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1. FOREWORD 

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

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

Solar  Heating and Cooling Development Program funded by t h e  Department o f  

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

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

spec i f i ed  per iod  of t ime which i s  t y p i c a l l y  one season. The o b j e c t i v e  o f  

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

system and t o  make techn ica l  con t r i bu t i ons  t o  t h e  d e f i n i t i o n  o f  techniques 

and requirements fo r  so la r  energy system design. 

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

o f  d i  scussion : 

System Descr ip t ion  

Performance Assessment 

Operating Energy 

Energy Savings 

Maintenance 

e Summary and Conclusions 

Data used f o r  the  seesonal analyses o f  t h e  Operat ional Test S i t e  described 

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

OTS Development Program and have provided t h e  major i npu ts  used t o  perform 

the long-term techn ica l  assessment. This data i s  archived by MSFC f o r  DOE. 

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

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

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

a t i o n  system design i n  A p r i l  1976. The F ina l  Repopt enlphasizes t h e  

economic ana lys is  o f  so la 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  t he  same s o l a r  system i n  var ious 

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

a re  References [I] and [Z]. 

*Numbers i n  brackets designate r e f  er.ences found i n  Sect ion 8. 
. ., . 
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2. SYSTEM DESCRIPTION 

The Seeco L i n c o l n  S o l a r  Energy System prov ides  space hea t i ng  f o r  t h e  50 sea t  

Hyde Memorial Observatory  i n  L i nco ln ,  Nebraska. The energy c o l l e c t i o n  and 

s to rage  subsystem c o n s i s t s  o f  481 square f e e t  o f  f l a t  p l a t e  c o l l e c t o r s  w i t h  

a i r  a s ' t h e  t r a n s p o r t  medium and 347 cub i c  f e e t  of  r o c k  storage. The c o l l e c t o r  

az imuth i s  sou th  and t h e  t i l t  i s  56" from h o r i z o n t a l .  So la r  heated a i r  i s  

supp l i ed  d i r e c t l y  t o  t h e  heated space o r  t o  r o c k  s torage.  When s o l a r  energy 

i s  n o t  adequate t o  meet t h e  space hea t i ng  demand, an a u x i l i a r y  n a t u r a l  gas 
furnance p rov ides  t h e  a d d i t i o n a l  energy. 

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

F i g u r e  2-1 a r e  i n  accordance w i t h  NBSIR-76-1137 [4]. The measurement symbol 

p r e f i x e s :  W, T, EP, I and f represen t  r e s p e c t i v e l y :  f l ow r a t e ,  temperature,  

e l e c t r i c  power, s o l a r  i n s o l a t i o n  and f o s s i l  f u e l  usage. F i g u r e  2-2 i s  a  

p i c t o r i a l  v iew o f  t h e  Seeco L i n c o l n  s o l a r  i n s t a l l a t i o n .  

I 

The S o l a r  Energy System has f i v e  ope ra t i ona l  modes which a r e  descr ibed  as 

f o l  1  ows : 

Mode 1  - C o l l e c t o r  t o  Space: Th i s  mode i s  i n i t i a t e d  when t h e r e  i s  a  demand 

f o r  space hea t i ng  and absorber p l a t e  temperature i s  approx imate ly  110°F and 

i s  h o t t e r  than  a  temperature t h a t  i s  r e p r e s e n t a t i v e  o f  t h e  t o p  o f  r o c k  s torage.  

The c o l l e c t o r  f a n  and a u x i l i a r y  fu rnace  fan opera te  i n  s e r i e s  t o  supp ly  s o l a r  

heated a i r  d i r e c t  t o  t h e  heated space. C i r c u l a t i o n  con t inues  i n  t h i s  mode 

u n t i l  t h e  d ischarge  a i r  f rom t h e  s o l a r  c o l l e c t o r s  i s  below 9o0F o r  t h e  

demand f o r  space hea t i ng  i s  s a t i s f i e d .  

Mode 2  - Storage t o  Space: Th i s  mode i s  i n i t i a t e d  when t h e r e  i s  a  demand f o r  

space hea t i ng  and t h e  absorber  p l a t e  temperature i s  below 90°F and a  temperature 

r e p r e s e n t a t i v e  o f  t h e  t o p  o f  s to rage  i s  h i g h e r  than  90°F. The a u x i l i a r y  furnance 

f a n  opera tes  t o  supp ly  a i r  d i r e c t  f r om r o c k  s to rage  t o  t h e  heated space. C i r c u -  

l a t i o n  con t inues  i n  t h i s  mode u n t i l  t h e  demand f o r  space hea t i ng  i s  s a t i s f i e d  

o r  t h e  room temperature has f a l l e n  an a d d i t i o n a l  2°F below t h e  o r i g i n a l  demand 

temperature s e t t i n g  and a u x i l i a r y  hea t  i s  c a l l e d  f o r .  
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Figure 2-1 Seeco Lincoln Solar Energy system Schematic 



Figure 2-2 Seeco Lincoln Pictorial 
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Mode 3 - C o l l e c t o r  t o  Storaqe: This mode i s  i n i t i a t e d  when the re  i s  no 

demand f o r  space heat ing and t h e  absorber p la te .  temperature i s  approximately 

l lO°F and i s  h o t t e r  than a temperature representa t ive  o f  t h e  top  o f  rock  

storage. The c o l l e c t o r  fan operates t o  c i r c u l a t e  a i r  d i r e c t l y  from t h e  

s o l a r  c o l l e c t o r s  t o  rock  storage. This mode o f  opera t ion  cont inues u n t i l  

the  absorber p l a t e  temperature i s  below 90°F o r  space heat ing  i s  c a l l e d  f o r .  

Mode 4 - A u x i l i a r y  Heat: Th is  mode i s  i n i t i a t e d  when the re  i s  a demand 

f o r  space heat ing and the  absorber p l a t e  temperature i s  below 90°F and the 
temperature representa t ive  o f  t h e  top  o f  rock  storage i s  below 90°F o r  

when s o l a r  heat i s  being suppl i e d  and the  room temperature has f a l l e n  an 

a d d i t i o n a l  2°F below t h e  o r i g i n a l  demand temperature s e t t i n g .  The a u x i l i a r y  

furnance f a n  operates t o  c i r c u l a t e  a i r  f rom t h e  na tu ra l  gas furnace t o  the  

room. 

Mode 5 - Vent Mode: Th is  mode i s  i n i t i a t e d  by manually swi tch ing  t o  t h e  

"summer mode" dur ing  the  sirrnmer when the s o l a r  c o l l e c t i o n  system i s  i n -  

opera t ive  and the  c o l l e c t o r  p l a t e  temperature reaches approximatley 200°F. 

I n  t h i s  mode outs ide  a i r  i s  c i r c u l a t e d  through t h e  c o l l e c t o r s  by t h e  a t t i c  

fan t o  avo id  summer stagnat ion temperatures which a re  p o t e n t i a l l y  damaging 

t o  the  c o l l e c t o r .  



2.1 Typical System Operation 

Curves depicting typical  system operation on a cold,  bright  day 

(February 26, 1980) a r e  presented in Figure 2.1 -1. Figure 2.1 -1 ( a )  
. . 

shows the  insola t ion on the  co l l ec to r  ar ray and the period.when the  

a r ray  was operating (shaded a r e a ) .  Also shown in Figure 2.1-1 ( a )  a r e  

the  co l l e c to r  ar ray temperature p rof i l e s .  These a r e  the  i n l e t  

temperature (TI  00) , the outl  e t  temperature ( T K O )  and the  absorber 

pl a t e  temperature (TI  04).  

On t h i s  pa r t i cu la r  day the  co l l ec to r  began operating a t  0926 hours. 
2 A t  t h a t  time the insola t ion level was 188 B t u / F t  -Hr and the 'absorber 

p l a t e  temperature (T104) was 103°F. A t  the  same time the  co l l e c to r  

a r ray  in1 e t  temperature (T100) was 54°F 'and array outl  e t  temperature 

(TI 50) was 66°F. 

The co l lec to r  ar ray continued t o  operate normally throughout the  day. 

I t  wi l l  be noted t h a t  TI04 tracked the  insola t ion level qu i te  c lose ly  

d u r i n g  the  operational period. The array outl  e t  temperature [TI 50) 

a l s o  tracked both the insola t ion level 'and absorber p la te  temperature. 

The col 1 ec tor  a r ray  in1 e t  temperature (TI  00) , showed a gradual r i s e  

throughout t he  operational period. This i s  expected because the  system 

was operating in the  col lec tor- to-s torage mode most of the day and, 
'as a r e s u l t ,  TlOO tended t o  t rack the  temperature a t  the bottom of . 

the  storage bin f a i r l y  c losely .  

The co l l  ec to r  ar ray continued t o  operate unt i l  1715 hours when i t  shut 

down. A t  t he  time of co l l ec to r  turn-off ,  the  absorber p la te  temperature 

had dropped t o  118°F. A t  termination of co l l ec to r  loop operation the  

col 1 ec to r  outl  e t  temperature (TI 50) was 96°F and t he  in1 e t  temperature 

( T I D O )  was 76°F. This operation i s  generally compatible with the  speci- 

f i e d  s e t  point f o r  co l l ec to r  turn-off a t  an a i r  o u t l e t  a i r  temperature 

of 90°F o r  l e s s  but i t  should be noted t h a t  TI50 is  a monitoring sensor. 

only. The temperature seen by the  actual control sensor could ea s i l y  

d i f f e r  by several degrees due t o  sensor type and placement. The 
2 insola t ion level a t  co l l ec to r  turn-off was 72 B t u / F t  -Hr. 
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Figure 2.1-1 Typical System Operating Parameters - Seeco Lincoln . , . , 



Figure 2.1-1 (b )  6resents a p ro f i l e  of the rock storage bin temperatures 

f o r  the  se lected day. Pr ior  t o  the s t a r t  of collect-or operation the 

furnace was providing energy f o r  space heating.because storage temperature 

was below the  minimum level  of 90°F. From co l lec to r  turn-on a t  0926 the  

system was a l t e rna t e ly  providing energy t o  the heated space and charging 

s torage un t i l  about 1400 hours when i t  entered and remained in the  

s torage charging mode f o r  the remainder of the  operational period. During 

the  storage charging period the temperature prof i  1 e exhibited the expected 

r i s e ,  throughout the  period of coll  ec to r  operation,  with the temperature 

a t  the  t o p ' o f  storage reaching a maximum of 114°F a t  the  time of co l l ec to r  

turn-off .  Once co l lec to r  ar ray operations,  and hence, sLoraye charging 

ceased, the system remained r e l a t i ve ly  s tab le  f o r  the r e s t  of the  day 

except f o r  a marked decline 'in T202 .(bottom of storage,) which i s  a t t r i bu t ed  

t o  a duct leak a t  the bottom of the storage bin. A small amount O f  heat ing  

from storage occured between 2200 and 2400 hours which i s  ref lec ted in the 

s l i g h t  decrease in storage temperatures during t ha t . i n t e rva1 .  



2.2 System Operating Sequence 

Figure 2.2-1 presents bar char ts  showing t y p i c a l  opera t ing  sequences fo r  

February 26, 1980. Th is  data co r re la tes  w i t h  the  curves presented i n  

F igure 2.1-1 and provides some add i t i ona l  i n s i g h t  i n t o  those curves. 

This p a r t i c u l a r  day was chosen because a l ' l  .possib le modes o f  system 

opera t ion  (except the  c o l l e c t o r  vent mode which i s  unique t o  summer 

months) were exercised a t  some t ime dur ing  the  day. 

As shown i n  Figure 2.2-1, the  furnace was supply ing the  e n t i r e  heat ing  

demand u n t i l  t he  s o l a r  c o l l e c t i o n  system became a c t i v e  a t  0926 hours. 

From turn-on u n t i l  approximately 1400 hours, t he  system a l t e r n a t e d  between 

the  Co l l  ector-to-Space Heating and Col 1 ec tor -  to-Storage modes. From 1400 

hours u n t i l  c o l l e c t o r  t u r n - o f f  a t  1715 hours opera t ion  was e n t i r e l y  i n  the  

storage charging mode. From 1800 hours u n t i l  m idn ight  the  space'heat ing 

demand was met by withdrawing energy from rock storage. 

On t h e  day selected t o  dep ic t  a t y p i c a l  opera t ing  sequence, Lt~e Seeco 

L inco ln  So lar  Energy System made a s i g n i f i c a n t  c o n t r i b u t i o n  t o  the  heat ing  

requirements o f  t he  bu i l d ing .  With an average outdoor temperature o f  3Z°F, 

t h e  s o l a r  system cont r ibu ted 72,000 Btu t o  the  space heat ing l oad  and 
. . 

a t t a i n e d  a s o l a r  f r a c t i o n  o f  45 percent.  
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. . 
3. PERFORMANCE ASSESSMENT 

The performance o f  t h e  Seeco L inco ln  So lar  Energy System has been 

evaluated fo r  t h e  A p r i l ,  1979, through March, 1980, t ime per iod  from 

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

performance values of system s o l a r  f r a c t i o n  and n e t  energy savings were 

evaluated aga ins t  t h e  prevai  1 i n g  and long-term average c l  ima 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  t h e  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 of t h e  sysl t r~r~ are  presented f i r s t  i n  Sect ion 3.1 fo l lowed 

by t h e  subsystem assessment i n  Sect ion 3.2. 



3.1 System Performance 

T h i s  Seasonal Report prov ides a system performance eva lua t i on  sumniary 

of t h e  opera t ion  of the  Seeco L inco ln  So lar  Energy System located i n  

L inco ln ,  Nebraska. Th is  ana lys i s  was conducted by eva lua t i on  o f  

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

term average c l i m a t i c  cond i t i ons .  The performance of t h e  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 f a c t o r s  which a r e  

based on those proposed i n  t h e  intergovernmental agency repo r t ,  "Thermal 

Data Requirements and Performance Evaluat ion Procedures f o r  the  Nat ional  

So la r  Heating and Cool i n g  Demonst,ration Program" 141. The performance 

of t h e  major subsystems i s  a l s o  evaluated i n  subsequent sec t ions  o f  t h i s  

repor-1. 

The measurement data were c o l l e c t e d  f o r  the pe r iod  A p r i l ,  1979, through 

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

developed Centra l  Data Processing System (CDPS) [3] c o n s i s t i n g '  o f  a remote 

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

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

System 370/145 computer f o r  data processing. . The CDPS supports t h e  c o l -  

l e c t i o n  and ana lys i s  o f  s o l a r  data acqui red from instrumented systems 

l o c a t e d  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 forni a common bas is  f o r  

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

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

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

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

Th 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 r e  

the .  i n c i d e n t  s o l a r  energy, t he  outdoor ambient temperature and t h e  system 
U 

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

and t h e  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  
1 

as fo l lows:  
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Inputs 

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

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

Ambient temperature - The temperature of the external 

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

col lected and the  energy demand. 

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

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

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

appl icable) .  

Outputs 

@ System so l a r  f rac t ion  - The r a t i o  of so la r  energy applied 

t o  the system loads t o  to ta l  'energy ( so l a r  plus auxil i a ry  

energy) required by the  loads. 

e Total energy savings - The quanti ty o f  auxi l i a ry  energy 

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

,, 
The monthly values of the  inputs and outputs f o r  the  to ta l  operational 

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

long-term average values of da i ly  incident so la r  energy, and outdoor ambient 

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

from Reference 1  of Appendix C. Generally the  solar. 'energy system is  de- 

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

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

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



TABLE 3.1-1 

SYSTEM PERFORMANCE. SUMMARY 

SEECO LINCOLN 

May 79 1 1342 1 1405 1 62 1 62 0.740 1 ! 18 -0.297 1 I 1 20 
73 72 I I 

- Jun 79 1 1427 1 1429 1 0.000 l o  100 -0.362 1 

Month 

Apr 79 

J u l  7 9  1 1147 , I 1539 f 75 1 77 I OtOOO i 0 100 ! -0.212 1 

So lar  
F rac t i on  
(Percent) 

I / Aug 79, / 1546 . . 1519 76 76 0.000 i 0 : 100 I I I i -0.196 1 
1 .  

Tota l  
Energy 
Savings 

D a i l y  I n c i d e n t  Solar  
Energy per U n i t  Area 
@ 56" T i 1  t ( B t u / f t  Day) 

Measured 

4 5 

Measured 

1325 

- 
ul 

* I n c i d e n t  energy computed from average value o f  July ,  August, and November due t o  pyranometer and SDAS 
. . ma1 func t i ons  i n  September .and October, 1979. 

. . 

** Average s o l a r  f r a c t i o n  i s  the  r a t i o  of Tota l  Solar  Energy t o  Tota l  Load 

Sys tem 
Load- 

Measured 

(Mi 11 i o n  Btu)  

2.521 

Long Term 
Average 

1404 

Arnbi en t  
Temperature 

OF 

Sep. 79 
i 

j 
Oct 79 

I '  

I Feb 80 

Mar 80 

To ta.1 

Measured Expected 
Long Term 
Average (M i l  1 i o n  Btu)  

Nov 79 

I ~ e c  79 

' 1.. J a n  8 0  
i '  i ! '  

1011 1467 24 . f 28 7.376 1 19 2 1 
j i i 

2.252 
I 

1393 i 1527 35 37 ! 5.024 . ! 

49 51 
I 

59 I 1 .207 
I 

1209 - 1212 

1070 

i i 3 7 I 38' ' 2.915 
I I ! i 15301 17239 . , - - I -- j 32.090 i -- I 

- - 
/ 11.305 " 



outdoor ambient temperature. I f  the  actual c l imat ic  conditions a r e  

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

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

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

term average values a r e  given. The data reported in the  following 

paragraphs a r e  taken from Tab1 e 3.1-1. 

A t  t h e  Seeco Lincoln s i t e  f o r  the  twelve month report  period, the  

long-term average da i ly  incident  so l a r  energy in the  plane of the  
2 co l l e c to r  was 1437 Btu/ft  . The average da l ly  treasured value was 

2 1275 Btu/ft  which i s  about 11 percent below the  lor~y-term value. 

On a monthly bas is ,  February of 1980 was the worst month with an 
average da i ly  measured value of incident  so la r  energy 31 percent 

below the  long-term average da i ly  value. December, 1979, was the  

best  month with an average daSly measured value 2 percent above the  

long-term average da i ly  value. On a long-term basis the  measured 

value of incident  so la r  energy was su f f i c i en t l y  below the  long-term 

value t o  have a negative influence on the  performance of the so l a r  

energy system. 

The outdoor ambient temperature inf 1 uer~ces the  operation of the so l a r  

energy system in two important ways. F i r s t  the  operating point of the 

co l l e c to r s  and consequently the  co l l ec to r  ef f ic iency o r  energy gain i s  

determined bv  the d i f ference i n  the  outdoor ambient temperature and the  
co l l e c to r  i n l e t  temperature. This wil l  be discussed in  g rea te r  de t a i l  

i n  Section 3.2.1. Secondly the  load i s  influenced by the  outdoor ambient 

temperature. The measured average dai l y  ambient temperature was 52OF 

f o r  the Seeco Lincoln s i t e  which i s  1°F above the  long-term value of 

51°F. On a monthly basis  February of 1980 was the worst month, 

temperaturewise, when the  measured temperature was 4OF below the  

long-term da i ly  average. This below average temperature, i n  con- 

junction with a high heating load, had an adverse impact on system 

performance. The r e s u l t  was a decreased so l a r  f rac t ion  which led 

t o  a decrease in the  t o t a l  net  savings. 



\ 

The e f f e c t  of system load and ambient temperature on the  performance 

of t h e  Seeco L inco ln  Solar '  Energy System can be seen by reference t o  

Table 3.1-1. The maximum s o l a r  f r a c t i o n  o f  45 percent was achieved 

i n  A p r i l ,  1979, when system load was low and ambient temperature was 

on ly  2 O F  below the  long-term average value. The lowest  s o l a r  f r a c t i o n  

dur ing  t h e  heat.ing season was recorded i n  November, 1979, (9%) and, i n  

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

space heat ing f a n  (F2) which 'del  i v e r s  s o l a r  heated a i r  t o  t h e  b u i l d i n g  

i n  both t h e  Col lector-to-Space and Storage-to-Space modes was inopera t i ve  

f o r  most o f  t h e  month. 

Also presented i n  Table 3.1-1 a re  t h e  measured and expected values o f  

system s o l a r  f r a c t i o n  where system s o l a r  f r a c t i o n  i s  t h e  r a t i o  o f  s o l a r  

energy app l ied  t o  t h e  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 ied  t o  t h e  loads. The expected values have been der ived from 

a modi f ied  f -Chart  ana lys is  which uses measured weather and subsystem 

loads as inputs  ( f -Chart  i s  t he  designat ion o f  a procedure t h a t  was 

developed by the  Sol a r  Energy Laboratory, Un ive rs i t y  o f  Wisconsin, 

Madison, f o r  model i n g  and designing s o l a r  energy systems [8]). The model 

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

system parameters. The bases fo r  t he  model a re  empi r ica l  c o r r e l a t i o n s  

developed f o r  1 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  graphical  and equation form and r e f e r r e d  t o  as the  f -Char t  where I f '  

i s  a designator  f o r  t he  system s o l a r  f r a c t i o n .  The output  o f  t h e  f -Chart  

procedure i s  t h e  .expected system.solar  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 

the  ins t rumenta t ion  system o f  the  energy t rans fe rs  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  t h e  ac tua l  performance 

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



The total energy saving is an important performance parameter for the 

solar energy system because the fundamental purpose of the system is 

to replace expensive conventional energy sources with less expensive solar 

energy. In practical consideration, the system must save enough energy 

to cover both the cost of its own operation and to repay the initial 

investment for the system. In terms of the technical analysis pre- 

sented in this report the net total energy savings should be significant 

positive figure. The total net energy savings for the Seeco Lincoln 

Solar Energy System was 11.31 million Btu or 3312 kwh. This is equivalent 

to 1.9 barrels of oil. 



3.2 Subsystem Performance 
, 

The Seeco L inco ln  Solar  Energy I n s t a l l a t i o n  may be d iv ided i n t o  

three subsystems: 

1. Co l l  ectoc ar ray  

2. Storage 

3. Space heating 

Each subsystem has been evaludted by the techniques def ined i n  Section 3 

and i s  numerical ly  analyzed each month f o r  the monthly performance assess- 

ment. This sect ion presents the r esu l t s  of i n teg ra t ing .  the monthly data 

ava i lab le  on the three subsystems f o r  the per iod Ap r i l ,  1979, through 

March, 1980. 



3.2.1 Collector Array Subsystem 

The seer26 Lincoln co l lec to r  array consis ts  of 9 Seeco Mod 1 f l a t -p l a t e  

a i r  co l lec to rs  arranged i n  a  s ingle  paral le l  row of 9 col lectors .  

These co l lec to rs  a r e  a one-pass a i r  heating type w i t h  a  double glazing. 

Typical f lowrate through the  co l lec to r  array i s  approximately 1.17 CFM 

per square foot  of gross array area. Details  of the a i r  flow path a re  

shown i n  Figure 3.2.1-1 ( a )  and a cross-sectional view of the  co l lec to r  

panel i s  presented in Figure 3.2.1-1 ( b ) .  The co l lec to r  subsystem analysis  

and data a r e  given i n  the following paragraphs. 

Collector array performance i s -  described by the co l lec to r  array e f f i -  ' 

ciency. T h i s  i s  the  r a t i o  of collected sola'r energy t o  incident so l a r  

energy, a value always l e s s  than unity because of co l lec to r  losses.  

The incident so la r  energy may be viewed from two perspectives. The 

f i r s t  assumes t h a t  a l l  avai lable  so la r  energy incident on the col- 

1 ec tors  must be used in determining co l lec to r  array efficiency.  The 
eff ic iency is  then expressed by the equation: 

where 
rl c  = Coll ec to r  array effic'iency 

Qs = Collected so la r  energy 

Qi = Incident so la r  energy 

The eff ic iency determined i n  this manner includes the  operation of the  

control. system. For example, so la r  energy can be avai lable  a t  the  col- 

l e c t o r ,  but the  co l lec to r  absorber p la te  temperature may be below the  

m i n i m u m  control temperature s e t  point f o r  co l lec to r  loop operation, thus 

t h e  energy i s  not collected.  The monthly eff ic iency by this method i s  

l i s t e d  i n  the  column e n t i t l e d  "Collector Array Efficiency" in Table 

3.2.1-1. 



SUPPLY 

Col18ctor Array Arranpment 

v 

RETURN 

COLLECTOR COVER(S1 
TWO SHEETS OF TEDLAR FILM (.OM") 

SEECO MOD I SOLAR HOT AIR COLLECTOR 

CORRUGATED ABSORBER PLATE (BLACK PAINT)' 

. . 1.0" WTBOARD WITH ALUMIW m- 
v A ~ > R  BARRIER . . 

Figurn 11.1-1161. CoIIactol Pmd Air Floy Path . , 

COLLECTOR DATA ' 

Mvnrtrcamr - War EMnouiw 8 Equipment Co. 
Mod01 - SEECO MOD I 
TVW - 'Air . . 
Nu* of Colkctors - 9 

, Fbw'Pldtt - 9 

SITE DATA . .  . :  : 

Location '-. Hy& M m a i a l  mrrtay , 

. L i n d ,  W r k a .  ,. . 

Lotitub - 1 0 . 5 1 ~  N . . "' 

L0n#itu& - 96.44O W . . 

Collector ~ i l t  - 56' 
Azimuth - 0' (Duo huh) 

F'fgure 3.2,l-1 Collector Array Schematic 



The second viewpoint assumes that only the solar energy incident on the 

collector when the collector loop is operational be used in determining 

the collector array efficiency. The value of the operational incident 

solar energy used is mu1 tip1 ied by the ratio of the gross collector area 

to the gross collector array area to compensate for the difference between 

the two areas caused by installation spacing. The efficiency is then ex- 

pressed by the equation: 

"co = Qs/ (Qoi x APIAa) 

where 
"CO 

= Operational collector array efficiency 

Qs = Collected solar energy 

= Operational incident solar energy Qo i 

A P 
= Gross collector area (the product of 

the number of coll ectors and the 

envelope area of one collector) - 

A, = . Gross collector array area (total area 

incl uding a1 1 mounting and connecting 

hardware and spacing. of units) 

The monthly efficiency computed by this method is 'Ilsted S r i  the column 

entitled "Operational Collector Array Efficiency" in Table 3.2.1 -1. 

In the ASHRAE Standard 93-77 [5] a col lector efficiency' is defined in 

the same terminology 'as the operational coll ector array efficiency. 

However, the ASHRAE efficiency is determined from instantaneous eval ua- 

tion under tightly controlled, steady state test conditions, while the 

operational col 1 ector array efficiency is determined from actual dynamic, 

conditions of daily, solar energy system operation in the field. 



TABLE 3.2.1-1 

COLLECTOR ARRAY PERFORMANCE 

19.130 13.773 0.30 

79 I , 20.020 May 79 / i:::; I 10.417 1 0.26 

Month 

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

Jun 79 1 20.605 

Ju l  79 1 17.117 

Aug 79 23.060 

Sep 
79 1 1 9 . 2 1 2 ~ ~ ~ '  ls2 

~ c t  79 * 19.212N0te ls2 

Notes: 
1. Derived data due t o  SDAS and pyranometer malfunct ions i n  September and October 
2. Inc iden t  so la r  energy computed from average value o f  July, August and November 
3. Col lected so.lar energy der ived using average rat io;Col lected Solar Energy. f o r  f u l l  r epo r t  per iod 

Inc iden t  Solar  En-ersv 

0.000 

0.000 
0.000 

0.000 I ! 
4.803N0te 

I 
i NOV 79 i 17.460 . j 3.167 

i 

I i 0.18 I 11.006 i 0.29 
N .  

4. Operational i nc iden t  so la r  energy derived using average r a t i o ;  operat ional Inc ident  Energy for  f u l  1 r epo r t  
Inc ident  Solar Energy 

Col 1 ected 
Solar Energy 
( M i l l i o n  Btu) 

i Dec 79 : 18.077 
I ' Jan 80 ' 15.968 
I 
; Feb .80 ! 14.103 
I .  i 

Mar 80 20.777 . - i 
I Total  I 224.741 

period. 

Col 1 ec to r  Array 
Eff ic iency 

! 
I 

18.728 i 2.991 I 0.16 I Average i I 8.660 I 0.35 1 I 

0.38 

0.38 , I 
0.40 

0.38 
- - 

I 5.939 0.33 
i i 

15.667 

4.992 13.149 i 0.31 . , 

I 3.838 .O. 27 ! 9.608 

Operational 
Inc ident  Energy 
(Mi l  1 i on  Btu) 

6.231 

35.891 

Operational 
Col 1 ec to r  Array 
E f f i c i ency  

0.30 ! 
I 16.406 

! 103.919 . .  
, - - 



The ASHRAE standard 93-77 definit ions and methods often are  adopted 
by col lector  manufacturers and -independent tes t ing laboratories i n  
evaluating the collectors.  The co1 lector  eva'l uation performed fo r  this 
report  using the f i e ld  data indicates tha t  there was some difference 
between the laboratory single panel collector data and the col lector  
data determined from long-term f i e ld  measurements. This may or  may' not 

always be the case, and there are  two primary reasons fo r  differences 

when they exis t :  
. . 

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

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

b ' Collector t e s t s  a re  not generally conducted with 
units that  have undergone the effects  of aging . . 

(1.e. changes i n  the character is t ics  of the glazing 
material, collection of dust, soot, pollen or o ther . '  
foreign material on the glazing, deterioration of the 
absorber plate surface treatment, etc.  ) . 

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

-,provide an improved source of coll  ector performance characteristics.  for  
use i n  long-term system performance definit ion. 

The operational col lector  array efficiency data given in Table 3.2.1-1 
a r e  monthly averages based on instantaneous efficiency computations over 
the total  performance period using a l l  available data.  or detailed col- 

l e c t o r  ana'lysis i t  was desirable to  .use a limited subset of the available 

data tha t  characterized collector operation under "steady state ' '  conditions. 
This subset was defined by applying the fol lowing res t r ic t ions  : 



. . . .,*, . ' ,  
. . . .. 

. . . . . , ' . _  
. . . .  . 'I . ' 

8 5 .  ' .  
. , . . 

(1 ) The measurement per iod was r e s t r i c t e d  t o  co l  l e c t o r  'opera- 

t i o n  when the sun angle was w i t h i n  30 degrees of the co l -  . 

1 ec tor  normal . 
(2) Only measurements associated w i t h  pos i t i ve  energy gain 

from the co l lec to rs  were used, i .e., o u t l e t  temperatures 

must have exceeded in1 e t  temperatures. 

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

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

i n t e res t  during two regular  data system i n te r va l  s* 

was 1 i m i  ted t o  a maximum o f .  5 percent. , . 

Instantaneous e f f i c i enc ies  (n j  ) computed from the "steady state". 

operation measurements o f  inc ident  so la r  energy and co l lec ted  so la r  

energy by Equation (2 ) * *  were cor re la ted w i t h  an operating po in t  

determined by the equation : 

where = Col lec tor  operating po in t  a t  the j t h  ., x .: 
J i ns tan t  

, . 

, , 

Ti = Col lec tor  i n l e t  f l u i d  temperature ' .  . . 

Ta = Outdoor ambient temperature . . 
. . 

' . .  . . 
, , 

I = Rate o f  inc ident ,  so la r  r ad ia t i on  

The data p o i n t s  ( , x.)  were then p l o t t ed  o n a  graph o f  e f f i c i ency .  
, J 

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

i n te rcep t  formula was f i t t e d  t o  the data through 1 inear  regression 

techniques. The form of ' t h i s  f i t t e d  e f f i c i ency  curve i s  : . ' 

, . . .  
. $  

. . . , . .  

*The data system i n te r va l  was 5-113 minutes i n  durat ion. values o f  
a1 1 measured parameters were continuously sampled a t  t h i s  , ' rate 
throughout the performance period. . . 

; , .  ;;., ' . . 
. . . .  . ' :r , . . . , 

: . ? :  
**The r a t i o  A ' I A  i s  assumed t o  be unity;for t h i s  analysis. . . . . .  

P a 



where TI = C o l l  e c t o r  e f f i c i ency  corresponding. t o  t h e  
j 

jth i n s t a n t  

b  = I n t e r c e p t  on the  e f f i c i e n c y  a x i s  

(-)m = Slope 

x = C o l l e c t o r o p e r a t i n g p o i n t a t j  t h 
j i n s t a n t  -z- 

The re1  a t i o n s  h i p  between t h e  empi r i c a l ' l y  determined e f f i c i e n c y  curve 

and the  a n a l y t i c a l  l y  developed curve w i  11 be es tab l  ished i n  subsequent 

paragraphs. 

The a n a l y t i c a l l y  developed c o l l  e c t o r  e f f i c i e n c y  curve i s  based on 

t h e  H o t t e l  -Whi l l  i e r - B l  i s s  equat ion 

where rl = C o l l e c t o r e f f 9 c i e n c y  

FR = C o l l e c t o r  heat removal f a c t o r  

T = Transmissi v i  t y  o f  c o l l  e c t o r  g laz ing  

a = Absorptance o f  co l  1  e c t o r  p l a t e  

UL = Overa l l  c o l l e c t o r  energy l o s s  ' c o e f f i c i e n t  

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

Ta = Outdoor ambient temperatu.re 

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 correspondence between equations (4) and (5)  can be read i l y  seen. 

Therefore by determining the slope-intercept e f f i c iency  equation from 

measurement data, the c o l l  ec tor  performance parameters corresponding t o  

the laboratory s ing le  panel data can be derived according t o  the fol low- 

.ing set  o f  re la t iansh ips:  

and 

I 

. ,  'wheve the'terms are as previously defined 

The discussion o f  the co l l ec to r  ar ray e f f i c i ency  curves i n  subsequent 

paragraphs i s  based upon the re1 a t ionsh i  ps expressed by Equation (6). 
I 

I n  der i v ing  the c o l l e c t o r  ar ray e f f i c i ency  curves by the l i n e a r  r e -  

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

y i e l d s  higher confidence i n  the resu l t s  than s i m i l a r  analysis over shorter  

periods. Over the longer periods the co l l ec to r  array i s  forced t o  operate 

over a wider dynamic range. This e l iminates the tendency shown by some 

types o f  so lar  energy systems t o  . c l us te r  e f f ic iency values over a narrow 

range o f  operating points. .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 construct ing a l i n e  through a s ing le  

.data point .  The use o f  data from the e n t i r e  performance per iod resu l t s  

i n . a  co l l ec to r  ar ray e f f i c i ency  curve t h a t  i s  more accurate i n  long-term 

so lar  system performance predict ion.  The long-term curve and the curve 

derived from. the laboratory s ing le  panel data are shown i n  F.igure 3.2.1-2. . 

The long-term f i r s t  order curve presented i n  Figure' 3.2.1-2 ind icates 

t h a t  the co l l ec to r  array as a whole seemed t o  p e r f o m  more poor ly than 

the laboratory t e s t  un i t .  This i s  probably due t o  the f a c t ' t h a t  the 

performance o f  the co l l ec to r  ar ray i s  influenced by the leakage of 



a i r  from the ar ray t o  a greater  extent  than from a s ing le  panel. 

A1 so the long-term f i r s t  order curve h a s a  much more negative slope 

than the curve derived from s ing le  panel laboratory t e s t  data. This i s  . 

a t t r i b u t a b l e .  t o  higher losses, p r i n i c i p a l l y  leakage, r e s u l t i n g  from array 

mechanical interconnections. The laboratory  predicted instantaneous 

e f f i c i e n c y  i s  not  i n  c lose agreement w i t h  the curve derived from actual  f i e l d  ' 
operation. This ind icates t h a t  the laboratory derived curve.might no t  be 

usefu l  f o r  design purposes i n  an ar ray conf igurat ion o f  t h i s  type. ,However, 

t h i s  statement must be tempered by the fact  t h a t  actual  performance might 

approach predicted performance more c lose ly  i f  there were no leakage problems 

w i t h  the c o l l e c t o r  a r ray  o r  ductwork. 

For informat ion purposes the data iissuc-ia Led w i t h  . ~ i g u r e '  3.2.1 -2 i s  as 

fo l  1 ows : 

Sing1 e panel laboratory  data 

Long-term f ie1  d data 



FIgure 3.2.1-2 SIceo Ltncoln Collator Efficiency Curves 



a. The long-term l i nea r  regression curve 

f o r  c o l l  ector array e f f i c iency  

b. The laboratory single panel co l lec to r  
e f f i c iency  curve 

3. The eff ic iencies computed i n  Steps 2a and 2b 

above were mu1 t i p 1  fed by the measured solar 
energy avai lab1 e when the c o l l  ectors were 

operational t o  give two predicted values o f  

solar energy collected. 

where A = Mea~uredsolarenergycollected 
P = Predicted solar energy col lected 

Table, 3.2.1-2 presents data comparing the monthly measured values o f  

so lar  energy col lected w i th  the predicted performance determined from 

the long-term regression curve and the laboratory single panel e f f i -  

ciency curve. The predict ions were derived by the fo l  1 owing procedure : 

- -  _ -  
1. The instantaneous operating points were computed . ,: 

using Equation (3). 

2. The instantaneous e f f i c iency  was computed using 

Equation (4) w i th  the operating point  computed i n  

Step 1 above for :  

The er ro r  data i n  Table 3.2.1-2 were computed f r o m  the differences 

between the measured and predicted values of solar energy col lected 

according t o  the equation: 

Error = (A-P)/P 

The computed er ro r  i s  then an ind icat ion of how well the par t i cu la r  

predic t ion curve f i t t e d  the real  i ty o f  dynamic operating conditions 

i n  the f i e ld .  



. . .  .. . . - .  . .  . . .  . . . . 

TABLE 3.2.1-2 
.. - 

. . ENERGY GAIN COMPARISON 
. . 

(ANNUAL) 

SITE: Seeco L inco ln  L i  ncol n, Nebraska 

Col 1 ected 

.. . . . . . . :- . . -Notes: - . . .  . . , . (1 ) system i n  sunmer vent mode -.-no. energy col  1 ected 
. . (2) Measu.rement f a i l ' u re  

Er ro r  i 

~. 1 Apr 79 . i 8.066 1 0.11 7 
: May 79 .i 3.160 . '  0.096 

-0.025 j 

-0.053 . i 
1 

. . Solar Energy . Fie1 d Derived . . : Laboratory J 

- Jun 79 [I) 1 .  (I] ! (I I 
I (1 1 : Ju l  79. ; . . 1 .  (1  1 ( 1 ) :  : , . .  I .  

Aug 79 : . (1 ) ,, I. .. (1 . . 1 .  . (1)  . .  ' 3 .  

I 

.. C Sep 79 ; (1 1' 
; Oct 7 9 .  ,; . 1 .'275 . . 

. - .  
8 ' 

. . . .  ' . 
i NOV 79. 1 . '  3 I-645 
; '  I 

i i . Dec 79 . :  6.716 
1 1 Jan '80 . ' ;  (2) 

.I . Feb 8 0  1 . 3.251 . ' 

blir 80 ' 1 8.344 

j Month , ; ( M i  11 i on  Btu) Long-Term 
I 

) . . I .  ( 1 ) .  . 

. . 

-.Average. 

Single Panel . 
i 
I 

1 

0.024 ... 

0.084 

0.046 

(2 
. 

0.040 

0.016 

0.063 

. . 
. . 
:, . * : 4.922 , . . - .  

. . 

I I 

. . 

-0.098 1. 
0.034 I 

. . 0.245 

(2) 
.. 1 

f 

0.342 i 
0.279' 

0.144 
J 



The values o f  " c o l l e c t e d  So lar  Energy" g iven i n  Table 3.2.1-2 a re  n o t  

necessar i l y  i d e n t i c a l  w i t h  the  values of "Col lected Solar  Energy" 

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

i n  t h e  data base o r  t o  the  differences i n  data processing between t h e  

Software programs used t o  generate t h e  monthly performance assessment 

da ta  and t h e  component l e v e l  c o l l e c t o r  ana lys is  program. These data 

a r e  shown i n  Table 3.2.1-2 o n l y  because they form the  references from 

which t h e  e r r o r  data g iven i n  t h e  t a b l e  a re  computed. 

The data from Table 3.2.1-2 i l l u s t r a t e s  tha t ,  f o r  the  Seeco' L inco ln  s i t e ,  

t h e  average e r r o r  computed from the d i f ference between the  measured s o l a r  

energy c o l l e c t e d  and the  pred ic ted s o l a r  energy c o l l e c t e d  based on the  

f i e l d  der ived long-term col lect 'or  a r ray  e f f i c i e n c y  curve was 6.3 per- 

cent.  For t h e  curve der ived from the  labo ra to ry  s i n g l e  panel data, t h e  

e r r o r  was 14.4 percent. Thus t h e  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 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 the  l abo ra to ry  s i n g l e  panel 

curve. 
, ! 

A histogram o f  c o l l e c t o r  a r r a y  operat ing po in ts  i l l u s t r a t e s  the  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 histogram was constructed by computing the  ins tan-  

taneous opera t ing  p o i n t  va lue from s i t e  ins t rumenta t ion  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 the  month, and count ing 

t h e  number o f  values w i t h i n  contiguous i n t e r v a l s  of w id th  0.01 f r o m z e r o  

t o  u n i t y .  The operat ing p o i n t  histogram shows the  dynamic range o f  c o l -  

l e c t o r  opera t ion  dur ing  t h e  month from which the  midpoint  can be ascer- 

ta ined.  The 'average c o l l e c t o r  a r ray  e f f i c i e n c y  f o r  t he  month can then be 

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

curve and reading the  corresponding value of ef f ic iency.  

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

o f  t h e  d i s t r i b u t i o n  along t h e  opera t ing  p o i n t  ax is .  This can be expla in-  

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



. . 

o f  theq s i te ,  i .e., inc ident  so la r  energy and ambient temperature, and 

the method o f  system operation. . Figure 3.2.1-3 ,shows two histograms' 

t h a t  i l l u s t r a t e  a  typ ica l  w in ter  month (December) and a typ ica lL  sumner 

month (May). opera.tion;  he approximate average operat ing po in t  f o r  

December i s  a t  0.13 and for  May a't 0.15. I n  terms o f  Equation (3), , ,  :., 

i t  can be seen' that, as the operat ing po in t  becomes larger ,  t h e  co l -  ,' .. 

. . 
. . 

l e c t o r  ar ray e f f i c i ency  decreases. ' 

Table 3.2.1-1 presents the' month1 y values' o f  i nc f  dent so la r  energy; opera-. 

t i o n a l  i nc iden t  so la r  energy, and co l lec ted  so la r '  energy from ,the 12 month 

performance period. The c o l l  ec tor  ar ray e f f i c i ency  'and operat ional  co l -  
l e c t o r  ar ray e f f i c i ency  were computed f o r  each month using Equations (1) 

and . .  (2) .  . On the average the operational c o l l e c t o r  array, e f f i c i ency  ex- 

ceeded the c o l l e c t o r  array e f f ic iency,  which included the e f f e c t  o f .  the 

cont ro l  system, by 47 percent. 

. .  . . 

~ d d l  t l o n a l  i n f o m a t i o n  concerning c o l l e c t o r  a r ray  analysis i n  may 
. ' be found i n  Reference [7]. The mater ia l  i n  t h e  reference describes the 

de ta i led  co l l ec to r  array analysis procedures and pre.sents the r e s u l t s  o f  

qnalyses performed on, numerous c o l l  ec tor  ar ray i n s t a l  1  a t ions across the 

' United .States. 
. . 

L 

. .. 



- DPEitATING P J I W T  H I S T 3 s R 4 Y  - 3 E C E Y 3 E l  

4 3 3 1 5 5 4  = ( I V L E T  TEYP - 4 Y B l E V T '  T E Y P ) / I V S J L A T I ~ Y '  3E; - i.? - S a Z T ; 3 F J  
' - 3 q I I V 4 T E  = PE?:E"I TF T 3 T b L  OCC'JR3ENCES 

Figure 3.2.1-3 Seeco Lincoln 3perating Point Histograms for 
Typical Winter and Sumer Months 



' ! . . 

. .- . .. 
3.2.2 Storage. Subsystem ' . . 

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

,storage, energy from storage and change i n  stored energy., The r a t i o  o f  

the sum of energy from storage and change i n  stored energy t o  energy t o  
' 

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

pressed i n  the equation . . 

where: 

AQ = 
. .  , 

Change i n  stored energy. . This i s  the d i f ference . i,n . ;. 
. . 

the estimated stored energy during the s p e c i f l e d  . - .  ''.. 

r epor t ing  period, as ind icated by the r e l a t i v e '  . . . 

temperature o f  the storage medi um ' (e i ther  p o s i t i v e  

o r  negative value) 

= Energy from storage. T h i s  i s  the amount o f  energy,. .:' ' .  Qso 
extracted by the load subsystem from the primary (. ' , - - .  

storage medi um, , . 
. . '. . 

. . 

Qsi = Energy t o  storage. This i s  the amount o f  energy '. 

(both so lar  and a u x i l i a r y )  del ivered t o  the primary 
' ' 

. 
storage medium " . ... 

Evaluation o f  the system storage performance under actual system opera- 

t i o n  and weather condit ions can be performed using the parameters defined 

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

' storage design can be ' i l l u s t r a t e d  i n  the fo l lowing discussion.. 



Tab1 e 3.2.2-1 summarizes the storage subsystem performance during the 
report period. Because the Seeco Lincoln solar  energy system i s  a 
"heating only" system, the storage subsystem was essential l y  inactive 
during the warm weather months of June through September, 1979. For 
t h i s  reason, the evaluation of the storage subsystem was confined to  
the eight month period (April and May, 1979 and October, 1979, through 
March, 1980) when the storage subsystem was supplying energy to  the 
space heating load. 

For these eight months of act ive storage subsystem operation, an approximate 
total  of 18.04 mill ion B t u  was delivered t o  storage and 4.31 mill ion B t u  was 
u t i l ized  for  support of the space heating load. During th i s  eight month 
period the net change in stored energy was 0.61 million B t u  and the . 

average storage efficiency was 0.30. The average storage temperature 
was 90°F over the eight month active period and 83°F over the, fu l l  
report period. 

Although storage losses were not measured d i rec t ly ,  they were estimated 
t o  be approximately 13.12 mill ion B t u  over the eight month active period 

for  storage. This amounts to  s l ight ly  over three times the measured 
energy supplied from storage and leads t o  the conclusion that  performance 
of the storage subsystem was significantly degraded by excessive heat 
losses from the storage bin and transport ducts. I t  should be noted, 

however, that  an undetermined percentage of these losses would enter 
the heated space and thereby reduce, t o  some extent, the amount of 
conventional energy requlred to maintain the comfort level of the 
building. 



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

. I . .  
Average , 1 2 . 2 5 5 * . .  0.539 * 0.077* ! 0.303* 90 * 

I ! .  

* Thesevalues based on ly  on the e i gh t  months t h a t  the storage system was act ive.  The values for  June, . .% . 
.. . .  ' .  July; August,- and Se'ptember are no t  included i n  the t o t a l s  o r  averages. 

. . 

. . 

Storage 
Average 

Temperature 
(OF) Month 

97 

112' 

7 3 I 
69 I 

Energy To 
Storage 

( M i l l i o n  Btu) 

Apr 79 

May 79 
Jun 79 

Ju l  79 

Storage 
E f f i c iency  

Energy From 
Storage 

( M i l l i o n  Btu) 

Change I n  
Stored 
Energy 

( M i l l  i on  Btu) 

Aug 79 ! 
I 

Sep 79 i 

3.149 1 1 .084 

I 1 ! 
0.000 0.000 i -0.001 1 1.000 68 

! 
0.000 0.000 j 0.003 1 1.000 i '67 . 

0.325 0.448 

1.949 i 0.122 -0.337 i'-:;:: 
I _ _  . . * 1 0.749 . . 

I , . 0.002 ji 0.655 j 0.877 I 74 I 3 i ., Oct 79 I '. j 

1 i. ' . N o v -  79 2 :355 . , $ 0.120 -0.072 1 0.021 96 i 

' 0.000. 0.000 

- .  , . . I  Dec 79' 

-0.102 1 . 000 

I I 
I I i 2.901 1..041 t -0.132 I 0.313 1 i . 9 0 a i I 

I 

j 
0.019 0.000 I -0.027 I 

- - i !  an 8 0 ,  j , ' 2.027 ' 0.523 . '. . 0.105 ! 0.310 ,' 81 '  i 
i ! - 

- .Feb 8 0 .  . i . 1.761 . . I 0.468 -0.116 . f 0.200 I 78 
.i I 

1 i .  
Mar 80 1 ' .  3.149 . ,  0'. 951 0.185 1 0.361 93 ! 

! .  

' . 1 . To ta l .  . 18.040 * 
I '  . i I 

, ' 

4.311 * . 0.613 * j -- I - - ; ! .  



3.2.3 Space Heating Subsystem 
. . 

The performance of the space heating subsystem i s  described by comparing 
the a"ount o f  solar energy supplied t o  the subsystem w i t h  the energy 
required to  sa t i s fy  the total  space heating 1 oad .  The energy required , 

' t o  sa t i s fy  t h e  to ta l  load consists of both solar  energy and auxiliary 
thermal energy. The ra t io  o f  solar  energy suppl led to  the 1-oad t d  the 
to ta l  load i s  defined as  the heating solar  fraction. The calculated 
heating solar'  fraction i s  the indicator of performance fo r  the subsystem 
because i t  defines the percentage of the total  space heating load 
supported by. so lar  energy. 

The performance of the Seeco ~ i n c o l  n' space heating subsystem i s  presented i n  

Table 3.2.3-1. For the I2 month period from. A p r i  1 ,  ' 1979, through March, 1980, 

the solar  energy system supplied a measured total '  of 8.73 million B t u  t o  
the space heating :oad. The total  measured heating load fo r  t h i s  period wa's 
32.09 million Btu and the average monthly solar  fraction was 27 percent. 

. ,  

The 27 percent solar  fraction may be somewhat conservative because of the 
energy required fo r  continuous operation of the p i l o t  l i gh t  in the gas' 
furnace. Energy to the p i lo t  l i gh t  i s  not separately measured but an 
auxiliary energy demand of 0.5 million B t u  per month i s  considered a 
reasonable estimate. The assumption tha t  the p i lo t  l i g h t  operated con- 
tinuously fo r  the s ix  primary heating months (April, 1979 and November, 1979, 
through March, 1980) resul ts  in the conclusion that  the p i lo t  1 ight consumed 
3.0 mil 1 ion B t u  and, therefore, feduced the actual heating load from the 

measured value of 32.09 million B t u  to  29.09 million B t u .  On this basis, 
the solar  fraction would increase from 27 percent to  30 percent. 

Durjng the 12 month reporting period, a t o t a l  of 24.09 mil 1 ion. B t u  'of 
auxiliary energy was supplied t o  the space heating load. Using an 

efficiency of 60 percent fo r  the gas-fired furnace, the energy i n p u t  
, . 

t o  the auxiliary source was 40.15 million B t u ,  a s  shown in Table 3.2.3-1. 



TABLE 3.2.3-1 
. .- . . 

HEATING SUBSYSTEM PERFORMANCE 
. . 

. . . . I Energy Consumed . ' 

Heating Parameters (M i l  1 i o n  Btu) - 
,Load Auxi l  i a r y  

Month . . Solar .- .. Thermal .lux i 1 i ary  

.. Apr 79 2.521. 69- 49 1 . I40 1 . I69 1 .948 
. . 

7 3 6 2 0.132 0.608 1.013 May 79 

. . 

. * ~ v k r a ~ e  so la r  f r a c t i o n  i s  the r a t i o  o f  Total Solar Energy t o  Total Load 

Measured 
Sol a r  

F r a c t i m  
(Percent) 

45 

18 - ' 

Total.  I 32.090 . 

- Average .2.674 

**Auxil i a r y  ~ h e r m e l  Energy i s -due  t o  p i l o t  1 i g h t  i n  gas furnace. 

Jun 79 0.000 7 6 7 3 0.000 0.508 ** 0;847** 1 0 

0.000 78 0.719** 1 0 

78 7 6 Aug 79 0.000 0.014** 0 

0.000 77 74 ! I 0.000 I 0 .  i 
, Oct 79 0.449: 0.001 j 0.448 i I 0 . .  

i 0.747 
i i NOV 79 2 .898 '  . 0 . 2 6 6 ;  2.632 i 4.386 1 9 I 

- ! i 
66 33 Dec 79 5.396 i 2.006 3.390 5.649 i . . 

3 7 
I . . .  - 
i .  - J a n 8 0  . , . - 65. I I 1.896 5.790 ' 1  9.649 1 2 5 

. . i # .  . , 
,7.376 ' .. ' 

- 7.686 
. ] .., 

. . , F e b 8 0  i - . 65 i 9.919 
I . . i 

1 9 ' :  . 
. . _  . . .  ' 

M a r 8 0 -  i 5.024 6 6 ! 35 1 1.866 5.158 i 5.263 37 
. 

i i - - - - ' 8 . 7 3 2 ;  ' 24.094 40.154 1 _ _ -  i I 

, - 1 I 

0.728 ! 2.008 3.346 I 2 7 *  . . .  
! .  .70 5 2 



4. OPERATING ENERGY 

Operat ing energy f o r  t h e  Seeco L inco ln  Solar  Energy System i s  de f 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. 

Tota l  opera t ing  energy f o r  t h i s  system cons is ts  o f  Energy C o l l e c t i o n  

' ,  
and Storage Subsystem (ECSS) opera t ing  energy, opera t ing  energy f o r  

,' . t h e ' a t t i c  fan, when opera t ing  i n  the  vent  (summer) mode and space 

heat ing  subsystem opera t ing  energy. Operating 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  subsystems w i thou t  a f f e c t i n g  t h e i r '  ' , 

thermal s ta te .  Measured monthly values f o r  subsjlstem opera t ing  ' 

energy a re  presented i n  Table 4-1. . . . .  

Operat ing energy f o r  t h e  Seeco L inco ln  Solar  Energy system i s  comprised 

o f  t h e  e l e c t r i c a l  energy requ i red  t o  operate fan, F1 i n  t h e  c o l l e c t o r -  

to-storage loop, fan, F2 i n  the  co l  lector /s torage-to-space heat ing l oop  

and the  a t t i c  fan  i n  the  vent  mode loop. These are  shown as EP600, 

EP601, and EP602, respect ive ly ,  i n  F igure 2-1. Although add i t i ona l  

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

c o n t r o l  system f o r  the  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  

r e p o r t .  These devices a re  n o t  monitored f o r  power consumption and 

t h e  power they consume i s  i n s i g n i f i c a n t ,  when compared t o  t h e  fan  



TABLE 4-1 ' 

. . . .. . . . 

OPERATING ENERGY . . 
. . 

space Heating 
Operating Energy 

' ( M i l l i o n  Btu) 

. 0.229 - . , 

0.028 

0 .000- '  . 
0.000 

0.000 

Total  System 
Operating Energy 

( M i l l i o n  Btu) 1 

, O  .'922 

0.544 
. . 

0.362. . . . 
.0.213' . ,; . 

0.196 . . ,  . 

0.289 
. . 

Sep 79 1 . , 0.000 i 0.289 . !  0.000 

. . 

. .  

. 

. 

. " 

. 

" ' 

. 
. . 

. 

. . 

P 

, . . . . . .  . . 
. . 

Vent ~ d d e  
Opera ti ng Energy 

(Mi l  1 i o n  Btu) 

a 0.000 

0.110 

0.362 

0.212 ' . 

Month 

Apr 79 . 

May 79 

Jun 79 

Jul  79 . 

. ECSS 
Operating Energy 

( M i l  1 i on  Btu) 

, 0.693 . 

0.406 

0.000 
1 

0.001 

. I .  - 0 c t 7 9  j ; 0.035 0.103 . . I  0.003 0.141 . . 
-. . ! - . .  . I :  . . . ,  

NOV 79 ,.! I 0.151 1 0.000 0.060 . ' . . 0.211 ' 

! 

Aug 79 

! 
Dec79 . j :.0.195 I .O.OOO - ]  0.168 . 

! . .  i . . 
0.172 

I 

i 0.000 , 0.196 . 

, . . 
0.363 * . . 

. . 

I i 

. I ! . . 

J a n 8 0  , ,  0.124 .' . .. i 0.000 I 0.220 0 .392 '  ' . , 

. - 
. . 

- 
. . , 

I Mar 80 

To'tal 

~ v e r a g e  . 

0.143 0.337 . 

> 

' I . . 

0.. 1 94 , . 0.000 . 

3 .971 1.272 i 
i 

i 0.164 : 0.106 ' . . 
. 9 

1 .039 

0.087 

.. 

4.282 

0.357 

Feb 80. - - .  - 1 :  . 0.000 . . I : ' 0.188 . -  :. 0.312 



' ' .During the 12 month reporting period, a total  of 4..28 mill ion B ~ U  

(1253 kwh) of operating energy was consumed. However, t h i s  ener'gy , 

; 

.incl udes t h a t ,  portion of the energy required by fan, F2 when the fan 

is d is t r ibut ing  air to  the heated space (space heating operating 
energy) and tha t  energy would be required whether or  not t h e  so lar  
energy system was present. Therefore, this component of the operating 

. . energy i s  not considered "solar  peculiar." 
. . 

A to ta l  of 3.24 mi11 ion B t u  (950 kwh) of operating energy was r&iired 
t o  support the fans when the so la r  collection, storage and summer vent . 

subsystems were active.  Of t h i s  to t a l , ,  however, only 1.97 mil 1 ion 
B t u  a r e  chargeable to  the del ivery of solar  energy to  the heating . .  

. . 
load because the 1.27 mill ion B t u  required fo r  the a t t i c  fan i s  used ,, 

solely fo r  cooling the coll.ectors . i n  summer months, when no heating 
.load i s  present. Thus, since a measured 8.73 million B t u  of so lar  

energy was delivered to  . . the space heating load during the reporting 
period, a to ta l  of 0.23 million B t u  (67 kwh) of operating energy 

. .' was required fo r  each. one mill ion B t u  of solar  energy del ivered. t o  . ' , 

. . 

,the system load. 



5. ENERGY SAVINGS 

so la r  energy system savings are r e a l  ized whenever energy provided by 

the so la r  energy system i s  used t o  meet demands which would otherwise . 

b e  'met. by a u x i l i a r y  energy sources. The operating energy required t o  
, . 

, 
.provi.de so la r  energy t o  the load subsystem. i s  subtracted from the, , 

so la r  energy cont r ibut io t i  t b  obta in  the net  savings a t t r i b u t e d  t o  t h e  

use of so la r  energy. . . . . . . 

. .  . 

~ n e r g y  savings f o r  the 12 month repor t ing  pe r i od  are  presented i n  Table 

5-1. T h e  gross savings i n  f o s s i l  energy was 14.55 m i l l i o n  Btu which, , 

. , when adjusted t o  account f o r  the 3.24 m i l l i o n  Btu o f  ECSS and vent inode 

, ' 
operat ing energy, gave a net  f o s s i l  energy savings o f  11.31 m i l l  i on  . 

. c Btu (3312 kwh). This i s  equivalent t o  1.9 'barrels o f  o i l .  
. .. 



TABLE 5-1 

ENERGY SAVINGS 

i 

Month 

Apr 79 

May 79 

Jun 79 

I J u l  79 

Aug 79 

Sep 79 

Oct  79 

F o s s i l  
Energy Savings 
( M i l l i ~ n  Btu) 
Space 
Heat ing 

1 .go01 

0.220 

0.1000 

0.000 

0.000 

0,000 

0.002 

ECSS & Vent Mode 
Operat ing 
Energy 
( M i l l i o n  B tu)  

0.693 

0.516 

0.362 

0.213 

0.196 

0.289 

0.138 

Net 
Energy 

f Nov 79 i 
1 Dec 79 

( M i l  1 ion Btu)  

1 .207 

-0.296 

-0.362 

-0.21 3 

-0.196 

-0.289 

-0.1 36 

I 

Savings 
(kwh) 

353 

-87 

-1 05 

-62 

-57 

-85 

-40 

Jan 80 

Feb 80 

Mar 80 

To t a  1 

Average 

I 

0.443 1 0.151 

3.344 i 0.195 

3.160 0.172 
; 

2.376 1 0.124 

0.292 

3.149 

2.988 

2.252 

2.915 

11.311 

0.943 

3.109 

14.554 

1.213 

8 5 

922 

875 

659 

854 

331 2 

276 

0.194 

3.243 

0.270 



i .  

63 MAINTENANCE , . 
. . 

This sect ionprov ides a summary o f  a l l  k n o k  maintenance v i s i t s  mide 

t o  the Seeco L inco ln  s i t e  from the t ime i t went "on l i n e "  u n t i l  - t h e  ' 

" c los ing o f  the . , data assessment period. . : 
I *  

. . . . .  
. . a .  . ' _  . . . . . . . . , . . January 15, 1979 . .  . .  . : . .  

- .  . . !. ', ' 

. r ~ e ~ a i r e d  furnace fan  . . i . , 
. . 

. . L 
, . .  . . .. 

. . 
.' . . , 

' .  . . .  . 
. . . . 

. , 
. . .  . , .. 

' February 2-6, 1979 . . . . . . 

-.  a Repaired outs ide a i r  leak .. .. : 
. . 

! 9 . . . - . r l 
I 

. , 
' .  February 26 - March:2, 1979 . . t 

r , Seal ed numerous 1 ea ks pr imar i  l y  in; col ' l  ec tor  i n l e t  plenumand'. ;: :!, 

1 ' .  . . 
top  of rock storage chamber , . . _ . . .  . . 

, . 

, 

r Rep1 i c e d  de te r io ra t ing  v i n y l  duct' tape w i t h  a1 uniinum taie.l,~and ' , . 

repaired numerous minor leaks' i n  duct seams and connections 
. '  .. .. I , _ , . .  ' ' 

r ~ e ~ a i  red motorized damper MD2 t o  :coyre& problem o f  k c o d i l  htb " . . . ' 

c losure, 
= .  

0 Replaced two separate thermostats (one for  so la r  system and one 
. . 

f o r  Bux i l  i a r y  heat ) .  w i t h  one two stage u n i t  t h u i  correcti,rjg':syste., ' 

, . " .  1 .  ' ' _  

. . cont ro l  problems . . . , i  ,..: ,. ... '.. . , . . . . . . . . . 
. ! , .  . . ,  . .  . 

, ' .  
' r Performed remapping o f  a1 1 , system a i r .  flows a t  concl usion of leak ,'. 

.. . .. , . . . .  . . .  
. repairs . ., 

" .  . 

" : . . . ! ?>, 

: . v , .  . 

. a  

.. . . 
. .  . . :'< , , %.' . ,.., 

A p r i l  2, 1979 . . ? .. . 5 .I ,, ,. .. .. . . ~  . . . . .  . . .  
. a Repaired addi t iona l  a i r  l e a k  causing l a rge . co l  l e c t o r  f 1 0 w ' w h & ~  .' 

. - . ,  ;' . . ,  , .  ' 
, '.,.,! . 

operat ing i n  storage-to-Load , .  mode . . , , ,  . . . . . .  . ,, , . . . 
. .  . 

I . . , 6 .  
L ,  . . . .. 

, . . . . k. 

. ' Y  

: . ~ovember' 28, 1979 . . . . . . .  . . 
. I  

I ' . '  r Repaired furnace fan  control,^ , . . . 
. . . , 

. . . . . , . > ' . .  



The fol lowing paragraphs provide a brief summary of a1 1 pertinent parameters 
fo r  the Se'eco Lincoln Solar Energy System fo r  the period from April, 1979, 
through March, 1980. A .more detailed discussion can be found in the preceding 
sections. 

During the reporting period, the measured daily average insolation in the 
2 plane of the col lector  array was 1275 Btu/ft . This was 11 percent below 

2 the long-term daily average of 1437 Btu/ft . During the same period, the 
measured average outdoor ambient temperature was 52°F. This was one degree 
above the long-term average value of 51°F. Since the measured temperature 
was almost identical t o  the'long-term average, t h i s  parameter had no impact 
on system performance. However, the lowered value of solar  insolation, 
compared to  the long-term average, had some degrading ef fec t  on performance 

fo r  the overall report period. 

The Solar Energy System sa t i s f ied  27 percent of the measured space heating 
load during the 12 m o n t h  reporting period. This value was identical t o  the 
expected solar  fraction obtained by the f-Chart analysis, on a yearly basis, 
b u t  there was an average 15 percent variation between f-Chart and'measured 
values on a"month-by-month basis. The f-Chart value was ' higher than the 
measured value fo r  f ive  months of the seven month heating period but was 

exceeded by the measured value in , the  months of December, 1979, and 
January, 1980. 

A to ta l  of 224.74 million B t u  was measured in the plane of the coll.ector 
, array during the reporting period. The system coll ected 35.89 mil 1 ion L 

B t u  of the avai lab1 e energy, which, represents a col 1 ector array efficiency 
of 16 percent. . During periods when the collector array was act ive, ,  a 
to ta l  of 103.92 mil 1 ion. B t u  was measured in the plane of the col lector  
array. Therefore, the operational col lector  efficiency was 35. percent. 



. . 

dur ing the repor t ing  per iod a t o t a l  o f  18.04 m i l l  i on  Btu was del i&ed t o  . ,.: 

the storage bin. During the same t ime 4.31 m i l l  i on  Btu were removed from , 
, 

storage fo r  support o f  the space heating load. I n  the per iod from JU!~, ' 

' 1979, through September, 1979, there was no heating load; hence, the ' . ;,. 

: storage subsystem was i nac t i ve  dur ing t h i s  period. .For t h i s  reason, the 
' / '  

. . .  
computation o f  storage e f f i c i ency  was based on the  e i gh t  month per iod 

(October through May) when energy from storage was'used . . t o  support i' , ,  

heating load. On t h i s  basis, the storage e f f i c i ency  was conput'ed t o  ; : '  
, 

. . be 30 percent. 'During t h i s  t ime period', the ne t  change i n  stored .energy 
was 0.613 m i l l  i on  Btu and an estimated 13.12 mi11 i o n  Btu were l o s t  from . , 

storage. The average storage temperature,was 90°F over t'he e i gh t  month 

ac t i ve  heating' period. . , a  3 . . . . . .  

The measured space heating load was 32.09 m i l l i o n  Btu f o r  the 12 'month . . ;" . 

repor t lng period. , The heating so la r  f rac t ion .  fo r  the 12 month per iod 

was 27 percent, i den t i ca l  t o  the overa l l  so lar  f r a c t i o n  because Seeco 

Lincoln i s  a "heating only"  system. Solar energy suppl ied 8.73 m i l l i o n  

B t u  and the gas f"rnace suppl l e d  24.09, m i l l  i on  ~ t u  o f  aux i i  i a r j  thermal , ' 

8 .  . 
energy. The space heating subsystem maintained an average bu i ld ing ,  

temperature o f  70°F during the repor t  period. 

A t o t a l  o f  3.24 m i l l  i on  Btu, o r  950 kwh, of e l e c t r i c a l  operating energy 

was required t o  support the Seeco L inco ln  Solar Energy System dur ing the 

, . 
1 2  month repor t ing period. The "so lar  unique" operating energy was . : 

. , 

comprised o f  1.97 m i l  1 ion  Btu f o r  the Energy Col l  ec t ion and Storage . :,' . , . ' .  . 
. . 

.. - - Subsystems (ECSS) 'and 1.27 m i l l  i on  Btu f o r  operation 'of the, a t t i c  fan . ' ' . . . 
, . . , . ., . . 

when operating i n  the summer vent mode. . . . . . . 
' . . .  , . . ; .  . 
. . .  . . . . 

, . .  

' The net  f o s s i l  energy savings fo r  the 12 month r e p o r t  was . l l .31 , . ., . . ' 
m i l l i o n  Btu, o r  the equivalent o f  3312 kwh, o r  1.9 bar re ls  o f  o i 1 . 1 t " .  ' 

should b e  noted t h a t  the energy savings a r e  based on ly  dn the "eisured . . ," . . 

amount of so la r  energy del ivered t o  the space hea t ing  subsystem., :The, . ' . . ' - , .  . . 

system losses i n t o  the heated spaceg from the stbrage b i n a n d  ductwork: ' . .  '., 

were s i g n i f i c a n t  and, if they could be quant i f ied,  would add appreciably,' . . .  
.": , 

t o  the .savings contr ibuted by the Solar Energy System. . . . . ,  

. . . . . . 
, . .  
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AND 

SOLAR TERMS 
' . 



. . 

' ' A P P E N D I X A  ' ', 

DEFINITION OF PERFORMANCE FACTORS AND SOLAR TERMS . 

ENERGY COLLECTION AND STORAGE SUBSYSTEM 

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

c o l l e c t o r  array, t he  pr imary storage medium, the  t r a n s p o r t  loops between 

these, and o the r  components i n  t he  system design which a re  necessary t o  
. mechanize the  c o l l e c t o r  and storage equipment. 

e INC IDENT SOLAR ENERGY (SEA) i s  t he  t o t a l  i n s o l a t i o n  availab'le 

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

c o l  1  e c t o r  a r r a y  energy-receiv ing 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  the  c o l l e c t o r  s t ruc tu re .  

e AMBIENT TEMPERATURE ( T A )  i s  the  average temperature of  t he  outdoor 
1 

environment a t  t he  s i t e .  

l 

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

f r o m . t h e  ECSS t o  a l l  l oad  subsystems. 

o AUXIL IARY THERMAL ENERGY TO ECSS (CSAUX) i s  the  t o t a l  a u x i l i a r y  

suppl i e d  t o  the  ECSS, i n c l u d i n g  a u x i l  i a r y  energy added t o  the  

storage tank,  heat ing devices on the c o l l e c t o r s  f o r  freeze- 

p ro tec t i on ,  etc .  

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

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



COLLECTOR ARRAY PERFORMANCE 

The c o l l e c t o r  ar ray performance i s  characterized by the amount o f  so l a r  energy 

co l l ec ted  w i t h  respect t o  the energy ava i lab le  t o  be col lected.  

. . e  INCIDENT SOLAR ENERGY (SEA): i s  the t o t a l  i nso la t i on  ava i lab le  on the 

gross co l l ec to r  ar ray area.  his i s  the 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  uding the framework which i s  

an i n teg ra l  p a r t  of the co l lec tor :  ~ t r u c t u r e .  

OPERATIONAL INCIDENT ENERGY (SEOP) i s  the amount o f  so la r  energy 

inc iden t  on the c o l l  ec tor  a r r a y  dur ing,  the t ime t h a t  t h e  co l -  

l e c t o r  loop i s  ac t i ve  (attempting t o  c o l l e c t  energy). . .  ' 

. . 

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

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

0 COLLECTOR ARRAY EFFICIENCY (CAREF) i s  the r a t i o  o f  t h e  energy co l -  

l ec ted  t o  the t o t a l  so la r  energy inc iden t  on the c o l l e c t o r  array. 

It should be emphasized t h a t  t h i s  e f f i c iency  f ac to r ,  i s  f o r  the 

co l l ec to r  array, and ava i lab le  energy includes the energy. incident  

on the ar ray when the co l l ec to r  loop i s  inact ive .  This e f f i c iency  

must no t  be confused w i t h  the more common c o l l e c t o r  e f f i c i e n c y  

f igu res  which are determined froni instantaneous t es t .  data  obtained 

during steady state. operation o f  a  s ing le  c o l l e c t o r  un i t .  These . . 

e f f i c i ency  f igu res  are often provided by c o l l  ec tor  manufacturers 

o r  presented i n  technical.  journals t o  character ize the funct iona l  

capab i l i t y  o f  a  pa r t i cu l a r . co l l ec to r  design. I n  general, .the 

co l l ec to r  panel maximum e f f i c i ency  ' fac tor  w i  11 be s i g n i f i c a n t l y  

higher than the reported co l l ec to r  ar ray e f f i c iency .  . , 



STORAGE PERFORMANCE 

The s to rage  performance i s  cha rac te r i zed  by t h e  r e l a t i o n s h i p s  m o n g  t h e  energy 

::!el-ivcred t o  storage, removed from storage, and t h e  subsequent change i n  t h e  

saicunt o f  s t o red  energy. 

ENERGY TO STORAGE (STEI) i s  t h e  amount o f  energy, bo th  s o l a r  and 

a u x i l  i a r y ,  de l  i v e r e d  t o  t h e  p r ima ry  s to rage  medium. 

0 ENERGY FROM STORAGE (STEQ) i s  t he  amount of energy e x t r a c t e d  by 

t h e  l o a d  subsystems from the  p r imary  s to rage  medium. 

o - CHI\I\IGE Ii\l STORED ENERGY (STECII) i s  t h e  d i f fw -encc  i n  t h e  esL.irl~d Led 

s t o r e d  energy d u r i n g  t he  spec i f i ed  r e p o r t i n g  per iod ,  as i n d i c a t e d  

by t h e  r e l a t i v e  temperature o f  t he  s to rage  nxdium ( e i t h e r  p o s i t i v e  

c r  nega t i ve  va lue ) .  

. e STORAGE AVERAGE TEMPERATURE (TST) i s  t h e  mass-weighted average - 
teniperature o f  t h e  p r imary  s to rage  medium. 

e --- STORAGE EFFICIENCY (STEFF) i s  t h e  r a t i o  o f  t he  sum o f  t h e  

ener9.y removed from s to rage  and t he  change i n  s to red  rne rgy  

t o  t h e  energy d e l i v e r e d  t o  s torage.  



SPACE HEATING SUBSYSTEM 

The space heating subsystem i s  characterized by performance fac to rs  account- 

i n g  f o r  the complete energy f l ow  t o  and from the subsystem. The average 

bu i l d i ng  temperature and the average ambient temperature a re  tabulated t o  

ind ica te  the r e l a t i v e  performance o f  the subsystem i n  s a t i s f y i n g  the space 

heating load and i n  cont ro l  1 ing  the temperature o f  the condit ioned space. 

SPACE HEATING LOAD (HL) i s  the sensible energy added t o  t h e  a i r  

i n  the bu i ld ing.  
. . 

SOLAR FRACTION OF LOAD (HSFR) i s  the f r a c t i o n  o f  the sensible 

energy added t o  the a i r  i n  the bu i l d i ng  derived from the so la r  

energy system. 

SOLAR ENERGY USED (HSE) i s  the amount o f  so la r  energy suppl i e d  t o  , 

the space heating subsystem. 

OPERATING ENERGY (HOPE) i s  the .amount o f  e l e c t i i c a l  energy . .  '. 
required t o  support the subsystem, (e.g., fans, pumps, etc. ) and 

which i s  not  intended t o  a f f e c t  d i r e c t l y  the thermal s t a te  o f  
/ 

the subsystem. 

\ 

AUXiLiARY THERMAL USED (HAT) i s'.the amount o f  energy suppl i'ed t o  

the major components o f  the subsystem i n  the form o f  thermal . . energy 

i n  a ,heat t rans fe r  f l u i d  o r  i t s  equivalent .  This term al.so ,in-. 

cludes the converted e l e c t r i c a l  and f o s s i l  f ue l  energy suppl ied t o  

the subsystem. 

AUXILIARY FOSSIL FUEL (HAF) i s  the amount o f  f o s s i l  energy suppl ied 

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

' FOSSIL ENERGY SAVINGS (HSVF) i s  the estimated d i f f e i & $ e  . . .  between . 
' 

. the f o s s i l  energy requirements o f  an a l t e rna t i ve  conventional . .  , ' 

. . .  

system (car ry ing the f u l l  ' load) and the, actual  foss i  . 1 . energy . re -  
. . 

qui red by the subsystem. 
. .  b . . . .  
. " 



ELECTRICAL ENERGY SAVINGS (HSVE) i s  the cost of the operating 

energy (HOPE) required to support the solar energy portion of '  
. . 

the space heating subsystem. 

BUILDING TEMPERATURE (TB) i s  the average heated space dry bulb 

temperature. 

* AMBIENT TEMPERATURE (TA) I s  the average ambient dry bulb tem- 

perature a t  the s i t e .  



. .  . 

ENVIRONMENTAL SUMMARY 

I I 

.The environmental sumnary i s  a co l lec t ion '  o f  . the weather data which i s  

general l y  instrumented a t  each ii t e  i n  t h e  ~ e v e l o ~ m e n t  Program. It i s  . 

tabulated i n  t h i s  r epo r t  f o r  two purposesl '( l )  as a measure o f  the condi- 

t i ons  prevalent  dur ing the opera t ion 'o f  the system a t  'the s i te ,  and ' ; : 
(2 )  as a h i s t o r i c a l  record of weather data f o r  the v i c i n i t y  o f  the G t e  ... . . .  

r TOTAL INSOLATION' (SE) i s  the accumulated t o t a l  so l a r  energy 

inc iden t  upon the gross c o l l e c t o r  a r ray  measured a t -  the '  

s i t e .  : 

a AMBIENT TEMPERATURE (TA) i s  the average temperature o f  the ' .  . . 
, . ,environment a t  the s i t e .  .' .. 

. . .  
, . 

r DAYTIME AMBIENT TEMPERATURE: (TDA) i s  the temperature dur ing t h e  

per iod from three hours before so la r  noon t o  three hours 'a f ter  

so la r  noon. 
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APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 

SEECO LINCOLN 

I. INTRODUCTION 

Sol a r  energy system performance i s eval  uated by per fo rming  energy balance 

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

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

320 seconds. T h i s  data i s  then  n u m e r i c a l l y  combined t o  determine t h e  

hou r l y ,  d a i l y ,  and month ly  performance o f  t h e  system. Th i s  appendix 

desc r i bes  t h e  general  computat ional  methods and t h e  s p e c i f i c  energy 

ba lance equat ions used f o r  t h i s  eva lua t i on .  

Data samples f rom t h e  system measurements a're numerical  l y  i n t e g r a t e d  

t o  p rov ide  d i s c r e t e  approx imat ions o f  t h e  cont inuous f u n c t i o n s  which 

c h a r a c t e r i z e  t h e  system's'dynamic behavior .  Th i s  numer ica l  . i n t e g r a t i o n  

i s  performed by summation of t he  p roduc t  of  t he  measured r a t e  o f  t he  

a p p r o p r i a t e  performance parameters and the  sampl ing i n t e r v a l  ove r  t he  

t o t a l  t ime  p e r i o d  of  i n t e r e s t .  

There a r e  severa l  general  forms of numerical  i ntegra  t i c n  equat ions which 

a r e  a p p l i e d  t o  each s i t e .  Examples of these general  forms a r e  as f o l l o w s :  

The t o t a l  s o l a r  energy a v a i l a b l e  t o  t h e  c o l l e c t o r  a r r a y  i s  g i ven  by 

SOLAR ENERGY AVAILABLE = (1 /60)  X [ I O O l  x  AREA] x P ~ K  

where 1001 i s  t h e  s o l a r  r a d i a t i o n  measurement p rov ided  by t he  pyranometer 
2 i n  R t u / f t  -h r ,  AREA i s  t h e  area o f  the  c o l l e c t o r  a r r a y  i n  square feet,  

AT. i s  t h e  sampl ing i n t e r v a l  i n  minutes, and t he  f a c t o r  (1/60) i s  i nc l uded  

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



' . S imi lar ly ,  the energy flow w i t h i n  a system i s  given t y p i c a l l y  by 

COLLECTED SOLAR ENERGY = c [MI00 x AH] x AT 

where M l O O  i s  the mass f low r a t e  of the heat t rans fe r  f l u i d ,  i n  lb,,,/min, snd 

AH i s  the  enthalpy change, i n  Btullb,, o f  the f l u i d  as i t  passes through 

the heat exchanging component. 

For a 1 i q u i d  syste~il AH i s  general ly  given by 

where i s  the average speci f ic  heat, i n  Btu / ( l  bm-OF), o f  the heat 
P 

t rans fe r  f l u i d  and AT, i n  O F ,  i s  the temperature d i f f e r e n t i a l  across 

the heat exchanging component. 

For an a i r  System AH i s  general ly  given by 

where H,(T) i s  the enthalpy, i n  Btu/lbm, o f  the t ranspor t  a i r  

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

changi ng component. 

Ha(T) can have various forms, depending on whether o r  no t  the humidity r a t i o  

o f  the t ranspor t  a i r  remains constant a s  i t  passes :through the heat ex- 

c hang i ng' component . . ' . . .  



For  e l e c t r i c a l  power, a  genera l  example' i s  

ECSS OPERATING ENERGY = (3413/60) c [EPlOO] x  A T  

where EPlOO i s  t h e  measured power r e q u i r e d  by e l e c t r i c a l  equipment i n  
\ 

k i l o w a t t s  and t h e  two f a c t o r s  (1/60) and 3413 c o r r e c t  t h e  da ta  t o  Btu/min. 

These equat ions a r e  comparable t o  those s p e c i f i e d  i n  "Thermal Data 

Requirements and Per fo rmance~Eva lua t ion  Procedures f o r  t h e  Na t i ona l  

S o l a r  Heat ing  and Coo l ing  Demonstrat ion Program." Th i s  document, g i ven  

i n  t h e  l i s t  o f  references,. was prepared by an in te r -agency  committee o f  

t h e  government, and p resen ts  gu ide l i nes t o r  thermal performance eva lua t ion .  

. .. Performance f a c t o r s  a r e  computed f o r  each hour o f  t h e  day. Each numerical  

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

S ince long- te rm performance da ta  i s  des i red ,  i t  i s  necessary t o  b u i l d  

these  h o u r l y  performance f ac to r s  : t o  d a i l y  values. Th i s  i s  accomplished, 

f o r  energy parameters, by summing t h e  24 h o u r l y  va lues.  For temperatures, 

t h e  h o u r l y  va lues a r e  averaged. C e r t a i n  spec ia l  f a c t o r s ,  such as e f -  

f i c i e n c j e s ,  r e q u i r e  a p p r o p r i a t e  hand l iny  t o  p r o p e r l y  we igh t  each h o u r l y  

sample f o r  t he  d a i l y  va l  ue computat ion. S i m i l a r  procedures a r e  r e q u i r e d  

t o  conve r t  , d a i l y  values t o  month ly  values. 

11. PERFORMANCE EQUATIONS 

The performance equat ions f o r  Seeco L i n c o l n  used f o r  t he  da ta  e v a l u a t i o n  

o f  t h i s  r e p o r t  a r e  con ta ined  i n  t h e  f o l l o w i n g  pages and have been 

i n c l u d e d  f o r  t echn i ca l  r e fe rence  and i n fo rma t i on .  



EQUATIONS USED I N  MONTHLY PERFORMANCE ASSESSMENT 

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2-1 

'I ' AVERAGE AMBIENT TEMPERATURE (OF) 

TA = ( 1 1 6 0 )  x Z TOOl x A T  

DAYTIME AVERAGE AMBIENT TEMPERATURE (OF) ' . 

TDA = ( 1 1 3 6 0 )  x Z TOOl x AT 

FOR - + 3 HOURS FROM SOLAR NOON 

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

WHEN'THE COLLECTOR LOOP I S  ACTIVE ' 

. .  . . . HUMIDITY RATIO FUNCTION (BTUILBM-OF) 

. . 
HRF = 0.24 + 0.444 x HR 

WHERE 0.24 I S  THE SPECIFIC HEAT AND HR I S  THE HUMIDITY RATIO 

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

HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANSPORT AIR FLOWS . . . .. ' 

. . . . THROUGH A HEAT EXCHANGING DEVICE . . 



SECA = e [ ( M ~ O O  ;' ' ( ~ 1 5 0  -' T I 0 0  + 1 0 . 0  x HRF) x A T  ' 
SOLAR ENERGY TO LOAD FROM COLLECTOR ARRAY' (BTU) 

CSEOl = c EM400  x HRF x ( T 6 5 1  - T 6 0 1 ) ]  x A T  
. . , *  . .. : .._ , ... 

WHEN HEATING FROM THE COLLECTOR ARRAY 

SOLAR ENERGY TO LOAD FROM STORAGE (BTU)  

STEO = c [ M 4 0 0  x HRF 'X ( T 6 5 1  - T 6 0 1 ]  x AT . 

WHEN HEATING FROM STORAGE 

HSE = CSEOl + STEO 

WHENEVER THE SYSTEM I S  HEATING FROM COLLECTORS OR STORAGE 

H A F  = F 4 0 0 C x 1 0 0 0 . 0 .  

HAT = HAF x 0 .6 '  

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

< 
SPACE HEATING LOAD (BTU)  

-.WHENEVER THE SYSTEM 1 S . T N  A SPACE HEATING MODE 

AVERAGE. 'TEMPERATURE OF STORAGE (OF)  

TST  = ( 1 / 6 0 )  x [ ( T 2 0 0  + ~ 2 0 1  + T 2 0 2 ) ] / 3  x A T  

SOLAR ENERGY TO STORAGE (BTU)  

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

WHEN THE SYSTEM I S  I N  A STORING HEAT MODE 



CSOPE .. = :' 56.8833 x Z EP600 'X A T  

I 

WHEN THE SYSTEM IS IN A STORING HEAT MODE OR HEATING FROM 

1 .  , . COLLECTORS MODE . . . / . . 
. . . . 

'SPACE HEATINGSUBSYSTEM OPERATING ENERGY (BTU) , . 

. . . . 
HOPE' = 56.8833 x Z  ~ ~ 6 0 1 , ' ~  AT , 

:AUXILIARY FOSSIL FUEL ENERGY TO OIL FIRED FURNACE (BTU) 

HAF . .. , = F 4 0 0 C x 1 0 0 0 . 0  ' .  
, . 

1 ' INCIDENT SOLAR ENERGY ON C O L L ~ T O R  ARRAY (BTU).. . ,  

SEA = CLAREA x SE 

COLLECTED SOLAR ENERGY PER UNIT AREA (BTU/FT~)  

SEC = s ECA/ CLAREA L . 

. - _ .  . COLLECTOR ARRAY EFFICIENCY . . .  
. . .  

. . . . . . 
. . . . . ,  . 

. , 

CAREF , = ' SECAISEA . , ,. . ' . , :  , ' 

. . .. . . .. . 
. 

. . . . 
. . 

;. CHANGE I N  STORED ENERGY (BTU) . ., ' , - 
. . 

. . 

STECH = ROCKF x (TSTL .- TSTLO) ' . . a 

. . . . 
. . 3 ,'. WHERE ROCKF = 346.875 F T 3  x 1 6 5  LB/FT x 0.2 BTUILB -.  OF;^ 

. . . . . . 
.. . (1 - 0 . 4 2  VOID) AND TSTL AND TSTLO ARE ,PRIOR REFERENCE VALUES 

. . . . .  . .. 
I .  

' , . STORAGE EFFICIENCY . . . . 
, . ., . .. . . . . . ,. . . 

. k '; . . 
STEFF = . (STECH + STEO)/STEI'. "' . ' - . .  . .  

, . . .. 
~. . . 

ENERGY DELIVERED' FROM ECSS TO LOAD SUBSYSTEMS (BTU) '. , ..' 
. , 

. . 
. CSEO . . = . HSE. . . 

. . . . . 
SPACE HEATING SUBSYSTEM SOLARFRACTION :(PERCENT) . k. 



SPACE HEATING SUBSYSTEM FOSSIL ENERGY SAVINGS (BTU) 4 

WHERE GEFF I S  THE GAS FURNACE EFFICIENCY = 0.6 

SYSTEM LOAD (BTU) 

SYSL = HL 

J 

SFR = HSFR 
. , 

SYSTEM OPERATING ENERGY (B'TU) 

SYSOPE = CSOPE + HOPE + SP103 

WHERE SP103 I S  THE A T T I C  FAN ENERGY USED FOR SUMt4ER VENTING 

OF THE COLLECTORS 

AUXIL IARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HAT 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU)  

SEL - IISC 

ECSS SOLAR CONVERSION EFFICIENCY 

CSCEF = CSEO/SEA 

TSVE - - -CSOPE - SP103 

TOTAL FOSSIL ENERGY SAVINGS (BTU) 

TSVF = HSVF 

TOTAL ENERGY CONSUMED (BTU) 

TECSM = SYSOPE + AXF + SECA 

SYSTEM PERFORMANCE FACTOR 

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

LONG-TERM AVERAGE WEATHER CONDITIONS 

The environmental  es t imates  g i ven  i n  t h i s  appendix p rov ide  a  p o i n t  o f  

r e fe rence  f o r  e v a l u a t i o n  o f  weather c o n d i t i o n s  as r e p o r t e d  i n  t h e  Month ly  

Performance Assessments and S o l a r  Energy System Performance Eva lua t i ons  

i s sued  by t h e  Na t i ona l  S o l a r  Data Program. As such, t h c  i n f o r m a t i o n  

presented can be usefu l  i n  p r e d i c t i o n  of  long- te rm system performance. 

Environmental  es t imates  f o r  t h i s  s i t e  i n c l u d e  t he  f o l l o w i n g  month ly  averages: 

e x t r a t e r r e s t r i a l  i n s o l a t i o n ,  i n s o l a t i o n  on a  h o r i z o n t a l  p lane  a t  t h e  s i t e ,  

i n s o l a t i o n  i n  ' the t i 1  t p lane  o f  t h e  c o l  1  e c t i o n  surface, ambient temperature,  

h e a t i n g  degree-days, and c o o l i n g  degree-days. Es t ima t i on  procedures and da ta  
. sources a r e  d e t a i l e d  i n  t h e  f o l l o w i n g  paragraphs. 

The p r e f e r r e d  source o f  long- te rm temperature and i n s o l a t i o n  da ta  i s  " I n p u t  

Data f o r  S o l a r  Systems" (IDSS) [I ] s ince  t h i s  has been recognized as t h e  

s o l a r  standard. The IDSS da ta  a r e  used whenever p o s s i b l e  i n  these env i ron-  

mental  es t imates  f o r  bo th  i n s o l a t i o n  and temperature r e l a t e d  sources; however, 

a  secondary source used f o r  i n s o l a t i o n  da ta  i s  t h e  C l i m a t i c  A t l a s  o f  t h e  --- 
U n i t e d  S ta tes  [Z], and f o r  temperature r e l a t e d  data,  t h e  secondary source 

i s  "Local  C l i m a t o l o g i c a l  Data" [3]. 

Since  t h e  a v a i l a b l e  long- te rm i n s o l a t i o n  data a r e  o n l y  g iven  f o r  a  h o r i z o n t a l  

su r face ,  s o l a r  c o l l e c t i o n  subsystem o r i e n t a t i o n  i n fo rma t i on  i s  used i n  an 

a l g o r i t h m  141 t o  c a l c u l a t e  t h e  i n s o l a t i o n  expected i n  t h e  t i lt p lane  of t h e  

c o l l e c t o r .  Th i s  c a l c u l a t i o n  i s  made us ing  a  ground r e f l e c t a n c e  o f  0.2. 
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