t o r '  was 
2 1908 ~ t u / f t * .  The average d a i l y  measured value was 1676 B t u / f t  which i s '  

about 12 percent below the  long term value. On a long-term basis the  

good and bad months average o u t  so t h a t  t he  long-term a ~ e r a g e ' ~ e r f o r m a n c e  

should n o t  be adversely in f luenced by small d l  f ferences between measured 

and long-term average i n c i d e n t '  s o l a r  energy. 

The outdoor ambient temperature in f luences the operat ion o f  t he  s o l a r  

energy system i n  two important  ways. F i r s t  t he  opera t ing  p o i n t  o f  t he  

c o l l e c t o r s  and consequently t h e  c o l l e c t o r  e f f i c i ency  o r  energy ga in  i s  

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

c o l l e c t o r  i n l e t  temperature. This w i l l  be discussed i n  g rea te r  d e t a i l  

i n  Sect ion 3.2.1. Secondly the  load i s  in f luenced by t h e  outdoor ambient 

temperature. The measured average d a i l y  ambient temperature was 6g°F f o r  

t h e  Elcam Tempe s i t e  which compares very favorab ly  w i t h  t h e  long-term 

value o f  68OF. 

t h e  system load was expected t o  vary i n  a manner roughly i n  inverse pro- 

p o r t i o n  t o  the  average monthly ambient temperature, o ther  f a c t o r s  remaining 

constant.  For the  6 month r e p o r t  period, the  system load  f l u c t u a t e d  from 

l e s s  than t h e  design load  i n  June t o  f u ' l l  design load  i n  December. From 

the data i n  Table 3.1-1 i t  can be seen t h a t  t he  .system performed very we l l  

p rov id ing  71 percent o f  t he  h o t  water energy. 

The system load has an important  a f f e c t  on the  system s o l a r  f r a c t i o n  and the  

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

a v a i l a b l e  from the  co l l ec to rs ,  t he  system s o l a r  f r a c t i o n  can be-expected 

t o  be large.  However, ' the  t o t a l  energy savings w i l l  be l e s s  than under 

more normal 1 oad condi t ions.  



In a two tank domestic hot water system such as Elcam Tempe the system 
load may be less  than the total  ' net energy savings. The explanation 
is tha t  so lar  energy was delivered t o  the load (hot water used) and also 
contributed to  standby energy that  was l o s t  from the hot water tank. For 
the total  period the system load was 7.177 mi-11 ion B t u ,  and the total  net 
savings i n  energy were 5.540 mi 11 ion B t u .  

Also presented in Table 3.1-1 are  the measured and expected values of 
system solar  f rac t lon  where system solar  fraction i s  the r a t io  of solar  
energy applied to  system loads to the to ta l  energy (solar  plus auxi l iary)  
applied to  the loads. The expected values have been derived From' a 
modlf fed f-Chart analysis which uses measured weather and subsystem 
loads as inputs (f-Chart i s  the desjgnation of a procedure tha t  was 
developed by the Solar Energy Laboratory, University of Wisconsin, 
Madison, for  modeling and designing solar  energy system [7]). The model 
used i n  the analysis i s  based on manufacturers' data and other known 

system parameters. The basis for the model i s  empirical correlations 
developed. fo r  l jquid and a i r  solar  energy systems tha t  a re  presented in 
graphical and equation form and referred to  as the f-Charts where ' f '  i s  
a designator for  .the system solar  fraction. The outp.ut of the f-Chart 

procedure i s  the expected system solar  f ract lon. ,  The measured value , . ,  of 
system 'solar.  fraction' was computed from measurements obtained through 
the instrumentation system of the energy t ransfers  tha t  took place . ' , 

withln the solar  energy system. These represent the actual performance , 

of the system instal led a t  the s i t e .  

The measured value of system solar  fraction can be ;ompared 

w i t h  the expected value so long as the assumptions which are  'implicit 
in the f-Chart procedure reasonably apply t o  t h e  system being analyzed. 
Froiii Table 3.1-1 the  averagc mcasuvcd villiie of 71 percent solar.  fractinn 
exceeds the average expected value by 25 percent. There were two factors 

which are  l i s ted  below that  contributed to  th i s  pe.rformance: 



L igh t  domestic hot  water . load f o r  the summer months. (Less 

than 60 gal lons per day - approximately. 80.  gal lons per. day 

per person i s  nominal load).  

0 Two tank c.ascade conf igurat ion permit ted some standby 

losses t o  be made up by so lar  energy. . .  . 

. . 

The two tank cascade domestic hot  water system a t  the s i t e  permit ted the 

standby losses from the DHW tank t o  be.made up by so la r  energy. The 

expected performance ' from the f-Chart model i s  predicted on. a two ;tank 

system where standby losses are assumed t o  be neg l ig ib le ,  and where . 
. 

so la r  energy boosts the so la r  con t r ibu t ion  ra ther  than swi tch ing. to  ... .. 

100 percent aux i l  i a r y  when the preheat tank reaches some minimum se t  

temperature. 

The t o t a l  energy saving i s  the most important performance parameter f o r  

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

t o  replace expensive 'conventional energy sources w i t h  less  expensive so la r  

energy.. I n  pract i 'cal  consideration, the system must save enough energy 

t o  cover both the cost  o f  i t s  own operat ion .and t o  repay the i n i t i a l  

investment f o r  the system. I n  terms o f  the technical  analysis presented 

i n  t h i s  r epo r t  .the net  t o t a l  energy savings should be a s i g n i f i c a n t  

pos i t i ve  f igure.  The t o t a l  energy savings f o r  the Elcam Tempe so la r  

energy system was 5.54 m i l l  i on  Btu o r  1623 KWH which was less  than the 

system's performance potent ia l .  Much o f  the energy consumed by the system 

went t o  make up standby losses. 



3.2 Subsystem Performance 

The Elcam Tempe Solar  Energy System may be d iv ided i n t o  three 

subsystems : 

1. Co l l  ec to r  a r ray  

2. Storage 

3. HotWater  

Each subsystem has been evaluated by the  techniques deflned ' i n  Section 3 . 

and is.. numerical ly  analyzed each month f o r  the monthly performance summary. 

Th is  sect ion presents the r esu l t s  o f  . i n teg ra t ing  the monthly data ava f lab le  
on the three subsystems f o r  the per iod June, 1979, through January, 1980.' : 



3.2.1 Col 1  ec tor  Array Subsys tem 

The Elcam Tempe c o l l e c t o r  ar ray consists o f  two Elcam f l a t  p l a t e  1  i q u i d  

co l l ec to r s  having a  gross area of 65 square f e e t  and interconnected for  

p a r a l l e l  flow: Interconnection and f low.  de ta i l s ,  as we1 1 as o ther  per- 

t i n e n t  operational character is t ics .  are  shown i n  Figure 3.2.1-1 (a)  and 

(b). The c o l l e c t o r  subsystem analysis and data are given i n  the fol lowing 
paragraphs. 

Col lec tor  ar ray performance i s  described by the c o l l e c t o r  ar ray e f f i -  

ciency. This i s  the r a t i o  o f  co l lec ted  so la r  energy t o  inc iden t  so la r  

energy, a  value always less than u n i t y  because o f  c o l l e c t o r  losses. 
The i ncldent.  so lar  energy may 'be viewed from two perspectives . The 

f l r s t  assumes t ha t  a l l  available s o l a r  energy inc iden t  on the -co l -  

l ec to r s  be used i n  determining c o l l e c t o r  array e f f i c iency .  The e f f i -  

ciency i s  then: expressed by the equation : 

'Ic = ' Qs/Qi 

where 
'I c = Col lec tor  ar ray . e f f i c i ency  

Qs = Col lected so la r  energy . . 

Q 1  = Inc iden t  so la r  energy . . 

The ef f ic iency determined i n  t h i s  manner includes the operat ion o f  the 
, 

c o n t r o l  system. . For example, so la r  energy can be ava i lab le  a t  the co l -  

1  ector, but  the c o l l e c t o r  .absorber p l a t e  temperature may' be below the . 

minimum cont ro l  temperature set. po in t  f o r  c o l l e c t o r  loop .operation, thus 

the energy I s  not  col lected. The monthly ~ f f i c i e n c y  by t h i s  method i s  

l i s t e d  i n  the column e n t i t l e d  "Col lec tor  Array Ef f ic iency i '  i n  Table 



Figure 3.2.,l-l (a) Coll ector Array Arrangement (2 Si,ngl e Panel s)  

Flgure 3.2.1-1 (b )  Collector Panel. L l q u l d  .Flow Path 

Collector Data 
Manufacturer - Elcam, Inc. 
Type - Liquid 
Number of Collectors - Two 
Flow Rate - 2 GPM 

Cover - 1/8 Inch fiberglass 
acryl ic  w l t h  1 mil 
Ted1 a r 

S i t e  Data 
Location ' -  Tempe, Arizona 
Latitude - 33,. 5'N 

Collector T i l t  - 30 O 

Longf tude - 112'W . . 

Azimuth - 14. West of South 

Figure 3.2.1-1 Collector Array Schematlc 



TABLE 3.2.1-1 
. , 

COLLECTOR ARRAY PERFORMANCE 

A 

i 

Operational 
Col 1 ec to r  Array 
Ef f ic iency 

0.511 

0.530 

0.532 

0.485 

0.483 

0.574 

3.115 

0.519 

Wont h 

Jun 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

(Z;n CC) 

Tota l  

Average 

* 

Col 1 ec to r  Array 
Eff ic iency 

0.406 

0.426 

0.439 

0.388 

0.369 

0.401 

2.429 

0.405 

Operational 
Inc ident  Energy 
(Mi l  1 i on  Btu) 

3.230 

3.053 

3.068 

2.566 

2.287 

1 .580 

15.784 

2.631 

L 

I 

I nc iden t  
Solar  Energy 
( M i l l i o n  Bru) 

4.064 

3.804 

3.716 

3.209 

2.991 

' 2.252 

20.044 

3.341 

Co 1 1 ec ted 
Solar Energy 
( M i l l  i on  Btu) 

1.649 

1.619 

1.633 

1.245 

1 . lo5 

0.907 

8.1 58 

1.360 



The second viewpoint assumes tha t  only the solar  energy incident on the 
col lector  when the col lector  loop i s  operational be used in determining 

the collector array.efficiency. The:.value of t h e :  operational incident 

so lar  energy used. is mu1 t ip1 ied by the ratio''of the gross. col lector  area 
t o  the gross col lector  array area to  compensate fo r  the difference between 
the two areas. caused by installati .on s.pacing;. The efficiency i s  then ex- 

pressed by the equation: 

A P 
r l ~ ~  = Q S l ( U O i  x /Aa) (2 

. , 

where rlco ; = ' . ~ ~ e r a t i ~ n a l '  co1:lector array efficiency 

Qs = Collected solar  energy 

Q.oi , = Operational incident solar  energy 

A P 
= . Gross collector area ( the product of 

' the number of collectors and the . . 

envelope area of one col 1 ectpr ) 
. .., 

Aa . = Gross collector array area ( to ta l  area : 

including a1 1 mounting and connecting ,. 

hardware and spacing of uni t s ) .  

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

. .  ., 

In the ASHRAE Standard 93-77 [4] a col lector  efficiency i s  defined in 
the same terminology as the operational col lector  array efficiency. 
However, the ASHRAE ef f  iciency i s  determined from instantaneous eval ua- 
t ion under t ight ly control led,  steady s t a t e  > te s t  conditions, while the 
operational col 1 ector array efficiency i s  determined from actual dynamic 

conditions of daily solar  energy system operation in the f ie ld .  



The ASHRAE Standard 93-77 definitions and n:ethods often are adopted 
by coll  ector manufacturers and independent testing 1 aboratories i n  

evaluating collectors. The collector evaluation performed for  th i s  
report us ing  the f i e ld  data indicates tha t  there was an insignificant 
difference between the laboratory sf ngle panel col lector  data and the 
collector data determined from long-term f i e ld  measurements. T h i s  i s  
not always the case, and there are two primary reasons for  differences 
when they exist :  

. . 

8 Test conditions are  not the same as conditions 
i n  the f i e ld ,  nor do they represent the wide 
dynamic range of f ie ld  operation ( i .e .  in1,et and 

. ,  out le t  temperature, .flow rates and flow d i s t r i -  
bution of the heat trans.fer f l u i d ,  insolation 
levels,  aspect angle, wind conditions, etc.  ) 

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

units tha t  have undergone the effects  of aging 
(i .e.  changes i n  the character is ti.^^ .of the glazing 
material, collection of dust, soot, pollen or  other 
forelgn material on the glazing, deterioratfon of the 
absorber plate surface treatment, etc.  ) 

Cons.equently fie1 d data coll ected over .an extended period .wi  11 general ly 
provide an improved source of col 1 ector performance character is t ics  for 
use i n  1 ong-term system performance definition. 

, 

The operational collector array e f f idency  data given i n  Table 3.2.1 -1 
are monthly averages based on instantaneous . . efficiency computations 
over the total  performance period using a l l  available data. For de- 

ta i led  collector analysis i t  was desirable to  use a limited subset 
of the available data tha t  characterized , col lector  operation . . under 
"steady s ta te"  condi t i i n s .  This & L e t  was defined by applying the 

. . 
following restr ic t ions : 



(1)  The measurement pe r iod  was r e s t r i c t e d  t o  c o l l e c t o r  
opera t ion  when t h e  sun angle was w i t h i n  30'0 of t h e  

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  of change of a l l  parameters o f  

i n t e r e s t  dur ing  two regu la r  data system in terva ls* '  was 

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

Instantaneous e f f i  c lenc ies  (TI. ) computed from ' the "steady s ta te "  
J 

opera t i on  measurements o f  i n c i d e n t  s o l a r  energy and c o l l e c t e d  s o l a r  ** 
energy by Equation ( 2 )  were co r re la ted  w i t h  an opera t jng  p o i n t  

determined by the  equation: 

where x 
j 

= Co l lec to r  opera t ing  p o i n t  a t  t he  jth 

i n s t a n t  

T; = 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   TI^, 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  o rder  curve described by t h e  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 
a l l  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 is .  
P a 



= b - m x  
j 

where '5 = Collector efficiency corresponding to  the 
jth i n s t a n t  

b = Intercept on the efficiency axis 

(-)m = Slope 

x, = C o l l e c t o r o p e r a t i n g p o i n t a t j  t h 
J 

instant  '. . . 

The relationship between the, empirical.1~ determined efficiency curve 
and the analytically developed curve w i  11 be establ i shed in subsequent 
paragraphs. 

The analytically developed collector efficiency curve i s  based on . . 

the ~ o t t e l  -Whill ier-Bl 1 ss equation . , 

where = Collector efficiency 

FR = Collector heat removal factor. 

T ' Transmissivi ty of collector glazing 
. . 

a . = Absorptance of collector plate 

UL = Overall col lector  energy loss coefficient 

TI = Collector i n l e t  f lu id  temperature 

Ta = Outdoor ambient temperature 

I = Rate of incident solar radiation 



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

Therefore by determining . the slope- i n t e r c e p t  e f f i c i e n c y  equation from 

measurement data, t h e  c o l  1  e c t o r  performance parameters corresponding t o  

t h e  l abo ra to ry  s i n g l e  panel data can be der ived according t o  t h e  f o l l o w -  

i n g  s e t  of re la t i onsh ips :  

b  = FRTU 

and 

where the  terms are  as p rev ious l y  de f ined 

The d iscuss ion of 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 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 Equation (6 ) .  

I n  d e r i v i n g  the  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 h e  l i n e a r  r e -  

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

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

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

over  a  wider dynamic range. This e l im inates  the  tendency shown by some 

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

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

1 i n e a r  regression technique approach cons t ruc t i ng  a  1  i n e  through a  s,i ng l  e  

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

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

s o l a r  system performance pred ic t ion .  The long-term curve, the  curve de- 

r i v e d  from t h e  Marshal l  Space F l i g h t  Center (MSFC) [8] data evaluat ions,  

and t h e  l abo ra to ry  data curve a re  shown i n  Figure 3.2.1-2. The MSFC 

c o l l e c t o r  eva luat ion  techniques are  s i m i l a r  t o  the  c o l l e c t o r  eva luat ion  

described i n  t h i s  sec t ion  and i n  [6]. The MSFC curve i s  inc luded f o r  

reference. 

The t h r e e  curves o f  F igure 3.2.1-2 do n o t  show t h e  s i g n i f i c a n t  d i f f e rences  

between the  data der ived curves and the  l abo ra to ry  data curve t h a t  s i m i l a r  

ana lys i s  s tud ies  done on o the r  c o l l e c t o r s  have shown. 

*Single tank hot  water systems show a marked tendency toward c l u s t e r i n g  
because the  c o l l e c t o r  i n l e t  temperature remains r e l a t i v e l y  constant  and 
t h e  range o f  values o f  ambient temperature and i n c i d e n t  s o l a r  energy dur ing  
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  short - term basis. 
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Table 3.2.1-2 presents data comparing the monthly measured values of solar 
energy collected w i t h  the predicted performance determined from the long- 
term regression curve and the 1 aboratory single panel efficiency curve. 
The predictions were derived by the foll owing procedure: 

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

2. The instantaneous efficiency was computed using Equation 
(4) w i t h  the operating point computed i n  Step 1 above for: 

a. The long-term linear regression curve 
for col 1 ector array efficiency 

b. The laboratory single panel collector 
efficiency curve 

3. The efficiencies computed i n  Steps 2a and 2b above 
were mu1 tiplied by the measured solar energy available 
when the collectors were operational to give two pre- 
dicted val ues of solar energy col 1 ected. 

The error date i n  Table 3.2.1 -2 were computed from the differencas between 

the measured and predicted values of solar energy collected according to 
the equation: 

Error = (A-P)/P 

where A = Measured solar energy collected 
P = Predicted solar energy collected 

The computed error i s  then an indication of how well the particular prediction 
curve fi t ted the reali ty of dynamic operating condition i n  the field. 



TABLE 3.2.1-2 

ENERGY GAIN COMPARISON 
(ANNUAL) 

SITE: Elcam Tempe Tempe, Arizona 

\ 

Oct 79 0.914 1 '0.101 0.,193 I 

r 

COLLECTED 
SOLAR ENERGY 

MONTH 

I Nov 79 0..934 1 0.107 - 0.200 1 
. . .  

ERROR 

FIELD DERIVED LAB 
( M i l  1 ion Btu) 1 LONG-TERM 

I Dec 79 . 0.475 1 .  .0 .055  . 0 . i ~  I 
I -  . 

I I I 

Jan 80 

Average 

0.694 

0.754 ' 

0.248 0.327 
I 

0.129 0.213 . 



The values of "Collected Solar Energy" given in Table 3.2.1-2 are  n o t  
necessarily Identical with the values of "Col lected Solar Energy1' 
glven in.Table 3.2.1-1. Any variations a re  due t o  the differences in 
data processing between the software programs used to  generate the 
monthly performance report  data and- the component level col lector  anal - 
y s l s  program. These data a re  shown in Table 3.2.1-2 only. because they 
form the references from which the error  data given in the table  a re  
computed. 

The data from Table 3.2.1-2 i l l u s t r a t e s  tha t  fo r  the Elcam Tempe 
s i te  the average er ror  computed from the difference between the mea- 
sured solar  energy ool l ected and the predicted solar  energy collected 
based on the f i e l d  derived long-term col lector  array efficiency curve 
was 12.9 percent. For the curve derived from the laboratory single panel 

data, the er ror  was 21.3 percent. Thus' the long-term collector array 

efflclency curve gives bet ter  resul ts  than the 1 aboratory sing1 e panel 
curve derived from the manufacturer's data sheet. 

The histogram of col lector  array operatiny pui~*~. ts  for  Nsvembcr in , 

Figure 3.2.1-3 I l lu s t r a t e s  the distribut.ion of instantaneiuus values 
as  determlned by Equation (3) for  the en t i r e  month. The histogram 

was constructed by computl ng the 4 nstantaneoub operating point value 
from s i t e  instrumentation measurements a t  the regular data system 
intervals  throughout the month, and counting the number of values 
within continuous intervals  of width 0.01 from zero t o  unity. The 
operating point histogram shows the dynamic range of col lector  operation 
during the month from which the midpoint can be ascertained. The average 

col lector  array efficiency for  the month can be derived by projecting 
the midpoint val ue to  the appropriate efficiency curve and redding the 
corresponding value of efficiency. 
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Table .3.2.1-1 presents the monthly values o f  i nc iden t  so la r  energy, 

operat ional  i nc iden t  so la r  energy, and co l lec ted  .so la r  energy from 

the  6 month performance period. The c o l l e c t o r  ar ray . e f f i c i ency  and 

operat ional  c o l l e c t o r  a r ray  e f f i c i ency  were. computed for  each month 

using Equation (1) and (2): 

Addi t iona l  informat ion concerning co l l ec to r  array analysis i n  general 
may be found i n  Reference [6]. The mater ia l  i n  the reference describes 
the  de ta i led  c o l l e c t o r  ar ray analysis procedures and presents the  resul  t s  

o f  analyses performed on numerous c o l l  ec tor  array i n s t a l  1 at ions across the  

Uni t e d  States. 



3.2.2 .Storage Subsystem 

Storage subsystem performance i s  described by comparison o f  energy t o  

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

storage i s  def ined as storage e f f i ~ i e n c y , ' ~ ~ .  This r e l a t i o n s h i p  i s  ex- 

pressed i n  the  equation 

'IS - = (AQ +QSO)/QSi 

where: 

AQ = Change i n  s tored energy. This i s  t h e  di f ference; i n  

the  est imated s tored 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  period, as i nd i ca ted  b y  ' the r e l a t i v e  . . 

temperature o f  t he  storage medium ( e i t h e r  p o s i t i v e  . , 

o r  negat ive value) 

Qso = Energy from storage. This i s  the  amount o f  energy 

ex t rac ted by t h e  load subsystem from the  pr imary. 

storage medium 
. . 

Qs i a Energy. t o  storage. Th is  i s  the  amount o f  energy 

' (both so la r  and a u x i l i a r y )  de l i ve red  t o  the  pr imary 

storage medium 

Eva1 ua t ion  o f  t he  system storage performance under ac tua l  system 

opera t ion  and weather cond i t ions  can be performed using the  para- 

meters def ined above. The u t f l i t y  o f  'these measured data i n  eva luat ion  

of t he  o v e r a l l  storage design can be i l l u s t r a t e d  i n  t h e  f o l l o w i n g  

discussion. 

Table 3.2.2-1 summarizes energy suppl ied t o  storage and taken from storage 

dur ing  the  r e p o r t i n g  period. The average storage: e f f i c i e n c y  over t h i s  

pe r iod  was 60 percent.. This h igh  'value o f  storage e f f i c i e n c y  i s  a t t r i b u t e d  

t o  good, u t i l  i z a t i o r i  o f  the  s o l a r  energy. 

. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

Change I n  
Stored 
Energy 
(Mi 1 1 ion Btu) 

-0.01 5 

-0.004 

-0.01 5 

-0.006 

0.031 

-0.003 

-0.012 

-0.032 

Storage 
E f  f i c i  ency 

0.489 

0.7291 

0.51 0 

0.640 

0.578 

0.635 

3.581 

0.597 

Month 

Jun 79 

Sep 79 

Oct 79 

NOV 79 

Dec 79 

Jan 80 

Tota l  

Average 
* 

Storage 
Average 
Temperature 

" F 

128 

130 

104 

99 

9 2 

84 

106 
6 

Energy To 
Storage 
(Mil 1 i o n  Btu) 

1.151 

1.619 

0.968 

10.865 

10.833 

0.743 

6.179 

1.030 

- 
Energy From 
Storage 
(Mill i o n  Btu) 

0.578 

- 1,183 

0,509 

0.450 

0.450 

01.475 

3.754 

0.626 



3.2.3 Hot Water Subsystem 

The performance o f . t h e  h o t  water subsystem i s  described by comparing 

t h e  amount o f  s o l a r  energy supp l ied  t o  the  subsys tem~wi th  t h e  energy 

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

s a t i s f y  the  t o t a l  load cons is ts  o f  both s o l a r  energy and a u x i l i a r y  

thermal energy. 

The performance o f  t h e  Elcam Tempe Hot Water Subsystem i s  presented 

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

3.2.3-1 i s  the  gross energy s.upp1 l e d .  t o  the  aux i  1 i a r y  system. The va l  ue 

o f  a u x l l  i a r y  energy suppl l e d  mu1 t i p 1  i e d  by t he  a u x i l  i a r y  system e f f i c i e n c y  

g ives the  a u x l l  i a r y  thermal energy ac tua l  1y del  i v e r e d ' t o  t h e  load. The 

d i f f e rence  between the  sum o f  a u x i l i a r y '  thermal energy p l u s  s o l a r  energy 

and t h e  ho t  water load i s  equal t o  the  thermal (standby) losses , from the  

ho t  water subsystem. . . 
. . 

The measured s o l a r  f r a c t i o n  i n  Table 3.2.3-1 i s  an average weighted val'ue . ' 

f o r  t h e  month based on t h e  r a t i o  o f  s o l a r  energy i n  t h e  h o t  water tank 

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

ex is ts .  This value i s  dependent on the  d a i l y  p r o f i l e  o f  h o t  water usage. 

For the  6 month pe r iod  from June, 1979, through January, 1980, . . t he  s o l a r  

energy system suppl ied a t o t a l  o f  5.713 m ' i l l i o n  Btu t o  the  h o t  water 

subsystem. The t o t a l  h o t  water load. f o r  t h i s  pe r iod  7.177 m i l l i o n  Btu, 

and t h e  weighted average monthly s o l a r  f r a c t i o n  was 71 percent.  

The monthly average ho t  water l oad  dur ing  the  r e p o r t i n g  pe r iod  was 1 . I96 

m i l l i o n  Btu which i s  based on an average d a i l y  consumption o f  78 gal lons, 

de l i ve red  a t  an average temperature o f  138OF and supp l ied  t o  t h e  system 

a t  an 'average temperature o f  75'F. 



.. .. TABLE 3.2.3-1 

. HOT 'HATER SUBSYSTEM PERFORMANCE 

* Weighted Solar  Fract ion i s  computed a t  the t ime hot  water i s  a c t u a l l y  used. 
** System af f ic iency i s  10C peqent,. 

Monthly 

Jun 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Total  

Average 

Standby ' 
Losses 

( M i l l  i o n  Btu) 

0.20 

0.25 

0.25 

0.25 

0.22 

0.15 

1.33 

Weighted* 
Solar  
Fract ion 

(Percent) 

96 

98 

97 

6 6 

49 

3 7 

I 

Hot Water Parameters 
Energy Suppl i ed 

Average 
~Dal l y  
Gal lons 
[Used 

5 5 

57 

7 5 

8 2 

8 6 

111 

466 

, 78 
L 

( M i  11 
kux i  1 i ary  

and 
Auxi 1 i ary,, 
Thermal 

0.027 

0.007 

0.043 

0.440 

0.737 

1 .044 

2.298 

0.383 0.22 

' 

supply 
Temp (OF) 

81 

81 

80 

72 

68 

6 7 

449 

7 5 
I 

71 

i on  Btu) 

Solar 

1.052 

1.183 

1.172 

0.936 

0.724 

0.646 

5.713 

0.952 

Load 
( M i l l i o n  Btu) 

0.880 

1.438 

0,961 

1 .I26 

1.238 

1.534 

7.177 

1 . I96 
I 

Total  

1.079 

1.190 

1.215 

1.376 

1.461 

1.690 

8.011 

1.335 



For each month an average o f  0.952 m i l  1 i o n  Btu o f  so l a r  energy and 0.383 

m i l  l i o n  Btu o f  a u x i l i a r y  thermal e l e c t r i c a l  energy were suppl ied t o  the 

ho t  water subsystem. Since the average monthly ho t  water load was 1.196 

m i l l i o n  Btu, an average o f  0.139 m i l l i o n  Btu was, therefore, l o s t  from 

the hot  water tank each month. 

For the June, 1979, through January, 1980, t ime per iod.  the ho t  water load 

was adequate for  the analysis. The f i na l  hot  water temperatures were.  

mai nta ined a t  a l e v e l  f o r  e f f i c i e n t  so la r  usage and the so l a r  f rac t ion .  

of 71 percent was very good for  a ,system of t h i s  type. 



4. OPERATING ENERGY 

Operating energy i s  defined as  the energy required to: transport  solar  
energy to  tke pojnt of use. Total operating energy f o r  the Elcam 
Tempe Solar Energy System consists only .of the energy required 
t o  perform Solar Energy Collection and Storage (ECSS) operations 
using the col lector  loop pump (EP100 - Figure 2-1, System Schematic). 
Operating energies fo r  the system performance evaluation period a re  
presented i n  Table 4-1. 

Operating energy i s  fur ther  defined to  incl ude electvical energy tha t  
i s  used t6 support a subsystem without affecting i t s  thermal s t a t e .  Due 
t o  the cascade design w i t h  a single pump there is no separate hot water 
subsystem support requi ring an expenditure of operating energy. The 
only operating energy f n  the system is the operating energy for  this 
single pump (EP100) which i s  allocated against ECSS and total  system 
operating energy. 

The Elcam two tank cascade design i s  unique i n  domestic hot water 
systems fo r  small residential  appl ications. The cascade design 
a1 lows the replenishment of standby thermal 1,osses w i  t h  solar  
energy which i s  not possl ble i n  most two tank systems. For the June 
1979 through January 1980 period, covered by this report ,  a to ta l  of 
0.173 mil 1 ion B t u  of operating energy was consumed. During the report 
period, a total  of 5.713 million B t u  of solar  energy (Table 3.2.1-1) 
was supplied to  the to ta l  system load. Therefore, fo r  every one mil- 

l ion B t u  of solar  energy delivered to  the load, 0.03 million Btu 

(9 Kwh) of e lec t r ica l  operating energy was expended. 



TABLE 4-1 

OPERATING ENERGY 

, 

Month 

Jun 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Total  

Average 

ECSS 
Operating Energy 

(Mi l  1 i on  Btu) 

0.037 

0.033 

0.033 

0.027 

0.025 

0.018 

0.173 

0.029 

Hot Water 
Operating Ener Y ( M i l l i o n  Btu 

0 

0 

0 

0 

0 

0 

0 

0 

Total  System 
Operating Ener y 

( M i l l i o n  ~ t u j  

0.037 

0.033 

0.033 

0.027 

0.025 

0.018 

0.173 

0.029 



5. ENERGY SAVINGS 

Solar  energy system savings are rea l i zed  whenever energy provided by 

t he  so la r .  energy system i s  used t o  meet system demands which would 
otherwise be met by auxi  1 i a r y  energy sources. The. operating energy 

requ i red t o  provide so la r  energy t o  t h e  load subsystems i s  subtracted 
from the so lar  energy cont r ibut ion.  The r e s u l t i n g  energy savings are 

then adjusted t o  r e f l e c t  the thermal conversion e f f i c i ency  o f  the aux- 

i l i a r y  source being supplanted by so la r  energy. For Elcam Tempe the 

auxiliary source being supplanted i s  an e l e c t r i c a l  DHW heater w i t h  

the commonly assumed 100 percent conversion e f f i c i ency  t o  thermal 
energy f o r  such devices. 

Energy savings f o r  June, 1979, through January, 1980, are presented i n  

Table 5-1. For t h i s  performance evaluat ion time period, the average 
ho t  water subsystem monthly savings were 0.95 m i l  1 i o n  Btu. Af ter  the 

Energy Col 1 ec t ion  and Storage Subsystem (ECSS) operat ing energy was 
deducted, the average ne t  monthly e l e c t r i c a l  savings were 0.923 m i l  1 i on  

B t ~ e  OP 271 Kwh. For the overa l l  t ime per iod covered by t h i s  r epo r t  

t he  t o t a l  net  savings were 5.540 m l l l i o n  Btu o r  1623 Kwh. The energy 

savlngs due t o  the so la r  system were s i g n i f i c a n t  .' 



TABLE 5-1 

ENERGY SAVINGS 

? .  
.. 

. . 

N'et Savings 

Month 

Jun 79 

Sep 79 

Oct  79 

Nov 79 

Dec 79 

Jan 79 

To ta l  

Average 

To ta l  Ener qFYl Hot Water ill i o n  Btu). 

1.052 

1.183 ' 

1 . I72  

0.936 

0.724 

0.646 

5.713 

0.952 

( M i  11 i o n  Btu) 

1.015 

1'.150 , 

1 . I39 

0.090 

0.699 

0.626 

5.540 

0.923 , 

ECSS 
Operat ing Ener 

( M i l l i o n  B tu  

0.037 

0.033 

0.033 

0.027. 

0.025 

0.018 

0.173 

0.029 

(kwh) 

297 

337 

334 

266 

205 

184 

1623 

271 . 



6. MAINTENANCE ' 

This sect ion includes on ly  the so,lar energy system maintenance 

performed dur ing the seasonal r epo r t  period, j une  1979 through 
January 1980. Maintenance data on the instrumentation system i s  
not .  inc luded i n  t h i s  report .  

August 1979 - Galvanized unions were replaced w i t h  brass unions and the 
check valve was replaced. This was rfor~e because of a corrosion problem 

due t o  d i ss im i l a r  metals, i .e., galvanized unions were used w i t h  copper 
p ipe which resu l ted i n  galvanic corrosion. This introduced contaminants 

i n t o  the system which fouled the check valve. 



7. SUMMARY AND CONCLUSIONS 

For the r epo r t  per iod June, 1979, through January, .1980, the  average 

measured d a i l y  i nc iden t  so l a r  energy i n  the plane o f  the  c o l l e c t o r  
2 was 1676 B t u / f t  which was about . l2  percent below the long-term value. 

The average d a i l y  outdoor ambient temperature was 69°F which i s  com- 

parable w i t h  the long-term average o f  68°F. Consequently, weather 

condi t ions a t  the  s i t e  had l i t t l e  adverse in f luence on system operat ion. 

The inc iden t  so l a r  energy f o r  the 6 month per iod t o t a l ed  20.04 m i l  1  i on  

Btu. Inc iden t  so l a r  energy whi le  the c o l l e c t o r  loop was operat ing was 

15.78 m i l l i o n  Btu and co l lec ted  so la r  energy t o t a l ed  8.16 m i l l i o n  Btu. 

This gives a c o l l e c t o r  operat ional  e f f i c i ency  o f  52 percent.   he 21 

percent d i f fe rence  between the inc iden t  and operat ional  i n c i den t  so l a r  

energy i s  an acceptable value which ind icates  the con t ro l  system i s  

operat ing i n  the expected manner. Co l l  ec to r  analysis data ind icates  

the c o l l  ec to r  i s  operat ing above the expected e f f i c iency .  

E l e c t r i c a l  energy savings a t  the s i t e  were a ne t  t o t a l  value o f  5.54 

m i l l i o n  Btu (1623 Kwh) a f t e r  the 0.17 m i l l i o n  Btu o f  operat ing energy 

required t o  operate the c o l l e c t o r  1oop . c i r cu l a t i ng  pump were subtracted. 

The energy savings due t o  so la r  were less  than the system's po.tentia1. 

On an average tw ice as much hot  water could have been used.wi th s i gn i -  

f i c i e n t  so l a r  energy cont r ibut ion.  

The system corrosion and deposits caused by using d i s s i m i l a r  metals i n  

the c o l l e c t o r  loop was the on ly  problem noted w i t h  the Elcam Tempe s i t e  

dur ing the time t h i s  data was taken. The problem was repor ted ly  corrected 

i n  August, 1979; therefore, the system should continue t o  perform we l l .  
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APPENDIX A 

DEFINITION OF PERFORMANCE FACTORS AND SOLAR TERMS 

COLLECTOR ARRAY PERFORMANCE 

The col lector  array performance i s  characterized by the amount of so lar  energy 
collected with respect to  the energy available t o  be collected. 

INCIDENT SOLAR E N E R G Y  (SEA) i s  the to ta l  insolation available on the 
gross col lector  array area. This i s  the area of the col lector  
array energy-receiving aperture, includiny the fra~l~ewor.k w t ~  i c t ~  S S  

an integral part  of the col lector  structure.  

OPERATIONAL INCIDENT ENERGY (SEOP) i s  the amount of so lar  energy 

incident on the col lector  array during the time tha t  the col- 
lec tor  loop i s  act ive (attempting t o  co l lec t  energy). 

COLLECTED SOLAR ENERGY (SECA) i s  the thermal energy removed from 
the collector array by the energy transport  medium. 

COLLECTOR ARRAY EFFICIENCY (CAREF) i s  the r a t i o  of the energy col- 

lected to  the total  solar  energy incident on the col lector  array. 
I t  should be emphasized tha t  t h i s  efficiency factor  i s  fo r  the 
col lector  array, and available energy includes the energy incident 
on the array when the col lector  loop i s  inactive. This efficiency 

must not be confused with the more common col lector  efficiency 
figures which a re  determined from instantaneous test  data obtained 
during steady s t a t e  operation of a single col lector  unit .  These 

efficiency figures a re  often provided by col lector  manufacturers 
o r  presented in technical journals to  characterize the functional 
capabili ty of a par t icular  col lector  design. In general, the 

col lector  panel maximum efficiency factor  will be s ignif icant ly 

higher than the reported col lector  array efficiency . 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

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

c o l  1  e c t o r  array,  the  pr imary storage medi um, the  t r a n s p o r t  1  oops between 

these, and o the r  components i n  t he  system design which are  necessary t o  
. ' 

. .  . .  

mechanize t h e  co l  1  e c t o r  and storage equipment . 

@ 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 the  gross c o l l e c t o r  a r ray  area. This  i s  the  area o f " t h e  

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

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

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

environment a t  the s i t e .  

' ENERGY TO LOADS (SEL) i s  the  t o t a l  thermal, energy t ranspor ted  

f rom the  ECSS t o  a1 1  load subsystems. 

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  the  ECSS, i n c l u d i n g  a u x i l i a r y  energy added t o  the  

storage tank, heat ing  devices on the  c o l l e c t o r s  f o r  f reeze-  

protectdon, etc .  

@ ECSS OPERATING ENERGY (CSOPE) i s  the  c r i t i c a l  opera t ing  energy 

requ i red  t o  support the  ECSS heat t r a n s f e r  loops. 



STORAGE PERFORMANCE 

The s torage performance i s  charac ter ized by the  r e l a t i o n s h i p s  among the  energy 

de l i ve red '  t o  storage, removed from storage, and the  subsequent change i n  the  

amount of s to red  energy. 

e ENERGY TO STORAGE (STEI) i s  t he  amount o f  energy, both s o l a r  and 

a u x i l i a r y ,  de l i ve red  t o  the  pr imary storage medium. 

o ENERGY FROM STORAGE (STEO) i s  t he  amount o f  energy ex t rac ted  by 

t h e  l oad  subsystems from the pr imary storage medium. 

CHANGE IN  STORED ENERGY (STECH) i s  the  d i f f e r e n c e  i n  t h e  est imated 

s to red energy du r ing  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 the  r e l a t i v e  temperature o f  t h e  storage medium ( e i t h e r  p o s i t i v e  

o r  negat ive  va lue) .  

STORAGE AVERAGE TEMPERATURE (TST) i s  the  mass-weighted average 

temperature o f  t h e  pr imary storage medium. 

STORAGE EFFICIENCY (STEFF) i s  the r a t i o  o f  t he  sum o f  t he  

energy removed from storage and the  change i n  s to red energy 

t o  the  energy de l i ve red  t o  storage. 



0 AUXILIARY ELECTRICAL FUEL (HWAE) 1,s ,the amount of e l e c t r i c a l  

energy suppl ied' d l  r e c t l y  t o  the subsystem. 

0 ELECTRICAL ENERGY SAVINGS (HWSVE) i s  the estimated d i f fe rence  

between the e l  ec t r i ' ca l  energy requi rements . of . an a1 t e rna t i ve  ; 
conventional system (car ry ing t h e  f u l l  load) and the actual  
e l e c t r i c a l  energy .requi red by the subsystem. 

SUPPLY WATER TEMPERATURE ' (TSW) I s  the average i n l e t  temperature 

of the water suppl ied t o  the subsystem. 

Q AVERAGE HOT WATER TEMPERATURE (THw) i s  the average temperature o f  

the o u t l e t  water as i t  i s  suppl l ed  from the subsystem t o '  the load. 

e HOT WATER USED (HWCSM) i s  the volume o f  water used. 



HOT WATER SUBSYSTEM . . 

The h o t  water subsystem i s  character ized by a  complete accounting o f  t h e  

energy f low t o  and from the  subsystem, as we l l  as an accounting o f  i n -  

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

foss i  1  fuel, and e l e c t r i c a l  a u x i l  i a r y  thermal energy, and the  opera t ing  

energy fo r  t h e  subsystem. I n  add i t ion ,  t h e  so la r  energy suppl ied . t o  t h e  

subsystem, along w i t h  s o l a r  f r a c t i o n  i s  tabulated.  The load o f  t h e  sub- 

s y s t e m i s  t a b u l a t e d a n d u s e d  t o c o m p u t e t h e e s t i ~ a t e d e l e c t r i c a l . a n d  '' 

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

f u r t h e r  i d e n t i f i e d  by t a b u l a t i n g  the  supply water temperature, and the  

o u t l e t  h o t  water temperature, and t h e  t o t a l '  h o t  water consumption. 

a HOT WATER LOAD (HWL) i s  t h e  amount o f  energy requ i red  t o  heat 

t h e  amoun't o f .  h o t  water demanded a t  t h e  s i t e  from t h e  incoming. 

temperature t o  the  desi red o u t l e t  temperature. 

e SOLAR FRACTION OF LOAD (HWSFR) i s  the  percentage o f  t h e  load 

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

a SOLAR ENERGY USED (HWSE) i s  the  amount o f  s o l a r  energy suppl ied 

t o  the  ho t  water subsystem. 

a OPERATING ENERGU (HWOPE) i s  t h e  amount of e l e c t r i c a l  energy re -  

qu i red  t o  support t he  subsystem, (e.g., fans, pumps, e tc . )  and 

which i s  n o t  intended t o  d i r e c t l y  a f f e c t  the  thermal s t a t e  of 

the  subsystem. 

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

t o  t h e  major components o f  t he  subsystem i n  the form o f  thermal 

energy i n  a heat t r a n s f e r  f l u i d ,  o r  i t s  equivalent .  This term 

a l so  inc ludes the  converted e l e c t r i c a l  and f o s s i l  fuel  energy 

suppl ied t o  the  subsystem. 



ENVIRONMENTAL SUMMARY 

  he environmental summary i s  a c o l l e c t i o n  o f  the weather data which i s  

general ly  instrumented a t  each s i t e  i n  the Development Program. It i s  

tabulated i n  t h i s  repor t  f o r  two purposes (1) as a measure o f  the condit ions 
prevalent  during the operation o f  the system a t  the  s i t e ,  and (2) as a 
h i s t o r i c a l  record o f  weather data f o r  the v i c i n i t y  of the s i t e .  k 

e TOTAL INSOLATION (SE) i s  the accumulated t o t a l  so l a r  energy i n c i -  

dent upon the gross co l  1 ec tor  array measured a t .  the s i t e .  

a AMBIENT TEMPERATURE (TA) i s  the average temperature of the 

environment a t  the s i te .  

e DAYTIME AMBIENT TEMPERATURE (TDA) i s  the temperature dur ing the 
per iod from three hours before so la r  noon t o  three hours a f t e r  
so la r  noon. 
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APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

ELCAM TEMPE 

I. INTRODUCTION 

Sn la r  energy system performance i s  evaluated by performing energy balance 

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

a r e  based on physical  measurement data taken from each subsystem every 

320 seconds. Th is  data i s  then numer ica l ly  combined t o  determine the  

hour ly ,  d a i l y ,  and monthly performance o f  t h e  system. This appendix 

descr ibes t h e  general computational methods and the  spec i f i c  energy 

balance equations used f o r  t h i s  evaluat ion. .  

Data samples from t h e  sys tem measurements are  numeri c a l  l y  i n teg ra ted  

t o  prov ide  d i s c r e t e  approximations o f  t he  continuous func t ions  which 

cha rac te r i ze  the  system's dynamic behavior, This numerical i n t e g r a t i o n  

i s  performed by summation o f  t he  product o f  t h e  measured r a t e  of t he  

appropr ia te  performance parameters and the  sampling i n t e r v a l  over the  

t o t a l  t ime per iod  of i n t e r e s t .  

There a re  several.genera1 forms o f  numerical i n t e g r a t i o n  equations which 

a r e  app l i ed  t o  each s i t e .  Examples o f  these general forms are  as fol lows: 

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 ray  i s  given by 

SOLAR ENERGY AVAILABLE = (1160) c [IOO~ 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  measurement provided by ' the pyranometer 
2 i n  B t u l f t  -hr, AREA i s  the  area o f  the  c o l l e c t o r  a r ray  i n  square feet, 



Simi lar ly ,  the energy f low w i t h i n  a system i s  given t y p i c a l l y  by 

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

where M l O O  i s  the mass flow r a t e  o f  the heat t r ans fe r  f l u i d  i n  1bm/min and 

AH I s  the enthalpy change, i n  Btullb,, of the f l u i d  as i t  passes, through :. 

the  heat exchanging component. 
- R  . 

For a l i q u i d  system AH i s  general ly  given by 

where i s  the average spec i f i c  heat, i n  B tu l ( 1  bm-OF), o f  the heat 
P 

t rans fe r  f l u i d  and AT, i n  OF, i s  the temperature d i f f e r e n t i a l  across . . 
the heat exchanging component. .. . 

For. an a l r  system AH i s  general ly  given by 

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

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

changing component. 

Ha(T) can have various forms, depending on whether o r  no t  the humidity r a t i o  

of the t ranspor t  a i r  remains constant as i t  passes through the heat ex- 

changing component. 



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

ECSS OPERATING ENERGY = (3413160) c [EP lOO]  x AT 
. ' 

where EPlOO i s  t h e  measured power requ i red  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 f a c t o r s  (1160) and 3413 c o r r e c t  the. data t o  Btu/min. 

These equations' a r e  comparable t o  those s p e c i f i e d  i n  "Thermal Data .. ,:, 

Requirementsand Performance Evaluat ion Procedures f o r  t he  National. '  , . 

So la r  Heating and Cod1 i n g  Demonstration Program. '" This document, given ., 

i n  t h e  l i s t  o f  references, was prepared by an inter-agency committee of 

t h e  government, and presents guide1 i n e s  f o r  thermal peryormance eva luat ion .  

Performance fac to rs  are  computed f o r  each hour o f  t h e  day. Each numerical 

i n t e g r a t i o n  process, therefore, i s  performed over a pe r iod  of one hour. 

Since long-term performance data i s .  desired; i t  i s  necessary t o  b u i l d  

these hour l y  performance f a c t o r s  t o '  da- i l y  values'. Th is  i s  accompl ished, 

f o r  energy parameters, by summing the  .24 hour l y  val.ues. For temperatures, 

t h e  hour l y  values are averaged. Cer ta in  spec ia l  f ac to rs ,  such as e f -  

f i c i e n c i e s ,  requ i re  appropr ia te  handl ing t o  p roper l y  weight each h o u r l y ,  ' 

sample f o r  t he  d a i l y  value computation. S i m i l a r  procedures are  requ i red  
. , 

t o  convert  d a i l y  values t o  monthly values. I 



NOTE: MEASUREMENT 'NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2- 1 

AVERAGE AM0 IENT TEMPERATURE (OF) 
TA = (1160) x c TOOl x AT 

DAYTIME MERAGE AMBIENT TEMPERATURE (OF) 
TDA = (11360) x c TOOl x AT 

FOR - + 3 HOURS FROM SOLAR NOON 

INCIDENT SOLAR ENERGY PER SQUARE FOOT ( BTUIFT~) 

SE = (1/60)  x X 1001 x AT 
OPERATIONRL INCIDENT SOLAR ENERGY (BTU) 

SEOP (1160) x X [ ' I001 x CLAREA] x AT 
WHEN THE COLLECTOR LOOP I S  ACTIVE 

SOLAR ENERGY COLLECTED BY THE ARRAY (BTU) 
SECA = SEC1 + SEC 2 

SECl = 1 [MI00 X HRF X ( T I 5 0  - TlOO)] X A T  

SEC2 1 [MlOl X HRF X ( T I 5 0  - TlOO)] X 8T 

ENTHALPY FUNCTION FOR WATER (BTUILBM) 

THIS FUNCTION COMPUTES THE ENTHALPY CHANGE OF WATER AS I T  
PASSES THROUGH A HEAT EXCHANGING DEVICE. 

SOLAR ENERGY TO STORAGE (BTU) 

STEI SECl c [MI00 x HWD (T150, TlOO)] x AT 

SOLAR ENERGY FROM STORAGE (BTU) 
STEO a SEST = L. [ M ~ O O  x HWD(T204. T ~ O O ) ]  x AT 

AVERAGE TEMPERATURE OF STORAGE ( O F )  

TST = (1160) x r [ (T200 + T201)/2]' x AT 
ENERGY DELIVERED FROM ECSS TO LOAD (BTU) 

CSEO HWSE = SEC2 + SEST 



SYSTEM OPERATING ENERGY (BTU) 

SYSOPE = .'CSOPE , . . . 

CSEOP = EPCONST X EP 101 

HOT WATER CONSUMED (GALLONS) 

HWCSM = c WD300 x AT . . . 

HOT WATER LOAD (BTU) 

HWL = c [M300 x HWD(T202 - T 3 0 0 ) ]  x At 
HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY '(BTU) 

HWAE = EPCONST x EP300- 
- .  

HOT WATER SUBSYSTEM AUXILIARY FOSSIL FUEL ENERGY (BTU) 

HWAF = FCONST X F400C 

SUPPLY WATER TEMPERATURE (OF) , 

TSW = f 3 0 0  

HOT WATER TEMPERATURE (OF) 
. , 

THW = T 2 0 2  

BOTH TSW AND THW ARE COMPUTED ONLY WHEN DHW FLOW EXISTS I N  THE 

SYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES OBTAINED. 

DURING THE PREVIOUS FLOW PERIOD. 

INCIDENT SOLAR ENERGY ON COLLECTOR ARRAY (BTU) 

SEA = CLAREA x SE 

COLLECTED SOLAR ENERGY ( BTUIF~~) 

SEC = SECAICLAREA 

COLLECTOR ARRAY EFFICIENCY 

CAREF = SECAISEA 

CHANGE I N  STORED ENERGY (BTU) 

STECH = STECHl - STECH 1 

WHERE THE SUBSCRIPT REFERS TO A PRIOR REFERENCE VALUE 
S ~ ~ ~ O K A G E  E F ~  Cr ~~~y 

STEFF = (STECH + STEO)/STEI 

SOLAR ENERGY TO LOAD SUBSYSTEMS.. (BTU) 

SEL = HWSE 

ECSS SOLAR CONVERSION EFFICIENCY 

CSCEF = SELISEA 

AUXILIARY THERMAL ENERGY TO HOT WATER SUBSYSTEM (BTU) 

HWAT = 0.6 X HWAF 
. , . . . . 



HOT WATER SOLAR FRACTION (PERCENT) 
HWSFR + 100 X HWTKSE/(HWTKSE + HWTKAUXj 

WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR 

AND AUXILIARY ENERGY CONTENT OF THE HOT WATER TANK 

AUXILIARY FOSSIL FUEL (BTU) 

HAF = F 4 0 0  

, SYSTEM LOAD (BTU) 

SYSL = HWL 

SOLAR FRACTION OF SYSTEM LOAD (PERCENT) 

SFR = HWSFR 

SYSTEM OPERATING ENERGY (BTU) 

SYSOPE = CSOPE 

AUXILIARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HWAT 

AUXILIARY ELECTRICAL ENERGY TO LOADS 

AXE = HWAE 

TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 

TSVE = HWSE - CSOPE 

TOTAL ENERGY CONSUMED (BTU) 

TECSM = SYSOPE + AXE + SECA 
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. . 
APPENDIX C . 

The environmental estimates given i n  th'is appendix provide a point of 
reference for  evaluation of weather conditions as reported i n  the Monthly 
Performance Reports and Solar Energy System Performance Evaluations issued 
by the Solar Heating, Cooling and Hot Water Development Program. As such, 
the information presented can be useful i n  prediction of long-term system 
performance. 

Environmental estimates for  this s i t e  include the following monthly averages: 
ex t ra ter res t r ia l  insolation, insolation on a horizontal plane a t  the s i t e ,  
insolation i n  the t i l t  plane of the collection surface, ambient temperature, 
heating degree-days , and cool i n g  degree-days . Estimation procedures and data 
sources are  detailed i n  the following paragraphs. 

The preferred source of 1 ong-term temperature and insol ation data is  "Input 
Data for  Solar Systems" (IDSS) [ I ]  since this has been recognized as the 
so lar  standard. The IDSS data are used whenever possible i n  these environ- 
mental estimates fo r  both insolation and temperature related sources ; however, 
a secondary source used for  insolation data I s  the Clinlatic Atlas of the 
United States [2], and for  temperature related data, the secondary source 
i s  "Local Climatological Data" [3]. 

Since the available long-term insolation data are  only given for  a horizontal 
surface, solar  collection subsystem orientation information i s  used i n  an 
algorithm [4) to calculate the insolation expected i n  the t i l t  plane of the 
collector.  This calculation is made us ing  a ground reflectance of 0.2. 
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