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1, FOREWORD 

The Solar  Energy System,Performance Evaluat ion - Seasonal Report has been 

developed f o r  t he  George C. Marshal 1 Space Fl  i g h t  Center as a p a r t  o f  t he  

Solar  Heating and Cool i ng Development Program funded by t h e  Department o f  

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

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

spec i f f ed  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  

t h e  ana lys is  i s .  t o  r e p o r t  the  long-term performance o f  t h e  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  o f  techniques 

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

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

o f  discussion: 

System Descr ip t ion  

Performance Assessment 

Operating Energy 

o Energy Savings 

e Mai ntenance 

o Summary and Conclusions 

Data used f o r  t he  seasonal analyses of t he  Operat ional T e s t ' 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 
t h e  long-term techn ica l  assessment. This data i s  archived by MSFC f o r  DOE. 

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

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

techn ica l  a c t i v i t i e s  which began w i t h  the  s i t e  s e l e c t i o n  and 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 fea tures  the  payback 

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

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

a r e  References [I 1, [2], and [3].* 

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



2. SYSTEM DESCRIPTION 

The Contemporary System 3 So la r  Energy System i s  i n s t a l l e d  i n  a  two 

s t o r y  dwe l l  i n g  l o c a t e d  i n  Newnan, Georgia approx imate ly  40 m i l e s  south- 

west  of  A t l a n t a .  The system was designed by Contemporary Systems 1ncor- 

po ra ted  o f  Ja f f rey ,  New Hampshire. The s o l a r  system i s  designed t o  p rov ide  

space hea t i ng  and domest ic h o t  water  (DHW) p reheat ing  f o r  t he  res idence.  

S o l a r  energy c o l l e c t i o n  i s  performed by f ou r t een  s i n g l e  g lazed  f l a t - p l a t e  

c o l l e c t o r s  (Contemporary Systems Ser ies  V Warm A i r )  w i t h  a  t o t a l  area o f  
392 square f ee t .  The c o l l e c t o r s  , a r e  roof  mounted on t h e  d w e l l i n g  and f a c e  

due south w i t h  a  t i l t  ang le  of  45 degrees. The heat  t r a n s f e r  medium f o r  

t h e  system i s  a i r  and thermal s to rage  i s  p rov ided  by a  h o r i z o n t a l  r ock  b i n  

c o n t a i n i n g  approx imate ly  328 cub ic  f e e t . o f  1  t o  1  112 i n c h  stones.. A i r  

movement f o r  s o l a r  hea t  t r a n s f e r  i n  t he  system i s  acco~ripl ished by a  c e n t r a l  

a i r  hand le r  w i t h  i n t e g r a l  b lower  and damper c o n t r o l s  f o r  d i s t r i b u t i o n  o f  

s o l a r  heated a i r  t o  t h e  heated space o r  t o  and f rom t h e  rock  s to rage  b in .  

A u x i l i a r y  hea t i ng  i s - p r o v i d e d  by an e l e c t r i c  heat  pump supplemented by 

e l e c t r i c  r e s i s t a n c e  heaters ,  when ou tdoor  temperatures drop below 15°F. 

Ho t  water  p rehea t i ng  i s  accompi i shed  by an a i  r - t o -wa te r  hea t  exchanger, 

w i t h  separate f a n  c o i l  u n i t ,  mounted near t h e  c o l l e c t o r  o u t l e t .  So la r  

energy f rom t h i s  heat  exchanger i s  supp l i ed  t o  an 80 g a l l o n  p reheat  tank  
. . 

which, i n  t u rn ,  supp l i es  a  conven t iona l  40 g a l l o n  domest ic ho:t wa te r  tank  

equipped w i t h  an elec t r ic  hea t i nq  element. 

The system i s  shown schema t i ca l l y  i n  F igu re  2-1. The sensor des igna t ions  

a r e  i n  accordance w i t h  NBSIR-76-1137 [5] .  The measurement symbol p r e f i x e s :  

W, Ty EP and I r ep resen t  r e s p e c t i v e l y :  f l ow r a t e ,  temperature,  e l e c t r i c  

power and i n s o l a t i o n .  F i g u r e  2-2 i s  an p i c t o r i a l  v iew o f  t h e  Contemporary 

Newnan i n s ' t a l l a t i o n .  

The s o l a r  energy system has s i x  modes o f  opera t ion ,  which a r e  descr ibed  as 

f o l l o w s :  
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rfgure 2-1 Contemporary System No. 3 ,  Newnan, GA., Solar Energy System Schematic 
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Mode 1 - Col lector-to-Space Heat Load: This mode i s  entered when the con- 

d i t ioned space thermostat c a l l s  f o r  heat and the co l lec to r  o u t l e t  tempera- 

t u re  i s  su f f i c ien t ly  high, generally 100°F minimum. The main a i r  handler 

blower w i l l  then be turned on and dampers positioned t o  a1 low del i v e r y  o f  

solar heated a i r  t o  the house. Operation i n  t h i s  mode i s  terminated when 
e i ther  the co l lec to r  o u t l e t  temperature drops t o  85OF o r  less, o r  the demand 

f o r  spate heating ceases. 

Mode 2 - Collector-to-Storage: This mode i s  entered when there i s  no demand 

f o r  heat t o  the conditioned space and the co l lec to r  o u t l e t  temperature i s  
greater than that o f  the cold side of rock storage by 4 preset amount 

(nominally 15°F). The a i r  handler blower i s  then turned on and the control 
dampers positioned t o  cause solar heated a i r  t o  be delivered t o  the rock 

bin. 

Mode 3 - ~ e a t i h g  From Storage: A demand f o r  heat f r o m  the house thermostat, 

when there i s  insu f f i c ien t  heat from the collectors, causes the system t o  

enter t h i s  mode. A "storage minimumk1 temperature of 90°F i s  preset i n  the 
system cont ro l le r  and the heating f rom storage mode i s  only entered when 

the hot side o f  storage exceeds t h i s  minimum sett ing. Operation i n  t h i s  
mode i s  terminated when the hot side o f  storage f a l l s  below the "storage 

minimum" value, o r  the demand ceases. 

Mode 4 - Auxi l iary  Heating: The aux i l i a ry  heating mode i s  entered when a 

heating demand ex is ts  and neither co l lec to r  heating nor storage heating 

modes can occur. When operating i n  t h i s  mode, the a i r  handler dampers are 
positioned t o  prevent reverse f low in to  the solar storage and co l lec to r  

loops and heat i s  supplied t o  the conditioned space f r o m  the heat pump 

and/or the e lec t r i c  resistance elements. 

Mode 5 - Summer Ventlng: For warm weather o r  summer operation the system 

enters a thermosiphon venting mode through the use o f  damper contro l led 

vents a t  the i n l e t  side and o u t l e t  side o f  the col lectors.  Operation i n  

t h i s  mode prevents excessive co l lec to r  temperatures during periods o f  high 

insolat ion when no space heating demand exists. 



mode 6 - Hot Water rreheatfng: Hot wacer preneatfng can be performea wnen 

the system i s  operating i n  e i ther  the collector-to-space heat load o r  col-  
1 ector-to-storage modes. Preheating can a1 so be accompl i shed during summer 

operation provided tha t  the co l lec to r  o u t l e t  temperature i s  su f f i c i en t l y  
above the preheat tank temperature and tha t  venting control dampers are 
posit ioned (i .e. , vents 1 and 2 opened) t o  permit thermosiphon a i r  f low 
across the domestic hot water heat exchanger. 



2.1 Typical System Operation 

Curves depicting typ ica l  system operation on a cold, b r i gh t  day (February 17, 

1980) are presented i n  Figure 2.1-1. Figure 2.1-1 (a) shows the insolat ion 
on the co l lec to r  array and the period when the array was operating (shaded 
area). Also shown i n  Figure 2.1-1 (a) are the co l lec to r  array temperature 
prof i les.  These are 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 t h i s  par t i cu la r  day, the co l lec to r  array began operating a t  1012 hours. A t  
2 tha t  time, the insolat ion level  was 285 Btu / f t  -Hr and the absorber p la te  tem- 

perature (T101) was 143OF. A t  the same time, the co l lec to r  array i n l e t  temper- 
ature (T100) was 65OF, and the ou t l e t  temperature was 120°F, sa t is fy ing  the 

control  requirement t h a t  the o u t l e t  temperature be above 100°F for co l lec to r  
turn-on. A1 though c o l l  ector operation i s  shown as continuous, from 
co l lec to r  turn-on a t  1012 hours u n t i l  f i na l  turn-of f  a t  1708 hours, there 
were s i x  very short, ( less than 10 minutes) widely separated turn-of f  
periods during the day which account for  the larger  dips i n  the i n l e t  and 
ou t l e t  temperatures. 

The co l lec to r  array operated normally throughout the day w i th  the exception 

o f  the br ie f  o f f  periods c i t ed  above which, apparently, coincided w i th  an opera- 

t i o n  mode change from Mode 1 (Collector-to-Space Heat Load) t o  Mode 2 (Col- 
lector-to-Storage). It i s  assumed that, i n  t h i s  mode transfer, the co l lec to r  
f low was momentarily interrupted by the switching o f  control  dampers. 

It w i l l  be noted tha t  the absorber p la te  temperature (TI01 ) and the co l l ec to r  

ou t l e t  temperature (TI 50) general l y  tracked solar insolat ion and t h a t  these 
two temperatures TlOl and TI50 tracked each other qu i te  closely. The co l lec to r  

array i n l  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 co l lector-  
to-storage and hot water heating mode most o f  the day. As a resul t ,  TI00 tended 

t o  track the temperature a t  the cold side of storage (T203). 

The co l lec to r  array continued t o  operate u n t i l  1708 hours a t  which time col-  

l e c t o r  f low was terminated for the remainder o f  the day. A t  the time o f  
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2 c o l l e c t o r  t u r n - o f f  the  i n s o l a t i o n  l e v e l  had dropped t o  59 B tu /F t  -Hr and 

absorber p l a t e  temperature (TI01 ) had f a l l e n  t o  9g°F. A t  t u r n - o f f ,  c o l -  

1  ec to r  i n 1  e t  temperature (T I  00) measured 82°F and c o l l  e c t o r  o u t l e t  temper- 

a t u r e  (TI  50) was 81 OF. Thus, the  system c o n t r o l  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  c o l l e c t o r  ope ra t i on  i s  

terminated when the  c o l l e c t o r  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 h a t  TI50 i s  a mon i to r ing  sensor. The c o n t r o l  sensor, which 

i s  a sebarate and d i s t i n c t  sensor, may have detected a s l i g h t l y  d i f f e i e n t  tem- 

pera ture  value due t o  i t s  l o c a t i o n  o r  type. 

F igure  2.1-1 (b )  presents a p r o f i l e  of the  storwage b in  temperatures f o r  the  

se lec ted  day. During the  f i r s t  t h ree  hours, t h e  system was p r o v i d i n g  energy 

from storage f o r  space heat ing. However, a t  0305 hours the  temperature a t  

t he  h o t  s ide  of storage (T201) dropped t o  approximately 84°F and heat ing  from 

storage ceased u n t i l  0420 hours when i t  resumed f o r  a very  b r i e f  ( l e s s  than 

10 minute) period. A t  0425, the  temperature (T201) dropped t o  85°F and 

heat ing  from storage was terminated f o r  the  remainder o f  t h e  day. This  tem- 

pera ture  i s  s l i g h t l y  below the  con t ro l  "s torage minimum" temperature o f  90°F, 

however, i t  should be noted . lhat  7'201 i s  n o t  a c o n t r o l  sensor. The ac tua l  

c o n t r o l  sensor probably sensed a d i f f e r e n t  temperature due t o  i t s  l o c a t i o n  i n  

t h e  rock  bed. A f t e r  0420 hours the  system remained i n  e s s e n t i a l l y  a quiescent  

s t a t e  u n t i l  they c o l l e c t o r  a r r a y  began operat ing.and charging storage a t  approx- 

ima te l y  1100 hours. During the  charging per iod,  from . . 1100 hours u n t i l  1700 

hours, t he  temperature p r o f i l e  i n  t he  storage b i n  behaved as would be expected 

w i t h  a l l  t h ree  storage temperatures increas ing  s t e a d i l y .  Once ' co l l ec to r  a r r a y  

operat ion, and hence storage charging, ceased, the  system remained r e l a t i v e l y  

s t a b l e  f o r  t he  remainder o f  the  day. The system d i d  n o t  en te r  the. s torage t o  

space heat ing  mode dur ing  the  evening hours. 



2.2 System Operat ing Sequence 

F igu re  2.2-1 presents bar  c h 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. Th is  data c o r r e l a t e s  w i t h  the  curves presented i n  

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

p a r t i c u l a r  day was chosen because almost a l l  poss ib le  modes of, system oper- 

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

February 17  was an app rop r i a te  day t o  evaluate t he  performance o f  t he  space 

hea t i ng  subsystem i n  view of  t he  r e l a t i v e l y  c o l d  average ambient temperature 

f o r  t h e  day (30°F) and a  s i z a b l e  heat ing  l oad  (245,000 Btu) .  On t h a t . d a t e ,  

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

o f  t h e  h o t  water  load. 

As shown i n  F igu re  2.2-1, space heat ing  was prov ided from storage i n  a  c y c l i c  . 

f a s h i o n  f rom midn igh t  u n t i l  about 0420 hours. During t h i s  per iod,  t he  heat  

f rom storage was supplemented by c y c l i n g  of t h e  heat pump u n t i l  a f t e r  0420 

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

c o l l e c t o r  turn-on occurred. From about  1020 hours u n t i l  1100 hours t he  system 

prov ided heat  d i r e c t l y  f rom the  c o l l e c t o r s  t o  the  heated space. From 1100 

hours u n t i 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  heat ing  from 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  storage charg ing made. 

Th i s  i s  r e f l e c t e d  i n  t h e  s i g n i f i c a n t  storage temperature increase du r i ng  t h e  

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

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

An apparent misadjustment i n  the  system c o n t r o l s  caused a l l  space heat ing  

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

d e s p i t e  t h e  f a c t  t h a t  s torage temperatures seemed adequate t o  prov ide.  s i g n i -  

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

F igu re  2.2-1 a l 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  the  opera t iona l  pe r i od  o f  the  c o l  1  ec to rs .  Domestic h o t  , 

water  usage on the  day se lec ted  t o t a l e d  124 ga l l ons .  This  i s  a  1  i t t l e  h igher  

than the  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. 
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. . .  
I n  general ,  t h e  system operated i n  accordance w i t h  design c r i t e r i a  except 

t h a t  a v a i l a b l e  energy from storage was n o t  u t i l i z e d  i n  the  evening hours. 

Th i s  r e s u l t e d  i n  t h e  unnecessary expendi ture o f  a u x i l i a r y  energy f o r  space 

heat ing.  



3. PERFORMANCE ASSESSMENT 

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

evaluated f o r  the June, 1979, through Ap r i l ,  1980, t ime per iod from two 

perspectives. The f i r s t  was the overa l l  system view i n  which the performance 

values o f  system so la r  f rac t ion  and net  energy savings were evaluated against  

the  p reva i l i ng  and long-term average c l ima t i c  condi t ions and system loads. 

The seiond view presents a more i n  depth look a t  the performance o f  the 

ind iv idua l  subsystems. Detai 1 s r e l a t i n g  t o  the performance o f  the system 

are  presented f i r s t  i n  Section 3.1 fo l lowed by the subsystem assessment 

i n  Section 3.2. 



3.1 System Performance 

This Seasonal Report provides a system performance evaluation summary 
of t h e  operation of the Contemporary Newnan solar  Energy System 
located i n  Newnan, Georgia. This analysis was conducted by eval- 

uation of measured system performance against the expected perfor- 
mance with long-term average climatic 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 ~ e ~ u i  rements and Performance ~ i a l  uati on 
Procedures for  the National Solar Heating and Cool i n g  Demonstration Program" 

5 The performance of the ~ a . j o r  subsystems i s  also evaluated in subsequent 
section of t h i s  report. 

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

developed Central Data Processing System (CDPS) [4]  consisting of a remote 
S i t e  Data Acquisition System (SDAS) , telephone data transmission 1 ines 
and couplers, an I B M  System 7, computer for  data management, and an IBM 
System 370/145 computer for  data processing. The CDPS supports the col- 
1 ec t i  on and analysis of so1 a r  data acquired from instrumented systems 
located throughout the country. These data are  processed daily and sum- 
marized in to  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 th i s  report. 

The solar  energy system performance summarized i n  t h i s  section can be 
viewed as the dependent response of the system to certain primary inputs. 

This-relationship i s  i l l u s t r a t ed  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 output def ini t ions are 
as follows: 
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Inputs 

Incident so la r  energy - The to ta l  so la r  energy incident 

on the  co l lec to r  array and avai lable  fo r  col lect ion.  

e Ambient temperature - The temperature of the  external 

environment which a f f ec t s  both the energy t ha t  can be 

collected and the  energy demand. 

e System load - The loads t ha t  the system i s  designed t o  

meet, which a r e  affected by the l i f e  s t y l e  of the  user 

(space heating/cool ing, -domestic hot water, c t c . ,  as 

appl icabl e )  . 

System so la r  f rac t ion  - The r a t i o  of so la r  energy applied . . 
t o  the  system loads t o  to ta l  energy ( so l a r  plus aux i l i a ry  

energy) required by the  loads. 

IB Total energy savings - The quanti ty of aux i l i a ry  energy 

( e l ec t r i c a l  o r  f o s s i l  ) displaced by so l a r  energy. 

The monthly values of the inputs and outputs f o r  t he . t o t a1  operational . . 

period a re  shown i n  Table 3.1-1, the System Performance Summary. Comparative 

long-term average values of daily.  incident so la r  energy, and outdoor ambient 

temperature a r e  given fo r  reference purpose. The long-term data a r e  taken 
. .. 

from Reference 1  o f '  Appendix C. Generally, the so la r  energy system i s  de- 

signed to  supply an amount of energy t ha t  r e su l t s  in a  desired value of 

system so la r  f ract ion while operating under cl imatic conditions t h a t  a r e  

defined by the  long-term average value of dai ly  incident so la r  energy and 



TABLE 3.1-1 

SYSTEM PERFOWNCE SUMMARY 

CONTEMPORARY NEWNAN 

* Averages a r e  weighted values. 
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outdoor  ambient temperature. I f  the actual  c l  i m a t i c  cond i t i ons  a r e  

c l o s e  t o  the  long term average values, t he re  i s  l i t t l e  adverse impact 

on the  system's a b i l i t y  t o  meet design goals. This  i s  an important  

f a c t o r  i n  eva lua t ing  system performance and i s  the  reason the  long-  

term average values a re  given,. The data repor ted  i n  the f o l l o w i n g  

paragraphs a r e  taken from Table 3.1-1. . 

A t  t h e  Contemporary Newnan s i t e  f o r  the  eleven 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 he  

c o l l e c t o r  was 1414 f3tu/ftP. The average d a l l y  measured value was 1265 
3 

B t u / f t L  which i s  about 11 percent  'beiow the  long- term value. On a monthly 

basis ,  January o f  1980 was the  worst  month w i t h  an average d a i l y  measured 

va lue  o f  i n c i d e n t  s o l a r  energy 36 percent  below the  long-term average d a i l y  

value. February, 1980, was the  bes t  month w i t h  an average d a i l y  measured 

value f i v e  percent  above t h e  long-term average d a i l y  value. On a long- term 

bas i s  the  measured value o f  i n c i d e n t  s o l a r  energy was s u f f i c i e n t l y  below 

t h e  long- term value t o  have a s l i g h t l y  de t r imenta l  e f f e c t  on the  perfo.rmance 

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

The outdoor ambient temperature in f luences the opera t 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  the  

c o l l e c t o r s  and consequently the  c o l l e c t o r  e f f i c i e n c y  o r  energy ga in  i s  

determined by the d i f f e r e n c e  i n  the outdoor ambient temperature and the  . 

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 reater  d e t a i l  

i n  Sect ion 3.2.1. Secondly the  l oad  i s  in f luenced by the outdoor ambient 

temperature. The measured average d a i l y  ambient temperature was 58OF 

f o r  t h e  Contemporary Newnan . s i t e  which i s  3°F below the  long-term value 

o f  61°F. On a monthly basis,  February o f  1980 was the  worst month, tem- 

peraturewise, when the  measured temperature was 6°F below the  long-term 

d a i l y  average. Th is  lower than normal temperature had a s l i g h t l y  adverse 

impact on system performance, desp i te  the f a c t  t h a t  February was the  bes t  

o f  t h e  r e p o r t  months i n  terms o f  i n c i d e n t  s o l a r  energy. 



The ef fec t  of system load and ambient temperature on the performance of 
the Contemporary Newnan Solar Energy.System can be seen by reference to  
Table 3.1-1. The maximum solar  fraction of 92 percent was achieved in 
October, 1979, when system load was low, incident solar energy was s l ight ly  
above the long-term average and ambient temperature was only 4 O F  below . 

the long-term value. The lowest solar  fraction of 19 percent was measured 
in Jandary, 1980, when system load was near i t s  peak value and incident 
so lar  energy was 36 below the long-term value. 

The low (and zero) solar fractions obtained in the June, 1979 through 
September, 1979 time period are  not considered a t rue measure of system 
performance because the heating load was zero or  negligible and there was 
essent ial ly  no hot water load except i n  July when water from the DHW sub- 
system was used in a non-typical fashion for  cleaning purposes. 

A1 so presented i n  Table 3.1-1 are  the measured and expected values of 
system solar  fraction where system solar  fraction i s  the r a t io  of solar  
energy applied to the loads. The expected values have been derived from 
a modified f-Chart analysis which uses measured weather and subsystem 
loads as  inputs (f-Chart i s  the designation of a procedure tha t  was 
developed by the Solar Energy ~ a b o r a t ' o r ~ ,  University o f  Wisconsin, 
Madison, for  modeling and designing solar energy system [9]). The model 
used in the analysis i s  based on manufacturers' data and other known 
system parameters. The bases for  the model a re  empirical correlations, 
developed for  1 i q u i d  and a i r  solar energy systems tha t  a re  presented 
i n  graphical and equation form and referred to  as the f-Chart where I f '  
i s  a designator fo r  the system solar fraction. The. output of the f-Chart 
procedure i s  the expected system solar  fraction. The measured value of 
system solar  fraction was computed from measurements obtained through 
the instrumentation system of the energy transfers tha t  took place 
within the solar  energy system. These represent the actual performance 
of the system instal led a t  the site. ,  



The t o t a l  energy saving i s  an important  performance parameter f o r  the  - 
s o l a r  energy system because the  fundamental purpose o f  the  system i s  

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

energy. I n  p r a c t i c a l  considerat ion,  the system must save enough energy 

t o  cover  bo th  the  cos t  of i t s  own opera t ion  and t o  repay the  i n i t i a l  

investment f o r  the system. I n  terms of the  techn ica l  ana lys i s  pre- 

sented i n  t h i s  r e p o r t  t h e  n e t  t o t a l  energy savings should be s i g n i f i c a n t  

p o s i t i v e  f i g u r e .  The t o t a l  n e t  energy savings f o r  thi Contemporary 

Newnan So la r  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 i npu ts  o f  s o l a r  energy t o  the' l oad  subsystems. 

Considerat ion o f  the  considerable s o l a r  energy system. 'losses i n  t he  form 

o f  s torage and t ranspor t  losses which are  in t roduced i n t o  the  heated space 

and which, there fore ,  reduce the  o v e r a l l  heat ing  load,  r e s u l t s  i n  s i g n i f i -  

c a n t l y  g rea te r  savings f o r  the system. These losses and the  r e s u l t a n t  sav- 

i n g s  a r e  discussed i n  d e t a i l  i n  sec t ions  t h a t  f o l l ow .  



3.2 Subsystem Performance 
\ 

The Contemporary Newnan Solar Energy Ins ta l l  ation may be divided into 
four subsystems: 

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

Each subsystem has bccn evaluated by the techniques defined i n  Section 3 
and is  numerical 1 y analyzed each month fo r  the monthly performance assessments. 
This section presents the resu l t s  of integrating the monthly data available 
on the four subsystems for  the period June, 1979, through April, 1980. 



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

The Contemporary Newnan.co1lector a r ray  cons is ts  of 14 Contemporary Systems 

Ser ies  V warm a i r  f l a t - p l a t e  a i r  co! 1.ectors .connected i n  para1 l e l  . These 

c o l l e c t o r s  a re  a  one-pass a i r  heat ing  type w i t h  a  double g laz ing  making- 

up an a r r a y  w i t h  a. gross area o f  392 square f e e t .  I n te rconnec t i on  and 

f l o w  d e t a i l s  a r e  shown i n  F igure  3.2.1-1 ( a )  and (b) . The c o l l e c t o r  . 

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

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

c iency.  Th is  i s  the  r a t i o  o f  c o l l e c t e d  s o l a r  eaergy t o  i n c i d e n t  s o l a r  

energy, a va lue always l ess  than u n i t y  because o f  c o l l e c t o r ~ l o s s e s .  

The i n c i d e n t  s o l a r  energy may be viewed from two perspect ives . '  'The' 

f i r s t  assumes t h a t  a l l  a v a i l a b l e  so1,zr energy i n c i d e n t  on the  c o l -  , 

1ec tors .must  be used i n  determin ing c o l l e c t o r  a r r a y  e f f i c i e n c y .  The 

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

where 

c  = Qs/Qi 

q~ 
= C o l l e c t o r  a r ray  e f f i c i e n c y  

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

Qi ' = I n c i d e n t  s n l a r  energy 

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

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

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

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

the  energy i s  n o t  co l l ec ted .  The monthly e f f i c i e n c y  by t h i s  method i s  
l i s t e d  i n  t he  column e n t i t l e d  " C o l l e c t o r  Array E f f i c i e n c y "  i n  Table 

3.2.1-1. 
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TABLE 3.2.1-1' 

. . COLLECTOR ARRAY PERFORMANCE . .. 
. . . . . . 

. . 
1 '  :. 

. , . . 

- 

IU - 

I 

Month 

Jun 79 
Ju l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

L 

Col 1 ec ted 
Solar Energy 
( M i  11 i on Btu) 

2.237 

1.697 

0.006 

1.366 

4.266 

3.170 

4.151 

2.384 

Inc iden t  
Solar Energy 
( M i  11 i o n  Btu) 

17.033 
13.986 

19.262 

511.775 

19.287 

14.809 

13.465 

8.671 

j Feb 80 15.683 0.35 4.407 0.28 

0.34 

0.26 

-- 

0.30 

Operational 
Col 1 ec to r  Arra 

E f f i c i ency  

0.24 
0.26 

0.02 

0.33 

0.28 - 

0.27 

0.38 

0.38 

1 Mar 80 

Apr 80 

Total  

1 

Average 

CO-l 1 ec t c r  
Array 

E f f i c i e ~ c y  

0.13 
0.12 

0.00 

0.12 

0.22 

0.21 

0.31 

12.485 

Operational 
Inc iden t  Ener y 3 ( M i l l i o n  Btu 

9.465 
6.481 

0.272 

4.172 

15.042 

11.854 

10.981 

i 
0.27 6.260 

11.692 

12.214 

100.918 

9.17 

14.855 
B 

3.927 I 0.26 

0.18 

- - 

0.19 . 

17.157 

- 165.983 

15.09 

3.152 

3C.763 

2.80 



The second viewpoi,nt assumes that  only the solar  energy incident on the 

col lector  when the. collector loop i s  operational be used i n  determining 
the coll ector array efficiency. The val ue of the operational incident 
solar energy used i s  mu1 t ip l ied  by the r a t io  of the gross col lector  area 
to  the gross collector array area to compensate for  the difference between 

the two areas caused by instal la t ion spacing.. The efficiency i s  then ex- 
pressed by the equation: 

where %o = Operational col 1 ector array efficiency 

Q, = Collectedsolarenergy 
. . 

Qoi = Operational incident solar  energy 

*P 
= Gross collector area ( the product of 

the number of collectors and the 
envelope area of one col lector)  

A, = - Gross collector array area ( to ta l  area 
including a1 1 mounting and connecting 
hardware and spacing of uni ts)  

The monthly efficiency computed by th i s  method i s  l i s t ed  in the.column 
ent i t led  "Operational Collector Array Efficiencyu i n  Table 3.2.1-1.. 

In the ASHRAE Standard 93-77 [6] a collector 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 evalua- 
t ion under t igh t ly  control 1 ed, steady s t a t e  t e s t  conditions, while the 
operational coll ector array efficiency i s  determined from actual dynamic 
conditions of daily solar energy system operation in the f ie ld .  

 he ASHRAE Standard 93-77 definit ions and methods often are  adopted by 

coll  ector manufacturers and independent t e s t  1 aboratori es in eval uati ng 

collectors.  The coll ector evaluation performed for  t h i s  report using the 



f i e ld  data indicates tha t  there was a s ignif icant  difference between 
laboratory cal i brated single panel coll ector data and the col lector  
data determined from long-term f i e ld  measurements. This may not a1 ways 
be the case, b u t  there are  two primary reasons f o r  differences i n  the 
laboratory and f i e ld  data: 

e Test conditions a re  riot the same as conditions 

i n  the f i e l d ,  nor do they, represent the wide 
dynamic range of f i e ld  operation . ( i  .e. i n l e t  and 

out le t  temperature, flow rates  and flow d i s t r i -  
bution of the heat transfer f lu id ,  insolation 
levels ,  aspect angle, wind conditions, e tc .  ) 

Collector t e s t s  a re  not generally conducted w i t h  

units that  have undergone the e f fec ts  o f  aging 
( i . e .  changes i n  the character is t ics  of the glazing 

material, collection of dust, soot, pollen or other 
foreign material on the glazing, deterioration of the 
absorber plate surface treatment, e t c ; )  

Consequently f i e l d  data collected over an extended period will generally 

provide an improved source of collector perfoymance character is t ics  for  
use In long-term system performance definit ion. 

The 1 ong-term data base fo r  Contemporary. Newnan used fo r  detai 'I ed col lector 
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 for, the month) and . 

' the small heating load was supported by the auxiliary dystem. As a resu l t ,  
the solar  energy collected was less  than one percent 04 the incident solar 
energy. Data f o r  the month of October, 1979, was los t  idue to  a parity error  

. on the detai l  measurement tape and tha t  nionth i s ,  therefore, omitted from 
. . the long-term data base. 

I . 
The operation collector array efficiency data given in 'Table 3.2.1-1 are  

monthly averages based on instantaneous efficiency computations over the 

to ta l  performance period using a1 1 avai lab1 e data. For detai 1 ed coll  ector 

analysis i t  was desirable to  use a limited subset of the available datti tha t  
characterized collector operation under "steady s ta te"  conditions. This 

subset was defined by applying the fol lowing res t r 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 the  sun angle was w i t h i n  30 degrees 

o f  t he  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 sets o f  measured parameters were r e s t r i c t e d  t o  

those where the  r a t e  o f  change o f  a l l  parameters o f ,  

i n t e r e s t  dur ing  two regu la r  data system i n t e r v a l  s* 

was l i m i t e d  t o  a maximum of 5 percent. 

Instantaneous e f f i c i e n c i e s  (n . ) computed from the  "steady s ta te "  
3 

operat ion 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 ing  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  

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

= Outdoor ambient temperature a 

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  (n , xj)  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 opera t ing  p o i n t  and a f i r s t  order  curve described by the  slope- 

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

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 o f  
a1 1 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  analys is .  
P a 



n 
j 

= b - m x  
j 

where " j = Collector efficiency corresponding t o  the 
j t h  instant  

b = Intercept,  on the efficiency axis 

(-)m = Slope 

x - ~ ~ 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 empirically determined efficiency curve 
i and the analyt ical ly  developed curve wi 11 be established i n  subsequent 

paragraphs. 

The analyt ical ly  developed collector efficiency curve i s  based on 
the Hottell-Whillier-Bliss 'equation: 

where n = .  Collector efficiency 

FR = ~ ~ l l e c t o r  heat removal factor  

T = ' Transmissivity of cc'l lector glazing 

a = Absorptance of collector plate 

UL = Overall collector energy loss coefficient 

Ti  = ~ o i l e c t o r  in l e t  f luid temperature 

T, = Outdoor ambient temperature 

I = Rate of incident solar  radiation 



The correspondence between equations (4 )  and (5)  can be readily seen. 
Therefore by determining the slope-i ntercept efficiency equation from 
measurement data,  the collector performance parameters corresponding 
to  the laboratory single panel data can be derived according to  the 
following s e t  of relationships: 

where the terms are as previously defined 

The discussion of the col lector  array efficiency curves in subsequent 
paragraphs i s  based upon the relationships expressed by Equation (6 ) .  

In deriving the collector array efficiency curves by the l inear  re- 
gression technique, measurement data over the en t i r e  performance period 
yields higher confidence i n  the resul ts  than similar analysis over shorter 
periods. Over the longer periods the collector array i s  forced t o  operate 
over a wider dynamic range. This eliminates the tendency shown by some 
types of solar  energy systems to  cluster  efficiency values over a narrow 
range of operating points. The clustering ef fec t  tends to  make the 
l inear  regression technique approach constructing a l ine  through a single 
data point. The use of data from the en t i re  performance period resu l t s  
in a collector array efficiency curve that  i s  more accurate in long-term 
solar  system performance prediction. The 1 ong-term curve and the curve 
derived from the laboratory single panel data are  shown i n  Figure 3.2.1-2. 

The long-term f i r s t  order curve presented i n  Figure 3.2.1-2 indicates that  
the col lector  as a whole did not perform as well as the laboratory t e s t  unit. 
Over the reporting period the average operating point of the col lector  array 
was i n  the 0.10 to  0.20 range and, within t h i s  range, the col lector  efficiency . 

was 6 percent to 10 percent below the value obtained from laboratory single 

panel t e s t  data. This i s  probably due to  the differences between labor- 

atory and f i e ld  conditions,. as cited ea r l i e r  (flow ra tes ,  aspect angle and 



OPERATING POINT 

Ffgure 3.2.1-2 Contemporary hewnan Collector Efffclency Curves 



wind cond i t ions)  and t o  leakage e f f e c t s  associated w i t h  the  mani fo lds and 

duct  work f o r  t h e  complete a r ray  as opposed t o  those requ i red  f o r  a  s i n g l e  

panel. These ef fects a l so  r e s u l t e d  i n  a  s l i g h t l y  more negat ive  s lope i n  

the  long-tgrm f i r s t  o rder  curve compared t o  the  s i n g l e  panel t e s t  curve. 
L. 

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

s o l a r  enFrgy c o l l e c t e d  w i t h  the  pred ic ted performance determined from 

the  long-term regression curve and the  l abo ra to ry  s i n g l e  panel e f f i -  

c iency curve. The p red ic t i ons  weri der ived by t h e  f o l  lowing procedure: 

1. The instantaneous operat.ing p o i n t s  were computed 
using Equation (3).  

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

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

Step 1  above f o r :  

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

f o r  c o l l e c t o r  a r ray  c f f i c i e n c y  

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

e f f i c i e n c y  curve 

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

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

energy avai 1 able when the  c o l  l e c t o r s  were 

operat ional  t o  g i ve  two pred ic ted values o f  

so l  a r  energy c o l  1  ec ted. 

The e r r o r  data i n  Table 3.2.1-2 were computed from the d i f f e rences  

between the  measured and pred ic ted values of s o l a r  energy c o l l e c t e d  

according t o  the  equation: 



TABLE 3.2.1-2 

ENERGY GAIN COMPARISON 

. (ANNUAL) 

SITE: CONTEMPQFARY NEWNAN NEMNAN, GEORGIA 

Month 

Jun 79 

Co l l ec ted  E r r o r  
Scl a r  Enercy / F i e l d  D e r i v e i  j Laboratory 
( P o i l l  i o n  B tu)  ! Long-Term . 1 S ing le  Panel 

! 

2.299 0.000 1 I - 0.274 
J u l  79 1 1 .,78 0.000 - 0.279 i I 

Sep 79 1 ..343 1 0; 284 . - 0.143 
1 

i 
I 

NOV 79 . '  3 .. 1 94 0.033 -.0.241 i 
Dec 79 j 4..236 ! 0.096 

? 
. -  0.095. 1 I Jan 89 ' ! 2 ..451 ! 0.07.9 - 0.101 1 

i .  
i 

i i Feb 80 4 .. 506 0.064 . 1 - 0.136 
I I 

i 
I 

Mar 80 3 .. 930 . !  0.026 - 0.173 I 
! 1 1.027 i I 

Apr 80 - 0.108 - 0.311 

1 Average 2 .. 974, 0.053 i - 0.195- ! 
! L 



where A . = Measured solar energy collected 
P = Predicted solar  .energy .toll ected 

The computed error i s  then an indication of how well the particular 
prediction curve f i t t e d  the real i ty  of dynamic operating conditions . , 

9 .  

in the f ie ld .  

The values of "Collected Solar Energy" given in Table 3.2.1-2 a r e  not 

necessarily identical with the  values of "Coll ected Solar Energy" 
given in Table 3.2.1-1. Any variations a re  due to  the differences in 
data processing between the software. programs used to  generate the 
monthly performance report data and the component level col lector  anal- 
ys i s  program. These data are  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 Tab1 e 3.2.1-2 i 11 ustrates that  for  the Coiltemporary Newnan 
s i t e  the average error  computed from the difference between the measured 
solar  energy collected and the predicted solar  energy collected based on 
the f i e ld  derived 1 ong-term coll ector array efficiency curve was 5.3 percent. 
For the curve derived from the laboratory single panel data, the error  was 

-19.5 percent. Thus the long-term coll ector array efficiency curve gives 
significantly better resul ts  than the laboratory single panel curve in 
describing coll ector performance in th i s  system. 

A histogram of collector array operating points i l l  ustrates the d i s t r i -  
bution of instantaneous values as determined by Equation (3)  for  the 

en t i r e  month. The histogram was constructed by computing the instan- 
taneous 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 contiguous intervals of width 0.01 from zero 



t o  u n i t y .  The opera t ing  p o i n t  histogram shows the  dynamic range o f  

c o l l e c t o r  opera t ion  du r ing  the  month from which the  midpo in t  can be 

ascer ta ined.  The average c o l l e c t o r  a r r a y  e f f i c i e n c y  f o r  t he  month can be 

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

curve  and reading the  corresponding value of 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  of t he  opera t ing  p o i n t  histogram i s  t he  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  opera t ing  p o i n t  ax is .  This  can be expla ined 
J 

i n  terms o f  t he  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  . . , 

t h e  s i t e ,  i .e. ,  i n c i d e n t  s o l a 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 i n t e r  month ( ~ e b r u a r y )  and a  t y p i c a l .  summer month (June) operat ion.  

The approximate average opera t 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 of Equation (3 )  i t  can be seen tha t ,  as the  ope ra t i ng  p o i n t  

becomes l a r g e r ,  t h e  c o l l  e c t o r  a r r a y  e f f i c i e n c y  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 o w  path  i s  changed du r 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  pa th  between the  o u t l e t  

and i n l e t  o f  the  c o l l e c t o r  array.  The o n l y  mechanisms f o r  e x t r a c t i n g  energy 

i n  t h i s  f l o w  c o n f i g u r a t i o n  a r e  the DHW heat exchanger and duc t  losses. As 

a  r e s u l t ,  t h e  c o l l e c t o r  a r r a y  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 e n c y  tends t o  decrease, even though both  the  i nso la -  

t i o n  l e v e l  and t h e  ou ts ide  ambient temperature a l so  tend t o  increase i n  

t h e  summer months. The behavior i s  f u r the r  i l l u s t r a t e d  by cons ider ing  the  

da ta  i n  Table 3.2.1-1. 

Table 3.2.1-1 presents the  monthly values o f  i n c i d e n t  s o l a r  energy, opera- 

t i o n a l  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 from the  12 month 

performance period. The c o l l  e c t o r  a r r a y  e f f i c i e n c y  and opera t iona l  c o l -  

l e c t o r  a r r a y  e f f i c i e n c y  were computed f o r  each month us ing  Equations (1 ) 

and (2 ) .  The average opera t iona l  c o l l e c t o r  a r r a y  e f f i c i e n c y  was 30 percent  

compared t o  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  o f  19 percent, which inc luded the  

e f f e c t  o f  t h e  c o n t r o l  system. 
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Additional information concerning collector array analysis in general may 
be found in Reference 181. The material in the reference describes the 
detai 1 ed coll ector array analysis procedures and presents the resul ts of 
analyses performed on numerous collector array installations across the 
Uni ted 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  stored energy. The r a t i o  o f  

the sum of energy from storage and change i n  stored energy t o  energy t o  

storage i s  defined as storage e f f i c iency ,  ns. This r e l a t i onsh ip  i s  ex- 

pressed' i n  the equation 

where: 

AQ = Change i n  stored energy. This i s  the di f ference i n  

the estimated stored energy during the spec i f ied 

repor t ing period, ,as ind icated by the r e l a t i v e  . 

temperature o f  the storage medium ( e i t h e r  pos i t i ve  

o r  negative value) 

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

extracted by the load subsystem from the primary 

storage medi um 

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

(both so lar  and a u x i l i a r y )  de l ivered t o  the primary 

storage medi um 

Evaluation of the system storage performance under actual  system opera- 

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

above. The u t i l  i t y  o f  these measured data i n  evaluat ion o f  the ove ra l l  

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



Tab1 e 3.2.2-1 summarizes t h e  storage subsystem performance dur ing  the  

r e p o r t  per iod.  During t h e  eleven month pe r iod  an approximate 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  storage and 11.84 m i l l i o n  Btu was 

ex t rac ted  f o r  support o f  t h e  space heat ing load. It 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 to red  energy f o r  t he  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 oad  

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

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

p e r i o d  was 121°F and f o r  t h e  f u l l  r e p o r t  pe r iod  i t  was 123°F. 

Performance o f  the  Contemporary Newnan storage subsys tern was no tab ly  

super io r  t o  t h e  Contemporary Manchester storage subsystem, i n  terms o f  

b o t h  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 compared t o  48 percent  f o r  

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

The Newnan storage subsystem a1 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 PERFORMANCE 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

Apr. 80 

Month 

Total I 23.053 

Energy To 
Storage 

(Mi 11 i on  Btu) 

Average I 2.10 

Energy From 
Storage 

(Mi 11 i o n  Btu) 

Change I n  
Stored 
Energy 

(Mi l  1 i o n  Btu) 
Storage 

E f f i c i ency  

Storage 
Average 

Temperature 
" F 

* Storage e f f i c i ency  and change i n  stored energy obtained by considering on ly  the seven months 
i n  which energy was drawn from storage t o  supply a s i g n i f i c a n t  heating load. 



3.2.3 Hot Water Subsystem 

The performance of the  hot water subsystem is described by comparing the 

amount of s o l a r  energy supplied to  the  subsystem w i t h  the energy required 

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

t o t a l  load consis ts  of both so la r  energy and aux i l i a ry  thermal energy.' 

The performance of the  Contemporary Newnan hot water subsystem i s  

presented i n  Table 3.2.3-1. The value f o r  auxi l iary  energy supplied i n  

Table 3.2.3-1 i s  the  gross energy supplied to  the  aux i l i a ry  system. In 
t he  case of Contemporary Newnan, where the  hot water auxi l iary  energy i s  
supplied by e l e c t r i c  res is tance elements, an eff ic iency of one is  assumed 

and t h e  values of aux i l i a ry  energy and aux i l i a ry  thermal energy (energy 

delivered t o  the  load) a r e  the same. The difference between the  sum of 

aux i l i a ry  thermal plus so l a r  energy and t he  hot water load i s  equal t o  

the  thermal (standby) losses  from the  hot water subsystem. 

The measured so la r  f rac t ion  i n  Table 3.2.3-1 i s  an average weighted 

value f o r  t he  month based on the  r a t i o  of so l a r  energy in the  hot water 

tank t o  the  t o t a l  energy in  the  hot water tank when a demand f o r  hot 

water ex i s t s .  T h i s  value i s  dependent on t h e  dai ly  p ro f i l e  of hot 

w a t e r  usage. I t  does not represent the  r a t i o  of so l a r  energy supplied 

t o  the  sum of so la r  plus aux i l i a ry  thermal energy supplied shown in the 

t ab le .  

For the  eleven month period from June ,1979 ,through Apri1,1980, the  so l a r  

energy system suppl ied a t o t a l  of 3.79 mi 11 ion ~ t u  t o  the  hot water sub- 

system. Auxiliary energy supplied over t h i s  period amounted to  6.45 

mill  ion Btu yielding a t o t a l  ( so l a r  plus auxi l iary)  input of 10.24 

mil l ion B t u .  The hot water load f o r  the repor t  period was 8.69 million 

B t u  giving a t o t a l  thermal (standby) l o s s  of 1.55 mill ion B t u .  



TABLE 3.2.3-1 

HOT WATER SUBSYSTEM PERFORMANCE \ 

* Average so la r  f r a c t i o n  f o r  the repor t ing  per iod i s  weighted by the hot  water load. 

*? Monthly so la r  f r a c t i o n  i s  computed (weighted) a t  the t ime ho t  water i s  ac tua l l y  used. 

Weighted ** 
Solar 

Fract ion 
( Percent) 

15 

20 

12 

3 7 

48 

29 

29 

15 

29 

35 

4 5 

- - 

0.30 * 

Month 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar.80 

Apr 80 

Tota l  

Average 

Energy Consumed 
Hot Water Parameters ( M i l l i o n  Btu) 

Load 
(Mi 11 i o n  Btu 

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 

Solar 

0.220 

0.154 

0.003 

0.091 

0.275 

0.563 

0.424 

0.273 

0.541 

0.586 

0.661 

3.791 

0.34 

Gallons 
Used 

0 

682 

28 

5 

598 

2673 

2851 

331 1 

3059 

291 4 

2809 

18930 

172.1 

hixi 1 i a r y  
Thermal 

0.111 

0.069 

0.000 

0.. 000 

0.121 

0.733 

1.016 

1.416 

1 . I85 

1.011 

0.790 

- 6.452 

0.59 

Auxi 1 i a r y  

0.111 

0.069 

0.000 

0.000 

0.121 

0.733 

0.016 

1.416 

1 .I85 

1.011 

0.790 

6.452 

0.59 

' Temperatures 
supply 

84 

7 2 

8 2 

7 6 

79 

7 4 

58 

55 

5 2 

54 

60 

- - 
68 

(OF) 
Del i very 

94 

103 

87 

7 5 

83 

9 3 

11 6 

116 

116 

116 

116 

- - 
101 



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

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

unoccupied s ta tus  o f  t he  house. The small usage i n  Ju ly ,  1979, was due 

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

purposes. To provide a  more r e a l i s t i c  h o t  water load, an automatic 

h o t  water l oad  s imula tor  was i n s t a l l e d  a t  t he  s i t e  i n  October, 1979. 

Th is  device was removed, on o r  about, November 15, 1979, when the  h ~ u s e  

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

t h e  r e p o r t  period, 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 the  ' repor t  period, 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  t he  per iod  o f  30 percent was obta ined 

by weight ing t h e  ho t  water s o l a r  f r a c t i o n  f o r  each month -by the  ho t  

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



3.2.4 Space Heating Subsystem 

The performance of the space heating subsystem i s  described by comparing the 
amount of solar energy supplied to  the subsystem w i t h  the energy required to  
sa t i s fy  the total  space heating load. The energy required t o  sa t i s fy  the 
total  load consists of both solar energy and auxiliary thermal energy. 
The r a t j o  of solar energy supplied t o  the load t o  the total  load i s  defined 
as the heating solar  fraction. The calculated heating solar  f ract ion i s  the 
indicator of performance fo r  the subsystem because i t  defines the percentage 
of the total  space heating load supported by solar  energy. 

The performance of the Contemporary Newnan space heating subsystem i s  
presented i n  Table 3.2.4-1. For the 11 month period from June, 1979 ' 

through Apri 1 , 1980, the solar energy system suppl  i ed a measured to ta l  of 
10.75 mill ion B t u  t o  the space heating load. The total  measured heating 
load fo r  t h i s  period was 23.06 mill ion B t u  and the .average monthly solar  
fraction was 47 percent. 

In assessing the perfomlance of the space heating, subsystem i t  should be 
noted tha t  there a re  l imitations of the instrumentation system which 
preclude the d i rec t  measurement of system 1 osses . Measurement of space 
heating 1 oad, solar  and auxi 1 iary contributions and solar  f ract ion are  
based on "delivered energy," therefore, losses must be computed .from the 
difference between delivered energy and collected energy. The solar  energy 
losses a re  s ignif icant ,  however, because the majo.rity of such losses a re  
added to  the in te r ior  of the house and represent an uncontrolled contri-  
bution t o  the space heating load. A t  the Contemporary Newnan s i t e  the 
solar energy losses occur d u r i n g  energy transport between the various 
subsystems (primarily due to  d i rec t  leakage), from the rock storage u n i t  
and, t o  a lesser  extent,  the hot water preheat tank. During the heating 
season (October, 1979 through April , 1980) a to ta l  of approximately 11.38 
million B t u  of solar  energy was added to the in te r ior  of the house through 
these losses. Thus, the energy added to  the heated space due to  so lar  



system losses  was approximately 106 percent greater  than the measured 
amount of so la r  energy supplied d u r i n g  the heating season i n  the  
intended operating modes. 

I 

A calcula t ion which t r e a t s  these losses a s  a  posi t ive  contribution to  

t he  space heating requirements, r esu l t s  in a  higher so l a r  f rac t ion  than 
t h a t  determined by the  measured data.  If so la r  losses  a r e  added t o  
t he  space heating load and ' t o  the so la r  contribution,  the  heating so l a r  
f r ac t i on  increases to  64 percent. 

During t he  11 month report ing period a  to ta l  of 12.31 mill ion B t u  of 
/ 

auxi l i a ry  thermal energy was supplied t o  the space heating load by the  
heat  pump. The aux i l i a ry  e l ec t r i c a l  energy input to  the  heat pump over 
this period amounted t o  3.4'1 million B t u ,  giving an overall  Coefficient  
of Performance ( C O P )  of 3.61 f o r  the  heat pump. 



TABLE 3.2.4-1 

HEATING SUBSYSTEM PERFORMANCE 

* Average so la r  f r ac t i on  i s  the r a t i o  o f  Total Solar  Energy t o  Total Load 

Month 

Jun 79 

J u l  79 

Aug 79 

Sep 79 
Oct 79 

NOV 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

. Apr 80 

Tota l  

Average 

Heating 
Load 

( M i  11 i o n  Btu) 

0.056 

0.047 

0.111 

0.244 

1.255 

1.294 

5.011 

5.508 

5.740 

2.942 

0.853 

23.061 

2.10 

Measured 
Sol a r  

Fract ion 
(Percent) 

0 ' 

0 

0 

3 

100 

100 

48 

20 

38 

57 

9 6 
-- 

47 * 

Energy Consume& 
Parameters 

Temperatures 
Bu i ld ing  

7 6 

80 

82 

7 6 

71 

6 9 

68 

6 7 

6 6 

68 

72 
- - 

72 

Auxi 1 i ary  

0.019 

0.016 

0.037 

0.079 

0.0 

. O . O  

0.730 

1.060 

1 .020 

0.440 

0.008 

3.409 

1.12 

Solar 

01000 

0.000 

0.000 : 

0.008 

1.255 

1 :294 

2.409 
1 .I25 

2 :I 71 

1 .670 

0.822 

10.754 

0.98 

(OF) 
Outdoor 

74 

7 7 

7 7 
71 

5 9 

5 0 

4 3 

43 

40. 

50 

59 
- - 

58 

( M i l l i o n  Btu) 
Auxi 1 i a r y  

Thermal 

0.056 . 

0.047 

0.11 1 

0.236 

0.0 

0.0 

2.602 

4.383 

3.569 

1.272 

0.031 

12.307 

0..98 



4. Operat ing Energy 

Operat ing energy f o r  t he  Contemporary Newnan So lar  Energy System i s  

de f i ned  as t h e  energy requ i red  t o  t ranspor t  s o l a r  energy t o  the  p o i n t  

o f  use. To ta l  opera t ing  energy fo r  t h i s  system cons i s t s  o f  Energy 
' Col l e c t i o n  and Storage Subsystem (ECSS) opera t ing  energy, h o t  water  

subsystem opera t ing  energy and space heat ing  subsystem opera t ing  

energy. Operat ing energy i s  e l e c t r i c a l  energy that( i s  used t o  support 

t h e  subsystems w i thou t  a f f e c t i n g  t h e i r  thermal s ta te .  Measured monthly 

va lues f o r  subsystem opera t ing  energy a r e  presented i n  Table 4-1. 

T o t a l  system opera t ing  energy f o r  t he  Contemporary Newnan So lar  Energy 

System i s  t h a t  e l e c t r i c a l  energy requ i red  t o  operate the  blower i n  t he  

main a i r  handler un I t ,  t he  pump I n  the  DHW subsystem and the  indoor  

and outdoor  fans i n  the  a u x i l i a r y  (heat  pump) subsystem. These a r e  

shown as EP400, EP300, a  p o r t i o n  of EP401, respec t i ve l y ,  i n  F igure  

2-1 . A1 though a d d i t i o n a l  e l e c t r i c a l  energy i s  requ i red  t o  operate 

motor d r i v e n  dampers and the  c o n t r o l  system f o r  t he  i n s t a l l a t i o n ,  i t  

i s  n o t  inc luded i n  t h i s  repo r t .  These devices are  n o t  monitored 

f o r  power consumption and the  power they consume i s  i n s i g n i f i c a n t  

when compared t o  the  f a n  and pump motors. 

Dur ing  the  11 month r e p o r t i n g  period, a  t o t a l  o f  4.40 m i l l i o n  B tu  (1290 

kwh) o f  opera t ing  energy was consumed. However, t h i s  energy i n c l  udes 

t h a t  p o r t i o n  o f  t he  energy requ i red  by the  blower i n  the  main a i r  handler 

u n i t  when t h e  blower i s  d i s t r i b u t i n g  a i r  t o  t he  heated space (space heat ing  
I opera t i ng  energy). That energy would be requ i red  whether o r  n o t  the  

s o l a r  energy system was present,  therefore, i t  i s  n o t  considered s o l a r  

pecul i a r .  

A t o t a l  o f  2.24 m i l l i o n  Btu  (656 kwh) o f  opera t ing  energy was requ i red  

t o  support t h e  blower and pump when the s o l a r  c o l l e c t i o n  and storage sub- 

systems were ac t ive .  O f  t h i s  t o t a l  1.82 m i l l  i o n  Btu  were a l l o c a t e d  t o  . 
t h e  Energy C o l l e c t i o n  and Storage Subsystem (ECSS) and 0.42 m i l l i o n  Btu  

t o  the  DHW subsystem. Since a  measured 14.54 m i l l i o n  Btu of  s o l a r  energy 

was de l i ve red  t o  system loads du r ing  the  r e p o r t i n g  period, a  t o t a l  of 0.15 

m i l  1 i o n  B tu  (45 kwh) o f  opera t ing  energy was requ i red  f o r  each one m i l l  i o n  

B tu  o f  s o l a r  energy del  i ve red  t o  the  system loads. 



TABLE 4-1 

OPERATING ENERGY 

Month 

Jun 79 

Ju l  79 

A U ~  79 

Sep 79 
Oct 79 

HOV . 79 

Dec 79 

Jan 80 

Feb 80 

Mdr" 80 - . ' 

Apr; 80 . . . . 
.. . . . 

. . 

.: . ' ~ d t ~ j . . ' . ;  ' . 
. .  . 

Average 

ECSS 
Operating Energy 

(Mi 11 i o n  Btu) 

0.185 

0 :I 31 

0.000 . 

0.098 

0.261 

0.211 

0.194 

0.113 

.0.200 
, . 

0.208 

. : . .  . '  0.221 
. . 

' .  . . 1..822 

0.17 

Hot Water 
Operating Energy 

(Mi l  l i o n  Btu) 

0.026 

0.020 

0.032 

0.019 

0.029 

0.050 . 

0.045 

0.030 

0.054 

0.054. 

Oi061 

. . 

0.420 

0.04 

Space Heating 
Operating Energy 

(Mi l  1 i on  Btu) 

0.0'08 

0.001 

0.085 

0.168 

0.039, 

0.086 

0.399 

0.563 

0.579 

0.203 

0.030 

2.161 

0.20 

Total System 
Opera ti ng Energy 

(Mi l  1 i o n  Btu) 

0.219 

0.152 

0.117 

0.285 

0.329 

0 ,  347 

0.638 

0.706 

0.833 

0.465 

0.312 

4.403 

0.40 
k 



5. ENERGY SAVINGS 

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

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

by a u x i l i a r y  energy sources. The opera t ing  energy requ i red  t o  p rov ide  

s o l a r  energy t o  the  l oad  subsystems i s  subtracted from the  s o l a r  energy 

c o n t r i b u t i o n s  t o  o b t a i n  t h e  n e t  savings a t t r i b u t e d  t o  the  use o f  s o l a r  

energy. 

Energy savings f o r  t he  11 month r e p o r t i n g  pe r iod  a r e  presented i n  Table 

5-1, Hot water savings f o r  t he  r e p o r t  pe r iod  t o t a l e d  2.31 m i l l  i o n  Btu 

and, i n  the  computation of t h i s  value the  energy requ i red  t o  operate the  

pump i n  the  DHW preheat l oop  has been subtracted. The computation o f  

e l e c t r i c a l  savings f o r  space heat ing uses an assumed c o e f f i c i e n t  o f  per- 

formance (COP) o f  2.0 f o r  t he  heat pump and subt rac ts  t h a t  p o r t i o n  o f  t he  

hea t i ng  opera t ing  energy which i s  requ i red  when s o l a r  heat  i s  prov ided 

t o  t h e  heated space from the  c o l l e c t o r s  o r  from the  storage b in .  As seen 

f rom Table 5-1. the  ad jus ted  value o f  e l e c t r i c a l  savings f o r  t he  r e p o r t  

p e r i o d  was 4.99 m i l l i o n  Btu. Adding the  adjusted values o f  2.31 m i l l i o n  

B tu  f o r  h o t  water and 4.99 m i l l i o n  Btu f o r  space heat ing  g ives a gross 

e l e c t r i c a l  savings o f  7.3 m i l l i o n  Btu. The t o t a l  ECSS opera t ing  

energy o f  1.82 m i l l i o n  Btu  i s  subtracted, g i v i n g  a t o t a l  n e t  e l e c t r i c a l  

savings o f  5.47 m i l  1  i o n  Btu (1603 kwh) f o r  t he  r e p o r t  per iod.  

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

based o n l y  on the  measured s o l a r  energy c o n t r i b u t i o n  t o  the space heat ing  

load.  As discussed i n  t h e  Space Heating Subsystem sect ion,  approximately 

'11.38 m i l l i o n  Btu o f  s o l a r  energy were added t o  the  i n t e r i o r  o f  the  house 

through var ious  losses dur ing  the  heat ing  season. This  uncon t ro l l ed  

a d d i t i o n  of  s o l a r  energy t o  the  house, had i t  been inc luded i n  the  space 

heat ing  subsystem computations, would have increased the  space heat ing  

(and t o t a l  system) savings s i g n i f i c a n t l y .  This  a d d i t i o n a l  , b u t  unreported, 

savings can be approximated by apply ing the assumed heat  pump COP o f  

2 which g ives  an ad jus ted  gross space heat ing  savings o f  an a d d i t i o n a l  

5.69 m i l l i o n  Btu. This  computation r e s u l t s  i n  a rev i sed  n e t  e lect r i .ca1 

savings o f  11.16 m i l  1  i o n  Btu  (3270 kwh), approximately tw i ce  the  repor ted  

va lue  o f  5.47 m i l l i o n  Btu  (1603 kwh). 



TABLE 5-1 

ENERGY SAVINGIS 

Fossi 1 
Equivalent 
At Source 

(Million Btu) 

-0.703 

-0.443 

-0.083 

-0.390 

1.463 

2.580 

4.137 

2.057 

3.960 

3.420 

2.247 

18.245 

1.66 

ECSS 
Operating 
Energy 

(Million Btu) 

0.185 
0.131 

0 .OOO 
0.098 

0.261 

0.211 

0.194 

0.113 

0.200 

0.208 

0.221 

1.822 

0.17 

Month 

Jun 79 
Jul 79 
A u ~  79 

Sep 79 

Oct 79 
Nov 79 

Dec 79 

Jan 80 
Feb 80 

Mar 80 

Apr 80 

Total 

Average 

h 

Net 
Electrical Energy 

Savings 
(Million Btu) 

-0.21 1 
-0.133 

-0.025 

-0.117 

Electrical 
Energy Savings 

(kwh) 

-61.8 

-38.9 

- 7.3 
-34.3 

(Million 
Hot 
Water 

-0.026 
-0.002 

-0.025 

-0.01 8 

0.102 

0.383 

0.326 

0.213 

0.383 

0.458 

0.512 

2.306 

0.21 

Btu) 
Space 
Heating 

0 .OOO 
0.000 

0 .OOO 
-0.001 

i 0.597 

0.602 

1 .I09 
0.517 

1.005 

0.776 

0.383 

4.988 

0.45 

0.439 I 128.5 

0.774 1 226.6 

1.241 

0.617 

363.4 

180.7 

1 .I88 347.8 

1 .026 300.4 

0.674 

5.473 

197.3 

1602.4 

0.50 145.7 

1 



6 .  ' MAINTENANCE 

Sign i f ican t  maintenance a c t i v i t i e s  carr ied out  a t  the.  Contemporary 

Newnan s i t e  during the  repor t  period a r e  summarized below: 

September 7, 1979 - Repair o f '  Duct Leak 

S i t e  data indicated a s ign i f ican t  reduction i n  storage bin input and 

output a i r  flow values (1200 and W201): S i t e  inspection revealed s izab le  

hole in  duct (probably due to  removal of an a i r  measurement probe). The 

hole was repaired by the  i n s t a l l i ng  contractor and flow values returned 

t o  normal. 

September 7, 1979 - Correction of Control Relay Chatter 

During the  months o f  ~ u n e ,  July and August, numerous adjustments in  the 

mode of operation were made i n  an attempt to  resolve a so la r  system relay 

chat ter ing problem thq t  prevented operation of the  auxil i a ry  system i n  

t he  a i r  conditioning mode. Investigation revealed an unsoldered connection 

t o  the  transformer i n  the Logic Control Unit ( L C U ) .  Repair of t h i s  con- 

nection apparently sol ved the  ma1 function due to  relay chat ter .  

November 10, 1979 - Removal of Hot Water Auto-Load ~ e v i c e  

The automatic hot water load simulator was removed i n  preparation f o r  the 

house becoming occupied, on o r  about, November 15, 1979. 



7. SUMMARY AND CONCLUSIONS 

The f o l l o w i n g  paragraphs provide 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  the  Contemporary Newnan Solar  Energy System f o r  the  pe r iod  

from June, 1979, through A p r i l ,  1980. A more d e t a i l e d  d iscussion can 

be found i n  the  preceding sect ions. 

Durjng' t h e  r e p o r t i n g  period, the  measured d a i l y  average i n s o l a t i o n  i n  
2 t h e  plane o f  t he  c o l l e c t o r  a r ray  was 1,265 B t u / f t  . Th is  was 11 percent 
2 below t h e  long-term d a i l y  average o f  1,414 B 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 o f  61 OF. As a r e s u l t  o f  t he  ' 
lower average temperature,'3392 heat ing degree-days were accumulated 

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

days. I n  view o f  t he  increased number o f  heat ing degree-days and reduced 

average value o f  i n c i d e n t . s o l a r  energy, over the  r e p o r t  period, c l i m a t i c  

cond i t i ons  had an adverse e f f e c t  on the  performance o f  t he  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 of the  t o t a l  measured load 
f 

( h o t  water p lus  space heat ing)  dur ing  the  11 month r e p o r t i n g  per iod.  This 

value was somewhat h igher than the  expected ' s o l a r  f r a c t i o n  o f  32 percent  

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

system losses i n t o  the  heated space from duct  leaks, storage e tc .  a r e  

included, t h e  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  of 165.98 mi 11 i p n  Btu of i n c i d e n t  s o l a r  'energy was measured i n  

the .p lane  o f  t he  c o l l e c t o r  dur ing  the  r e p o r t i n g  period; The system co 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 co l -  

l e c t o r  a r ray  e f f i c i e n c y  of 19 percent: During per iods when the  c o l l e c t o r  

a r r a y  was ac t ive ,  a t o t a l  o f  100.92 m i l l i o n  Btu was measured i n z t h e  plane 

o f  t h e  c o l l e c t o r  array. Therefore, the  operat ional  c o l l e c t o r  e f f i c i e n c y  

. was 30 percent. 



Dur ing  t h e  r e p o r t i n g  pe r i od  a t o t a l  of 23.05 m i l l  i o n  B tu  was d e l i v e r e d  

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

moved f rom storage f o r  suppor t  o f  t he  space heat ing  load.  I n  t h e  p e r i o d  

f rom June, 1979, through September, 1979, t he re  was no energy o u t p u t  

f rom s to rage 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, t h e  computation o f  s torage e f f i c i e n c y  was based on the  seven 

month p e r i o d  (October through A p r i l  ) when energy from storage was used 

t o  suppor t  a  s i g n i f i c a n t  heat ing  load. On t h i s  basis,  t he  s torage 

e f f i c i e n c y  was computed t o  be 57 percent.  Dur ing t h i s  same p e r i o d  the  

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

were l o s t  f rom storage. The average storage temperature was 121°F du r i ng  

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 he  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 a l  of 3.79 m i l l i o n  B tu  of s o l a r  energy and 6.45 m i l l i o n  B tu  o f  

a u x i l i a r y  thermal energy were supp l ied  t o  t he  ho t  water subsystem. A 

t o t a l  o f  1.55 m i l l i o n  Btu of t h e  energy d e l i v e r e d  t o  t he  ho t  water sub- 

system was d i s s i p a t e d  as standby losses. The weighted h o 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 t h e  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  temperature i s  a r t i f i c i a l l y  low because o f  t he  

unoccupied s t a t u s  o f  t h e  house from June, 1979, through October, 1979 

and r e s u l t a n t . 1 0 ~  o r  sporadic  h o t  water usage. An average temperature 

o f  112"F, computed f o r  t he  s i x  months when the  house was occupied, i s  

considered a more r e a l  i s t i c  measure o f  h o 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 ibd .  N ine ty  e i g h t  percent o f  t he  heat ing  l oad  (22.60 

m i l l i o n  B tu )  occurred du r i ng  t h e  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  t he  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  

hea t  pump supp ly ing  12.31 m i l l i o n  B tu  o f  a u x i l i a r y  thermal energy. The 

space heat ing  subsystem mainta ined an average b u i l d i n g  temperature o f  

72°F du r i ng  t h e  r e p o r t  per iod.  



I 

A t o t a l  o f  2.24 m i l  1 i on  Btu, o r  657 kwh o f  e l e c t r i c a l  operat ing energy 

was required t o  support the Contemporary Newnan Solar Energy System 

dur ing the 11 month repor t ing  period. 

The ne t  e l e c t r i c a l  energy savings fo r  the 11 month repo r t  per iod were 

5.47 mi l lb ion Btu, o r  the equivalent o f  1602 kwh, o r  0.9 bar re ls  o f  o i l .  

It should be noted t h a t  the energy savings are based on ly  on the measured 

amount o f  so la r  energy del ivered t o  the space heating subsystem. As d is -  

cussed i n  Section 5, the energy savings approximately double if the uncont ro l led 

so la r  energy input  (losses i n t o  the heated space) i s  considered. 
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APPENDIX A 

DEFINITION OF PERFORMANCE FACTORS AND SOLAR TERMS 

COLLECTOR ARRAY PERFORMANCE 

The c o l l e c t o r  a r ray  performance i s  charac ter ized by the  amount o f  s o l a r  energy 

c o l l e c t e d  w i t h  respect  t o  t he  energy a v a i l a b l e  t o  be co l l ec ted .  

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

gross c o l l e c t o r  a r r a y  area. This  i s  t he  area of  the  c o l l e c t o r  

a r r a y  energy-receiv ing aperture, i n c l u d i n g  the  framework which i s  
an i n t e g r a l  p a r t  o f  the  c o l l e c t o r  s t ruc tu re .  

OPERATIONAL INCIDENT --- ENERGY - ---- (SEOP) i s  the amount o f  s o l a r  energy 

i n c i d e n t  on the  c o l l e c t o r  a r ray  dur ing  the  t ime t h a t  the  c o l -  

l e c t o r  loop i s  a c t i v e  (at tempt ing t o  c o l l e c t  energy). 

0 COLLECTED SOLAR ENERGY (SECA) i s  the  thermal energy removed from 

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

0 COLLECTOR ARRAY EFFICIENCY (CAREF) i s  the  r a t i o  o f  t he  energy c o l -  

l e c t e d  t o  the  t o t a l  s o l a r  energy i n c i d e n t  on the  c o l l e c t o r  array.  

It should be emphasized t h a t  t h i s  e f f i c i e n c y  f a c t o r  i s  f o r  t he  

c o l l e c t o r  array,  and a v a i l a b l e  energy inc ludes  the  energy i n c i d e n t  

nn the  a r r a y  when the  collector l oop  i s  i n a c t i v e .  This  e f f i c i e n c y  

must n o t  be confused w i th  the  more common c o l l e c t o r  e f f i c i e n c y  
- < 

f i g u r e s  which a r e  determined from instantaneous t e s t . d a t a  obta ined 

du r ing  steady s t a t e  opera t ion  o f  a  s i n g l e  c o l l e c t o r  u n i t .  These 

e f f i c i e n c y  f i g u r e s  a re  o f t e n  prov ided by c o l l e c t o r  manufacturers . . 

o r  presented i n  techn ica l  j ou rna l s  t o  cha rac te r i ze  the  func t i ona l  1 

capabi l  i t y  o f  a  p a r t i c u l a r  c o l l e c t o r  design. I n  general, the  

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

h igher  than the  repor ted  co l  1  e c t o r  a r ray  e f f i c i e n c y .  ! 
I 

\ I I 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

The Energy Co l l  e c t i o n  and Storage Subsystem (ECSS) ',is 'composed o f  t he  

c o l  1 e c t o r  array, t he  pr imary storage medi um, the  t ranspo' r t  loops between 

these, and o the r  components i n  t he  system design wh ich ,are  necessary t o  

mechanize the  c o l l e c t o r  and storage equipment. 

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

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

c o l  1 e c t o r  a r r a y  energy-receiv ing aperture, i n c l  uding the  frame- 

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

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

environment a t  the  s i t e .  

a ENERGY TO LOADS (SEL) i s  the t o t a l  thermal energy t ranspor ted  

from the  ECSS t o  a l l  l oad  subsystems. 

a 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  co l  1 ec to rs  f o r  f reeze-  

p ro tec t ion ,  etc .  

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

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



STORAGE PERFORMANCE 

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

d e l i v e r e d  t o  storage, removed from storage, and the  subsequent change i n  the  

amount o f  s to red  energy. 

e ENERGY TO STORAGE ( S T E I )  i s  the  amount o f  energy, bo th  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. 

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

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

e CHANGE I N  STORED ENERGY (STECH) i s  the d i f f e r e n c e  i n  the  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  period, as i n d i c a t e d  

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

o r  negat ive value) .  

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

temperature o f  t he  pr imary storage medium. 

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

energy removed from storage and t h e  change i n  s to red energy 

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



HOT WATER SUBSYSTEM . . . . 
.. - . .  <., . . 

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

energy f low t o  and from the  subsystem, as we l l  as. an accounti.ng 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 u e l ,  and e l e c t r i c a l  a u x i l  i a r y  thermal energy, and the  opera t i ng  

energy f o r  t he  subsystem. I n  add i t ion ,  t he  s o l a r  energy suppli.ed t o  the  

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

system i s  tabulated and used t o  compute the  est imated e lec t r . i ca1 and 

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

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

outlet  hot water temperature, and the  to ta ' l  h o t  water consumption. 

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

the  amount o f  h o 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  t h e  l o a d  

demand which i s  supported by so la r  energy. 

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

t o  the  ho t  water subsystem. 

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

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

which i s  no t  intended t o  d i r e c t l y  a f f e c t  the  thermal s t a t e  o f  

t he  subsystem. 

o AUXILIARY THERMAL USED (HWAT) i s  t h e  amount o f  energy suppl i e d  

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

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

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

suppl ied t o  the  subsystem. 



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

energy suppl ied d i r e c t l y  t o  t h e  subsystem. 

ELECTRICAL ENERGY SAVINGS (HWSVE) i s  the  est imated d i f f e r e n c e  

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

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

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

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

o f  t he  water suppl ied t o  the  subsystem. 

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

t h e  o u t l e t  water as i t  i s  suppl ied from the  subsystem t o  the  load. 

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



ENVIRONMENTAL SUMMARY 

The environmental summary i s  a. co l l ec t i on  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  r epo r t  f o r  two purposes (1)  as .a  measure o f  the condi- 

t i ons  prevalent during t h e  operation o f  the system a t  the s i te ,  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 .  
b 

. @ TOTAL INSOLATION (SE) i s  the accumulated t o t a l  so la r  energy 

inc iden t  upon the gross co l l ec to r  ar ray measured s t  the  
s i t e .  

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

environment a t  the s i t e .  

DAYTIME AMBIENT TEMPERATURE (TDA) i s  the temperature during the 

' per iod from three hours before so la r  ndon t o  t h i ee  hours a f t e r  

so la r  noon. 
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APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

CONTEMPORARY MANCHESTER 

I. INTRODUCTION 

So la r  energy system performance i s  evaluated by per forming 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.  his data i s  then numer ica l l y  combined t o  determine the  

hour ly ,  d a i l y ,  and monthly performance o f  the  system. Th is  appendix 

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

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

Data samples from the  system measurements a re  numer ica l l y  i n t e g r a t e d  

t o  p rov ide  d i s c r e t e  approximations o f  t he  5ontinuous func t i ons  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 of  t he  product of t he  measured r a t e  o f  t he  

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

t o t a l  t ime pe r iod  o f  i n t e r e s t .  

There a r e  several general forms of numerical i n t e g r a t i o n  equat ions which 

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

The t o t a l  s o l a r  energy a v a i l a b l e  t o  the  c o l l e c t o r  a r ray  i s  g iven by 

SOLAR ENERGY AVAILABLE = (1 /60)  2 [ IOU1 x AREA] x A T  

where 1001 i s  the s o l a r  r a d i a t i o n  measurement prov ided by the pyranometer 
2 i n  B t u l f t  -hr,  AREA i s  t he  area o f  t he  c o l l e c t o r  a r r a y  i n  square fee t ,  

AT  i s  t he  sampling i n t e r v a l  i n  minutes, and the  f a c t o r  (1160) i s  inc luded 

t o  c o r r e c t  t h e  s o l a r  r a d i a t i o n  " r a t e "  t o  the  proper u n i t s  of t ime. 



S i m i l a r l y ,  the  energy f low 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 [M lOO x AH] x AT  

where M l O O  i s  t h e  mass f low r a t e  o f  the  heat t r a n s f e r  f l u i d ,  i n  1 bm/min, a n d  
, . 

AH i s  t h e  enthalpy change, i n  Btu/lbm, of t he  f l u i d  as i t  passes through 

the  heat  exchanging component. 

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

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

t r a n s f e r  f l u i d  and AT, i n  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 i r  system A H  i s  genera l l y  g iven by 

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

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

changing component. 

Ha(T) can have var ious  forms, depending on whether o r  n o t  t h e  humid i t y  r a t i o  

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

c hang i ng component. 



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

ECSS OPERATING ENERGY = (341 3/60) 1 [EPIOO] x A T  

where EPlOO i s  the  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 the  two f a c t o r s  (1/60) and 3413 c o r r e c t  t he  data t o  ~ t u / 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 Evaluat ion Procedures f o r  t he  Nat ional  

So la r  Heat ing and Cool ing Demonstration Program." Th is  document, g iven 

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

t h e  government, and presents gu ide l ines  fo r  thermal performance evaluat ion.  

Performance fac tors  a re  computed f o r  each hour o f  t he  day. Each numerical 

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

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

these hou r l y  performance fac tors  t o  d a i l y  va l  ues. This  i s  accompl ished, 

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

t h e  hou r l y  values a r e  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 ,  r e q u i r e  appropr ia te  hand1 i n g  t o  p rope r l y  weight each hou r l y  

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

t o  conver t  d a i l y  values t o  monthly values. 

11. PERFORMANCE EQUATIONS 

The performance equat ions f o r  Contemporary Newnan used f o r  the  data eva- 

l u a t i o n  o f  t h i s  r e p o r t  a r e  contained i n  the f o l l o w i n g  pages and have been 

inc luded f o r  techn ica l  re fe rence and information. 



EQUATIONS USED I N  MONTHLY PERFORMANCE ASSESSMENT 

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2-1 

AVERAGE AMBIENT TEMPERATURE (OF) 

TA = ( 1 1 6 0 )  x 1 TOOl x AT 

AVERAGE BUILDING TEMPERATURE (OF) 
4 

TB = ( 1 1 6 0 )  x 1 ( T 6 0 0  + T601 + T 6 0 2 ) / 3  x A T  

. DAYTIME AVERAGE AMBIENT TEMPERATURE (OF) 

TDA = ( 1 1 3 6 0 )  x 1 TOOl x A T  

FOR - + 3 HOURS FROM SOLAR NOON 

INCIDENT SOLAR ENERGY P E R  SQUARE FOOT (BTUIFT') 

SE = ( 1 / 6 0 )  x 1 1001 x A T  

OPERATIONAL INCIDENT SOLAR ENERGY (BTU) 

SEOP = ( 1 1 6 0 )  x Z [ I O O l  x CLAREA] x AT 

WHEN THE COLLECTOR LOOP I S  ACTIVE 

HUMIDITY RATIO FUNCTION (BTUILBM-OF) 

HRF = 0.24 + 0.444 x HR 

WHERE 0 .24  I S  THE SPECIFIC HEAT AND HR I S  THE HUMIDITY RATIO 

OF THE TRANSPORT AIR.  THIS  FUNCTION I S  USED WHENEVER THE 

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

THROUGH ,A HEAT EXCHANGING DEVICE 

ENTHALPY FUNCTION FOR WATER ( BTUI 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  A C T I V E  

CSEOHI = Z [M409 x HRF x ( T 4 0 1  - T 4 5 1 ) ]  x AT 

WHEN HEAT ING FROM THE COLLECTOR ARRAY 

SOLAR ENERGY TO LOAD FROM STORAGE (BTU)  

H S E l  = 1 [M401 x HRF x ( T 4 0 1  - T451)l x AT 

WHEN HEATING FROM STORAGE 
. . 

SOLAR ENERGY TO SPACE HEATING SUBSSYTEM (BTU) 

HSE = H S E l  + CSEOHl 

WHENEVER THE SYSTEM I S  HEATING FROM COLLECTORS OR STORAGE 

HEATING AUXILIARY THERMAL ENERGY TO LOAD (BTU) 

H A E l  = 5 6 . 8 8 3 3  x ( E P 4 0 1  - 0.94) 

HAE2 = r 5 6 . 8 8 3 3  x ( E P 4 0 1  - 0.28)] - 5 6 . 8 8 3  x 4.34 

HAT = . (COMPEFF x HAE1)  + HAE2 

WHEN HEATING FROM THE A U X I L I A R Y  SOURCE 

SPACE HEATING LOAD (BTU)  

H L = HSE + HLES + HLHP 

WHENEVER THE SYSTEM I S  I N  A SPACE HEATING MODE 

AVERAGE TEMPERATURE OF STORAGE (OF)  

T S T  = (1/60) x ( T 2 0 1  + T 2 0 2  + T 2 0 3 ) / 3  

SOLAR ENERGY TO STORAGE (BTU)  

STE I = 1 [M200  x HRF x ( T 2 0 0  - T 2 5 0 ) l  x AT 

WHEN THE 'SYSTEM I S  I N  A STORING HEAT MODE 



STEO = 1 [M200 x'HRF x ( T 2 0 0  - T 2 5 0 ) ]  x AT 

WHEN THE SYSTEM I S  I N  HEATING FROM STORA'GE MODE 

ECSS OPERATING ENERGY (BTU) 

CSOPE = 56 .8833  x 1 EP400  x AT 
6 

WHEN THE SYSTEM I S  I N  A STORING HEAT MODE 

CSOPE = 56 .8833  x z (EP40012)  x AT 

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

HOT WATER CONSUMED (GALLONS) 

)I WCSM = Z WD301 

HOT WATER LOAD 

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

SOLAR ENERGY TO HOT WATER SUBSYSTEM 

HWSE - .  - CSEOW = [M300 x HWD (T350,T300) ]  x AT 

SOLAR ENERGY TO HOT WATER LOAD 

HWSEl = c [M301 x HWD(T351, T 3 0 1 ) j  x AT 

HOT WATER SUBSYSTEM OPERATING ENERGY (BTU) 

HWOPE = 56.8833 x c EP300 x AT 

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56:8833 x Z EP301 x AT 

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 

HOPE1 = 56.8833 x z EP400 /2  x AT 

WHEN THE SYSTEM IS 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 



SOLAR ENERGY FROM STORAGE (BTU)  

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

WHEN THE SYSTEM I S  I N  HEATING FROM STORAGE MODE 

ECSS OPERATING ENERGY (BTU)  

CSOPE = 56 ,8833  x c EP400  x AT 

WHEN THE SYSTEM I S  I N  A STORING HEAT MODE 

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

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

HOT WATER CONSUMED (GALLONS) 

HWCSM = c WD301 

HOT WATER LOAD 

HWL = c EM301 x HWD(T352, T 3 0 1 ) ]  x AT  

SOLAR ENERGY TO HOT WATER SUBSYSTEM 

HWSE = CSEOW = EM300 x HWD (T350 ,T300 ) ]  x AT 

SOLAR ENERGY TO HOT WATER LOAD 

HWSEl = c [M301 x HWD(T351, T 3 0 1 ) ]  x AT 

HOT WATER SUBSYSTEM OPERATING ENERGY (BTU) 

HWOPE = 5 6 . 8 8 3 3  x Z EP300  x A L  

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE 56 .8833  x E EP301 x A r  

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 

HOPE1 = 56 .8833  x 1 E P 4 0 0 / 2  x AT 

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

HOPE1 = 5 6 . 8 8 3 3 ~  Z E P 4 0 0 x A - c  

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 = [M400 x HRF ( T 4 0 1 - T 4 @ 0 ) ]  x AT (HEAT, PUMP) 

WHEN AMBIENT TEMPERATURE I S  ABOVE 15OF 

HLES = [M400 x HRF ( T 4 0 1 - T 4 0 0 ) ]  x AT - HLHP 

WHEN AMBIENT TEMPERATURE I S  BELOW 1 5 ° F  

ELECTRICAL ENERGY INPUT TO A U X I L I A R Y  SOURCES 

HAEHP = 5 6 . 8 8 3 3  x EP401 

WHEN THE SYSTEM PS IN A HEATING FROM AUXILIARY 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 V ~ U E S  

OBTAINED DURING THE PREVIOUS FLOW PERIOD.  

SEA = CLAREA x SE 

COLLECTED SOLAR ENERGY PER UNIT AREA (BTUIFT~) 

SEC + SECAICLAREA 

COLLECTOR ARRAY EFFICIENCY 

CAREF = SECAISEA 

CHANGE IN STORED ENERGY (BTU) 

STECH = STECHl - STECH1, 

WHERE THE' SUBSCRIPTp REFERS TO A PRIOR REFERENCE VALUE 

STORAGE EFFICIENCY 

STEFF = (STECH + STEO) /STEI  

ENERGY DELIVERED 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) 

HWAT = HWAE 
i .  

HOT WATER SOLAR FRACTION (PERCENT) 
. . % .  

HWSFR = 100 x HWTKSE/(HWTKSE + HWTKAUX) 

WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR 

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

HWSVE = HWSEl - HWOPE 

SPACE HEAT ING SUBSYSTEM SOLAR FRACTION (PERCENT) 

HSFR = 100 x HSE/HL 

HSVE = HSE/HPCOP - H n P E l  
i 

WHERE HPCOP I S  THE COEFF IC IENT  OF PERFORMANCE (COP) 

O F  THE HEAT PUMP 

SYSTEM LOAD (BTU)  

SYSL HL  + HWL 

SOLAR' FRACTION OF SYSTEM LOAD (PERCENT) 

SFR = (HL x HSFR + HWL x HWSFR)/SYSL 

SYSTEM OPERATING ENERGY (BTU) 

SYSOPE = HOPE + HWOPE + CSOPE 

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

AXT = HAT + HWAT 

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

AXE = HWAE + HAE 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU)  

SEL = HWSE + HSE 

ECSS SOLAR CONVERSION E F F I C I E N C Y  

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 + SYSOPE) x 3.33 
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APPENDIX C 

LONG-TERM AVERAGE WEATHER CONDITIONS 
. . . . 

The environmental estimates given i n  t h i s  appendix provide a point of 
reference f o r  evaluation of weather conditions as reported in the Monthly 

. Performance Assessments and Sol a r  Energy Sys tern 'Performance Eva1 uati ons 

.issued by the National Solar Data 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 te r 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 cooling degree-days. Estimation procedures and data 
sources a re  detailed in the following paragraphs. 

. . 

.The preferred source of long-term temperature and insolation.data i s  "Input 
Data fo r  Solar Systems" (IDSS) [ I ]  since th i s  has been recognized as the 
so lar  standard. The IDSS data are  used whenever possible i n  these environ- 

mental estimates for  both insolation and temperature related sources; however, 
a secondary source used for  insolation data i s  the Climatic Atlas of the - - . -  -*-- _I . . 

United States  121, and for  temperature related 'data, the secondary source, 
... i s  "Local Climatological Data" [3]. 

Since the available langttet-m insnlatinn ht.a are  nnly given for  a hori'zontal 
.surface, solar 'col lect ion subsystem orientation information i s  used in an 
algorithm [4]  to calculate the insolation expected in . the  t i l t  plane of .  the 
col lector .  This calculation i s  made using. a ground reflectance of 0.2. 
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