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1. FOREWORD 

The So lar  Energy System Performance Eva lua t ion  - Seasonal Report .has been - 
developed f o r  t he  George C. Marshal l  Space F l i g h t  Center as a p a r t  o f  t he  

So la r  Heating and Cool i n g  :Devel.opment Program funded by the  -Department of 

Energy. The ana lys i s  conta ined i n  . t h i s  document describes t h e  techn ica l  

performance o f  an Operat ional Test  S i t e  (OTS)' f u n c t i o n i n g  throughout a 

s p e c i f i e d  p e r i o d  o f  t ime which i s  t y p i c a l l y  one season. .The o b j e c t i v e  o f  the  

ana lys i s  I s  t o  r e p o r t  t he  long term performance o f  t he  i n s t a l l e d  system and 

t o  make techn ica l  c o n t r i b u t i o n s  to. t he  d e f i n i t i o n .  o f  techniques and requ i re -  
ments f o r  s o l a r  'enqrgy system design. 

The contents o f  t h i s  document have been d i v ided  i n t o  the  fo. l lowing t o p i c s  

o f  d iscussion:  

. . 

m System Desc r ip t i on  

e Performance Assessment 

e Operat ing Energy 

m Energy Savings 

m Maintenance 

m Summary and Conclusions 

Data used f o r  t he  seasonal analyses o f  t he  Operat ional Tes t  S i t e  described 

i n  t h i s  document have been co l l ec ted ,  processed and mainta ined under t h e  OTS 

Development Program and have prov ided the  major i npu ts  used t o  per form the  

l ong  term techn ica l  assessment. 

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 .  t he  Development Program culminates t h e  techn ica l  

activities which began w i t h  the  s i t e  s e l e c t i o n  and ins t rumenta t ion  system 

.design t n  A p r i l  1976.. The F ina l  Report emphasizes t h e  economic ana lys i s  

o f  s o l a r  systems performance and features the  payback perfohnance based on 

1 I f e  c y c l e  cos ts  f o r  t h e  same s o l a r  system i n  var ious geographic regions. 

Other documents s p e c i f i c a l l y  r e l a t e d  t o  t h i s  system are  References [I] and 

[21**  

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



2. SYSTEM, DESCRIPTION 
. .  . 

The Home Bu i l de rs  Assoc ia t ion  o f  H u n t s v i l l e  O f f i c e  B u i l d i n g  (F igure  2-1) 

l oca ted  i n  Hun tsv i l l e ,  Alabama, i s  the  s i t e  se lec ted f o r  demonstration o f  

t h e  IBM System 1A. The b u i l d i n g  i s  constructed as-  a th ree o f f i c e  complex 

w i t h  one heat ing and h o t  water system. Th is  system provides space heat ing 

and domestic h o t  water (DHW) preheating. The system, wtiich uses a i r  as t h e  

heat  t ranspor t  medium, has a 720-square f o o t  c o l l e c t o r  a r r a y  and a 22-ton 

r o c k  storage loca ted  w i t h i n  the  o f f i c e  bu i l d ing .  

The system was o r i g i n a l l y  d e s i q n e d ~ f o r  a -  s i n g l e  f a m i l y  dwe l l i ng  o f  approxi -  
9 

mately 2,000 ft' f l o o r  space i n  t h e  H u n t s v i l l e  area. The system was de- 

signed t o  supply 50 t o  60% o f  the  space heat ing and h o t  water l o a d  assuming 

approximately 3300 y e a r l y  heat ing degree days and approximately 74 ga l lons  

pe r  day domestic ho t  water usage. The design temperature i n s i d e  t h e  

b u i l d i n g  was t o  be maintained a t  70°F. The design was intended t o  be 

scaled up o r  down t o  accommodate a wide range o f  heat ing and ho t  water 

requirements f o r  o the r  one zone sing1 e fami ly ,  mu1 ti - fami l y  o r  small 

commercial b u i l d i n g s  w i thou t  s i g n i f i c a n t  change t o  t h e  design concept. 

A u x i l i a r y  energy f o r  heat ing  i s  suppl i e d  by a four - ton  e l e c t r i c  heat pump 

a s s i s t e d  by a three-stage e l e c t r i c  res is tance s t r i p  heater.  So lar  heating, 

e i t h e r  d i r e c t l y  o r  from storage, can be ass i s ted  by a separate . s e t  o f .  

e l e c t r i c  res is tance s t r i p  heaters. A u x i l i a r y  energy f o r  t h e  DHW i s  pro- 

v ided by an e l e c t r i c  res is tance heat ing element l oca ted  I n  the 20,-gallon 

DHW storage tank. F igure  2-2 i s  a schematic o f  t h e  system. The system 

has f i v e  d i f f e r e n t  modes o f  operat ion. 

Mode 1 - Col lector-to-Load: This mode e x i s t s  when t h e  c o l l e c t o r  subsystem 

provides solar, heated a i r  d i r e c t l y .  t o  the  bu i l d ing .  Th is  mode i s  selected 

when t h e  c o l l e c t o r  subsystem' i s  on and t h e  b u i l d i n g  thermostat c a l l s  f o r  

heat. DHW . i s  preheated dur ing  t h i s  mode. by t u r n i n g  on the  preheat pump 

when t h e  top  ' o f  t he  preheat tank fa1 1s below 150°F. 



Figure 2-1 Photograph o f  Hane Builders Association of 
Huntsville Office Building 



INSTRUMENTAT ION LEGEND 

T = TENPERATURE 
W = FLOW RATE 

EP = ELECTRIC POWER 
I = SOLAR INSOLATION 

Figure 2-2 IBM System 1A Solar Energy System Schenatlc 



Mode 2 - Storage-to-Load: - This mode e x i s t s  when rock, storage provi'des 

heated a i r  t o  the  bu i l d ing .  This mode i s  se lec ted when . the co1,lector 

subsystem i s  o f f ,  t h e  b u i l d i n g  thermostat c a l l s  f o r  heat, and t h e  t o p  

o f  rock .storage i s  g reater  than '90°F. 

Mode 3 -- Aux i l  iary-to-Load: Th is  mode' e x i s t s  when modes 1 o r  2 cannot 

p rov ide  heat and t h e  thermostat c a l l s  f o r  heat. The heat pump and 

e l e c t r i c  s t r i p  heaters provide t h e  necessary auxi  1 i a r y  heat energy. 

Mode 4 - Col lector- to-Storage:  Th is  mode e x i s t s  when s o l a r  energy i s  

a v a i l a b l e  b u t  no heat i s  needed i n  the  bu i l d ing .  When t h e  c o l l e c t o r  

o u t l e t  temperature i s  approximately 45OF above the  bottom o f  rock  stor-.  

age, s o l a r  heated a i r  i s  used t o  charge storage. DHW i s  preheated 

du r ing  t h i s  mode by t u r n i n g  on t h e  preheat pump whenever t h e  top  of 

t h e  preheat tank f a l l s  below 150°F. 

Mode 5 - Sumner Mode: This mode i s  used dur ing  t h e  warm weather when 

space heat ing  i s  n o t  required.  Solar  heated a i r  . i s .  c i r c u l a t e d  i n  t h e  

c o l l e c t o r  subsystem t o  preheat the  ho t  water only.  ' During summer mode 

opera t ion  rock  storage i s  bypassed. ' Operation o f  t h i s  mode s ' ta r ts  when- 

ever the  c o l  1 ector- to-preheat  tank temperature d i f fe rence '  exceeds '20°F 

and stops when t h i s  d i f f e r e n c e  drops t o  5OF. 

NOTE: I n  Modes 1 and 2, e l e c t r i c  s t r i p  heat a u x i l i a r y  i s  used i n  se r ies  

w i t h  s o l a r  heated a i r  whenever t h e  thermostat second stage i s  ac t iva ted.  

The c o l l e c t o r  a r ray  cons is ts  o f  30 Solar  Energy Products, Model EF-212 

a i r  co l l ec to rs .  The c o l l e c t o r s  a re  2 ft. by 12 ft. rec tangu lar  u n i t s  

designed f o r  i n t e g r a l  r o o f  ( f l u s h )  mounting. The c o l l e c t o r  a r r a y  i s  

o r i en ted  due south and t i l t e d  45' (approxim8tely l a t i t u d e  + lo0) .  

Heating storage i s  provided by 44,000. pounds o f  314 inch  t o  1-112 inch  

washed r i v e r  rock. The rock bed i s  located i n  the  f r o n t  of t h e  b u i l d i n g  



between the two downstairs' offices. Heat loss from three .wal ls  o f  

the rock bed enters the bu i l d i ng  and therefore reduces the measured . a 

heat ing load. . . 
. .  . 

The domestic hot  water i s  preheated by  c i r c u l a t i n g  water from the 

52 .gal lon preheat tank through an a i r  t o  water heat exchanger i n  the 

c o l l e c t o r  o u t l e t  a i r  duct. The conventional water. heater draws i t s  . . 

supply from the preheat tank and adds any necessary a u x i l i a r y  energy. 

Energy t ranspor t  i s  provided by a Solar Control Corporation Series 20 
a i r  handler. Operation o f  the blower and dqmpers , t o  r o u t e . a i r  f l ow 
f o r  the various modes o f  system operation i s  achieved th r iugh  the .con- 

t r o l  subsystem. 

The con t ro l  subsystem provides f o r  sequencing and cont ro l ,  o f  the so la r  

subsystems and heat pump auxi 1 i a r y  t o  establ  t sh  operat ing modes su i tab le  
for  a l l  condi t ions o f  season and so la r  energy input .  The funct iona l  u n i t s  
comprising the con t ro l  system are: ( 1  ) Solar Control Corporation Model 

75-1 76 con t ro l le r ,  (2) Rho-Sigma Model 106 d i f f e r e n t i a 1  thermostat, (3) 
the  conventional cont ro l  c i r c u i t  suppl l e d  w i t h  the heat pump, and (4) 

an i n te r f ace  cont ro l  un i t ,  which i s  a unique design f o r  t h i s  system, t o  

i n t e r f ace  w i t h  the heat pump. 

The so la r  c o n t r o l l e r  i s  used t o  s t a r t  and terminate co l le ,c tor  operat ion 
in.. the heating season. Turn-on o f  the co l l ec to r  loop occurs when the 

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

the rock bed i s  45OF, nominal. Co l lec to r  f low i s  terminated when t h i s  

value o f  d i f f e r e n t i a l  temperature i s  28OF, nominal. 

The Rho-Sigma d i f f e r e n t i a l  thermostat provides con t ro l  of the domestic 

ho t  'water system. Transfer o f  heat from the c o l l e c t o r  lbop t o  the 

DHW loop s t a r t s  when the d i f f e r e n t i a l  temperature between the co l  l e c t o r  

o u t l e t  and the preheat tank i s  20°F, nominal , and termindtes .when t h i s  

d i f f e r e n t i a l  f a l l s  t o  5OF. . . 



Two design changes t o  the  c o n t r o l  system were requ i red  a f t e r  ' i n s t a l  - 
l a t i o n  o f  the  system. 

The f i r s t  o f  these changes was the  a d d i t i o n  o f  a  delay t o  c lose  appropr iate 
. . 

motorized dampers i.n the  a i r  handler u n i t  t o  prevent heated o r  cooled a i r  

from being fo rced back through;rock storage due t o  occasional passive a n t i  - 
backdraft  damper 1  ea kage. . . 

The second change a l so  requ i red  t h e  a d d i t i o n  o f  a  r e l a y  t o  t h e  c o n t r o l  

system t o  prevent unwanted space heat ing  o f  t h e  b u i l d i n g  when t h e  occupants 

i n c o r r e c t l y  s e t  t h e  con t ro l s  dur ing  a  seasonal switchover. 

These changes i l l u s t r a t e  the  probl.ems . . t h a t  can r e s u l t  from i n t e r f a c i n g  a  

s o l a r  energy system w i t h  var ious types o f  conventional , systems.: and the  

need f o r  system design t o  a n t i c i p a t e  a i r  leakage, and human opera tor  e r r o r .  

The sensor designat ions i n  F igure 2-2 a re  i n  accordance w i t h  NBS-IR- 

76-1137 [4]. The measurement symbol p re f ixes ,  W, T, EP and I rep- 

resent  respec t i ve l y :  f l ow  rate,  temperature, e l e c t r i c  power and 

inso la t i on .  



2.1 Typ ica l  System Operat ion 

Curves dep ic t i ng  t y p i c a l  system opera t ion  on a c o l d  c l e a r  day 
,. . , 

( ~ e b r u a r y  19, 1979) are  p r e s e n t e d i n  F igure  2.1-1'. F igure  2.1-1 (a) ' 

shows t h e  i n s o l a t i o n  (1001) on the  c o l l e c t o r  a r ray  and the  pe r iod  : 

when t h e  a r ray  was opera t ing  (shaded area). On ' t h i s  p a r t i c u l a r  day 

t h e  a r ray  cyc led  on and o f f  from 0806 to'-0822 a.nd then s t a r t e d  normal 

,, opera t ion  a t  0827 hours. U n t i l  approximately 1000 hours a 1 . l c o l l e c t e d  

s o l a r  energy was suppl l e d  t o  the  space heat ing :  load. * ~ f t i r  1000 hours 

most s o l a r  energy was put  i n t o  rock storaye.  The ar ray  cont inued t o  

operate u n t i l  1539 hours and then shut down f o r  t h e  day. 
. . 

F igu re  2.1-1' ( b )  shows t y p i c a l  c ~ l l  e c t o r  a r ray  tempekatures durqi ng t h e  

day. As t h e  sun s t a r t e d  t o  rSse at"approximate1y 0650 hours, t h e  ab- 

sorber  p l a t e  temperature (T103) began t o  r i s e  r a p i d l y  and reached 120°F 

before  the  system began normal opera t ion  a t  0827 hours. It should be ' 

noted t h a t  temperature sensors ~ 1 0 0 ,  TI03 and T I  50 are  n o t  the  c o n t r o l  

sensors t h a t  govern system operat ion.  . . L 

During the  'opera t iona l  per lob  the  absorbk i  p lace temperature general ly - 

t racked t h e  i n s o l a t i o n  . level  and c o l l e c t o r  o u t l e t  temperature (T150). 

showed some la'g, as would be expected. C o l l e c t o r  i n l e t  temperature ( ~ 1 0 0 )  

showed even more lag,  s ince the  cool  rock  bed storage removed mast o f  the 

heat  energy and re turned a i r  t o  the  c o l l e c t o r s  a t  a much coo le r  temperature. 

F igure  2.1-1 ( c )  shows t h e  temperature a t  t h e  top, middle and bottom of 

t h e  rock  bed storage. The f i r s t  s o l a r  energy a v a i l a b l e  from t h e  c o l -  

l e c t o r s  i n  the morning i s  suppl ied d i r e c t l y  t o  load, so energy i n  

s torage does n o t  s t a r t  t o  increase u n t i l  a f t e r  1000 hours. From 1000 

hours t o  1500 hours most c o l l e c t e d  s o l a r  energy i s  supp l ied  t o  storage. 

The top  one t h i ~ d  o f  storage r i s e s  r a p i d l y  i n  temperature from approxi-  

mately  80°F t o '  125°F. The center  and bottom l a g  i n  temperature as i s  

expected. 



February 19, 1979 SITE: 004 IBM S~stern.lA 
Huntsville, Ah 
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Figure 2.1-1 (a) Solar Insolatlon Vs. ~ i m e  o f  Day 
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Figure 2.1-1 (b )  coliector ~an~eratures. Vs. Tlme o f  Day 
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Figure 2.1-1 (c) Rock Storage Temperature Vs. Time of Day 
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Flgure 2,1-1 (d) Preheat Tank Water Temperature Vs. Time of Day 



A f t e r  the  co l . l ec to r  i s  turned of f  fo,r. t h e  day, t h e  storage temperatures 

s t a r t  a slow decl ine.  From approximately 1700 hours t o  near midnight  

the  b u i l d i n g  heat ing.  load was suppl i e d  by storage, and t h e  storage tempera- 

tu res  dec l i ne  r a p i d l y .  Since the  outs ide  temperature was 25" and the  

b u i l d i n g  heat ing load high, a13 of storage was depleted j u s t  be fore  mid- 

n igh t .  A f u l l y  charged storage was usua l l y  ab le  t o  prov ide  t h e  necessary 

space heat through. one n ight . .  . . 

. . ~. . 
, , 

F igure 2.1-1 (d) i s  a p r o f i l e  of t h e  preheated water  temperature as i t  

enters. t h e  preheat t a n k .  Dur ing t h e  ,solar  c o l l e c t i n g  pe r iod  t h e  preheat 

tank water temperature was ra,is.ed from 69°F t o .  120°F. 



PI 

'2.2 Typical ' System Operating Sequence . . .  

. . . .  . 
, . 

Ftgure 2.2-1 ' presents bar:.charts showing typical' system' operating sequences 
for  February 19, 1979. This data. correlates w i t h  the curves presented 
i n  Figure 2.1-1 and provides some additional insight into those curves. 

. . 
' 9  

Auxi 1 iary space heating was required u n t i  1 approximately 0800 hours, a t  
which time solar  began t o  cycle on and attempted t o  meet the load.. The 
1 imi ted cycling ' i s  indi'cative of -proper operation of the control system; 
i . e. , the sens i t iv i ty  is 'adjusted to  take maximum advantage of the,.iiseful 
so lar  energy tha t  i s  available. From 0822 to 1003 hours a l l  collected 
so lar  energy, was supplied direct ly  to  the b u i l d i n g .  A t  1003 hours the 
outside ambient temperature had risen t o  30°F w i t h  the sun shining brightly, 
and the b u i l d i n g  heating load began t o  drop of f .  As the building heating 
load became less ,  a larger  share of the solar  energy was available t o  charge 
rock storage. 

Solar energy was used a l l  day to  charge the domestic. hot water preheat 
tank. No hot water was used on t h i s  day, so the auxiliary e l ec t r i c  water 

' 

heater cycled on and off  about every 1-112 hours to  keep the hot water 
a t  the s e t  temperature (normal hot water heater operation).  The typical 
hot water usage for  t h i s  s i t e  was 5 t o  15 gallons per day for  the work days 
w i t h  no usage on weekends. W i t h  a solar  domestic hot water preheat system, 
only the preheat tank i s  charged w i t h  solar  energy. When hot water i s  used, 
so lar  heated water from the preheat tank i s  suppl led to  the domestic hot 
water heater. I f  nd hot water 1s used, a l l  the solar  heated water stops 
i n  the preheat tank and a1 1 DHW tank losses must be made up  w i t h  auxiliary 
energy. This indicates tha t  a single tank domestlc hot  water system. is more 
appropriate for  l i g h t  loads. In the l i g h t  load~applicat ions,  maximum col-' 
lection of solar  energy i s  not necessary, and tank losses can be made up  

w i t h  solar  energy, conserving auxi 1 iary energy. 
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(NONE) 
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FPgure 2.2-3 Typical System Operating Sequence 



3. PERFORMANCE ASSESSMENT 

The performance of the IBM System 1A Solar Energy System has been evaluated 
for  the September 1978 through August 1979 time period. Two perspectives 
have been taken i n  t h i s  assessment. The f i r s t .  looks a t  the overall system , 

, view i n  which the total  so lar  energy collected, the system h a d ,  the measured ' 

values fo r  solar  energy used and the system solar  f ract ion have been presented. 
Also presented, where applicable, are  the expected values for solar  energy 
used and system solar  fraction. The expected values have been derived 'from a 
modified f-Chart analysis which uses measured weather and subsystem loads as 
inputs (f-Chart is  the designation of a procedure fo r  designing solar  heating 
systems tha t  was developed by the Solar Energy Laboratory, University of 
Wisconsin-Madison) . The model used i n  the analysis i s  based on manufacturers ' 

, da t a  and other known system parameters. The second view presents a more 
in-depth look a t  .the performance of i ndividual components. Detai 1s. relating 
t o  the performance of the col lector  array and storage subsystems are  presented 
f i r s t ,  followed by de ta i l s  pertaining to  the domestic hot water subsystem and 
the space heating subsystem. Included in t h i s  a re  a l l  parameters pertinent 
t o  the operation of each individual subsystem. 

The performance assessment of any solar  energy system i s  highly dependent on 
the prevall.ing climatic conditions a t  the s i t e  d u r i n g  the period of performance. 
The original design of the system i s  generally based on the long-term averages 
for  available insolation and temperature. Deviations from these long-term 
averages can s ignif icant ly a f fec t  the performance of the system. Therefore, 
before beginning the discussion of actual system performance, a presentation 
o f  the measured and long-term averages for  c r i t i c a l  climatic parameters has 
been provided. 



System Performance 

This Seasonal Report provides a system performance evaluation summary 
of the operation of the IBM-System 1 A  Solar Energy System located i n  

Huntsville, Alabama. This analysis was conducted by evaluation of . 

measured system performance against the expected performance w i t h  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 i n  the intergovernmental, ..,. . . agency:, . report ,  ."Thermal Data Requirements . . 

and Performance  valuation Procedures for  the National Solar Heating and 
Cool i ng Demonstration Program" 141. The performance of the major subsystems 
i s  also evaluated i n  subsequent sections of th i s  report. 

The measurement data were collecte'd .for the period September 1978 through 
,August 1979. System performance data were provided through an IBM 
developed Central ,Data ~ r o c e s i i n ~  System (CDPS) [3] consisting of '  a remote 
S i t e  Data Acquisi tion System (SDAS) , telephone data transmiss,"on 1 ines 
and couplers, an IBM- System 7 computer. fo r -  data management, and an, 1B.M 
system 3701145 computer fo r  data processing. The CDPS supports , . the col-' 
lection and analysis of solar  da%ta acquired from instrumented systems 
located throughout the country. These data a re  processed daily and 
summarized into monthly performance formats which form a common basis 
fo r  comparative system evaluation. These monthly summaries a re  the basis 
o f  the evaluation and ,.. data . given i n  t h 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 lus t ra ted  i n  Figure 3.1-1. The primary i n p u t s  are 
the incident solar  energy, the outdoor ambient temperature and the system 
load. The dependent responses of the system are  the system so'lar fraction 
and the total  energy savings  Both the i n p u t  and output definit ions are  
as  follows: 
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Figure 3.1-1 Solar  Energy System Eva1 u a t i o : ~  Block DSagram 



o Incident Solar Energy, - The total  solar  energy incident 
on the collector array and available fo r  collection. 

, Ambient Temperature - The temperature of the external 
environment which 'affects  both. the energy tha t  can . . be . 

col lected and the energy. demand. '.. ! 

. . 

. . 

e System Load - The loads tha t  the system is designed to 
meet, which are  affected by the l i f e  s ty l e  of the user, 
(space heating/cool i n g ,  domestic hot ,water, e tc . ,  as 
appl'icabl e )  . 

Outputs 

. . . :  
e System Solar Fraction - The ra t io  of solar energy app1;ied .:', 

to  the system loads to  to ta l  energy (solar  plus auxil iary . -  . .. ' 

energy) required by the loads. ... 
% 

P 
... , 

e Total Energy Savings - The quantity of auxiliary energy . . 

(electr ical  or fossi l  ) displaced by the solar energy,.,. 

The monthly values of the inputs and outputs for  the total  opera.tiona1 
period are  shown i n  Table 3.1-1, the System Performance Summary.' Compara- 
t i  ve long- term average val ues of daily -incident solar  energy, and outdoor 
ambient temperature are  given for  reference purpose. The long-term data 
a re  takeri from Reference . l  of Appendix C .  Generally the so'lar..energy system 
i s  designed to supply an amount of energy tha t  ,results in a desired value of 
System solar  fraction while operating under c l  imatic conditions :that are  
defined by. the long-term average value of daily incident solar  energy and 



TABLE 3.1-1 

SYSTEM PERF9RMANCE SUMMARY 

* Averages are  weighted values. 

To t a  1 
Energy 

Savings 

( M i  11 i o n  Btu) 

-0.175 

- L u 
0.327 

1.984 

1.736 

1.563 

0.990 

-0.147 

-0.255 

-0.146 

-0.111 

-0.100 

5.446 

0.454 

1 
System 

Load- 
Measured 

(M i l  1 i o n  Btu) 

0.900 

0.539 

2.092 

10.612 

23.975 

17.510 

4.276 

0.814 

0.075 

0.165 

So lar  
F rac t i on  

6 

Month 

Sep 78 

Oct 78 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

(Percent) 

Measured 

37 

13 

7 5 

50 

17 

I 2 1 
72 

38 

41 

79 

Ambient 
Temperature 

Expected 

100 

l o o  
100 

47 

10 

15 

100 

100 

100 

100 

J u l  79 

A u ~  79 

To ta l  

Average 

OF 

Measured 

76 

60 

5 4 

4 5 

33 

40 

5 4 

61 

69 

7 5 I 

D a i l y  I n c i d e n t  So lar  
Energy per  U n i t  A p a  

Long Term 
I Average 

7 3 

62 

50 

42 

41 

44 

5 1 

6 2 

70 

7 7 

78 

7 8 

- 
60 

100 

100 

- 
35* 

@ AP T i  1 t 

Measured 

1,167 

1,571 

950 

942 

694 

731 

1,263 

1,225 

1,208 

1,375 
I 0.160 t 63 80 

79 

- 
6 1 

( B t u / f t  'iDay) 
Long Tern 

Average 

1,5C9 

1,510 

1,172 

912 

9 58 

1,179 

1,365 

1,523 

1,527 

1,516 

1,076 

1,361 

13,363 

1,130 

0.150 

1,489 

1,553 

16 ,Z 13 

1,351 

a 78 

61.270 - I 
5.11 31 * 



outdoor ambient .temperature. I:f t h e  ac tua l  c i l imat ic  cond i t i ons  a r e  c lose 

t o  the  long-term average val.ues, there  i s  1 i ttl e: adverse impact on the  

system's a b i l i t y  t o  meet. design goa.1~. .Th is  i s  an important  f a c t o r  i n  

eva luat ing  system performance and i s . .  t he  reason t h e  long-termaverage.  

values a r e  given. The d a t a r e p o r t e d i n  the fo l lowingparagraphs a r e .  

taken from Table 3.1 -1. 

The measured average d a i l y  value f o r  i n s o l a t i o n  a t  t he  IBM system 1A s i t e  
2 f o r  t he  twelve months o f  t he  r e p o r t i n g p . e r i o d  was '1 130 B t u / f t  . I n  order  

t o  evaluate t h i s  measured data, a comparison w i t h  a long-term average 

value i s  usua l l y  made. There has never been a long-term measure o f  

i n s o l a t i o n  anywhere i n  the  immediate H u n t s v i l l e  area, a l though a monit-  

o r i n g  e f f o r t  was begun by the  Johnson Environmental and Energy Center 

i n  May, 1976. This would hard ly  seem adequate f o r  p rov id ing  a basel ine 

comparison, so a composite f i g u r e  based on t h e  measurements i n  Birmingham, 

Alabama, 100 m i les  t o  the  south and o f  Nashv i l le ,  Tennessee, 100 m i les  t o  

the  n o r t h  was used. (Weighting f a c t o r s  o f  0.5435 and 0.4565 were used f o r  

Birmingham and Nashvi 11 e respect ive ly .  ) The average o f  t h i s  composite 
2 i n s o l a t i o n  data f o r  t he  r e p o r t  pe r iod  was 1351 B t u / f t  . Examining the  

d i f f e r e n c e  month by month between t h e  measured i n s o l a t i o n  and t h i s  long- 

term composite shows t h a t  w i t h  t h e  exception o f  October, 1978 and January, 

1979, i n  every case the  i n s o l a t i o n  measured a t  t he  1A s i t e  was lower. 

There was speculat ion throughout the  ana lys is  pe r iod  t h a t  t h e  i n s o l a t i o n  

values recorded a t  1A might be low due t o  a d i r t y  pyranometer. Since there 

i s  an obvious d i s p a r i t y  between the  measured data and what has been used 

as the  long-term average inso la t i on ,  o the r  comparisons were sought. There 

was one o the r  so la r  s i t e  (Chester West) i n  H u n t s v i l l e  which was monitored 

i n  an i d e n t i c a l  manner as was 1A, a residence i n  t h e  northwest area o f  t he  ,' 

c i t y ,  f o r  which i n s o l a t i o n  data was a v a i l a b l e  [ lo ] .  Also t h e  data co l l ec ted  

by the  Johnson Energy Center, a l though n o t  monitored and converted p rec i se l y  

t h e  same, was a v a i l a b l e  [Ill. Data from both these sources have been 
2 c o l l e c t e d  and analyzed f o r  t he  r e p o r t  per iod  and show 1231 B t u / f t  and 

2 1284 B t u / f t  f o r  t he  NSDN s i t e  and t h e  Johnson Solar  Energy Center data 

respect ive ly .  Both o f  these values a re  a l so  below the  long-term composite 



.obtained from the mixing o f  Birmingham. and Nashvi 11 e, however, they 

a re  s t i l l  l a r g e r  than the values recorded a t  t h e ' l A  si.te. Table 3.1-2 

shows a comparison o f  data from the four  sources. ~ I t  may then. be. con- 

cluded, assuming the v a l i d i t y  o f  the process f o r  computing the composite 

long-term average, t h a t  the inso la t ion  i n  Hun tsv i l l e  was below normal during 

the repo r t  per'iod, but  t h a t  the ind icat ions received a t  the 1A s i t e  were 

based s t i l l  lower f o r  some reason, probably a d i r t y  paranometer. 

The o ~ ~ t d o o r  ambient temperature inf luences the operat ion o f  the so la r  energy 

system i n  two important ways. F i r s t  the operating po in t  o f  the co l l ec to r s  

and consequently the c o l l e c t o r  e f f i c i ency  o r  energy gain i s  determined by 

the d i f ference i n  the outdoor ambient temperature 'and the col  1 ec tor  in1  e t  

temperature. This w i l l  be discussed in '  greater d e t a i l  i n  Section 3.2.1. 

Secondly the load i s  inf luenced by the outdoor ambient temperature.' The 

long-term average da i i y  ambient temperature was 61°F f o r  the I B M  System 1A 

s i t e  which compares very favorably w i t h  the 'measured value o f  60°F. On a 

monthly basis December, January and February were the worst months temper- 

aturewise. With the exception o f  ~ h u a r ~  and February which were low on 

i nso la t i on  and colder than normal, there was neg l i g i b l e  adverse impact on 

system performance due t o  weather. 

The system load was expected t o  vary i n  a manner rouS(hly, ln inverse proport ion 

t o  the average monthly ambient temperature, o ther  fac L0r.s remaining constant. 

During the twelve month repor t ing  period, a t o t a l  o f  58.37 m i l l i o n  Btu o f  so lar  

energy was co l lec ted  and the t o t a l  system load was 61.27 m i l l  i on  Btu. The 

~neasured amouiit o f  so la r  crlei'yy del ivered t o  the 3nad was 21,.58 m i l l i o n  Rt.11, 

which was s l i g h t l y  lower than the expected amount due mainly t o  the low hot  f 

wate-r usage. 
... 



TABLE 3.1-2 . 

INSOLATION DATA' COMPARISON 

4. 

r 

Long Term Data 
f r om Nashv i l l+ /  
Birmingham ( f - C h a r t )  

r 

( ~ t u l f t ~ ~ a y )  -- . - .  

1509 

1510 

11 72 -, 

91 2 

958' 

1179 

1365 

1523, 

1527 

1516 

1489 

1553 

1351 

.. 

Month 

Sep 78 

'Oct 78 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79' 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Average 
t 

Measured 1A Data 

.45O T i 1  t 

( ~ t u l f t ~ ~ a y . )  

1167 

1571 

950 

942 

, 694 

731 

1263 

1225 

1209 

1375 

1076 

1361 

11 30 

Measured 
Chester West Data 

45O T i 1  t 

( ~ t u l f t ~ ~ a y )  

1306 

1862 

1140 

1123 

71 6 

862 

1369 

1361 

1147 

. 1328 

1142 

141 8 

1231 

Measured UAH Data 

45' T i l t  

( ~ t u / f t ~ ~ a y )  

1303 

1665 

1181 
~ - -  - - 

981 

755 

91 7 

1351 

1367 

1369 

1485 

1314 

1725 

1284 . 



Also presented i n  Table 3.1-1 are  the measured and expected values of 
system solar  fraction where system solar  fraction is the r a t i o  of so lar  
energy appl led to  system loads to  the to ta l  energy (solar  plus auxi 1 iary)  
applied to  the loads. .The expected va1u.e~ have been derived from a 
modified f7Chart analysis which uses measured weather and subsystem loads 
a s  inputs (f-Chart i s  the designation of a procedure tha t  was developed 
by the s o l a r  Energy Laboratory, University of Wisconsin-Madison, for  model i n g  

and designing solar  energy systems [8]). The model used i n  the analysis i s  
based on manufacturers' data and other known system parameters. The basis for  
the model are  empirical correlations developed fo r  l iquid and a i r  solar  
energy systems tha t  a re  presented i n  graphical and equatlon form and referred 
t o  as the f-Charts where ' f '  i s  a designator for  the system soiar  fraction. 
The output of the f-Chart procedure i s  the expected system so la r  fraction. 
This i n  t u r n  is  multiplied by the system load to  derive the expected value 
of so lar  energy used. The measured value of system solar  fraction was computed 
from measurements obtained through the instrumentation system of the energy 
t ransfers  tha t  took place w i t h i n  the solar  energy system. These represent the 
actual performance of the system installed a t  the s i t e .  

The measured value of system solar fraction can generally be compared w i t h  

the expected value so long as the assumptions which are  lmpl5cle I n  the 

f -Chart procedure reasonably apply to  the system being analyzed. From 
Table 3.1-1 the average measured value of 31 percent solar  fraction f a l l s  
short  of the average expected value by 4 percentage points. The primary 
reason for  the actual solar  fraction being s l ight ly  low i s  the very low 
domestic hot water lgad a t  the s i t e .  W i t h  very l i t t l e . o r  no hot water 
used each.day, most of the solar  energy placed i n  the preheat tank went t o  
tank losses which were not counted as system load. . 

A single tank hot water system would have functioned better for  t h i s  s i t e .  
The two tank system i s  not appropriate fo r  l i g h t  load applications. 



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

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

t o  replace expensive conventional energy sources w i t h  inexpensive so la r  

energy. I n  p rac t i ca l  consideration; t h e  system must' save enough energy 

t o  cover both .the cos t  o f  i t s  own operation and t o  repay the i n i t i a l  invest-  

ment o f  the system. I n  terms o f  the technical  analysis presented i n  t h i s  

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

The t o t a l  energy savings f o r  the I B M  System 1A Solar  Energy-System was 

5.45 m i l l i o n  Btu o r  1597 KWH which was less than the,systemls savings 

potent ia l .  Operating, the system during the summer fo r  preheating hot  

water d i d  no t  save energy. I f  the system had been turned o f f  during the 

non-heating months, 6.60' m i l  1 ion  'Btu o r  1934 KWH could have been saved; 

I f  the system were used I n  a fami ly  dwell ing; as o r i g i n a l l y  designed, . . the 
hot  'water load wou1.d probably j u s t i f y  a1 1 year operation. 

' 



3.2 Subsystem Performance . . . . . ,  

. . 

The I B M  System 1A Solar  Energy Insta1, lat ion may be d iv ided i n t o  four 

subsystems: 

1.. Co l lec to r  ar ray  

2. Storage 

3. . Heating 
. , 

4. . Hot Water 

Each :subsystem has been evaluated by the techniques def ined i n  Section 3 and 

i s  numerical ly  analyzed each month f o r  the monthly performance assessment. 

Th is  sect ion presents the r esu l t s  o f  i n teg ra t ing .  the monthly data avai ' lable 

on the f ou r  subsystems f o r  the per iod September 1978 through August 1979. 



. .  ..  . . . 

3:Z.l Col 1 ector ,Array Subsystem 
. . 

The IBM System 1A coil  ector array con,si sts of 30 : ~ o l . a r  Energy Products, 

Model EF-212 . f l a t  plate a i r  collectors having a gross area of 720 square fee t .  
Flow deta i l s  and other ptr t lnent  operational character is t ics  a re  shown in 

Figure 3.2.1-1. The collector subsystem analysis and data a re  given in the 
f o l l  owing paragraphs. 

Cot 1 ector array performance i s  descrl bed by the col lector  array e f f i  - 
ciency. This i s  the r a t io  of collected solar  energy to  incident solar  
energy, a value always less  than unity because of collector losses. 
The incident solar  energy may be viewed from two perspectives. The 
f i r s t  assumes tha t  a l l  available solar energy incident on the col- 
lectors  be used i n  determining collector array efficiency. The e f f i -  

. . 
ciency i s  then expressed .by the .equation : 

11, = QslQi (1 ) 

where = Collector array. efficiency Oc 
. . 

Qs = Collected s o l a r  :energy . .  , 

Qi = Incident solar  energy 

The efficiency determined in th i s  manner includes the operation of the 
control system. For example, solar  energy can be available a t  the col- 
lec tor ,  b u t  the col lector  absorber plate temperature may be below the 
minimum control temperature s e t  point fo r  col lector  loop operation, thus 
the energy i s  not collected. The monthly efficiency by t h i s  method i s  

l i s t ed  in the column ent i t led  "Collector Array Efficiency" i n  Table 
3.2.1-1. 



Col 1 e c t o r  Data --. ----%-.-.F*.,.*,--.a 

Manufacturer - Solar  Energy Products ^Co. + 
Model - EF212 

. , .  . 
Type - A i r  

Number o f  Col lec tors  - 30. 
Flow Paths - 30 , * CFM - 800 

S i t e  Data 

Locat ion - H u n t s v i l l e ,  Alabama 
L a t i t u d e  - 34.5' 

Co'l l e c t o r  T i 1  t - 45' 

Longitude - 86.5' 

Azimuth - 0.0' 

Figure 3.2.1-1 C o l l e c t o r  Array Schematic 



TABLE 3.. 2.1-1 

COLLECTOR ARRAY PERFORMANCE 

+ 

*The values o f  I n c i d e n t  So la r  Energy and Operat ional  I n c i d e n t  Energy were ad jus ted  t o  t h e  average o f  t h e  Chester 
West data and the  UAH data (Table 3.1-2) t o  r e f l e c t  t h e  est imated e r r o r  due t o  t h e  d i r t y  spo t  on t h e  pyranometer. 
The Col l e c t o r  Ar ray  E f f i c i ency  and Opsrat ional  Col l e c t o r  E f f i c i e n c y  were recomputed based on these est imates.  The 
ad jus ted  and recomputed va l  ues a re  shown i n  parentheses. 

Operat ional  
C o l l  e c t o r  

E f f i c i e n c y  

0.23 

0.38 

0.53(0.44)* 

0.58(0.52)* 
0.60(0.56)* 

0.61 (0.50)* 

0.51 (0.48)* 

0.51 (0.46) 

0.25 

0.24 

0.25 

0'.25 - 
- - 

0.41 

- 

Operat ional  
I n c i d e n t  Energy 

(Mi 11 i o n  Btu)  

7.303 

12.544 

10.577(12.921)* 

15.450(17.254)* 

10.743(11.385)* 

9.597(11.678) 

20.158(21.706)* 

10.952(12.195)* 

10.295 

10.165 

7.837 

8.974 

134.595 

11.216 

Col 1 e c t o r  Array 
E f f i c i e n c y  

0.066 

0.137 

0.274(0.224)* 

0.424 (0.380)* 

0.414(0.390)* 

0.398(0.327)* 

0.366(0.340)* 

0.210(0.189)* 

0.097 

0.082 

0.080 

0.073 
- - 

0.218 

Col 1 ected 
So la r  Energy 
( M i l l i o n  Btu)  

1.656 

4.318 

5.618 

8.318 

6.405 

5.374 

10.314 

5.562 

2.604 

2.136 

'1.929 

2.227 

58.369 

4.864 

1 

r0 
CO 

Month 

Sep 78 

Oct 78 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

T o t a l  

Average 

I n c i d e n t  
So la r  Energy 
( M i  11 i o n  Btu)  

25.198 

35.070 

20.509(25.053)* 

21.027(23.482)* 

15.479(16.405)* 

14.742(17.938)* 

28.194(30.359)* 

26.459(29.461)* 

26.971 

29.709 

24.01 9 

30.385 

297.762 

24.814 



The second viewpoint assumes that' only the solar,energy inc iden t  on the 

c o l  l e c t n r  when the co l l ec to r  loop i s  'operat ional  be used i n  determining 

the c o l l e c t o r  array e f f ic iency.  The value o f  the operational i nc iden t  

s o l a r  energy used' i s  mu1 t i p 1  i e d  by the r a t i o  o f  the gross co l l ec to r  area 

t o  the gross c o l l e c t o r  ar ray area t o  compensate f o r  the d i f ference between 

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

pressed by the equation: 

where "co operational c o l l e c t o r  a r raye f f i , c i ency  

Qs = Col lected so la r  energy 

Qo i = ' Operational i nc iden t  so la r  energy 

A~ 
= Gross c o l l e c t o r  area ( the produrt of 

the number o f  co ' l lectors and the 
envelope area o f .  one co l  l e c t o r )  

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

inc lud ing  a1 1  mounting and connecting 

hardware and spacing of un i t s )  

The monthly e f f i c i e n c y  computed by t h i s  method i s  l i s t e d  i n  the column 

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

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

the same terminology as the operational co l  l e c t o r  array e f f i c iency .  

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

t i o n  under t i g h t l y  cont ro l led,  steady s ta te  t e s t  condit ions, whi le  the 

operational co l l ec to r  array e f f i c i ency  i s  determined from actual  dynamic 

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



The ASHRE Standard 93-77 definit ions and methods I !  of t en  are  adopted 

by col 1 ector manufacturers and independent tes t ing 1 aboratories in 
evaluating collectors.  The collector evaluation performed for  th i s  

report using t h e  fie1 d 'data indicates that  there was an insignificant 
difference between the laboratory single panel col lector  data and the 
col lector  data determined from long term f i e ld  measurements. This i s  
not always the case, and there are  two primary reasons f o r  differences 
when they exis t :  

. . < .  

m Test conditions a re .not  the same as:conditions . 

in 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 -  ' 
bufion of the 'heat transfer f lu id ,  insolation 
levels ,  aspect angle, wind conditions, e t c . )  ' . 

0: ' Collector t e s t s  are not generally conducted with t 

units t ha t  have undergone the effects  of aging 
( i . e .  changes in the characteristics of the glazing 
material, collection of dust, soot,  pollen or other 
foreign material on the glazing, deterioration of the 
absorber plate. surface treatment, ' e tc .  ) 

consequently f i e ld  data col'lected over an extended period will  generally 
provide an improved source of ,, collector performance character is t ics  for  

. . 
use in long-term system performance definit ion. 

The operational col lector  array efficiency data given in Table 3.2.1-1 
are  monthly averages based on instantaneous e f f i  c ienc .~  computations ' 

over the total  performance .period using a l l  available data. For de- 

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

fo1 lowing restr ic t ions:  



(1) The measurement per iod was r e s t r i c t e d  t o  c o l l e c t o r  
operation when the sun' angle was w i t h i n  30 degrees 

i 

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

(2) Only measurements associated w i th  pos i t i ve  energy gain 
from the co l l ec to 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  a1 1 parameters o f  

i n t e r e s t  dur ing two regu lar  data system in te rva ls *  was 
1 i m i  t ed  t o  a maximum o f  5 percent. 

Instantaneous e f f i c i e n c i e s  ( ) co,mputed from the "steady s ta te"  
operat ion measurements o f  i nc iden t  so lar  energy and co l  l ec ted  so la r  

energy by Equation (2)"" were cor re la ted w i t h  an operat ing po in t  

determined by the equation : 

where x, = . Col. lector operating po in t  a t  the j t h  
J 

. . i n s tan t  

Ti = c o l l e c t o r  i n l e t  temperature 

Ta = Outdoor 'ambient temperature 

I = R a t e 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 points ( xj )  were then p l o t t ed  on a graph o f  e f f i c i ency  

versus operating po in t  and a f i r s t  order curve described by the slope- 

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

techniques. The form of t h i s  f i t t e d  e f f i c iency  curve i s :  

*The data system i n t e r v a l  was 5-1/3 minutes i n  durat ion. Values o f  

I a1 1 measured parameters were continuously 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  analysis. 
P a 



' = b - m x . .  . . .  . .  
J (4)  

. .  . 
where "3 

= ~ o l  l e c t o r  ' e f f l c lency  corresponding t o  the 
jth ins tan t  . . 

b  = In tercept  on the e f f l c l ency  ax is  

(-)m = Slope 

x  = Col lec tor  operat ing po in t  a t  jth 3 
ins tan t  

  he relationship betwaen the emplr lcal l y  detennlned e f f l c l ency  . curve 

and the ana ly t l ca l  l y  developed curve w i  11 be es tab1 I shed I n  subsequent 

paragraphs. ' . . 
. . 

  he i n a l y t l c a l l y  developed co l  l e c t ~ r  e f f i c i ency  curve i s  based on 
. . 

the ~ o t t e l - ~ h l l l  l e r -B l  l s s  equation . . 

s  = FR (TO) - FiUL ( l i -  'a) 
, I 

where. '= Col lec tor  k f f ic isncy 

FR = Col l  ec tor  h e a t  removal factor  
. . 

T = Transmlssivi t y  o f  c o l l  ec tor  g lazing 

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

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

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

'a = Outdoor ambient temperature , 

I = .  ' Rate o f  i nc iden t  so la r  radi .at ion . . .  
. . 

. . 
. ... 

. ,< . . .  
. . . .. . . . .., 

. . . .:: . .. . . . ' a  .. . .  . .  - 
.3 3 .. . . ,  . . .  . . .  . . ... . . .. . 



The correspondence between equations ( 4 )  and (5)  can be readily seen. 
Therefore by determining the slope-intercept efficiency equation from 
measurement data, the . col lector  . performance parameters correspondi'ng t o  
the 1 aboratory s't ngl  i panel data Can bk' d e h  ved according to  the fol low- 
i n g  s e t  of relationships: 

b = FR" , . 

and 
m = FRUL 

. . 

where the terms are  as previously defined 

The discussion of the col lector  array efficjency curves i n  subsequent 
paragraphs i s  based upon the re1'ationships':expressed by Equation (6). 

. . 
: .. 

In deriving the col lector  array efficiency curves by the l inear  re- 
gress ton technique, measurement data over the ent i  re  performance period 
yields  higher confidence i n  the r e s u l t s  than simi,lar analysis over shorter  
periods. Over the longer periods the col lector  array is forced to  operate 
over a wider dynamic range. This eliminates the tendency shown by some 
types of solar energy systems* to  c lus te r  efficiency values over' a narrow 
range of operating points.   he clustering ef fec t  tends t o  make the 
1 inear regression technique approach construct.ing a 1 ine through a single 
data point. The use of data from the en t i re  performance period resu l t s  
i n  a collector array efficiency curve tha t  is more accurate i n  long-term . 

so lar  system performance prediction. The 1 ong-term curve, the curve de- 
rived from the laboratory. s ingle  panel .data, and -the MSFC t e s t  curve [9] 

a re  shown i n  Figure 3.2.1-2. 

The three curves of Figure 3.2.1-2 do not show the s ignif icant  differences 
tha t  similar analysis studies done on *other collectors have shown. In 
f ac t ,  the crossover point of the three curves f a l l s  w i t h i n  the operating 
point range where most of the col lector  operation occurred, as can be 
seen from the histograms of Figure 3.2.1-3.' 

-- -- 

*Single tank hot water systems show a marked tendency toward clustering 
because the col lector  i n l e t  temperature remains relat ively constant and 
the range of values of ambient temperature and incident solar  energy during 
col l  ector operation are  a1 so relat ively res t r ic ted  on a short-term basis. 



OPERATING POINT 

Figure 3.2.1-2 IBM System 1A Col lector Ef f ic iency Curves 



~deO 14 HUNPSQILLE. A L A  

CCLLECTOR TYPE: SOLAR ENERGY PROD. COLLECTOR HODEL: EF - 212 

gPERATIt4G POINT H [ STOGRAM - FEBRUARY 

A05ISSA = ( INCET TEMP - AMaIENT TEE1PI/INSOLATIGN DEC F - HR - SQFT/BTU 
OR INATE = PEXCENT f3F TOTAL OCCURRENCES 

13M 14  HJNTWLLLE ALA 

COLLECTOR TYPE:  SOLAH ENE6.GV PROD* COLLECTOR YODEL: EF - 212 

OPERATfhG POINT MSTOGRAM - JULY 

ABCLSSA = ( I H L E T  TEMP - AMBIENT TEFCPJ/INSOLITION DEG F - HR - SQFTfBTU 
ORDINATE = PERCENT CF TJTAL OCCURREMCES 

Figure 3.2.1-3 IBM System 1 A  Operating Pofnt  Histogram 
for -ypical Winter and Sumer Months 



Table 3.2.1-2 presents data comparing the  monthly measured values o f  s o l a r  

energy c o l  1  ected w i  t t i  t h e  pred ic ted performance determined from the  1  ong- 

term regression curve and t h e  l abo ra to ry  s ing le .  panel e f f i c i e n c y  curve. . . 

The p red ic t i ons  were, der ived by the  f o l  1  owing procedure : 
. . 

1. The. instantaneous opera t ing  po in ts  were computed using 

Equation,' (3). . . . . _ .  

2. ' The instantaneous . e f f i c i e n c y  . was computed using Equation . . 

(4)  w i t h  the  operat ing p o i n t  computed i n  Step 1  above for :  . , 

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

. f o r  co1 l e c t o r  array, e f f i c i e n c y  . .  . 

. . . . 

b. The labo ra to ry  sing1 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 . . a v a i l a b l e  

when the  co l l 'ec tors  were operat ional  t o  g i ve  two pre- 

d i c t e d  val  ues o f  s o l a r  energy c o l  lec ted.  , ; ; 

. . 
The e r r o r  data i n  Table 3.2.1-2 were computed from t h e  d i f ferences between 

t h e  measured and va l  ues o f  s o l a r  energy c o l l  ected according t o  

t h e  equation: 

.. .  E r r o r  = (A-P)/P ( 7  
where . A  = : .Measured so la r  energy c o l l e c t e d  . . 

, . 
P = Pred ic ted s o l a r  .energy c o l  l e c t e d  

The computed e r r o r  i s  then an i n d i c a t i o n  o f  how w e l l  t he  p a r t i c u l a r  p r e d i c t i o n  

curve f i t t e d  the  r e a l l t y  of dynamic operat ing cond i t i on  i n  the  f i e l d .  



The val'ues o f  " ~ o l l e ' c t e d  s o l a r  ~ n e r g y ' l  given i n  Table 3.2.1-2 a r e  n o t  . .  

necessar i l y  i d e n t i c a l  'w- i  t h  the  values o f  ' " ~ o l  le'cted Solar  Energy" 

g iven i n  Table 3.2.1-1. Any v a r i a t i o n s  are  due t o  the  d i f f e rences  i n  

da ta  process1 ng between t h e  software ' programs used t o  generate ' t h e  

monthly performance r e p o r t  data and the  component l e v e l  c o l l e c t o r  anal-  

y s i s  program, These data a re  shown i n  Table 3.2.1-2 o n l y  hecause they 

form t h e  references from which the  e r r o r  data given I n  . t h e  t a b i e  a re  
, '  

. . : .  .. . computed. 

The data f rom Table 3.2.1-2 i l l u s t r a t e s  t h a t  f o r  t he  I B M  System 1A 

s l t e  t h e  average e r r o r  computed from the  d i f f e r e n c e  between the  mea- 

sured s o l a r  energy c o l  l ected and the  pred ic ted s o l a r  energy c o l  l ected 

based on the  f i e l d  der ived long-term c o l l e c t o r  a r ray  e f f i c i e n c y  curve 

was 0.6 percent. For the  curve der ived f r om the  labo ra to ry  s i n g l e  panel 

data, t h e  e r r o r  was 6.1 percent. Thus the  long-term c o l l e c t o r  a r ray  
.. . 

e f f i c i e n c y  curve gives s l g n l f i c a n t l y  b e t t e r  r e s u l t s  than the  manufacturer 's 

l a b o r a t o r y  s l n g l  e panel curve. . ,  . 

. .. 
'(. . 

A h is togram o f  c o l l  e c t o r  a r ray  opera t ing  po in ts  i 11 us t ra tes  the  d i  s t r i  - 
b u t l o n  o f  instantaneous values as determined by Equation ( 3 )  f o r  the  . . . . 
entire month. The histogram was Constructed by computing t h e  ins tan-  

taneous opera t ikg  p o i n t  value from s i t e  ins t rumenta t jon  measurements . 

a t  t h e  regu la r  data system i n t e r v a l s  throughout the  month, and count ing 

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

t o  un l  ty. The opera t ing  p o i n t  histogram .shows' t he  dynamic range of 

c o l l e c t o r  operat ion dur ing  the  month'from w h i i h  the  midpOint can be 

ascertalned. The average ~ o l l e c t b r  a r ray  e f f i c i e n c y  f o r  t h e  month can . 

be der ived by p r o j e c t i n g  t h e  midpoint  value t o  t h e  appropr ia te  e f f i c iency  

curve and reading t h e  corresponding vat uk o f  e f f i c i e n c y .  . . 

. . 

Another c h a r a c t e r i s t i c  of t h e  opera t ing  p o i n t  histogram i s  the  s h i f t i n g  

of t h e  d l s t r i b u t i o n  a long t h e  opera t ing  p o i n t  ax is .  This can be exp la in -  

ed I n  terms o f  t he  c h a r a c t e r i s t i c s  o f  t he  system and t h e  cl ' imatic factors 



of t he  s i t e ,  i .e . ,  i n c i d e n t  s o l a r  energy and ambient temperature. 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 

(February) and a t y p i c a l  summer month ( J u l y )  operat ion.    he ac tua l  

midpo in t  which represents the:average opera t ing  .po in t  f o r  February i s  

a t  0.13 and f o r  J u l y  a t  0.16. 

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

opera t iona 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 

t h e  12 m y t h  performance per iod.  The co l  l e c t o r  a r ray  e f f i c i e n c y  and 

opera t iona l  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 ,values o f  opera t iona l  c o l  l e c t o r  

e f f i c i e n c y  range fram a maximum o f  0.61 i n  February 1979 t o  a minimum 

of  0.23 i n  September 1979. On' the  average the  opera t iona l  c o l l e c t o r  

a r ray  e f f i c i e n c y  exceeded the  c o l l  e c t o r  a r ray  e f f i c i e n c y  which i 'nc l  uded - ' 
t h e  e f f e c t  o f  t h e  .cont ro l  system by 19 percent.  

Add i t i ona l  i n fo rma t ion  concerning c o l  l e c t o r  a r ray  ana lys i s  i n c  general 

may be found i n  Reference [7].   he ma te r ia l  i n  t h e  reference describes : 

t h e  d e t a i l e d  c o l l e c t o r  a r r a y  ana lys i s  procedures and. presents the  r e s u l t s  

o f  analyses performed on numerous c o l l e c t o r  a r ray  i n s t a l l a t i o n s  across . I 
t h e  Uni ted States. 
: 



TABLE 3.i.l-2 

ENERGY GAIN 
(ANNUAL) 

SITE: IBM System 1 A  H u n t s v i l l e ,  Alabama 

MONTHIY EAR 

Sep 78 

Oct  78 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Average 

COLLECTED 
SOLAR ENERGY 
(MILLION BTU) 

1.445 

4.784 

5.543 

0.000 

5.312 

5.478 

9.858 

5.296 

2.588 

2.434 

1.932' 

0.000 

4.467 

1 

FIELD DERIVED 
LONG TERM 

-0.024 

-0.022 

0.128 

0.000 

0.321 

0.1 77 

-0.041 

-0.068 

-0.386 
* 

-0406 

-0.394 

0.000 

-0.006 

1 

ERROR 

LAB 
PANEL 

4 .  

-0.448 

-0.071 

0.182 

0.000 

0.439 

0.365 

0.084 

0.024 

-0.348 

-0.392 

-0.386 

0.000 

0.061 

C 



L -; 

3.2.2 .. Storage Subsystem . .. 
" 7 . . .. . .._ , . . .  ' . . . . 

. . 

Storage subsystem performance i s  described by compari son. o f  energy t o  . ,. 

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

t he  sum of ene.rgy from storage-and cha'nge i n  s to red  energy t o  energy t o  

s torage i s  def ined as storage e f f i c i e n c y ,  nS. This r e l a t i o n s h i p  i s  ex- 

pressed i n  the  equat ion 

. .  . . .  

where : 

AQ = Change i n  s to red  energy. This  i s  t he  d i f f e r e n c e  i n  

t he  est imated s to red energy- 'dur ing t h e  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 of- the sto.rage medi urn ( e i t h e r  p o s i t i v e  

o r  negat ive value)  

. .  . 

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

ex t rac ted  by the  load subsystemifrom the  pr imary 
.' . 

storage medi um ' ' 

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

(both s o l a r  'and aux i  1 iary') d e l i v e r e d  t o  the  pr imary 

storage medi um 
. r 

 valuation o f  the '  system stbrage performance under ac tua l  t r a n s i e n t  system 

op&ation and weath0r k d n d i  ti o n s  can be "s ing  the  parameters 

1 is ted.above.  The u t i l i t y  o f  these measured data i n  eva lua t i on  o f  t he  over- 

a l l  storage design can be i f  l u s t r a t e d  i n  t h e  d e r i v a t i o n  presented below. 
. . . . ' ' 1  

The o v e r a l l  thermal pi-opereies 0.f t he  &orage subsystkn desi'gn can b e  

der ived e m p i r i c a l l y  as a f u n c t i o n  o f  average storage temperature fo r  t he  

r e p o r t i n g  pe r iod  and t h e  ambient temperature i n  t h e  v i c i n i t y  o f  t he  storage 

tank. . . 



An e f f e c t i v e  storage heat t rans fe r  coe f f i c i en t  for  the s.torage sub- 

system can be defined as fo l lows: . . 

where 
. . 

C = EffectSue storage heat t ransfer  coef f fcfent  

Qs i  = Energy t o  storage 
. ._ 

Qso = Energy from storage 

AQ = . Change i n  stored. energy 

fS = Storage average temperature 

- 
Ta 

= Average ambient tempeature i n  the 

vicinity of storage 

t = ' Number . . of hours i n  the  month 

The e f f e c t i v e  storage heat t rans fe r  c o e f f i c l e n t  i s  comparable t o  the heat 

loss  r a t e  defined i n  ASHRAE Standard 94-77 [6]. It has been ca lcu la ted for  

each month i n  t h i s  r epo r t  per iod and included, along w i t h  Storage Average 

Temperature, i n  Table 3.2.2-1. 

The SIX month average storage e f f i c i ency  was 42.5 percent. Rock storage 

was used only s i x  mo.nths from November 1978 through A p r i l  1979. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE . . 

. . 

*System I n  "Summer Mode" p a r t  o f  month. . . 

rp 
w 

'1 

> 

Month 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

To ta l  

6-Month 
Average 

Energy To 
Storage 

( M i l l i o n B t u )  

2. '743* 

6.874 

4.005 

4.016 

8.630 

4.746* 

31.014 

5,169 

Energy From 
Storage 

( M i l l i o n B t u )  

1 .2.98 

3.967 

2.274 

2.332 

2.376 

0.200 

Change I n  
Stored 

.-Energy 
( M i l l i o n  Btu)  

-0..254 

'0.032 

0.091 . ' 

0.095 

0.561 

0.068. ' 

Storage 
. E f f i c i e n c y  

12.437 

2.073 

- - 

0.425 . 

0.593, 

0.099 

Storage 
Average 

Temperature 
(OF) 

E f fec t i ve  
Storage 

Heat Loss 
C o e f f i c i e n t  
(Btu/Hr°F) 

0 . 3 7 7 .  . 106' 

- - 
. . 

. 94 ' "  

0.582 
. ., 

0.591 ' 

0.605 

0.340.  . .  

' '. 0.056 r 

- - 

- 9 8  

89 ... 

75 

- 81 

1'07 

.. 106. '  ' .  : 

/ 

112 

122 

9 7.- 

115 

j.04 I 



The storage ef f ic iency values are more c lose ly  re la ted  t o  usage than t o  

t he  design and q u a l i t y  o f  the storage container. I f  the energy placed 

i n  storage i s  not '  used i n  a shor t  per iod o f  t ime (hours), t h i s  energy 

escapes from storage t o  the lower temperature surroundings. The rec- 

tangular  storage enclosure a t  the IBM System 1A s i t e  was located :w i th  

one wa l l  exposed t o  outside environment and three wal ls  exposed t o  i n -  $ .  

s i de  environment. The bottom o f  storage was a concrete s lab on the, ground. 

Heat loss  from storage went t o  the outside, t o  the bu i l d i ng  and t o  the 

ground. Addi t ional  i nsu la t i on  was added t o  the bottom o f  rock storage on 

December 5, 1978. This add i t i on  had very 1 i t t l e  a f f e c t  on the losses.. The 

unmeasured energy l o s t  from storage through the three . ins ide walls..and through 

imperfect  damper seals helped heat the bu i ld ing.  

The prefer red use o f  storage i s  i l l u s t r a t e d  i n  Figure 2.1-1 where a l l  

the  so la r  energy stored dur ing the day was used t ha t  .n ight .  From . . 

F igure 2.1-1 the t yp i ca l  temperature s t r a t i f i c a t i o n  i n  the rock bed , 

can be seen. With storage near bu i l d i ng  ambient the top and bottom 
o f  storage may d i f f e r  by on ly  5 O F .  A t  higher temperatures, 20°F t o  

40°F d i f ferences can e x i s t  between , the top and. 'bottom o f  sto'rpge. 



3.2.3 Hot Water Subsystem 

The performance o f  t he  ho t  water subsystem i s  described by comparing the  amount 

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

t he  t o t a l  h o t  water load. The energy requ i red  t o  s a t i s f y  the'  t o t a l  l oad  con- 

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

The performance o f  t he  I B M  System 1A h o t  water subsystem i s  presented i n  Table 

3.2..3-1.. The value f o r  a u x i l i a r y  energy ,supp l ied  i n  Table 3..2.3-1 i s  t he  

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

supp l ied  mu1 t i p 1  i e d  by the  a u x i l i a r y  system e f f i c i e n c y  g ives the  auxi; l  i a r y  

thermal energy a c t u a l l y  de l i ve red  t o  the  load. The d i f f e r e n c e  between the  

sum o f  a u x i l i a r y  thermal energy p lus  s o l a r  energy and the  h o t  w a t e r - l o a d  i s  

equal t o  t he  thermal (standby) losses from the  h o t  water subsystem. . -  . 

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

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

: t o t a l  energy i n  t he  ho t  water tank when a demand fo r  ho t  water e x i s t s .  . This I 

. . 
va lue i s  dependent on the  d a i l y  p r o f i l e  o f  ho t  water,.usage. It does n o t  , . . .  

.. . . 
represent  t he  r a t i o  o f  s o l a r  energy suppl i e d  t o  the  sum o f  so lar ;  aux- :! 
i l i a r y  energy supp l ied  shown i n  the  Table. . , 

For t h e  12-month pe r iod  from September 1978 through August 1979, t he  s o l a r  

energy system supp l ied  a t o t a l  o f  3.016 m i l l i o n  Btu t o  the  h o t  water load. . ' .  

The t o t a l  h o t  water load f o r  t h i s  pe r iod  was 1.606 m i l l i o n  Btu, and:the .:.. 
. . 

weighted average monthly s o l a r  f r a c t i o n  was 51 percent . .  

The monthly average h o t  water  l oad  du r ing  t h e  r e p o r t i n g  p e r i o d  was 0.134 

m i l l i o n  Btu. Th is  i s  based on an average d a i l y  consumption o f  9 gall.ons., 

de l  i.vered a t  a n  average temperature o f  128°F and suppl i e d  t o  the  system a t  

an average temperature o f  64OF. The temperature o f  t h e  supply water . -  . ranged 

f rom a lbw o f  4C°F i n  ~ e b r u a r y  t o  a h igh  o f  76°F i n  August. 

Each month an average o f  0.318 m i l l  ton Btu o f  s o l a r  energy arid 0.211 ' m i l l i o n  
- Btu of a u x i l i a r y  thermal, e l e c t r i c a l  energy were s.upplied t o  the  h o t  water 

subsystem. Since the average monthly ho t '  water load '  was 0.1 34 m i l  1 i o n  B,tu, 

an average o f '  0.395 m i l  1 i o n  Btu was l o s t  ' from the  h o t  water tanks each month. 

Add i t i ona l  i n s u l a t i o n  was added t o  t h e  'ho t  water t i i r ~ k  on December 5, 1970. 

Losses from the  tank were reduced by approximately 20. percent.  



Hot Water Subsystem Pe r f o r~ance  

*Aux i l i a ry  Thermal ( the thermal energy appl ied t o  the- load)  i s  the product o f  Auxi l  l a r y  Energy and system 
e f f i c i ency .  I 

. . **Weighted Solar  F rac t ion  i s  computed a t  the t ime hot  water i s  a c t u a l l y  used. 
***Prior t o  November 22, hot  water heater set  a t  148OF. Af ter  Novernker 22 the ho t  water heater s e t t i n g  bras 

lowered t o  124OF. 

t 

Month 

Sep 78 

Oct 78 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Yot water 
Load 

{M i l  1 i on  Btu)' 

Apr 79 

Averzge 
Da i l y  
Usage 
(Gal.) 

Hot Water 
Standby Losses 
( M i l l i o n  Btu) 

0.607 

0.638 

0.541 

0.404 

0.41 7 

0.188 

0.300 

Eqergy 

A u x i l i a r y  

0.331 

0.392 

0.358 

0.175 

0.304 

0.228 

0.148 

- 
Keighted** 
Solar  F rac t ion  
(Percent 1 

40*** 

33*** 

35*"" 

55 

38 

43 

46 

1 i on  Btu) 

Solar  

0.359 

0.424 

0.348 

0.309 

0.309 

0.169 

0.216 

Supplied (M i l  
Auxi 1 I ary* 
Thermal 

0.331 

0,392 

0,358 

0.175 

C .304 

0.228 

0.148 

0.092 6 

0.067 5 

0.162 13 

0.299 . 

0.342 

0.342 

0.314 

0.350 

4.742 

Tota l  

0.690 

0.816 

0.706 

0.484 

0.613 

0.397 

0.364 

0.140 

9.083 

0.178 

0.165 

0,080 

0.196 

0.160 

0.150 

1 .606 

0,134 

0.251 0.140 

5 

9 

9 

5 

12 

13 

12 

- - 
9.75 0- 51 I 

0.391 

0.285 

- 0.396 

0.342 

0.408 

3.816 

0.318 

0,124 

0.108 

0.132 

0.092 

2,532 

0.209 I 12 

0.064 4 

May 79 

Jun 79 . 

J u l  79 

Aug 79 

Total  

50 I 
I 

7 
0.109 

0.504 

0.174 

0.500 

6.348 

0.529 

0.124 

0.108 

0.132 

0.092 

2.532 

46 -. 

8 1 

6 1 

7 8 

- - 
-- - -- - - 

. 



Hot water usage a t  the  IBM System 1A s i t e  averaged 9 gallons $r 

day (much l e s s  than normal s ing le  family dwell ing usage). The hot 
water so la r  f ract ion varied from 35 percent to  81 percent. The 81 
percent so l a r  f rac t ion  was fo r  ~ u n e  1979 when the  system was i n  the  

. . 

summer mode and usage averaged 13 gallons per day.  The' p r io r  month 
when usage averaged only 5 gallons per day,' s o l a r  f rac t ion  was 46 per- 
cent .  ' Additional hot water usage would have a1 lowed be t t e r  u t i l  iza t ion 

of hot water preheat (two tank) subsystem. seventy f i v e  pe rcen to f  the  
energy p u t  in to  the  hot water s ~ b s ~ s t e m ' w e n t  f o r  tank l o s se s i  with more 
hot water usage :(20 t o  40 gallons per day) more so l a r  'would have been ' 

used t o  meet the  load than went t o  tank losses.  

Typically only 'a fai ' r  'solar day was required f o r  the 'preheat  tank'to be 

charged. Four hours of co l lec to r  operatidn would r e s u l t  i n  40' t d  60°F 
. . 

temperature r i s e  i n  the  preheat tank during t h e  heating season. Dur ing  

the  summer mode this-same temperature r i s e  could be obtained i n  two and 
one half hours due t o  bypaSsing storage and a1 lowing the  co l l ec to r  a i r  
t o  r u n  hotter .  



3.2.4 Space Heating Subsystem 

The performance o f  the space heating subsystem,is de,scribed by comparing 

t he  amount o f  so la r  energy suppl ied t o  the subsystem w i t h  the energy 

. requi red t o  s a t i s f y  the t o t a l  space heating load. The energy required 

t o  s a t i s f y  the t o t a l  load consists o f  both so la r  energy and a u x i l i a r y  

thermal energy. The r a t i o  of so la r  epergy suppl ied t o  the load t o  the 

t o t a l  load i s  def ined as the heating so la r  f rac t ion .  The ca lcu la ted 

heat ing so la r  f r a c t i o n  i s  the . i nd ica to r  o f  performance for ,  the subsystem 

because i t  defines the percentage o f  the t o t a l  space heating load supported 

by so la r  energy. 

The perfsrmance o f  the IBM System 1A space heating subsystem i s  presented 

i n  Table 3.2.4-1. For the 6-month per iod from November 1978 through A p r i l  

1979, the so la r  energy system suppi l e d  a t o t a l  o f  17.760 m i l  1 i on  Btu t o  

the  space heating l.oad. The to ta l .  heating load f o r  t h i s  per iod was 58.496 

m i l l i o n  Btu. and the weighted average monthly so la r  f r a c t i o n  was 31 percent. 

The measured space heating subsystem performance was lower than expected 

durfnq the repor t ing  period. January and February were co lder  and more 

cloudy than expected. If these two months had been near normal, the weight- 

ed average so la r  f r a c t i o n  would have exceeded 40 percent. The average i n -  

s ide  bu i l d i ng  temperature f o r  the months o f  January and February were 71 OF 

and 74OF. The design temperature ins ide  the bu i l d i ng  was 70°F. Often 

the temperature was maintained a t  76OF during the working hours a t  

t he  bu i ld ing.  Maintaining these warm temperatures dur ing the coldest  

months resu l ted i n  l a rge r  than expected heating loads. 

During the t r a n s i t i o n  months (~eptember, October, A p r i l  and May) the system 

d i d  n o t  provide the expected high percentage o f  the small heating loads. 

The system was switched back t o  the summer mode f requent ly  so t h a t  cool ing 

could be suppl l e d  t o  the bu i ld ing.  The system was then l e f t  i n  the summer 

mode u n t i l  a day o r  so l a t e r  when heat was needed. At  t h i s  t ime the system 



TABLE 3.2.4-1 . 

SPACE HEATING 'SUBSYSTEM PERFORMANCE 

*System tn "Summer Mode" these months. 

4 

- 

Measured 
... Solar Fraction 

(Percent) 

. . 
. .  7 8 

.50 

17 

: . 21'. 
, . 

7 3 
. . 

36 

- - .  

31..** 

Month 

NOV 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79. 

6-Month Total 

6-Month Average 

P 

Space Heating Load 
(Million Btu) 

1.926 

10.532 

23.778 

17.326 

4,212 

0.722 

58.496 

9.749 

Energy Supplied (MillJon Btu) 

Solar 

1.510 

5.222 

4.042 

3.655 

3.070 

0.261 

17.760 

2.960 

Auxi 1 i ary 
Thermal 

0.415 

5.309 

19.736 

13.671 

0.472 

0.162 

39.765 

6.628 

Auxiliary 

. \ 

0.278 : 

3.139 . 

10.896 

" 7.851 

o'.-596 

'0.206 : 

-22,966 . 
. .  . 

: 3.828 



was switched t o  win ter  mode and 'aux i l i a r y  was used t o  heat the bu i ld ing  

s ince so la r  had not  been allowed t o  s tore  any energy. 

As mentioned i n  Section 3.2.2 some o f  the losses from rock storage provided 

heat t o  the bui ld ing.  - Insulat ion,  i n . - t he  wal ls  (however t h i c k )  w i l l  even- 

t u a l  l y  a l low the heat from storage t o  escape. Duct work w i l l  leak even 

though i n s t a l  l e d  proper ly and dampers .used i n  bu i l d i ng  heating systems 1 eak. 

A1 though the s i t e  hardware was properly i n s t a l l e d  and checked, some losses 

from the ducts and rock bed storage occurred and added unmeasured heat t o  

the bui ld ing.  



. I . . 
. . 

Operating energy for  the IBM System 1A .. . Soldr ~ n e r ~ ~ '  System i s  d e f  ned as the 
energy required to  transport solar  energy t o  the point of '  use.' Total opera- 
t i n g  energy for  this system consists of a i r  handler blower power and hot 
water: preheat pump power. 

. - 

Operating energy i s  e lec t r ica l  energy tha t  i s  used t o  support the subsystems 
withoh affecting the i r  thermal s t a t e .  Measured monthly values for  subsystem 
ope,rating energy are  presented in Table 4.1. 

  or t h e  September 1978 th rbugh  August 1979 period covered by ihis report a 
to ta l  of 7.72 mill ion B t u .  of operating energy was consumed.' Dur lng  the 
same time a total  of 21.58 mil 1 ion B t u  of solar  energy was supplied 'to the . , 
to ta l  system load. 

Therefore', for  every one mill ion B t u  of solar  energy, delivered, t q  t h e  load, 
0.36 mil 1 ion ~ t u  (or 105 kwh) of i l e c t r i c a l  operating :energy was expended:. 

. . 



T A W  4-1 

CPERATIRG ENERGY 

Month 

Sep 78 

Oct 78 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

Jul  79 

Aug 79 

Total 

Average 
C 

space Heating 
Operating Emr y 3 (Million Btu 

0.001 

. 0.013 . ' .  

0.101 

0.624 .. 
.1 ,491. 

. . 
" 1.135' . 

0.099 

.O .028 

: 0.001 .. 
' 

' 0.000' .' 

: 0.000. 

0.000 : 

3.493: - 

0.291 . 

ECSS 
0perati:ng Ener y 3 (Million B t u  

0 ..217 

0.330 

0.434 

0.520 

0.290 

0.275 

0.547 

0 .. 265 

01.297 

0.284 

0.232 

a.  244 

3.935 

0.328 

Total System 
Operating Energy 

(Million Btu) 

0.238 

0'. 365 

- 0.556 

1 .I78 

1.807 

1.432 

.0.674 

.. 0.316 

0 ..324 

.' 0.309' . 

0.254 

. 0.267 

. 7.720 

0.643 

Hot Water 
Operating Energy . 

(Mil 1 ion Btu) 

0.019 

10.020 

0.020 : 

0.. 033 

0.024 

0.022 

0.028 

0.0233 

0.026 - 

0.025 

0.021 

0.022 

0.283 

0.024 



5. ENERGY SAVINGS 

So la r  energy system savings a r e  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 system 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 r o v i d e  s o l a r  energy t o  the  l oad  subsystems i s  subt rac ted  f rom t h e  s o l a r  

energy con t r i bu t i on ,  and the  r e s u l t i n g  energy savings a re  ad jus ted  t o  

r e f l e c t  t he  c o e f f i c i e n t  o f  performance (COP) o f  t he  a u x i l i a r y  source 

being supplanted by s o l a r  energy. 

Energy savings . f o r  September 1978 through August 1979 a re  presented i n  

Table 5-1. For t h i s  t ime 'period, t h e  average gross monthly savings . 

were 0.782 m i l l i o n  Btu. A f te r  the  ECSS subsystem opera t ing  energy was 

deducted, t he  average n e t  monthly e l e c t r i c a l  savings were 0.454 mi 11 i o n  

Btu, o r  133 kwh. For t h e  o v e r a l l  t ime pe r iod  covered by t h i s  r e p o r t  t he  

t o t a l  n e t  savings were 5.446 m i l l i o n  Btu, o r  1596 kwh. 

. . The y e a r l y  COP o f  the  heat pump a u x i l i a r y  heat ing  system was 1.7. Normally 

a COP of 2.0 would be expected. The thermostat was moved of ten.  such as .. - 
s e t t i n g  back t o  70°F fo r  n i g h t  and advancing t o  78OF the  nex t  morning. I f  

t h e  thermostat was advanced more than approximately Z°F the  backup s t r i p  

heat  came on w i t h  the  heat  pump i f  s o l a r  cou ld  n o t  c a r r y  t h e  load. Since 

t t ie  COP was low, the  use of s t r i p  heat was greater  than expected. 

If t h e  s o l a r  energy system had been used o n l y  from e a r l y  November t o  l a t e  

March, savings.would have been 21 percent  more f o r  t he  year.  The system 

d i d  n o t  save energy o r  money opera t ing  du r ing  the  warm months on ly  t o  pre- 

heat' t h e  h o t  water. A much l a r g e r  h o t  water usage would be requ i red  f o r  

t h i s  system, t o  operate economical l y  f o r  h o t  water preheat ing only .  During 

t h e  w i n t e r  mdnths preheat ing the  ho t  water does add 5 percent o r  so t o  the  

monthly savings even w i t h  the  very smal l  h o t  water usage. 

Based o n ' t h e  en.ergy savings and the  heat ing  and h o t  water loads a t  t he  s i t e ,  

t h e  s o l a r  energy system should be used o n l y  dur ing  the  heat ing  season and 

tu rned  o f f  du r ing  the  remainder o f  t he  year. 



TABLE 5-1 

Sep 78 I 0.039 1 Cl.000 1 0.217 

Month 

I Nov 78 

Dec 78 0.027 2.478 0.520 
I I I I Jan 79 1 0.082 1.945 0.290 

r 

ECSS 
Operating 
Energy 

( M i l l i o n  Btu) 

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

Cn 

Feb 79 Oi089 1.748 0.275 

Hot 
Water . 

I Apr 79 

Space 
H ~ a t i n g  

I May 79 
. . 

Jun 79 0.137 0.001 0.284 

Ju l  79 0.122 0.000 0.232. 

I Aug 79 1 0.145 

I Tota l  

I Average ' .  

Total  ~ l e c t r i c a l . .  ,.. . ' 

Net Savings -.... . -.. '. 
( M i l l i o n  B t u )  . (Kwh) 

1 



6. MAINTENANCE 

This sec t ion  contains the  desc r ip t i on  o f  t h e  maintenance performed on the  

s o l a r  system dur ing  the  12 month per iod  covered by t h i s  repor t .  The damper 

motor i n  the  a i r  handler was replaced on December 18, 1978 and again on 

September 13, 1979.* Both o f  t he  f a i l u r e s  were caused by t h e  l u b r i c a t i o n  i n  

the  gear box d ry ing  o u t  i n  the  h igh  temperature environment. The vendor has 

been unable t o  c o r r e c t  t he  problem i n  t h e  model o f  t he  a i r  handler used i n  

t h i s  i n s t a l  l a t i o n .  La te r  versions o f  the  a i r  handler incorpora te  design 

changes t h a t  may a l l e v i a t e  t h i s  problem, bu t  i t  i s  a n t i c i p a t e d  t h a t  t he  

System 1A damper motor w i  11 cont inue t o  need rep1 acement p e r i o d i c a l  ly. 

* The second replacement was a f t e r  t he  r e p o r t i n g  pe r iod  f o r  t h i s  system. 



7. SUMMARY AND CONCLUSIONS 
/ 

Th is  System Performance Evaluat ion r e p o r t  provides an opera t iona l  

summaryof a sOlar energy system i n s t a l l e d  a t  t he  Home Bu i l de rs  Associ- 

a t i o n  O f f i ce  B u i l d i n g  i n  Hun tsv i l l e ,  Alabama. The system was o r i g i n a l l y  

designed f o r  a s i n g l e  f a m i l y  dwel l ing  o f  approxi'mately 2000 square f e e t  

f l o o r  space i n  t h e  H u n t s v i l l e  area. This ana lys i s  was conducted by 

eva luat ion  o f  measured system performance and by comparison o f  measured 

' c l  i m a t i c  data, w i t h  . long-term average c l  ima t i c  cond i t ions .  The performance 

o f  major subsystems i s  '.a1 so presented. . 

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

abnormally h igh  'number o f  cloudy days. A d e t a i l  d lscusslon o f  t h e  

i n s o l a t i o n  data i s  found i n  Sect ion 3.1. 

The y e a r l y  average ambient temperature was 1 OF/below the  long-term average. 

Measured heat ing degree days were 3292 compared t o  3302 f o r  t h e  long-term 

average. January and February were co lde r  than average (by 8°F and 4OF), 

b u t  t h e  o the r  months were near normal o r  s l i g h t l y  warmer than t h e  

long-term average. W J  t h  t h e  exceptlon o f  January and February, there  

was n e g l i g i b l e  adverse impact on s o l a r  system performance due t o  

weather condi t ions.  

The system provided s o l a r  energy t o  the  b u i l d i n g  space heat and h o t  water 

loads as expected f o r  t h e  year, p rov id ing  30 percent o f  the  space heat ing 

and 51 percent o f  t he  h o t  water energy. Due t o  the  very low h o t  water 

usage a t  thc  s i t e ,  opera t ing  the s o l a r  energy system i n  the  summer fnr ho t  

water  o n l y  d i d  n o t  prove t o  be economical. Usage o f  25 t o  50 ga l l ons  per  

day would have a l lowed an economical operat ion.  The system d i d  show a 

good savings by supplying space heat ing dur ing  the  f i v e  c o l d  months 

(November through March). Switching from w i n t e r  t o  summer o r  summer t o  

w i n t e r  opera t ion  dur ing  the  t r a n s i t i o n  months (October and Apr i  1 ) resu l  t e d  

i n  low performance f o r  these months. Several times heat was supp l ied  t o  

t h e  b u i l d i n g  i n  the  morning and coo l i ng  supp l ied  i n  the  afternoon. 



. . 

The a i r  handler dampers f a i l e d  t o '  f unc t i on  proper ly  i n  December 1978. A 
damper motor assembly was. rep laced .a t  t h i s  t ime. This was the  on ly  hard- , 

, ware. f a i l u r e  dil.r ing the  r e p o r t i n g  period. .The c o l l e c t o r s  d i d  n o t  .show 

any v i s i b l e  o r  measurable deter io ra ' t ion  du r ing  t h e  year. There were no 

problems w i t h  t h e  ducts, rock storage, ho t  water preheat subsystem o r  

con t ro l  subsystem. Add i t iona l  i n s u l a t i o n  was added t o  t h e  bottom o f  

storage and t o  t h e  domestic ho t  water heater  on December 5, 1978. Losses 

from the  domestic ho tswa te r  heater were reduced ,by approximately 20 per- 

cent. Losses from rock storage were more than expected. The a d d i t i o n  of 

. i nsu la t i on  t o  t h e  bottom o f  storage had very 1 i t t l e  ( i f  any) a f f e c t  on the  

I n  general t he  d isappo in t ing  operat ion o f  t h i s  system i s  a t t r i b u t e d  t o  

. the  manner i,n . . which i t  was used. The system was designed f o r . r e s i d e n t i a 1  

! a p p l i c a t i o n  and used to' s a t i s f y  the  demands o f  an o f f i c e  envjronment. The 

d i  f fe rcnces were : 

e I n s i d e  temperature was n o t  maintained a t  70°F as expected. 

0 Hot water usage was much lower than expected. 
. - 

. , 

The conclus ion i s  t h a t  t h e  s o l a r  energy system must be designed f o r  

the  type o f  gppl i c a t i o n  i n  which i t  i s  used. ~ i s a ~ p l  i c a t i o n  usua l ly  
'~ . w i l l  have an adverse a f f e c t  on system performance. 
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. . 
- APPENDIX A 

D E F I N I T I O N  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  character ized by t h e  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  the  energy a v a i l a b l e  t o  be c o l  lec'ted. 

I N C I D E N T  SOLAR ENERGY (SEA) i s  t he  t o t a l  i n s o l a t i o n  a v a i l a b l e  on t h e  

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

a r ray  energy-receiv ing aperture, i n c l u d i n g  t h e  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 .  

e OPERATIONAL I N C I D E N T  ENERGY (SEOP) i s  t he  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  t h e  t ime - t h a t  t h e  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). 

COLLECTED SOLAR, 'NERGY (SECA) i s  t h e  thermal energy removed from 

the  c o l l e c t o r  a r ray  by the  energy t ranspor t  medium. 

o COLLECTOR ARRAY E F F I C I E N C Y  (CAREF) i s  t he  r a t i o  o f  t he  energy c o l -  

l ec ted  t o  the  t o t a l  s o l a r  energy i n c i d e n t  on t h e  c o l l e c t o r  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 t h e  energy i n c i d e n t  

on the  a r ray  when the  c o l l e c t o r  loop i s  i n a c t i v e .  This e f f i c i e n c y  
must no t  be confused w i t h  the  more common c o l l e c t o r  e f f i c iency  

f i gu res  which a r e  detterrairled from instantaneous t e s t  data obta ined 

dur ing  steady s t a t e  operat 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 igures  are  o f t e n  provided by c o l  l e c t o r  manufacturers 

o r  presented. in techn ica l  j ou rna ls  t o  charac ter ize  t h e  func t i ona l  

c a p a b i l i t y  o f  a  p a r t i c u l a r  c o l l e c t o r  design. In general, t h e  

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

h igher than the  c o l  l e c t o r  a r ray  e f f i c i e n c y  reported here. 



. The storage performance 1s characterized by the re l a t i onsh ips  . c among the energy 

'.delivered. t o  storage, removed from storage, and the  subsequent change i n  the 
, . 

amount. o f  stored energy. 

a ENERGY TO STORAGE (STEI)  i s  the amount o f  energy, both so la r  and 
- auxt l  i a ry ,  del dvered t o  the primary storage medium.. 

3). . 

, ' I  ' ' C ENERGY FROM STORAGE (STEO) i s  t he  amount'of energy extracted by 

' ' the loadsubsystems' f romthepr imarystoragemedium. .  

I , .  . r CHANGE I N  STORED ENERGY (STECH) I& the d l  f ference i n  the estimated 

stored energy dur ing the spe'clf ied repor t ing period, as indicated '. 

by the re1 a t i v e  temperature o f  the storage 'medium (e i ther  pos i t i ve  
. . 

. ,  . 
o r  negative value). 

0 STORAGE AVERAGE TEMPERATURE (TST) i s ,  the mass-weighted average 
. ,  , .  tehpkrature of the pk ikary .  storage.rnedium. 

, . . . . . . . . 

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

energy removed from storage and the change i n  stored energy 
t o  the energy del ivered t o  storage. . , 

. , 
8 '  . 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

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

c o l  l e c t o r  array, t h e  storage medjum, the '  t r a n s p o r t  loops between 
. .  < 

these, and o the r  components i n  the  system design which are  necessary t o  

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

' ' INCIDENT SOLAR" ENERGY (SEA)' i s '  t he  t o t a l  i n s o i a t i o n  a v a i l a b l e  

o n ' t h e  g'ross c o l l e c t o r  a r ray  a r e a .    his i s  t h e  area o f  t h e  

c o l  l e c t o r  a r ray  energy-receiving .aperturg , i n c l u d i n g  t h e  frame- 
.. . ' work whic'h i s '  an i n t e g r a l  p a r t  of t h e c o l l e c t o r  s t ruc tu re .  

. . \ .  . .! I . .  

0 AMBIENT TEMPERATURE (TA) i s  .the aveyage temperature o f  t h e  outdoor 
.. .. ,. 

e n v i ~ h n h e n t  a t  t h e  s!te. . . 
. . .  . . 

.. .: 
@ ENERGY TO LOADS (SEL) i s  thk  t o t a l ,  t h e r i a l  energy t ransported 

. . I .  
. . 

from t h e  ECSS t o  a l l  load subsystems. 

. . .  . . 
. . t )  . 

e *UXI~IARY THERMAL ENERGY. TO ECSS (CSAUX) i s  'the : , toteal auxi  1 i a r y  
, , '  . - r , . .  . 

suppl l e d  t o  thekcSs ,  i n c l  i d  ing auxi ' l  i a r y  energy 'added t o  the  

storaga tank, heat lng  d e v l c ~ ~ s  on the  .co l lec tor .s  f o r  freeze- 
. . . . . . . I  

' p ro tec t ion ,  e t c .  ' , ' 
. r ! ' .  ' . .. ; , :. , I . 3 .  

, . 
. . , .  . . . '  . 

r ECSS OPERATING ENERGY' (CSOPE~ i s  ' the  c r i  t i ' k a l  oberat ing energy 

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



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

energy f l o w  t o  and from the  'subsystem, as w e l l  as an accounting o f  i n -  

t e r n a l  ehergy. The energy i n t o  the  subsystem i s  composed o f  e l e c t r i c a l  

auxi  1 i a r y  thermal  energy, and t h e  opera t ing  energy f o r  t he  subsystem. 

I n  add i t ion ,  t he  s o l a r  energy s'upplied t o  t h e  subsystem, a long w i t h  

s o l a r  f r a c t i o n  i s  tabulated.  The load o f  t h e  subsystem i s  tabu la ted 

.and used t o  compute t h e  est imated e l e c t r i c a l  savings o f  t h e  subsystem. 

The load of the  subsystem i s  fu r the r  i d e n t i f i e d ' b y  t a b u l a t i n g  t h e  supply 

water temperature, and t h e  o u t l e t  ho t  water temperature, and the  t o t a l  

- ho t  water consumption. 

e HOT WATER LOAD (HWL) i s  the  amount of energy requ i red  t o  heat --".--- 

the  amount' o f  ho t  water demanded a t  t h e  s i t e  from the' incoming 

temperature t o  the  'des i red  out1 e t  temperature. 

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

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

o SOLAR ENERGY - USED (HWSE) i s  t h e  amount of s o l a r  energy supp l ied  

t o  the  hot  water subsystem. 

o - OPERATING ENERGY (HWOPE) i s  t h e  amount o f  e l e c t r l e a l  energy re- 
q i ~ i r e d  t o  support t he  subsystem, (e.g., fans, pumps, etc. )  and 

which i s  n o t  intended t o  a f f e c t '  d i r e c t l y  the  thermal s t a t e  o f  

t h e  subsystem. 

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

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

energy i n  a heat t r a n s f e r  f l u i d ,  o r  i t s  equivalent .  Th is  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  t h e  subsystem. 



e - 7 - - - - . - A - - - . - I - - -  A U X I L I A R Y  ELECTRICAL FUEL (HkAE) i s  the  amount o f  e l e c t r i c a l  

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

m ELECTRICAL QKFJJGY SAVINGS (HlrlSVE) i s  t h e  est imated d i f f e rence  

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

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

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

m SUPPLY WATER TEMPEMTLJBL (.TSW) i s  t h e  average i n l e t  temperature 
-. 

of t he  water sup,plied t o  t h e  subsystem. 

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

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

e HOT WATER USED (HWCSM) i s  t h ~  volume o f  water used. 



. . 

The space heat ing subsystek i s  character ized by performance fac tors  account- 

i n g  f o r  t he  complete energy flow to,and from t h e  subsystem. The average 

b u i l d i n g  temperature and the  average ambient 'temperature are. tabu la ted t o  

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

heat ing l o a d  and i ,n con t ro l  1 i n g  t h e  temperature ,of  t he  condi ti.oned space. 

a SPACE HEATING LOAD (HL) i s  the  sens ib le  energy added t o  the  a i r  

i n  the  b u i l d i n g .  

a SOLAR FRACTION -- OF LOAD (HSFR) i s  t h e  f r a c t i o n  o f  t h e  sens ib le  

energy added t o  the  a i r  i n  the  b u i l d i n g  der ived from t h e  s o l a r  

energy system. 

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

t h e  space heat ing  subsystem. 

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

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

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

t he  subsystem. 

8 -- AUXILIARY TtIERMAI, USED (HAT) i s  the  amount o f  energy suppl ied t o  

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

i n  a heat t r a n s f e r  f l u i d  o r  i t s  equivalent .  Th is  term a l so  i n -  

cludes 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. 



ELECTRICAL ENERGY SAVINGS (HSVE) i s  the cost  o f  the  operat ing 

energy (HOPE) requi red  t o  support the  s o l a r  energy p o r t i o n  of 

the  space heat ing  subsystem. 

r B U I L D I N G  TEMPERATURE ( T B )  i s  the  average heated space d r y  bulb 

temperature. 

< 

r AMBIENT TEMPERATURE (TA)  I s  t h e  average ambient d r y  bulb tem- 

perature a t  the  s i t e .  



ENVIRONMENTAL SUMMARY 

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

general ly  instrumented a t  each s i t e  i n  the program. It i s  tabulated i n  

t h i s  data repor t  f o r  two purposes--as a measure o f  the condi t ions prevalent  

dur ing the operation of the system a t  the s i t e ,  and as a h i s t o r i c a l  

record of weather data for  the v i c i n i t y  o f  the s i t e .  

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

dent upon the gross c o l l e c t o r  ar ray measured a t  the s i t e .  

0 AMBIENT TEMPERATURE (TA) i s  the average temperature o f  the 

environment a t  the s9te. 

0 DAYTIME AMBIENT TEMPERATURE (TDA) i s  t he ,  temperature dur ing the 

per iod from three hours before so la r  noon t o  three hours a f t e r  

so la r  noon. 



APPENDIX B ' 

:: SOCAR..ENERGY SYSTEM PERFORMANCE EQUATIONS 



APPENDIX 8 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

IBM SYSTEM 1A 

I. INTRODUCTION 

So la r  energy system performance i s  eval  ua ted by performing energy balance 

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

a r e  based on phys ica l  measurement data taken f rom each subsystem every 

320 seconds. This data i s  then numer ica l ly  combined t o  deter tv~l r~e the  

hour ly ,  d a i l y ,  and monthly performance o f  t he  system. Th is  appendix 
descr ibes the  general computational methods and t h e  s p e c i f i c  energy 

ba.1 ance equations used f o r  t h i s  eva luat ion .  

Data samples from t h e  system measurements are  numerical l y  i n teg ra ted  

t o  prov ide  d i s c r e t e  approximations of t h e  continuous func t ions  which 

characterize t h e  system's dynamic behavior.  This numerical i n t e g r a t i o n  

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

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

t o t a l  t ime  pe r lod  of I n t e r e s t .  

There a r e  several general forms o f  numerical i n t e g r a t i o n  equations which 

a re  appl i e d  t o  each s i t e .  These general forms are  exempl i f i e d  as fol lows: 
,The t o t a l  s o l a r  energy a v a i l a b l e  t o  t h e  c o l l e c t o r  a r ray  i s  g iven by 

SOLAR ENERGY AVAILABLE (1/60) E [ I O O l  x AREA] x AT 

where 1001 i s  the  s o l a r  r a d i a t i o n  measuremen.t provided by t h e  pyranometer 
2 i n  B t u / f t  -hr,  AREA i s  the  area of t he  c o l l e c t o r  .array i n  square fee t ,  

AT i s  t h e  sampling j n t ~ r v a l  i n  minutes, and, t h e  factor  (1/60) 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  " ra te "  t o  t h e  proper u n i t s  o f  t ime. 



Similarly, the energy flow within a system i s  given typically by 

COLLECTED SOLAR E N E R G Y  = 5 [MI 00 x A H ]  x A T '  

, . 

where MlOO Is the mass flow rate of the heat transfer f luid In 1 bm/min and 

AH i s  the enthalpy change. in Btu/lbm, of the'  fluid as I t  passes through 
the heat exchangl . ng . component. 

For a liquid system A H _ I S  generally given by 
. . . > 

where 6 Is the average specific heat. in, Btu/(l b m - O F ) ,  of the heat . 
P 

transfer fluld and AT, I n  O F ,  i s  the 'temperature differential across 

' t h e  heat exchanging compdnent . 

For an a l r  system AH Is generally given by 
. . 

. .. 

where Ha(T) Is theenthalpy, in ~ t u / l b i , ' o f  the transport a i r  
evaluated a t  the Inlet and outlet temperatures of the heat ex- 
changing component. 

Ha(T) can have varlous forms, depending on whether or not the humidlty ratio 
of the transport a i r  remains constant as I t  passes through the heat ex- 
changing component. 



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

ECSS OPERATING ENERGY (341 3/60) Z [EP1,00]. x AT 

where EPlOO i s  the power requlred by e l e c t r i c a l  equipment I n  k i l owa t t s  

and the  two fac tors  (1/60) a n d  3413 cor rec t  . . the  data t o  Btu/mln. 

These equations are comparable t o  those spec i f i ed  i n  "Thermal Data 

Requirements and Performance E.valuatl'on .Procedures for the National 

Solar  Heating and Cooling Demonstration Program." Thls document, given 

i n  the l i s t  of references, was prepared by an,' inter-agency committee of 

the government, and presents guide1 ines f o r  thermal performance eval uation. 

. . 
Performance factors are computed f o r  each hour  o f  the day. Each gumarlcal 
i n t eg ra t i on  process, therefore,  i s  performed. over a .per iod o f  one hour. 

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

these hour ly  performance fac to rs  t o  d a i l y  values. This i s  accomplished, . 

f o r  energy parameters, by summing the 2 4  hour ly  values. For temperatures. 

the hour ly  values are averaged. Certa in special factors,  such. as e f -  
f i c ienc les ,  requ i re  appropriate handl ing t o  proper ly wefght each hour ly  

sample. for  the da i  1.y v a l  ue .cornputatlan. S im i la r  procedures are requ i  ped 

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



. a  
. .,> 

AVERAGE AMBIENT TEMPERATURE (OF) 

TA = ( 1 / 6 0 )  x E TOOl x AT 
. , ,. . .  :: .. I ' 

AVERAGE BUILDING TEMPERATURE (OF) 

TB = ( 1 / 6 0 )  x E T 6 0 0  x AT 
, 

DAYTIME AVERAGE AMBIENT TEMPERATURE (OF) 
' 

. . 

TDA (1 /360)  x c TOOl x AT . . 

FOR + 3 HOURS FROM SOLAR NOON - 

QPERATIONAL INCIDENT SOLAR ENERGY (BTU) 

SEOP = ( 1 / 6 0 )  x E [ I O O l  x CLAREA] x AT ' 
'. 

WHEN THE COLLECTOR LOOP I S  ACTIVE. 
' 

1 

HUMIDITY RATIO FUNCTION (BTU/LBM-OF) 

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

WHERE 0 . 2 4  I S  THE SPECIFIC HEAT AND HR I S  THE' HUMIDITY RATIO 
. . . . 

OF THE TRANSPORT AIR. THIS FUNCTION IS USED' WHENEVER THE 

HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANS~ORT AIR FLOWS 

THROUGH A HEAT EXCHANGING DEVICE .. 
, 

SOLAR ENERGY COLLECTED BY THE ARRAY (BTU) 
\ 

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



ENTHALPY FUNCTION FOR WATER (BTU/LBM) 

T2 ' . 

THIS FUNCTION COMPUTES THE ENTHALPY 'CHANGE OF WATER AS IT 

PASSES THROUGH A HEAT EXCHANGING DEVICE. 

SOLAR ENERGY TO STORAGE (BTU) 

S T E I  Z [M I00  x HWD (T151, T l O l ) ]  x AT 

SOLAR ENERGY FROM STORAGE TO SPACE HEATING (BTU) 

' , ..a: 

%.I"  
.. . . ' . STE06 Z [M400 x HWD (T101, T I  5 1  ) ]  x AT 

AVERAGE TEMPERATURE OF STORAGE ( O F )  
. . 

TSTM = (1 /60)  x 1 [ (T200 + T202) /2 ]  x AT . ' 
, 

TOTAL ENERGY USED BY SPACE HEATING SUBSYSTEM (BTU) 
. . 

HEAT r [ (M400 x (T450 - T400)  + ~ 4 0 0  x (T402 - T452 ) )  x HRF] x AT 

TOTAL ENERGY USED BY HOT WATER SUBSYSTEM (BTU) 

HWSE [M300 * HWD (T350, T3QO)I x AT 

ENERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU) 

CSEO = HEAT + HWSE 

WHEN SPACE HEATING FROM THE COLLECTOR ARRAY 

, CSEO = STE06 

WHEN SPACE HEATING FROM STORAGE 

HEATING AUXILIARY ENERGY 

HAE a 56.8833 x Z (EP400 + EP401 + EP403) x AT 



. . 

ECSS OPERATING ENERGY (BTU) , ' ' . '' 
. , 

. :  

CSOPE = 0 .5  x 56 .8833  x Z E P l O l  x AT 

WHEN SPACE HEATING FROM THE COLLECTOR ARRAY 

CSOPE = 56 .8833  x c E P l O l  ' x  AT 
' C 

WHEN CHARGING STORAGE 

SPACE HEATING SUBSYSTEM SOLAR OPERATING ENERGY (BTU) 
. . 

HOPE1 = .0..5' x. 56 .8833  x c E P l  01 X '  AT 
' '  ' 

HOPE1 = 56.8833 x c E P l  01 x '  AT ' 
. . 

WHEN SPACE HEATING FROM. STORAGE 
' 

HOT WATER CONSUMED (GALLONS) ' . 

HWCSM = c WD303 x AT 

HOT WATER LOAD (BTU) 

HWL = Z [M303 x HWD(T303, T 3 5 2 ) ]  x AT 

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56.8833 x c EP300 x AT 

HOT WATER OPERATING ENERGY 

HWOPE = 56.8833 x c i p 3 0 1  x AT 

SOLAR ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 

HSE = E [M400 * ( T 4 5 0  - T 4 0 0 )  * HRF] x AT 

WHEN SYSTEM USING SOLAR ENERGY FOR HEATING 

AUXILIARY ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 

HAT 5 Z [M400 * ( T 4 0 2  - T 4 5 2 )  * HRF] x AT 

WHEN' SYSTEM USING AUXILIARY ENERGY FOR HEATING - 
HOPE2 5 6 . 8 8 3 " ~  c EP402 x AT ' 

WHEN SPACE HEATING FROM AUXILIARY 



SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) . .. 

HOPE = HOPE1 + HOPE2 

SUPPLY WATER TEMPERATURE (OF) 

TSW = T 3 0 3  

HOT WATER TEMPERATURE (OF) . . 

THW 'm T 3 5 2  . . 

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

SUBSYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES OBTAINED 

.DURING THE PREVIOUS FLOW PERIOD. ' - . 

INCIDENT SOLAR ENERGY ON COLLECTOR ARRAY (BTU) ' . , , . 

SEA = CLAREA x SE 

SEC SECA/CLAREA 

COLLECTOR ARRAY EFFICIENCY 

CAREF = SECA/SEA , , 

CHANGE I N  STORED ENERGY (BTU) 

STECH = STECHI - STECH lp 

WHERE THE SUBSCRIPT REFERS TO A PRIOR REFERENCE VALUE 

STOMGE EFFICIENCY 

STEFF (STECH + STEO)/STEI . 

SOLAR ENERGY T O  LOAD SUBSYSTEMS (BTU) 

SEL = CSEO 

ECSS SOLAR CONVERSION EFFICIENCY 
* 

CSCEF = SEL/SEA . . .. 

AUXIL IARY THERMAL ENERGY TO HOT WATER SUBSYSTEM (BTU) 

HWAT = HWAE . . 



HOT WATER SOLAR FRACTION (PERCENT) . , . . . .i , 

HWSFR = 100 x HWTKSE/(HblTKSE + HWTKAUX) 

WHERE HWTKSE AND HWTMUX' REPRESENT THE CURRENT SOLAR AND 

AUXILIARY ENERGY CONTENT OF THE. HOT WATER TANK . . 

HOT WATER ELECTRICAL ENERGY SAVINGS ( BTU) . . 

HWSVE = HWSE - HMOPE 

SPACE HEATING LOAD (BTLI) 

Hh = HAT + HSE 

SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT) 

HSFR = 100 x HSE/HL 

SPACE HEATING SUBSYSTEM ELECTRICAL ENERGY SAVINGS (BTU) 

HSVE = (HPFRAC * H L ) /  HPCOPH + (1-HPFRAC) * HL - (HAE + HOPEI) 

WHERE HPFRAC I S  THE FRACTION OF THE TOTAL HEATING LOAD 

WHICH I S  PROVIDED BY THE HEAT PUMP AND .HPCOPH I S  THE 

COEFFICEENT OF PERFORMANCE OF THE HEAT PUMP 

SYSTEM LOAD (BTU) 

SYSL = HL + HWL 

SOLAR FRACTION OF SYSTEM LOAD (PERCENT) 

SFR = (HL x HSFR .t 'HWL x HWSFR)/SYSL 

SYSTEM OPERATING ENERGY (BTU) 

SYSOPE 1 HOPE + HWOPE 

AUXILIARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HNAT + HAT 

AUXILIARY ELECTRICAL ENERGY TO LOADS ( BTU) 

AXE = HMAE + HAE 



TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 

TSVE a HWSVE + HSVE 

TOTAL ENERGY CONSUMED (BTU) 

TECSM = SYSOPE + AXE + SECA 

SYSTEM PERFORMANCE FACTOR 

SYSPF SYSL/(AXE + SYSOPE) x 3 . 3 3 )  
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APPENDIX C . 

LONG-TERM AVERAGE WEATHER CONDITIONS 

The environmental estlmates given I n  t h l s  appendix provide a po in t  o f  

reference f o r  evaluat ion o f  weather condl t lons as reported I n  the Monthly 

Performance Reports and So1 a r  Energy System Performance Eva1 uatlons Issued 
by the  National Solar Data Program. As sueh, the Infoni iat ion presented can 

be useful  l n  p red ic t ion  of 1 ong-term system performance. 

Envl ronmental estlmates f o r  t h l s  s t  t e  include the f o l  lowing monthly' averages : 

, 
. ex t ra$errest r ia l  lnso la t lon,  lnso la t lon  on a hor izonta l  plane a t  the  s l t e ,  

I nso la t i on  I n  the tllt plane of the co l l ec t l on  surface, ambient temperature, 

heat lng degree-days , and cool l n g  degree-days . Estimation procedures and data 

, 
sources are' de ta i led  i n  the fo l lowfng p a ~ g r a p h s .  

'The prefer red source o f  long-term temperature and l nso la t l on  data I s  "Input 

Data f o r  Solar Systems' (IDSS) [l] since t h l s  has been recognized a s  the 

so la r  standard. The IDSS data are used whenever- posslble I n  these environ- 
mental es t  lmates f o r  both Inso l  a t1  on and temperature re1 ated sources ; however, 

, 

a secondary source used f o r  lnso la t fon  data I s  the Cl lmatfc At las  o f  the , 

Uni ted States 123, and f o r  temperature re1 ated data, the secondary source - 
f s "Local C l  lmatologf cal  ' Data" [3]. 

Since the ava i lab le  long-term lnso la t lon  data are on ly  given for  a hortzontal  

surface, so la r  co l l ec t i on  subsystem or ien ta t ion  Information I s  used I n  an 

algorithm [4] t o  ca lcu la te  the  Inso la t ion  expected I n  the tllt plane o f  the 

co'8lecter. This cal 'culat lon I s  made using a ground ref lectance o f  0.2. 
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