
D O W A S A  CONTRACTOR DOE/ NASA CRr161471 
REPORT 

IdASTER 
SOLAR ENERGY SYSTEM PERFORMANCE EVALUATION - SEASONAL 
REPORT FOR CONTEMPORARY-MANCHEmR, MANCHESTER. 

q NEW HAMPSHIRE 
C - W  Prepared by 

b 
IBM Corporation 
Federal Systems Division 
150 sparkman Drive 
Hunwville, Alabama 35805 

Under Contraot NAS8-32036 

Natimal Aeronautice and Space Administration 
George C. Mamha11 Spaoe Flight Center, Alabama 35812 

For the U. S. Department of Energy 

1 

I *  , A :q-- 

-a 

- 
U. S. Department of En(- --3y 

Solar Energy 
Qf TW IIIIEUmm 1 ktuumrc 

- 



XOTICE 

Thla report was prepared to documant w r k  sponsored by the Voitad State8 Governm8nt. Neither the United States nor it8 agrrrta the United S t a t e s  Departamsit of Energy, the United Stat- Natioail hrouautic8 and Space Administration, nor any federal mploymu, nor auy of t b i r  contractors, subcontractoro or thrir amplopem, nmka auy warranty, express or implied, or 
U~UPI ~ ~ l r  fagal l iabi l i ty  or rempoauibility for the accuracy, caapletroum, or usmfulrrcum of any information, ~pparatur, pltoduct or procera diaclosml, or rapreaant that its rua wmdd aot infringe prlvrtaly owned rights. 



T E C H N I C A L  REPORT STANDARD TITLE PAGE 

1. REPORT NO. 12. GOVERNMNT ACCESSION NO. 13. RECIPIENT*S CATALOG NO. 

DOE/NASA CR I 
4. T I T L E  AND SUBTITLE 

Solar Energy System Performance Evaluation - Seasonal 
Report for Contemporary-Manches ter, Manches t e r  , New 

- Hamps h i r e  
7. AUTnWfSI 

5. REPORT DATE 

, June 1980 
6. PERFORMING ORGANlUTlON CCOE 

8, PERFORMING ORGAN1 ZATlON REPOR? I )  

9. PERFORMING ORGANIZATION NAME AND ADDRESS 

IBM Federal Systems D iv is ion  
150, Sparkman Drive 
Huntsvi 1 le, A t  35805 

15. SUPPLEMENTARY NOTES 

12. SPONSORING AGENCY NAME AND ADDRESS - 
National. Aeronautics and Space Administration 
Washington, DC 20546 

This work was done under the technical management of Mr .  Ceci l  Messer, George 
C. Marshal 1 Space F l i g h t  Center, Alabama. 

10. WORK UNIT  NO. 

1 1. CONTRACT OR GRANT NO. 

NAS8- 32036 
19. tYPE O F  REPOR-; & PERIOO COVERED - -. 

Contractor Report 
March 1979-February 1980 

14. SPONSORING AGENCY CODE 

This repor t  has been developed for  the ~ e o r g e ~ ~ .  Marshal 1 Space F l i g h t  Center as a 
par t .  o f  the Solar Heating and Cooling Development Program funded by the Department 
o f  Energy. I t  i s  one of a series of. reports describing the operational and thermal 
performance o f  a va r ie t y  of so lar  systems i n s t a l l e d  i n  Operational Test Si tes under 
t h i s  program. The analysis used i s  based on instrumented system data monitored 
and col lected fo r  a t  l eas t  one f u l l  season of operation. The object ive o f  the 
analysis i s  t o  repor t  the long-term . f i e l d  performance of the i n s t a l l e d  system and 
t o  make technical contr ibut ions t o  the de f i n i t i on  of techniques and requirements 
f o r  so la r  energy system design. 

I 

The Solar Energy System, Contemporary-Manchester, was designed by Contemporary , 

Systems Incorporated, (CSI), Jeffrey, New Hampshire t o  provide space heating and 
domestic hot water (DHW) preheating for a three-story dwel l ing located on the New 
Hampshire Vocational Technical College campus, t.lanchester, New Hampshire. The 

. systems consist  of twenty double glazed f l a t  plate. .roof -mounted .warm a i r ,  . .CSI '  
-. Series. V;"collectors (area 805 square fee t )  mounted with a ti 1 t angle o f  60 degrees 

from the horizontal, a 720 cubic foot ho r i zon t i l  rock b i n  f o r  thermal storage, 
a cent ra l  a i r  handler, an 80 gal lon DHW preheat tank, pumps, controJs, plumbing 
and associated a i r  ducting. Hot water pre-heating i s  accomplished by an air-to-water 
heat exchanger w i th  a u x i l i a r y  energy provided by conventional e l e c t r i c  80 gal lon 
ho t  water tank. Aux i l i a ry  space heating i s  provided by a 112,000 BTU per hour, 
1200 cubic f e e t  per minute o i l  f i r e d  furnace. 

17. KEY WORDS (8. DISTRIBUTION STATEMENT n 

w IKL IAM A. BROOKSBANK, JR. 
Mgr., Solar Enerqv  ADD^ icat iqns P r w t c  

19. SECURITY CLASSIF. (4 r b ~ .  - v m  

Unclassified 

20. SECURITY CLASSIF. (ot ~ N I  p.a*) 21. NO. OF PAGES 22. PRICE 

Unclassified 7 9 NTIS 
J 

L-LSFC-Ponart)¶ ( 8 ~ .  Deomb.r lS f1 )  Tor rb b~ Natloau T e d m u J  ~ o ~ d o n  Sendca. S p W H e l d  V w  t a1 '1  



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



SECTION 

. . 
8 . 
APPENDIX A 

. . 
APPENDIX B 

. APPENDIX C 

. ' TABLE OF CONTEFiTS 

T I T L E  PAGE 

FOREWORD . . . . . . . . . . . . . . . . . . . . . . .  1 

SYSTEM DESCRIPTION . . . . . . . . . . . . . . . . . .  2 

TYPICAL SYSTEM OPERATION . . . . . . . . . . . . .  7 .  
SYSTEM OPERATING SEQUENCE . . . . . . . . . . . .  11 

PERFORMANCE ASSESSMENT . . . . . . . . . . . . . . . .  1 2  
SYSTEM PERFORMANCE . . . . . . . . . . . . . . . .  1 3  
SUBSYSTEM PERFORMANCE . . . . . . . . . . . . . . .  2 0  

COLLECTOR ARRAY SUBSYSTEM . . . . . . . . . .  2 1  
STORAGE SUBSYSTEM . . . . . . . . . . . . . .  3 6  
HOT WATER SUBSYSTEM . . . . . . . . . . . . . :  3 9  

. . . . . . . . . .  SPACE HEATING SUBSYSTEM 4 2  

OPERATING ENERGY . . . . . . . . . . . . . . . . . . . .  4'5 
ENERGY SAVINGS . . . . . . . . . . . . . . . . . . . . .  4 7  

. . . . . . . . . . . . . . . . . . . . . .  MAINTENANCE 5 0  

SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . .  5 2  
REFERENCES . . . . . . . . . . . . . . . . . . . . . .  55 
DEFINITIONS OF PERFORMANCE FACTORS AND SOLAR TERMS . . ~ - 1  

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS . . . . . .  B-1 
LONG TERM AVERAGE WEATHER CONDITIONS . . . . . . . . .  C-1 

.... 

DISCLAIMER 

e m p t ~ e s  ....... 

BITRIBUTION OF THIS DOCUMENT IS UNLIRHTE9 



FIGURE 

TABLE 

LIST OF FIGURES AND TABLES 

TITLE PAGE 

Contemporary Manchester Solar  Energy System Schematic . . . 4 

Contemporary Manchester P i c t o r i a l  . . . . . . . . . . . . . ' 5 '  

Typical  System Operat ing Parameters and Operat ing Sequence. 10 
' . 

So la r  Ener iy  System Eva lua t ion  Block Diagram . . . ' r . . . . . 14 

C o l l e c t o r  Array Schematic . . , . - . . . , . . . ; . . , . 22 

Contemporary Manchester C o l l e c t o r  E f f i c i e n c y  Curves . . . . 29 

Contemporary Manchester Operat ing P o i n t  Histograms . . . . 34 ., 

TITLE PAGE 
I 

System Performance Summary. . . . . . . . . . . . . . . . . 17 

C o l l e c t o r  Array Performance . . . . . . . . . . . . . . . . 24 

Energy Gain Comparison .. . . . . . . . . . . . . . . . . . 31 

Storage Subsystem Performance . . . . . . . . . . . . . . . 37 

Hot Water Subsystem Performance . . . . . . . . . . . . . . 4 0 '  

Heating Subsystem Performance . . . . . . . . . . . . . . . 43 

Opcra t ingEncrgy  . . . ,  . .  . .  . , . . . . . . 16 

Energy Savings . . . . . . . . . . . . . . . . . . . . . . 48 



1. FOREWORD 

- 
The So lar  Energy System Performance Evaluat ion - Seasonal Report has been 

developed f o r  the  George C. Marshal l  Space F l i g h t  Center as a p a r t  o f  t he  

- S o l a r  Heating and Cool ing Development Program funded by the  Department of  
, Energy. The ana lys i s  contained i n  t h i s  document describes the  techn ica l  

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

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

the  ana lys i s  i s  t o  r e p o r t  the  long-term performance o f  t he  i n s t a l l e d  

system and t o  make techn ica l  c o n t r i b u t i o n s  t o  the  d e f i n i t i o n  o f  techniques 

and requirements 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  

o f  d iscussion:  

System Descr ip t ion"  

@ Performance Assessment 

Operat ing Energy 

m Energy Savings 

Maintenance 

0 Summary and Conclusions 

Data used f o r  the  seasonal analyses o f  the  Operat ional Test S i t e  descri,bed 

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

OTS Development program and have provided the  major i npu ts  used t o  perform 

the  long-term techn ica l  assessment. Th is  data i s  a rch ived by MSFC f o r  DOE. 

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

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

techn ica l  a c t i v i t i e s  which began w i t h  the  s i t e  s e l e c t i o n  and instrument- 

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

economic ana lys is  o f  s o l a r  systems performance and fea tures  the  payback 

.performance based on l i f e  c y c l e  cos ts  f o r  the same s o l a r  system i n  var ious 

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

i r e  References [I], [Z ]  and [3]*. 

. . . - - -- 

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



2. SYSTEM DESCRIPTION 

The Contemporary Manchester So lar  Energy System i s  i n s t a l l e d  i n  a 

t h r e e - s t o r y  dwe l l i ng  l oca ted  on the  campus of the  New Hampshire 

Vocat ional Technical Col lege i n  Manchester, New Hampshire. The 

system was designed by Contemporary Systems Incorporated (CSI) o f  

Jeffrey, New Hampshire. Sys tem. in tegra t ion  and i n s t a l l a t i o n  were 

accompl ished by C S I  and by students and f a c u l t y  of t he  Vocat ional 

Technical College. The So lar  Energy Systerr~ i s  designed t o  p rov ide  

-space hsat ing  and domestic h o t  water (DHW) preheat ing f o r  t he  residence. 

So la r  energy co l  l e c t i o n  i s  performed by twenty double glazed f l a t  

p l a t e  c o l l e c t o r s ,  connected i n  para1 l e l  , w i t h  a t o t a l  area of. 805 

square feet .  The c o l l e c t o r s  a re  r o o f  mounted on the  d w e l l i n g  and 

face  15 degrees west o f  south w i t h  a t i l t  angle o f  60 degrees from 

the  ho r i zon ta l .  A i r  i s  t h e  heat t r a n s f e r  medium and the  c o l l e c t o r s  

. a r e  designated "Contemporary Systems, Ser ies V, Warm A i r " .  

Thermal storage i s  provided-by a ho r i zon ta l  rock  b i n  con ta in ing  approx- 

ima te l y  720 cubic f e e t  o f  1 i nch  t o  1 112 i nch  stones o f  a type r e f e r r e d  t o  

as " t r a p  rock" i n  the New England area and commonly used i n  s e p t i c  system 

f i e l d s  and foundat ion drainage. A i r  movew~ent f o r  s u l a r  h e d l  lr'ansfer' 

i s  accompl ished by a c e n t r a l  a i r  handler w i t h  i n t e g r a l  blower and damper 

c o n t r o l s  f o r  d i s t r i b u t i o n  o f  s o l a r  heated a. i r  t o  t he  heated space o r  t o  

and f rom t h e  rock  storage b in .  
. . 

Hot water pre-heat ing i s  accomplished by an a i r - t o -wa te r  heat exchanger, 

w i t h  separate blower and fan  c o i l  u n i t ;  mounted near t he  c o l l e c t o r  o u t l e t .  

A u x i l i a r y  space heat ing  i s  prov ided by a 112;000 Btu per  hour, 1200 cubic 
. . f e e t  \per minute o i l  f i r e d  furnace. A u x i l i a r y  energy f o r  the  domestic ho t  

water system i s  provided by an e l e c t r i c  res i s tance  heat ing  element i n  a 

convent ional  80-gal lon h o t  water tank. 



The system i s  shown schemat ica l ly  i n  F igure  2-1. The sensor designat ions 

i n  F igure  2-1 a re  i n  accordance w i t h  NBSIR-76-1137 151. The measurement 

symbol p re f i xes :  W, T, EP, I and F represent  respec t i ve l y :  f l o w  ra te ,  

tempera,ture, e l e c t r i c  power. s o l a r  i n s o l a t i o n  and f o s s i  1  f u e l  usage. 

F igure  2-2 i s  a  view of t he  Contemporary Manchester i n s t a l  l a t i o n .  

Based on data prov ided by Contemporary Systems i n  the performance design 

s p e c i f i c a t i o n ,  t h e  Solar  Energy System should prov ide  92% o f  t he  average 

t o t a l  heat ing  load, dur ing  the  heat ing  season, of 8.5 m i l l i o n  Btu  per  

month. The system i s  designed t o  p rov ide  a  peak heat ing  c a p a b i l i t y  o f  

35,000 Btu  per  hour. The system i s  a l so  designed t o  p rov ide  58 percent  

o f  t he  h o t  water heat ing  requirements, based on a  p red i c ted  average h o t  

water l oad  o f  1.1 m i l l  i o n  Btu per  month. The h o t  water heat ing  requ i re -  

ments i nc lude  a  usage of 50 ga l  1  ons per  day ,del i vered a t  a  r a t e  o f  n o t  

l e s s  than 1.25 ga l l ons  per  minute a t  a  minimum temperature o f  130°F. 

The So lar  Energy System has s i x  opera t iona l  modes which a r e  described as 

fo l l ows :  

Mode 1  - '  Heating From Co l l ec to rs :  When the cond i t ioned space thermostat 

c a l l s  f o r  heat  and the  c o l l e c t o r  o u t l e t  temperature i s  s u f f i c i e n t l y  high, 

genera l l y  85°F minimum, the  main a i r  handler  blower i s  turned on and 

dampers pos i t ioned t o  a1 low del i v e r y  o f  s o l a r  heated a i r  t o  t he  house. 

Mode 2 - Stor ing  Heat: When the re  i s  no demand f o r  heat  t o  t he  condi t ioned 

space and the  c o l l e c t o r  o u t l e t  temperature i s  g rea ter  than t h a t  o f  the  c o l d  

s ide  o f  rock storage by a  pre-set  amount, the  a i r  handler blower and con t ro l  

dampers cause s o l a r  heated a i r  t o  be de l i ve red  t o  the rock  b in .  

Mode 3  - Heating From Storage: A demand f o r  heat  from t h e  house thermostat, 

when the re  i s  i n s u f f i c i e n t  heat from the  c o l l e c t o r s ,  causes the  system t o  

en te r  t h i s  mode. A "storage minimum" temperature i s  p re-se t  i n  the  system 

c o n t r o l l e r  and the  heat ing  from storage mode i s  o n l y  entered'when the  h o t  

s ide  of s torage i s  '5°F above t h i s  minimum s e t t i n g .  Operat ion i n  t h i s  mode 

i s  terminated when the  .hot s ide  of s torage f a l l s  below the  "storage minimum" 

va l  ue. 
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Figwe 2-1. CONTEMPORARY S m E M  NO. 2, MANCHESTER, SOLAR ENERGY.SYSTEM SCHEMATIC 
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Mode 4 - Aux i l ia ry  Heating: The aux i l i a ry  heating mode i s  entered when 

a heating demand ex is ts  and both co l lec to r  o u t l e t  and storage tempera- 
tures are insu f f i c ien t .  When operating i n  t h i s  mode, the a i r  handler 
dampers are posit ioned t o  prevent reverse flow i n t o  the so lar  storage 
and co l l ec to r  loops and heat i s  supplied t o  the conditioned space from 
the o i l  - f i r e d  furnace. 

Mode 5 - Sumner Venting: For warm weather o r  sunmer operation the 

system enters a thermal siphon venting mode through the use of damper 
contro l led vents a t  the i n l e t  side (vents 1 and 3) and o u t l e t  side 
(vents 2 and 4) o f  the col lectors.  Operation i n  t h i s  mode prevents 
excessive co l  l ec to r  temperatures during periods of high insolat ion 
when no space heating demand exists. 

Mode 6 - Hot Water Preheating: Hot water preheating can be u t i l i z e d  
when the system i s  i n  the Heating From Collector o r  Storing Heat modes. 
Preheating can a1 so be accompl i shed during sumner operation provided 
t h a t  the co l lec to r  ou t l e t  temperature i s  s u f f i c i e n t l y  above the preheat 
tank temperature and tha t  venting control dampers are positioned t o  
pemi  t a i r  f low through the domestic hot water heat exchanger. 
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2.1 Typical  System Operat ion 

Operat ion of the  Contemporary Manchester So lar  Energy System i s  c o n t r o l l e d  

b y  a Contemporary System Logic Contro l '  Un i t ,  designated LCU-11.0. The uni  t 

conta ins temperature comparison c i r c u i t s  which compare system i n p u t  temper- 

a t u r e  w i t h  preselected temperature s e t t i n g s  o f  the  c o n t r o l l e r .  The 

LCU-110 a l so  conta ins a Solar  Mode Se lec tor  which compares the  s igna ls  

generated by the  comparison c i r c u i t s  w i t h  the  room thermosta t ' s  request 

fo r  heat and determines which mode the  s o l a r  system should operate i n  

t o  make the bes t  use of a v a i l a b l e  s o l a r  energy. The output  o f  t he  Solar  

Mode Se lec tor  i s  rou ted  t o  a Mode Implementor . c i r c u i t  which . i n i t i a t e s  the  
I 

.appropr iate c o n t r o l  ac t i ons  t o  the  a i r  handler  fan and c o n t r o l  dampers t o  

p lace the. system ' i n  the  proper opera t ing  mode. 

Temperature s e t t i n g s  which apply t o  the vaf ious opera t ing  modes a r e  as 

fo l  1  ows : 

Heating From Co l l  ec to rs  - when the  c o l l  e c t o r  out1 e t  temperature 

i s  100°F, o r  h igher ,  and the thermostat c a l l s  f o r  heat, the  system 

w i l l  be placed i n  t h i s  mode. Operation i n  t h i s  mode w i l l  cease 

when. the o u t l e t  temperature f a l l s  below 85°F.. , 

Heat-ing From Storage - when heat i s  n o t  a v a i l a b l e  f rom the  c o l l e c t o r s  
. . 

and the thermostat c a l l s  f o r  heat, t h i s  mode w i l l  be entered i f  the 

h o t  s ide  o f  s torage i s  85"F, o r  more. Operat ion i n  t h i s  mode w i l l  

cease i f  the  temperature a t  the h o t  s ide  of s torage f a l l s  below 85°F. 

I 

Sto r ing  Heat - when the  c o l l e c t o r  o u t l e t  temperature i s  100°F o r  h igher  

and i s  a t  l e a s t  15°F above the h o t  s ide  storage temperature, the  system 

w i l l  operate i n  t h i s  mode, i f  the room thermostat i s  n o t - c a l l i n g  f o r  

heat. 
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Heating From A u x i l i a r y  - the  a u x i l  i .ary heat ing  mode i s  entered when 

a  heat ing demand e x i s t s  and s o l a r  energy i s  unava i lab le  e i t h e r  from 
/ 

t he  c o l l e c t o r s  o r  from storage. When opera t ing  i n  t h i s  mode, the  

a i r  handler dampers a r e  pos i t ioned t o  prevent  reverse f l o w  o f  a u x i l i a r y  

heat  i n t o  the  storage and c o l l e c t o r  loops. A s ignal  from the second 

stage o f  t he  room thermostat moves the  dampers t o  the p o s i t i o n  and . 

t u rns  on the  o i l - f i r e d  furnace and i t s  associated fan t o  supply heat 

t o  the cond i t ioned space. 

December 14, 1979, has been selected to i l l u s t r a t e  t y p i c a l  opera t ion  o f  the  

Contcmporary Manchester system. Un t h l  s p a r t . i r ~ r l a r  day, t he re  was no d i r e c l  

heat ing  from the  c o l l e c t o r s  bu t  operd t ion  i n  the o the r  th ree  pr imary modes; 

hea t i ng  from s torage, -s to r ing  hea l  arr;: r lcl i t iny from the  a u x i l i a r y  source, 

were observed. D i r e c t  heat ing  from the  c o l l e c t o r s  i s  very i n f requen t  

because o f  low thermostat s e t t i n g s  and passive heat ing  dur ing  t h e  day. 

Consequently, d i r e c t  h e a t i  ng i s  no t  considered t y p i c a l  operat ion.  

F igure  2.1-1 i s  a  p l o t  of se lected system parameters on t h i s  data 

which shows t h e  i n t e r a c t i o n  o f  the solar eneryy arid d u x i l  i d l y  sub= 

system throughout the  day. 

Heating from storage occurred dur ing  two b r i e f  i n t e r v a l  s  between midnight  

and 2:00 AM, a t  which t ime storage temperatures f e l l  below the  85°F min- 

imum: A u x i l i a r y  heat was suppl ied, a t  the  i n d i c a t e d  i n t e r v a l s ,  between 

midn igh t  and about 10:45 AM. Co l l ec to r  loop turn-on occurred a t  10:35 AM 

and s o l a r  energy was supp l ied  t o  rock storage u n t i l  the  c o l l k c t o r  turned o f f  

a t  3:02 PM. During t h i s  period, the  temperature a t  t he  h o t  s i d e  o f  storage 

increased from approximately 80°F t o  120°F, as shown by the  p l o t  o f  temp- 

e r a t u r e  T201. The '1 2 0 " ~  1  evel o f  storage temperature was 111ai r ~ t a i  ned u n t i  1 
\ j u s t  a f t e r  8:00 PM when heat ing  from storage was again requi red, 'as 

i n d i c a t e d  by the  e i g h t  cyc les o f  heat ing  from storage observed between 

8:00 PM and midnight .  This demand f o r  heat ing  from storage 0ccurre.d when 

t h e  f i r s t  f l o o r  temperature o f  the house had dec l ined t o  approximately 

60°F. 



C o l l e c t o r  l oop  t u rn -on  occur red  when t he  s o l a r  i n s o l a t i o n  had reached a  
2  va lue o f  31 1  B tu /F t  -Hr and was te rmina ted  a t  an i n s o l a t i o n  va lue  of  

2  147 B tu /F t  - H r .  C o l l e c t o r  o u t l e t  temperature a t  c o l l e c t o r  tu rn -on  was 

147°F and had decreased t o  96°F when tu rn -o f f  occur red  a t  3:02 PM. 

C o l l e c t o r  absorber su r f ace  temperatures a t  tu rn -on  and t u r n - o f f  were 

1 . 5 9 " ~  and 10l°F, r e s p e c t i v e l y .  

Examinat ion o f  F i g u r e  2.1-1 shows t h a t ,  on t h e  t y p i c a l  day se lec ted ,  t h e  

c o n t r o l  system operated g e n e r a l l y  i n  accordance w i t h  des ign  goa ls .  The 

l a c k  of d i r e c t  s o l a r  hea t i ng  from t h e  c o l l e c t o r s  i s  b e l i e v e d  t o  be due 

t o  a  s i g n i f i c a n t  amount o f  pass ive  s o l a r  energy i n p u t  t o  t h e  house 

which s a t i s f i e d  t h e  i n t e r i o r  hea t i ng  demand. d u r i n g  d a y l i g h t  hours and 

caused t he  a v a i l a b l e  s o l a r  energy t o  be rou ted  t o  r ock  s to rage  r a t h e r  

than t o  t h e  heated space. 



CONTEMPORARY MANWESTER DATA FOR DEC. 14, 1079 ' 

SPACE 
HEATING 
SYSTEM 
TEMPS. 

HOT WATER 
SYSTEM 100'' 
TEMPS. 

HEATED AIR SUPPL/ TEMP. TO HOUSE T40. 

HOT WNTER TEMP. TO L O 4 0  T 3 U  
I 

FLOILHOT WA-ER PREHEAT 
1.6b ELECTRIC RES: 

1 0 0 ~ ~  

SU?P-Y WATER TEMP. T301 

HOT WATER USAGE 

90 -. 

. . 
- 

50° 

2 '"1" 
4 6 8 10 

I 
12 

I 
14 

I 
16 

1 
18 

1 
20 a 24 

/. 
STORAGE . CCLD AIR SIDE 7203 L so 

J TIME IcOVRS! 

I I I I 
I I I 

4C01 
4 6 8 10 12 I I I 14 16 

I 
18 

I 
20 22 24 

rsoO 

Figure 2.1- I. Tppical System Operating Pa.-ameten and meiating Sequence 

SOLAR TO STORAGE W:O 

INSOLATION. 
FLOWS. & 200 
AMBIENT 
TEMP. 

(a 

,120 

- 
-100 - 
- 80 

- Y 

- 6 0  1 
Y - 

- 4 0  

- Y 

I 
- 2 0  f 
- 
- 0 OF 

- 
- .20 

- 
T M E  OF DAY HOURS) 



2.2 System Operat ing Sequence 

The opera t ing  sequence of t he  Contemporary Manchester system i s :  

. . i l l u s t r a t e d  by f u r t h e r  reference t o  F igure  2.1-1. System a i r  f lows 

i n  t he  var ious opera t ing  modes a re  p lo t te 'd  as a f u n c t i o n  of t ime . 

and referenced t o  the  i n c i d e n t  s o l a r  energy i n  the  lower graph, 

F igure 2.1-1 (a ) .  

!. The ef fects o f  opera t ing  cyc les  i n  t h e  s o l a r  and a u x i l i a r y  modes on 

the  temperatures i n  t he  space heat ing  subsystem can be seen i n  t h e  

concurrent  center  graph, F igure 2.1-1 (b ) .  Note t h a t  t h e  var ia t , ions  i n  

t h e  h o t  a i r  supply temperature, T401 a r e  i n  t ime phase w i t h  heat ing  

cyc les from storage and from the  a u x i l i a r y  source. Temperature T201 
. . a t  t he  h o t  s ide  o f  storage, and t o  a l e s s e r  extent ,  T203 a t  t he  c o l d  

s ide  o f  storage, can be seen t o  be i n  phase w i t h  t h e  storage o f  heat 

i n  F igure  2.1-1 (a).  Indoor f i r s t  f l o o r  temperature T600 i s  mainta ined 

. . i n  t he  range o f  73°F i n  t he  e a r l y  morning hours t o  65°F i n  t h e  l a t e  

evening hours, desp i te  an outdoor ambient temperature range o f  20°F t o  

3OF over  t he  twenty f o u r  hour per iod.  

Response o f  t h e  domestic h o t  water subsystem temperatures and f lows a re  

shown i n  the  upper graph, F igure 2.1-(c).  A c t i v a t i o n  o f  t h e  e l e c t r i c  r e s i s -  

tance heat ing  element f i r s t  occurs from about 7:00 t o  7:30 AM when t h e  hot  

water o u t l e t  temperature T352 has decreased t o  approximately 100°F and 

i s  r e f l e c t e d  i n  a r a p i d  increase i n  T352 t o  120°F. Flow W300 i n  the  

DHW preheat l oop  i s  e x a c t l y  concurrent  w i t h  c o l l e c t o r  l oop  f l o w  (10:35 AM 

t o  3:02 PM) ma in ta in ing  t h e  DHW output  temperature above t h e  110°F l e v e l  

u n t i l  about 4:00 PM when a second c y c l e  o f  a u x i l i a r y  DHW heat i s  requi red.  

It should be noted t h a t  t he  h o t  water usage, as p l o t t e d  i n  F igure 2.1- l (d) ,  

was very low f o r  ~ekember 14, t o t a l l i n g  o n l y  15 ga l lons .  Th is  usage i s  

t y p i c a l  f o r  t he  system because. o f  t h e  unoccupied s ta tus  o f  t h e  house 

throughout t h e  performance per iod,  and' i s  a t t r i b u t e d  t o  a manual draw 

o f  ho t  water by students o r  f a c u l t y  members from t h e  New Hampshire 

Vocat ional Technical College. 



3. PERFORMANCE ASSESSMENT 

. . 

The performance o f  , the  Contemporary,Manchester So lar  Energy System has been 

evaluated f o r  t h e  March 1979 through February 1980 t ime pe r iod  from two 

perspect ives.  The f i r s t  was the o v e r a l l  system vjew i n  which the  performance 

values o f  system s o l a r  f r a c t i o n  and n e t  energy savings were evaluated aga ins t  

t h e  p r e v a i l i n g  and long-term average c l i m a t i c  cond i t i ons  and system loads. 

The second view presents a more i n  depth l ook  a t  the  performance o f  the  

i n d i v i d u a l  subsystems. D e t a i l s  r e l a t i n g  t o  the  performance o f  t he  syste,m . 

a r e  presented f i r s t  i n  Sect ion 3.1 f o l  lowed by the  subsystem assessment 

i n  Sect ion 3.2. 



3.1 Sys tem Performance 

This Seasonal Report provides a system performance eva lua t i on  summary 

of t he  opera t ion  o f  the  Contemporary Manchester Solar  Energy System 

loca ted  i n  Manchester, New Hampshire. This ana lys i s  was conducted by 

eva lua t i on  o f  measured system performance aga ins t  the  expected pe r fo r -  

mance 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 c a l c u l a t i n g  a s e t  o f  pr imary performance 

fac tors  which a re  based on those proposed i n  the  intergovernmental 

agency repo r t ,  ,"Thermal Data Requirements and Performance Evaluat ion 

procedures f o r  t he  Nat ional  Solar  Heating and Cool i n g    em on strati on Program" 

[5]. The performance o f  t he  major subsystem i s  a1 so evaluated i n  subsequent 

sec t i on  o f  t h i s  repo r t .  

. . . . The measurement data were c o l l e c t e d  f o r  t he  pe r iod  March, 1979, through 

,: February, 1980. System performance data were prov ided through an IBM 

developed Central  Data Processing System (CDPS) [4 ]  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 i nes 

and couplers, an I B M  System 7 computer f o r  data management, and an I B M  

System 3701145 computer f o r  data processing. The CDPS supports t he  c o l -  

l e c t i o n  and ana lys i s  of s o l a r  data' acqui red from instrumented systems 

loca ted  throughout t he  country .  These data a r e  processed d a i l y  and sum- 

marized i n t o  monthly performance formats which form a common basis  f o r  

comparative system eva lua t ion .  These monthly summaries a r e  the  bas is  of 

the  eva lua t i on  and data contained i n  t h i s  repo r t .  

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

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

l h i s  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, the  outdoor ambient temperature and the system 

load. The dependent responses o f  the  system are  the  system s o l a r  f r a c t i o n  

and the ,  t o t a l  energy savings. Both the  i n p u t  and ou tpu t  d e f i n i t i o n s  a re  - 
as fo l lows:  
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Figure 3.1.1 S o l a r  Energy Systen! Evaluaticn Block Diagram 



Inputs 

Incident solar  energy - The total  solar  energy incident 

on the collector array and available fo r  collection. 

Ambient temperature - The temperature of the external 
. . 

environment which affects  both the energy tha t  can be 
, .  collected and t,he energy demand. 

... 
e System load - The loads tha t  the system.is designed to  

meet, which are  affected by the l i f e  s ty le  of the user 

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

appl icabl e )  . 

Outputs 

System solar fraction - The ra t io  of solar energy applied 

to the system loads to total  energy (solar  plus auxiliary 

energy) required by the loads. 

Total energy savings - The quantity of auxiliary energy 

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

. .  The monthly values of the inputs and outputs for  the total  operational . . 

period are  shown in Table 3.1-1, the System Performance Summary. Comparative 

long-term average values of daily incident solar  energy, and outdoor ambient 

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

from Reference 1 of Appendix C .  Generally the solar energy system i s  de- 

signed t.n supply an amount of ener-gy . t t \d l  resul ts  'in a desired value of 

system solar fraction while operating under climatic conditions that  are 

. . .defined by the long-term average value of daily incident solar  energy and 



outdoor  ambient temperature. If the ac tua l  c l i m a t i c  cond i t i ons  are  

c l o s e  t o  the  long-term average values, there  i s  l i t t l e  adverse impact 

o n t h e s y s t e m ' s a b i , l i t y t o ~ m e e t d e s i g n g o a l s .  T h i s i s a n i m p o r t a r i t  . 

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

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

paragraphs a r e  takkri f rom Table 3.1-1. 

A t  t h e  Contemporary Manchester s i t e  f o r  the  twelve month r e p o r t  per iod,  

t h e  long-ten11 average d a i l y  i n c i d e n t  s o l a r  energy i n  t he  plane o f  t he  
2 c o l l e c t o r  was 1089 B t u l f t  . The average d a i l y  measured value was 1288 

2 B t u l f t  which i s  about 18 percent  above the  long-term value. On a monthly 

basis ,  October o f  1979 was the  ;;r.st month w i t h  an average d a i l y  meas~lred 

value o f  inci .dent s o l a r  energy 18 percent be$w the, long-term average d a i l y  
, . 

value. February 1980 was the  bes t  month.with: an average d a i l y  measured 

value 54 percent above the  long-term average d a i l y  value. On a long-term 

b a s i s  t h e  measured value o f  i n c i d e n t  s o l a r  energy was s u f f i c i e n t l y  above 

t h e  long-term value t o  have a favorab le  i n f l uence  on the  performance of the  

s o l a r  energy system. 
I ,  

The outdoor ambient temperature i n f l  uences the  opera t-ion o f  the  s o l a r  

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

c o l l e c t o r s  and consequently the  c o l l e c t o r  e f f i c i e n c y  o r  energy ga in  I s  ': 
determined by the  d i f f e r e n c e  . in  the  outdoor ambient temperature and the  

c o l l  e c t o r  i n 1  e t  temperature. T h i  s w i  11 be d i  sc,ussed i n  g rea te r  d e t a i l  

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

t.emperature. The measured average d a i l y  ambient temperature was 53°F 

f o r  t h e  Contemporary Manchester. s i t e  which : is  7°F above the  long- term 

va lue  o f  46°F. On a monthly bas is  January :and February o f  1980 were 

t h e  wors t  months, temperaturewise, when tha  measured temperature was 
1" t o  6°F below the  long-term d a i l y  average. This two month pe r iod  of 

below average temperature has a s l i g h t l y  adverse impact on system per-  

formance. This r e s u l t e d  from an increased load and a decreased s o l a r  

f r a c t i o n  which l e d  t o  a decrease i n  the  t o t a l  n e t  savings. 



. . 
TABLE 3 . 1 ~ 1  .. . . . 

SYSTEM PERFORMANCE'SUMMARY 

CONTEMPORARY MANCHESTER 

D a i l y  Inc iden t  Solar  
Energy per  U n i t  area 

n 

, 

Mar 79 

Apr 79 

@ 60" T i1  t ( ~ t u / ~ t ~ * ~ a ~  
! Long-Term 

Month 

May 79 

Jun 79 

J u l  79 . 
Aug 79 

Sep 79 

Oct 79 

Nov 79 

Measured I ~ v i r a g e  

Dec 79 

Jan 80 

Feb 80 

I 

Tota l  1 15455 1 13054 

Average 1 1288 
I 

*Average i s  weighted by the  measured system load. 

1089 

Ambient 
Temperature 

" F 

Measured 

Tota l  
Energy 
Savings 

( M i l  1 i o n  Btu) 

Sys tem 
Load- 

Measured 

(Mi 11 i o n  Btu)  
Long-Term 

Average 

Solar  I 

F r a c t i o n  
( Percent ) 

Measured ' ~ x ~ e c t e d  



The e f f e c t  o f  system 1.oad.and ambient temperature on the  performance 

o f  t h e  ~ o n t e m ~ o r a r i .  Manchester Solar  Energy System can be seen by 

re ference t o  Table 3.,,-1. The maximum s o l a r  f r a c t i o n  o f  74 percent 

was achieved i n  May, 1979, when system load was low and ambient temp& 

e r a t u r e  was 12°F above the  long- term average value. Because o f  the 

extremely low and non- typ ica l  h o t  water loads which c o n s t i t u t e d  the  

e n t i r e  l o a d  du r ing  the  summer months (June through September) the 

measured s o l a r  f r a c t i o n  du r ing  t h i s  per iod  i s  n o t  considered a v a l i d  

index 'o f  system performance. The lowest  s o l a r  f r a c t i o n  du r ing  the  
I 

hea t ing  season was recorded i n  October, 1979, (7%) drld, i n  t h i s  case, 

t h e  poor performance i s , a t t r i b u t e d  t o  the  f a c t  t h a t  t he  i n c i d e n t  s o l a r  

energy was 18 percent  below the  long-term average, as c i t e d  e a r l i e r  

(wors t  month). The adverse e f f e c t s  o f  the combination of h igh  load and 

low temperature can a l so  be seen i n  January, 1980, when the  ambient 

temperature was 1°F below the  long-term average and the  l oad  was t h e  

h ighes t  i n  any month i n  the, r e p o r t i n g  per iod,  r e s u l t i n g  i n  a s o l a r  

f r a c t i o n  o f  o n l y  12 percent.  

A lso presented i n  Table 3.1-1 are  the  measured and expected values o f  

system s o l a r  f r a c t i o n  where system s o l a r  I ' r ac t i on  1 s  The r a t l o  u f  suldr. 
\ 

energy app l i ed  t o  the  system loads t o  the  t o t a l  energy ( s o l a r  p lus  aux- 

i l i a r y )  app l i ed  t o  the loads. The expected values have been der ived f rom.  , 
a mod i f i ed  f -Chart  ana;lysis which uses measured weatt~er* and subsystem 

! 

loads as i npu ts  ( f -Char t  i s  the  designat ion o f  a procedure t h a t  was 

developed by the So lar  Energy Laboratory, U n i v e r s i t y  o f  Wisconsin, 

Madison, f o r  modeling and designing s o l a r  energy system [9]) .  The model 

used i n  the  ana lys is  i s  based on manufacturers'  data and o the r  known 

system parameters. The bases f o r  the  model a,re empi r i c a l  c o r r e l a t i o n s  

developed f o r  l i q u i d  and a i r  s o l a r  energy systems t h a t  a re  presented 

i n  g raph ica l  and equat ion form and r e f e r r e d  t o  as the  f -Chart  where I f '  

i s  a designator  f o r  the system s o l a r  f r a c t i o n .  The ou tpu t  o f  the  f -Char t  

procedure i s  the expected system s o l a r  f r a c t i o n .  The measured value of 

system s o l a r  f r a c t i o n  was computed from measurements obta ined through 

t h e  ins t rumenta t ion  system o f  the energy t r a n s f e r s  t h a t  took p lace 

w i t h i n  t h e  s o l a r  energy system. These represent  the  ac tua l  performance 

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



.The t o t a l  energy saving i s  an important  performance parameter fo r  t h e  

s o l a r  energy system because the  fundamental purpose of t h e  system i s  

t o  rep lace ex,pensive conventional energy sources w i t h  l e s s  expensive s o l a r  

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

t o  cover both t h e  cos t  of i t s  own opera t ion  and t o  repay t h e  i n i t i a l  

investment f o r  t h e  system. I n  terms o f  t he  techn ica l  ana lys i s  pre- 
. . sented i n  t h i s  r e p o r t  t h e  n e t  t o t a l  energy savings should be s i g n i f i c a n t  

p o s i t i v e  f i g u r e .  ' The t o t a l  n e t  energy savings f o r  t h e  Contemporary 

~ a n c h e s t e r  Solar  Energy System was 14.52 m i l l i o n  Btu  which i s  equivalent  

dur ing  the.performance per iod.  This i s  no t  considered t o  be normal sav- 

ings f o r  th. is  system. The reason i s  t h a t  the  house was unoccupied through- 

o u t  t h e  performance per iod.  The loads were consequently l i g h t ,  and 

the  system was n o t  used i n  a manner as i t  was designed fo r .  



. , .  

3.2 Subsystem Performance . . 

The Contemporary Manchester Solar  Energy I n s t a l l a t i o n  may be d i v i d e d  i n t o  

f o u r  subsystems: 

1 . c o i l  e c t o r  a r r a y  

3.. H o t w a t e r  

4 .  Space Heating 

Each subsystem has been evaluated by the  techniques def ined i n  Seot ion 3 

and i s  numer ica l l y  analyzed each month f o r  the  monthly performance assessments. 

Th is  sec t i on  presents the  r e s u l t s  o f  i n t e g r a t i n g  the  monthly data a v a i l a b l e  

on the  f o u r  subsystems f o r  the  pe r iod  March, 1979, through February, 1980. 



3.2.1 Col 1 ector Array Subsystem 

The Contemporary Manchester col 1 ector array consists of twenty Contem- 
porary Systems Incorporated, Series V ,  Warm 'Air col 1 ectors making u p  an 

array with a gross area of 805 square feet .  The collectors are  inter-  
connected for  parallel flow. Interconnection and flow de ta i l s ,  as well as 
other pertinent operational character is t ics  are  shown in Figure 3..Z.l-1 ( a )  
and ( b ) .  The collector subsystem analysis and data a re  given in the 
fol 1 owl ng paragraphs. 

Collector array performance i s  deicri bed by the col lector  array e f f i -  
.ciency. This i s  the r a t io  of collected solar energy to  incident solar 
energy, a value always. less  than unity because of col lector  losses. 
The incident solar energy may be viewed from two perspectives. The 

. . . . 
f i r s t  assumes tha t  a l l  available solar energy incident on the col- 

, : .  . lectors  be used in determining collector array efficiency. - The e f f i -  

. . 
ciency is then expressed by the equation: 

where nc = Collectorarray efficiency 

. . . . . . QS = Collected solar energy 

Qi = Incident solar energy 

. : 
. . The eff.iciency determined in th i s  manner includes the operation of the 

. . . . .  control system. For example, solar energy can be available a t  the col- 
:. . . . lector ,  but the collector absorber plate temperature may be below the 

minimum control temperature se t  poin't for  col 1 ector 1 oop operation, thus . . 
. . the energy i s  not collected. The monthly efficiency by th i s  method i s  

. .. . , 
l i s t e d  in the column ent i t led  !'Collector Array Efficiency" in Table 
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Figure 3.2, I -  1 (b). Collector Panel Air Flow Path 

COLLECTOR DATA 

Manufacturer - Contemporary Systems Inc. 

Model - Series y Warill Air 

Type - Air 
Number of Collectors - 20. 
Flow Paths - 20 

Figure 3.2.1- 1. Collector Array Schematic 

SITE DATA 

Location - New Hampshire Vocational 
Technical College 
Manchester, New Hampshire 

Latlrude - 43.2"~ 
Longitude - 71.5'~ 

Collector Tilt - 60' 
Azimuth - 15' West of South 



The second viewpoint assumes that  only the sol& energy incident on the 

col lector  when the collector loop i s  operational be used in determining 
the col lector  array efficiency. The value of the operational incident 
solar  energy used i s  mu1 t ip l ied  by the ra t io  of the gross col lector  area 
to  the gross col lector  array area to compensate for  the difference between 
the two areas caused by instal-lation spacing. The,efficiency i s  then ex- 

, pressed by the equation: 

A~ 
"co = , Qs/(Qoi X lAa) 

where "co = Operational col 1 ector array efficiency 

QS = Co1 lected solar energy 

. . Qo i = Operationa'l incident solar  energy 

A~ 
= Gross collector area ( the product of 

the number of collectors and the 
envelope area of one col lec tor )  ' 

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

, : 

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

In the ASHRAE Standard 93-77 [6 ]  a collector efficiency i s  defined in 
the same .terminology as the operational col1,ector array efficiency. 
However, the ASHRAE efficiency i s  determined from instantaneous eval ua- 

tion under t igh t ly  controlled, steady s t a t e  tes t .condi t ions,  while the 
operational col lector  array efficiency i s  determined from actual dynamic 
conditions of daily solar energy system operat io6 in the f ie ld .  



. . 

1 

TABLE 3.2:l-1 

COLLECTOR ARRAY PERFORMANCE 

I 

i 
I 

I - - 
I 

I i T o t a l  378.64 45.70 209.57 ! 

I j I- I 
i 

I I .  I ! Average , 31.55 i 3.81 I 0.12 \ I 17.C7 C.22 1 

* 

*These e f f i c i e n c y  va lues a r e  con-puted f o r  ve ry  b r i e f  per iods  o f  s o l a r  c o l i . ~ c t i o n  and a r e  n o t  
cons idered  t o  represen t  v a l  i d  c o l l  e c t o r  ope ra t i on  due t o  t r ~ n s i e n t  c o n d i t i o n s  . 

C o l l  e c t o r -  1 

Ar ray  
E f f i c i e n c y  

0; 12 

0.16 

Month 
i 
I Mar 79 

- ,  I Apr 79 
I 

Opera t iona l  
I n c i d e n t  Energy 

(Mi 11 i o n  B tu )  

I n c i d e n t  
S o l a r  Energy 
(Mi 11 i o n  B tu )  

27.44 

31.62 
I 13.17 

Opera t iona l  7 

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

I Col 1 ec ted  
S o l a r  Energy 
( M i l l  i o n  B t u l  

3.40 

5.14 

I May 79 1 29.40 4.06 0.14 

. 
8.75 , 

13.96 

I . 0.31 
I 

3.70 I i 
I 

0.57* 

1.58 I 0.89 * 

, 
0.39 

0.37 

Jun 79 40.53 i I 

i 

I 
I 0.05 2.10 

i J u l  79 1.41 39.05 

1 Aug 79 0.04 

0.04 

33.91 f '  1.40 
! 

25.52 1 
1 Sep 79 

! I 0.05 . 

41.10 i I 6.07 0.15 Ii 34.72 j 0.17 I 1 - 1  Oct  79 , ! 

! 

i 
! 

23.33 i 4.20 0.18 f 18.97 0.22 
! ! ! 5.20 0.24 i :4ov 75 j 2 i .  51 I t 16.96 0.31 ! 

I I Dec 79 25.03 i 4.92 0.20 19.53 i C.25 

I i Jan 80 29.07 I 3.63 0.13 22.56 
i 

1 
0.16 1 Feb 80 36.65 4 .'I 7 j 0.11 30.25 1 

i .i 
0.14 



The ASHRAE Standard 93-77 definit ions and methods often are  adopted 
by coll ector manufacturers and ' independent tes t ing laboratories i n  

evaluating  collectors. The collector evaTuation performed for  . t h i s  
. .  report using the f i e ld  data indicates tha t  there was a s ignif icant  

' ' . ' difference between laboratory calibrated single panel collector data 
and the col 1 ector data determined from long-term f i e ld  measurements. 

. . 
' . . . .There. . are two, primary reasons for  differences i n  the laboratory and 

f ie ld  data: 

. , Test conditions are  not the same as conditions 
: O! 

i n  the f i e l d ,  nor-do they represent the wide 
dynamic range of f i e ld  operation ( i . e .  i n l e t  and 
out le t  temperature, flow rates  and flow d i s t r i -  
bution of the heat t ransfer  f lu id ,  insolation 

. . .  levels ,  as'pect angle, wind conditions, leakage,  e t c .  ) . 

Collector t e s t s  are  not generally conducted with 
I 

units tha t  have undergone the effects  of aging 
( i . e .  changes i n  the character is t ics  of the glazing 
material, collection of dust, soot, pollen or  other 
foreign material on the glazing, deterioration of the 
absorber .plate surface treatment, e tc .  ) 

Consequently f i e ld  data collected over an extended period will generally 
provide an improved source of collector performance character is t ics  fo r  
use, in long-term system performance definit ion. 

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  -avai lable  data. For de- 

ta i led collector analysis i t  was desirable to use a limited subset 
of the avai 1 able data that  characterized col 1 ector operation under 
"steady s ta te"  conditions. This subset was defined by applying the 
fallowing restr ic t ions:  

- 



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

opera t ion  when 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  

from 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 se ts  o f  measured parameters were r e s t r i c t e d  t o  

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

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

was l i m i t e d  t o  a r~iaxinlum of 5 percent.  

Instantaneous e f f i c i e n c i e s  (n . )  computed from the  "steady s t a t e "  
J 

opera t i on  measurements o f  i n c i d e n t  s o l a r  energy and c o l l  ected s o l a r  

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 x, = C o l l e c t o r  opera t ing  p o i n t  a t  t he  j 
t h 

.J 
i n s t a n t  

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

= Outdoor ambient temperature 
d 

I = Rate o f  i n c i d e n t  s o l a r  r a d i a t i o n  

The data p o i n t s  (TI x . )  were then p l o t t e d  on a graph of e f f i c i e n c y  
j' J 

versus opera t ing  p o i n t  and a f i r s t  order  curve described by the  slope- 

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

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

*The data system i n t e r v a l  was 5-113 minutes i n  durat ion.  Values of 
a1 1 measured parameters were cont inuous ly  sampled a t  t h i s  r a t e  
throughout the  performance period. 

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



where " j - .  - Col lector efficiency corresponding to the 
jth instant 

. . 

b = Intercept on the efficiency axis 

(-)m = Slope 

X 
j 

= Collector operating point at jth 

instant. , I . 
. ' The relationship between the empirical ly determined efficiency curve 

. . (. and the analytically developed curve'wil 1 be establ ished in subsequent 
paragraphs. 

. . 
. . 
The analytically developed collector efficiency curve is based on 
the ~ottell- hill ier-B1 iss equation : 

/ ,  ' where II = Collectorefficiency 
I 

FR = Collector heat removal factor , 

. . .  

. . 
. , 

, . 
T = Transmissivi ty of collector glazi ng 

a = Absorptance of collector plate 

' . UL = Overall collector energy loss coefficient 

T i  = Collector inlet fluid temperature 
x 

. T = Outdoor ambient temperature 

I = Rate of incident solar radiation 



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

Therefore by determining t h e  s lope- in te rcept  e f f i c i e n c y  equat ion from 

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

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

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 :  

h = FRru 

and 

m = FRUL 

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

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

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

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

gression technique, measurement data over the  e n t i r e  performance pe r iod  

y i e l d s  'higher conf idence i n  the  r e s u l t s  than s i m i l a r  ana lys i s  over sho r te r  

periods. Over the  longer  per iods the  c o l l e c t o r  a r r a y  i s  fo rced t o  operate 

over  a wider  dynamic range. This  e l im ina tes  t h e  tendency shown by some 

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

range o f  opera t ing  po in ts .  The c l u s t e r i n g  e f f e c t  tends t o  make the  

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

data po in t .  The use o f  data from the  e n t i r e  performance pe r iod  r e s u l t s  I 

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

s o l a r  system performance p red i c t i on .  The 1 ong-term curve and the  curve 

der ived from the  l abo ra to ry  s i n g l e  panel data a r e  shown i n  Figure 3.2.1-2. 

The two curves o f  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  o v e r a l l  

performance. However, t he  crossover p o i n t  o f  t he  two curves f a l l s  w i t h i n  

t h e  ope ra t i ng  p o i n t  range where most o f  t he  c o l l e c t o r  opera t ion  occurred, as 

can be seen from histograms o f  Figure 3.2.1-3. The long-term curve does show 





a slightly less negative slope than the curve derived from single panel 

laboratory data. This may be attributable to the fact that the t e s t  flow 
rate for the single panel t es t  was lower than the average flow rate of 61 

cubic feet  per minute per panel from field measurenents. 

Table 3.2.1-2 presents data comparing the monthly measured values of 
solar energy coll ected with the predicted performance determined from 
the long-term regression curve and the laboratory single panel eff i -  
ciency curve. The pred-lctlons were derived by the fol lowiny 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 col 1 ector array efficiency 

b, The laboratory single panel calloctfir 
efficiency curve 

3. The efficiencies computed in Steps 2a and 2b 

above were mu1 tip1 ied by the measured solar 
energy available when the collectors were 

operational t o  give two predicted values of 

501 ar  energy col 1 ec ted. 

The error databin Table 3.2.1-2 were computed from the differences 

between the measured and predicted values of solar energy collected 
according t o  the equation : 

1 



. . 

ENERGY GAIN COMPARISON 
(ANNUAL) , 

SITE: Contemporary Manchester Manchester, New Hampshire 

W 
C, , 

MONTH/Y EAR 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 79 

Dec 79 

Jan 80 

Feb 80 

Average 

1 

COLLECTED 
SOLAR ENERGY 
(MILLION BTU) 

0.492 

4.255 

3.670 

0.671 

0.101 

1 

ERROR 

FIELD DERIVED 
LONG-TERM 

0.029 

-0.008 

-0.122 

-0.014 

0.214 

LAB 
PANEL 

-0.332 

-0.364 

-0.376 

-0.313 

-0.160 

0.074 

-0.302 
-0.234 

-3.220 

-0.151 

-0.194 

-0.242 

-0.261 

0.032 0.698 i 5.11 2 

4.066 

4.874 

4.597 

3.380 

3.826 

2.923 

0.038 

0.105 

0.113 

0.178 

0.092 

0.01 1 

0.054 



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

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

P = ' P red ic ted  s o l a r  energy c o l  1  ected 

She computed e r r o r  i s  then an i n d i c a t i o n  of how we1 1  t h e  p a r t i c u l a r  

p r e d i c t i o n  curve f i t t e d  t h e  r e a l i t y  'of dynamic ope ra t i ng  cond i t i ons  

i n  t h e  f i e l d .  

The values o f  "Co l lec ted  So la r  Energy" g iven i n  Table 3.2.1-2 a r e  n o t  

n e c e s s a r i l y  i d e n t i c a l  w i t h  t he  values o f  "Co l l  ected So la r  Energy" 

g iven  i n  Table 3.2.1-7. Any v a r i a t i o n s  a re  due t o  t h e  d i f f e r e n c e s  i n  

da ta  processing between t h e  sof tware programs used t o  generate t h e  

month ly  performance. r e p o r t  data and the  component l e v e l  c o l l e c t o r  ana l -  

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

form t h e  references from which the  e r r o r  data g iven i n  t he  t a b l e  a re  

computed. 

The data f rom Table 3.2.1-2 i l l u s t r a t e s  t h a t  f o r  t he  Contemporary Manchester 

s i t e  t h e  average e r r o r  computed from the  d i f f e r e n c e  between the  measured ' 

s o l a r  energy c o l l e c t e d  and the  p red i c ted  s o j a r  energy c o l l e c t e d  based on 

t h e  f i e l d  de r i ved  long- term 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 was 5.4 percent .  

For t h e  curve der ived  f rom the  l a b o r a t o r y  s i n g l e  panel data, t h e  e r r o r  was 

26.1 percent .  Thus the  long- term co l l e . c to r  a r r a y  e f f i c i e n c y  curve g ives  

s i g n i f i c a n t l y  b e t t e r  r e s u l t s  than t h e  manufacturer 's  l a b o r a t o r y  s ing1 e  

panel curve. 

A h is togram o f  c o l l e c t o r  a r r a y  ope ra t i ng  p o i n t s  i l l u s t r a t e s  t h e  d i s t r i -  

b u t i o n  o f  instantaneous values as determined by Equation ( 3 )  f o r  t h e  

e n t i r e  month. The h is togram was cons t ruc ted  by computing t h e  i n s t a n -  

taneous opera t ing  p o i n t  va l  ue from s i t e  i ns t rumen ta t i on  measurements 

a t  t h e  r e g u l a r  data system i n t e r v a l s  throughout  t he  month, and count ing  

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



' '  t o  u n i t y .  d he opera t ing  p o i n t  h is togram shows t h e  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 

. . - .ascertained. The average co.1 l e c t o r  a r r a y  e f f i c i ency  f o r  t h e  month can be 
. . .  

. . der ived by p r o j e c t i n g  t h e  midpoint  va lue t o  t h e  appropr ia te  e f f i c i e n c y  
. . 

curve and reading t h e  corresponding va l  ue of e f f i c i e n c y .  
. . 

'Another c h a r a c t e r i s t i c  of t h e  opera t ing  p o i n t  histogram i s  t he  s h i f t i n g  

, o f  t he  d i s t r i b u t i o n - a l o n g  the  opera t ing  p o i n t  ax is .  This  can be expla ined 
' 

i n . t e r m s  o f  t he  c h a r a c t e r i s t i c s  o f  t h e  system and t h e  c l i m a t i c  f a c t o r s  o f  

, the s i t e ,  i :e., i 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 (September) operat ion.  The ac tua l  
. . m i d p o i n t  which represents t h e  average opera t ing  p o i n t  f o r  February i s  

.. . a t  0.18 and f o r  September a t  0.16. With a  r e l a t i v e l y  constant  c o i l e c t o r  

i n 1  e t  temperature, . t h e  opera t ing  p o i n t  becomes depen'dent on outdoor ambient 

temperature and i n c i  den.t, s o l a r  energy. . From Equation (3) when the  

. . 
, * 

t e m p e r a t u r e  d i f f e r e n c e  becomes l a r g e r  due t o  t h e  lower Ta and t h e  i n c i -  
. . .  

. ,. " dent  s o l a r  energy becomes smal ler,  as j s  t y p i c a l  i n  t h e  w in te r ,  t he  
. . 

opera t ing  p o i n t  increases and c o l l e c t o r  opera t ion  s h i f t s  t o  the  r i g h t  

. . . . ' . ' on the  opera t ing  p o i n t  histogram. The oppos i te  s i t u a t i o n  occurs i n  the  
. . sumer.  The important  p o i n t  t o  be made from t h i s  i s  t h a t  t h e  average 

. . 

. . c o l l e c t o r  e f f i c i e n c y ,  which depends on t h e  ope ra t i ng  po in t ,  s h i f t s  from 

w in te r  t o  summer, assuming the  h igher  value i n  t he  summer. The behavior 

. . i s  f u r t h e r  i l l u s t r a t e d  by cons ider ing  the  data i n  Table 3.2.1-1. 

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

. opera t iona l  i n c i d e n t  s o l a r  energy, and c o l l  ected s o l a r  energy from 

the  12 month performance per iod.  The c o l l e c t o r  a r r a y  e f f i c i e n c y  and 

opera t iona l  c o l  1  e c t o r  a r r a y  e f f i c i e n c y  'were computed f o r  each month 

'. ., us ing  ~ ~ u a t i o n s  (1 ) and (2) .  The values o f  opera t iona l  c o l  1 ec to r  . . 

: e f f i c i e n c y r a n g e f r o m a m a x i m u m o f  0 . 3 9 i n M a r c h ,  1 9 7 9 t o O . l 4 i n F e b r u a r y ,  
: 1980. Trans ien t  values o f  e f f i c i e n c y  f o r  June and Ju ly ,  1979, a r e  n o t  con- . ,, 

. ,  s idered. On the  average the  opera t iona l  c o l  1  e c t o r  a r ray  e f f i c i e n c y  exceeded . . 

t he  c o l l e c t o r  a r ray  e f f i c i e n c y  which inc luded t h e  e f f e c t  o f  t he  c o n t r o l  

system by 10 percent.  I 



' cOLL,EtTOR TYPE: CONTEMPORARY SISTE'YSCDLLECTJZ 4JJ.EL: j E q E E S  d 4 R Y  
' 

1 0 . 0 Y -  

Q. O t -  

@.or -  

ABCISSA = ( I N L E T  TEMP - AMnIENT  TEMP ) / l h S U L A T I t i N  DEG F - H R  - SQFT/HTU 
O R D I N A T E  = PERCENT O F  TOTAL CCCURRFNCFS 

7 .  OY- 

6 . 0 7 -  

5 . 0 Y -  

4.01- 

3 * 0 1 -  

2 . 0 % -  

1 . 0 % -  

Figure 3.2.1-3. Contemporary ?danclrester Operating Paint Histoyams for Typical ~ n t h  and Summer M,onths 

I 
I 
i 
I 

I I 
,O.O% I -  

0  



A t  Contemporary ~anches te r ,  the incident solar  energy totaled 378.64 mil 1 ion 
B t u  and solar energy colle,cted by the array totaled 45.70 million B t u  fo r  the 

' 

report period (Table 3.2.1-1 ). The average col lector  array efficiency over . . 

the twelve month period was 12 percent and the operational collector e f f ic -  

iency averaged 22 percent. The operational efficiency i s  considered the best 
measure of solar system performance because i t  excludes such factors as 

control system anomol ies  and scheduled down time. I t ,  therefore, ref1 ects  
, . .  

the t rue a b i l i t y  of the system to co l lec t  available solar  energy when i t  
. . 

i s  operating i n  the intended collection modes. 

Additional information concerning collector array analysis i s  general may 
. . .. be found in Reference [8]. The material i n  the reference describes the 

detai 1 ed coll ector array analysis'  procedures and presents the resul t s  of 

. ' .analyses performed on numerous collector array instal la t ions across the 
united States. 



3.2.2 Storage Subsystem 

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

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

. t h e  sum o f  energy f rom 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 ,  us. This r e l a t i o n s h i p  i s  ex- 

pressed i n  the  equat ion.  

where: 

r\Q . '=.  Change i n  s to red energy. This 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 the  r e l a t i v e  
. . temperature o f  the  storage medium ( e i t h e r  p o s i t i v e  ,* 

. . o r  negat ive  value)  

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

ex t rac ted  by the  l o a d  subsystem from t h e  pr imary 

storage medi um 

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

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

storage medi um 

Eva lua t ion  o f  the  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 de f 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 re  i l l u s t r a t e d  i n  t he  f o l l o w i n g  discussion. 



Month 

Energy t o  
Storage 

(Mil 1 ion B t u )  

Mar 79 

Apr 79 

May 79 

Jun 79 

Jul 79 

Aug 79 . 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

I Total 1 38.66 

1 Average 1 3.22 

* Storage efficiency and temperature obtained by considering only the six months i n  wh ich  
energy was drawn from storage t o  supply a s i gn i f i c an t  heating load. 

J .  

/ 

I Change In s torage . * 

Average 
Temperature 

O F  

Energy From 
Storage 

(Mil 1 ion B t u )  

Stored 
Energy 

(Mil 1 ion Btu) 
Storage . 

Eff ic iency '  



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

r e p o r t  period,. However before di .scussing storage subsystem performance 

i t  i s  necessary t o  p o i n t  o u t  a minor d i f f i c u l t y  r e l a t i n g  t o  the  moni to r ing  

ins t rumenta t ion  i n  the  storage loop. Examination o f  F igure  2-1 w i l l  reveal  

t h a t  t he re  i s  no t  f lowmeter i n  the  ducts lead ing d i r e c t l y  i n  o r  o u t  o f  t he  

storage b i n .  Since the re  a r e  a i r  leaks i n  t h i s  a i r  system, the  computations 

f o r  energy t o  and from storage w i l l  be s l i g h t l y  i n  e r ro r ,  even though an 

at tempt was made t o  account f o r  a i r  leakage whenever possib le.  

During t h e  twelve month pe r iod  an approximate t o t a l  o f  38.66 m i l l i o n  Btu  

was de l i ve red  t o  storage and 11.34 m i l l i o n  Btu was ex t rac ted f a r  ~ ~ ~ p p n r t .  nf 

t h e  space heat ing load. I t  should be noted t h a t  l i t t l e  o r  no energy was 

drawn from storage from May, 1979 through October, 1979, due t o  the  very 

small  heat ing  loads du r ing  these warm weather months. The ne t  change i n  

s tored energy was 0.27 m i l l i o n  8 tu  and t h e  average storage e f f i c i e n c y  over 

t h e  r e p o r t  per iod  was 0.23. A more meaningful storage e f f i c i e n c y  o f  0.49 

i s  obta ined by consider ing on ly  the  s i x  months when energy was down from 

storage t o  supply a s i g n i f i c a n t  heat ing load. The average temperature 

o f  s torage dur ing  t h e  heat ing  per iod  was 88OF, and f o r  t he  f u l l  12 months 

i t  was 97'~. 

Comparison o f  t he  "energy from storage" w i t h  the  "energy t o  storage 

(Table -3.2.2-1) f o r  the  r e p o r t  per iod  revea ls  a storage loss  o f  27.32 

m i l l i o n  Btu. It should be noted, however,.that 15.94 m i l l i o n  Btu  o f  

t h i s  l o s s  occurred du r ing  t h e  per iod  from May, 1979, through October, 

1979;during which there  was l i t t l e  o r  no heat ing load w i t h  the  r e s u l t  

t h a t  a l l  energy p u t  i n t o  storage e s s e n t i a l l y  became a loss.  Dur ing 

t h e  s i x  co lde r  months, when energy from storage was used t o  support a 

s i g n i f i c a n t  heat ing  load, the  losses, a1 though s t i l l .  appreciable, 

(11.38 m i l l  i o n  Btu)  were more t y p i c a l  o f  t he  expectat ions from a rock 

storage u n i t .  Storage losses a re  a t t r i b u t e d  no t  on l y  t o  thermal con- 

d i t i o n  through the  rock  b i n  w a l l s  b u t  a l s o  t o  leakage through imperfect 

c o n t r o l  damper seals and ductwork j o i n t s .  



3.2.3 Hot. Water Subsystem 

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

the  amount o f  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  the  t o t a l  l oad  cons i s t s  of both s o l a r  energy and a u x i l i a r y  thermal 

energy. 

The performance o f  the  Contemporary Manchester h o t  water subsystem i s  

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

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

the  case of Contemporary Manchester, where the  h o t  water a u x i l i a r y  energy 

i s  supp l ied  by e l e c t r i c  res is tance elements, an e f f i c i e n c y  o f  100 percent  

i s  assumed, and the  values of a u x i l i a r y  energy and a u x i l i a r y  thermal energy 

(energy de l i ve red  t o  the load)  a r e  the  same. The d i f f e r e n c e  between the  

sum o f  a u x i l i a r y  thermal energy p lus  s o l a r  energy. and the  h o t  water load 

i s  equal t o  the  thermal (standby) losses from the  h o t  water subsystem. 

The measured s o l a r  f r a c t i o n  i n  Table 3.2.3-1 i s  an average weighted 
. , 

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

. . .' tank t o  ' t h e  t o t a l  energy i n  the  h o t  water tank when a  demand f o r  h o t  

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

water usage. It does n o t  represent  t he  r a t i o  of s o l a r  energy supp l ied  
. . 

. t o  the  sum of s o l a r  p lus  a u x i l i a r y ' t h e r m a l  energy supp l ied  shown i n  

the  Table. 

A .  For the  12 month per iod  from March, 1979, through February, 1980, t he  
. . 

s o l a r  energy system .suppl i e d  a  t o t a l  o f  2.33 mi 11 i o n  Btu t o  the  h o t  water 

subsystem. O f  t h i s  2.33 m i l l i o n  Btu c o n t r i b u t i o n ,  0.38 m i l l i o n  Btu went 

i n t o  the  l o a d  (ho t 'wa te r  used), and 1.95 m i l l  i o n  Btu went i n t o  standby 

, l osses  from the preheat tank. A u x i l i a r y  energy supp l ied  over  t h i s  per iod  

amounted t o  3.76 m i l l i o n  Btu y i e l d i n g  a  t o t a l  ( s o l a r  p lus  a u x i l i a r y )  i n p u t  

of 6.09 m i l l i o n  Btu t o  the  h o t  water subsystem. Since t h e  h o t  water l o a d  

. . . f o r  the  r e p o r t  pe r iod  was o n l y  1.63 m i l l i o n  Btu  the  thermal (standby) losses 

. f rom the  DHW tank, amounted t o  2.51 m i l l  i o n  Btu. 



TABLE 3.2.3-1 

HOT WATER SUBSYSTEM PERFORMANCE 

Standby Weighted 
Losses So la r '  

F r a c t i o n  

P 
0 

i 

Month 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 79 

Dec 79 

Jan 80 

Feb 80 

To t a  1 

Average 

Energy Suppl i e d  Hot Water Parameters 

A u x i l i a r y .  

0.538 

0.543 

Gal l ons  
Used. ' 

347 

387 

Btu) 

S o l a r  

0.036 
0.129 

(Mi 11 i o n  
A u x i l  i a r y  

. . Thermal 

0.538 

0.543 

.O. 351 

0.31 5 

0.281 

0.306 

0.283 

0.237 

0.215 

0.252 

0.238 

0.201 

3.760 

0.31 3 

. To ta l  

0.574 
0.672 

0.156 

-0.033 

-0.001 

0.499 

0.409 

0.252 

0.141 

0.173 

0.245 

0.321 

2.327 

0.194 

0.351 

0.'315 

0.281 

0.306 

0.283, 

0.237 

0.215 

0.252 

0.238 

0.201 

. 3.760 

0.313 

Load 
(Mi 11 i o n  Btu) 

0.249 

0.257 

.,' Temperature 
.Supply 

74 

80 

( OiF) 
Del i very  

159 

160 

0.507 358 

0.282 I 300 

0.280 

0.805 

0.692 

0.1.79 

0.112 

0.. 078 

0.057 

0.084 

0.141 

0.125 

0.142 

0.115 

0.086 

1.625 

0.135 

7 7 

78 

84 

84 

86 

8 1 

75 

71 - 
74 

76 
I 

269 

222 

321 

1 31 

117 

112 

116 

115 - 

120 

115 

11 5 

112 

111 

0.489 443 

0.356 1 369 

0.425 

0.483 

0.522 

6.087 

0.507 

- 

78 

398 

372 

292 

4078 

340 

- 

124 



. . .  .C ... . . 

., . ', . . 
, . . . . . .  

. . 
. . The average monthly so la r  f r ac t i on  of ten percent i s '  Very 
. . 
. ! .  . .  l o w  fo r  t h i s  s i t e  because of the low usage. and the r e s u l t i n g  small hot  '. 

. . . . . . .  . . . .  . . . ,  . 
water load. ~ecause  of t h e  unoccupied :status o f  t h e  house a t  the " , . 

. . . . .  
. . ~o'ntemporary Manchester s i t e ,  the ho t  water f l ow averaged on l y  11 .17 

. . 
' .  g a l l o n s p e r  day.over the e n t i r e  r epo r t  per iod and t h i s  f l ow i s  a t t r i -  . . . . . . . . .  . . . . . . .  . . . . .  buted to '  a  leak i n  the pressure r e l i e f  tank'.' This cond i t i on  obviously 

prevented a  rea l  i s t i  c  assessment o f  the performance o f  the ho t  water 
. . 

. . subsystem. . . 
. . . , . . 

. . 



3.2.4 Space Heating Subsystem 

The performance o f  t he  space heat ing  subsystem i s  descr ibed by comparing 

t h e  amount o f  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  t he  t o t a l  space heat ing  load. The energy requ i red  ' 
t o  s a t i s f y  t he -  t o t a l  l o a d  cons i s t s  of bo th  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 supp l ied  t o  the  l oad  t o  the  

t o t a l  l o a d  i s  de f ined as the  h e a t i r ~ g  s o l a r  f r a c t i o n .  The ca l cu la ted  

heat ing  s o l a r  f r a c t i o n  i s  t he  i n d i c a t o r  o f  performance f o r  the  subsystem 

because i t  def ines  the  percentage of t h2  t o t a l  space heat ing  l oad  supported 

by s o l a r  energy. 

  he performance o f  t he  Contemporary Manchester space heat ing  subsystem 

i s  presented i n  Table 3.2.4-1. For t he  12 month pe r iod  from March, 1979, 

through February, 1980, t he  s o l a r  energy system supp l ied  a' measured 

t o t a l  o f  9.93 m i l l i o n  B t u . t o  the  space heat ing  load. The t o t a l  

measured heat ing  l o a d  f o r  t h i s  pe r iod  was 33.27 m i l l i o n  Btu, and t h e  

average monthly s o l a r  f r a c t i o n  was 30 percent.  

I n  assessing the  performance o f  the  space heat ing  subsystem i t  should 

be noted t h a t  t he re  are  l i m i t a t i o n s  on the  inst rumenat ion system which 

prec lude the  d i r e c t  measurement o f  system losses. Measurement o f  space 

heat ing  load, s o l a r  and aux i  1 i a r y  c o n t r i b u t i o n s  and s o l a r  f r a c t i o n  a re  

based on "de l i ve red  energy", there fore ,  losses must be computed f rom 

t h e  d i f f e r e n c e  between d e l i v e r e d  energy and c o l l e c t e d  energy. The 

s o l a r  energy losses a re  s i g n i f i c a n t ,  however, because the  m a j o r i t y  o f  

such losses a r e  added t o  the  i n t e r i o r  o f  the  house and represent  an 

uncon t ro l l ed  c o n t r i b u t i o n  t o  the  space heat ing  load.  A t  t he  Contem- 

porary  Manchester s i t e  t h e  s o l a r  energy losses  occur 'dur ing energy t r a n s p o r t  

between the  var ious  subsystems ( p r i m a r i l y  due t o  duc t  leakage), f rom t h e  

rock  storage u n i t  and, t o  a l e s s e r  extent ,  the  h o t  water preheat tank. 

, Dur ing the  heat ing  season (March, 1979 through May, 1979 and October, 1979 

through February, 1980) a t o t a l  o f  approximately 22.89 m i l l i o n  Btu o f  s o l a r  



. . TABLE 3.2.4-1 

' HEATING SUBSYSTEM PERFORMANCE 

1 1 1 .  Energy Consumed I Measured 

Mar 79 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Heat ing Parameters - 
Load Tem?eratures (OF) 

0 j 
Oct 79 j , 0.47 

I / Nov 79 , - 2.52 

' Dec 79 i . 6.60 

1 Jan 8 0  . 8.84 

/ Feb 80 1 I 6 6 1 I 7  
i 

8.44 i 1 1.69 
I I I I i 

+ Month ( M i l  1 i0.1 B tu)  Bui 1 d ing  I Outdoor So la r  Thermal Auxi 1 i a r y  (Percent) 

 illio ion Btu)  
Auxi 1 i a r y  

[ T o t a l  j 33.27 ! - I - 1 9.93 

So la r  
F r a c t i o n  

* Average s o l a r  f r a c t i o n  i s  t he  r a t i o  o f  T ~ t a l  So la r  Energy t o  To ta l  Load. 

Average 2.77 78 5 3 0.83 1.94 3.24 30* 



energy was added t o  the  i n t e r i o r  o f  t he  house through these losses. Thus, 

t h e  energy added t o  the  heated space due t o  s o l a r  system losses was approx- 

ima te l y  230 percent  g reater  than the  measured amount o f  s o l a r  energy suppl ied 

du r ing  t h e  pr imary heat ing  season, i n  the  intended operat ing modes. 

A ca lcu la t i on ,  which t r e a t s  these losses as a  p o s i t i v e  c o n t r i b u t i o n  t o  the  

space heat ing  requirements, r e s u l t s  i n  a  h igher  s o l a r  f r a c t i o n  than t h a t  

determin'ed by the  measured data. I f  s o l a r  losses are added t o  the  space 

heat ing  l oad  and t o  the  s o l a r  con t r i bu t i on ,  the heati,ng s o l a r  f r a c t i o n  

increases t o  58 percent.  

Dur ing t h e  12 month r e p o r t i n g  p'eriod a  t o t a l  o f  23.33 m i l  l i o n  B tu  o f  

a u x i l i a r y  energy was supp l ied  t o  t h e  space heat ing load. Using an 

e f f i c i e n c y  of s i x t y  percent fo r  t he  o i l  f i r e d  furnace, the  energy i n p u t  
' . t o  t h e  a u x i l i a r y  source was 38.86 m i l l  i on  Btu as shown i n    able 3.2.4-1. 



4. OPERATING ENERGY 

Operat ing energy f o r  t h e  Contemporary Manchester So la r  Energy System i s  

def ined as t h e  energy requ i red  t o  t ranspor t  s o l a r  energy t o  the  p o i n t  

o f  use. To ta l  opera t ing  energy f o r  t h i s  system cons i s t s  o f  Energy 

C o l l  e c t i o n  and Storage Subsystem (ECSS) opera t ing  energy, h o t  water 

subsystem opera t ing  energy and space heat ing  subsystem opera t i ng  energy. 

Operat ing energy i s  e l e c t r i c a l  energy t h a t  i s  used t o  support t he  sub- 

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

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

To ta l  system opera t ing  energy f o r  t he  Contemporary Manchester So lar  

Energy System i s  t h a t  e l e c t r i c a l  energy required,to operate the  blower 

i n  t h e  main a i r  handler  u n i t  and i n  t h e  duc t  used f o r  summer v e n t i l a t i o n  

of  t he  c o l l e c t o r s ,  t he  pump and blower i n  t he  DHW subsystem and the  blower 

i n  t h e  a u x i l i a r y  heat ing  u n i t  ( o i l  f i r e d  furnace) .  These a r e  shown as 

EP400, EP300 and EP401, respec t i ve l y ,  i n  F igure 2-1. A1 though a d d i t i o n a l  

e l e c t r i c a l  energy i s  requ i red  t o  operate motor d r i v e n  dampers and the  

c o n t r o l  system f o r  t he  i n s t a l l a t i o n ,  i t  i s  n o t  inc luded i n  t h i s  repo r t .  

These devices a r e  n o t  monitored f o r  power consumption and t h e  power they 

consume'is i n s i g n i f i c a n t ,  when compared t o  the  fan  and pump motors. 
\ 

During t h e  12 month r e p o r t i n g  period, a  t o t a l  o f  4.58 m i l l i o n  Btu 

(1342 kwh) o f  opera t ing  energy was consumed. However, t h i s  energy 

inc ludes t h a t  p o r t i o n  o f  t he  energy requ i red  by t h e  blower i n  t he  main 

a i r  handler u n i t  when the  blower i s  d i s t r i b u t i n g  a i r  t o  t h e  heated 

space (space heat ing  opera t ing  energy) and t h a t  energy would be requ i red  

.whether o r  n o t  t h e  s o l a r  energy system was present. Therefore, t h i s  
, . component o f  t h e  opera t ing  energy i s  no t  considered " s o l a r  pecu l i a r . "  

. . 

A t o t a l  o f  2.32 m i l l  i o n  Btu  (680 kwh) o f  opera t ing  energy was requ i red  

t o  support t he  blowers and fans when the  s o l a r  c o l l e c t i o n  and storage 

. . subsystems were a c t i v e .  O f  t h i s  t o t a l ,  1.32 m i l l i o n  Btu were a l l o c a t e d  

t o  t h e  Energy C o l l e c t i o n  and Storage Subsystem (ECSS) and 1.00 m i  11 i o n  Btu 

t o  the  DHW subsystem . Since a  meas'ured 12.26 m i l l  i o n  Btu o f  s o l a r  energy 

wa,s de l i ve red  t o  system loads dur ing  t h e  r e p o r t i n g  per iod,  a  t o t a l  o f  0.19 

m i l l i o n  Btu (56 kwh) o f  opera t ing  energy was requ i red  f o r  each one m i l l  i o n  

Btu of s o l a r  energy de l i ve red  t o  the  system loads. 



r 

. . 
TABLE 4-1 

Month I+ 
Mar 79 

Apr 79 

May 79 

.Jun 79 

.3u l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

I Tota l  
- -- I Average 

F Total  System 
Operating Energy 

( M i l  1 i on  Btu) 

0.36 

0.57 

0.51 

0.23 

0.28 

0.32 

0.61 

0.23 

0.32 

0.28 

0.43 

0.44 I 

Space. Heating 
Operating Energy . 

( M i l l i o n  Btu) 

0.24 

0.34 

0.24 

0.16 

0.17 

0.15 

0.29 

0.01 

0.10 

0.37 

0.25 

0.24 

ECSS 
. O ? ~ r a t f n g  Energy 

( M i  11 i o n  Btu) 

0.10. 

0.17 

0.16 

0.04 

0.02 

0.02 

0.18 

0.13 

0.16 

0.14 

0.10 

0.10 

Hot Water 
Op,?rating Enzrgy ' 

( M i l l i o n  Btu) 

0.02 

0.06 

0.11 

0.03 

0.09 

0.1.5 

0.14 - 

0.09 

0.06 

0.07 

0.08 

0.10 



5. ENERGY SAVINGS . .. 

Solar  energy system savings a r e  r e a l  i zed  whenever energy prov ided by the  

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

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

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

energy. 

Energy savings f o r  t he  12 month r e p o r t i n g  pe r iod  a re  presented i n  Table 
. . - 1 .  The gross savings i n  f o s s i l  energy was 16.56 m i l l i o n  Btu wh,ich, when 

ad jus ted  t o  account f o r  t h e  1.32 m i l l  i o n  Btu o f  ECSS opera t ing  energy, 

gave a n e t  f o s s i l  energy savings o f  15.24 m i l l i o n  Btu. Because o f  the  

unoccupied s ta tus  o f  t he  dwe l l i ng  and r e s u l t i n g  n e g l i g i b l e  h o t  water 

. .  . usage ( a c t u a l l y  leakage), as discussed i n  Sect ion 3.2.3, s o l a r  energy 
. .. usage was 1,w, amounting t o  o n l y  0.38 m i l l i o n  Btu  over t h e  e n t i r e  

12 month per iod.  Operat ing energy f o r  , the s o l a r  ho t  water system was 

g rea te r  than the  s o l a r  energy u t i l i z e d  by about a f a c t o r  o f  t h ree  because 

; ' o f  t he  requirement t o  operate bo th  a blower and pump t o  t r a n s f e r  s o l a r  
. . ' energy i n t o  t h e  DHW preheat tank. Thus, a n e t  loss,  o r  penal ty ,  o f .  

. , 0.69 m i l l i o n  Btu was i ncu r red  i n  the  DHW system over  the  r e p o r t  per iod.  

On an o v e r a l l  system basis  t h e  e l e c t r i c a l  pena l ty  o f  0.69 m i l l . i on '  Btu 

i s  subtracted f rom t h e  n e t  f o s s i l  savings g i v i n g  a ne t  system savings o f  

14.52 m i l l  i o r ~  Btu over t h e  1 2  month per iod ,  

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

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

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

22.89 m i l l  i o n  Btu of  s o l a r  energy were added t o  t h e  i n t e r i o r  o f  t h e  

house through var ious losses du r ing  the  heat ing  season. This  uncontro l  l e d  

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

space heat ing  subsystem computations, would have a l t e r e d  the  space 

heat ing (and t o t a l  system) savings s i g n i f i c a n t l y .  This  a d d i t i o n a l  

bu t  unreported savings can be approximated by d i v i d i n g  t h e  assumed 

furnace e f f i c i e n c y  o f  60 percent i n t o  the  s o l a r  l o s s  c o n t r i b u t i o n  

(22.89/0.60) g i v i n g  an a d d i t i o n a l  gross f o s s i l  energy saving o f  38.15 



Month 

Mar 79 
Apr 79 

May 79 

Jun 79 
Jul 79 
A u ~  79 

Sep 79 

Oct 79 
Nov 79 
Dec 79 

. . Jan 80 

Feb 80 

Total 

- '  Net 
Electrical 
Savings 
:Million 
Btu) 

-0.04 

-0.07 

-0.05 

-0.02 

-0.04 

-0.10 

-0.08 

-0.06 

-0.04 

-0.05 

-0.06 

-0.08 

-0.69 
1 

g ' HOT NATER 

I 

-0.06 

1 
Energy 
Savings 
(Million 
B tu) 

1.80 

2.75 

0.69 

0.00 

0.00 

0.00 

0.00 

- TOTAL NET SAV.INGS 
1 

1.21 ' 

I 
14.52 4254 

Million 
Btu 

1.66 

Average 1 1.38 
-- 

355 

Oparating 
Energy 
(Million 
B tu) 

! - 0.10 
I 0.17 

0.16 

0.04 

0.02 

0.02 

0.18 

kiJ h 

486 

0.11 
1 t 
I 

0.09 1.27 

Net 
Fossil 
Savings 
(Million 
Btu) 

1.70 

2.58 

0.53 : 
-0.04 

-0.02 

-0.02 

. -0.18 

2.51 1 735 

0.03 

0.06 0.13 
I 

. 2.77 0.16 

0.48 

-0.06 \ 

-0.06 

-0.12 

-0.26 

3.89 

. 1.78 

2.82 
I 

16.56 
I 

0.09 

0.06 

0.07 

0.08 

0.11 

1.07 

Solar 
Energy Used 

(Million 
Btu) 

-0.02 

-0.01 

0.11 . 

0.01 

0.05 

0.06 

0.06 

141 

-1 8 
-1 8 
- 35 
-76 

-0.07 1 0.03 

0.14. 

0.10 

0.10 

1.32 

DHW 
Operating 
Energy 
(Million 
Btu) 

0.02 

0.06 

0.16 

0.03 

0.09 

0.16 

0.14 

2.61 

3.75 

1.68 

2.72 

15.24 

0.32 

0.02 

0.02 

0.03 

0.38 

-0.16 1 -47 

2.57 1 752 

3.70 

1.62 i I:;; 
2.64 773 



m i l l i o n  Btu. Adjustment f o r  an opera t ing  energy requirement p ropo r t i ona l  

t o  the  measured value y i e l d s  an a d d i t i o n a l  n e t  saving due t o  l oss  c o n t r i -  

bu t ions  of 35.93 m i l l i o n  Btu. Thus, if t h e  losses were taken i n t o  account, 

t h e  n e t  savings f o r  t h e  complete s o l a r  energy system'would have been 50.48 

m i l l i o n  Btuy compared t o  the  repor ted  value o f  14.52 m i l l i o n  B t u . '  



6. MAINTENANCE 

Significant maintenance act iv ' i t ies  carried out a t  the Contemporary 
Manchester s i t e  during the report period are summarized below: 

May 7 ,  through May 11, 1979 - Correction of Excessive Air Leakaqe 

Due to  excessive a i r  leakaqe, especially w i t h  the  system operating i n  

the "Heating From Collectors" niode, a s i t e  v i s i t  was made t o  investigate 
and attempt correction of t h i s  problem. Close inspection and pressure 

. '  measurement revealed numerous a i r  leakage points due t o  improperly taped 

and sealed duct seams and in l e t lou t l e t  connections to  the collector 
plenums. Round duct sections connecting to  col 1 &tor  plenums were o f  

. . insuff ic ient  length and were tapered so that  proper sealing of connections 

t o  f lex ib le  ducting could not be achieved. A total  of 56 of the round duct 

plenum connection col la rs  of two inch length and tapered design were replaced 
' 

with four inch col lars  of s t ra ight  design. Loose plast ic  connection clamps 

, were replaced with metal band type clamps and a l l  joints  sealed with 
, tape or  RTV s i l icone sealant., These actions resulted i n  the reduction 

. of leakage (volumetric - o u t l e t l i n l e t )  from 140% to 73% in the "heating 

from collectors" mode and from 25% to  9% in the "storing heat" mode. 
Leakage below these l.imi t s '  was determined to be through the collectors 
and could not be.el  iminated due to accessibi l i ty .  Later models nf 

, . .  . . these col lectors  a re  sealed more thoroughly, according to  the manufacturer. 

~pcember 20, 1979, through January 10, 1980 - Improper Control System Operation 

System data revealed tha t  system was not collecting solar  energy despite high 
levels  of insolation. I t  was also noted that  there was off-nominal 

power consumption on main a i r  handler blower motor. The problem was , 

found t o  be due to  a bent damper actuator arm which was repaired, restoring 
the system to  normal operation. 



February 7,  1980, through February 24,. 1980 - '  Improper Contro l  System Operat ion 

' System data revealed t h a t  main a i r  handler blower was, opera t ing  a t  an off-  

nominal power l e v e l  when no s o l a r  heat was being supp l ied  t o  the  house from 

. . 
e i t h e r  c o l l e c t o r s  o r  storage. Col l e c t o r  f l o w  was being terminated near 

mid-day i n  the  presence o f  h igh  l e v e l s  o f  s o l a r  i n s o l a t i o n .  I n v e s t i g a t i o n  

by the  insta.11 a t i o n  con t rac to r  showed t h a t  t he  system c o n t r o l  s  had been 

improper ly  switched t o  "summer mode" o f  operat ion.  The problem was corrected 

by r e t u r n i n g  the  system c o n t r o l  swi tch.  t o  "heat ing mode" pos i t i on .  



  he fol lowing paragraphs provide .a brief summary of a1 1 pertiner,t ' 
. :. 

parameters for  the Contemporary Manchester Solar Energy System for  
the period from March, 1979 t o  ~ e b r u a r ~ ,  1980. ' A more detailed 
discussion can be found i n  the preceding sections.' 
. . . . 

. . 

d u r i n g  the report  period, the measured daily average incident i nso1.a- 
2 t ion i n  t h e  plane of the col lector  array was 1,288 B t u / F t  . T h i s  was 

2 '18 bercent above t h e  long-term daily average of 1,089 Btu/Ft . During 
the same period the measured average outdoor ambient temperature was , 

: 53'~. T h i s  was seven degrees above the long- term average of 4 6 ' ~ .  As 
a resul t, only 5,884 heating degree-days were accumulated as  compared 
to' the, long-term average of 7,360 heating degree days. -Climatic con- 
.di t ions had a favorable influence on the performance of the solar  energy 

. . 
system. 

. . .  . . . . 
. .  . . . . . 

' :The so lar  energy system sa t i s f ied  29 percent o'f the total  measured load 
(hot water plus space heating) during the 12 month reporting period. 

:   his value was somewhat lower than the expected solar fraction of 41 .. . 

' percent  obtained from the f-chart analysis. However, when system losses . . 

into the heated space from duct leaks, storage, e tc . ,  a re  included, the 
. I 

; so lar  f ract ion increases to  56 percent. 
. . 

. A ' total '  of 378.64 million' B t u  of incident solar energy was measured i n  

.the plane of the collector array during the reporting period. The system 
" . collected '45.70 million B t u  of the available energy, which represents 

, . a col lector  array efficiency of 1 2  percent. During periods where the 
co l lec tor  array was active,  a to ta l  of 209,.67 million B t u  was measured , .  . 

i n  the of the collector array. Therefore, the operational col lector  
 efficiency . . was 22 

.During the reporting period a total  of 38.66 mill ion B t u  was delivered 
'.: t o  the storage bin. During the same tinie 11.34 million B t u  were removed 

from storage for  support of the space heating load. During the period, 



June through October, there  was no energy ou tpu t  f rom storage because the , 
heat ing  l oad  was zero o r  neg1igib:y :;l.nall. I n  t h i s  same peri'od, energy was 

del  i ve red  i n t o  storage, presumably due t o  a c o n t r o l  system ma1 func t i on .  

The average storage e f f i c i e n c y  based on the  f u l l  1  2'month r e p o r t  pe r i od  
I 

was 0.23. However, i n  view o f  t he  c o n t r o l  anomaly c i t e d  above, an e f f i c -  

iency  us ing  o n l y  those months when t h e  storage subsystem was suppor t ing  

, 
a  heat ing  l oad  i s  considered more meaningful. The e f f i c i e n c y  computed on 

' 

t h i s  bas is  f o r  t he  pr imary heat ing  season (November through A p r i l  ) .was 

0.49. Dur ing t h i s  a c t i v e  p e r i o d  t h e  n e t  change i n  s to red  energy was 

-0.20 n i i l l i o n  B tu  and 11.38 m i l l i o n  B tu  were l o s t  f rom storage. The 

average storage temperature was 88OF du r i ng  t h e  a c t i v e  p e r i o d  and 97OF 

over t h e  f u l l  r e p o r t  per iod.  

The h o t  water l o a d  f o r  the  12 month r e p o r t i n g  pe r i od  was 1.63 m i l l i o n . B t u .  

A t o t a l  o f  2.33 m i l l  i o n  Btu o f  s o l a r  energy and 3.76 m i l l  i o n  B tu  o f  a u x i l i a r y  

energy were supp l ied  t o  the  ho t  water subsystem. Due t o  t he  extremely low' 

ho t  water  usage ( a c t u a l l y  leakage) o f  about 11 ga l l ons  per  day and the  

corresponding low h o t  water energy demand, most o f  t he  energy app l i ed  t o  

t he  h o t  water subsystem (4.46 m i l l i o n  B tu)  was d i s s i p a t e d  as ho t  water 

system standby losses. The average ho t  water d e l i v e r y  temperature over 

the  12 month r e p o r t  pe r i od  was 124°F b u t  t h i s .  va lue i s  be1 ieved t o  be 

a r t i f i c a l l y  h igh  because o f  t he  low ho t  water usage. 

The measured space heat ing  l oad  was 33.27 m i l l i o n  B tu  f o r  t he  12 month 

r e p o r t i n g  per iod.  A l l  o f  t he  space heat ing  demand occurred du r i ng  the  

October through May t ime per iod.  Dur ing the  s i x  month pr imary heat ing  

season (November through A p r i l )  t he  measured space heat ing  l oad  was 

32.38 m i l  l i o n  Btu, o r  97 percent  o f  t he  t o t a l .  The hea t i ng  s o l a r  f r a c t i o n  

f o r  t h e  f u l l  12 month pe r i od  was 30 percent ,  whereas, f o r  t h e  primar.y 

heat ing  season, i t  was 31 percent.  Dur ing t h e  s i x  month pr imary heat ing  

season a t o t a l  o f  9.48 m i l l i o n  B tu  of measured s o l a r  energy and 22.89 

mi1 1 i o n  B tu  o f  a u x i l i a r y  thermal energy were a c t u a l l y  d e l i v e r e d  t o  t he  

space heat ing  load, and t h i s  energy mainta ined an average b u i l d i n g  

temperature o f  6g°F. 



, . 

A t o t a l  o f  2.32 m i l l i o n  Btu, o r  680kWh o f  ' e l e c t r i c a l  operat ing , ' 

. . 

energy was requ i red  t o  support the Contemporary Manchester Solar  

Energy. System dur ing the 12 month. repor t ing  period. 

:   he gross foss i l .  energysavings f o r  the 12 month r epo r t  per iod were 
. . 

. . .  

16.56 m i l l i o n  ~ t u .  However, when the ECSS operat ing energy o f  1.32 

: , m i l l i o n  B tu  and an e l e c t r i c a l  penal ty o f  0.69 m i l l i o n  Btu  f o r  the . ' 

h o t  water system . . a re  taken i n t o  account, the ne t  energy savings 'were . . . 

' ' 14..52 m i  1 l i o n  8tu.  I t  should be noted . L t ~ i i C  .the energy savings are  
.I ' 

>: based on ly  on the measuredamount of so la r  energy de l ivered t o  the 

"space heat ing subsystem. As discussed i n  Section 5., the energy sau- . . 

i ngs  w i l l  increase,  s i g n i f i c a n t l y  i f  the uncontro l led so la r  energy S nput 

t o  the  bu i ld ing ,  i s  considered. 
, . 

performance ana lys is  of t he  Contemporary Manchester Sol a r  Energy system ' , '  

was somewhat 'degraded by the  fac t  t h a t  the bu i l d i ng  was unoccupied : 

'. throughout the data assessment and analysis period, and there fore  no t  

used as i t  as designed for .  The unoccupied status prevented the normal 

manual adjustment of heating and. v e n t i l a t i n g  con t ro l s  f o r  maintenance o f  
. ' . , .comfort l e ve l s  w i t h i n  the bu i ld ing .  This lack  of occupancy a1 so prevented 

. t he  t y p i c a l  family ho t  water usage which would have allowed f o r  more 

r e a l i s t i c  evaluat ion o f  the  ho t  water subsystem. 
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APPENDIX A .  . 

D E F I N I T I O N  OF PERFORMANCE FACTORS 

'AND 

SOLAR TERMS 



APPENDIX A , . . . . . . ... 
. . 

' DEFINITION OF PERFORMANCE FACTORS AND SOLAR TERMS . . . '. 
. . 

:   he coll  ector array performance i s  characterized by the' amount of solar  energy 
collected with respect to  the energy available to  be collected. . ' 

. . 

. . . e ' INCIDENT SOLAR ENERGY (SEA) i s  t h e  total  i n ~ o l a t i o n  available on the 
. '  gross col lector  array area. This i s  the area of the col lector  . , 

, .  ' . array energy-receivi.ng aperture, including the framework which i s  

an integral part of the col lector  structure.  
. . . . 

. . .  

. , 8 .  OPERATIONAL INCIDENT ENERGY (SEOP) i s  the amount of so lar  energy - '  .':" , 

. . .  , .  

, inc ident  on the col lector  array during the  time that  the col- . ' , 

., . : . . . 
. , . .  lector  loop i s  act ive (attempting to '  col lect  energy). . ,, .. . 

, . . .  
, . '  . < 

,, . 
, ... , . 

, . . .  . . . 

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

, . 
. . . . 

. . . .  . . . .  . 
, . 

. . e ' COLLECTOR ARRAY EFFICIENCY (CAREF) i s  the r a t io  of the energy do1 - . ... 

. , 

, lected , to  the to ta l  solar  energy incident' on the -collector array.. .., . .  

. . . .  . I t  should be emphasized tha t  t h i s  efficiency factor  i s  f o r  the 
. . .  

. . ' , ' col lector  array, and available energy includes the energy incident . , 

' . .  
. . . . on t h e  array when the collector loop ( s  inactive. ' This efficiency 

. . 
. . ' 

. m u i t  not be cdnfused with the more corrunon col lector  efficiency .. 
. . , . 

, . : .  . . . 
. .  

. : '  figures which are  determined from instantaneous t e s t  data obtained 
f . . : : . . durlny steady state operatior1 o f  a single col lector  unit. These 

. . .. 
efficiency . .  . figures a re  often provided by col lector  manufacturers . . 

, . . o r  presented i n  technical journal s t o  characterize the functional 

. . - capabili ty of a particular col lector  desi'gn. In general, the 
. . 

' 

collector panel maximum efficiency factor will be significantly . . .  

, , higher than the'reported collector array efficiency. 



ENERGY COLLECTION AND STORAGE SUBSYSTEM . 
i L 

The Energy C o l l e c t i o n  and Storage Subsystem (ECSS) i s  composed o f  t h e  -. 
c o l l e c t o r  array, t h e  pr imary storage medium, t h e  t ranspor t  loops'between 

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

. . ' mechanize t h e  . c o l l e c t o r  and storage equipment. 
. . . . 

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

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

c o l l e c t o r  a r ray  energy-receiving aperture, i n c l u d i n g  the  frame- 

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

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

. . 
. . environment a t  t he  s i t e .  

, . r 'ENERGY TO LOADS (SEL) i s  t h e  t o t a l  thermal energy t ransported 
' . .  

. . from the  ECSS t o  a l l  load subsystems. 
, s . . 

. . r AUXILIARY THERMAL ENERGY TO ECSS (CSAUX) i s  t h e  t o t a l  a u x i l i a r y  
. . 

suppl ied t o  the  ECSS, i nc lud ing  a u x i l i a r y  energy added t o  the  

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

. . . , p ro tec t ion ,  e tc .  
. .. 

: : ~. 
, . , .  . 

.. . 
. .  . 

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

. '  .. requ i red  t o  support t he  ECSS heat t r a n s f e r  loops. 



. . .  

 he storage 'performance i s  character ized by t h e  r e l a t i o n s h i p s  among t h e  energy 
. . 
del i v e r e d  t'o storage, removed from storage, and t h e  subsequent change i n .  t he  

. . . . . . 
amount o f  stoked energy. . . .  . . . .  . . . .  . . . .  

- r ENERGY TO STORAGE ( S T E I )  i s  the amount o f  energy, both s o l a r  and ' .  

. . . . . . ' : aux i  1 i a r y ,  de l i ve red  ' t o  t h e  pr imary storage medium. 

ENERGY FROM STORAGE (STEO) i s  t h e  amount o f 'energy  ex t rac ted  by . . 

. ; . the load subsystems from t h e  pr imary storage medium. - 

.CHANGE IN STORED 'ENERGY (STECH) i s  t h e  d i f f e r e n c e  i n  t h e  est imated 

s tored energy du r ing  the  spec i f ied  r e p o r t i n g  period, as i nd i ca ted  

by .  t h e  r e l a t i v e  temperature o f  t h e  s t d r a g e  medium ' ( e i t h e r  posi  tiV& , 

.' 

. . 
o r  negat ive  value) . 

. .  . 

STORAGE AVERAGE TEMPERATURE ( T S T )  i s  t he  mass-weighted average , , 

temperature o f  t h e  pr imary s t w a g e  midi  urn. 
. . .  

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

energy removed from storage and t h e  change i n  s tored energy . . .. . ,:' . , 

. to  t h e  energy de l  i ve red  t o  storage.' . .  . 

, . 



. HOT WATER SUBSYSTEM 
. . 

. The h o t  water  subsystem i s  charac ter ized by a  complete accounting of the 

energy f low t o  and from t h e  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  a u x i l i a r y  

. ." : f o s s i l  f u e l ,  and e l e c t r i c a l  a u x i l i a r y  thermal energy, and t h e  opera t ing  
. . 

energy f o r  t h e  subsystem. I n  add i t i on ,  t he  s o l a r  energy supp l ied  to' the 
, . . .  . . . .  

. , subsystem, a long 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  o f  t he  sub- 

' ; : :system i s  tabu la ted  and used t o  compute the  est imated e l e c t r i c a l  and 

. . . . : . f o s s i l  f u e l  savings o f  the  subsystem. The l oad  o f  t he  subsystem i s  
. ... . . . .. . . . . . ,. f u r t h e r  . i d e n t i f i e d .  by t a b u l a t i n g  the  supply water temperature, and the  

. , .  . 

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

. . .  , . .  . . . 
,. . . 

. . .:. , 

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

. ,. , , ,. 
. . . . . . .  

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

, .  temperature t o  the  des i red  o u t l e t  temperature. 

. . 

.. .. e SOLAR FRACTION OF LOAD (HWSFR) i s  t h e  percentage o f  t he  l oad  
. . . . 

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

. 3  

, ' e SOLAR ENERGY USED (HWSE) i s  t h e  amount o f  s o l a r  energy suppl ied 
. . 

. . t o  the  h o t  water subsystem. 
, : . . " .  . .  . . . . 
,, . . . , . . 

. . r OPERATING ENERGY (HWOPE) i s  t h e  amount o f  e l e c t r i c a l  energy re -  
. . . . qu l red  t o  'support t h e  subsystem, (e .g . ,  fans, pumps, e tc . )  and , 

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

. . 

. . .  
the' subsystem. 

. . .  . , ' .  

: .  . . 

. e -USED .. (HWAT) i s  t he  amount o f  energy suppl ied.. 

. . . , 
. .  . ' t o  t he  major components o f  t he  subsystem i n  t h e  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 .  This  term 

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

* .  
suppl ied t o  the  subsystem. . . . . . . 

.. , . . 



. . . . . . . . . . . . ..,. . ,' , . . . .  ' . . .' 
. .  . . , . .  . . . .' . . 

I:,.: . .  : . . AUXILIARY ELECTRICAL FUEL (HWAE) i s  t h e  amount o f  e l e c t r i c a l  ' .. . ". 
. .  . . . . .. ' . .  . 

, . . I' energy s l p p l i e d  d i r e c t l y  t o  t h e  subsystem. . .  .. , . 

, .  . .  . . 
. . :  . . . . . . . 

. . 
2 .  

. . * :.:: . 8 . . . . ELECTRICAL ENERGY SAVINGS (HWSVE) 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 of an a1 t e r n a t i  ve 
. ,  . 

, ' . .  . 3 .. 
, . . . i conven t ipna l  system (ca r ry ing  t h e  f u l l  load)  and t h e  ac tua l  , ' . . . . 

. I . .  ' . '  
, . . e l e c t r i c a l  energy requ i red  by t h e  subsystem. . . 

: 
: . . ,  . , 

. .  E .  . . 

, 
. : r  . . SUPPLY WATER TEMPERATURE (TSW) i s  t h e  average i n l e t  temperature .. . . 

. . 
. ,. 
, I  , . .. o f  t he  water  suppl i sd  . t o  the  subsystem,. . . 

. . ,  . 
. . 

: '  i . AVERAGE HOT WATERTEMPERATURE (THW) is' t h e  average temperature o f  ' '  

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

.. . - . '  .: . j t  , I'. , HOT WATER USED (HWCSM) i s  t h e  volume o f  water used. 
. . . . 



ENVIRONMENTAL SUMMARY 

. Theenvironmental summary i s  a c o l l e c t i o n  o f  t h e  weather data which i s  

g e n e r a l . 1 ~  instrumented a t  each s i t e  i n  the  Development Program. It i s  
. . . . 

, . tabu la ted i n  t h i s  r e p o r t  f o r  two purposes (1 ) as a measure o f  t he  condi- 
. . t i o n s  p reva len t .du r ing  t h e  opera t ion  o f  the. system a t  the  s i t e ,  and 

," 
. . (2)  as a h i s t o r i c a l  record o f  weather data f o r ' t h e  v i c i n i t y  o f  the  s i t e .  

a TOTAL INSOLATION (SE) i s  the  accumulated t o t a l  s o l a r  energy 

. , i n c i d e n t  upon t h e  gross c o l  l e c t o r  . a r r a y  measured a t  the  

s i t e .  

. . 
r AMBIENT TEMP.ERATUR'E (TA) i s  the  average temperature o f  t he  

. . 
I environment a t  t he  s i t e .  

a DAYTIME AMBIENT TEMPERATURE (TDA) i s  t h e  temperature dur ing  t h e  
. . 

per iod  from three hours before  s o l a r  noon t o  th ree hours a f t e r  
. . 

. . . . s o l a r  noon. 
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. . . . 
. . APPENDIX B 

. .  . , :  

: .. . , :  SOLAR ENERGY' SYSTEM PERFORMANCE EQUATIONS FOR 
. I 

: .  . CONTEMPORARY MANCHESTER 
, . .  . ' . . 

. . .  . . . ., .i . . . > . . . .  . , . .  . . . 
. . . .  . 

. . . . 
I . ; : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  .. ,' 

. . . . .  
. . 

. . . ... . '  . . . . ... ! " .  3 . 2, . . 
, : .  ',. ' ' 

. . .. . .'. ' . . 
. ; ~ o i a . r  energy system berformance i s  evaluated by performing energy balance ' :,. 

. * .  
. .  cal~culatdons on the system and i t s  major subsystems. These ca lcu la t ions .  ,.:, . ... .., . . 

. 'are'based on physical measurement data taken from each subsystem 'every ' ,  . , , ' .  

. . .  . .  . . .. 

,. '320:~seconds,.~ T h i s  data i s  then numerical 1 y combined t o  deterhine the 

::. . hoG,rly, da i ly ,  and monthly performance of the system. This appendix . , . '  . .. . . .  
' 1  . . . . . 

describes the general computational methods and the s p e c i f i c  energy .. , 

- : ,  . balance . equations used f o r .  t h i s  'evaluation. 
. . .:. . _  . . 

. . 
. .  . ' . '  . . . . 
( .  : , .  Da ta  sampl& from the '  system measurements are numerical  l y  in tegrated 

. . .  

: '  to: provide d isc re te  approx imat ionsof  the continuous funct ions which 
. . . . 

, . .  . ': character ize the system's djnemic behavior. This numerical i n t e g r a t i o n  " ., , 
I.' ' '  

' 8  ' 

. IS: bertormed by summation o f  the product of the 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 per iod o f  interest . ' .  
. . .  . .  . . . '  

. . . . . ' ,   here a re  several general forms of numerical i n tegra t ion  equations which 
. .. 
, . . . ' a re  a p p l  i,ed t o  each s i te .  Examples o f  these general forms are as fo l lows: , I . . .  

. . . . , ,   he t ' o t a l  so l a r  energy ava i lab le  t o  the c o l l e c t o r a r r a y  i s  given by . . .. . . 
. . .  , 

, . . . 
.., . 

3 .  , , , . . . 

. . . ' : SOLAR ENERGY AVAILABLE : = (1160) Z [ 1001 ' x AREA] x .AT 
- ' :, :. . . .  . . . . . . I. .. 

, .  
I .  

. . 

. . .  
- .where 1001 i s  the so la r  r ad ia t i on  measurement provided by the pyranometer 

2 
' .: , , i n -  ~ t u j f t  -hr, AREA i s  the area o f  the c o l l e c t o r  ar ray i n  square feet ,  
. . . . 

. . 
. . . .  . .  . ,:AT, i s : .  the sampling i n t e r v a l  i n  minutes, and the f ac to r  (11GO) i s  included 
. .  . . . 

,- '..,to co r rec t  the so la r  r ad ia t i on  " r a t e M . t o  the proper u n i t s  .of time. 
. . 

. . 

. . ! .  
. / . .  . . . . . .  . .  . 
. . .  

. . . . . . 
. . . .  . . . 



. . .. . . . . 
. .  . .Si ,mi lar ly,  t h e e n e r g y  f l ow  w i t h i n  a system i s  g iven t y p i c a l l y  by 

. . 

' . .  COLLECTED SOLAR ENERGY = E [ M l O O  x AH] x AT 

> .  

: ,  where M l O O  i s  the  mass f l ow  r a t e  of t he  heat t r a n s f e r  f l u i d ,  i n  lbm/min, and 
. . 

. . AH i s  the  enthalpy change, i n  Btullb,, of t he  f l u i d  as i t  passes through. 
t h e  heat exchanging component. . .. . . 

, . ' ,  For a '1 i q u i d  system AH i s  general l y  given by 
. . .  

1 .  
, . .  . 

. . . . . . .  
8 :  

' ,  .: . where i s  t h e  average spec i f i c  heat, i n  B t u / ( l  bm-OF), o f  the  heat 
P , . .  , 

. . 
. . t rans fer  f l u i d  and AT, i n  OF, i s  t h e  temperature d i f f e r e n t i a l  across 

. , ' the. heat exchanging component. 
. . 

. . .  
. . 

. . . . ,  , . 
. .  . . . ,  ... ' 

, ' ,  or an a i r  system AH i s  general l y  given by . . 
. . . . . , . . ,  . 

. . . , 

. . .. . . . . . . 
. . 

, . . .  . . AH = Ha(T6Ut) - Ha(Tin) 
. . .  . , ' .  . 

. . 
. where Ha(T) i s  t h e  enthalpy, i n  B t u l l  bm, of t h e  t ranspor t  a i r  

. . .  . . . . evaluated a t  t h e  i n l e t  and o u t l e t  temperatures' o f  t h e  heat ex- 
. . 

changing component. 
. . . . 

. . 
. . . .  . 

. . - : . . Ha(T) c a n  have var ious forms, depending on whether o r  n o t  t h e  humidi ty  r a t i o  
. * 

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

.. .. . changing component. 



. . .  . .  . . , . .. . . 
, . 

' . .  ,  or . .  .e'lec&ical power, a general example i s  
. .  . . . 

, . 

ECSS OPERATING ENERGY = (3413160) E [EPlOO] x AT 
. . . . .  . : .  , . . I  , . 

. , . . . ' 

 where EPlDO i s  the measured'bower required by e l e c t r i c a l '  equipment i n  , ,, " . . 
, . 

. . . k i l owa t t s  . .  and 'the two fac to rs  (1160) and 3413 cor rect  the data t o  ~tujmin:. 

~ h e s e '  equations a r e  comparable t o  those spec i f i ed  i n  "thermal Data., ' , 

' . 

,.. . , 
. # 

.. . ~ e ~ u i r e m e n t s ,  and Performance Eva1 uat ion procedures f o r  the National 
S o l a r   eati in^ and Cool i ng  Demonstration Program. This document, given 

% .  . , . 

. . . . i n  the. l i s t  , o f  references, was prepared by an inter-agency committee o f ,  . . 
. . 
. '; t he  government, and gu ide1 ines f o r  thermal performance evaluation.. 

. .  . 
I .1 . .. . 
. . . ~ e r f o f i n c e  fac to rs  are computed f o r  each hour. o f  the day. , Each numerical . . 

: l n t q r a t i o n  process, therefore, i s  performed over a per iod o f  one hour: ,, : , :  
. . 

, : :".since . .  . long-term . . .  performance' data i s  desired, i t  i s  necessary t o  b u i l d  . .". ', 

these'  hour ly  performance fac to rs  t o  d a i l y  values. This. i s  accomplished,' . ,,. 
. . .  , . 

' 
" f o r  energy parameters, by summing the 24 hour ly values. For temperatures, 

the  hour ly  values are averaged. Certa in special factors,  such as e f -  

f i c ienc ies ,  requ i re  appropriate hand1 i ng  t o  proper ly weight each hour ly 
I .  . . .  , .. . 

, :  sampie f o r  the da i ly ,  value computation. S imi lar  procedures are required .;, 
. . 

. . 
' . t o  . conve'rt  d a i l y  values to '  monthly val ues. 

. . . . . . 
. . . .  . 

, , 11. ' PERFORMANCE EQUATIONS 

The performance equations f o r  Contemporary Manchester used f o r  the data 

evaluat ion o f  t h i s  repor 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 ASSESSMENT 

. AVERAGE AMBIENT TEMPERATURE (OF) 

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

. , AVERAGE BUILDING TEMPERATURE (OF) 

TB = ( 1 1 6 0 )  x c '  (T600  + T601 + T 6 0 2 ) / 3  x AT 

DAYTIME AVERAGE AMBIENT TEMPERATURE (OF) 

. . ' TDA' = (1 1 3 6 0 )  . x  E TOOl x AT 

. . . . FOR + 3 HOURS FROM SOLAR NOON - 

- OPERATIONAL INCIDENT SOLAR ENERGY (BTU) 
. . . . 

. . SEOP = ( 1 1 6 0 )  x E [ IOOl  x CLAREA] x AT  
? 

. . . . 
. . . . ' ' W H E N  THE COLLECTOR LOOP I S  ACTIVE 

. . . . 
. . 

: HUMIDITY RATIO FUNCTION' (BTUILBM-OF) . . 

. . 
. . .' . . HRF = 0.24 + 0.444 x HR 

.: . .  . . 
... , 

' WHERE 0.24 I S  THE SPECIFIC HEAT AND HR I S  THE HUMIDITY RATIO 

. . . . . ,  . ' O F  THE TRANSPORT 'AIR. T H I S  FUNCTION I S  USED WHENEVER THE 
. . 

. .. HUMIDITY.RATI0 WILL REMAIN CONSTANT AS THE TRANSPORT A I R  FLOWS 
.: . . . 

: . .  . .  , , .. . THROUGH A'  HEAT EXCHANGING DEVICE 

. . .  
. . , ' T H I S  FUNCTION COMPUTES THE ENTHALPY CHANGE OF WATER AS I T  

PASSES THROUGH A HEAT EXCHANGING DEVICE. . 
I . ., . . .. .. . .  , . . . 



. -SOLAR ENERGY COLLECTED BY, THE .ARRAY (BTU) . . 
. .  . . . . .. . . . , ., 
, . : SECA '= P [ ( M I 0 0  x ( T I  5 0  - ~ 1 0 0 )  x HRF) + (M300 x ' ( ~ 3 5 0  - ~ 3 0 0 )  X HWD)] x Pi 

. . 'OPERATING MODE . . WHEN ONLY THE DOMESTIC HOT WATER HEATING SYSTEM IS ACTIVE 
. . . . . . . . .  

AS WELL AS SPACE HEATING SOLAR ENERGY COLLECTED I N  WINTER MONTHS. 

:SOLAR ENERGY TO LOAD FROM COLLECTOR ARRAY ( BTU) 
. . .  

. ";'. CSEOZ = 6 [M401 x HRF x (TO01 - T451) ]  X AT , . . .  

.. . 

' . . HSEI : = 6 [M401 x HRF x (T401  - T 4 5 1 ]  x AT 
> .  . .  , . . . . 

' . :  ' WHEN HEATING FROM STORAGE . . 
.. . . : ,  . . . . . . . . .. . . 

SOLAR ENERGY T O  SPACE HEATING SUBSSYTEM (BTU) . 
, 

. . . . 

... ' 
. . .  HSE: ' = . HSEl  + CSE02 ' ' 

I , ( . :  .. . . , 

) ' .  .. - . . : .  1.- WHENEVER THE SYSTEM IS HEATING FROM COLLECTORS OR STORAGE 
, . 
. . 

, HEATING AUXILIARY 'THERMAL ENERGY. . , TO LOAD (BTU) 
. , 

= 6 [M400 x HRF X ( T 4 5 0  - T 4 0 0 ) ]  x AT 
. . 

. . - , : WHEN HEATING FROM T H E  AUXILIARY. SOURCE . 
. .. . 

. . '  . >  
. . ,  

.;. . AVERAGE . TEMPERATURE OF STORAGE ( O F  j \ 
. . 

. . . . . . 

: ' T S T  . . ' = ' ( 1 1 . 6 0 )  x [ (T201  + T 2 0 2  + T 2 0 3 ) / j  t T 2 0 4  +T205]/3 x hr . . . . 
. . . . 

. . : .  SOLAR ENERGY TO STORAGE ( BTU) 
. .  . . .. . 

. . . . 

, . . .. , S T E ~  = 2 [Ml  00 x HRF x ( T 2 0 0  - T 2 5 0 ) ]  x AT . '  
. '... . 

,.. . . , 
. . . . 

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



. . . . . .  . . . 
. . . . 

. . 

. , SOLAR ENERGY FROM STORAGE (BTU) 
; . . . 

, a 

. .  STEO . =  . Z [M401 x HRF x (T200  - T 2 5 0 ) ]  x AT 

WHEN THE SYSTEM I S  I N  HEATING FROM STORAGE MODE 

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

. . CSOPE = , 56.8833 x Z EP400 x AT 

. .  . . . 
WHEN THE SYSTEM I S  I! A STORING HEAT MODE 

' ' CSOPE = , 56.8833 x c (EP400/2)  x AT 
' *  

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

HOT WATER CONSUMED (GALLONS) 

. . HWCSM = c WD301 

HOT WATER LOAD 

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

SOLAR ENERGY TO HOT WATER SUBSYSTEM \. 

. . 
HWSE = Z [M500 x HWD(T350, T 3 0 0 ) l  x AT 

. . .  SOLAR ENERGY TO, HOT WATER LOAD . . 

. . HWSEl = z [M301 x H W D ( T ~ ~ ~ ,  T 3 0 1 ) ]  x AT . . 

. . 
. . ,. 

.. . HOT WATER SUBSYSTEM OPERATING ENERGY (BTU) 

HWOPE = 56.8833 x Z EP300 x AT 

HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU) 

HWAE = 56.8833 x Z EP301 x AT 

SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU) 



: . .  
' : ": HOPE . =. . . ' HOPE1 + HOPE2 + HOPE3 , . . . ,  . . . 

I . I .  .. . 

; .  ... - . AUXILIARY . FOSSILFUE ENERGY. TO OIL FIRED 'FURNACE (BTU) . ' , 

. , .  . .  

. . . . 
'.; .. ' 

. . 
. .,, ..1 

''I , 
. . , . ' S E A  ,. . , .  . . . . .  . .  .; . . 

=. , .: CLAREA 'X  SE 
. ,  . . ._ . 

c ' .  . , .  COLLECTED . SOLAR ENERGY PER UNIT  AREA (BTUIFT*) . ' ' 

. c .  . .  .. : . '  . : . . , . . . . .  , . .  . , . . . . .  ..SEC ' ' = . . SECAICLAREA , . . . . . . , . .  . . . . .  . . . .  .. . ... . 
... ..'' .COLLECTOR ARRAY EFFICIENCY . 

. .  . . . . . 
, . . . . .. 

. .  . . . . 2 STECH , 
' = . STECHI '- STECHl 

, . . . . . .. . ... . . .  . . .  . . 
.. . . . .  . .  
. . WHERE THE SUBSCRIPT; REFERS TO A PRIOR REFERENCE VALUE 

. .. 

STORAGE EFFICIENCY 

STEFF = (STECH + STEO)/STEI 

., ENERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU) 
. - 

. .  . ' . ' . . ".: C S E ~  = STEO + HWSE + CSE02 
. . .  

: . AUXILIARY 'THERMAL ENERGY TO H O T  WATER SUBSYSTEM (BTU) 



HOT WATER SOLAR FRACTION (PERCENT) 

HWSFR = 100 x HWTKSEI (HWTKSE + HWTKAUX) 

. AND AUXILIARY ENERGY CONTENT OF THE HOT WATER TANK 

' HOT WATER ELECTRICAL ENERGY SAVINGS (BTU) 
. . . . . . . . ' HWSVE . ' = HWSE1 - HWOPE 

- , SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT) 
-, . 

' .  ' - HSFR = . 100 x HSEIHL 

. : '  .SPACE HEATING SUBSYSTEM FOSSIL ENERGY SAVINGS (BTU) 
. , 

HSVF = " HSEIFEFF 

WHERE 0.6 I S  THE FURNACE EFFICIENCY 

SYSTEM LOAD (BTU) ' 

. . SYSL = HL + HWL 
. .  . . . .  

SOLAR FRACTION OF SYSTEM. LOAD (PERCENT) 

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

' .SYSTEM OPERATING ENERGY (BTU) 

. . SYSOPE. = HOPE .+  HWOPE + CSOPE 
. . . .  . 

, 
. ~AUXILIARY' THERMAL ENERGY TO LOADS (BTU) 

AXT . - - HAT .+ HWAT 

AXE ' ' . .= . HWAE 
. . 

. , . .  . 

1 :  ' SOLAR ENERGY TO 'LOAD SUBSYSTEMS ( B T ~ )  
. . . . . . 

. . 
. ' S E L  , = . ' HWSE + HSE 

. . 

. . 

ECSS SOLAR' CONVERSION EFFICIENCY . . '.. 
. . 

. . . . 
. .  . CSCEF = ,CSEO/SEA 

. . . . 
\ 

J " 

, . . ; . TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 
.. . . . 

. . . . 
TS'VE = HWSVE - ,  CSOPE 



. . . . 

.'..';TOTAL FOSSIL'ENERGY SAVINGS (BTU) . . 
I .  . . . . .  . . 

TSVF = HSVF . . 
. . ,  . 

- . :' TOTAL ENERGY CONSUMED ( BTU ) 
. . 

TECSM . ' . SYSOPE + AXE + AXF + SECA 
. . , .  , 

.. SYSTEM' PERFORMANCE FACTOR . . \  . 

SYSPF = . SYSL/(AXE + AXT + .SYSOPE) X 3.33  . . s  ... , 
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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 for evaluation o f  weather conditions as reported i n  the Monthly 

., Performance . . Assessments .and Solar Energy System Performance Evaluations 

. ' f s s u e d  by the National Solar Data 'Program. As such, the information 

presented can be useful i n  p red i c t i on  of long-term system performance. 
. . . . 

" . ~ n v l r o h e n t a l  . .  estimates f o r  t h i s  s i t e  include the fol lowing mnthlyaverages: 

ex t ra te r res t r i a l  insolation, insolat ion on a horizontal plane a t  the s i t e ,  . . . . 

Inso lat ion i n  the t i 1  t biane o f  the co l lec t ion  surface, ambient temperature, 

heating degree-days, and cool i ng degree-days. Estimation procedures and data 

' ,  sources are detai led i n  the fol lowing paragraphs. 
. ,. . . 

.. . 
.. ' The preferred source o f  long-term temperature and insolat ion data i s "Input 

Data f o r  Solar Systems" (IDSS) 11 J since t h i s  has been recognized as the 

so lar  standard. The IDSS data are used whenever possible i n  these envlron- 

, mental estimates for both insolat ion and temperature re lated sources; however. 
,a. sedondary source used f o r  insolat ion data' i s  the C l  imat ic Atlas o f  the . . , . 

. United %States 121, and f o r  temperature re lated data, the secondary source 
. . 

i s  "Local Climatological Da.taW [3]. 
' , 

: !. . 

. . .. Since. the avai lable long-term insolat ion data are only 'given f o r  a horizontal 
. . .  

, ' surface, solar co l lec t ion  subsystem or ientat ion information i s  used i n  an 

-algorithm [4] t o  calculate 'the insolat ion expected i n  the t i 1  t plane o f  the . , .. 
, .  .  collector. This ca lcu lat ion i s  made using a ground reflectance o f  0.2. 

. - 
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