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1. FOREWORD 

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

developed f o r  the  George C. Marshall Space F l i g h t   enter as a p a r t  o f  the 

Solar Heating and Cooling Development Program funded by the  Department of 

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

performance o f  an Operat ional Test S i  t e  (OTS) func t i on ing  throughout a 

speci f ied per iod  of t ime which i s  t y p i c a l l y  one season. The o b j e c t i v e  o f  
the arralysis i s  t o  r e p o r t  the  long-ten0 performance s f  the  i n s t a l l e d  

system and t o  make technical  con t r i bu t i ons  t o  the d e f i n i t i o n  of techniques 

and requirements f o r  so la r  energy system design. 

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

o f  discussion: 

e System Descr ip t ion  

e Performance Assessment 

6 Operating Energy 

6 Energy Savings 

e Maintenance 

o Summary and Conclusions 

Data used f o r  the seasonal analyses o f  the Operat ianal Test S i t e  described 

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

OTS Development Program and have provided the major i npu ts  used t o  perform 
the long-term technical  assessment. This data i s  archived by MSFC f o r  DOE. 

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

each Operat ional Test S i t e  i n  ti,? Development Program culminates the  

technical  a c t i v i t i e s  which began w i t h  the s i t e  se lec t i on  and instrument- 

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

economic ana lys is  o f  so la r  systems performance and features the payback 

performance based on l i f e  cyc le  costs f o r  the  same s o l a r  system i n  var ious 

geographic regions. Other documents s p e c i f i c a l l y  r e l a t e d  t o  t h i s  system 

are  References [I], [2], and [3].* 

- - -  

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



2. SYSTEM DESCRIPTION 

The Contemporary System 3 Solar Energy System i s  installed in a two 
story dwell i ng located in Newnan, Georgia approximate1 y 40 mi 1 es south- 
west of Atlanta. The system was designed by Contemporary Systems Incor- 
por'atcd of Jaffrey, New Hampshire. Thc solar system i s  designed to provide 
space heating and don~estic h o t  water1 (DEM)  preheating for  the residence. 

Solar energy coll ection i s  performed by fourteen sing1 e glazed f la t -p la te  
collectors (Contemporary Systems Series V Warm Air) with a total  area of 
392 square fee t .  The collectors are roof mounted on the dwelling and face 
due ~ u t h  w i t h  a t i1  t angle of 45 degrees. The heat transfer medium for  
the systeni i s  a i r  and thermal storage i s  provided by a horizontal rock b i n  

containing approximately 328 cubic feet  of 1 to 1 1/2 inch stones, Air 
movement for solar heat transfer in the systeni i s  accomplished by a central 
a i r  handler with integral blower and dalnper control s for  distribution of 
so lar  heated a i r  to the heated space or to and from the rock storage bin. 
Auxiliary heating i s  provided by an e lec t r ic  heat pump supplemented by 
e l ec t r i c  resistance heaters, when outdoor temperatures drop below 15°F. 

Hot water preheating i s  accompl ished by an ai r-to-water heat exchanger, 
with separate fan coil unit, mounted near the collector out let .  Solar 

energy from t h i s  heat exchanger i s  suppl ied to an 80 gallon preheat tank 
which, in turn, supplies a conventional 40 gallon domestic hot water tank 
equipped with an el ec t r ic  heating el etnent. 

The system i s  shown scheniaticall~ in Figure 2-1. The sensor designations 

a re  in accordance with NBSIR-76-1137 [5]. The measurenient symbol prefixes : 
W ,  T, EP and I represent respectively: flow rate ,  temperature, e lec t r ic  
power and insolation. Figure 2-2 i s  an pictorial view of the Contemporary 

Newnan instal 1 ation, 

The solar energy system has s ix modes of operation, which are  described as 
fo l l  ows: 





F f g u r ~  2-2 Contemporary Newnan P i  cterf a1  



Mode 1 - Collector-to-Space t l e t L o a d :  This  mode i s  entered when t h e  con- 
d i t i o n e d  space thermostat c a l l  s  fo r  heat and the  c o l l  e c t o r  out1 e t  tempera- 

t u r e  i s  s u f f i c i e n t l y  high, genera l l y  100°F minimum, The main a i r  handler 
blower w i l l  then be turned on and dampers pos i t ioned t o  a l l o w  d e l i v e r y  of 
so la r  heated a i r  t o  t h e  house, Operation i n  t h i s  mode i s  ternl lnated when 
e i t h e r  t h e  c o l l e c t o r  o u t l e t  temperature drops t o  85OF o r  less,  o r  t he  demand 
f o r  spaCe heat ing ceases. 

Mode 2 - Co l l  ector-to-Storage: This  mode i s  entered when there  i s  no demand 
f o r  heat t o  the cond i t ioned space and the  c o l l e c t o r  o u t l e t  temperature i s  
greater  than t h a t  o f  the c o l d  s ide  o f  rock storage by a preset  amount 
(nominal ly  15OF), The a i r  handler blower i s  then turned on and the  con t ro l  
dampers pos i t ioned t o  cause s o l a r  heated a i r  t o  be de l i ve red  t o  the  rock  
bin. 

Mode 3 - Heating From Storage*: A demand f o r  heat from the  house thernmstat; -- 

when t h f r e  i s  i n s u f f i c i e n t  heat from the  co l l ec to rs ,  causes the system t o  
enter  t h i s  mode. A "storage minimumn temperature o f  90°F i s  p reset  i n  the 
system c o n t r o l l e r  and the heat ing from storage mode i s  o n l y  entered when 
the ho t  s ide  o f  storage exceeds t h i s  minimum se t t i ng .  Operation i n  t h i s  
mode i s  terminated when the  h o t  s ide o f  storage f a l l s  below the "storage 

n\inimumU val  ue, o r  Che demand ceases. 

Mode 4 - A u x i l i a r y  Heating: The a u x i l i a r y  heat ing mode i s  entered when a 
heat ing demand e x i s t s  and n e i t h e r  c o l l  ec to r  heat ing nor  storage heat ing  
modes can occur. When operat ing i n  t h i s  mode, the a i r  handler dampers are  
pos i t ioned t o  prevent  reverse f l ow  i n t o  the  s o l a r  storage and c o l l e c t o r  
loops and heat i s  suppl ied t o  the  condi t ioned space from the  heat pump 
and/or t he  e l e c t r i c  res is tance elements. 

Mode 5 - Summer Ventiing: For warm weather o r  summer operat ion the system 

enters a thermosiphon vent ing  mode through the use o f  damper c o n t r o l l e d  
vents a t  the  i n l e t  s i de  and o u t l e t  s ide of the  co l l ec to rs .  Operation i n  
t h i s  mode prevents excessive c o l l e c t o r  temperatures dur ing  periods o f  h igh  
i n s o l a t i o n  when no space heat ing demand ex i s t s .  



Mode 6 - Hot Water Preheating: Hot water preheating cat; $42 pcrforrncd when -* 

the system i s  operating i n  e i t he r  the collector-to-space heat load o r  col- 
lector-to-storegs modes. Preheating can a lso  be accornpl ished d u r i n g  summer 
operation provided t ha t  the  col lector  ou t le t  temperature i s  suf f ic ien t ly  
above the  preheat tank temperature and t ha t  ve,.ting control danlpers a r e  
positioned (i .e. , vents 1 and 2 opened) t o  permit therrnosiyhon a l p  f l o w  
across the domestic h o t  water heat exchanger. 



'Typical System Operation 
-44 ,- -*.m 

Curves depfcting typical  s:stem operation on a cold,  bright  day (February 17, 
1980) are presented i n  Figure 2 J - 1 ,  Figure 2.1-'1 (a)  shows the  insolation 
on the co l lec to r  array and the period when the  array was operating (shaded 
a rea) .  Also shown i n  Figure 2.i-1 (a)  a re  the cot l ec to r  array temperature 
p ~ o f i f  es, These a r e  the  in1 e t  temperature (T100) , the o u t l e t  temperature (TI 50) 
and the absorber p la te  temperature (TI01 ) . 
On th i s  par t icular  day, the col lector  array began operating a t  1012 hours, A t  
t h a t  time, the insolation level was 285 ~ t u / f t ' - ~ r  and the  absorber p la te  tem- 
perature ( ~ 1 0 1 )  was 143aF. A t  the sanle time, the co l lec to r  array i n l e t  temper- 
a tu re  (T1OO) was 6SaF, and the ou t le i  temperature was 120°F, sa t is fying the 
control requirement t h a t  the ou t le t  temperature be above 100°F for  col lector  
turn-on, A1 though col lector  operation i s  shown as  continuous, from 
col lector  turn-on a t  1012 hours until f ina l  turn-off a t  1908 hours, there  
were s lx  very short ,  ( l ess  than 10 minutes) widely separated turn-off 
periods during the day which account f o r  the larger  dips i n  the i n l e t  and 
o u t l e t  temperatures. 

The col lector  array operated normally throughout the day w i t h  the  exception 
of the brief  off periods c i ted above which, apparently, coincided w i t h  an opera- 
t ion  mode change from Mode 1 (Collector-to-Space Heat Loa$) to  Mode 2 (Col- 
1 ector-to-Storage) . I t  i s  assumed tha t ,  i n  t h i s  mode t rans fe r ,  the col lector  
flow was momentarily interrupted by the switching of control dampers, 

I '  

I t  will be noted t ha t  the absorber pla te  temperature (T101) and the col lector  
ou t l e t  temperature (TI 50) generally tracked so la r  insolat ion ard t ha t  these 
two temperatures TlOl and TI50 tracked each other qui te  closely.  The col lector  

array in1 e t  temperature (TI 00) showed a gradual r i s e  throughout the operational 
period, This i s  expected because the system was operating i n  the col lector-  
to-storage and hot water heating mode most of the day. As a r e su l t ,  TlOO tended ' 

t o  track t he  temperature a t  the  cold s ide  of storage (T203). 

The col lector  array continued t o  operate unti l  1708 hours a t  which time col- 
l e c t o r  flow was terminated fo r  the remainder of the day. A t  the time of 





2 co l lec to r  turn-off the insolat ion level had dropped t o  59 Btu,'Ft -Hr and 
absorber p la te  temperature (T101) had f a l l en  to  9g°F. A t  turn-off ,  col- 
1 ec to r  i n l e t  temperature (TI 00) measured 82°F and col 1 ec tor  out1 e t  temper- 
a t u r e  (T150) was 81°F. Thus,  the  system control operated approximately i n  
accordance w i t h  design c r i t e r i a  which d i c t a t e s  t h a t  col 1 ec to r  operation i s  
terminated when the col lec tor  o u t l e t  temperature f a l l s  t o  85'F, o r  below. I t  
should be noted t ha t  TI50 is  a monitorlng sensor. The control sensor, which 
i s  a s h a r a t e  and d i s t i n c t  sensor, may have detected a s l  ight ly  d i f fe ren t  tem- 
perature value due t o  J t s  location or type. 

Figure 2.1-1 (b )  presents a p rof i l e  of tile storage bin temperatures f o r  the 
selected day. During the f i r s t  three hours, the system was providing energy 
from storage f o r  space heating. However, a t  0305 hours the temperature a t  
the h p u  s ide  of storage (T201) dropped to  approximately 84°F and heating from 
storage ceased unti l  0420 hours when i t  resumed fo r  a very brief  ( l e s s  t h i ~ n  
10 minutej period. A t  0425, the temperature (T201) dropped t o  85"r and 
heating from storage was terminated f o r  the remainder of the day. T h i s  tem- 
perature i ; s l  ight ly  below the control "storage m i n i m u m "  temperature ~f 90°F, 
nowever, i t  should be noted t ha t  T201 i s  not a conk'l+ol sensor. The actual 
control sensor probably sensed a d i f fe ren t  temperature due t o  i t s  location in 
the  rock bed. After 0420 hours the system remained i n  e s sen t ia l ly  a quiescent 
s t a t e  unti l  the col lec tor  array began operating and charging storage a t  approx- 
imately 1100 hours. During the  charging period, from 1100 hours unt i l  1700 
hours, the temperature prof i le  in the storage bin behaved as  would be expected 
w i t h  a l l  three storage temperatures increasing s teadi ly .  Once co l lec to r  ar ray 
operation, and hence storage charging, ceased, the system remained re1 a t ive ly  
s tab le  f o r  the remainder of the day. The system did not enter  the storage t o  
space heat:ng mode during the evening hours. 



2.2 System Operat i  n.g S,,q n uence -- 

F igu re  2.2-1 presents  b a r  c l l a r t s  showing t y p i c a l  system ope ra t i ng  sequences 

f o r  February 17, 1980. T h i s  data c o r r e l a t e s  w i t h  t he  curves presented i n  
F igu re  2.1-1 and prov ides some add i t i o l i a l  i n s i g h t  i n t o  those curves. Th is  

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

a t i o n  were exerc ised a t  some t ime du r i ng  the  day. 

February 17 was an app rop r i a te  day t o  eva luate t he  performance o f  t h e  space 

hea t ing  subsystetn i n  view o f  t he  r e l a t i v e l y  c o l d  average ambient temperature 

f o r  the  day (30°F) and a s i z a b l e  hea t ing  l oad  (245,000 B tu ) .  On t h a t  date,  

s o l a r  energy s a t i s f i e d  34 percent  o f  t he  space hea t ing  l oad  and 29 percen t  

o f  the  h o t  water  load. 

As shown i n  F igure  2.2-1, space hea t ing  was prov ided f rom storage i n  a  c y c l i c  

fash ion  f r om midn igh t  u n t i l  about 0420 hours. Dur ing t h i s  per iod ,  the  heat  

f rom s to rage  was suppleniented by cyc l  i n g  o f  t he  heat  pump u n t i i  a f t e r  0420 

hours when t h e  heat  pump r a n  con t inuous ly  u n t i l  approx imate ly  1000 hours when 

c o l l e c t o r  tu rn -on  occurreu. Froln about 1020 hours u n t i l  1100 hours the  system 

prov ided hea t  d i r e c t l y  fro111 the  c o l l e c t o r s  t o  t he  heated space. From 1100 

hours u n t l l  c o l l e c t o r  t u r n - o f f ,  j u s t  a f t e r  1700 hours, the  system cyc led  be- 

tween d i r e c t  hea t ing  froni  t h e  c o l l e c t o r s  and charg ing storage. Over t h i s  

per iod, t h e  m a j o r i t y  o f  t he  system opera t ion  was i n  t h e  s tnrage charg ing mode. 

Th i s  i s  r e f 1  ected i n  t h e  s i g n i f i c a n t  s torage ternperaturcz increase du r i ng  t he  

ope ra t i ona l  per iod.  By t he  end o f  t he  c o l l e c t o r  opera t ing  per iod ,  a t  1708 

hours, t h e  temperature (T201) a t  the  h o t  s i de  o f  s torage had reached 120°F. 

An apparent misadjustment i n  t he  systetn c o n t r o l s  caused a l l  space hea t ing  

a f t e r  c o l l e c t o r  t u r n - o f f  xo be prov ided by t he  a u x i l i a r y  source (heat  pump) 

desp i t e  t h e  f a c t  t h a t  s torage temperatures seemed adequate t o  p rov ide  s i g n i -  

f i c a n t  energy du r i ng  t h e  evening hours. 

F igure  2.2-1 a1 so shows t h a t  preheat ing o f  domestic h o t  water was c a r r i e d  o u t  

con t i nuous l y  du r i ng  t h e  opera t iona l  pe r i od  of t he  c o l l  ec to rs .  Domestic h o t  

watert usage on t he  day se lec ted  t o t a ? z d  124 gal  lons .  Th is  i s  a  1  i t t l e  h i ghe r  

than t he  monthly average f o r  February o f  105 ga l lons .  Time phasing o f  t he  h o t  

water  demand i s  i n d i c a t e d  i n  F igure  2.1-1. 





In general, the systetn operated i n  accordance with design c r i t e r i a  except 
that  available energy from storage was not uti l ized in the evening hours. 
This resulted in the unnecessary expenditure o f  auxil iary energy for  space 
heati jig. 



3. PERFORMANCE ASSESSMENT 

The performance o f  the Contenlporary Newnan Solar  Energy System has been 

evaluated f o r  t h e  June, 1979, through A p r i l ,  1980, t ime pe r iod  from two 

perspectives, The f i r s t  was the  o v e r a l l  system view i n  which the performance 
values o f  system so la r  f r a c t i o n  and n e t  energy savings were evaluated aga ins t  

the  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 ions  and system loads. 
b 

The second view presents a more i n  depth look  a t  the  pe~formance o f  the  

i n d i v i d u a l  subsystems. D e t a i l  s r e l a t i n g  t o  the performance o f  the  system 
a re  presented f i r s t  i n  Sect ion 3.1 fo l lowed by the  subsystem assessment 

i n  Sect ion 3.2. 

1 
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3,1 Sys tem Performance- 

This Seasonal Report provides a system performance evaluation summary 
of the operation of the Contemporary Newnan Solar Energy System 
located tn Newnan, Georgia, This analysis was conducted by eval- 
uati on of measured sys tem performance against the expected perfor- 
mance with long-term average cl imatic conditions . The performance of 

the system i s  evaluated by calculating a s e t  of primary performance 
factors which are based on those proposed in the intergovernmental 
agency report ,  "Thermal Data Requirements and Performance Eva1 uati on 
Procedures for the National Sol ar Heating and Cool ing Demonstration Program" 
[5]. The performance of the major subsystems i s  also evaluated in subsequent 
section of this  report. 

The measurement data were collected for the period June, 1979, through 
April, 1980. System performance data were provided through an IBM 

deveiopea Centrai Data Processing System (CDPS) [4] cans i s t i ng  o f  a remote 
Site Data Acquisition System (SDAS) , telephone data transmission 1 ines 
and couplers, an IBM System 7 computer for data management, and an IBM 
System 370/145 computer for data processing. The CDPS supports the col- 
lection and analysis of solar data acquired from instrumented systems 
located throughout the country. These data are processed daily and sum- 
marized lnto monthly performance formats which form a common basis for 
comparative system evaluation. These monthly summaries are the basis of 
the evaluation and data contained in this  report. 

I The solar  energy system performance summarized in th i s  section can be 
viewed as the dependent response of the system to certain primary inputs. 
This relationship i s  i l lustrated in Figure 3.1-1. The primary inputs are 
the incident solar energy, the outdoor ambient temperature and the system 
load, The dependent responses of the system are the system solar fraction 
and the total  energy savings. Both the input and o u t p u t  definit ions are 
as follows: 
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r Incident solar energy - The total solar energy incident 
on the col1ec'r;or array and available for  collection. 

e Ambient temperature - The tetapernturc o f  the external 
envpfronment which affects both the cnsrgy that can be 
collected and the energy demar~d, 

e Systeni load - The loads that  the system is  designed to  
meet, which are  affected by tile l i f e  s ty le  of the user 
(space heatinglcool ing, domcstic hot water, c tc . ,  as 
appl icablej .  

e System solar fraction - The r n t f o  o f  solar  energy applied 
to the system loads to total energy (solar  plus auxiliary 
energy) required by the loads. 

e Total energy savings - The quantity of auxiliary energy 
(el ectrical  or fossil ) displaced by solar energy. 

The monthly values of the inputs and outputs for  the total  operational 
period are shown in Tab1 e 3.1-1, the System Performance Sunrmary. Comparative 
1 ong-term average val wes of daily incident sol a r  energy, and outdoor ambient 
temperature a re  given for  reference purpose. The long-term data are taken 
from Reference 1 of Appendix C. Generdlly the solar energy system i s  de- 
signed to supply an amount o f  energy that  resul ts  i n  a desired value of 
system solar fraction while operating under climatic conditions that  are  
defined by the long-term average value of daily incident solar energy and 



TABLE 3.1-1 

SYSTEM PERFORMANCE SUMMPLRY 

CONTEMPORARY NEWNAN 

* Averages are  weighted values. 
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outdoor ambient temperature, If the actual cl imatic conditions are  
close to  the long term average valuesr there is 1 i t t l s  adverse impact 
on the system's ab i l i t y  to meet design goals. This i s  an important 
factor in evaluating system performance and i s  the reeson the long- 
term average values are  given, The data r\eportsd i n  the following 
paragraphs are  taken from Table 3.1-1. 

A t  the Contemporary Newnan s i t e  for  the eleven month report period, 
the long-term average daily incident solar energy in the plane of the 
collector was 1414 ~tu / f l? .  The overage daily measured value was 1265 

2 Btu/ft which i s  about  11 percent below the long-term value. On a monthly 
basis, January of 1980 was the worst month with an average daily measured 
value of incident solar energy 36 percent below the long-term average daily 
value, February, 1980, was the best month with an average daily measured 
value f ive  percent above the long-tern1 average daily value. On a long-term 
basis the measured value of incident solar energy was suff ic ient ly  below 
the long-term value to have a s l ight ly  detrimental effect  on the  performance 
of the solar energy system. 

The outdoor ambient temperature influences the operation of the solar 
energy systeni in two important ways. Firs t  the operating point of the 
coll ectors and consequently the coll ector efficiency 01- encrgy g a i n  i s  
determined by the diafferencr? in the outdoor anihient telnperature and the 
collector i n l e t  temperature. This will be discussed in greater detail 
in Section 3.2.1. Secondly the load i s  influenced by the outdoor ambient 
temperature. The measured average daily ambi cnt temperature was 58'F 

for the Contemporary Newnnn s i t e  which i s  3°F below the long-term value 
of 61°F. On a monthly basis, February of 1980 was the worst month ,  tem- 
peraturewi se, when the measured temperature was 6°F below the long-term 
daily average. This lower than normal temperature had a s l ight ly  adverse 

impact on system perfortnonce, despite the fac t  that February was the best 
of the report months in ternis of incident solar energy. 



The e f fec t  o f  system load  and ambient temperature on +he performance of 
t he  Contemporary Newnan So lar  Energy System can be seen by reference 'to 
Table 3.1-1, The maximum s o l a r  f r a c t l o n  o f  92 percent was achieved i n  
October, 1979, when system load  was low, i n c i d e n t  s o l a r  energy was s l i g h t l y  
above t h e  long-term average and ambient temperature was o n l y  4 O F  below 
the  long-term value. The lowest  so la r  f r a c t i o n  o f  19 percent  was measured 
i n  Jandary, 1980, when system load was near i t s  peak value and i n c i d e n t  
s o l a r  energy was 36 percent below the  long-term value. 

The low (and zero) s o l a r  f r a c t i o n s  obtained i n  t he  June, 1979 through 
September, 1979 t ime per iod  are no t  considered a t r u e  measure o f  system 
performance because the heat ing load was zero o r  negligible and the re  was 
e s s e n t i a l l y  no h o t  water l oad  except i n  J u l y  when water from the  DHW sub- 
system was used i n  a non- typ ical  fashion f o r  c leaning purposes. 

A1 so presented i n  Table 3.1 -1 are  the measured and expected values o f  
system s o l a r  f r a c t i o n  where system s o l a r  f r a c t i o n  i s  the  r a t i o  o f  s o l a r  
energy app l i ed  t o  the  loads, The expected values have been der ived from 

a mod i f ied  f -Chart  ana lys is  which uses measured weather and subsystem 
loads as i npu ts  (f-Chart i s  the  designat ion of a procedure t h a t  was 
developed by the  So lar  Energy Laboratory, U n i v e r s i t y  o f  Wisconsin, 
Madison, f o r  modeling and designing s o l a r  energy system [9]). The model 
used i n  the  ana lys is  i s  based on manufacturers' data and o ther  known 

system parameters. The bases f o r  the  n~odel a re  empi r ica l  c o r r e l a t i o n s  

developed f o r  l i q u i d  and a i r  so la r  energy systems t h a t  a re  presented 
i n  graphical  and equation form and r e f e r r e d  t o  as the  f-Chart where I f '  
i s  a designator  f o r  the  system so lar  f r a c t i o n .  The ou tpu t  o f  the  f -Chart  

procedure i s  the  expected cystem so la r  f r a c t i o n .  The measured value o f  

system s o l a r  f r a c t i o n  was computed from measurements obtained through 
the i nstrumentat ion system o f  the  energy t r a s s f e r s  t h a t  took p lace 
w i t h i n  t h e  s o l a r  energy system. These represent  the  ac tua l  performance 

o f  t he  system i n s t a l l e d  a t  the  s i t e .  



The t o t a l  energy saving i s  an itnportant performance parameter f o r  the  
s o l a r  energy systcln bccausc the fundalnental purpose o f  the  system i s  
t o  rep1 ace expensive convent ional energy sources w i t h  1 ess expensive s o l a r  
energy. I n  p r a c t i c a l  considerat ion,  the system must save enough energy 
t o  cover both the cos t  of 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  tcrnis of the technical  ana lys i s  pre- 
sented i n  t h i s  r e p o r t  t he  ne t  t o t a l  energy savings should be s i g n i f i c a n t  
p o s i t i v e  f i gu re .  The t o t a l  ne t  energy savitlgs f o r  the  Contemporary 
Newnan Solar  Energy System was 5.47 m i l l  i o n  Btu o r  1602 kWh. These savings 
a r e  based o n l y  on measured inputs  o f  so la r  energy t o  the b a d  subsystems. 
Considerat ion o f  the considerable so la r  encrgy system losses i n  t h e  form 
o f  storage and t ranspor t  losses which are in t roduced i n t o  the  heated space 
and which, t h e r e f w e ,  reduce the  o v e r a l l  heat ing load, r csu l  t s  i n  s i g n i f i -  
c a n t l y  greater  savings f o r  the system. These losses and the  r e s u l t a n t  sav- 
ings  a r e  discussed i n  d e t a i l  i n  sect ions t h a t  f o l l ow ,  



3.2 Subsystem Per{ormance, 

The Contemporary Newnan Solar Energy Instal la t ion may be divided into 
four subs;ptems : 

1. Col lector  array 
2. , Storage 
3.  Hotwater 
4, Space Heating 

Each subsystem has been evaluated by the techniques defined in Section 3 
and i s  numerically analyzed each month for  the monthly performance assessments. 
This section presents the results of integrating the monthly data avaflable 
on the four subsy;tems for  the period June, 1979, through April, 1980, 



3.2.1 $01 1 actor Array Subsys ten1 

The Con temporary Newnan cot 1 eetar array consi s ts of 14 Contemporary Sys tems 
Series V warm a?r f lat-plate  a i r  collsctors connected In parallel .  These 
collectors are a one-pass a i ~  heating type w i t h  a double glazing making 
u p  an array with 6 gross area of 392 square feet .  Tntereonnection and 
flow deta l l s  are shown i n  Ftgure 3,2,1-1 ( a )  and (b), The collector 
subsystem analysis and data are given in the fol lowing paragraphs. 

Collector array performance i s  described by the collector array ef f i -  
clency, This i s  the 1 a t i o  of co'rieeted solar  energy to  incident solar 
e n e y ,  , a vaf ue always 1 ess than urli ty because of collector 1 osses , 

t 
The -incident solar energy may be viewed from two persoectives, The 
f i r s t  assumes tha t  a l l  available solar energy incident on the col- 

"lectors must be used in determining collectar array efficiency. The 
efficiency i s  then expressed by the equation: 

where " c = Collector arlvy efficiency 

Qs Collected solar energy 

I Qi - Incident sol?r  energy 

The efficiency determined i n  this manner i ~ e l u d e s  the operation o f  the 
I 

control system, For example, solar energy can t available a t  the col- 
I 

lector ,  b u t  the collector absorber plate tcmpcrature may be below the 
minimum cortrol temperature se t  point for call  ector 1 oop operation, thus 
the energy i s  not collected. The monthly efficiency by this  metllod i s  
1 isted i n  the column ent i t led  "Collector Array Efficiency" in Tab1 e 
3.2.1-1. 
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The second viewpoint assumes tha t  only the so la r  energy incident on the 
col lector  when the col lector  loop i s  operational be lased i n  determining 
the  coll ec to r  array efficiency. The value of the operational incident 
solar  energy used is multiplied by the r a t i o  of the  gross co l lec to r  area 
t o  the gross col lector  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 = Col lec tcdso la renergy  

Qo i = Operational incident so la r  energy 

A~ 
= 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 
including a l l  mounting and connecting 
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  i n  the column 
en t i t l ed  I1Operational Coll ector Array Efficiency" i n  Tab1 e 3.2.1-1. 

In the ASHRAE Standard 93-77 [6] a col lector  efficiency i s  defined i n  
the  same terminology as the operational col lector  array efficiency.  
However, the  ASHRAE efficiency i s  determined from instantaneous eval ua- 
t i o n  under t igh t ly  controlled, steady s t a t e  t e s t  conditions, while the  
operational col 1 ector  array efficiency i s  determined from actual dynamic 3 

conditions of dai ly  solar  energy system operation i n  the f i e ld .  

3 
The ASHRAE Standard 93-77 def ini t ions  and methods often a r e  adopted by 
coll ector manufacturers and independent t e s t  1 aboratories i n  eval uating 
collectors.  The col lector  evaluation performed f o r  t h i s  report  using the 3 r 



f fe ld  data indicates t ha t  there was a s ignif icant  difference between 
laboratory cal ibra ted s ingle  panel coll  cctor data and the col lector  
data determined from long-term f i e ld  measurements, This may not always 
be the case,  but there a re  two primary reasons fo r  differences i n  the 
laboratory and f i e l d  data: 

e Test conditions a r e  not the  same as conditions 
in the f i e l d ,  nor do they represent the  wide 
dynamic range of f i e l d  operation ( i . e .  i n l e t  and 
ou t le t  temperature, flow ra tes  and flow d i s t r i -  
bution of the heat t ransfer  f lu id ,  insolat ion 
levels ,  aspect angle, wind conditions, e tc .  

e Collector t e s t s  a r e  not generally conducted w i t h  
units  t h a t  have undergone the e f fec t s  of aging 
( i . e .  changes in the  character is t ics  of the  glazing 
material,  collection of d u s t ,  soot, pollen o r  other 
foreign materfal on the glazing, deter iora t ion o f  the 
absorber pl a t e  surface treatment, e t c  . ) 

Consequently f i e l d  data collected over an extended period will generally 
provide an improved source of col lector  performance charac te r i s t i cs  f o r  
use i n  1 ong-term system performance def ini t ion.  

The long-term data base fo r  Contemporary Mewnan used f o r  detai led co l lec to r  
analysis  includes a l l  b u t  two of the months in the June, 1979, through 
April,  1980, report  period. August, 1979, was omitted from the data base 
because the  hot water load was negligible (28 gallons fo r  the month) and 
the small heating load was supported by the auxi l iary  system. As a r e su l t ,  

the so l a r  energy collected was l e s s  than one percent of the incident so la r  
energy. Data f o r  the month of October, 1979, was l o s t  due to  a par i ty  e r ro r  

on the deta i l  measurement tape and t ha t  month i s ,  therefore,  omitted from 
the long-term data base. 

The operation co l lec to r  array efficiency data given ;n Table 3.2.1-1 a r e  
monthly averages based on instantaneous efficiency coniputations over the 
to ta l  performance period using a1 1 available data. For detai led co l lec to r  

analysis  i t  was desirable t o  use a limited subset of the  available data t ha t  
characterized co l lec to r  operation under "steady s t a t e "  conditions. This 

subset was defined by applying the following res t r i c t ions :  



(1) The measurement period was restr ic ted to  co1 lector  
operation when the sun angle was within 30 degrees 
of the collector normal . 

( 2 )  Only measurements associated wi t h  positive energy gain 
from the col lectors were used, i .e. , out le t  temperatures 
must have exceeded in l e t  temperatures. 

(3)'  The sets  of measured parameters were restr ic ted t o  
those where the rate  of change of a l l  parameters of 
interest  during two regul a r  data system interval s* 
was 1 imited to a maximum ~f 5 percent. 

Instantaneous efficiencies (nj) computed from the "steady s ta te"  
operation measurements of incident solar energy and collected solar 
energy by Equation (2)** were correlated w i t h  an operating point 
determined by the equation: 

where x 
j 

= Collector operating point a t  the jeh 

instant 

Ti = Collector in l e t  f luid temperature 

= Outdoor ambient temperature a 

I = Rate of incident solar radiation 

The data points (n xj) were then plotted on a graph of efficiency 
j ' 

versus operating point and a f i r s t  order curve described by the slope- 
intercept formula was f i t t ed  to  the data through linear regression 
techniques. The form of this  f i t t ed  efficiency curve i s :  

*The data system interval was 5-1/3 minutes i n  duration. Values of 
a1 1 measured parameters were continuously sampled a t  t h i s  ra te  
throughout the performance period. 

**The ra t io  A /A was assumed to be unity for th i s  analysis. 
P a 



"j 
= b - m x  

j 

where 
j 

= Col 1 ector efficiency corresponding to the 
j t h  instant 

b = Intercept on the efficiency axis 

(-)m = Slope 

j 
= ~ ~ ~ l ~ c t o r o p e r a t i t ~ g p o i n t a t j t h  

instant 

The re1 ationship between the empirically determined efficiency curve 
and the analytically developed curve wi 11 be estahl ished in subsequent 
paragraphs. 

The analytical ly developed coll ector efficiency curve i s  based on 
the Hottell -Whill ier-Bl i s s  equation: 

where = Collector efficiency 

FR = co1 lector heat re~noval factor 

T = Transmissivi ty of c ~ l  lector glazing 

C( = Absorptan~e of collector plate 

UL = Overall collector energy loss coefficient 

Ti  Collector in l e t  f luid temperature 

Ta = Outdoor ambient temperature 

I = Rate of incident solar radiation 



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

Therefore by determin ing t h e  s l ope - i  n t e r c e p t  e f f i c i ency  equat ion  f rom 

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

t o  t h e  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 he  

f o l l o w i n g  s e t  o f  r e1  a t i onsh ips :  

where t h e  terms a re  as p rev ious l y  de f i ned  

The d i scuss ion  o f  t h e  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 the  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 r a y  e f f i c i e n c y  curves by t he  1  i n e a r  r e -  
g ress ion  technique, measurement da ta  over  t he  e n t i r e  performance p e r i o d  
y i e l d s  h i g h e r  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 s h o r t e r  
per iods,  Over the  l onge r  per iods the  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 i d e r  dynamic range. Th i s  e l im ina tes  t h e  tendency shown by some 
types o f  s o l a r  energy systems t o  c l u s t e r  e f f i c i e n c y  values over  a  narrow 

range of 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  r eg ress ion  technCique 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  from 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 
so1 a r  system performance p r e d i c t i o n .  The 1  ong-term curve and the  curve 
der i ved  f r om the  l a b o r a t o r y  s i n g l e  panel da ta  a r e  shown i n  F igure  3.2.1-2. 

The long- term f i r s t  o rder  curve presented i n  F igu re  3.2.1-2 i n d i c a t e s  t h a t  
t he  c o l l e c t o r  as a  whole d i d  n o t  per form as w e l l  as the l a b o r a t o r y  t e s t  u n i t .  

Over t h e  r e p o r t i n g  p e r i o d  t he  average ope ra t i ng  p o i n t  o f  t h e  c o l l e c t o r  a r ray  
was i n  t h e  0.10 t o  0.20 range and, w i t h i n  t h i s  range, t h e  c o l l e c t o r  e f f i c i e n c y  
was 6 pe rcen t  t o  10 percent  below the  va lue  ob ta ined  from l a b o r a t o r y  s i n g l e  

panel t e s t  data.  Th i s  i s  probably  due t o  t he  d i f f e r e n c e s  between l abo r -  

a t o r y  and f i e l d  cond i t i ons ,  as c i t e d  e a r l i e r  ( f l o w  ra tes ,  aspect  angle and 





wind conditions) and to  leakage effects associated with the manifolds and 
duct work for the complete array as opposed to  those required for  a single 
panel. These effects  a1 so resulted I n  a s l  f ghtly more negative slope i n  
the long-term f i r s t  order curve compared to  the single panel t e s t  curve. 

Table 3 . 2  1-2 presents data comparing the monthly measured values of 
sdlar encrgy col lected w i t h  the predicted performance determined from 
the long-term regression curve and the laboratory single panel e f f i -  
ctency 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 )  w i t h  the operating point computed in 
Step 1 above for:  

a. The long-term 1 inear regression curve 
for  col lector array efficiency 

b, The laboratory single panel ccllector 
efficiency curve 

3. The efficiencies computed i n  Steps 2a and 2b 
above were mu1 tip1 ied by t he  measured solar 
energy avai 1 able when the col 1 ectors were 
operational to give two predicted values of 
sol a r  energy col 1 ec ted. 

The error data in Table 3.2.1-2 were computed from the differences 
between the measured and predicted values of solar energy coll ected 
according to  the equation: 





E r r o r  (A-P)/P 

where A s Measured s o l a r  energy c o l l e c t e d  
P Predicted s o l a r  energy c o l l e c t e d  

The computed e r r o r  i s  then an i n d i c a t i o n  o f  how w e l l  the p a r t i c u l a r  
p r e d i c t i o n  curve f i t t e d  the  r e a l  i t y  o f  dynamic operat ing cond i t ions  

i n  the  f i e l d ,  

The values o f  "Col lected Solar  Energy" given i n  Table 3.2,l-2 a r e  n o t  
necessar i l y  i d e n t i c a l  w i t h  the values o f  "Col lected Solar Energy1' 
given i n  Table 3.211elb Any va r ia t i ons  a re  due t o  the d i f f e rences  i n  
data processing between the  software programs used t o  generate t h e  
monthly performance r e p o r t  data and the  component 1 eve1 cot  1 ec to r  anal - 
y s i s  program. These data are  shown i n  Table 3, 2,102 on l y  because they 
form the  references from which the e r r o r  data g iven i n  t he  t a b l e  are  

computed. 

The data from Table 3.2.1 -2 i l l u s t r a t e s  t h a t  fo r  the  Contemporary Newnan 
s i t e  t h e  average e r r c r  computed from the  d i f f e rence  between the measured 
solar  energy c o l l e c t e d  and the  predic ted so la r  energy c o l l e c t e d  based on 
the  f i e l d  der ived 1 ong-term c o l l  ec tor  a r ray  e f f i c i e n c y  curve was 5.3 percent.  
For the  curve der ived from the  labora tory  s ing le  panel data, the e r r o r  was 
-19,5 percent. Thus the long-term c o l l e c t o r  a r ray  e f f i c i e n c y  curve gives 
s i g n i f i c a n t l y  b e t t e r  r e s u l t s  than the labora tory  sing1 e panel curve i n  
descr ib ing  co11 e c t o r  performance i n  t h i s  system. 

A histogram of c o l l e c t o r  a r ray  operat ing po in ts  i l l u s t r a t e s  the d i s t r i -  
but ion o f  instantaneous values as determined by Equation ( 3 )  f o r  t he  
e n t i r e  m!,rth. The histogram was constructed by computing the  ins tan-  
taneous operat ing p o i n t  va l  ue from s i  ce inst rumentat ion measurements 
a t  the regu la r  data system i n t e r v a l s  throughout t he  month, and count ing 

the number o f  values w i t h i n  contiguous i n t e r v a l s  o f  width 0.01 from zero 



t o  un i t y ,  The opera t ing  p o i n t  histogram shows the  dynamic range o f  
co lYector  opera t ion  dur ing  the month from which the  midpoint  can be 

ascertained. The average co l  l e c t o r  a r ray  e f f i c i e n c y  f o r  the  month can bs 
der ived by p r o j e c t i n g  the  midpoint  value t o  the appropr ia ta  e f f j c i e n c y  

curve and reading the  corresponding val  ue o f  e f f i c i e n c y ,  

Another c h a r a c t e r i s t i c  o f  the  operat ing p o i n t  h i s tog raa~  i s  the  s h i f t i n g  

o f  t h e  d i s t r i b u t i o n  along the  operat ing p o i n t  ax is .  This can be explained 
i n  terms o f  t h e  c h a r a c t e r i s t i c s  o f  the system, the c l i m a t i c  f a c t o r s  o f  

the s i t e ,  i .e., i nc iden t  so la r  energy and ambient temperature and the method 

o f  system operat ion, F igure  3.2.1-3 shows two histograms t h a t  i l l u s t r a t e  a  
t y p i c a l  w in te r  month (February) and a  t y p i c a l  summer month (June) operat ion, 

The approxinlate average operat ing p o i n t  f o r  February i s  a t  0.12 and f o r  June 
a t  0.19, I n  terms o f  Equation (3 )  i t  can be seen tha t ,  as the  opera t ing  p o i n t  

becomes la rger ,  the c o l l  ec to r  a r ray  e f f i c i ency  decreases, A t  t he  Contemporary 

Newnan s i t e  i t w i l l  be r e c a l l e d  t h a t  the f l ow  path i s  changed dur ing  the 
summer months so t h a t  a i r  c i r c u l a t e s  i n  a  t i g h t  path between the  o u t l e t  

and i n l e t  o f  t h e  c o l l e c t o r  array.  The on ly  mechanisms f o r  e x t r a c t i n g  energy 
i n  t h i s  flow con f i gu ra t i on  are  the DHW heat exchanger and duc t  losses. As 
a  r e s u l t ,  the  c o l l e c t o r  a r ray  i n l e t  temperature becomes very h igh  and the 

c o l l e c t o r  a r r a y  e f f i c i ency  tends t o  decrease, even though both the  inso la-  
t i o n  l e v e l  and t h e  ou ts ide  ambient temperature a lso tend t o  increase i n  

the summer months. The behavior i s  fu r ther  i l l u s t r a t e d  by consider ing the 

data i n  Table 3.2.1-1, 

Table 3.2.1-1 presents the  monthly values o f  i nc iden t  s o l a r  energy, opera- 

t i o n a l  i nc iden t  so la r  energy, and co l l ec ted  s o l a r  energy from the  12 month 

performance per iod.  The c o l l e c t o r  a r ray  e f f i c i e n c y  and opera t iona l  co l -  
l e c t o r  a r ray  e f f i c i e n c y  were computed f o r  each month us ing Equations (1 ) 
and (2) .  The average operat ional  c o l l e c t o r  a r ray  e f f i c i e n c y  was 30 percent 
compared t o  a  c o l l e c t o r  a r ray  e f f i c iency  o f  19 percent, which inc luded the 

e f fec t  o f  the  con t ro l  system. 
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Additional information concernfng collector array analysis in general may 
be found in Reference [8]. The material in the reference describes thc 
detai 1 ed colt eetor array analysis procedures and presents the rest11 t s  of 
analyses performed on numerous collector array installations across the 
United States, 



3.2.2 Storage Subsystem 

Storage subsystem performance i s  described by comparison of energy to 
storage, energy from storage and change in stored energy. The ra t io  of 
the cum of energy from storage and change in stored energy to energy to 
storage i s  defined as storage efficiency, qS.  This relationship i s  ex- 
pressed' i n the equation 

AQ = Change i n  stored energy. This i s  the difference in 
the estimated stored energy during the specified 
reporting period, as indicated by the i+elalive 
temperature of the storage medium (ei ther  pos? t ive  
o r  negative value) 

Qso = Energy from storage. This i s  the amount of energy 
extracted by the load subsystem from the primar.~ 
storage medium 

Qsi  = Energy to storage. This i s  the amount of energy 
(both solar  and auxiliary) delivered to  the prjmary 
storage medi um 

Evaluation of the system storage performance under actual system oper .- 
' tion and weatri~r cond-itions can be performed using the parameters defined 

above. The u t i l  i ty of these measured data in evaluation of the overall 
storage design are i 11 ustrated in the 101 lowing discussion. 



Ta b1 e 3.2.2-1 summarizes the  storage subsystem perforniance dur ing  the  

r e p o r t  period. During the  eleven month per iod  an approximate t o t a l  of 

23.05 m i l l i o n  B tu  was de l i ve red  t o  storage and 11.84 mi11 i o n  Btu was 

ex t rac ted  f o r  support o f  t he  space heat lng load. I t  should be noted 

t h a t  1 i t t l e  o r  no energy was drawn from storage from June, 1979, through 

September, 1979, due t o  the  extremely small heat ing loads dur ing  these 

warm weather months. 

The n e t  change i n  s tored energy f o r  the  seven months (October through A p r i l )  

i n  which energy was drawn from storage t o  supply a s i g n i f i c a n t  heat ing  l o a d  

was -0.02 m i l l  i o n  Btu. The average storage e f f i c i ency  over t h i s  same 

per iod  was 0.57. The average temperature o f  storage dur ing the  heat ing 

pe r iod  was 121 OF and f o r  t he  f u l l  r e p o r t  per iod  i t  was 123°F. 

Performance o f  t h e  Contenlporary Newnan storage subsystem was notab ly  

supe r io r  t o  t h e  Contemporary Manchester stopage subsystem, i n  terms o f  

both storage e f f i c i e n c y  and average storage temperature, g i v i n g  a heat ing 

season storage e f f i c i e n c y  o f  57 percent conlpared t o  48 percent f o r  

Manchester and an average temperature of 121 O F  versus Manchester ' s  88OF. 

The Newnan storage subsystem a7 so showed good s t r a t i f i c a t i o n  proper t ies  

as i l l u s t r a t e d  i n  F igure 2.1-1. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFOWIANCE 

* Storage efficiency and change i n  stored energy obtained by considering only the seven months 
i n  which energy was drawn from storage t o  supply a s ign i f ican t  heating load. 

Storage 
Average 

Temperature 
" F 

143 

136 

107 

11 8 

146 

134 

105 

96 

107 

7 21 

139 

-- 

I 

Month 

Jun 79 

Jul  79 

Aug 79 

Sep 79 
Oct 79 

N O V  79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

Apr  80 

Total 

Average 

t 

Energy To 
Storage 

(Million Btu) 

0.91 5 

0.677 

0.001 

0.722 

3.642 

2.713 

3.299 

1.911 

3.310 

3.263 

2.600 

23.053 

2.70 

Energy From 
Storage 

(Mill ion Btu) 

0.000 

0.000 

0.080 

0.007 

1 .724 

1.517 

2.475 

1 .I92 

1.929 

2.003 

0.988 

11.835 

1.08 

Change In 
Stored 
Energy 

(P i l l ion  Btu) 

0.187 

0.077 

-0.022 

0.431 

0,116 

-0.278 

-0.182 

0.029 

0.333 

-0.1025 

-0. ID08 

-0.1015 * 

. 
Storage 

Efficiency 

0.20 

0.11 

0.00 

0.61 

0.51 

0.46 

0.70 

0.64 

0.68 

0.61 

0.38 

-- 

-0.002 * 0.57 * 123 1 



3.2.3 Hot  Water Subsystem 

The performance o f  t h e  h o t  water  subsystem i s  descr ibed by comparing t he  

amount o f  s o l a r  energy supp l ied  t o  t h e  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  h o t  water load. The 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  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 performance s f  t h e  Contemporary Newnan h o t  water  subsystem i s  

presented i n  Table 3.2.3-1. The va lue  f o r  a u x i l i a r y  energy supp l i ed  i n  

Table 3.2.3-1 i s  t h e  gross energy supp l ied  t o  t he  a u x i l i a r y  system. I n  

t h e  case o f  Contemporary Newnan, where the  h o t  water  a u x i l i a r y  energy i s  

supp l i ed  by  e l e c t r i c  r es i s tance  elements, an e f f i c i e n c y  o f  one i s  assumed 

and t h e  va lues o f  a u x i l  i a r y  energy and a u x i l  i a r y  thermal energy (energy 

d e l i v e r e d  t o  t h e  load)  a r e  t h e  same. The d i f f e r e n c e  between t h e  sum o f  

a u x i l i a r y  thermal p l u s  s o l a r  energy and the  h o t  water  l o a d  i s  equal t o  

t h e  thermal (s tandby)  losses  from t h e  h o 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 

va lue  f o r  t h e  month based on t he  r a t i o  o f  s o l a r  energy i n  the  h o t  water 

t ank  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  e x i s t s .  Th i s  va lue i s  dependent on t he  d a i l y  p r o f i l e  o f  h o t  

water  usage. I t  does n o t  represen t  t h e  r a t i o  o f  s o l a r  energy supp l i ed  

t o  t he  sum of s o l a r  p l u s  a u x i l  i a r y  thermal energy suppl i e d  shown i n  t he  

t a b l e .  

For  the  e leven month p e r i o d  f rom June ,1979 , through A p r i l  ,1980, t he  s o l a r  

energy system supp l i ed  a  t o t a l  o f  3.79 m i l l i o n  B tu  t o  t h e  h o t  water  sub- 

system. A u x i l i a r y  energy supp l ied  over  t h i s  p e r i o d  amounted t o  6.45 

m i l l i o n  B t u  y i e l d i n g  a  t o t a l  ( s o l a r  p l u s  a u x i l i a r y )  i n p u t  o f  10.24 

m i l l i o n  Btu, The h o t  water l o a d  f o r  t he  r e p o r t  p e r i o d  was 8.69 m i l l i o n  

B tu  g i v i n g  a  t o t a l  thermal (s tandby)  l o s s  o f  1.55 m i l l i o n  Btu. 



TABLE 3.2.3-1 

HOT WATER SUBSYSTEM PERFORMANCE 

-- - 

I not Water Parameters 

Month 

Energy Consumed I Weighted * 
(Mil 1 ion Bto) Solar 

Auxi 1 i a ry  Fraction 
Solar I Thermal I Auxiliary I (Percent) 

$ 

84 

7 2 

82 

76 

79 

74 

58 

5 5 

52 

54 

6 0 

-- 

68 

Jun 79 

Ju1 79 

Aug 79 

Sep 79 
Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

Apr 80 

Total 

Average 

* Average so la r  f rac t ion  f o r  t h e  reporting period i s  weighted by t he  hot water load. 

Load Gal 1 ons 
(Million Btu Used 

t 
I_ ** Monthly so la r  f ract ion is computed (weighted) a t  the  time hot water fs actual ly  used. 

Tempera 
Supply 

0.000 

0.200 

0.001 

0.000 
0.224 

1.087 

1.315 

1.604 

1.532 

1.435 

1 .287 

8.685 

0.79 

0 

682 
28 

5 

598 

2673 

2851 

331 1 

3059 

291 4 

2809 

18930 

1721 



It should be noted from Table 3.2.3-1 t h a t  the  ho t  water l oad  f o r  t h e  

months o f  June, August, and September, 1979, was n e g l i g i b l e  due t o  t he  

unoccupied s t a t u s  o f  t h e  house. The small usage i n  Ju ly ,  1979, was due 

t o  t h e  use of h o t  water f o r  c leaning v i n y l  s i d i n g  and f o r  o t h e r  c lean ing  

purposes. To prov ide  a more r e a l i s t i c  ho t  water load, an automatic 

h o t  water l o a d  s imu la to r  was i n s t a l l e d  a t  t he  s i t e  i n  October, 1979, 

Th i s  device was removed, on o r  about, November 15, 1979, when the  house 

became occupied and the  ho t  water load, from t h a t  p o i n t  t o  t he  end o f  

t he  r e p o r t  per iod,  represents ac tua l  usage by the occupants. Because 

o f  t h e  e r r a t i c  pa t te rn  of ho t  water usage over t he  r e p o r t  per iod, the  
o v e r a l l  average s o l a r  f r a c t i o n  f o r  the  per iod  o f  30 percent  was obta ined 

by we igh t ing  t h e  ho t  water so la r  f r a c t i o n  f o r  eacn nionth by the  ho t  

water  l oad  f o r  t h a t  month, 



3.2.4 Space Heating Subsystem 

The performance of t h e  space heat ing subsystem i s  described by  comparing the  
amount o f  s o l a r  energy suppl ied t o  the  subsystem w i t h  the energy requ i red  t o  
s a t i s f y  t h e  t o t a l  space heat ing load. The energy requ i red  t o  s a t i s f y  the 
t o t a l  l o a d  cons is ts  o f  both so la r  energy and a u x i l i a r y  thermal energy. 
The r a t j o  o f  so la r  energy suppl ied t o  the  load t o  the t o t a l  load i s  def ined 
as the heat ing  so la r  f r a c t i o n .  The ca lcu la ted  heat ing s o l a r  f r a c t i o n  f s  the 
i n d i c a t o r  o f  performance fo r  the subsystem because i t  def ines  the percentage 
o f  the  t o t a l  space heat ing load suppcrted by s o l a r  energy* 

The performance o f  the  Contemporary Newnan space heat ing subsystem i s  
presented i n  Table 3.2.4-1. For the 11 month per iod  from June, 1979 
through A p r i  1 , 1980, the s o l a r  energy system suppl ied a  measured t o t a l  o f  
10,75 m i l l i o n  Btu t o  the space heat ing load. The t o t a l  measured heat ing  
load f o r  t h i s  per iod  was 23.06 m i l l i o n  Btu and the  average monthly s o l a r  
f r a c t i o n  was 47 percent. 

I n  assessing the  performance o f  the  space heat ing subsystem i t  should be 
noted t h a t  there  a re  1  i m i t a t i o n s  o f  the  inst rumentat ion system which 
preclude the  d i r e c t  measurement o f  system losses. Measurement o f  space 
heat ing load,  s o l a r  and a u x i l i a r y  con t r i bu t i ons  and so la r  f r a c t i o n  a re  
based on "de l ivered energy," therefore,  losses must be computed from the  

d i f fe rence between de l  i vered energy and eol 1  ected energy. The so la r  energy 
losses a re  s i g n i f i c a n t ,  however, because the m a j o r i t y  o f  such losses a r e  
added t o  the  i n t e r i o r  of the  house and represent  an uncont ro l led  c o n t r i -  

bu t i on  t o  the  space heat ing load. A t  the Contemporary Newnan s i t e  t he  
so la r  energy losses occur dur ing  energy t ranspor t  between the  var ious 
subsystems ( p r i m a r i l y  due t o  d i r e c t  leakage), from the  rock storage u n i t  

and, t o  a  l esse r  extent ,  the  ho t  water preheat tank. During the  heat ing  
season (October, 1979 through A p r i l ,  1980) a  t o t a l  o f  approximately 11.38 
m i l l i o n  B tu  s f  s o l a r  energy was added t o  the i n t e r i o r  o f  t he  house through 
these losses. Thus, the energy added t o  the heated space due t o  s o l a r  



system losses was approximately 106 percent greater  than the measured 
amount of so l a r  energy supplied during the heating season in  the 
intended operating modes, 

A ca lcula t ion which t r e a t s  these losses a s  a posit ive contribution t o  
the space heating requirements, r esu l t s  i n  a higher so la r  f rac t ion  than 
t h a t  determined by the measured data. I f  so la r  losses  a r e  added t o  
the  space heating load and to the solar  contribution,  the heating so l a r  
f rac t ion  increases t o  64 percent. 

During the 11 month reporting period a to ta l  of 12.31 mill ion B t u  of 
aux i l i a ry  thermal energy was supplied to  the space heating load by the 
heat pump. The auxi l iary  e lec t r i ca l  energy input t o  the heat pump over 
this period amounted t o  3.41 million B t u ,  giving an overall Coefficient 
of Performance (COP) s f  3.61 f o r  the heat pump. 





4, Operating Energy 

Operating energy for  the Contemporary Newnan Solar Energy System is 
defined as the energy required t o  transport solar energy to  the point 
o f  use. Total operatitlg energy for  this system consists of Energy 
Collection and Storage Subsystem (ECSS) operating energy, hot water 
subsystem operating energy and space heating subsystem operating 
energy. Operating energy i s  electrical energy that  i s  used to support 
the subsystems wi thou t  affecting their  thern~al s ta te .  Measured monthly 
values for  subsystem operating energy are  presented in Table 4-1. 

Total system operating energy for  the Conteri~porary Newlaas Solar Energy 
System i s  t h a t  electrical energy required to operate the blower in the 
main a i r  handler unit, the pump i n  the DHW subsystem and the indoor 
and outdoor fans in the auxiliary (heat pump) subsystem. These are  
shown as EP400, EP300, a portion of EP401, respectively, in Figure 
2-1, A1 t h o u g h  additional electrical energy i s  required to  operate 

motor driven dampers and the control system for  the instal la t ion,  i t  
i s  not included in th is  report,. These devices are  not rt~onitored 
f o r  power consumption and the power they consume i s  insignificant 
when compared to  the fan and pump motors. 

During the 11 month reporting period, a total  of 4.40 mil 1 ion B t u  (1290 
kWh) of operating energy was consuwed. However, th i s  energy includes 
t h a t  portion of the energy required by the blower in the main a i r  handler 
uni t  when the blcwer i s  distributing a i r  t o  the heated space (space heating 
operating energy). That energy would be required whether or not the 
so lar  energy system was present, therefore, i t  i s  not considered solar 
pecul ia r ,  

A to ta l  of 2.24 million B t u  (656 kwh) of operating energy was required 
to  support the blower and pump when the solar collection and storage sub- 
systems were active, Of this  total  1.82 million B t u  were allocated t o  
the Energy Collection and Storage Subsystem (ECSS) and 0.42 niillion B t u  
to the DHW subsystem. Since a measured 14.54 million B t u  of solar  energy 
was delivered to  system loads during the reporting period, a total  of 0.15 
mill ion B t u  (45 kwh) of operating energy was required for each one mill ion 
B t u  of solar energy delivered to the systenl loads. 
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TABLE 4-1 

OPERATING ENERGY 

Hot Water 
Operating Energy 

(Mil l ion Btu) 

0.026 

0.020 

0.032 

0.019 

0.029 

0.050 

0.045 

0.030 

0.054 

0.054 

0.067 

0.420 

0.04 

Month 

J u n  79 

Jul 79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

Apr 80 

Total 

Average 

Space Heating 
Operating Energy 

(Mill ion  Btu) 

0.008 

0.007 

0.085 

0.168 

0.039 

0,086 

0.399 

0.563 

0.579 

0.203 

0.030 

2.161 

0.20 

ECSS 
Operating Energy 

(Mil 1 ion Btu) 

0.185 

0.131 

0.000 

0.098 

0.261 

0.211 

0.194 

0.113 

0.200 

0.208 

0.221 

1.822 

0.77 

Total System 
Opera ti ng Energy 

(Mil l ion  Btu) 

0.219 

6.152 

0.117 

0.285 

0.329 

0.347 

0.638 

0.706 

0.833 

I 
0.465 

0.312 

4.403 

0.40 I 
b 



5. ENERGY SAVINGS 

Solar energy system savings arc  rcalizerl whenever energy provided by the 
so lar  energy system is  used to meet dcrnands which would otherwise $6 met 
by auxiliary energy sources. The operating cnergy required to  provide 
so lar  cnergy to  the load subsysterrls i s  subtracted froel the solar  energy 
contributions t o  obtain the net savings attributed to the use of solar 
energy. 

Energy savings for the 11 month reporting period are  presented i n  Table 
5-1, Hot water savings for  the report period totaled 2.31 million B t u  
and, i n  the computation of this value the energy required to  operate the 
pump in the DHW preheat loop has been subtracted. The computation of 
e lectr ical  savings for  space heating uses an assumed coefficient of per- 
formance (COP)  of 2.0 fo r  the heat pump and subtracts t h a t  portion of the 
heating operating energy which i s  required when solar heat i s  provided 
to  the heated space from the collectors or from the storage bin. As seen 
from Table 5-1 the adiusted value o f  eleztiaieai savings for the report 
period was 4.99 million B t u .  Adding the adjusted valuzs or  2.31 million 
B tu  fo r  hot water and 4.99 million B t u  for  space heating gives a gross 
electr ical  savings of 7.3 million B t u .  The total  ECSS operating 
energy of 1.82 mill ion B t u  i s  subtracted, giving a total  net e lectr ical  
savinys of 5.47 million B t u  (1603 kwh) for  the report period. 

I t  should be rlotcd that  a l l  values relating t o  space heating savings are 
based only on the measured solar energy contribution to the space heating 
load. As discussed in the Space Heating Subsystem section, approximately 
11.38 million B t u  of solar energy werc added to the inter ior  of the house 
through various losses during the heating season, This uncontroll ed 
addition of solar  energy to the house, had i t  been included in the space 
heating subsystem computations, would have increased the space heating 
(and total system) savings significantly. This addi t i ~ n a l  , b u t  unreported, 
savings can be approximated by applying the assumed heat pump COP of 
2 which gives an adjusted gross space heating savings of an additional 
5.69 million B t u .  This computation results in a revised net e lectr ical  
savings of 11.16 mil 1 ion B t u  (3270 kwh) ,  approximately twice the reported 
Val we of 5.47 million B t u  (1603 kwh) .  
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6. MAINTENANCE 

S i g n i f i c a n t  maintenance a c t i v i  t i c s  c a r r i e d  o u t  a t  the Conten~porary 
Newnan s i t e  dur ing  the  r e p o r t  per iod a r c  summarized below: 

September 7, 1979 - Rspair o f  Duct Leak 
s----zx -* = = - 

S i t e  data i nd i ca ted  a s i g n i f i c a n t  reduct ion i n  storage b i n  i n p u t  and 

ou tpu t  a i r  f l a w  values (W20O and W201). S i t e  inspect ion  revealed s i zab le  
h o l e  i n  duc t  (probably due t o  ren~oval o f  an a i r  measurenlent probe). The 
h o l e  was repa i red  by the  i n s t a l l i n g  cont rac tor  and f l ow  values re turncd 
t o  normal. 

September 7 --?.-"YI.----.--oJF.-lil 1979 - Correct ion a ---- of l-B- Control  - - . ,  - .--- R e 1 3  urra,h.-a. Chatter  

Dur ing  the  months o f  Cune, J u l y  and Arir~ust, nurrierous adjustments I n  the 
* 

iiiocla bf operat ian were nude i n  an atteuipt t o  resolve a s o l a r  system r e l a y  
cha t te r i ng  problem t h a t  prevented operat ion o f  the a u x i l i a r y  system i n  
the  a i r  condi t i o n i n g  mode. I nves t i ga t f  on revealed an unsoldered connection 
t o  t h e  transformer i n  t he  Logic Control U n i t  (LCU). Repair of t h i s  con- 
nec t i on  apparent ly  salved the mal funr t ion  due t o  r e l a y  chat te r .  

November 10? 1979 - _- Removal _ = i --. of -_ tiot_llJatcy - _ _  - Auto-Load -- --- - -- -- Device - -- - 

The automatic h o t  water load siniulator was renloved i n  preparat ion fo r  t4c 
house becoming occupied, on o r  about, Nove~tiber 15, 1979. 



7. SUMMARY AND CONCLUSIONS 

The f o l l ~ w ' k ~ ~ g  paragraphs provfde a b r i e f  summary o f  a l l  p e r t i n e n t  para- 

meters f o r  t h e  Com'temoorary Newnan Solar  Energy System f o r  t h e  pe r iod  

f rom June, 1979, through A p r i l ,  1980. A more d e t a i l e d  d iscuss~ion can 

be found i n  the  preceding sect ions. 

During' the repo r t i ng  period, the  measured d a i l y  average i n s o l a t i o n  i n  

t he  plane o f  t he  c o l l e c t o r  a r ray  was 1,265 ~ t u l f t ' .  This  was 11 percent 

below the  long-term d a i l y  averdge o f  1,414 ~ t u / f t ' .  During the  same per- 

i o d  t h e  measured average outdoor ambient temperature was 58OF. This was 

th ree  degrees below the  long-term average of 61 OF. As a r e s u l t  o f  t he  

1 ower average temperature, 3392 heat ing degree-days were accumulated 

which i s  17 percent above the long-term value o f  2889 heat ing degree- 

days. I n  view of the increased number o f  heat ing degree-days and reduced 

average valve o f  i nc iden t  so la r  energy, over the r e p o r t  period, c l i m a t i c  

cond i t ions  had an adverse e f f e c t  on the performance o f  the s o l a r  energy 

system, 

The s o l a r  energy system s a t i s f i e d  42 percent o f  the t o t a l  measured load 
C "  

( h o t  water p lus  space heat ing) du r ing  the 11 month r e p o r t i n g  period, This - 
value was somewhat h igher  than the  expected so la r  f r a c t i o n  of 32 percent 

obta ined from the  f -Chart  analys is .  As noted i n  Sect ion 3.2.4, when 
- 4  

system losses into_ 2 1 e  heated space from duct  1 eaks ;& storage etc.  a re  . - s - . 
included, t he  heat ing s o l a r  f r a c t i o n  increases from 42 percent t o  64 per- 

cent  which, i n  turn, w i l l  increase the  o v e r a l l  system s o l a r  f r a c t i o n .  

A t o t a l  o f  165.98 m i l l  i o n  Bt1.1 o f  i n c i d e n t  s o l a r  energy was measured i n  

t he  plane o f  the  c o l l e c t o r  dur ing the repo r t i ng  period. The system c o l -  

l e c t e d  30.76 m i l l i o n  Btu o f  the a v a i l a b l e  energy, which represents a c o l -  

l e c t o r  a r ray  e f f i c i e n c y  o f  19 percent. During periods when the c o l l e c t o r  

a r r a y  was ac t i ve ,  a t o t a l  o f  100.92 m i l l i o n  Btu was measured i n  the plane 

o f  t h e  c o l l  e c t o r  array. Ther sfore, the operat ional  c ~ f  1 e c t o r  e f f i c i e n c y  

. was 30 percent. 



Dur ing the r e p o r t i n g  pe r i od  a t o t a l  o f  23.05 m i l l i o n  Btu was de l i ve red  

t o  t h e  storage b in .  Dur ing t h e  same time, 11.84 m i l l i o n  Btu were re -  

moved from storage f o r  support  o f  the  space heat ing  load. I n  t h e  pe r i od  
f rom June, 1979, through September, 1979, there was no energy ou tpu t  

from storage because t h e  heat ing load  was n e g l i g i b l y  smal l .  For t h i s  
reason, the  computation o f  storage e f f i c i e n c y  was based on the  seven 

month pe r i od  (October through A p r i l )  when energy from storage was used 

t o  support  a  s i g n i f i c a n t  heat ing load. On t h i s  basis,  t h e  storage 

e f f i c i e n c y  was computed t o  be 57 percent.  During t h i s  same pe r i od  the  

n e t  change i n  s to red  energy was -0.02 m i l l i o n  Btu and 11.2 m i l l i o n  Btu 

were l o s t  from storage. The average storage temperature was 121°F dur ing  

t h e  a c t i v e  p e r i o d  and 123°F over the f u l l  r e p o r t  per iod. 

The h o t  water l oad  f o r  t h e  11 month r e p o r t i n g  pe r i od  was 8.69 m i l l i o n  Btu. 

A t o t s 1  o f  3.79 m i l l i o n  Btu o f  s o l a r  energy and 6.45 wr t l l i on  Btu o f  

a u x i l  i a r y  thermal energy were suppl ied t o  the  ho t  water subsystem. A 
t o t a l  of 1.55 m i l l i o n  B tu  of the  energy de l i vered  t o  the ho t  water sub- 

system was d i ss ipa ted  as standby losses. The weighted ho t  water s o l a r  
f r a c t i o n  (computed when h o t  water i s  a c t u a l l y  used) f o r  t he  r e p o r t  

p e r i o d  was 30 percent and the  average ho t  water d e l i v e r y  temperature 

was 101°F. Th is  d e l i v e r y  temperatul. i s  a r t i f i c i a l l y  low because o f  the 

unoccupied s ta tus  o f  t h e  house from June, 1979, through October, 1979 

and r e s u l t a n t  low o r  sporadic ho t  water usage. An average temperature 
o f  712"F, computed f o r  t he  s i x  nionths when the  house was occupied, i s  

considered a more rea l  i s t i c  measure o f  ho t  water system performance. 

The measured space heat ing load  was 23.06 m i l l i o n  B tu  f o r  the 11 month 

r e p o r t i n g  per iod.  N ine ty  e i g h t  percent o f  the  heat ing l oad  (22.60 

m i l l i o n  Btu) occurred du r i ng  the  pr imary heat ing season; October, 1979, 

through A p r i l ,  1980. The heat ing s o l a r  f r a c t i o n  f o r  the 11 month pe r i od  

was 47 percent w i t h  s o l a r  energy supply ing 10.75 m i l l  i o n  Btu and the 

heat  pump supply ing 12.31 m i l l i o n  Btu of a u x i l i a r y  thermal energy. The 
space heat ing subsystem maintained an average bui  1  d ing  temperature of 

72°F dur ing  t h e  r e p o r t  per iod.  



A to ta l  of 2.24 million B t u ,  o r  657 kwh o f  e lec t r i ca l  operating energy 
was required t o  support the Contemporary Newnan Solar Energy System 
during the  11 month reporting period. 

The net e l  ec t r l ca l  energy savings fo r  the 11 .c~ont;h report  period were 
5.47 mill'ion B t u ,  o r  the equivalent of 1602 kWh, o r  0.9 barre ls  of o i l .  
I t  should be noted t h a t  the energy savings a r e  based only on the measured 
amount of so l a r  energy delivered to  the spzce heating subsystem. As dis-  
cussed i n  Section 5, the  _ ---. energy- savings approximately double i f  the uncontroll ed 

so l a r  energy input (,losses in to  the heated space) i s  considered. 
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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 solar energy 
cot lected with respect t o  the energy available to be collected. 

r INCIDENTSOLARENERGY (SEA) i s  the total  insolation avai lableon the 
gross collector array area. This i s  tile area of the collector 
array energy-receiving aperture, including the framework which i s  
a n  integral part of the collector structure. 

9 OPERATIONAL INCIDENT ENERGY (SEOP) i s  the amount of solar energy 
i 

inc dent on the collector array during the time tha t  the col- 
lector  loop i s  active (att.empting t o  col lect  energy). 

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

e COLLECTOR ARRAY EFFICIENCY ( C A R E F )  i s  the rat io  of the energ,y col- 
lected to the total  solar energy incident on the collector array. 
I t  should be emphasized that this  efficiency factor i s  for the 
col lector array, and available energy includes the energy incident 
on the array when the collector loop i s  inactive, This efficiency 
must n o t  be confused with the more common collector efficiency 
figures which are determined from instantaneous t e s t  data obtained 
during steady s ta t?  operation of a single call ector unit. These 
efficiency f iguresuare often provided by collector manufacturers 
or presented in technical journal s to characterize the functional 
capability of a particular collector design. In general, the 
collector panel maximum efficiency factor will be significantly 
higher than the reported col 1 ector array efficiency. 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

The Energy Collection and Storage Subsystem (ECSS) is  composed of the 
collector array, the primary storage medium, the transport loops between 
these, and other components in the system design which are  necessary to 
mechanize the col 1 ector and storage equipment, 

I 

INCIDENT SOLAR ENERGY (SEA) i s  the total  insolation available 
on the gross collector array area. This i s  the area of the 
coll ector array energy-receiving aperture, including the frame- 
work which i s  an integral part of the collector structure. 

o AMBIENT TEMPERATURE (TA) i s  the average temperature of the outdoor 

environment a t  the s i t e .  

ENERGY TO LOADS (SEL) i s  the total  thermal energy transported 
from the ECSS t o  a l l  load subsystems, 

9 AUXILIARY THERMAL ENERGY TO ECSS (CSAUX) i s  the total  auxiliary 
supplied to the ECSS, including auxiliary energy added to the 
storage tank, heating devices on the collectors for  freeze- 
protection, etc.  

o - ECSS OPERATING ENERGY (CSOPE) i s  the c r i t ica l  operating energy 
required to support the ECSS heat transfer loops. 



STORAGE PERFORMANCE 

The storage performance i s  character 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 o f  s tored energy, 

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

a u x i l  i a r y ,  del i vered t o  the pr imary storage medium. 

e ENERGY FROM STORAGE (STEO) i s  the amount of energy ex t rac ted  by 

the  l o a d  subsystems from the pr imary storage medium. 

e CHANGE I N  STORED ENERGY (STECH) i s  the  d i f f e rence  i n  the  est imated 

s to red energy dur ing  the  spec i f i ed  repo r t i ng  period, as i nd i ca ted  

by t h e  r e l a t i v e  temperature o t  the storage mediuni ( e i t h e r  p o s i t i v e  

o r  negat ive vaiuej .  

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

temperature of the primary storage medium. 

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

energy removed from storage and the change i n  s tored energy 

t o  t h e  energy de l ivered t a  storage. 



HOT WATER SUBSYSTEM 

The ho t  water subsystem i s  character ized by a complete accounting o f  the  

energy f l o w  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  the  subsystem i s  composed o f  a u x i l i a r y  
f o s s i l  f ue l ,  and e l e c t r i c a l  a u x i l  i a r y  thermal energy, and the operat ing 

energy f o r  t h e  subsystem. In add i t ion ,  t he  s o l a r  energy suppl ied t o  the  
subsystdm, along w i t h  so la r  f r a c t i o n  i s  tabulated. The l o a d  o f  the  sub- 
system i s  tabu la ted  and used t o  compute the  est imated e l e c t r i c a l  and 

f o s s i l  fue l  savings o f  the subsystem. The l oad  o f  the  subsystem i s  
f u r t h e r  i d e n t i f i e d  by tabu la t i ng  the  supply water temperature, and the  
o u t l e t  h o t  water temperature, and the  t o t a l  ho t  water consumption. 

0 HOT WATER LOAD (HWL) i s  the atmount o f  energy requ i red  t o  heat 

t h e  amount o f  ho t  water demanded a t  t he  s i t e  from the incoming 

temperature t o  the  desi red out1 e t  temperature. 

e SOLAR FRACTION OF LOAD (HWSFR) i s  the percentage o f  the l o a d  

demand which i s  supported by so la r  energy. 

0 SOLAR ENERGY USED (HWSE) i s  the  amount o f  so la r  energy suppl ied 
t o  the  h o t  water subsystem. 

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

qu i red  t o  support the subsystem, (e.g., fans, pumps, e t c . )  and 
which i s  no 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  o f  

t h e  subsystem. 

0 AUXILIARY THERMAL USED (HWAT) i s  the amount o f  energy suppl ied 

t o  the  major components o f  the  subsystem i n  the  form of 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 

a1 so inc ludes the converted e l e c t r i c a l  and f o s s i  1 f u e l  energy 

suppl ied t o  the subsystem. 



0 AUXIL IARY ELECTRICAL FUEL (HWAE) i s  the amount o f  e l e c t r i c a l  

energy supgl i e d  d i  r e c t l y  t o  the subsystem. 

0 ELECTRICAL ENERGY SAVINGS (HWSVE) i s  t he  est imated di f ference 

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

conventional system (ca r ry ing  the f u l l  load)  and the actual  

e l e c t r i c a l  energy requ i red  by the suhsystem. 

0 SUPPLY WATER TEMPERATURE (TSW) i s  the average i n 1  e t  temperature 

o f  t he  water suppl i e d  t o  the subsystem. 

e AVERAGE HOT WATER T E M P E R A T E  (THW) i s  the  average temperature o f  
the  o u t l e t  water as i t  i s  suppl ied from the  subsystem t o  the  load. 

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



ENVIRONMENTAL SUMMARY 

The environmental sumnary i s  a c o l l e c t i o n  o f  the  weather data which i s  

genera l l y  instrumented a t  each s i t e  i n  the Development Program. It i s  
tabu la ted  i n  t h i s  r e p o r t  f o r  two purposes (1) as a measure o f  the  condi- 
t i o n s  preva len t  dur ing the  opera t ion  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  o f  the s i t e .  

4 

, 0 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 the gross c o l l e c t o r  a r ray  measured a t  the  
s i t e .  

0 AMBIENT TEMPERATURE (TA)  i s  the average temperature o f  the 
environment a t  the s i t e .  

DAYTIME AMBIENT TEMPERATURE (TDA) i s  the temperature dur ing  the  
p e r i o d  from three hours before s o l a r  noon t o  three hours a f t e r  

s o l a r  noon, 
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APPENDIX B 

SOLAR ENERGY SYSTEM PEIIFORMANCE EQUATIONS FOR 

CONTEMPORARY MANCHESTER 

I, INTRODUCTION 

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

ca l cu la t i ons  on the  system and i t s  major subsystems, These ca l cu la t i ons  
a r e  based on physical  measurement data taken from each subsysterr~ 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 of the system. This appendix 
describes t h e  general computational methods and the  s p e c i f i c  energy 
balance equations used f o r  t h i s  evaluat ion, 

Data samples from the system measursrnl?nts iire niriiieri.Scai i y  i n teg ra ted  
t o  prov ide d i s c r e t e  approximations o f  the continuous func t ions  which 
charac ter ize  the  system's dynamic behavior. This numerical i n t e g r a t i o n  
i s  performed by summation of the product of the measured r a t e  o f  the 
appropr iate performance parameters and the sampling i n t e r v a l  over  the 
t o t a l  t ime pe r iod  o f  i n t e r e s t ,  

There are several general forms of numeri caf i n t e g r a t i o n  equations which 
are  app l ied  t o  each s i t e .  Examples o f  these general forms are  as fo l lows:  
The t o t a l  s o l a r  energy ava i l ab le  t o  the c o l l e c t o r  a r ray  i s  g iven by 

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

where 1001 i s  the so la r  r a d i a t i o n  measurement provided by the  pyranometer 
2 i n  B t u / f t  -hr ,  AREA i s  the  area of the c o l l e c t o r  a r ray  i n  square fee t ,  

A T  i s  the sampling i n t e r v a l  i n  minutes, and the f a c t o r  (1/60) i s  inc luded 
t o  c o r r e c t  t h e  so la r  r a d i a t i o n  " ra te "  t o  the proper u n i t s  o f  t ime. 
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S i m l l a r l y ,  t h e  energy f l ow  w i t h i n  a system i s  g iven t y p i c a l l y  by 

COLLECTED SOLAR ENERGY = C [MlOO x AH] x AT 

where M l O O  i s  the mass f l ow  rave o f  the  heat t r a n s f e r  f l u i d ,  i n  1 b,,,/min, and 
AH i s  t h e  enthalpy change, -in Btu/lbm, o f  the  f l u i d  as i t  passes through 
t h e  heat exchanging component. 

For  a 1 i q u i d  system AH i s  genera l l y  g iven by 

where cp i s  t h e  average s p e c i f i c  heat, i n  Btu/ (1 bm-OF), o f  the heat  
t r a n s f e 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 q i  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, of 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 var ious forms, depending on whether o r  n o t  the  humidi ty  r a t i o  
o f  the t ranspor t  a i r  remains constant as i t  passes through the heat ex- 

changing component, 



For e l e c t r i c a l  power, a gene:*al exaniple i s  

ECSS OPERATING ENERGY = (341 3/60) z [EPlOO] x A T  

where EPl 00 i s  t h e  measdred 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  t he  da ta  t o  B t j l m i n .  

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 Eva lua t ion  Fro  edures f o r  t h e  Nat iona l  

S o l a r  Heat ing and Cool i n g  Demonstration Proyram." Th is  document, g iven  
i n  t he  l i s t  o f  r e f e r e n c e r -  was prepared by an in te r -agency  committee o f  

t h e  government, and presents  gu ide l i nes  f o r  thermal performance eva lua t ion .  

Performance f a c t o r s  a r e  coinputed f o r  each hour o f  t he  day. Each numerical 

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

S ince long- term performance data i s  desired, i t  i s  necessary t o  b u i l d  

these h o u r l y  performavrce f a c t o r s  t o  d a i l y  va l  ues. Th is  i s  accompl ished, 

f o r  energy parameters, by summing the  24 hou r l y  values. For temperatures, 

t h e  hou r l y  values a r e  averaged. Ce r ta i n  spec ia l  f ac to r s ,  such as e f -  

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

sample f o r  t h e  d a i l y  va lue computation. S i m i l a r  procedures a r e  requ i red  

t o  conver t  d a i l y  values to  month ly  values. 

11. PERFORMANCE EQUATIONS 

The performance equat ions f o r  Contemporary Newnan used f o r  t h e  data eva- 

l u a t i o n  o f  t h i s  r e p o r t  a re  conta ined i n  t h e  f o l l o w i n g  pages and have been 

inc luded  f o r  techn ica l  re fe rence  avd in fo rmat ion .  



EQUATIONS USED IN MONTHLY PERFORMANCE ASSESSMENT 

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2-1  

AVERAGE AMBIENT TEMPERATURE (OF) 

T A  = ( 1 1 6 0 )  x E TOOl x AT 

AVERAGE BUILD ING TEMPERATURE (OF) 
4 

T B  = ( 1 1 6 0 )  x c ( T 6 0 0  + T 6 0 1  + T 6 0 2 ) / 3  x AT 

DAYTIME AVERAGE AMBIENT TEMPERATURE (OF) 

TDA ( 1 1 3 6 0 )  x c TOOl x AT 

FOR 3 3 HOURS FROM SOLAR HOON 

OPERATIONAL INCIDENT SOLAR ENERGY (BTU ) 

SEOP = ( 1 1 6 0 )  x Z [I001 x CLAREA] x AT  

WHEN THE COLLECTOR LOOP I S  ACTIVE 

HUMIDITY RATIO FUNCTION (BTU/ LBM- OF) 

HRF = 0 . 2 4  + 0 .444  x HR 

WHERE 0 . 2 4  I S  THE SPECIF IC  HEAT AND HR I S  THE HUMIDITY RATIO 

OF THE TRANSFORT A I R .  T H I S  FUNCTION I S  USED WHENEVER THE 

HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANSPORT A I R  FLOWS 

THROUGH A HEAT EXCHANGING DEVICE 

ENTHALPY FUNCTION FOR WATER (BTU/ LBM) 

T H I S  FUNCTION COMPUTES THE ENTHALPY CHANGE OF WATER AS I T  

PASSES THROUGH A HEAT EXCHANGING DEVICE. 



SOLAR ENERGY COLLECTED BY THE ARRAY (BTU) 

SECA = Z [ ( M I 0 0  x ( T I 5 0  - T 1 0 0 )  x HRF)] 

WHEN THE COLLECTOR LOOP I S  ACTIVE 

SOLAR ENERGY TO LOAD FROM COLLECTOR ARRAY (BTU) 

CSEOHl = E [M401 x HRF x ( T 4 0 1  - T 4 5 1 ) ]  x AT 

WHEN HEATING FROM THE COLLECTOR ARRAY 

SOLAR ENERGY TO LOAD FROM STORAGE (BTU) 

HSE1 = E [M401 x HRF x ( T 4 0 1  - ~ 4 5 1 1 1  x AT 

WHEN HEATING FROM STORAGE 

SOLAR ENERGY TO SPACE HEATING SUBSSYTEM (BTU) 

HSE = HSE l  + CSEOHl 

WHENEVER THE SYSTEM I S  HEATING FRObi COLLECTORS OR STORAGE 

HEATING AUXIL IARY THERMAL ENERGY TO LOAD (BTU) 

HAE l  = 56.8833 x (EP401 - 0 .94 )  

HAE2 = C56.8833 x (EP401 - 0 .28 ) ]  - 5 6 . 8 8 3  x 4 . 3 4  

HAT = (COMPEFF x HAE1) + HAE2 

WHEN HEATING FROM THE AUXIL IARY SOURCE 

SPACE HEATING LOAD (BTU) 

H L = HSE + HLES + !iLHP 

WHENEVER THE SYSTEM I S  I N  A SPACE HEATING MODE 

AVERAGE TEMPERATURE OF STORAGE (OF) 

TST = ( 1 / 6 0 )  x ( T 2 0 1  + T 2 0 2  + T 2 0 3 ) / 3  

SOLAR ENERGY TO STgRAGE (BTU) 

STE I = c [ ~ 2 0 0  x HRF x ( T 2 0 0  - T 2 5 0 ) ]  x AT  

WHEN THE SYSTEM I S  I N  A STORING HEAT MODE 



SOLAR ENERGY FROM STORAGE (BTU) 

STEO = E [ ~ 2 0 0  x HRF x (T200 - T250)] x AT 

WHEN THE SYSTEM I S  I N  HEATING FROM STORAGE MODE 

ECSS OPERATING ENERGY (BTU) 

CSOPE = 56.8833 x E EP400 x AT 
4 

WHEN THE SYSTEM I S  IN  A STORING HEAT MODE 

CSOPE = 56.8833 x E (EP400/2) x AT 

WHEN THE SYSTEM I S  I N  A HEATING FROM COLLECTORS MODE 

HOT WATER LOAD 

HWL = E EM301 x HWD(T35F8, T301)] x AT 

SOLAR ENERGY TO HOT WATER SUBSYSTEM 

HWSE = CSEOW = [M300 x HWD (T350,~300)] x AT 

SOLAR ENERGY TO HOT WATER LOAD 

HWSEI = c [M301 x HWD(T351, T301)] x AT 

HOT WATER SUBSYSTEM OPERATING ENERGY (BTU) 

HWOPE = 56.8833 x z EP3OD x AT 

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56.8833 x E EP301 x AT 

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 

HOPE1 = 56.8833 x E EP400/2 x AT 

WHEN TYE SYSTEM I S  IN  A HEATING FROM COLLECTORS MODE 

HOPE1 = 56.8833 x C EP400 x AT 

WHEN THE SYSTEM I S  I N  A HEATING FROM STORAGE MODE 

HOPE2 = 56.8833x0.938 



SOLAR ENERGY FROM STORAGE (BTU) 

STEO = E [M200 x HRF x ( T 2 0 0  - T 2 5 0 ) ]  x AT 

WHEN THE SYSTEM I S  I N  HEATING FRO19 STORAGE MODE 

ECSS OPERATING ENERGY (BTU) 

CSOPE = 5 6 . 8 8 3 3  x E E P 4 0 0  x AT 

WHEN THE SYSTEM I S  I N  # STORING HEAT MODE 

CSOPE = 5 6 . 8 8 3 3  x Z ( E P 4 0 0 1 2 )  x AT 

WHEN THE SYSTEM I S  I N  A HEATING FROM COLLECTORS MODE 

HOT WATER CONSUMED (GALLONS ) 

HWCSM = E WD301 

HOT WATER LOAD 

HWL = c [M301 x HWD(T352, T 3 0 1 ) ]  x AT 

SOLAR ENERGY TO HOT WATER SUBSYSTEM 

HWSE = CSEOW = r M 3 0 0  x MWD (T350 ,T300 ) ]  x AT 

SOLAR ENERGY TO HOT WATER LOAD 

HWSE1 = E EM301 x HWD(T351, T 3 0 1 ) ]  x AT 

HOT WATER SUBSYSTEM OPERATING ENERGY (BTU) 

HWOPE = 5 6 . 8 8 3 3  x c EP300  x AT 

HOT WATER SUBSYSTEM A U X I L I A R Y  ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 5 6 . 8 8 3 3  x c EP301  x AT 

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 

HOPE1 = 5 6 . 8 8 3 3  x c EP400 /2  x AT 

WHEN THE SYSTEM I S  I N  A HEATING FROM COLLECTORS MODE 

HOPE1 = 5 6 . 8 8 3 3  x z EP400  x AT 

WHEN THE SYSTEM I S  I N  A HEATING FROM STORAGE MODE 

HOPE2 = 5 6 . 8 8 3 3 x 0 . 9 3 8  

WHEN THE SYSTEM I S  I N  A HEATING FROM A U X I L I A R Y  MODE 



HOPE = HOPE1 + HOPE2 

HEATING LOAD SUPPLIED BY A U X I L I A R Y  SOURCES 

HLHP = [PI400 x HRF ( T 4 0 1 - T 4 0 0 ) ]  x AT (HEAT PUMP) 

WHEN AMBIENT TEMPERATURE I S  ABOVE 1 5 O F  

HLES = [M400 x HRF ( T 4 0 T - T 4 0 0 ) ]  x AT - HLHP 

WHEN AMBIENT TEMPERATURE I S  BELOW 1 5 O F  

ELECTRICAL ENERGY INPUT  TO A l l X I L I A R Y  SOURCtS 

HAEHP 5 6 . 8 8 3 3  x EP401  

WHEN THE SYSTEM IS I N  A HEATING FROM A U X I L I A R Y  MODE 

SUPPLY WATER TEMPERATURE (OF) 

TSW = T 3 0 1  

HOT WATER TEMPERATURE (OF) 

THW = T 3 5 2  

BOTH TSW AND THW ARE COMPUTED ONLY WHEN FLOW E X I S T S  I N  

THE SUBSYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES 

OBTAINED DURING THE PREVIOUS FLOW PERIOD 

I N C I D E N T  SOLAR ENERGY ON COLLECTOR ARRAY (BTU) 

SEA = CLAREA x SE 

SEC + SECAICLAREA 

COLLECTOR ARRAY EFFICIENCY 

CAREF = SECAISEA 

CHANGE I N  STORED ENERGY (BTU) 

STECH = STECHl - STECHlp 

WHERE THE SUBSCRIPTp REFERS TO A PRIOR REFERENCE VALUE 

STORAGE EFF IC IENCY 

STEFF = (STECH + S T E 0 ) I S T E I  

ENERGY DELIVETED FROM ECSS TO LOAD SUBSYSTEMS (BTU)  

CSEO = STEO + CSEOW + CSEOHl 



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

H MAT = HWAE 

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 = HWSEl - HWOPE 

HSFR = 100 x HSE/HL 

SPACE HEATING SUBSYSTEM ELECTRICAL ENERGY SAVINGS (BTU) 

HSVE = HSE/HPCOP - HOPE1 

WHERE HPCOP I S  THE COEFFICIENT OF PERFORMANCE (COP) 

OF THE HEAT PUMP 

SYSTEM LOAD (BT'J) 

SYSL = H L  + HWL 

SOLAR FRACTION OF SYSTEM LOAD (PERCENT) 

S FR = (HL x HSFR + MWL x HWSFR)/SYSL 

SYSTEM OPERATING ENERGY (BTU) 

SYSOPE = HOPE + HWOPE + CSOPE 

A U X I L I A R Y  THERMAL ENERGY TO LOADS (BTU) 

AXT = HAT t. HWAT 

A U X I L I A R Y  ELECTRICAL ENERGY TO LOAOS (BTU) 

AXE = HWAE + HAE 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU) 

SEL = HWSE + HSE 

ECSS SOLAR CONVERSION EFF IC IENCY 

CSCEF = CSEO/SEA 



TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 

TSVE HWSVE + HSVE - CSOPE 

TOTAL ENERGY CONSUMED (BTU) 

TECSM = SYSOPE + AXE + SECA 

SYSTEM PERFORMANCE FACTOR 

SYSPF = sYSL/(AXE + AXT t SYSOPE) x 3.33 
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APPENDIX C 

LONG-TERM AVERAGE WEATHER CONDI'TIONS 

The environmental estimates given i n  t h i s  appendix prov ide a p o i n t  o f  

reference fo r  evaluat 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  Solar  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  of long-term system performance. 

Environmental estimates f o r  t h i s  s i t e  inc lude the  fo l low ing monthly averages: 
e x t r a t e r r e s t r i a l  inso la t ion ,  i n s o l a t i o n  on a ho r i zon ta l  plane a t  the s i t e ,  

i nso l  a t i o n  i n  t he  ti 1 t plane o f  the  c o l l  e c t i o n  surface, ambient temperature, 

heat ing degree-days, and coo l ing  degree-days. Est imat ion procedures and data 
sources a r e  d e t a i l e d  i n  the  fo l l ow ing  paragraphs. 

The p re fe r red  source o f  long-term temperature and i n s o l a t i o n  data i s  " Input  

Data f o r  So lar  Systems" (IDSS) [I] since t h i s  has been recognized as the  

so la r  standard. The IDSS data a re  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 f o r  i n s c l a t i o n  data i s  the C l imat ic  A t l as  o f  the --- 
United Sta tes  [ Z ] ,  and f o r  temperature r e l a t e d  data, the  secondary source -. 
i s  "Local C l  imat,ological Data" [3]. 

Since t h e  a v a i l a b l e  long-term i n s o l a t i o n  data a re  o n l y  given f o r  a ho r i zon ta l  

surface, s o l a r  c o l l e c t i o n  subsystem o r i e n t a t i o n  in fo rmat ion  i s  used i n  an 

a lgor i thm [4]  t o  ca l cu la te  the i n s o l a t i o n  expected i n  the t i 1  t 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. 
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