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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. ~ a r s h a l l  Space F l i g h t  Center as a p a r t  o f  t h e  

So la r  Heating and Cool ing Development Program funded by the  Department o f  . 
Energy. The ana lys i s  conta ined i n  t h i s  document describes the  techn ica l  

performance o f  an Operat ional Test  S i t e  (OTS) func t i on ing  throughout a '  

spec i f i ed  pe r iod  o f  t ime which i s  t y p i c a l l y  one season.   he o b j e c t i v e  o f  . 

t h e  ana lys i s  i s  t o  r e p o r t  t he  long-term performance o f  the  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  t o  the  d e f i n i t i o n  of techniques and re -  

quirements f o r  s o l a r  energy system design. 

The contents o f  t h i s  document have been d i v ided  i n t o  the  f o l l o w i n g  t o p i c s  
' 

. . 
of d iscussion:  

e System Desc r ip t i on  

e Performance Assessment 

8 Operat ing Energy 

e Energy Savings 

8 Summary and Conclusions 

Data used f o r  the  seasonal analyses o f  t he  Operat ional Test S i t e  descr ibed 

i n  t h i s  document have been co l  1 ected, processed and maintained under'. t he  

OTS Development Program and have prov ided the  major i npu ts  used t o . p e r -  

form the  long-term techn ica l  assessment. 

, . 

The Seasonal Report document f o r  Decade 80 -House culminates the  . t echn ica l  -".--.----- 
a c t i v i t i e s  f o r  t h e  s i t e .  The f a c t  t h a t  the  s i t e  was constructed as a show 

p lace makes i t s  costs unique. Consequently, no economic ana lys i s  such as 

' i s  performed f o r ' o t h e r  OTS s i t e s  i n  a f i n a ' l  r e p o r t  i s  f eas ib le .  Other 

documents s p e c i f i c a l l y  r e l a t e d  t o  th?s  system a re  References [I], [2] .* 

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



2. SYSTEM DESCRIPTION 

The Decade 80 House s o l a r  energy system i s  designed t o  prov ide  domestic 

h o t  water, space heat ing  and space coo l i ng  t o  a one s to ry ,  s i n g l e  fami ly  

res idence located i n  Tucson, Arizona. The dwel l  i ng conta ins 3200 square 

fee t  of cond i t ioned l i v i n g  space. 

The c o l l e c t o r  subsystem cons is ts  o f  a 1923 square f e e t  f l a t  p l a t e  c o l -  

l e c t o r  a r r a y  which has been in teg ra ted  i n t o  the  roof o f  the  dwel l ing.  

The a r r a y  faces due south and i s  t i l t e d  a t  an angle o f  26.5 degrees 

from t h e  hor izonta l .  A s o l u t i o n  o f  propylene g l y c o l  and water (30 

percent  propylene g l y c o l  by volume) i s  used as t h e  energy c o l l e c t i o n  

and t rans fe r  medium. Co l lec ted s o l a r  energy i s  t r a n s f e r r e d  t o  water 

conta ined i n  a buried, 3,000 gal l o n  tank. The c o l l  ec tor - to -s torage 

loop  a l s o  conta ins a heat  exchanger used t o  heat a swimming pool. 

The domestic ho t  water subsystem cons is ts  o f  a 66-gal lon storage tank 

t o  which so la r  energy i s  suppl ied by a pump c i r c u l a t i n g  Water through 

a heat  exchanger immersed i n  the  l a r g e r  3,000 g a l l o n  s to rage  tank. 

A u x i l i a r y  energy i s  provided t o  t h i s  subsystem by conventional e l e c t r i c  

heat-ing elements i n  the  66 g a l l o n  domestic ho t  water tank. Hot water 

i s  cont inuously c i r c u l a t e d  from t h e  h o t  water tank throughout the  b u i l d i n g  
plumbing so t h a t  h o t  water i s  immediately a v a i l a b l e  on demand. . . 

The heat ing  subsystem cons is t s  o f  a pump f o r  withdrawing ho t  water from 

t h e  storage tank and c i r c u l a t i n g  i t  through heat exchangers located i n  

t h e  a i r  d i s t r i b u t i o n  system of the  dwel l ing.  Auxiliary energy f o r  heat ing  

i s  provided by a gas f i r e d ,  150,000 Btu lhour b o i l e r  which can be used 

e i t h e r  t o  add heat  t o  t h e  water from the  h o t  storage tank o r  t o  heat water 

c i r c u l a t i n g  between the  load heat exchangers and the  b o i l e r  only. 

, Space coo l i ng  i s  p rov ided  by two adsbrpt ion c y c l e  water c h i i l e r s  oper- 

a t i n g  i n  p a r a l l e l  i n  a primarylsecondary conf igura t ion .  Energy s tored 
' . 

i n  t h e  h o t  s o l a r  s torage tank i s  c i r c u l a t e d  throudh the  generators of ' 

these c h i 1  l e r s  t o  a c t i v a t e  t h e  absorpt ion cycle.  Chi 11 ed water produced 



i n  t h i s  manner i s  pumped t o  the  heat exchangers located i n  the  a i r  

d i s t r i b u t i o n  system o f  the  bu i l d ing .  Whenever s o l a r  energy i s  insuf-  

f i c i e n t  t o  a c t i v a t e  the  r e f r i g e r a n t  cyc le,  auxi  1 i a r y  energy i s  provided 

by t h e  gas f i r e d  b o i l e r .  

The system i s  shown schemat ical ly  i n  F igure 2-1. The residence w i t h  

t h e  c o l l e c t o r s  i n teg ra ted  i n t o  t h e  r o o f  i s  shown i n  Figure 2-2. The 

system has f o u r  modes o f  operat ion:  

Mode 1 - Col lector- to-Storage:  The c o l l e c t o r  pump (pump P I )  i s  actuated 

when the  c o l l e c t o r  absorber p l a t e  sur face temperature i s  8°F h o t t e r  than 

t h e  water i n  the  middle o f  the  ho t  storage tank. This pump then c i r c u l a t e s  

t h e  propylene g l yco l  s o l u t i o n  through the  c o l l e c t o r  t o  the  heat  exchanger . 

where the  c o l l e c t e d  energy i s  t rans fe r red  t o  water c i r c u l a t i n g  from the  ho t  

s torage tank by pump P2. Pump P2 i s  a c t i v a t e d  when the  f l u i d  temperature 

o u t  o f  t he  c o l l e c t o r  i s  5°F h o t t e r  than t h a t  o f  t he  water i n  .the middle of 

t h e  ho t  storage tank. When the  temperature o f  t he  water i n  t h e  bottom o f  

t h e  ho t  storage tank r i s e s  t o  w i t h i n  2°F o f  t h a t  o f  t he  c o l l e c t o r  absorber 

p l a t e  surface, t h i s  mode i s  terminated. , . 

Mode 2 - Domestic Hot Water Heating: When the  temperature o f '  t h e  water i n  t h e  

domestic h o t  water tank f a l l s  below the i n t e r n a l  thermostat s e t t i n g  (normal ly  

s e t  a t  135"F), water i s  withdrawn and c i r c u l a t e d  through the  heat  exchanger 

immersed i n  t h e  3,000 ga l l on  storage tank provided t h a t  t he  temperature i n  

t h e  upper p o r t i o n  o f  t h i s  tank i s  5°F h igher  than t h e  thermostat s e t t i n g .  I f  

t h i s  cond i t i on  i s  n o t  met, t he  a u x i l i a r y  immersion heaters prov ide  the  requ i red  

energy. As ho t  water i s  used, make-up water from t h e  u t i l i t y  main i s  passed 

through the  heat'exchanger i n  the  3,000 g a l l o n  hot  storage tank p r i o r  t o  

being admit ted i n t o  the  domestic ho t  water tank. 

Mode 3 - Storage-to-Space Heatinq: Space heat ing  i s  c o n t r o l l e d  by a two-stage 

thermostat, w i t h  the  stages se t  1-112°F apart .  when the  f i r s t  .. . s tage o f  t h i s  

thermostat c a l l s  f o r  heat, ho t  water i s  drawn d i r e c t l y  from the  ho t  storage 

tank  and pumped t o  the  heat exchangers i n  t h e  a i r  c i r c u l a t i o n  duct.  I f  
s u f f i c i e n t  heat energy i s . n o t  a v a i l a b l e  and the  second stage i s  then ac t iva ted,  

water i s  c i r c u l a t e d  through the  bo.iler,. where a u x i l i a r y  energy i s  added, by- 

passSng the  h o t  storage taok. 
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Figure 2- 1. DECADE 8C HOUSE SOLAR ENERGY SYSTEM SCHEMATIC 





Mode 4 - Swce Cooling: The space cooling controls also include a two-stage 
thermostat. The f i r s t  stage i s  manually set t o  the desired room temperature, 
whi le the second stage i s  always a t  a set t ing 1-1/2OF higher than that  o f  the 
f i r s t .  When the cooling system i s  turned on by a demand from the f i r s t  stage, 
the primary c h i l l e r  i s  gctivated. Hot water i s  drawn from the storage tank 
t o  the generator o f  t h i s  c h i l l e r  - provided that  the temperature o f  the water 
i s  a t  or above 180°F. The ch i l l ed  water produced i s  circulated through 
the heat exchangers i n  the a i r  c i rculat ion system t o  cool the dwell ing. 
If, after  7 minutes, the temperature o f  the bui lding i s  not a t  or below the 
se t t i ng  of the second stage, the secondary absorption chi  11 e r  i s  activated 
and continues t o  operate i n  paral le l  with the primary u n i t  u n t i l  the set t ing 
en the second stage i s  reached. A t  t h i s  time, the secondary u n i t  shuts down 

and the primary un i t  continues t o  operate u n t i l  the desired room temperature 
(the set t ing  f o r  the f i r s t  thermostat stage) i s  reached. I f  the water pro- 
vided to. the generator(s) i s  less than 180°F, the aux i l ia ry  bo i le r  i s  activated 
t o  provide the necessary energy d i rec t ly  t o  the chi 11 ers. I f  the temperature 
o f  the water returning from the generator(s) i s  less than that  of the water a t  
the top o f  the hot storage tank, the returning water i s  circulated through 
the  hot storage tank on i t s  way t o  the boiler; otherwise the hot storage tank 
i s  bypassed. 

The sensor designations shown i n  Figure 2-1 are i n  accordance with NBSIR-76- 
1137,. [4]. The measurement symbol prefixes: W, T, EP. I and F represent 
respectively: flowrate, temperature, e lec t r i c  power, insolat ion and fossi 1 
fuel rate. 



2.1 Typ ica l  System opera t ion  
/' 

Operat ion o f  the.Decade 80,House s o l a r  energy system has taken p lace i n  

essent.ia1 l y  two seasons : heat ing  and cool  ing .  curves d e p i c t i n g  t h e  

system opera t ion  on two days, one t y p i c a l  o f  space heat ing, t he  second 

t y p i c a l  of space cool ing,  a re  presented i n  F igure 2.1-1 through 2.1-7. 

I n  bo th  instances the  t o t a l  and opera t iona l  l y  i n c i d e n t  i n s o l a t i o n  a r e  

shown along. w i t h  representa t ive  thermal. s torage parameters. A composite 

p l o t  showing c h i l l e r  a r r a y  COP vs. generator i n l e t  temperature i s  

presented f o r  t h e  day requ r ing  space coo l ing .  This  day, J u l y  28, was 

chosen s ince t h e  pr imary c h i l l e r  wa-s the  on l y  u n i t  i n  operat ion.  

As shown i n :  F igure  2.1-2, the  c o l l e c t o r  pump P I  came on j u s t  p r i o r  t o  10:.00 AM 

and shut  o f f  a t  5:00 PM. Storage tempera t i re  - .. was r a i s e d  from a  nominal 63OF 

t o  a  h igh  o f  1 8 1 5 ~ ,  as seen i n  F igure 2.1-3,' desp i te  near ly  constant  usage by 

t h e  c h i l l e r  a r r a y :  . \.. Figure 2.1-4 shows the  c h i l l e r  opera t ion  as a  f u n c t i o n  

of generator i r i l6 t  temperature. . .. , The average. COP f o r  t he  day was 0.52. On , 
,.. . ' 8  . . . 

t h i s  t y p i c a l  d a y - t i e  ;sistem, operated i"n : a  mavner which was c o n s i s t e n t  w i t h  

design c r i  t e r l a .  , There were 3.9 m i l  1  i o n  Btu  o f  ihci:dent energy o f  'which 
. . . , 

1.0 m i l l  i o n  Btu  were c o l l e c t e d  and 0,99 m i l  l i o n  Btu p u t  ' in to. - the:  ~ t o r a g e  - . . .; 
medium.  his represents . * .  a c o l l  e c t o r  a r r a y  e f f i c i e n c y  of 26' -percent. 

. ,: d' 

From s torage,  0..9 m i l l i o n  Btu were removed f o r  use b i " h . o t  water a n d  
. . 

space c o o l i n g  loads:, f o r  a  s o l a r  conversi.on e f f f c i e n c y  of 23 percent.  

F igu re  2.1-5 shows the, t o t a l  'and o p e r a t i o n a l l y  a v a i l a b l e  i n s o l a t i o n  fo r  

a  t y p i c a l  day i n -$&  heat ing  season. From Figure 2.1-6 i t  can be seen 

t h a t  t he  c o l l e c t o r  pump turned on a t  8:45 AM and ran  u n t i l  4:45 PM. The 

s torage pump d i d  n o t  come on u n t i l  10:15 AM, however, and turned o f f  a t  

3:45 PM. A toea i  o f  3.9 m i l l i o n  Btu were a v a i l a b l e  f o r  c o l l e c t i o n  and 

t h e  system c o l l e c t e d  . .-. . 1.6 m i l l i o n  . , . . . . Btu . . . . f o r  a  c o l l e c t o r  a r r a y  e f f i c i e n c y  . . . v , . . .  

o f  41 percent.  This  uhsual l y  h igh  e f f i c i e n c y  may, be l a r g e l y  due t o  ' the  

a f f e c t s  o f  pool heat ing  which began o n  t h i s  day. The pool hea t i ng  a l s o '  

accounts f o r  t h e  r e l a t i v e l y  small riie i n  ;temper'attire o f  the  storage 

. volume. Even though a  l a r g e  amount o f  energy was c o l l e c t e d ' o n l y  42 per- - 
c e n t  of t he  heat ing  l oad  was prov ided by s o l a r  energy, the m a j o r i t y  being 

d l  ver ted f o r  pool heat ing  . 
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F i ~ u r e  2.1 -3  STORAGE PROFILE JULY 31,  1979 
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2.2 System opera t ing  sequence 

For J u l y  28 and February 7, 1979, the  days selected t o  represent  t h e  t y p i c a l  

system operation,' t he  sequences a re  shown i n  Figure 2.2-1 'and 2.2-2. ' ~ h r o b ~ h -  1 

o u t  most o f  t h e  cbo l i ng  season t h e  house was unoccupied and the re  was no 

consumption o f  h o t  water. ' A l l  o the r  subsystems remained opera t i ve  i n  t h e i r  

normal modes. On the  t y p i c a l  coo l i ng  day, c o l l ~ c t i o n  o f  energybegan at9:'45 AM 

and ceased a t  4:50 PM. From the t o t a l  3.9 m i l l  i o n  Btu ava i l ab le ,  t he  s o l a r  energy 

system was ab le  t o  c o l l e c t  1.0 m i l l i o n  Btu dur ing  t h i s  t ime. Cool ing was requ i red  

throughout the  day except f o r  a b r i e f  i n t e r v a l  about 6:00 AM. Both c h i l l e r s  

were i n  opera t ion  most o f  t h i s  t ime w i t h  the  secondary c h i l l e r  opera t ing  

approximately th ree  hours l e s s  than the  primary. Assistance from t h e  

a u x i l i a r y  gas supply was requ i red  u n t i l  11 :00 AM because the  temperature o f  
- .  

s torage could n o t  be ra i sed  t o  s u i t a b l e  l eve ls .  Solar  energy was depleted 

and a u x i l i a r y  was again requ i red  beginning a t  10:OO PM. The coo l i ng  load was 

0.95 m i l l i o n  Btu. S l i g h t l y  more than 1.0 m i l l  i o n  Btu o f  s o l a r  energy and 

1.4 m i l l i o n  Btu o f  a u x i l i a r y  energy was requ i red  t o  produce t h i s  coo l i ng  e f f e c t .  

The average ambient temperature was 84°F and the  house was maintained a t  80°F. 

Typ ica l  operat ion dur ing  t h e  heat ing season i s  i l l u s t r a t e d  by data from 

February 7, 1979, shown . i n .  F igure 2.2-1. The c o l l e c t o r  a r ray  was i n  opera t ion  

between 9:30 .AM and 4:45 PM, . c o l l e c t i n g  approximately 1.6 m i l  1  i o n  Btu. Main ta in ing  

t h e  i n s i d e  temperature a t  an average 70°F i n  t h e  presence o f  a 46°F ambient re -  

s u l  t e d  i n  a space heat ing load o f  0.8 m i l l  i o n  Btu. R e l a t i v e l y  heavy use o f  t he  

space heat ing subsystem e a r l y  i n  t h e  month depleted the  storage o f  s o l a r  energy. 

Th is  was' r.e,flec.ted by the  heavy use o f  a u x i l i a r y  t o  supp'ly the  space heat ing  

requirement. Th is  was a l so  the  f i r s t  day o f  pool heat exchanger operat'ion and a 
. I 

s i g n i f i c a n t  amount o f  c o l l e c t e d  energy was d i v e r t e d  f o r  t h i s  purpose. A f te r  t he  

c o l l e c t i o n  system began operat ion, however, the  need f o r  a u x i l i a r y  diminished 

dramat ica l ly .  The f requent  c y c l i n g  o f  the 'space heat ing subsystem appeared t o  be 

t h e  normal mode f o r  .the Decade 80 House, however, t h i s  i s  no t  normal ly  des i rab le .  

The cause may be , r e l a t e d  t o  an improper thermostat a n t i c i p a t o r  s e t t i n g  o r  t o  h igh  

i n f  i 1 t r a t i o n  ra tes .  



The consumption o f  hot  water occurred p r ima r i l y  dur ing the hours hetween 8:00 

and 11 :00 AM when 117 gal lons were used. There was 1 i t t l e  immediate con t r ibu t ion  

from the so la r  energy system since the temperature o f  storage was below the . . 

threshold (145OF) required before the preheating operat ion i s  i n i t i a t e d .  

A u x i l i a r y  energy was used t o  meet a l l  stand-by losses and t o  resupply the 

tank fo l lowing the heavy usage. 
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3. . PERFORMANCE ASSESSMENT 

The performance o f ' th ,e  Decade 80 House Solar  Energy System has been 

evaluated f o r  t h e  November 1978 through September 1979 t ime pe r iod  

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

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

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

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

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

D e t a i l s  r e l a t e d  t o  t h e  performance o f  t he  'system a re  presented f i r s t  i n  

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



3.1 System Performance 

Th is  Seasonal Report prov ides a system performance eva lua t i on  summary 

o f  t h e  opera t ion  o f  t he  Decade 80 House So lar  Energy System loca ted  i n  

Tucson, Arizona. Th is  ana lys i s  was conducted by eva lua t i on  of measured 

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

c l i m a t i c  cond i t ions .  The performance o f  t he  system i s  evaluated by calcu-  

l a t i n g  a s e t  o f  pr imary performance f a c t o r s  which a r e  ba'sed on those proposed 

i n  t h e  intergovernmental agency repo r t ,  "Thermal, Data Requirements and Per fo r -  

mance Eva lua t ion  Procedures f o r  the  Nat ional  So lar  Heating and Cool ing ! 

Demonstration Program" [4]. The .performance o f  t h e  major. subsystems a r e  ., 

evaluated i n  subsequent sec t ions  o f  t h i s  repo r t .  

The measurement data were collected, f o r  the  pe r iod  November 1978 through 

September 1979. System performance data were prov ided through an IBM deve'l - 
oped Cent ra l  Data Processing System (CDPS) [3] c o n s i s t i n g  o f  a remote S i t e  

Data A c q u i s i t i o n  System (SDAS) , telephone data t ransmiss ion 1 ines  and 

couplers, an IBM System 7 computer f o r  data management, and an IBM system 

370/145 computer f o r  data processing.. The CDPS supports the  c o l l e c t i o n  

and ana lys i s  o f  s o l a r  data acqui red from instrumented systems loca ted  

throughout t h e  country. These data a re  processed - d a i l y  and summarized 

i n t o  monthly performance assessments whlch then prov lde  a comniun basis  fur. 

comparat ive system evaluat ion.  These monthly summaries a r e  the  bas is  o f  

t h e  eva lua t i on  and data conta ined i n  t h i s  r e p o r t .  

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

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

Th is  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F igure 3.1-1. The pr imary i npu ts  a re  

the i n c i d e n t  s o l a r  energy, a u x i l i a r y  thcrmal cncrgy, t h e  outdoor ambient 

temperature and t h e  system load. The dependent responses o f  t he  system a r e  . 
t h e  system. s o l a r  f r a c t i o n  and the  t o t a l  energy savings. The i n p u t  and out -  

p u t  d e f i n i t i o n s  f o l  low: 



Inputs  

. ~ n c i d e n t  So lar  Energy - The t o t a l  s o l a r  energy i n c i d e n t  on 

the .co l l ec to r  array a'nd a v a i l a b l e  f o r  c o l l e c t i o n .  

Ambient Temperature - The temperature of t h e  ex te rna l  

environment which a f f e c t s  both the  energy t h a t  can be 

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

0 A u x i l i a r y  Thermal Energy - Energy der ived f rom an a u x i l i a r y  

: source (na tu ra l  gas) used t o  supply the  thermal needs o f  t he  

var ious subsystems. 

e System Load - The loads t h a t  t he  system i s  designed t o  meet, 

which a r e  a f fec ted  by the  l i f e  s t y l e  o f  t he  user, e.g., space 

heat ing/cool ing,  domestic h o t  water. 

Outputs 

. 0 System So lar  F rac t i on  - The r a t i o  of s o l a r  energy a p p l i e d  t o  
. . 

t h e  .system loads t o .  t o t a l  energy requirement o f  t h e  system. . . 

8 To ta l  Energy Savings - The q u a n t i t y  o f  a u x i ' l i a r y  energy ( e l e c t r i c a l  

n r  f n s s i l )  d isp laced by s n l a r  energy. 

The monthly values o f  t he  i npu ts  and outputs f o r  t he  t o t a l  opera t iona l  

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

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

outdoor  ambient temperature a r e  g iven f o r  reference purpose. The l i n g -  

term data a r e  taken from Reference 1  o f  Appendix C.  General ly  t he  s o l a r  

energy system i s  designed- t o  supply an amount o f  'energy t h a t  r e s u l t s  i n  a  

des i red  value o f  system so!ar f r a c t i o n  w h i l e  opera t ing  under c l i m a t i c  con- 

d i t i o n s  t h a t  a r e  defined by the  long-term average value o f  d a i l y  i n c i d e n t  



TABLE 3.1-1 

SYSTEM PZRFORMANCE SUMMARY 
DECADE 80 HOUSE 

NOTES : 

1. S i t e  reac t i va ted  w;th new instrumentat ion Nov. 11. Only 20 days data ava i lab le .  
2. Task problems caused es t imat ion  t o  be ~ s e d .  
3. Heating and Cool ing required,solar f r a c t i o n s  given i n  t h a t  order .  
4. Swimming pool heat ing inc luded w i t h  normal heat ing and coo l i ng  loads. 
5. F igure inc ludes a composite s o l a r  f r a c t i o n  f o r  t r a n s i t i o n  month. 

To ta l  
Energy 

Savings 

( M i  11 i o n  Btu) 

16.426 

21 . I86 

22.276 

15.542 

14.704 

8.704 

26.848 

27.81 9 

31.741 

4.737 

11.982 

201.965 

18.360 
4 

Sys tern 
Load- 

Measured 
. - ( M i  11 i o n  Btu) 

9.927 

16.379 

19.197 

33.41 8(4)  

~ 2 . 6 6 4 ' ~ )  

17. 944(4) 

7.741 

15.860 

21.775 

14.007 

14.894 

178.912 

16.264 

Solar  
Frac t ion  

Month 

Nor 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

Ju l  79 

Aug 79 

Sep 79 

Tota l  

Average 

(Percent) 

Measured 

99 

85 

80 

78 

94 

1 0 0 / 1 4 ( ~ )  

70 

4 6 

49 

56 

50 

- - 

c9(5)  

Expected 

100 

7 6 

60 

66 

80 

1 0 0 / 3 5 ( ~ )  

100 

9 0 

80 

25 

50 

- - 

72(5)  

A.nk i en t 
Temperature 

D a i l y  Incident So la r  
Energy per  Unl i t  Area 

@26.5" T i  1 t ( ~ t u l f t ~ ~ a y )  a F 

Measure3 

54 

49 

4 7 

54 

57 

65 

6 9 

77 

8 1 

7 6 

7 8 

- - 

64 

Measured 

1276") 

1369 

1184 

1825 

1784 

2333 

1985 

1965 

2041 

1972 

2107 

- - 

1804 

Long Term 
Average 

54 

52 

5 1 

5 4 

58 

6 6 

74 
\ 

82 

86 

84 

80 

- - 

68 

Long Term 
Average 

1742 

1510 

1613 

1892 

21 73 

2425 

2476 

241 4 

21 27 

21 33 

21 89 

- - 

2063 
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so lar  energy and.outdoor ambient temperature. If  the actual climatic con- 

di t ions a re  close to  the long-term average values, there i s  l i t t l e  adverse 

impact on the system's a b i l i t y  t o  meet design goals. This i s  an important 
fac tor  in evaluating system performance and is the reason the long-term 
average values are  given. The data reported in the following paragraphs 
a re  taken from Tables 3.1-1, 3.1-2 and 3.1-3. 

In order to  evaluate system performance, some reference or  comparative 
standard must f i r s t  be established as a basis for  comparison. Included 
i n  Tables 3.1-2 and' 3.1-3 are  expected values for  subsystem solar  fractions.  
These expected values have been derived from two sources: the modified 

f-Chart [9] approach for  hot water and space heating and a method described 
i n  the following paragraph for  space cooling. The modified f-Chart approach 
i s  based upon' the method developed a t  the University of Wisconsin [8]. The 

inputs fo r  the col lector  array data a re  based upon measurements taken a t  

the s i t e  which are  processed to  establish Hottel-Whiller-Bliss model by 
a technique developed by McCumber [7]. This was done because the col lectors ,  

were not purchased as e n t i t i e s ,  b u t  were bu i l t  and instal led in the the hduse 
a t  the time of construction. The model used in the analysis i s  based on manufac- 
turers '  data' and other known system parameters. The bases for  the model are  

empirical correlations developed for .  1 iquid and a i r  solar  energy systems that  
are presented in graphical and equation fun11 and refer-red t o  as thc f-Chart; 
where ' f '  i s  a designator for. the system solar fraction. The output of the 
f-Chart procedure i s  the expected system solar  fraction. The measured value 

of system solar fraction i s  computed from measurements,' obtained through the 
instrumentation system, of the energy transfers that  Luok place withi.n thc 
so lar  energy system. These represent the actual performance of the system 

in ta l led  a t  the s t i e .  

The following estimation method for  space cooling loads was used. This 

method i s  basically the standard ASHRAE technique used to  s ize conventional 
a i r  conditioning equipment. The long-term average cool ing degree days are  

mu1 t ip l i ed  by the average UA of the building. A constant 30 percent i s  then 

added to  account for  la ten t  loads. This technique i s  implemented as follows: 



CLes t 
= UA X LATENT X CDDi X 24 

where U A = 1000 BtuI0F. hr .  obta ined from b u i l d e r ' s  t e s t  
data and e m p i r i c a l l y  from data obta ined through 
t h e  data network 

LATENT = 1 .3 (ASHRAE est imate)  

CDDi . t h  = long-term average coo l i ng  degree days i n  1 . 1 .  month 

Table 3.1.3 shows the  comparison o f  the  measured data w i t h  t h e  assumed 

method f o r  c a l c u l a t i n g  coo l i ng  load. 

The performance w i l l  be discussed i n  two segments: heat ing  was requ i red  

from November 1978 through A p r i l  1979; coo l i ng  was necessary f o r  A p r i l  

through September 1979. A p r i l  represents a t r a n s i t i o n  month. Domestic 

h o t  water was used t o  some ex tent  throughout the  e n t i r e p e r i o d ,  although, 

dur ing  months w i thout  occupants, the  l o a d  was sporadic, being drawn main ly  

t o  t e s t  t h e  s t a t e  o f  readiness o f  t he  system. Both t h e  space coo l i ng  and 

heat ing subsystems remained a c t i v e  under thermostat ic  c o n t r o l  desp i te  

t h e  l a c k  o f  occupan.ts, thus loads were recorded w i thou t  t h e  usual 

p e r t ~ r b i t i  ons caused by normal occupancy.. 

Table 3.1-2 shows t h a t  t h e  expected space heat ing l oad  based on long- 

term average heat ing degree day data i s  s m a l l e r  than the  ac tua l  load 

encountered a t  the  s i t c  s ince t h e  temperatures were oii t l re 0i;cler. u.f 

3 O F  t o  4OF lower on the  average than the  norms. A1 though a v a i l a b l e  

s o l a r  energy was approximately 11 percent lower than average the re  

was s t i l l  s u f f i c ' i e n t  energy a v a i l a b l e  f o r  c o l l e c t i o n  and d i r e c t  gain 

d i d  n o t  p lay  as l a r g e  a r o l e  i n ' h e a t i n g  the  house. Because o f  t h i s  t h e  

s o l a r  space heat ing subsystem was exercised t o  a g rea te r  ex ten t  and was 

ab le  t o  s a t i s f y  a h igher  percentage o f  t h e  load. The lower-than-average 

ambient temperature improved c d l l  e c t i o n  e f f i c i e n c y  by reducing the  l o s s  

fac to r ,  thus improving t h e  e f f i c i ency /opera t i ng  p o i n t  balance. 



TABLE 3.1-2 

ACTUAL AND PF-EDICTED HEATING SYSTEM PERFORMANCE 

Month 

Nov 

Dec 

Jan 

Feb 

Ma r 

A P ~  

To ta l  

Average11.26 

Heating1 Load 
Meas. P red i c t .  

(XI o 6 k u )  

9.77 

16.05 

18.75 

10.80 

9.02 

3.15 

67.54 

So la r  F rac t i on  

8.75 

13.95 

13.13 

6.36 

2.18 

1.78 

146.15 

So la r  Energy 
Used 

(XI 068tu) 

9.77 

. 13.88 

14.95 

10.08 

8.84 

3.15 

60.67 

Meas, 

100 

' . 8 6  

80 

9 3 

98 

100 

-- 

1 7.69 , 92.8 10.11 

Expect. - 

1 00 

7 6 

60 

6 6 

9 5 

180 

- - 
82.8 

Puxi  1 i a r y  Energy 
Used 

( ~ 1 0 ~ ~ t u : l  

0 

2.17 

2.03 

0.76 

0.21 

0 

5.77 

0.96 

Outside 
Temperature (OF) 

Meas. 

54 

49 

4 7 

54 

57 

6 5 

- - 

47 

Long Term 

5 9 

52 

51 

54 

58 

66 

- - 

48 



� able‘ 3.1-3 shows t h a t  under t h e  assumption used t o  generate t h e  expected 

c o o l i n g  loads, t he  loads encountered a t  t h e  s i t e  du r ing  the  r e p o r t  p e r i o d  

agreed q u i t e  we1 1. However, t he  absorp t ion  c h i  11 e r  t o t a l  c o e f f  i c e n t  o f  per- 

formance (COP) .was s i g n i f i c a n t l y  Tower than would o r d i n a r i l y  be expected 

based s o l e l y  o n . t h e  measured generator i n l e t  temperatures. This  leads 

t o  t h e  conc1usio.n tha t ,  had the  t o t a l  c h i l l e r  COP been as h igh  as a n t i c i -  

pated, the  c o o l i n g  subsystem s o l a r  f r a c t i o n  would have been much h igher .  

There a r e  a t  l e a s t  two poss ib le  explanat ions f o r  t h i s  lower COP. It i s  

known t h a t  c h i l l e r  maintenance was performed i n  August, and, as may be seen 

by  Table 3.1-3, a  s i g n i f i c a n t  improvement i n  COP was observed a f t e r  t h a t  v i s i t .  

A t  t h i s  t ime i t  was a l s o  learned t h a t  excess a u x i l i a r y  thermal energy had 

been expended t o  heat generator i n l e t  water to . temperatures o f t e n  g rea te r  

t han  190°F. Th is  had the  adverse e f f e c t s  o f  wast ing a u x i l i a r y  energy 

( reducing the  s o l a r  f r a c t i o n )  and o v e r - f i r i n g  t h e  absorp t ion  c h i l l e r s  

thereby lower ing  t h e i r  e f f i c i e n c y .  

The opera t ion  o f  the '  two c h i l l e r s  i n  a  primary/secondary mode, w i t h  the  secondary 

, c h i 1  l e r  c y c l i n g  on and o f f ,  may a l so  have con t r i bu ted  t o  the  lower COP ( r e s u l t i n g  

i n  t h e  lower sol.ar f r a c t i o n ) .  I t  i s  c h a r a c t e r i s t i c  o f  c h i l l e r s  t o  r e q u i r e  a  

warm-up p e r i o d ' d u r i n g  which they do n o t  operate e f f i c i e n t l y .  Perhaps the  more 

cons tant  opera t ion  o f  t h e  two w i t h  the  a d d i t i o n  o f  some c o l d  thermal s torage 

would have served t o  improve both t o t a l  COP and s o l a r  f r a c t i o n .  

I n  e i t h e r  event i t  can be seen t h a t  the capac i ty  o f  t he  coo l i ng  subsystem 

i s  adequate t o  meet the  nominal coo l i ng  requirements o f  the  house. System 

s o l a r  f r a c t i o n  might  have been s i g n i f i c a n t l y  b e t t e r  had the  c h i l l e r  a r r a y  

funct ioned proper ly .  

Ne t  energy savings .were rea1,ized du r ing  every month o f  t h e  r e p o r t i n g  per iod.  

These t o t a l  savings a re  repor ted  i n  Table 3.1-1 and a r e  b ~ o k e n  down by sub- 

system and energy type ' in  Table 5-1. 



Average Tc 

~ o n t h  (Meas. (OF) 

A P ~  

May 

Jun 

J u l  

Aug 

S ~ P  

Averag 74.3 + 

TABLE 3.1-3 

ACTUAL AND PREDICTED COOLING SYSTEM PERFORMANCE 

iperature  

Long Terrr Meas. 

S 7 9 6 0,. 31 

I 
Storage COP , 

Temp. (OF) Expected 

171 0.61 

176 0.69 

174 0.67 

173 0.66 

176 0.69 

177 0.71 

I 

Cool i ng Load(3) So lar  Frac 

Meas. (XIO~B~U) Long Term Meas. Exp. 

3.54 2.99 14 35 . 
7.51 8.49 73 100 

NOTES : 
(1 ) Est imat ions used t o  c i r cunven t  i ns t rumenta t ion  anomal i e s  
(2)  COP i s  f o r  e n t i r e  ar ray ,  n o t  i n d i v i d u a l  c h i l l e r s  
( 3 )  Cool ing Load (~ong-Term) = UA X LATENT X DDi X 24 

where UA = 1000 FF dwel l  i n g  thermal constant  

So la r  
Used 

(XI 0 6 ~ t u )  

1 .702 

17.934 

21.366 

24.879 

6.505 

10.906 

LATENT = 1.3 (AEHRAE est imate f o r  l a t e n t  c o o l i n g  load)  

DDi = ~ o o l ' i n ~  degree days f o r  it! month 



3.2 Subsystem Performance 
J 

The Decade 80 House s o l a r  energy i n s t d l l a t i o n  may be d i v ided  i n t o  f i v e  subsystems : 

1 

1. C o l l  ec to r  Array 

2. Storage 

3.. Hot Water 
. . 

4. space Heating , 

5. Space Cool ing . .. . 

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

and i s  numer ical ly  analyzed each month f o r  t he  monthly performance. summaries., 

T h i s  sec t ion  presents the  r e s u l t s  o f  i n t e g r a t i n g  t h e  monthly d a t a , a v a i l a b l e  

o m t h e  f i v e  subsystems f o r  the  per iod  November 1978 through September 1979. 



3.2.1 Col 1  e c t o r  Array Subsystem 

The Decade 80 House c o l l e c t o r  a r r a y  cons i s t s  o f  Revere, laminated panel, i n t e -  

g ra ted  r o o f / f l a t  p l a t e  l i q u i d  c o l l e c t o r s  having a  gross area o f  1923 square f e e t  

and in te rconnected w i t h  p a r a l l e l  supply and r e t u r n  feeders. The absorber surface 

has been pa in ted  w i t h  3M "Black Velvet"  and a  double g l a z i n g  o f  PPG "Twindow" 

was used. The f l o w  path through each c o l l e c t o r  panel i s  serpent ine. I n t e r -  

connect ion and flow d e t a i l s ,  as we l l  as o the r  p e r t i n e n t  opera t iona l  c h a r a c t e r i s t i c s ,  

a r e  shown i n  F igure 3.2.1-1 (a )  and ( b ) .  The c o l l e c t o r  subsystem ana lys i s  and data 

a re '  g iven ' i n  the  fol1owin.g paragraphs. 

Col l e c t o r  a r r a y  performance i s  described by the  c o l . l e c t o r  a r r a y  e f f i c iency .  

Th i s  i s  t h e  r a t i o  o f  c o l l e c t e d  s o l a r  energy' to. i n c i d e n t  s o l a r  energy, a  value 

always l e s s  than u n i t y  because o f  c o l l e c t d r  l osses .  The i n c i d e n t  s o l i r  

energy may be viewed from two perspect ives. The f i r s t  assumes t h a t  a l l  

a v a i l a b l e  s o l a r  energy i n c i d e n t  o n . t h e  c o l l e c t o r s  be used i n  determin ing 

c o l l e c t o r  a r r a y  e f f i c i e n c y .  The e f f i c i e n c y  i s  then expressed by the  .' 

equat ion:  

where 'c = C o l l e c t o r  a r ray  e f f i c i e n c y '  

Qi = Col lec ted  s o l a r  energy 

'i = Tncident s o l a r  energy 

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

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

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

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

the  energy i s  n o t  co l l ec ted .  The monthly e f f i c i e n c y  by t h i s  method i s  

l i s t e d  i n  t he  column e n t i t l e d  " C o l l e c t o r  Array E f f i c i e n c y "  i n  Table 



/ Headers as required by Array 

F igu re  3.2.1-1 (a) COLLECTOR ARRAY ARRANGEMENT ( 2  SINGLE PANELS) 

Panel Shown Without 
Four Sect ion  Cover 

F igure  3.2.1-1 (b )  COLLECTOR PANEL LIQUID FLOW. PATH (SERPENTINE) , 

Col 1 e c t o r  Data 

Manufacturer - Revere 

Model - Specia l ,  b u i l t  i n  p lace 

Type - L i q u i d  

Number o f  Co l l ec to rs  - i n t e g r a l  w i t h  r o o f  

Flow Paths - One 

S i t e  Data 

Locat ion - Decade 80 House 
Tucon , Arizona 

L a t i t u d e  - 32.7ON 

C o l l e c t o r  T i l t  - 26.5' 

Longitude - l l l O W  

Azimuth - O0 

F igure  3.2.1-1 COLLECTOR ARRAY SCHEMATIC 



TABLE 3.2.1-1 

COLLECTOR ARRAY PERFORMANCE 

NOTES : 

(1) 20 days o f  data due t~ l a t e  s t a r t  up 

. . 

Month 

Nov 78(' ) 

Dec 78 

Jan 79 
. . 

Feb 79 

Mar 79 

Apr 79 

May . 

Jun 

Ju l  

Aug . . 

Sep 

Tota l  

Average 
- 

Inc iden t  
Sol a r  Energy 
( M i l l i o n  Otu) 

73.591 

81.622 

70.570 

,98.271 

1.06.373 

134.596 

11'8.342, 
. . 

113.361 

121.652 

' 117.556 

121.574 

1157.458 

105.223 

C o l l  ected: . . 

Solar  Energy 
( M i l l i o n  Btu) 

1-5.299 

20.375 

17.025 . 

34.232 . 

27.059 

'28.632 

1 9.26,3 

20.835 

25.492 

23.740 . 

24.203 

256.16'1 

23.287 

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

. . .  

20.8 

.25.0 

24.1 

34.8 

25.4 

.21.3 

16.3 

18.4, 

21 .O 

20.2 

19.9 

- - 
22.5 

Opera t i onal- . 
I nc iden t  Energy 
(Mi 11 i o n  Btu) 

54.450 

68.682 

57.970 

8 6 . 3 6 8 .  . 
. . 

80.007 ' 

99.. 949 

81.939 

83.253 

95.302 

88.607 1 

.. . .. . 

93.683 . 

890.210 . 

80.928 

> 

opera t i ona 1 
Col 1 ec to r  Ar ray  
E f f  i -c iency 

28.1 

29.7 

29.4 

39.6 

. 33.8 

28.6 . 

23.5' 
. . .  

25.0 

26.7 

26.8 

25.8 

- - 

28.8 



The second v iewpoint  assumes t h a t  on l y  t h e  so. lar energy i n c i d e n t  on t h e  

c o l l  e c t o r  when the  co l  1  e c t o r  loop . i s  opera t iona l  be used i n  determin'ing 

t h e  c o l  l e c t o r  a r ray  e f f i c i e n c y .  The value o f  t h e  opera t iona l  i n c i d e n t  

s o l a r  energy i s  mu1, t ip l ied by the  r a t i o  o f  the  gross c o l l e c t o r  area t o  

t h e  gross c o l l e c t o r  a r ray  area t o  compensate f o r  t h e - d i f f e r e n c e  between 

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

pressed by the  equat ion: 

A 
= Qsl(Qoi x '/Aa) "co (2)  

where "co = Operat ional c o l l e c t o r  a r ray  e f f i c i e n c y  

QS = Co l lec ted  s o l a r  energy 

Qoi = Operat ional i n c i d e n t  s o l a r  energy 
,.' \ 

A~ 
= Gross c o l l e c t o r  area ( t h e  product  o f  

t he  number o f  c o l l  ec to rs  and the  

envelope area o f  one c o l l e c t o r )  

.A ' .  = ; : Gross c o l l e c t o r  a r r a y  area ( t o t a l  area a  
i n c l u d i n g  a l l  mounting and connect ing 

hardware and spac.ing of u n i t s )  

I.he monthly e f f i c i ency  computed by t h i s  method i s  l i s t e d  i n  t he .  column 

e n t i t l e d  "Operat ional C o l l e c t o r  Array E f f i c i e n c y "  i n  Table 3.2.1-1. 

. , 

I n  t h e  ASHRAE Standard 93-77' [5] a  co l  l e c t o r  e f f i c i ency  i s  defined, i n  

t h e  same terminology as 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 .  

However, the ASHRAE e f f i c i e n c y  i s  determined from instantaneous evalua- 

t i o n  under t i g h t l y  con t ro l l ed ,  steady s t a t e  t e s t  cond i t ions ,  w h i l e  t h e  

ope ra t i ona 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  i s  determined from ac tua l  dynamic 

cond i t i ons .  of d a i l y  ' so la r  energy system operat ion i n  the f i e 1  d. 



The ASHRAE Standard 93-77 definit ions and methods often are  adopted 
by col lectpr  manufacturers and.independent testing laboratories ,in 
evaluating collectors.  The col lector  evaluation performed for  th i s  

col lector  using the f i e ld  data indicates that  there was a s ignif icant  
difference between the laboratory single panel col lector  data and the 
col lector  dat.a determined from long term f ie ld  measurements. This being 

the case, there a re  two primary reasons for  these differences.; 

@ Test conditions are  not the same as conditions 
i n  the f i e ld ,  nor do they represent the wide 
dynamic range of f i e ld  operation ( i  .e. i n l e t  and 

out let  temperature, flow rates  and flow d i s t r i -  
bution o t  the heat ' t ransfer  f lu id ,  insolation 
levels, aspect angle, wind  condl t ions,  e l c . )  

Collector t e s t s  are  not generally conducted with 

units t ha t  have 'underdone the effects  of aging 
( i .e .  changes in the character is t ics  of the glazing 
material, collection of dust, soot, pollen or other 
foreign material on the glazing, deterioration of the 
absorber pla te  surface treatment, e t c .  ) 

Consequently f ie id data coll  ected over an extended period w i  11 generally 
provide an improved source of col lector  performance character is t ics  for  

use i n  long-term system performance definit ion. In addition to  these 
generic differences, t the collector array a t '  t h i s  s i t e  was bui l t  by the 
contractor a t  the time the house was constructed. ~ u b s t a n t j a l  variation 

can be expected between the "as b u i l t "  configuration and the t es t  module. 

The operational collector array efficiency data given in Table 3.2.1-1 

are monthly averages based on instantaneous efficiency computations 
over the total  performance period using a l l  available data. For de- 

t a i l ed  co l l ec to r  .analysi,s i t  was desirable to  use a 1 imited subset 
of the available data tha t  characterized col lector  operation under 
"steady s ta te"  conditions. This subset was defined by applying the 
fo1 lowi'ng r e s t r i c t  ions : 



(1 ) The measurement p e r i o d  was r e s t r i c t e d  t o  c o l l e c t o r  

I opera,t ion when ' the  sun angle was w i t h i n  30 degrees 

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

(2)  Only measurements associated w i t h  p o s i t i v e  energy ga in  

f rom the  c o l l e c t o r s  were used, i.e., o u t l e t  temperatures 

must have exceeded i n l e t  temperatures. 

(3) The sets o f  measured parameters were r e s t r i c t e d  t o  

those where the  r a t e  o f  change o f  a l l  of 

i n t e r e s t  dur ing  two r e g u l a r  data system i n t e r v a l s *  

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

Instantaneous e f f i c i e n c i e s  ( 0 ,  ) computed f rom t h e  "steady s t a t e "  
J 

ope ra t i on  measurements o f  i n c i d e n t  s o l a r  energy and c o l  1 ected sol 'ar 

energy by Equation (2)**  were c o r r e l a t e d  w i t h  an opera t ing  p o i n t  

determined by the  equat ion : 

where = C o l l e c t o r  ope ra t i ng  p o i n t  a t  t he  j t h  
x, 
J 

i n s t a n t  

. . 
Ti = C O ~  1 e c t o r  i n l e t  temperature 

= Outdoor ambient temperature a 

I ' = Rate of i n c i d e n t  s o l a r  r a d i a t i o n  

The data p o i n t s  ( , x j )  were then p l o t t e d  on a graph o f  e f f i c i e n c y  
j 

versus operati,ng p o i n t  and a f i r s t  q rder  curve descr ibed b y  t h e  slope- 

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

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

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

a1 1 measured parameters were cont inuous ly  sampled a t  t h i s  r a t e  

throughout t h e  performance per iod.  . .. 

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



where = Collector efficiency corresponding to the 

jth instant ' 

b. =. Intercept on the efficiency a,xis 

( - )m = Slope 

x = C o l l c c t o r o p e r a t i n g ~ u I n t a t j  th 
j .  

instant 

The relationship between the empirically determined efficiency curve 

and the analytically developed curve will be established in subsequent 

paragraphs. 

The analytically developed coll ector efficiency curve is based on 

the Hottell-Whillier-Bliss equation: 

where rl . = Collector efficiency 
! , . '  

FR = Collector heat removal factor 

T = Transmissivi ty of collector glazing . . 

a = Abssrptance of collector plate 
. . 

UL - Overall collector energy loss  coefficient 

Ti = Collector inlet fluid temperature 

Ta =, Outdoor 'ambient temperature 

I = Rate of incident solar radiation . . 

36 



OPERATING POINT 

Figure 3.2.1-2 DECADE 80 HOUSE COLLECTOR E F F I C I E N C Y  CURVES 



DECADE 80 . 

DECADE 30 TUCSON* ARIZONA 

ZOLLECTJR TYPE: F L A T -  PLAT= COLLECTOR YODEL: SPCL BLT-IN PLACE UN 

COLLECTOR TYPE: FLAT PLATE COLLECTOR W3DEt.: SPCL BLT-IIV PLACE UN . - . . . . . .  ' ,  
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The correspondence between equations ( 4 )  and ( 5 )  can be r e a d i l y  seen. 

Therefore by determining the, s lope - in te rcep t  e f f i c i e n c y  equat ion from 

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

t h e  l abo ra to ry  s i n g l e  panel '  data can be d,erived according t o  t h e  f o l l o w -  

i n g  s e t  o f  r e l a t i o n s h i p s :  ' 

b  = FR'" 

and 

m = FRUL 

where the  terms a r e  as p rev ious l y  de f ined 

-The d iscussion o f  the  c o l l e c t o r  a r ray  e f f i c i e n c y  curves i n  subsequent 

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

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

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

y i e l d s  h igher  conf idence i n  t he  r e s u l t s  than s i m i l a r  ana lys i s  over  s h o r t e r .  

per iods.  Over the  longer  per iods the  c o l l e c t o r  a r r a y  i s  forced, t o  operates 

ove r  a  wider dyn,amic range. Th is  e l im ina tes  the  tendency shown by some ; 

types of s o l a r  energy systems* t o  c l u s t e r  e f f i c i e n c y  values over  a narrow ' 

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

1  i n e a r  regress ion  technique approach' cons t ruc t i ng  a  1  i n e  through a s i n g l e  

da ta  po in t .  The use o f  data from the  ent i re -per fo rmance pe r iod  r e s u l t s  

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

s o l a r  system performance p red i c t i on .  The long- term curve and the .curve '  

de r i ved  from the  l abo ra to ry  s i n g l e  panel data a r e  shown i n  ~ i ~ u r e ' 3 . 2 . 1 - 2 .  

The two curves .of  F igure  3.2.1-2 show s i g n i f i c a n t  d i f f e rences  i n  both s lope 

and i n te rcep t .  .This d i s p a r i t y  i s  ha rd l y  s u r p r i s i n g  cons ider ing  t h a t  the  

c o l l e c t o r s  a t  t h i s  s i t e  form an i n t e g r a l  p a r t  of t he  r o o f  and were b u i l t  and 

i n s t a l l e d  by t h e  cons t ruc t i on  crew a t  the  t ime o f  t he  house b u i l d i n g .  A 

*S ing le  tank h o t  water systems show a  marked tendency toward c l u s t e r i n g  

because the  c o l  l e c t o r  i n l e t  temperature remains r e l a t i v e l y  constant  and 

t h e  range o f  values o f  ambient temperature and i n c i d e n t  s o l a r  energy 

du r ing  ca l  l e c t d r  opera t iun  a r e  a l s o  r e l a t i v e l y  r e s t r i . c t e d  on a  shor t -  

term basis.  



TABLE 3.2.1 -2 
. .  . 

ENERGY GAIN COMPARISON 
(ANNUAL) 

'SITE: DECADE 80 HOUSE TUCSON, ARIZONA 
. .  . .  

COLLECTED 
SOLAR ENERGY 

:.(MILLION BTU) . 

I ERROR , .  . 

I 

FIELD DERIVED LAB / LONG TERM I PANEL 

NOV 78 , . ' 

DEC' 78 

JAN 79' 

FEB 79 . . . 

MAR 79. 

APR 79 

MAY 79 

JUN 79 

J U L  79 

AUG 79 

SEP 79 ! 

AVERAGE 
* 

14.69 " 

19.93 

17.32 

132.85 . . . .  

26.70 

1 .  27.87- 

18.53 

20.11. 

23.92 

22.57 

22.97 

22 .'59 

0.147 

0.. D,94 
-0.039 

0.065 . 

-0.004 

-0 .,a15 

-0.007 

-0.C08 

0. C135 

0.066 . 

-0.012 

0.021 

. . 0.242 - .  

-0.206 

-0.222 

-0.220 . 

-0.172 

-0.127 . 

-0.055 

-0.107 

-0.072 

-0.060 

-0.135 

-0.103 



"roughly similar" Revere collector was constructed and tested prior to 

the home construction phase, but there is no assurance that the "as 

Lilt" configuration bears any resemblance to the tested model. 

Information available from the preliminary testing program using the 

ASHRAE method had reported an FR (ra) = 0.75 and an FRUL = -1.25, however, 

the long term evaluation under the present instrumentation monitoring 

program has yielded what must be considered a m0r.e realistic assessment 

of the true thermal characteristics of the operational array; e.g.,: 

F R ( w )  = 0.48 and FRUi -0.64. . 

Table 3.2.1-2 presents data comparing the monthly measured values oflsolar 

energy collected with the predicted performance determined from the long- ' : 

term regression curve and the laboratory single panel efficiency curve.' 

The predictions were derived by the fol 1 owing procedure: . , 

1. The instantaneous operating points were computed using . . . . . 
, . .. . . 

Equation ' (3). . ~ 

- ,, . . . 

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

. ' ,  . . .  

a. The long-term linear regression curve for ' 
. . 

' . .  . . 

. c'ollector array efficiency " ... . . 

. . . . 

h. a The laboratory single panel collector efficiency ,. , . 

curve 

3. The efficiency computed in .Steps 2a 'and 2b above were mu1 tip1 ied 

by'the measured solar energy available when'the collectors were 

operational to give two predicted values of solar energy collected. 

The error data in Table 3.2.1-2 were computed from the differences 

between the measured and predicted values of solar ,energy col lected 

according to ' the equation: 



Error ; = (A-P) /P 

where A ..= . : , Measured solar  energy col 1 ected, 
. p . ' = .  Predicted solar  energy col lected 

The computed error  i s  then an indication of how well the particular 
.prediction curve f i t t e d  the rea l i ty  of dynamic operating conditions 
i n  the f ie ld .  \ 

The values of "Collected Solar Energy" given in Table 3.2.1-2 are not 
necessari ly identical .with,  the values of '"Col lected Solar Energy" 
given in 'Table 3.2.1-1. Any vaLriations are due ,to the d,i'ffer.errces in . .  

date processing between the,software programs used to  generate the 
monthly performance report data and the component level collector anal- 

y s i s  program. These data a re  shown in ,Table 3.2.1-2 only because they 
form the references from which the  e r ror  data given i n  the table are 
computed. 

The data from Table 3.,2.1-2 i l l u s t r a t e s  tha t  for  the Decade 80 House 
s i  t e  the average e r r o r  computed. from the difference between the .mea- 
sured so lar  energy c o ~ l e c t e d  and the predicted so lar  energy collected 
based on the fi.eld derived long.-term.collecfor' array ef f ic iency  curve 
was 2.1 percent. For the curve.derived from the laboratory single panel 
dat.a, the e r ro r  was 10.3 percent. Thus the long term col lector  ,array 
efficiency curve gives s ignif icant ly bet ter  resul ts  than the manufacturer's 
laboratory single panel curve. 

. A histoqram of col lector  array operating points i l l u s t r a t e s  the . d i s t r i -  
bution of insta'ntaneous values as determined by Equation ( 3 )  fo r  the 
e n t i r e  month. The histogram was constructed by computing the instan- 
taneous operating point value from s i t e  instrumentation measurements 
a t  the regular data system intervals  throughout the month, and counting 

the number of values w i t h i n  contiguous intervals  of w i d t h  0.01 from zero 



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

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

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

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

cu rve  and reading the  corresponding value o f  e f f i c i e n c y .  

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

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

ed i n  terms of t he  c h a r a c t e r i s t i c s  o f  the  system and the  c l i m a t i c  f a c t o r s  

of t h e  s i t e ,  i.e., i n c i d e n t  s o l a r  energy and ambient temperature. 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.  The ac tua l  ' 

m idpo in t  which represents the  average opera t ing  p o i n t  f o r  February i s  

a t  0.15 and f o r  J u l y  a t  0.35. Decade 80 House i s  a s i n g l e  f a m i l y  residence 

w i t h  h o t  water, space heat ing. and coo l i ng  systems, where the  energy requ i re -  . 

ments from the  s o l a r  source causes s i g n i f i c a n t  v a r i a t i o n  i n  t h e  storage 

temperature.   his r e s u l t s  i n  t he  c o l l e c t o r  i n l e t  temperature va ry ing  

dependent upon the  season. Consequently, t he  opera t ing  p o i n t  changes 

d r a m a t i c a l l y  i n  c o n t r a s t  t o  the  l e s s  complex systems w i t h  more constant  

s to rage temperatures. For February i t  can be seen t h a t  both the  temperature 

d i f f e r e n t i a l  and the  i n s o l a t i o n  used i n  Equation (3 )  a re  lower,' as i s  t y p i c a l  - 

d u r i n g  w i n t e r  months; space heat ing  enabl ing a g rea te r  use o f  t he  storage 

tank  by accommodating the  use o f  lower temperatures. As a r e s u l t ,  t he  ope ra t i ng  

p o i n t  range decreases and t h e  predominant grouping s h i f t s  t o  t h e  l e f t  ( toward 

a h ighe r  e f f i c i e n c y ) .  I n  the  month o f  Ju ly ,  however, when the  temperature of 

s to rage was maintained a t  a h igher  l e v e l  s u i t a b l e  f o r  powering the  absorp t ion  

c h i l l e r  and t h e  i n s o l a t i o n  was o n l y  10 percent greater ,  the  t y p i c a l  opera t ing  

p o i n t  moved t o  the r i g h t  (toward the  lower e f f i c i e n c y  reg ion ) .  I t  i s  



important  t o  note t h i s  seasonal s h i f t  toward lower - e f f i c i e n c y  . i n  the 

summer i s  d r i ven  p r i m a r i l y  by the need f o r  the higher minimum storage 

temperatures required by the  absorpt ion c h i  1,ler. This behavior i s  we1 1 

i l l u s t r a t e d  i n  Table 3.2.2-1. 

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

operat ional  i nc iden t  so l a r  energy, and co l  l ec ted  so la r  energy from the 

eleven month performance period. The c o l l e c t o r  ar ray  e f f i c i ency  and ' 

operat ional  co l  1 ec to r  ar ray  e f f i c i e n c y  were computed f o r  each n~onth 

using Equations (1) and (2 ) .  The va.lues o f  operat ional  c o l l e c t o r  

e f f i c i e n c y  range from maximum o f  0.39 i n  February 1979 t o  a minimum 

o f  0.24 i n  May 1979. On the average the operat ional  c o l l e c t o r  ar ray  

e f f i c i e n c y  exceeded the co l  l e c t o r  ,a r ray  e f f i c iency ,  which included the 

e f f e c t  o f  the con t ro l  system, by 28 percent. This represents good per- 

formance f o r  these co l l ec to r s  i n  the app l i ca t ion  which included hot  water, 

space heating, and space cool i n g  subsystems. 

A t  Decade 80 House, i nc i den t  so la r  energy t o t a l ed  1157.5 m i l l i o n  Btu 

(Table 3.2.1-1) f o r  the r epo r t  period. Solar energy co l lec ted  by the 

a r ray  t o t a l ed  256.2 m i l l i b n  ~ t u ,  g i v ing  an overa l l  c o l i e c t o r  ar ray  
' 

e f f i c i e n c y  o f  22.5 percent. Inc ident  so la r  energy, dur ing the t ime o f  

c o l l e c t o r  loop operation, was 890.2 m i l l i o n  Btu resu'iti 'rig I n  an oper.atsiunal 
I 

c o l l e c t o r  e f f i c i e n c y  o f  28.8 percent. The operat ional  c o l l e c t o r  e f f i c i e n c y  . 
i s  considered the best  measure of so la r  system performance because i t  ex- 

cludes such fac to rs  as con t ro l  system anomalies and scheduled system down 

time. It, therefore, r e f l e c t s  the t r ue  a b i l i t y  o f  the system t o  c o l l e c t  

ava i l ab l e  so la r  energy when i t  i s  operat ing i n  the intended c o l l e c t i o n  modes. 
\ 

Add i t iona l  informat ion concerning co l  l e c t o r  ar ray  analysis i n  general may 

be found i n  Reference [7]. The mater ia l  i n  the reference describes the 

de ta i l ed  co l  l e c t o r  ar ray  analysis procedures and presents the r esu l t s  o f  

analyses performed on ,numerous c o l l  ec to r  ar ray  i n s t a l l a t i o n s  across the 

Uni ted States. 



3.2.2 Storage Subsystem 

Storage subsystem performance i s  described by comparison o f  energy t o '  

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

t h e  sum o f  energy from storage and change i n  s to red  energy t o  energy t o  

s to rage i s  de f ined as storage e f f i c i e n c y ,  qS. This  r e l a t i o n s h i p  i.s ex- 

pressed i n  the  equat ion 

where : . 
. . 

A Q  = Change i n  s tored energy. This  i s  t h e  d i f f e rence  i n  

t he  est imated s to red energy du r ing  the  s p e c i f i e d  

r e p o r t i n g  period, as i n d i c a t e d  by t h e . r e l a t i v e  

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

o r  negat i  ve val ue) 

Qso = Energy from storage. This  i s  the amount o f  energy 
1 

ex t rac ted  by the  load subsystem(s) from the  pr imary 

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

(both s o l a r  and a u x i l i a r y )  de l i ve red  t o  the  pr imary 

storage medi um 
5 .  

Eva luat ion  o f  t he  system storage performance under ac tua l  system opera- 

t i o n  and weather cond i t i ons  can be performed us ing  the  parameters def ined 

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  o v e r a l l  

s torage design a r e  i l l u s t r a t e d  i n  the  d iscussion which fo l lows.  



An e f f e c t i v e  storage 'heat t r a n s f e r  c o e f f i c i e n t  f o r  t he  storage sub- 

system can be defined as fo l lows:  

- c ' =  ( Q , ~ - ~ Q ) / [ ( T ~  - T,) x t l  BTU 

where 

C = E f f e c t i v e  storage heat  t r a n s f e r  c o e f f i c i e n t  

Qs i = Energy tc? storage 

. . Qso = energy from Storage 

AQ = Change i n  s to red energy 

- 
= Storage average temperature 

T~ 

- 
Ta = Ayerage ambient temperature i n  t he  v i c i n i t y  

o f  s torage 

: t -  u umber o f  ,hours: i n  t he  month 

The e f f e c t i v e  . s to rage  heat  t r a n s f e r  c o e f f i c i e n t  i s  comparable t o  t h e  heat 

l o s s  r a t e  .def ined i n  ASHRAE Standard 94-77 [6]. I t  . has . been c a l c u l a t e d  f o r  

each month i n  t h i s  r e p o r t  pe r iod  and included, a long w i t h  Storage Average 

Temperature, i n  Table 3.2.2-1. The eleven month average storage e f f i c i e n c y  

was 84.4 percent. . . 

A use fu l  a p p l i c a t i o n  o f  t he  E f f e c t i v e  Storage Heat Loss C o e f f i c i e n t  i s  

t h e  eva lua t i on  o f  s torage temperature f o r  per iods o f  t ime when t h e  amounts 

o f  energy de l i ve red  t o  and t a k e n f r o m  t h e  ' tank  a r e  equal t o  each other'. 

such cond i t ions  d i d  occur ' f o r  a b r i e f  pe r iod  from March 9 a t  9 PM t o  

March 10 a t  4 AM, 1979. During t h i s  pe r iod  energy t o  s torage and energy 

from storage were both zero. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

NOTES : . . . . 
. . . . 

( 1  ) 20 days ac.tua1 data c o l l e c t e d  

E f f e c t i v e  
Storage 
Heat Loss 
Coef f i c ien t  
(Btu/Hr°F 

48 
r 

6 7 

2 5 

48 

4 2 

45 

- 42 

33 

20 

98 

16 

- - 

4 4 

Storage 
E f f i c i e n c y  

79.7 

80.5 

94.1 

85.8 

81.5 

80.1 

81.2 

88.3 

94.8 

67.5 

94.8 

- - 

84.4 

Storage 
Average 

Temperature, O F  

Change I n  
Stored 
Energy 
( M i l l i o n  B tu)  

-0.273 ' 

-0.756 

0.342 

0.249 

0.050 

0.990 

-0.058 

-0.075 

-0.228 

0.283 

-0.01 3 

0.511 

0.046 

L 

Ambient 

54 

4 9 

4 7 

54 

57 

6 5 

69 

77 

81 

7 6 

78 

- - 

64 

Storage 

1 39 

114 

102 

11 2 

139 

171 

176 

174 

173 

176 

173 

-- 

149.91 

Energy From 
S t o r ~ g e  
( M i l l i o n  B tu)  

11.907 

14.182 

15.624 

11.089 

11.151 

- 12.779 

14.406 

17.659 

23.643 

14.877 

23.643 

170.960 

15.542 

Month 

Nov 78" 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79* 

Sep 79* 

To ta l  

Average 

Energy To 
Storage 
( M i l l i o n  B tu)  

14.589 

16.684 

16.976 

13.219 

13.747 

17.189 
\ 

17.665 

19.922 

24,709 

22.463 

24.709 

201.872 

18.352 



For steady s t a t e  opera t ing  condi t ions,  t h e  storage average temperature 

a t  t h e  end o f  a t ime pe r iod  can be determined by: 

TF = TA+ ( T ~  - TA) x EXP ( k x t )  

where 

TF = Average temperature o f  storage a t  t ime t 

TA = . Average ambient temperature (assumed i n  t h i s  

case t o  be equ iva lent  t o  t h e  temperature i n  

the  v i c i n i t y  of t h e  storage tank)  

Ti = I n i t i a l  average temperature of storage a t  

t he  beginning o f  t he  t lme period. 

k = Rat io  o f  t h e  e f f e c t i v e  heat l oss  c o e f f i c i e n t  

from Table 3.2.2-1 t o  the  thermal capac i ty  of  ' 

t he  storage subs,ystem. 

t = Length o f  t ime i n  hours 

For t h e  storage system a t  Decade 80 House, the  3000 g a l l o n  tank was f i l l e d  

w i t h  2800 ga l lons  o f  water.. The thermal capac i ty  (Tc) i s :  

Dtu Btu 
T = 2800 ga l lons  x 8.34 1 bs/gal l o n  x I = 23352 

C 

where t h i s  i s  a measure o f  the a b i l i t y  o f  t he  water t o  s to re  energy. 

I 
The' decay constant ( k )  i s  : 

k = ( e f f e c t i v e  storage heat l oss  c o e f f i c i e n t ) /  

(thermal capac i ty )  



The average temperature of storage on March 9 a t  9 'PM was 159.26OF and 

t h e  average ambient temperature dur ing  t h e  7 hour pe r iod  ending   arch' 10 

a t  4 AM was 55.60°F. Using the  equation f o r  the  TF above 

The measured average temperature a t  4 AM on March 10, 1979 was 158.03OF. 

T h i s  very good agreement between measured and p red ic ted  values. o f  average 

storage temperatures even over t h i s  r e l a t i v e l y .  b r i e f  t ime span lends 

credence t o  the  average heat loss  c o e f f i c i e n t  as presented i n  Table 3.2.2-1. 

Th is  c a l c u l a t i o n  i s  impor tan t  s ince i t  stands i n  d i r e c t  con t ras t  w i t h  t h e  

s p e c i f i c a t i o n s  t o  which' t he  tank was insulated,  i.e., 3 inches o f  urethane 

sprayed on a t  cons t ruc t i on  w i t h  a publ ished k - value of 

The tank o f  dimensi.ons 8 1/2 f e e t  i n  l eng th  and 8 112 f e e t  i n  diameter has 
2 a sur face area o f  185.74 ft . Using t h e  publ ished value f o r  t he  i n s u l a t i n g  

p roper t y  o f  urethane one would conclude t h a t  t he  R-value o f  the  coa t ing  

was.18, whereas i f  the  ca l cu la t i ons  are  based on t h e  expected heat l oss  

c o e ' f f i c i e n t  from Table 3.2.2-1 the  ca l cu la ted  R-value i s  on l y  s l i g h t l y  

g r e a t e r  than 4. The d i s p a r i t y  between these two values i s  s i g n i f i c a n t  

and shows the  advisability o f  us ing system c h a r a c t e r i s t i c s  based on 

measured data as a ref inement t o  est imates based s o l e l y  on design data. 



3.2.3 Hot Water Subsystem 

d-- 

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

amount of s o l a r  energy supp l ied  ' t o  the  subsystem w i t h  the  energy requ i red  

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

t o t a l  l oad  cons i s t s  o f  bo th  s o l a r  energy and a u x i l i a r y  thermal energy. 

The performance o f  the  Decade 80 ho 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  t h i s  t a b l e  f o r  

t h e  months o f  November, Dece~l~ber., and January conta ins  es t imat ions  due 

t o  a f a u l t y ,  sensor which was repa i red  i n  e a r l y  February 1979. 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 t h e  h o t  water load i s  equal t o  the  thermal (s ldndby)  losses from thc  

h o t  water subsystem which i n  t h i s  instance inc ludes losses caused by a 

r e c i r c u l a t i o n  l oop  which was n o t  instrumented separate ly .  

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 value 

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 h e  ho t  water tank t o  

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

Th is  value i s  dependent on t h e  dal ly  pruf l l e  uT l ~ o L  water usage. 

For  t he  eleven month p e r i o d  from November 1978 through September 1979, the  

s o l a r  energy system supp l ied  a t o t a l  o l  9.21 ~ n i l l l o n  Btu t o  t he  h o t  watcr  

subsystem. The t o t a l  h o t  water load f o r  t h i s  pe r iod  was 3.73 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 62 percent .  

The monthly average h o t  water load dur ing  the  r e p o r t i n g  pe r iod  was 0.34 

m i . l l i on .B tu ,  which i s  based on an average d a i l y  consumption o f  22.9 gal lons,  

d e l i v e r e d  a t  an average temperature o f  126OF. 

Each month an average o f  0.84 m i l l i o n  Btu o f  s o l a r  energy and 0.75 

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

h o t  water subsystem. Since the  average monthly h o t  waters l oad  was 0.34 

m i l l i o n  Btu, an average o f  1.25 m i l l i o n  Btu was, therefore,  l o s t  from the  

h o t  water tank each month. 



TABLE 3.2.3-1 

HOT WATER SUBSYSTEM PERFORMANCE 

Standby 
Losses (1) 

Month 

Nov 78 
Dec 78 

Jan 79 
Feb 79 
Mar 79 
Apr 79 
May 79 

a Jun 79 
C-l 

Jul 79 
Aug 79 
Sep 79 

Total 

Average 

(million Btu) 

Weighted* 
Solar 

~raction 
(Percent) 1 

*Auxil iary The'rma.1 (the thermal energy appl ied to the 'load) . . 

**Weighted Solar Fraction is computed at the time hot water is actually used. 
NOTES : 
1. Includes losses due to recirculation system 
2. Values are estimated necessitated by a non-operative ' instrument repaired February 6 

Energy Suppl i Hot Water Parameters 

Auxi 1 iary 

0.375(2) 

1.750(2) 

1.750(2) 

. 2.390 

1.489 

0.484 

0.007 

0 

0 

0 

.O. 047 

8.292(2) 

0.75 (2) 

ed 

Gal 1 ons 
Used 

502 

605 

699 . 
2040 

1649 

1240 

590 

58 

36 

28 

110 

7557 

687 

. . million Btu' 
Auxil iary* 
Thermal 

G. 375(2) 
1.750(2) 

1.750(2) 

2.390 

1.489 
0.484 . 

0.007 

0 

0 

0 

0.047 

8..292(2) 

0.75 (2) 

Solar 

1 ,389 
0.207 

0.153 

0.468 

1.332 

1 ,887 
1.768 

0.497 

0.565 

0.614 

0.327 

9.207 

0.84 

Total 

1.764(2) 

.1.957 (2) 

1.903(2) 

2.858 

2.821 

2.371 

1.775 

0.497 

0.565 

0.614 

0.374 

17.499 

1.59 

supply 
Temp ( O F )  

113 

130 

132 

131 

127. 

131 

130 

134 

130 

11 6 
113 , 

- - 

126 

Load 
(million Btu) 

0.098 

0.338 

0.410' 

1 .090 
0.813 

0.592 

0.291 

. 0.026 

0.016 

0;OlO 

0.046 

3.730 

0.34 



Of t h e  eleven months encompassed by t h i s  repor t ,  pr imary emphasis should 

be g iven t o  the  th ree  months pe r iod  o f  February, March and A p r i l ,  1979, 

d u r i n g  which the residence was occupied. Only du r ing  t h i s  t ime can t r u l y  

rep resen ta t i ve  opera t ion  o f  t he  subsystem be observed, s ince  i t  i s  on l y  

t hen  t h a t  t h e  system i s  being used as designed. 

Dur ing t h i s  pe r iod  o f  f u l l  occupancy, an average o f  55 ga l lons  o f  h o t  water 

pe r  day were consumed r e s u l t i n g  i n  an average h o t  water l o a d  o f  0.83 m i l l i o n  

Btu. The s o l a r  energy t y p i c a l l y  supp l ied  57 percent  o f  t he  energy t o  

produce the  h o t  water a t  an average temperature o f  130°F. Convenience 

losses  from t h i s  system, which inc ludes a  r e c i r c u l a t i o n  loop providing 
instantaneously h o t  water upon demand, averaged 1.85 m i l  1  i o n  Btu  du r ing  



Space Heating Subsystem 3.2.4 

The performance o f  t h e  space heat ing  subsystem i s  described by comparing t h e  
I 

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

t o  s a t i s f y  the  t o t a l  space heat ing  load. The energy requ i red  t o  s a t i s f y  t h e  

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

r a t i o  o f  s o l a r  energy suppl l e d  t o  the  l oad  t o  the  t o t a l  load i s  de f ined as 

. t h e  heat ing s o l a r  f r a c t i o n .  The ca lcu la ted  heat ing solar? , f r a c t i o n  i s  the  

i n d i c a t o r  o f  performance f o r  t h e  subsystem 'because i t  def ines the  percentage 

o f  t h e  t o t a l  space heat ing  load supported by s o l a r  energy. 

The performance of the  Decade 80 House f o r  t he  heat ing  season, November, 1978, 

through A p r i l ,  1979, i s  presented i n  Table 3.2.4-1. During t h i s  period, t h e  

s o l a r  energy system supp l ied  60.67 m i l  1  i o n  Btu o f  a t o t a l  67.60 m i l  1  i o n  Btu 

heat ing  load. This represents a s o l a r  f r a c t i o n  of nea r l y  93 percent. 

. . 

The l o n g - t e n  average number o f  heat ing  degree days (based on 65°F) f o r  t he  ' . 
(. 9 

Tucson s i t e  i s  1738. During the  s i x  months f o r  which heat ing was required,  . 

t h e  number o f  heat ing degree days measured a t  t h e ' s i t e  were 1723. This . 

remarkably good agreement w i t h  . the long-term average coupled w i t h  the  . "  . . 

h i g h  i o l a r  f r a c t i o n  o f  93 percent s h h s  t h a t  t h e  heat ing  subsyst&m was 

w e l l  designed f o r  t he  loc.ale and operated proper ly  t'hroughout t h e  heat ing ' 
season. 



SPACE HEATING SUBSYSTEM PERFORMANCE 

NOTES : 

1. Values shown a r e  E month avErages (November .- A p r i l )  
.. 

2. L .T.A. i s  long- term average temperature 

7 

Measured 
So la r  
F r a c t i o n  
(Percent 

100 

86 

80 

9 3 

98 

100 

0 

0 

0 

0 

0 

- - 
92.8 

Month 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

To ta l  

Average 
d 

Energy Consumed 
Heat ing 

Load 
( M i l l i o n  B tu )  

9.772 

15.054 

13.746 

10.842 

9.042 

3.147 

C 

0 

0 

0 

0 

67.603 

11.27 

Auxi 1 i a r y  

0 

3.706 

6.316 

1.618 

0.364 

0 

0 

0 

0 

0 

0 

12.004 

2.00 

So la r  

9.772 

13.882 

14.946 

10.087 

8.836 

3.147 

0 

0 

0 

0 

0 

60.670 

10.11 

( F i l l  i o n  Btu)  . 

Auxi 1 i a r y  
Thermal 

0 

2.171 

3.799 

0.764 

0.205 

0 

0 

C 

Cl 
0 

0 

6.939 ' 

1.16 

Parameters 

Temperatures 
Bui ldSng 

71 

79 

70 

7 1 

7 1 

7 3 

7 7 

8 01 

8 2 

8 0 

8C 

- - 
7 ! 

( O F )  

, O u t d ~ o r  
1 

Meas. 

66 
49 

47 

54 

57 

65 

69 

77 

81 

76 

78 

- - 

54 

L.T.A. ' ' )  

59 

52 

51 

54 

58 

66 

74 

82 

86 

84 

80 
I - - 

57 



The performance oT the  space c o o l i n g  subsystem i s  described by comparing 

t h e  amount o f  s o l a r  energy supp l ied  t o  the  subsystem w,ith the  energy re -  

q u i r e d  t o  s a t i s f y  the t o t a l  space c o o l i n g  load., The energy requi red,  t o  

s a t i s f y  t he  load r iormal ly cons i s t s  o f  both. a s o l a r  and an a u x i l  i a r y  thermal 

component. ' The r a t i o  o f  t he  cool  i n g  produced by s o l a r  energy t o  the  t o t a l  . 

c o o l i n g  load i s  de f ined as t h e  space.cool ing s o l a r  f r a c t i o n  which i s  a 
, . . ; 

i n d i c a t o r  o f  t he  o v e r a l l  subsystem performance. The measured monthly 

values f o r  performance p'arameters i n  the  space c o o l i n g  subsystem are. 
. .. . 

presented i n  Tabl'e 3.2.5-1. , . - , .  

' I . . .  ' ,  . .. 
I t  was i n  t h e  coo l i ng  subsystem t h a t  major mod i f i ca t i ons  were made t o  

t h e  o r i g i n a l  design. These mod i f i ca t i ons  represented the  major change i n  

t h e  system conf igura t ion .  P r i o r  t o  Ju ly ,  1978, t he  coo l i ng  subsystem 

conta ined two Ark la  501-WF d i r e c t  expansion c h i l l e r s  which were assigned 

i n d i v i d u a l l y  t o  eas t lwest  zones, During the  summer o f  1978, t he  system 

was ex tens i ve l y  modif ied t o  incorpora te  the  newer Model WF-36 water 

c h i l l e r  which had been specifically designed t o  operate i n  t he  s o l a r  

environment.' Furthermore the  c o n f i g u r a t i o n  was modi f ied  so t h a t  the  two 

c h i  1 l e r s  now operated. i n  a primary/secondary 'mode w i t h  no zone dependency. 

Wi th t h i s  improvement i n  system design, t he  system was operated b r i e f l y  

i n  a checkout mode November 15, 1978. There was no f u r t h e r  requirement 

f o r  coo l i ng  u n t i l  A p r i l ,  1979. . H i g h  conf idence i n  t he  data from t h i s  

month ' i s  precluded due t o  a measurement mal func t ion  which was d i r e c t l y  

r e l a t e d  t o  the   discover,^ o f  contaminants i n  the  1 ines.  This  problem nf 

contaminants i n  t he  generator supply 1 ines  became a r e c u r r i n g  problem, 

r e s u l t i n g  i n  some subsystem down time, and the  necess i ty  f o r  es t ima t ing  

some o f  t h e  performance parameters. 

Dur ing the  coo l i ng  pe r iod  cdvcred hy t .his r e p o r t  a t o t a l  c o o l i n g  l oad  

. o f  75.95 m i l l  i o n  Btu was measured fo r  an average 12.66 m i l  1  i o n  Btu  per  

month. So la r  energy supp l ied  approximately 50 percent  o f  t h i s  l oad  by 

p rov id ing  energy t o  operate the  absorp t ion  c y c l e  o f  the  water c h i 1  l e r ( s ) .  

The nominal c o e f f i c i e n t  of performance f o r  t he  c h i l l e r  a r ray  ( t h e  c h i l l e r s  

were n o t  instrumented i n  such a manner t o  permi t  i n d i v i d u a l  eva lua t ion)  

was 0.46. 



During August, maintenance was performed on the c h i l l e r s  by fac tory  

representativesy who discovered two anomalies. An accumulation of non- 

condensible gas was present i n  both the chi l . lers,  which was removed by 

evacuation. I t  was a lso  discovered t h a t  since these c h i l l e r s  had been 

designed f o r  use i n  the Tucson area by having a s p e c i f i c a l l y  t a i l o r e d  

r e f r i g e r a n t  charge, they needed t o  operate a t  lower generator i n l e t  and 

condenser r e tu rn  temperatures. Consequently the system parameter which 

con t ro ls  generator i n1  e t  temperature was modi f i e d  t o  prevent t h i s  over- 

f i r i n g  which resu l t s  i n  decreased e f f i c i ency  and the d iss ipa t ion  o f  the 

excess heat by the coo l ing tower. 



TABLE 3.2.5-1 

SPACE COOLING SUBSYSTEM PERFORMANCE 

NOTES : 

( 1  ) 20 days data 
(2) Tes t  o f  s h o r t  durat ion,  no' inc luded i n  average f i g u r e s  . - 
(3 )  Est imate due t o  ins t rumenta t ion  problem 
(4) Th is  i s  an a r r a y  c o e f f i c i e n t  o f  performance, . i n d i v i d u a l  . u n i t s  cou ld  n o t  be mzasured 
(5 )  Val ues a re  6 month averages ( A p r i l  -September) 

C o e f f i c i e n t  

Performance Of (4)  

0.25 (2)  

0 

0 

0 

0 

0.31 

0.. 57 

0.32 

0.40 

0.57 

0.58 
,- 

- - 

0.46 

Measured 
' So la r  F rac t i on  

(Percent). 

: 40(') 

0 

0 

0 

0 

22 

7.3 

4 7 

4 9 

56(3) 
. ~($3) 

- - 

49.5 

Month 

Nov 78 ( 1  1 
Dec 78 

Jan 79 

Feb 79 

Mar 79 

~ p r ( ~ )  79 ' 

~ i i y ( ~ )  79 

Jun 79 

J u l  7'9 

Aug 79 

Sep 79 

To ta l  

(5 )  Average 

Space Cool ing Load 
(Mi 11 i o n  Btu)  

0 . 0 3 8 ( ~ )  

0 

0 

0 

0 

, ,  3.544 

7.507 

15.856 

21.771 

13.560 

13,. 674 

75.950 

12.66 

Energy Suppl i ed ( ~ i  1.1 i o n  Btu) 

Auxi 1 i a r y  

0 . 1 9 4 ( ~ )  

0 

0 

0 

0 

3.353 

7.870 

31.282 

44.662 

17.350 

13.308 

118.019 

19.67 

' 

So la r  

, 0.1 53(2) 

0 '  

0 

0 

0 

1.702 

1 7.934 

21.236 

24.879 

13.322 

i0.906 

89.979 

14.99 

Auxi 1 1 a r y  
Thermal 

0 . 1 7 9 ( ~ )  

0 

0 

0 

0 

2.012 

4..722 

21.051 

26.629 

10.229. 

7.923 

- 72.745 

.12.12 



4. OPERATING ENERGY : 

Operat ing energy i s  def ined as the  energy requ i red  t o  t ranspor t  s o l a r  

energy t o  the  p o i n t  of use w i thou t  a f fec t i ng  i t s  thermal s ta te .  To ta l  

ope ra t i ng  energy f o r  t h e  Decade 80 s o l a r  energy system cons i s t s  o f  t he  
\ 

energy ' requ i red  t o  per form So lar  Energy C o l l e c t i o n  and Storage (ECSS) 

operat ions,  ho t  water, space heat ing  and space c o o l i n g  func t ions .  Oper- 

. a t i ng  energies f o r  the  system performance eva lua t i on  pe r iod  are  presented 

i n  Table 4-1. 

The ECSS opera t ing  energy requirement throughout t he  r e p o r t i n g  p e r i o d  

shows normal seasonal va r i a t i ons ,  e.g., expending more energy i n  months 

when the re  i s  t y p i c a l l y  more s o l a r  r a d i a t i o n  ava i l ab le .  On the  average 

0.67 m i l l i o n  Btu 'per month (200 kwh) were expended f o r  t h i s  purpose. An 

apparent anomaly e x i s t s  i n  t h e  February and March data, however, as d i s -  

cussed i n  C o l l e c t o r  Subsystem sect ion.  This i s  due t o  the  h igher  e f f i c i e r l c i e s  

of t h e  ECSS brought about by the  use of t he  main c o l l e c t o r  a r r a y  t o  heat 

t h e  swimming pool.  This  was i n  a d d i t i o n  t o  i t s  normal a p p l i c a t i o n  wherein 

a1 1  the  energy was pu t  i n t o  the  bur ied  thermal storage. 

The opera t ing  energy f o r  the  h o t  water subsystem was t y p i c a l l y  0.02 m i l l i o n  

Btu  per  month ( 6  kwh). This  t oo  shows seasonal e f f e c t s ,  bu t  i t  i s  doubly 
1 

af fected s ince the  system w i l l  on ly  preheat water when the  temperature of 

s to rage exceeds the  s e t  p o i n t  o f  t he  a u x i l i a r y  supplemental source i n  the  

domestic h o t  water tank by 10°F. During the  months r e q u i r i n g  space 

heat ing,  t he  temperature o f  storage was o f t e n  below t h i s  th resho ld  value 

( t y p i c a l l y  145°F). This  was the  p r i n c i p a l  t ime o f  occupancy; thus when 

t h e  g rea tes t  demand f o r  ho t  water was presented, t he  subsystem cou ld  n o t  

respond i n  the  most e f f i c i e n t  manner. Later ,  when the  temperature o f  

thermal storage was maintained c o n s i s t e n t l y  above the  145°F threshold,  

t h e  demand f o r  h o t  water was diminished s u b s t a n t i a l l y .  Operat ing energy 

was expended t o  a s s i s t  i n  o f f s e t t i n g  convenience losses.  I t  should be 

noted t h a t  the  system conta ins a  r e c i r c u l a t i o n  pump f o r  t'he purpose o f  

p r o v i d i n g . i n s t a n t l y  a v a i l a b l e  ho t  water a t  t he  tap. This pump was 

n o t  instrumented throughout t h e  e n t i r e  season. 



TABLE 4-1 

OPEMTING ENERGY 

NOTES : 

1. Values given a r e  6 month averages (November ,- April)  
2. Values given a r e  6 month averages (April - .  - September) - -  .. 

- Total system 
. Operating Energy 

(Mi 11 ion Btu) 

l'.127 

2.178 

2.822 

1.724 

1.351 

,2.983 . 

4.784 

8.31 9 

10.350 

6.702 

,6.513' 

48.853 

, . 4.44 . . . . . . . 
A 

Hot Water 
Operating Energy 

(Million Btu) 

0.098 

0.002 

0.0 

0.0 

0.01 5 

0.018 

0.024 

0.006 

0.006 

'0.008 

0.004 

0.172 

0.02 

ECSS 
Operating Ener y S (MIllion B t u  

0.409 

0.295 

0.195 

0.517 

0.51 3 

0.776 

0.748 

0.920 

1 .I42 

0.822 

0.976 

7.373 

0.67. . .  . . . . 

Q 

Month 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

~ a r  '.79 

Apr 79 

May 79 

Jun 79 

Jul 79 

Aug 79 

Sep 79' 

To t a  1 

" Average 
i 

Space Heating 
Operating Energy 

(Mi 1 1 ion. Btu) 

0.745 

1 .881 

2.627 

1 ,207 

0.823 

0.159 

O..O 

0.0 

0.0 

0.0 

0.0 

7.442 

1 .24(,' ) 

Space ~ o o l ' i n ~  
Operating Energy 

(Mil 1 ion Btu) 

0.028 . 

0.0 

0.0 

0.0 

0.0 

2.030' 

4.012 

7.393 

,9.202 . 

5.872 
. . 

~5.533 

,34.042 .' 

. :'5.,67 . 'f , .  
. . 



The space heat ing operat ing energy shows very good co r re l a t i on  w i  t h - t h e  

seasonal va r i a t i on  i n  load. During the s i x  months t h a t  space heat ing 

was required,. an average 1.24 m i l l i o n  Btu per month (365 kwh) were expended 
*. . . 

t o  t ranspor t  heated water t o  the zone heat exchangers. 

Space cool i n g  operat ing energy a lso cor re la tes  we l l  w i t h  the space coo l ing 

load. An average 5.67 m i l l i o n  Btu per month (1661 kwh) were expended. 

This includes the production o f  c h i l l e d  water as we l l  as t he  d i s t r i , bu t i on  

t o  the  zones for  actual  space cool ing. > .  .. . 



5. ENERGY SAVINGS 

So la r  energy system savings a re  . rea l ized whenever energy provided by t h e  

s o l a r  energy system i s  used t o  meet systemdemands which would otherwise 

be met by a u x i l  l a r y  energy sources. The opera t ing  energy required,  t o  

prov ide  s o l a r  energy t o  the  l oad  subsystem i s  subtracted from"the s o l a r  

energy con t r i bu t i on .  The r e s u l t i n g  energy savings are  then ad jus ted t o  

r e f l e c t  t he  thermal, conversion e f f i c i e n c y  of the  a u x i l i a r y  source being 

supplanted' by s o l a r  energy. For Decade 80 t h e  a u x i l i a r y  source being 

supplanted i n  the  domestic ho t  water subsystem . i s  an e l e c t r i c  immersion 

heater  w i t h  the  commonly assumed 100 percent conversion e f f i c i e n c y  o f  . 

e l e c t r i c a l  , t o  thermal energy f o r  such devices. For t h e  space heat ing  

and coo l i ng  subsystems the  a u x i l i a r y  source being supplemented i s  na tu ra l  

gas w i t h  an assumed 60 percent conversion e f f i c i e n c y .  
C . 
. . 

Energy savings ca l cu la ted  f o r  t h e  Decade 80 House fo r  t he  pe r iod  November 1978 

through September 1979 are  presented i n  Table 5-1. Note tha t  where a sub- 
system had an a c t i v e  then i n a c t i v e  period, t he  averages on ly  r e f l e c t  t he  . . 

a c t u a l  operat ional  period,. e.g., both the  heat ing and coo l i ng  subsystems 

show 6 months averages as opposed t o  the  ECSS system which was opera t iona l  ' i  

:each month. 

Although the  s i t e  was f u l l y  occupied and used as designed 'only th ree months 

du r ing  t h i s .  period,, the  hot  water subsystem remained a c t i v e  f o r  the  e n t i r e  t ime. 

A more d e t a i l e d  d iscussion o f  t he  subsystem' and i t s  opera t ion  i s  a v a i l a b l e  

i n  Sections 2. and 3.2.3. , Because the  subsystem was f u l l y  opera t iona l  f o r  t h e  

f u l l  time, an 11 month average savings o f  0.801 m i l l  i o n  Btu were rea l ized.  

Two d i s t i n c t  seasons w i t h  d i f f e r e n t  space cond i t i on ing  requirements . . .  were 
observed. ~ r ~ m  November through much o f  A p r i l ,  spaee heating. was required. 

Beginning A p r i l  18, 1979, and extending through September space cool i n g  , 

was required. The s o l a r  energy system was, ab le  t o  supply v i r t u a l l y  a l l  o f  

t h e  space heat ing requirement dur ing  t h i s  t ime. 



TABLE 5-1 

THERW.L ENERGY SAVINGS 

Average 0.801 ' - 1 . 2 2 3 ~  - 5 . 6 4 3  NA 1 6 . 8 5 1 ~  ?3.427 0.665 -3.609 -1058 21.969 18.360 
A 

NOTES : 

1. Savings f i g u r e s  p r e f i x e d  by nega t i ve  s i g n s  imp l y  losses. 
2. Values g i ven  a r e  s i x  month averages .(Apri l .-September) , 
3. Values g i v e n  a r e  s i x  .month averages (Novenber-Apr i l ] .  



Energy savings r e a l i z e d  by o f f s e t t i n g  the  use o f  n a t u r a l  gas averaged 

16.851 m i l l i o n  Btu per month. A r e l a t i v e l y  small pena l ty  f o r  t he  a p p l i -  
c a t i o n  o f  s o l a r  energy was encountered because ' e l e c t r i c i t y  was used 

t o  t ranspor t  t he  energy from storage t o  i t s  p o i n t  of consumption. This 

r e s u l t e d  i n  a  negat ive e l e c t r i c a l  savings ( l oss )  o f  1.223 m i l l i o n  Btu per  

month. 

So la r  energy cannot be d i r e c t l y  app l ied  t o  e f f e c t  space coo l i ng  s ince i t  

i s  des i rab le  i n  t h i s  instance t o  remove energy from t h e  cond i t ioned space.' 

Because o f  t h i s ,  s o l a r  energy i s  app l ied  t o  an in termedia te  device, an 

absorp t ion  cyc le  c h i l l e r ,  producing cooled water which i s  then used t o  

coo l  t h e  space. ' ~ecause  devices of. t h i s  type t y p i c a l l y  have an thermal 

e f f i c i e n c y  l ess  than 1.0, f a r  more energy i s  used as i n p u t  than i s  produced 

i n  t h e  form o f  space coo l ing .  Solar  energy was ab le  t o  supply approximately 

50 percent o f  t he  energy requ i red  t o  cool t h e  house from mid-Apr i l  through 

~eptember;  This has r e s u l t e d  i n  the  savings of an average 23.427 m i l  1 i o n  

B tu  per month over the  6  month coo l i ng  season. Once again, as i n  the  space 

heat ing  d iscussion above, a  pena l ty  was en,countered f o r  t he  t ranspor t  o f  

t h i s  s o l a r  energy t o  i t s  p o i n t  o f  a p p l i c a t i o n .  Th is  t r a n s p o r t a t i o n  expense 
\ 

averaged 3.643 m i l l i o n  Btu per month. This s u b s t a n t i a l l y  l a r g e r  t r a n s p o r t a t i o n  

expense f o r  the  space coo l i ng  operat ion over the  space heat ing i s  due' t o  : .  t h e  

use o f  l a r g e r  pump which was requ i red  t o  supply t h e  two c h i l l e r s ' a n d  t h e  . '  

i n t e r n a l  pumps i n s i d e  the  c h i l l e r s .  
. . . . 

A11 months experienced p o s i t i v e  fossi.1 savings and w i t h  the  except ion o f  

November, 1979, a1 1  months experienced a  negat ive e l e c t r i c a l  savings ( losses) .  

To ta l  n e t  savlngs a re  shown i n  Table 5-1 as 18.36 m i l l i o n  Btu per  motnh. 

I n  order  t o  t r a n s l a t e  the  energy saving f i gu res  from Table 5-1, which a re  

expressed i n  terms o f  thermal un i t s ,  i n t o  ac tua l  costs, t h e  ' ra te  schedule 

i n fo rma t ion  from Appendix D was appl ied. Table 5-2 conta.ins the  cos t  savings 

data. I n  , t h i s  tab le ,  the  cos t  o f  the ac tua l  energy purchased i s  tabu la ted 



under gas or  e l ec t r i c  usage. These costs do not r e f l ec t  any' b u t  those 
d i rec t ly  connected-with the solar  energy system, for  total  e l ec t r i c  power 
consumption was not measured, nor .was total  gas usage, a1 though no other 
known use of natural gas was made. Energy required without the solar  energy 
system was projected based on equipment performance and i s  not an actually 
measured quantity. 

Wi th  the exception of a relat ively small amount of energy used to  heat 
domestic hot water direct ly ,  a14 of the e lec t r ica l  energy was used i n  the  

transport  of other energy forms, i .e.,  solar  or gas heated f luids .  This fac t  
1s clear ly shown in the cost of operating energy and i n  the small e lectr ical  
savings of the  f inal  ealumn. Natural gas, which i s  the primary sourcc of 
thermal energy a t  the s i t e  other than solar ,  i s  f a i r l y  inexpecsive i n  the 
Tucson area, therefore, the costs savings a re  meager. In e f fec t  then, very 
l i t t l e  of the e lec t r ica l  power used co.uld have been supplanted by sola'r 
energy since most of i t  went for  transportation expenses. The cverall cost. 
savings a t  the s i  t e  are  also small even though solar  carried 50 percent of 
the total  load. This i s  primarily due to the low cost .for natural gas. 

Without including local taxes, the average monthly expenditure for  gas and 
e l e c t r i c i t y  actually used during the reporting period was $116.13. Had a l l  
of the energy to  perform the same tasks been purchased the average monthly 
b i l l  would have been $149.09 which represents a savings of $32.96/month. 

Notice should be taken of the dramatic decrease in actual costs for  natural, 
gas i n  August. I t  i s  observed in Section 3.2.5 tha t  c h i l l e r  maintenance was 
performed during tha t  time, and one of the prime discoveries was tha t  the 
supply water was being over-heated, resulting in both 'higher thermal losses 
and decreased c h i l l e r  efficiency. 



TABLE 5-2 

ACTUAL AND PROJECTED . . ENERGY COST COMPARISON. .. 1 
. 

m 

. . 
NOTES : 

.. 
(1 ) Energy a s  measured a t  meter, not  a s  suppl led  t o  condit ioned space 
( 2 )  Pro jec ted  energy requirement. had s o l a r  not  been A avai  .. 1 . . .  a b l e ,  i ncl udes only subsystems . -. using gas . .  

. . - . -. . -. , 

. . 

Operating . 

Energy Cost ( I )  

19.96 

36.22 

44.61 

29.76 

23.72 

46.60 

84.51 

141.81 

174.81 

119.24 

112.52 

833.76 

75.80 

. .  

Total  Thermal 

~ n e r g y  savings  ($)  

C o s t o f ~ n e r g y , '  

W/O Solar.  ($ )  

28.26 

43.99 

50.69 

31.08 

26.62 

24.54 

68.16 

134.72 

167.66 :. 

80.24 

64.20 

720.16 

65.47 

Month 

Nov 78 

Dec 78 

Jan 79 

Feb 79 

Mar 79 

Apr 79 

May 79 

J u n 7 9  

Ju l  79 

Aug 79 

S ~ P  

Total . 
Average 

t 

Elect 

6.20 

20.50 

18.67 

23.44 

12: 45 

3.85 

0.0 

0.0 

0.0 

0.0 

0.78.. 

85.89 

7.81, 

Gas 

28.26 

32.46 

30.41 
f 

22.89 

26.62 

12.60 

43.43 

52.47 

52.75 

33.02 

37.00 

371.91 

33.81 
> 

Actual Energy .. . 

.~onsurned ( X  1o6Btu) 

E l e c t  

1.502 

3.928' 

4.632 

3.213 

. 1.835 

2.'990 

1.784 

8.319 

10..350 

6.928. 

6.560 

55.041 

5.0 

.Energy ~ e y  "(2) ' d 
- 

-W/O S o l a r  ( 5  1068tu) 

9.77. 

16.05 

18.75 

10.84 

. . 9.04 

8.20 

25.80 

52.65 

69.54 

30.67 

24.21 
- 

275.52 

,25.05 
: - 
. . 

Actual Energy 

~ a s ( l )  

0.0 . 

3.7C.6 

6.306 

1.61:8 

0.0 

3.353 

7.870 

31.2E2 

44.662 

17.350 

13.308 

129.465 

17.77 

Used Cost 

E l e c t  

26.16 

56.72 

63.28 

53.20 

36.17 

50.45 

84.51 

141.81 

174.81 

119.29 

113.30 

919.70 

' 83.61 

($) 

Gas 

0.0 

11.53 

, 2 0 . 2 8  

8.19 

0.0 

11.94 

24.73 

81.75. 

114.91, 

. 57.22 

37.20 

357.75 

32.53 



This sect ion inc1:udes - the '  so la r  energy system maintenance performed 

dur ing t h i s  seasonal r epo r t  period, November 1978 through September 1979.. 

Mai ntenance data on t he .  instrumentat ion system i s  no t  i n c l  "ded . .  i n  t h i s  ' 
repor t .  

December 1978 - During a p a r t i c u l a r l y  co l d  n i gh t  wh i le  c i r c u l a t i n g  1 

.. , ; . water through the ECSS heat exchanger, the heat I. . 

exchanger cracked a header.  his damage was assisse!d r .. ; 

as r e l a t i v e l y  mlnor and system operat ion was not"' 

m a t e r i a l l y  af fected.  Repairs were comp1eteddnr.i-ng..: 5 

<.. . *.,. . 
January 1979. ", , a' . ., :'; 

. . ... : 
.. :; . ) . .  . .,. . A . i . '. ' "  

I :  

January 1979 - An add i t i ona l  heat exchanger was i n s t a l l e d  i n  the , : 4. ., . 

ECSS loop t o  provide heat ing f o r  the swimming pool. . .. 
: 

. ,. . 
Use was begun on February 7, 1979. . .  , 

. ... . , 

- . , .  . . . , ;  
. . . 

, . 
. . I  (. . .  

. . .  

May 1979 - Pump P4 was changed from 1 hp t o  114 hp t o  conserve,. h. 

' " A  , ', 
4" . 

energy. 
1 .  

: .,. -8 . 
. ,  

August 1979 - Representatives o f  Arkla, Incorporated, the ch i1  l e r .  . . 

manufacturer, i n s t a l l e d  flow feed-back loops t o  .. help . '. 
: con t ro l  temperatures enter ing generators o f  both: , . ., .. y r  ".. 

absorpt ion c h i l l e r s .  I n  add i t ion ,  f l ow l i m i t i n g *  . . . .- , 

o r i  f i  ces were i n s t a l  l e d  i n  the generator i nle$s.  
. . 

. and the  out1,et load l i n e  t o  ho ld  f l ow t o , spec i f i ' ed  ., 

- levels.. . * 

. % 
. . 

August 1979 - Galvanic ac t ion  caused by d i s s i m i l a r  metals used 
--A 

i n  so l a r  energy system plumbing caused d is rup t ion  ' 
.. . o f  f lows and required t h a t  t h e  system be flushed. 

' 

The p r i nc i pa l  e f f e c t  was not iced i n  the uncer ta in ty  

o f  measurements i n  the coo l ing subsystem: It wqs , 

: concluded t h a t  no ser..i.ous damage was done t o  any p a r t  

o f  the so la r  energy system. 
I , . . . , .<,.. . 

". . 
. , 



7. SUMMARY AND CONCLUSIONS 

For the report period November 1978 through September 1979, the average 
measured daily incident solar  energy in the ,plane of the cbl lector  

2 was 1801 Btu/ft which was about 11 percent below the long-term value. 
The average daily outdoor ambient temperature was 64OF, which is  nearly 
5OF less  than the long-term average of 6g°F. Based solely on these 

conditions loads a t  the s i t e  were expected to  be s l igh t ly  l e s s  than designed. 

The incident solar  energy for  the 11 month, period totaled 1157.5 million 
B t u .  Operational solar energy totaled 890.2 million B t u  and the total  
collected solar  energy totaled 256.2 million B t u .  This gives a col lector  ' 

operational efficiency of 28.8 percent. The collec'tor array efficiency 

was 22.5 percent. The 23 percent difference between the inc ident  and 

operational incident solar  energy i s  an anticipated value w h i c h  indicates .  
' 

the control system is operating i n  the expected manner. Collector analysis 
data indicates the col lector  i s  operating a t  an efficiency which i s  signi- 

' 

f icant ly less  than was expected. This i s  a t t r ibuted primarily to  the 
f ac t  tha t  the collectors which were bu i l t ,  in place a t  the time of con- 
struction did not match the prototype which was used fo r  tes t ing ,  and 
upon .which performance expectations were ,based. 

The average hot water load during ' this  11 month period . . was 0.34 million ' ' 

B t u  per month. Thds i s  based on. an average consumpti~n of 687 gallon 
per month a t  an average usage temperature of 126OF. This very low figure 
is indicative of the f ac t  , tha t  the home was unoccupied for  most of the t e s t  

period. While fu l l  occupancy existed,, more normal usage profi 1 es were 
observed; e.g., 1643 gallons of hot water were used'per month, a t  130°F. 

This is  normal usage for  two person occupancy. Overall, the hot water 

subsystem provided 62 percent of the hot water, b u t  during the three months 
of fu l l  occupancy, the fraction.was only 57 percent. 



Space heating was required du r ing  s ix  months of the reporting period. 
The so lar  energy system supplied 93 percent of the to ta l  space heating' 
requirement dur ing  t h i s  time. During the three months of fu l l  occupancy, 
however, the system suppl  ied' 97 percent of the space heating requirements ; 
T h i s  performance is outstanding when compared w i t h  the predicted per- . . 

0. . , 

formance'us.ing the modified f-Chart approach where only a 76 percent 
contribution was expected. . . 

. .' 

space- cooling was required for  s ix  months of the t e s t  period. A1 though the . .  . 

home was not actually occupied during any appreciable length of time d u r i n g  

which space cooling was 'required, the system remained under automatic the.rm- ' 
.* 

os ta t  control i n  order to  obtain cooling season data. Very good.agreeient ,' ' 

w i t h  expected loads based on long-term average cooling degree day data were, 
found. The measured solar  fraction for  the: s ix  rn~nths of cool i n g  was 48 ' . 

percent, compared w i t h  the expectdd ,solar fraction of 63 percent. 'The 23 . . 
percent lower than' expected solar  fraction is direct ly  related to  the '  11 . 

percent lower than expected incident solar  radiation and the low COP of the, - 

absorption chi'ller ar iay prior to  th i s  repair i n  early August 1979. .I 

. . 

The use of 'solati energy i n  this instal la t ion has resulted i n  the net savings ' 
of non-renewable energy supplies. Over the 11-month's of the study a to ta l  
of 201.97 million B t u  were saved. Although most of th i s  savings was actually 
realized by offset t ing the need for b u r n i n g  natural gas, the savings would 
have been an average' of 5380 kwhlmonth had the auxi 1 iary been e l ec t r i c i ty .  
Table 5-1 shows tha t  there was a net. loss associated w i t h  the actual use. 
of e1,ectrici'ty primarily due t o  the fac t  tha t  i t  was employed as an operating 
energy source to transport other forms of energy and did not contribute to  5 

the change' In thermal s t a t e .  o i  any of the subsystems. 

The Decade 80 House was designed and bu l l  t i n  the mid-70's to  be a showplace/ 
workshop for  solar  energy ut i  1 ization. Superior construction techniques, the 
use of qua1 i t y  materials and a fu l l  time maintenance s t a f f  have served to  
make the en t i re  system an outstanding example of the application of solar  
energy for  residential  purposes. The luxury of a fu l l  time, on-site 



maintenance person i s  perhaps the single most important aspect of th i s  
program. Whi l e  most instal  lations can not support t h i s  1 eve1 of maintenance, 

. i n  the early stages of th i s  emerging industry i t  has been very useful in . 

order to  keep a l l  subsystems operating in top form and to allow for a fu l l  
season data dollection t o  be obtained. 

Several conclusions may be .drawn from t h i s  long term monitoring e f f o r t ,  . . . 

among which are: 

- Flat  plate collectors will  support space cooling 

- Definite energy savings can be realized 

- More frequent periodic maintenance may be required on 
solar  energy systems that  are not custom bu i l t  

Some specific subsystem recommendations may also be made. From a purely 
conservationist point of view the recirculation hot water loop should be 
eliminated, since i t s  convenience contributes to  a higher loss for  that  
subsystem which can not be d i rec t ly  made up by so lar  energy. Full use 
of the main collector array to  heat the pool should always be considered. 
This' appl ication s ignif icant ly improved the col lector  array efficiency and 
extended the pool use season. Consideration should be given to  the addition 
of some cold thermal storage ,which would provide a buffer capacitance between 
space cooling used and a b i l i t y  to  produce chilled water. Further analysis,  
beyond the scope of th i s  report would be required to  properly s jze tha t  cold 
thermal storage. Although the concept of primarylsecondary ch i l l e r  operation 
appeared to work well ,  perhaps a be t te r  u t i l iza t ion  of the operating energy 
would have been made had the two ch i l l e r s  been arranged for separate supply. 
The use of one pump capable of supplying fu l l  flow when both ch i l l e r s  were 
on t o  supply only one ch i l l e r  resulted in a poor energy efficiency r a t i o  ( E E R ) .  

The frequent cycling seen in the space heating subsystem (Figure 2.2-1) may 

have been caused by a poor heat anticipator set t ing or high in f i l t r a t ion  

rates .  An investigation of e i ther  of these occurrences i s  i n  order. 



I n  conclusion, considering the  complexity o f  t h i s  s i t e  and i t s  
. . 

o v e r a l l  record of consistent  d a i l y  operation; meeting a very high 

f r a c t i o n  o f  a l l  loads; the Decade 80 House must be r a t e d  as an out- 

standing example o f  t h e  appl ica t ions  o f  so lar  energy t o  r e s i d e n t i a l  . . ! ..' 

sys terns. ... , 
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APPENDIX A 
. . DEFINITION OF PERFORMANCE FACTORS' AND SOLAR TERMS 

COLLECTOR ARRAY PERFORMANCE 

The c o l l e c t o r  a r r a y  performance i s  charac ter ized by the  amount of 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 co l l ec ted .  

a , 
INCIDENT SOLAR ENERGY i s  the t o t a l  i n s o l a t i o n  a v a i l a b l e  on the  

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

a r r a y  energy-receiv ing aper ture,  i n c l u d i n g  the  framework which i s  

an i n t e g r a l  p a r t  o f  the c o l l e c t o r  s t ruc ture . .  

e OPERATIONAL INCIDENT ENERGY i s  the amount o f  s o l a r  energy 

i n c i d e n t  on the  c o l l e c t o r  a r r a y  du r ing  the  t ime t h a t  t he  c o l -  

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

e COLLECTED SOLAR- ENERGY i s  the thermal energy removed from 

the  c o l l e c t o r  a r r a y  by the  ene'rgy t ranspor t  medium. 

e COLLECTOR ARRAY EFFICIENCY i s  the r a t i o  o f  the energy c o l -  

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

I t  should be emphasized t h a t  t h l s  e f f i c l e r ~ c y  f a c t o r  i s  f o r  the 

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

on the  a r r a y  when the  c o l l e c t o r  loop i s  i n a c t i v e .  Th is  e f f i c i e n c y  

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

f igures  which are determined from instantaneous t e s t  data obtained. 

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

e f f i c i e n c y  f i g u r e s  are o f ten  prov ided by  c o l l e c t o r  manufacturers 

o r  presented i n  techn ica l  j ou rna l s  t o  cha rac te r i ze  the  functional 
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', the  

c o l l e c t o r  panel maximum e f f i c i e n c y  fac to r  w i  11 be sign4 f i c a n t l y  

h igher  than the  cot l e c t o r  a r ray  e f f i c i e n c y  repor.l;ed here. 



ENERGY COLLECTION AND STORAGE SUBSYSTEM 

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

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

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

mechanize the  c o l l e c t o r  and storage equipment. . ' 

r INCIDENTSOLARENERGY i s  the t o t a l  i n s o l a t i o n a v a i l a b l e  , 

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

c o l  l e c t o r  a r r a y  energy-recei v i ng  aper ture,  i n c l  uding t t ie  frame- 

work which i s  an i n t e g r a l '  p a r t  o f  t he  c o l l e c t o r  s t ruc tu re .  

r AMBIENT TEMPERATURE i s  t he  average temperature o f  t h e  outdoor 

environment a t  the  s i t e .  

r ENERGY TO LOADS i s  t h r  t o t a l  t h e r m a l  energy t ranspor ted  

from t h e  ECSS t o  a1 1 load subsystems. 

r AUXILIARY THERMAL ENERGY TO ECSS i s  the t o t a l .  a u x i l i a r y  

supp l ied  t o  the  ECSS, i n c l u d i n g  a u x i l i a r y  energy added t o  the '  

. s to rage  tank, heat ing  devices on the  c o l l e c t o r s  f o r  freeze- 

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

r ECSS OPERATING ENERGY i s  the  c r i t i c a l  opera t ing  energy 

requirqed lu  support t he  ECSS heat t r a n s f e r  loops. 



STORAGE PERFORMANCE . 
. . 

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

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

amount o f  s to red  energy. 

ENERGY TO STORAGE i s  the amount o f  energy, bo th  s o l a r  and 

a u x i l i a r y ,  d e l i v e r e d  t o  the  pr imary storage medium. 

0 ENERGY FROM. STORAGE - .  i s  t he  amount o f  energy ex t rac ted  by 

the  l o a d  subsy;tems from the  pr imary storage medium. 

a CHANGE I N  STORED ENERGY i s  the d i f f e r e n c e  i n  the  est imated 

s to red  energy du r ing  the s p e c i f i e d  r e p o r t i n g  per iod ,  as 

i n d i c a t e d  by t h e  r e l a t i v e  temperature of t he  storage medium 

( e i t h e r  p o s i t i v e  o r  negat ive  value).  

0 STORAGE AVERAGE TEMPERATURE i s  the mass-weighted average 

temperature of t h e  pr imary storage medium. 

e STORAGE E F F I C I E N C Y  i s  t he  r a t i o  o f  the sum of the  energy 

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

t o  the  energy de l i ve red  t o  sto fage .  . 



HOT WATER SUBSYSTEM 

The h o t  water subsystem i s  charac ter ized by a  complete accounting. o f  

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  energy. The energy i n t o  the  subsystem i s  composed o f  aux- 

il i a r y .  f o s s i  1  f u e l  , and e l e c t r i c a l  a u x i l i a r y  thermal energy, and the  

ope ra t i ng  energy f o r  t he  subsystem. I n  add i t i on ,  t h e  s a l a r  energy 

suppl ied '  t o  the  subsystem, along w i t h  s o l a r  f r a c t i o n  i s  tabulated.  The 

l o a d  of t he  subsystem i s  tabu la ted  and used t o  compute the  est imated 

e l e c t r i c a l  and f o s s i l  fue l  savings o f  t he  subsystem. The load o f  t h e  

subsystem i s  f u r t h e r  i d e n t i f i e d  by t a b u l a t i n g .  the  supply water temp- 

e ra tu re ,  and the  o u t l e t  h o t  water temperature, and the  t o t a l  h o t  water  

consumpti on. 

. . 

ej, H O T  WATER LOAD i s  t he  amount o f  'energy requ i red  t o  

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

the  incoming temperature t o  t h e  des i red  o u t l e t  temperature. 

s SOLAR FRACTION OF LOAD i s  the  percentage d f  the  l o a d  

demand which i s  supportedi by s o l a r  energy. - 
0 SOLAR ENERGY USED i s  t he  amount o f  s o l a r  energy supp l ied  

t o  the  h o t  water subsystem. 

8 OPERATING ENERGY i s  the  amount . o f  e l e c t r i c a l  energy requ i red  

t o  support the  subsystem, (e.g., fans ,. pumps, etc .  ) and 

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

c f  t he  subsystem. 

Q AUXILIARY THERMAL USED i s  t he  amount o f  energy supp l ied  t o  

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

energy i n  a  heat t r a n s f e r  f l u i d ,  o r  i t s  equ iva len t .  Th is  term 

a l s o  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 

supp l ied  t o  the  subsystem. 



a . A U X I L I A R Y . E L E C T R I C A L  FUEL i s  theamount  o f  e l e c t r i c a l  

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

. ELECTRICAL ENERGY SAVINGS'  i s  the  est imated d i f f e r e n c e  between 

t h e  e l e c t r i c a l  energy requirements o f  an a1 t e r n a t i v e  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 ' t h e  subsystem. , 

SUPPLY WATER TEMPERATURE i s  t he  average i n l e t  temperature 

, o f  the  water supp l ied  t n  t h e  s~lhsystem. 

Q AVERAGE HOT WATER TEMPERATURE i s  t he  average temperature o f  

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

1 oad . 

8 HOT WATER USED i s  t he  volume o f  water used. 



. . 

The space heat ing  'subsystem i s  character ized by performance f a c t o r s  s i m i l a r  

t o  those o f  t he  ho t  water subsystem, described above. 'The,average b u i l d i n g  

temperature and the  average ambient temperature are  tabu la ted again on t h i s  

form t o  i n d i c a t e  the  r e l a t i v e  performance o f  t he  subsystem i n s a t i s f y i n g  the  

space heat ing l oad  and i n  con t ro l  . . 1 i n g  the  temperature o f  t he  cond i t ioned 

space.   he performance f a c t o r s  provided on ' t h i s  r e p o r t  are def ined as fo l l ows :  

e SPACE HEATING LOAD i s  the  sens ib le  energy add,ed t o  t h e  a i , r  i n  
. . . .. . , . .  . * 

t he  bu i l d ing .  ' ,  
. . .  

Q SOLAR FRACTION OF LOAD i s  the  percentage.of  . . t he  load demand 

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

e SOLAR ENERGY USED i s  the  amount o f  s o l a r  energy suppljaed t o  
. . I  . . .  .. 

the  space heat ing subsystem. 

, . .. ' * ,' . . _ :. . .  
@I OPERATING ENERGY i s  the 'amount o f  e l e c t r i c a l  eneGgy .. . 

t o '  support the  subsystem, (&'g. , fans, pumps',' e tc .  ) and which . . ' 

i s  not '  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 he  

subsystem. . . 

. . 

0 AUXIL IA~  . - . . THERMAL 'USED i s  the  amount o f  energy suppl i e d  t o  the  

major components o f  the  subsystem i.n the  form o f  thermal energy 

i n  a heat t r a n s f e r  f l u i d  or i t s  eqtiivalent.. Th is  term a l s o  
: 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 supp l ied  

t o  the  subsystem. 

o A U X I L I A R Y  -.-.,-....... F O S S I L  ".,.------ FUEL i s  the  amount o f  f o s s i l  fuel,  energy 

suppl l e d  d i r e c t l y  t o  the' s"bsystem. 



a ELECTRICAL ENERGY SAVINGS i s  t he  est imated d i f f e r e n c e  between 

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

system (ca r ry ing  t h e  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. 

a F O S S I L  ENERGY SAVINGS i s  t he  est imated d i f f e r e n c e  between the  

f o s s i l  energy requirements o f  t h e  a l t e r n a t i v e  conventional system 

(carrjiig the  f u l l  lbad)  and the  ac tua l  f o s s i l  energy requirements 

o f  the  subsystem. 

a B U I L D I N G  TEMPERATURE i s  t he  average space heated area d r y  

hul  h t ~ m p e r a t u r e  , I 

0 AMBIENT TEMPERATURE i s  the  average ambient d r y  bu lb  temperature 

a t  t he  s i t e .  

SPACE COOLING SUBSYSTEM. 

The space cool  i n g  subsystem i s  charac ter ized by performance f a c t o r s  s imi  1  a r  

t o  those of t he  ho t  water subsystem and space heat ing subsystem, described 

prev ious ly .  The performance f a c t o r s  i n  t h i s  form are  def ined as fo l l ows :  

e SPACE COOLING LOAD i s  t he  t o t a l  energy, i n c l u d i n g  sens ib le '  and 

l a t e n t ,  removed from t h e  a i r  i n  the  spaced-cooled are  o f  t he  
. . 

bu i l d ing .  
. . .  

8 SOLAR FRACTION O F  LOAD i s  t he  percentage o f  t h e  load demand which 

i s  supported by s o l a r  energy. 

tb SOLAR ENERGY USED i s  t he  amount of s o l a r  energy suppl ied t o  

the  space-cool i n g  subsystem. 



OPERATING ENERGY i s  the  amount o f  e l e c t r i c a 1 , e n e r g y  requ i red  

. . t o  support the  subsystem, e.g., fans, pumps,. e tc . ,  and 

which i s  n o t  i n t e n d e d t o  d i r e c t l y  e f f e c t  t he  thermal '  

s t a t e  o f  t he  subsystem. 

. . . . 
s. ' 

AUXIL IARY THERMAL USED i s  the  amount of energy supp l ied  t o  the  

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

i n  a  heat t r a n s f e r  f l u i d ,  o r  i t s  equ iva len t .  Th is  term a l s o  

inc ludes  t h e  converted e l e c t r i c a l  and f o s s i l  f u e l  en,ergy suppli-ed 

t o  the  subsystem. 

o A U X I L I A R Y  ELECTRICAL FUEL i s  t he  amount of e l e c t r i c a l  energy 

supp l ied  d i r e c t l y  t o  t he  subsystem. 

a A U X I L I A R Y  FOSSIL  FUEL'is , the amount o f  f o s s i l  f u e l  energy 
. . 

s u p p l i e d  d i r e c t l y  t o  the  subsystem. 

ELECTRICAL ENERGY SAVINGS i s  the  est imated d i  f feyence between 

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

system ( c a r r y i n g  and f u l l  load)  and t h e  ac tua l  e l e c t r i c a l  energy 

. . requ i red  by the subsystem. 

o FOSSIL  ENERGY SAVINGS i s  t he  est imated d i f f e r e n c e  between t h e  

f o s s i  1  energy requirements o f '  t he  a1 ternat i 've convent ional  

system ( c a r r y i n g  the  f u l l  load)  and the  ac tua l  f o s s i  1  energy \ 

requirements o f  the  subsystem. 

BUILDING'  DRY BULB TEMPERATURE i s  the  average d r y  bu lb  temperature 

of t he  cond i t ioned space. 

AMBIENT TEMPERATURE i s  t he  average ambient d r y  bu lb  temperature 

a t  t he  s i t e .  



THERMODYNAMIC CONVERSION EQUIPMENT' 

The performance o f  a1 1 thermodynamic cyc le  equipment (e.g. , heat  pumps, 

absorp t ion  c h i l l e r s )  used t o  t rans form energy a t  one temperature t o  energy 

a t  another  temperature w i l l  be repor ted  by the  f o l l o w i n g  parameters. The 

performance i s  charac ter ized by  the  energies f l ow ing  t o  and from the  equip- 
I 

ment and t h e  c o e f f i c i e n t  o f  performance o f  t he  equipment. 

T h e  performance f a c t o r s  a r e  de f ined as fo l l ows :  

e EQUIPMENT LOAD i ,s t h e  ,con t r o l  l e d  energy ou tput  o f  thermodynamic 

conversion equipment. 

e THERMAL ENERGY INPUT i s  t h e  equ iva len t  thermal. energy which i s  

suppl i e d  as a fue l  source t o  thermodynamic conversion equipment. 

OPERATING ENERGY i s  t he  amount o f  energy requ i red  t o  support the  

opera t ion  o f  thermodynamic conversion equipment which i s  n o t  

intended t o  appear d i r e c t l y  i n  t he  load. 

e ENERGY REJECTED --- i s  t h e  amount o f  energy i n t e n t i o n a l l y  r e j e c t e d  

o r  dumped from thermodynamic conversion equipment as a by- , 

product o r  consequence o f  i t s  p r i n c i p a l  operat ion.  
, 

8 COEFFTCTFNT OF PERFORMANCE .- i s  t h e  t i u e f f i c i c n t  o f  performenee o f  
, t . h ~  thermodynamic conversion cquiprnent. ~ 



ENVIRONMENTAL SUMMARY 

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

g e n e r a l l y  instrumented a t  each s i t e .  It i s  tabu la ted  f o r  two purposes 

(1) as a measure o f  the  cond i t ions  p reva len t  dur ing  t h e  opera t ion  o f  

t h e  system a t  t h e  s i t e ,  and (2) as a  h i s t o r i c a l  record  o f  weather data 

f o r  t he  v i c i n i t y  o f  the  s i t e .  

TOTAL INSOLATION i s  t he  accumulated t o t a l  s o l a r  energy 

i n c i d e n t  upon the  gross c o l l e c t o r  a r r a y  measured a t  t he  s i t e .  

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

environment a t  t he  s i t e .  

o DAYTIME AMBIENT TEMPERATURE i s  the  temperature .du r ing  the  

p e r i o d  from th ree  hours be fore  s o l a r  noon t o  th ree  hours a f t e r  

so l  a r  noon. 
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APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

DECADE 80 HOUSE 

I. INTRODUCTION 

Solar  energy system performance i s  evaluated by performing energy balance 

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

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

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

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

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

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

Data samples from t h e  system measurements a r e  numerical l y  i n teg ra ted  t o  pro- 

v i d e  d i s c r e t e  approximations o f  the  continuous func t ions  which charac ter ize  

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 he  product o f  t h e  measured r a t e  o f  the  appropr ia te  performance 

parameters and the  sampling i n t e r v a l  over the  t o t a l  t ime pe r iod  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 are  

appl f ed  t o  each s i t e .  Examples o f  these general forms a re  as fo l l ows :  The 

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

SOLAR ENERGY AVAILABLE = (1160) 2 [ 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  measurement provided by t h e  pyranometer 
2 i n  B t u / f t  -hr, AREA i s  the  area o f  t he  c o l l e c t o r  a r ray  i n  square fee t ,  AT 

i s  t h e  sampling i n t e r v a l  i n  minutes, and t h e  f a c t o r  (1/60) I s  inc luded t o  

c o r r e c t  t he  s o l a r  r a d i a t i o n  " ra te "  t o  the  proper u n i t s  of time. 



Similarly, the energy flow w i t h i n  a system i s  given typically' by 

COLLECTED SOLAR ENERGY = Z LM1.00 x AH] x 'AT 
. . 

w h e r e ~ 1 0 0  i p  the mass flow ra te  of the heat t ransfer  f l u i d  i n  1 bm/min and 
A H - ~ S  the enthalpy change, i n  B t u l l  bm, of the f lu id  as i t  passes through 
the  heat exchanging component. 

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

where cp is the average specific heat, i n  .Btu/(lbm-OF), of the heat 
t ransfer  f lu id  and AT, i n O ~ ,  i s  the temperature different ial  across) , 

the heat exchanging component. 

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

ECSS OPERATING ENERGY = (3413160) c [EPlOO],  x A+ 

where EPl 00 i s  the measured. power .required by e lec t r ica l  - equipment i n  
kilowatts and the two factors (1160) and 3413 correct the data to  B t u l m i n .  

These equations are  comparable to  those specified in "Thermal Data Require- 
ments and Performance. Eva1 uation Procedures for  the National so lar  Heating 
and Cooling Demonstration Program." [4], This document, given i n  the , l i , s t  
of references, was prepared by an inter-agency committee of the government, 
and presents guidelines for  thermal performance evaluation. 

Per.Pormance factors are  computed for  each hour of t h  day. Each numerical 
integration 'process, therefore, i s  performed over a period of one hour. 
Since long-term performance data is desired, i t  is necessary to  build 
these hourly performance factors to  daily values. This i s  accomplished, 



f o r  energy parameters, by summing the 24 hour ly values. For temperatures, 

the hour ly  values are averaged. Certa in special fac tors ,  such as e f f i c i -  . . 

encies, requ i re  appropriate hand1 i n g  t o  proper ly weight each hourly . . 

sample f o r  the d a i l y  value computation. S im i la r  procedures are  required ' 

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

11. PERFORMANCE EQUATIONS 
-1 ' 

The performance equations f o r  Decade 80 House used f o r  the data evaluat ion 

of t h i s  r epo r t  are contained i n  the fo l low ing  pages and have been included 

f o r  technical  reference and information. . 



EQUATIONS USED I N  MONTHLY PERFORMANCE REPORT 

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

S I T E  SUMMARY REPORT: 

INCIDENT SOLAR ENERGY (BTU) 
. . 

'= ( 1 1 6 0 )  c [ I O O l  x AREA] x AT 

INCIDENT SOLAR ENERGY PER U N I T  AREA (BTU/SQ. FT)  
= ( 1 1 6 0 )  c [1001] x AT 

COLLECTED SOLAR ENERGY (BTU) 
= Z [ M I 0 0  x CP21 x ( T I 0 0  - T 1 5 0 ) I  x AT 

WHERE ~ ~ 2 1  IS THE SPECIFIC HEAT VALUE OF THE HEAT TRANSFER FLUID AS 

A FUNCTION OF TEMPERATURE 

COLLECTED SOLAR ENERGY PER U N I T  AREA (BTU/SQ. FT.) 
= Z [MlOO x CP21 x ( T I 0 0  - T I  50)/AREA] x AT 

. ' .  
AVERAGE AMBIENT TEMPERATURE (DEGREES F) . 

= ( 1 1 6 0 )  c [TO011 x AT 

SOLAR ENERGY TO LOAD (BTU) 
= Z ~ ~ 4 0 3  x HWD(T453, 7 4 0 3 )  ' + . (M300 + M301) + H W D ( T ~ ~ O ,  T 3 0 0 ) ]  x AT 

+ POOL HEATING LOAD . , 

WHERE HWD(T1, T 2 )  I S  A FUNCTION. WHICH. CALCULATES THE ENTHALPY DIFFERENCE AT . . 

T I  AND T 2  FOR WATER < '  

ECSS SOLAR CONVERSION EFFICIENCY 

= SOLAR ENERGY TO LOADIINCIDENT SOLAR ENERGY ' 

COLLECTOR ARRAY EFFICIENCY = SOLAR ENERGY!COLLECTED/INCIDENT SOLAR.ENERGY ' . 
OPERATIONAL INCIDENT SOLAR ENERGY (BTUISQ FT) 

= 1 / 6 0  (1001 x AREA) x AT, WHENEVER COLLECTOR PUMP I S  RUNNING 

ECSS OPERATING ENERGY (BTU) . I  

. . 

= I: [CONST x EP600 -HEATING OPERATING ENERGY -HOT WATER OPERATING ENERGY] x AT 

WHERE COWST = 3 4 1  3 / 6 0  
. . 



LOAD SUBSYSTEM SUMMARY: 

HOT WATER SUBSYSTEM: 

HOT WATER AUXILIARY ELECTRICAL ENERGY (BTU) 

= CONST c (EP300)  x AT ., 

HOT WATER AUXILIARY THERMAL ENERGY = ' HOT WATER AUXILIARY ELECTRICAL ENERGY 

POOL HEATING LOAD = c[MlOO X HWD(T560, T 5 6 1 ) ]  x AT 

ENERGY TO STORAGE (BTU) 

= ~ [ M 2 0 0  x HWD(T250, T 2 0 0 ) ]  x AT I 

ENERGY FROM STORAGE (BTU) . 

= r [M403 x H w ~ ( T 4 5 3 ,  T 4 0 3 )  + (M300 + M301) x ~ ~ ~ ( ~ 3 5 0 ,  T 3 0 0 ) ]  x At 

CHANGE I N  STORED ENERGY (BTU) - 
' = STORAGE CAPACITY x [HEAT CONTENT PREVIOUS HOUR - HEAT CONTENT 

PRESENT HOUR] 

WHERE STORAGE CAPACITY I S  THE ACTIVE VOLUME OF THE TANK 

STORAGE AVERAGE TEMP (DEGREE F)  
I 

I = - ( 1 1 6 0 )  c [ ( T 2 0 1  + T 2 0 2  + T203)  / 31 X .AT 

STQRAGE EFFICIENCY 
= (CHANGE I N  STORED ENERGY + ENERGY FROM ST0RAGE)IENERGY TO STORAGE 

ECSS SOLAR CONVERSION EFFICIENCY 
= SOLAR ENERGY TO LOADIINCIDENT SOLAR ENERGY 

DAYTIME AMBIENT TEMP (DEGREE F)  
=, (11360)  1 [TO011 x AT 

(COMPUTED ONLY 5 3 HOURS FROM SOLAR NOON) 

HOT WATER OPERATING ENERGY (BTU) = CONST c [EP600] x Ax 

HOT WATER AUXILIARY ELECTRIC FUEL (BTU) 
= c [(EPCONST) x EP300] x AT 

TEMPERATURE OF COLD WATER SUPPLY (OF) 
= TSW2lTSW1 .(PERFORMED AT THE END OF EACH HOUR) 

WHERE TSW2 = c M301 x T351 x AT 
TSWl = Z M301 x AT 

1 



TEMPERATURE OF HOT WATER SUPPLY (OF) = THWl/TSWl (PERFORMED AT END OF EACH HOUR) 

WHERE THWl = c [M301 x T 3 0 1 1  x AT 
HOT WATER LOAD 

= c [M301 x HWD(T301, T 3 5 1 ) ]  x AT 

HOT WATER ELECTRICAL SAVINGS I 

= c [ (M300 + M301) x HWD(T350 -T300) ]  x AT - CONST 1 [EP600] x Ar 
HOT WATER SOLAR FRACTION (PERCENT) 

= 100 x (HOT WATER SOLAR ENERGY SUPPLIED TO CONSUMPTION LOAD/ 

HOT WATER LOAD) 

HOT WATER CONSUMPTION (GAL) = c [WD301] x AT 
WHERE WD301 IS ,  HOT WATER CONSUMPTION RATE DERIVED FROM W301 

SYSTEM PERFORMANCE FACTOR 
= SYSTEM LOAD/3.33 x (AUXILIARY ELECTRIC FUEL + SYSTEM 

OPERATING ENERGY) 

SPACE HEATING SUBSYSTEM : 

SPACE HEATING LOAD 
= Z [ (M504) x H W D ( T ' ~ O ~ ,  T 5 5 4 ) ]  x A T  

AUXILIARY SPACE HEATING THERMAL ENERGY 
= '  c [ (M504) x HWD(T402, T 5 5 4 ) I  x AT 

SPACE HEATING SOLAR'ENERGY 
= SPACE HEATING LOAD - SPACE HEATING AUXILIARY THERMAL ENERGY 

SPACE HEATING SOLAR FRACTION 
= SPACE HEATING SOLAR ENERGY/SPACE HEATING LOAD 

SPACE HEATING ELECTRICAL SAVINGS 
= ' CONST x c [EP600] x AT 

SPACE HEATING FOSSIL SAVINGS 

= SPACE HEATING SOLAR ENERGY/0.6 

SPACE HEATING FOSSIL ENERGY 

SPACE HEATING OPERATING ENERGY 
= CONST c [EP600] x AT 



SPACE COOLING SUBSYSTEM: 

COOLING LOAD = 1 [M504 x ~ w D ( ~ 5 5 4 ,  T 5 0 4 ) l  x AT 

COOLING A U X I L I A R Y  THERMAL ENERGY' 

= 1 ~ ( ( ~ 5 0 0  '+ M 5 0 1 )  x CP x T 4 0 2  - ( ( ~ 5 0 0  x CP x T 5 0 0 )  + , ( ~ 5 0 1  x CP X .  ~ 5 0 1  )))I x A; 

COOLING OPERATING ENERGY 
= CONST c [ E P 5 0 0  + E P 6 0 1 1  x A T .  

COOLING SOLAR FRACTION 
= 100 x (COOLING- ENERGYICOOLING SOLAR ENERGY + COOLING A U X I L I A R Y  

THERMAL ENERGY) 

COOLING A U X I L I A R Y  F O S S I L  ENERGY 
= X I L I A R Y  THERMAL ENERGY 'x  TOTAL A U X I L I A R Y  F O S S I L  ENERGY 

COOLING E L E C T R I C A L -  SAV ING 
= c [CONST x E P 5 0 0 1  x AT 

COOLING F O S S I L  SAVINGS 

= (COOLING SOLAR ENERGY)/0.6 

COOLING SOLAR ENERGY 
= INPUT TO THERMODYNAMIC CONV~RSION EQUIPMENT - 

COOLING A U X I L I A R Y  THERMAL ENERGY 

THERMODYNAMI c CONVE&ION EQUIPMENT INPUT 
7 .  

= Z [W502 x HWD(T550,  T 5 0 2 )  + M 5 0 3  x HWD(T553, T 5 0 3 ) ]  x AT 

THERMODYNAMIC CONVERSION EQUIPMENT REJECTED ENERGY 
= ' e [M502  x HWD(T550,  T 5 0 2 )  + ~ 5 0 3 . x  HWD ( T 5 5 3 ,  T 5 0 3 ) ]  x AT 

.THERMODYAWMIC EQUIPMENT LOADS = COOLING LOAD 

THERMODYNAMIC EQUIPMENT COEFFICIENT OF PERFORMANCE 

= THERMODYNAMIC EQUIPMENT LOAD 
THERMODYNAMIC EQUIPMENT I N P U T  ENERGY 

COOLING SOLAR ENERGY = THERMODYNAMIC EQUIPMENT ENERGY - COOLING 
A U X I L I A R Y  THERMAL ENERGY 

' SYSTEM LOAD = HU'I WATER LOAD + SPACE HEATING LOAD + SPACE COOLING ' . 
I LOAD + POOL HEATING LOAD 

SYSTEM OPERATING ENERGY = HOT WATER OPERATING ENERGY + SPACE COOLING OPERATING 
I ENERGY + SPACE COOLING OPERATING ENERGY + ECSS 

OPERATING ENERGY 



A U X I L I A R Y  THERMAL ENERGY = HOT WATER A U X I L I A R Y  THERMAL + SPACE HEATING 

. A U X I L I A R Y  THERMAL + SPACE COOLING A U X I L I A R Y  

THERMAL 

A U X I L I A R Y  ELECTRICAL ENERGY = HOT WATER A U X I L I A R Y  ELECTRIC  ENERGY 

SYSTEM SOLAR FRACTION = (HOT WATER LOAD x HOT WATER SOLAR FRACTION + SPACE 

HEATING LOAD x SPACE HEAT ING SOLAR FRACTION + SPACE 

COOLING LOAD x ,SPACE COOLING SOLAR FRACTION + POOL 

HEAT1 NG LOAD) /TOTAL SYSTEM LOAD 

TOTAL ELECTRICAL SAVINGS = HOT WATER ELECTRICAL SAVINGS + HEAT ING ELECTRICAL  

SAVINGS - ECSS OPERATING ENERGY + COOLING ELECTRI 'CAL 

SAVINGS 

TOTAL F O S S I L  SAVINGS = HEATING F O S S I L  SAVINGS + COOLING F O S S I L  SAVINGS 

TOTAL ENERGY CONSUMED = A U X I L I A R Y  ELECTRIC  ENERGY + A U X I L I A R Y  F O S S I L  

ENERGY + SYSTEM OPERATING ENERGY + SOLAR ENERGY 

COLLECTED 
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APPENDIX C 

LONG TERM.AVERAGE WEATHER CONDITIONS 

The environmental estimates given i n  t h i s  appendix provide a po in t  of 

reference f o r  evaluat ion o f  weather condi t ions as reported i n  the Monthly 

Performance Reports and Solar  Energy System performance Eva1 uations issued 

by the Solar  Heating, 'Cool ing a'nd Hot Water Development Program. As such, 

the  information presented can be useful  i n  p red ic t ion  o f  long term system 

performance. 

Environmental estimates f o r  t h i s  s i t e  inc lude the f o l  lowing monthly averages: 

e x t r a t e r r e s t r i a l  i nso la t ion ,  i nso la t ion  on a hor izonta l  plane a t  the s i t e ,  

i n s o l a t i o n  i n  the tilt plane o f  the co l l ec t i on  surface, ambient temperature, 

heat ing degree-days, and cool i ng  degree-days. . Estimation procedures and data 

sources are de ta i led  i n  the fo l low ing  paragraphs. 

The prefer red source o f  long term temperature and i nso la t i on  data i s  " Input  

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

so la r  standard. The IDSS data are used whenever possib le i n  these environ- 

mental estimates f o r  both i n s o l a t i  on and temperature re1 ated, sources; however, 

a secondary source used f o r  i nso la t i on  data i s  the  Cl imat ic  At las  o f  the 

United States [2], and f o r  temperature re la ted  data, the secondary source 

i s "Local C l  imatol ogi ca l  Data" [3]. 
A 
(. 

Since the ava i lab le  long term i nso la t i on  data are on ly  given f o r  a hor izonta l  
- surface, so lar  co l  l e c t i o n  subsystem or ien ta t ion  informat ion i s  used i n  an . 

algor i thm [4] t o  ca lcu la te  the i nso la t i on  expected i n  the tilt plane o f  the 

co l l ec to r .  This ca lcu la t ion  i s  made using a ground re f lec tance o f  0.2. 
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U T I L I T Y  'RATE SCHEDULES FOR 
GAS AND ELECTRICITY I N  

TUCSON, ' ARISONA 



TUCSON ELECTRIC POWER COMPANY 
P. 0. Box 711 

Tucson,  A r i z o n a  85702 

Dear  Customer: 

A t  your  r e q u e s t  we s u b m i t  o u r  R e s i d e n t i a l  E l e c t r i c  R a t e  
N o .  1 showing  c u r r e n t  a d j u s t m e n t s :  

RESIDENTIAL ELECTRIC RATE NO. 1 

Base  
R a t e  

SUMMER - 
Mev t h r o u g h  o i t o b e r  b i i  l i n g s  
F i & t  100-kwh o r  less p e r  month 
A l l  a d d i t i o n a l  kwh p e r  month 

Sb .88  
@ 5.0841P p e r  kwh 

WINTER - . . . 

November t h r o u g h  A p r i l  b i l l i n g s  
F i r s t  ,100 kwh or l e s s  p e r  month $6.88 
N e x t  500 kwh p e r  month @ . 5.0841P p e r  kwh 
Next  400 kwh per month @ 3.7733& p e r  kwh 
A l l  a d d i t i o n a l  kwh p e r  month. @ 2.7293$ p e r  kwh 

F u e l  'and Purchased  Power C o s t  Adjus tment :  
A l l  kwh per month @ .45264# per kwh 

Minimum B i l l :  $6.88 p e r  month p e r  meter. 

TUCSON: a ....>.,....,.L.,-.- 
To c a l c u l a t i o n s  o n  above  r a t e s  add 2.0% F r a n c h i s e  . 
Tax; t h e n ,  to ~ a i c u l a r b o n s  o n  abuve r a t e s  p l u s  
Franchise Tax add 6 .224% S a l e s  Taxes  and Corpora-". 
t i o n  Commission Assessment .  

SOUTH TUCSON: To c a l c u l a t i o n s  on above r a t e s  add 6.224% S a l e s  
Taxes  and  C o r p o r a t i o n  Commission Assessment .  

OTHER: To c a l c u l a t i o n s  o n  above  r a t e s  add 4.216% S a l e s  
Taxes  and c o r p o r a t i o n  Commission Assessment .  

There  s h a l l  b e  a $10.55 c h a r g e  f o r  t h e  i n i t i a l .  e s t a b l i s h -  
' ment  of e a c h  new service f o r  e a c h  c u s t o m e r .  T h e r e . s h a l 1  be a 

510.55 charge  f o r  t h e  r e - e s t a b l i s h m e n t  o f  e a c h  s e r v i c e . f o r  e a c h  
c u s t o m e r .  

Very t r u l y  y o u r s ,  

TUCSON,ELECTRIC POWER COMPANY 

E f f .  J a n u a r y  1980 



d9 l iT~bvEST GAS COR?ORATICN 
Las ~ e g a s .  Nevada . . 

Arizona GasTariff Fourth Revised. A.C.C. Sheei ~ 0 . 9  

Sauthorn Arizona Division Cancelling 9 .  Third A.C.C. Sheet No.- 

Base Current ly 
Schedule ,No. & T a r i f f  . Fllel Adjustment E f f ec t i ve  
Type' o f  Charge ' ' . Rate Current Cusu1ativ.e. Tar i f f  Rate. 

. . 
6-60 

Plus Fuel Adj. per Ccf -- .01184 .05521 .05621 
f iext . 20 Ccf per Ccf ,29530 .01184 .05621 .35151 

:, . Next 25 Ccf per Ccf .22679 .01184 .05621 .28300 
A l l  Addit ional Ccf per Ccf .I9167 .01184 .05621 , .24788 

Winter (October-May) . -- 
P r i o r i t y  1 
Comodi t y  Charge 

F i r s t  5 Ccf o r  Less 
Plus Fuel Adj. per Ccf 

Next 20 Ccf per Ccf' 
Next 75 Ccf per Ccf 

' Next 400 Ccf per Ccf 
Next 1,000 Ccf per Ccf 
A1 1 'Addit ional Ccf per Ccf 

6-70 .- 

Plus Fuel Adj. per Ccf 
Next 20 Ccf per Ccf 
Next 75 Ccf per Ccf 
Next 400 Ccf per Ccf 
A l l  Addit ional Ccf per Ccf 

P r i o r i t y  3 
Commodity Charge 

'. F i r s t  5 Ccf o r  Less $2.50 . $ -- $ -- , $2.50 
Plus Fuel Adj. per Ccf - - .00039 .09142 ' .a9142 

Next 20 Ccf per Ccf .29530 .00039 .09142 .38672 
Next 75 Ccf pel: Ccf .22679 .00039 . .09142 .31821' 
Next 400 Ccf per Ccf .21227 .00039. .09142 .30369 
A1 1 'Addit ional Ccf per Ccf .I9167 ,00039 . .09142 .28309 

~ovenber  29, 1979 Issued by Effective: 1 s. '  1980 , Issued .On: 
Marvin R. Shaw . . 

. , Vice President - . 



SOU1 HWEST GAS .CORPORATION . . 
Gas Vegas. Nevada 
~ r i z o n a  Gas Tariff FDll@ R~vifed A.C.C. Sheet No.& 
Southern ~ r i z o n a  Division Cancelling Th i rd  RpXiXd A.C.C. Sheet NOL 

STATEMENT OF RATES 
EFFECTIVE RATES APPLICABLE TO SOUTHERN ARIZONA DIVISION SCHEDULES~/, 

(Continued) 
, .: ,. ,. . 

i. . 
. . .  

/ 

Base ' . c u r r e n t l y  
Schedule No. & T a r i f f  Fuel Adjustment E f f e c t i v e  
Type o f  Charge Rate 'Current Cumulat ive T a r i f f  Rate 

6-70 (Cont i nued) 

Winter  (October-May) . . 
P r i o r i t y  1 and 2 

Commodity Charge 
F i r s t  5 CcP o r  Less 

P lus  Fuel Adj. per  Ccf 
Next 20 .ccfTper Ccf 
Next 75 Ccf pe r  Ccf 
Next 400 Ccf per  Ccf 
Next 1,000 Ccf pe r  Ccf 
A l l  Add i t i ona l  Ccf per Ccf 

P r i o r i t y  3 
.Commodity Charge 

F i r s t  5 Ccf o r  Less 
P lus  Fuel Adj. per Ccf  

Next 20 Ccf pe r  Ccf 
Next 95 Ccf per Ccf 
Next 400 Ccf per.  Ccf 
Next 1,000 Ccf per  Ccf 

. . A l l  Addf t iona l  Ccf per  Ccf 

P r i o r i t  1 
Hour y Rated Capacity Per 

Lanp pe r  Month I - $1.57 $ ' -086 $ -410 . $1.980 

P r i o r i t y  2 
Commodity Charge 

F i r s t  2,500 Mcf per Month 
Next 47.500 Mcf Der Month 
A1 1 Add i t i ona l  ~ c f  pe r  Month 

P r i o r i t y  3 
Commodity Charqe 
mt 2,500 Mcf per ~ o n t h '  $1.7743 5 .0039 . $  .9142 .. $2.6885 

Next 47,500 Mcf 'per Month 1.7423 .0039 .9142. 2.6565 
A1 1 Add i t i ona l  Mcf per  Month 1.7333 .0039 .9142 2.6475 

Issued On: ,&**9 Issued by Effective: I]annaw 1 1980 
Marvin R. Shaw .,, 

Vice President, 

eU.S. GOVERNMENT PRINTING OFFICE: 1980-640-247/575 REGION NO. 4 




