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1. FOREWORD 

The So lar  Energy System Performance Eva luat 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 h e  

Solar  Heating and Cool i n g  '~evelopment 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 i on ing  throughout a 

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

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

ments f o r  s o l a r  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 : 

a System Descr ip t ion  

a Performance Assessment 

a Operat ing Energy 

a Energy Savings 

a Maintenance 

a Summary and Conclusions 
I 

Data used f o r  t he  seasonal analyses o f  t he  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 the  major i npu ts  used t o  perform t h e  

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

The Seasonal Report document i n  conjunct 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  se lec t i on  and ins t rumenta t ion  system 
design i n  A p r i l ,  1976. The F ina l  Report emphasizes t h e  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  cyc le  costs 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 are  References [I] and 

121 * *  
. . , .  . . .  . . .  . , . 

- -- - 

*Numbers i n  brackets designate references found i n  Sect lon 8. 
f;' 



2. SYSTEM DESCRIPTION 

The Fern* Lansing s o l a r  energy system was designed t o  prov ide  both space 

heat ing  and domestic ho t  water preheat ing f o r  a 1,300-square f o o t  s ing le -  

f a m i l y  residence i n  Lansing, Michigan. So la r  energy c o l l e c t i o n  i s  

accomplished w i t h  f l a t - p l a t e  c o l l e c t o r s  using a i r  as the  t ranspor t  

f l u i d .  The c o l l e c t o r  a r ray  has a gross area o f  278 square f e e t  and 

faces south a t  an angle o f  45 degrees from the ho r i zon ta l .  Energy i s  
t rans fe r red  t o  and from storage by means o f  a l i q u i d / a i r  heat'exchanger. 

Storage capac i ty  i s  360 ga l lons  of water i n  the  main tanks ( th ree  tanks 

o f  120 ga l l ons  each) and 40 ga l lons  i n  the  dnrnestic hot  water tank. 

Auxiliary energy f o r  both the  hot  water and space heat ing  subsystems i s  

provided by na tu ra l  gas. The hot  water heater  has an approximate capac- 
i t y  o f  70,000 Btu/hour an,d t h e  space heat ing furnace i s  r a t e d  a t  100,000 

Btu/hour. The system, shown schemat ical ly  i n  F igure 2-1, has f i v e  modes 

o f  operat ion.  The sensor designat ions i n  F igure 2-1 are i n  accordance 

w i t h  NBSIR-76-1137 [3]. 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 ,  temperature, e l e c t r i c  power, 

i n s o l a t i o n ,  and f o s s i l  f u e l  consumption. F igure 2-2 i s  a p i c t o r i a l  view 

o f  t h e  Fern Lansing i n s t a l l a t i o n .  

Mode: - - I n  t h i s  mode, s o l a r  heated a i r  i s  
de l i ve red  d i r e c t l y  frdm the  c o l l e c t o r  a r ray  t o  the  condi t ioned space. 

Th is  mode i s  entered whenever there  i s  a demand f o r  space heat ing  and 

t h e  co l  l e c t o r  array temperature exceeds 95°F. 

Node 2 - Storage-to-Space Heating: Th is  mode i s  entered whenever a de- 

mand f o r  space heat ing  e x i s t s ,  there  i s  i n s ~ f f i c i e n t  s o l a r  r a d i a t i o n  

a v a i l a b l e  t o  d i r e c t l y  s a t i s f y  t h i s  demand, and the  storage tank tem- 

pera ture  i s  high enough (95°F) t o  supply usefu l  energy. I n  t h i s  mode, 

heated water  i s  taken from storage and c i r c u l a t e d  through the  l i q u i d  

s i d e  o f  t h e  l i q u i d - t o - a i r  heat exchanger located i n  the  heat ing system 

supply duct. A i r  i s  then passed through the  a i r  s ide  o f  the  heat ex- 

changer, where i t  i s  warmed f o r  d e l i v e r y  t o  the  house. 

*So lar fe rn  Ltd., formerly Fern, Inc.  i s  the  system cont rac tor .  
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Figure 2-2 Fern Lansing R i  dorial 



Mode 3 - Col lector-to-Storage: The system operates i n  t h i s  mode whenever 

t h e  space heat ing demands have been s a t i s f i e d  and a d d i t i o n a l  s o l a r  energy 

I s  a v a t l a b l e  f o r  heat ing storage. A d i f f e r e n t i a l  o f  20°F between col- 

1 e c t o r  and storage i s  requ i red  before c o l  1 ected energy can be del i v e r e d  

t o  storage. So lar  heated a i r  i s  passed through t h e  heat exchanger where 
.i 

.. b 

It warms water t h a t  i s  being c i r c u l a t e d  from t h e  s to rage tanks .  
' .v. ' . . 

6 ,  
.?.! - 

. $;: Node 4 - Domestlc Hot Water Preheating-: Th is  mode e x i s t s  whenever the re  

I s  a demand f o r .  h o t  water. Makeup water i s  de l i ve red  t o  storage where i t  

t s  preheated before going t o  t h e  hot  water heater. . . 

'Mode. 5 .  - .  Co l l ec to r - to i s to rage  and Auxi 1 i a r y  Space  eating : Th is  mode i s  

entered whenever t h e  room thermostat i s  r a i s e d  3 O F  o r  more above t h e  s o l a r  

energy system a c t i v a t i o n  temperature, o r  i f  the  room temperature drops 3°F 
be1 ow t h e  s o l a r  energy system a c t i v a t i o n  temperature. Under these clrcum- 

stances, a u x i l i a r y  energy i s  used t o  heat t h e  house and any a v a i l a b l e  s o l a r  

energy i s  del  i vered t o  storage. When the  house temperature recovers, t h e  
, . 

system w i l l  sw i tch  back t o  t h e  d i r e c t  Col lector-to-Space Heating mode. 



2.1 Typ ica l  System Operat ion 

. Curves d e p i c t i n g  t y p i c a l  system operat ion on a c o l d  b r i g h t  day 

(February 4, 1980) are presented i n  F igure 2.1-1. F igure 2.1-1 (a) 

shows t h e  i n s o l a t i o n  on t h e  c o l l e c t o r  a r ray  and t h e  pe r iod  when the  

a r ray  was opera t ing  (shaded area). Also shown i n  Figure 2.1-1 (a) 

a re  t h e  c o l l e c t o r  a r ray  temperature p r o f i l e s .  These are  the  i n l e t  
. . temperature (TlOO), t he  o u t l e t  temperature (T150) and t h e  absorber 

p l a t e  temperature ( T I  02). 

On t h i s  p a r t i c u l a r  day the  c o l l e c t o r  a r ray  cyc led  on momentari ly a t  

0945 hours and then began normal opera t ion  a t  0956 hours. At t h a t  
2 t ime t h e  i n s o l a t i o n  l e v e l  was 182 Btu/Ft  - H r  and t h e  absorber p l a t e  

temperature (T102) was 139°F. A t  t h e  same t ime t h e  c o l l e c t o r  a r ray  

o u t l e t  temperature (T150) was 113°F. Both o f  these temperatures a re  

h igher  than the  95OF c o l l e c t o r  temperature requ i red  t o  i n i t i a t e  d i r e c t  

c o l l e c t o r  t o  space heat ing operat ion. However, i t  should be noted 

t h a t  TI02 and TI50 are  n o t  c o n t r o l  sensors, bu t  o n l y  serve t o  moni tor  

system behavior. These opera t ing  temperature cons t ra in ts  are  menti  nned 

t o  make t h e  reader aware t h a t  moni to r ing  ins t rumenta t ion  .and c o n t r o l  

sensors have no d i r e c t  c o r r e l a t i o n ,  b u t  moni to r ing  ins t rumenta t ion  can 

provide s u f f i c i e n t  in format inn  t o  determine i f  each opera t iona l  mode i s  

f u n c t i o n i n g  w i t h i n  a reasonable range o f  c o n t r o l  temperature sensor 

1 i m i t s .  

The c o l l e c t o r  a r ray  cont inued t o  operate normal ly  through t h e  day. I t  

w i l l  be noted t h a t  TI02 t racked t h e  i n s o l a t i o n  l e v e l  q u i t e  c l o s e l y  du r ing  

t h e  opera t iona l  per iod.  The ar ray  out1 e t  temperature (T I  50) a1 so t racked 

both t h e  Srrsulation 1 eve1 and a b s o ~ b e r  p l a t e  temperature bu t  i t s  f l  uctud- 

t i o n s  were n o t  as pronounced as those o f  t h e  absorber p l a t e  temperature. . . 

The c o l l e c t o r  a r ray  i n l e t  temperature (T100) showed a gradual r i s e  almost ; 

cons tan t l y  dur ing the  opera t iona l  period. Th is  i s  expected because t h e  . ) 
system was opera t ing  i n  t h e  c o l l e c t o r  t o  storage mode most o f  t h e  day. 
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As a r e s u l t  TlOO tended t o  t r a c k  t h e  temperature o f  the  storage tanks 

f a i r l y  c lose ly .  The on ly  exception t o  t h i s  occurred dur ing  t h e  f i r s t  

few minutes o f  c o l l e c t o r  a r ray  operat ion.  During t h i s  t ime the  system 

cyc led between d i r e c t  space heat ing and s t o r i n g  sola; energy a few times. 

%As a r e s u l t  TlOO tended t o  f l u c t u a t e  dur ing  t h i s  time, which i s  normal. 

. . 

The c o l l e c t o r  a r ray  cont inued t o  operate u n t i  1 approximately 1650 hours 

when i t shut down f o r  t h e  day. A t  t h a t  t ime the  i n s o l a t i o n  l e v e l  was 

1-02 ~ t u / ~ t ~ - ~ r ,  the  absorber p l a t e  temperature (T102) was 124"F, and t h e  

c o l  l e c t o r  a r ray  o u t l e t  temperature (TI  50) was 118°F. The average tempera- 

t u r e  o f  t he  th ree  storage tanks was 112°F a t  t h i s  po in t ,  and t h e  average 

of t h e  c o l l e c t o r  o u t l e t  and absorber p l a t e  temperatures was 121°F. The 

9°F d i f f e r e n t i a l  between these average temperaturas i s  somewhat l e s s  than 

t h e  minimum d i f f e r e n t i a l .  o f  20°F requ i red  t o  mainta in system opera t ion  

i n  the  c o l l e c t o r  t o  storage mode. 

F igure 2.1-1 (b) shows t h e  temperature p r o f i l e  o f  t he  th ree storage tanks 

i n  t h e  system (each 120 ga l l on  tank  has on ly  one sensor). During the  e a r l y  

morning hours a l l  space-heat ing demands were s a t i s f i e d  w i t h  th-e a u x i l i a r y  

furnace and t h e  storage tank temperatures remained r e l a t i v e l y  s table.  

Although the  average temperature f o r  t h e  th ree tanks was s l l g h t l y  above 

95OF ( the  minimum storage tank temperature requ i red  f o r  heat ing  from 

storage) i t must again be emphasi zed t h a t  t h e  moni to r ing  ins t rumenta t ion  

does n o t  necessar i l y  c o r r e l a t e  w i t h  system c o n t r o l  inst rumentat ion.  A t  

0600 hours approximately 22 ga l l ons  of h o t  water was used and a s l i g h t  

temperature f l u c t u a t i o n  was noted i n  tanks two and three. Other smal le r  

water draws cont inued t o  cause small temperature drops i n  the  storage 

tanks u n t i l  t h e  c o l l e c t o r  a r ray  began opera t ing  a t  approximately 1000 

hours. A t  t h i s  p o i n t  a l l  th ree tanks e x h i b i t e d  a sharp temperature drop 

as water  began t o  c c i r c u l a t c  i n  the system. T h i s  sharp temperature drop 

occurs because the  system i s  conf igured so t h a t  water i s  drawn from t h e  

top  o f  t he  tanks and re turned t o  t h e  bottom. As a r e s u l t  coo le r  water 



from the- bottom portion of the tanks i s  drawn across the .  temperature 
sensors, causing a drop in the indicated tank temperature. Once the 
system began t o  operate s teadi ly i n  the col lector  t o  storage mode the 
tank temperatures began t o  r i s e  a t  a relat ively co'nstant ra te .  How- 
ever, tank one showed some lag due to  a heavy demand on: the hot water 
subsystem during the f i r s t  two hours of storage charging. ' The average 
temperature of the storage tanks reached 11 2 O F  approximately one ha1 f 
hour before the col lector  array turned off and they remained a t  t h i s  
level f o r  a few hours. However, once hot water and. space heatin'g de- 

. . 

mands began about 1930 hours the tanks were quickly depleted and reached 
an average temperature of 8 7 O F  by 2230 hours. They then remained re- 
la t ive ly  s table  a t  this temperature for the remainder of the day. 

I t  i s  d i f f i c u l t  t o  draw any concrete conclusions about the- storage sub- 
.,. system behavior based on the temperature profiles i n  Figure 

2.1-1 (b). As noted previously, each 120 gallon tank has only one tem- 
perature sensor: Also, the hot water demand a t  t h i s ' s i t e  was considerably 
heavier than expected dur ing  the l a t t e r  part  of the report period. These 
factors,. coupled w i t h  any s t r a t i f i ca t ion  that  occurs i n  the tanks and ac- 
tual sensor location, preclude any in-depth analysis.. 



'System'Operat ing Sequence 

F igu re  2.2-1 presents bar  cha r t s  showing t y p i c a l  system opera t ing  sequences 

f o r  February 4, 1980. This  data c o r r e l a t e s  w i t h  t h e  curves presented i n  

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

The most important  observa t ion  t o  be made from Figure 2.2-1 i s  t he  l a r g e  

amount o f  h o t  water  consumed. On t h i s  p a r t i c u l a r  day a t o t a l  o f  219 g a l -  

l o n s  o f  h o t  water was used a t  the  Fern L.ansing s i t e  (bars  wi thou t  a value 

'above them represent  smal l  usages, genera l l y  l e s s  than one h a l f  g a l l o n )  , 
and even t h i s  l a r g e  usage was below t h e  monthly average o f  237 ga l l ons  pe r  

day. As a r e s u l t  t h e  s o l a r  energy system was ab le  t o  p rov ide  o n l y  minimal 

support t o  t h e  space heat ing  load. I n  f a c t ,  t h i s  day was unusual f o r  t h e  . 

1979-1 980 heat ing  season i n  t h a t  some space heat ing  support was prov ided 

by the  storage tanks. General ly  the  heavy ho t  water consumption kept  t h e  

storage tank  temperatures t o o  low t o  prov ide  any support  t o  t h e  space heat- 

i n g  subsystem. 

The second observat ion t o  be noted concerns the  l a c k  o f  any measured heat- 

i n g  l o a d  du r ing  the  day when the c o l l e c t o r  a r r a y  was opera t ing  (except 

b r i e f l y  e a r l y  i n  t he  opera t ing  pe r iod ) .  Wi th outdoor ambient temperatures 

below 40QF a1 1 day, a modcratc heat ing  l o a d  would be expected. The problem 

here has t o  do w i t h  a i r  leakage i n  the  system. This s i t u a t i o n  i s  addressed 

i n  g rea te r  d e t a i l  l a t e r  i n  t h i s  repo r t .  

The f i n a l  p o i n t  t h a t  should be addressed i s  t h e  l a r g e  amount o f  a u x i l i a r y  

energy requ i red  t o  support the domestic h o t  water subsystem. Th i s  l a r g e  

energy usage i s  due n o t  o n l y  t o  the f a c t  t h a t  t h e  h o t  water load i s  ve ry  

subs tan t i a l ,  b u t  a l s o  because the  h o t  water subsystes~ o n l y  uses storage 

t o  preheat makeup water when hot  water i s  consumed. Th is  type o f  design 

does not' l end  i t s e l f  t o  supply ing the  v a s t  m a j o r i t y  o f  sporadic loads b u t  

does save the  energy requ i red  t o  operate a c i r c u l a t i o n  system. 



February 4,1980 

AUXILIARY DHW HEATING 1 I I I -  

AUXILIARY SPACE HEATING 1 111 ) 1 11 1 1 1 I I I I I 
STORAGE TO SPACE HEATING 

COLLECTORS TO STORAGE 

COLLECTORS OPERATING 

Figure  2.2-1 Typ ica l  System Operat ing Sequence 



I f  a c i r c u l a t i o n  loop was added t o  the domestic hot  water subsystem, the 

ho t  water tank would receive more support from the so la r  energy system. 

However, t h i s  would requ i re  the expenditure o f  add i t iona l  operating 

energy. I n  add i t i on  the performance of the space heating subsystem 

would be reduced because there would be less stored energy ava i lab le  

f o r  support of space heating loads. Also, h igher i n i t i a l  costs would be 

incur red f o r  add i t iona l  hardware. Consequently, no d e f i n i t e  recommenda- 

t i o n s  can he made i n  t h i s  area, 



3. PERFORMANCE ASSESSMENT 

. . 

The performance o f  the Fern   an sin^ Solar Energy System, has been 
I .. . 

evaluated for  the Ap r i l ,  1979, through March, 1980, t ime per iod from 

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

the performance values o f  system so la r  f r a c t i o n  and ne t  energy 

savings were evaluated against the p reva i l  l ng  and 1 ong-term average 

c l lmat ic 'condl t lons and system loads. The second view presents a 

, . more in-depth look a t  the perforhance o f  the ind iv idua l  subsystems. 

De ta i l s  r e l a t i n g  t o  the performance o f  the system are presented 

f l r s t  I n  Section 3.1 fol lowed by the subsystem assessment in,  Section 

3.2. 
. . .  

. .  . 
For the purposes o f  t h i s  Solar Energy System Performance. Evaluation, 

monthly performance data were regenerated t o  r e f l e c t  refinements and 

Improvements i n  the system performance equations t ha t  were incorporated 

as the analysis per iod progressed. These modi f icat ions resu l ted i n  

changes i n  the numerical values o f  some o f  the performance factors.  

However, the basic trends have no t  been af fected.  . . 
I 

Before beginning the discussion o f  actual so la r  energy system per for -  

mance some h igh l igh ts  and per t fnent  informat ion r e l a t i n g  t o  s i t e  h i s t o r y  
are presented i n  the f o l l  owing paragraphs. 

,. The ,Fern Lansing Solar  Energy System was i n i  t i a l  l y  brought .on 1 ine i n  
October, 1977.. A t .  t h a t  t ime a1 1 known system problems were addressed 

and corrected where possible. A f t e r  the system was s ta r ted  up, a per iod 

o f d a t a  monl tor lng was i n i t i a t e d  t o  v e r i f y  t h a t  the sb ia r  system and 

monitori.ng instrumentation were funct ion ing properly.' . : . . 
. . . . , . .. 

. . . .  , .  

During t h e  check-out phase there were several.  problems n o t e d a t  the s i te .  

These re l a ted  t o  both the system i t s e l f  and the, moni tor ing ins t rumentat ion.  
. . 

. . .  
, - . . . . -. 

. . , . 



The preceding in format ion  has been presented t o  prov ide  a b r i e f  summary 

o f  s i t e  opera t ion  p r i o r  t o  the  s t a r t  o f  t h e  performance pe r iod  covered 

by t h i s  r e p o r t  ( A p r i l ,  1979, t o  March, 1980). The f o l l o w i n g  paragraphs 

prov ide per tgnent  in for tnat ion concerning s i t e  operatdon dur ing  the ' fo rma l  

performance r e p o r t i n g  per iod.  

The system was found t o  have some a i r  leakage problems, coupled w i t h  

low a i r  f l o w  i n  both  t h e  c o l l e c t o r  and d e l i v e r y  loops. I n  add i t ion ,  
. 

The o n l y  system problem o f  any s i g n i f i c a n c e  noted du r ing  the  r e p o r t  p e r i o d  

was a s t i c k i n g  r e l a y  i n  t h e  storage loop pump c o n t r o l  c i r c u i t .  Th is  r e l a y  

had t o  be repa i red  i n  Apr i  1 , 1979, and then replaced i n  August, 1979. 

. 

The main area o f  concern dur ing  the  r e p o r t  pe r iod  was the manner i n  which 1 ,  

t he re  were some range and l o c a t i o n  problems w i t h  some o f  t h e  moni to r ing  /i 
inst rumentat ion,  so i t  was n o t  poss ib le  t o  do a s i g n i f i c a n t  amount o f  

performance ana lys is  du r ing  t h e  1977-1978 heat ing season. These problems 

were c leared up du r ing  t h e  spr ing  o f  1978, and i t  was a n t i c i p a t e d  t h a t  I 
d e t a i l e d  s i t e  ana lys i s  could be performed dur ing  t h e  1978-1979 heat ing  I 

season. However, c o n t r o l  problems began t o  develop i n  ~ c t o b e r ,  1978, and 

these r e s u l t e d  i n  e r r a t i c  system operat ion u n t i l  t h e  c o n t r o l l e r  was re -  - I 
p laced i n  l a t e  January, 1979. I n  add i t i on ,  i t  was discovered t h a t  t he re  

i 
I 

! 
were inadequate backd ra f t  das~pers i n  t he  system and t h a t  t h e  storage loop I 
f l o w  was lower than desi rable.  These l a t t e r  two problems were cor rec ted I 

i n  the  February (pump) and March (dampers) t ime frame but ,  again, t he  
i ' 

system performance data f o r  t he  1978-1979 heat ing season was somewhat 

quest ionable. As a r e s u l t ,  t he  dec is ion  was made t o  keep the  system on 
I 

l i n e  f o r  another year so t h a t  system performance data cou ld  'be gathered I 
dur ing  t h e  1979-1980 heat ing  season. I ' 1: 

I 

t h e  system was used. During the  f i r s t  f i v e  months ( A p r i l  through August) 

t he  system was operated i n  a normal manner. However, i n  e a r l y  ~ e ~ t e m b e r  
i 

t h e  house was vacated and rerr~ained empty u n t i l  e a r l y  December. Thus, there  
I, 
I 



were no substant ia l  loads imposed upon e i t h e r  the space heating o r  

domestic hot  water subsystems dur ing the ea r l y  p a r t  o f '  the ,heating 
, . 

season. :. ./ 

, , 
. . . . 

When r new family moved i n t o  the house i n  e a r l y  December the s i t u a t i o n  

changed dramatical ly. This family used an extremely la rge  amount o f  
hot  water (general ly  over 225 gal lons per  day) and the hot  water lead 

averaged over 7 mi1 1 Ion  Btu per month. As a resu l t ,  almost a1 1 the 
so la r  energy co l lec ted  was used i n  support o f  the hot  water subsystem. 

I n  addi t ion,  the temperature o f  the storage tank was general ly  lower 
than the surrounding environment, and t h i s  caused heat t r ans fe r  i n t o  

the  tanks. Thus, f o r  the December, 1979, through March,' 1980, t ime 
perlod, t h e  demands imposed on the so la r  energy system were .very d i f f e r -  

en t  from design expectations. 

Based on the foregoing discussion, i t  must be rea l i zed  t h a t  the f i n a l  
seven months covered i n  t h i s  repor t  (September, 1979, t o  'March, 1980) are 

no t  representat ive of t yp i ca l  so la r  energy system operation. Therefore, 

a l l  data f o r  these months should be viewed from t h a t  perspective. 
. . 



3.1 System Performance 

Thls Seasonal Report provides a system performance evaluation summary 
of the operation of the Fern Lansing Solar Energy System located 

in Lansing, Michigan. This analysis was conducted by evaluation of . 

measured system performance against the expected performance w i t h  

1 ong-term average c l  imatic conditions. The performance of the system 
i s  evaluated by calculating a s e t  of primary performance factors  which 
are  based on those proposed i n  the intergovernmental agency report ,  
"Thermal Data Requirements and Performance Eva1 uation Procedures f o r  
the National Solar Heating and Cooling Demonstration Program" [3]. 
The performance of the major subsystems i s  also evaluated in subsequent 

sections of t h i s  report. 

The measurement data were collected fo r  the period April 1979 through 
March 1980. System performance data were provided through an IBM devel- 
oped Central Data Processing System (CDPS) [4] consisting of a remote 

S i t e  Data Acquisition System (SDAS) , telephone data transmission 1 ines 
and couplers, an  IBM System 7 computer for  data management, and an IBM 
System 370/145 computer fo r  data processing. The CDPS supports the col- 
lection and analysis of solar  data acquired from instrumented systems 
located throughout the country. These data are processed daily and sum- 
marized into monthly performance formats which form a common basis f o r  
comparative system evaluation. These monthly summaries are  the basis of 
the evaluation and data given in t h i s  report. 

The solar  energy system performance summarized in t h i s  section can be 
viewed as the dependent response of the system t o  certain primary inputs. 
This relationship is i l lus t ra ted  in Figure 3.1-1. The primary inputs a re  

the incident solar energy, the outdoor ambient temperature and the system 
load. the  dependent responses of the system are the system solar  fraction 

and the to ta l  energy savings. Both t h e  Input and output def ini t ions are 
as  follows: 





Inputs 

o Incident so lar  energy - The to ta l  solar  energy incident 

on the col lector  array and avai1.able fo r  collection. 

Ambient temperature - The temperature of the external 

environment which af fec ts  both the energy that  can be 

collected and the energy demand. 

o System load - The l o d h  1t1d.l; the system I s  designed t o  
meet, which are .affected by the l i f e  s ty l e  of the user 
(space heating/cooling,- domestic hot water, e t c . ,  as 
appl icabl e )  . 

O u t p u t s  

o System solar  fraction - The ra t io  o f  solar  energy applied 
t o  the system loads to  total  energy (so lar  plus auxiliary , : 

energy) required by the loads. 

Total energy savings - The quantity of auxiliary energy 
(electr ical  or fossi  1 ) displaced by solar  energy. 

The monthly values of the inputs and outputs for  the to ta l  operational 

period are shown in Table 3.1-1, the System.Performance Summary. Compara- 
t i v e  long-term average values of daily incident solar  energy, and outdoor 

ambient temperature are  given for  reference purposes. The long-term data 
a re  taken from Reference 1 of Appendix C. Generally the solar  energy 
system i s  designed to supply an amount of energy tha t  resul ts  i n  a 
desired value of system solar  fraction while operating under climatic 

conditions that  are  defined by the long-term average value of daily 

incident so lar  energy and outdoor ambient tempera'ture. If the actual 



TABLE 3.1-1 

SYSTEM PERFORMANCE SUMMARY 

4 
w 

. . 

' 

*Average values o f  system so la r  f r a c t i o n  are weighted by the system load. 
% --. 

Month 

A p r 7 9  

May 79 

Jun 79 

Ju1 79 

Aug79 

Sep 79 

Oct 79 

NOV 79' 

Dec 79 

'Jan 80. 

. Feb. 80- 

Mar 80.  

To ta l  

Average 
* 

1 

Da i l y  Inc iden t  So lar  

Energy Per U n i t  Area 

(45' T i 1  t )  ( ~ t u / ~ t ' - ~ a ~ )  

Measured 

1,198 

1,461 

1,833 

1%642 

1,371 

1,727 

744 

693 

663 

653 

. , 874 .: .. 

1,145 

_ _  . 

1 ,I 67' 
- 

Long-Term 
Average 

1,430 

1,540 

1,593 

1,607 

1,565 

1,445 

1,237 

739 

538 

636 . .. 
. . 

..' 970 

1,230- 

- - 
1,211 

Ambient 

Temperature 

( O F )  

Sys tem 

Load - 
Measured 

( M i  11 ion  Btu) 

8.10 

4.59 

1.50 

1.56 

1.56 

0.51 

1.31 - .  

6.24 

.17.58 . . 
. 
, . 21.39 

'. 19.70 ' : 

17.61 . 1 

. . . 101.65 

8.47 

Measured 

45 

58 

68 

72 

68 

' 64 

5 0 

39 . .  

32 

24 , 

'22. ;' 

32 ' . 

-- 
48 

Long-Term 
Average 

4 7 

58 

68 

7 2 

7 1 
63 

53 

40 
. . 

2 8 
. 

' 2 4  

26 ... 

34 : 

. - - . . . 

.. 49. . 

So lar  'Frqct fon 

(Percent ) 

Tota l  

Energy - ' . 
. . . . 

Savings 

( ~ i  11 1 on Btu): . .  

2.32 

1.92 

1.61 

1.68. 

1.46 ' - ,  

0.39 . - . . .  

. . 0.32 . .. 

1 .4j. ' : 
. . . .  

' .  2.28 . . 
' . _  

1.82 .. . . . :. . 
. . 2 .21 . .  , :. . .. .. . 
. . .  

3.38 . - . .  

20.86 

1.74 . 

Measured 

20 

27 

6 7 

70. 

64 

74 

23 
. . I 7  

10 - .  . . 

:6 ' .. 

. . , 8  . .  
i .' 

. . . . 
. . 

' 14 - . . 

-- .-. 

15* 

L 

. 

. . 

. 
. 

- 

Expected 

17. 

2 6 

53 

49. 

42 

46 
. . .  

12 
g . 

4 ' ' . 

. 3  

. .  6 . . .. 

10 1 , :: 
- - 

- 11 



c l i m a t i c  cond i t i ons  are c lose  t o  the long-term average values, 

t h e r e  i s  l i t t l e  adverse impact on the  system's a b i l i t y  t o  meet 

design goals. Th is  i s  an important  f a c t o r  i n  eva luat ing  system 

performance and i s  the  reason t h e  long-term average values a re  

' , given. The data repor ted  i n  t h e  f o l l o w i n g  paragraphs are taken 

from Table 3.1-1. 

A t  t h e  Fern Lansing s i t e  f o r  t h e  12 month r e p o r t  period, t he  long- 

term average d a i l y  i n c i d e n t  s o l a r  energy i n  the  plane of t h e  co l -  

l e c t o r  was 1,211 ~ t u / ~ t ~ .  The average d a i l y  measured value was 
2 1,167 Btu /F t  which i s  about f o u r  perccnt  below the  long-term value. 

On a monthly basis, October, 1979, was the  worst  month w i t h  an average 

d a i l y  measured value o f  i n c i d e n t  s o l a r  energy 40 percent  below the  

long-term average d a i l y  value. December, 1979, was t h e  best  month w i t h  

an average d a i l y  measured value 23 percent above the  long-term aver- 

age d a i l y  value. On a long-term basis i t  i s  obvious t h a t  the  good 

and bad months almost average ou t  so t h a t  t he  long-term average per-  

formance should n o t  be adversely in f luenced by small d i f f e rences  be- 

tween measured and long-term average in.c ident  so lar .  energy. 

The outdoor ambient temperature in f luences t h e  operat ion o f  t h e  s o l a r  

energy system i n  two important  ways. F i r s t ,  the  opera t ing  p o i n t  of t he  

C Q ~  lectors, and consequently, t he  c o l l  ec to 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 rence  i n  the  outdoor ambient temperature and t h e  

c o l l e c t o r  i n l e t  temperature. This w i l l  be discussed i n  g rea te r  d e t a i l  

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

temperature. The average measured ambient temperature f o r  t he  12 month 

p e r i o d  from A p r i l ,  1979, through March, 1980, was 48OF a t  t he  Fern Lansing 

s i t e .  This compares very favorab ly  w i t h  the  long-term average value o f  

49OF. 

The system load has an important  a f f e c t  on 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. I f  the  load Js small and s u f f i c i e n t  

energy i s  a v a i l a b l e  from the  c o l l e c t o r s ,  t he  systerr~ s o l a r  f r a c t i o n  can 

be expected t o  be large. However, t he  t o t a l  energy savings w i l l  be 

l e s s  than under more nominal load cond i t ions .  Normally t h i s  i s  i l l u s t r a t e d  



by comparing the  performance o f  t he  system du r ing  t h e .  summer (June, 

J u l y  and August) and w i n t e r  (December, January and February) months. 

However, as p rev ious l y  noted, the  system was n o t  operated i n  a normal 

manner du r ing  t h e  w i n t e r  months. The ho t  water l o a d  was so l a r g e  t h a t  

very  l i t t l e  s o l a r  energy was a v a i l a b l e  f o r  support o f  t h e  space heat ing  

subsystem. However, even though the  system was o p e r a t e d ' i n  an unusual 

manner, these t rends a re  s t i l l  ev ident .  Dur ing t h e  summer the' space ' 

' 

hea t ing  l o a d  was n e g l i g i b l e  and the  system was used p r i m a r i l y  t o  sup- '\ . 
p o r t  t h e  h o t  water load. As a r e s u l t  t h e  system s o l a r  f r a c t i o n  was 

approximately e i g h t  t imes h igher  than du r ing  t h e  w i n t e r  months. How- 

ever, t o t a l  savings du r ing  the  w i n t e r  were somewhat h igher  than du r ing  

the  summer and t h e  w i n t e r  load was much g r e a t e r ' t h a n  t h e  summer load. 

Also presented i n  Table 3.1-1 are  the  measured and expected values of 

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 he  r a t i o  o f  s o l a r  

energy appl i e d  t o  system loads t o  the  t o t a l  energy ( s o l a r  p l u s  a u x i l  i a r y )  

app l i ed  t o  the  loads. The expected values have been de r i ved  f rom a modi- 

f i e d  f-Chart ana lys i s  which uses measured weather and subsystem loads as , 

inpu ts  ( f -Chart  i s  t h e  designat ion o f  a procedure t h a t  was developed by 

t h e  So lar  Energy Laboratory, U n i v e r s 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  t he  

ana lys i s  i s  based on manufacturers' data and o t h e r  known system param- 

eters.  The bas is  f o r  t he  model i s  a s e t  o f  emp i r i ca 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-Charts,  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  the  expected system s o l a r  f r a c t i o n .  The measured 

value o f  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  t he  energy t r a n s f e r s  t h a t  took  

p lace w i t h i n  the  s o l a r  energy system. These represent  t he  ac tua l  per-  

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



The measured value o f  system s o l a r  f r a c t i o n  can genera l l y  be compared 

w i t h  the  expected value so l ong  as the  assumptions which are  i m p l i c i t  

i n  t h e  f -Char t  procedure reasonably apply t o  t h e  system being analyzed. 

As shown i n  Table 3.1-1, t h e  measured system s o l a r  f r a c t i o n  o f  15 per- 

cent  was somewhat h igher  than the  expected value of 11 percent  generated 

by t h e  modi f ied  f -Chart  program. Although t h i s  v a r i a t i o n  i s  s i g n i f i c a n t ,  

i t  must be r e a l i z e d  t h a t  t h e  f -Chart  p r e d i c t i o n  model i s  'no t  i d e a l l y  

s u i t e d  t o  t h e  type o f  system design used a t  Fern Lansing. For example, 

t h e  f -Chart  model has no p rov i s ions  t o  handle a system t h a t  uses a i r  
. c o l l e c t o r s  and water storage as does the  Fern Lansing I n s t a l l a t i o n .  As 

a r e s u l t ,  t h e  s imula t ion  had t o  be performed using a f u l l y  water based 

system f o r  t h e  comparison model. This causes some d i f f e rences  i n  the  

i n t e r n a l  f -Chart  computational procedures, and t h i s  w i  11 a f f e c t  t he  simu- 

l a t i o n  output.  I n  add i t i on ,  t h e  unusual load p r o f i l e s  experienced by t h e  

system dur ing  much o f  t h e  r e p o r t  pe r iod  w i l l  have a bear ing on t h e  s i t u a -  

t i o n .  Considering these circumstances, the  f -Chart  p r e d i c t i o n s  f o r  ex- 

pected s o l a r  f r a c t i o n  are  n o t  unreasonable, and t h e  o v e r a l l  value o f  t h i s  

ana lys i s  t o o l  shoul d n o t  be underestimated. 

The t o t a l  energy savings i s  t h e  most important  per fomance parameter fur  

t h e  solar 'energy system because the  fundamental purpose o f  t he  system i s  

t o  rep lace expensive conventional energy sources w i t h  inexpensive s o l a r  

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

t o  cover bo th  the cos t  o f  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 is  presented 

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

t i v e  f i gu re .  The t o t a l  computed energy savinqs f o r  t h e  Fern Lansing s o l a r  

energy system was 20.86 m i l l i o n  Btu, o r  6112 kwh, which was n o t  a l a r g e  

amount o f  energy. However, t h i s  savinqs i s  based on ly  on measured inputs  

o f  s o l a r  energy t o  the  l oad  subsystems. A t  t he  Fern Lansing s i t e  the re  

were a s i g n i f i c a n t  amount o f  uncont ro l led  (and hence unmeasured) inputs  o f  

s o l a r  energy i n t o  the  house. These uncon t ro l l ed  i npu ts  o f  s o l a r  energy 

came p r i m a r i l y  from t r a n s p o r t  losses and tended t o  reduce t h e  o v e r a l l  

heat ing  load, which i n  t u r n  tended t o  increase r e a l  savings. Th is  s i t u a -  

t i o n  i s  addressed i n  more d e t a i l  i n  the  appropr iate sect ions t h a t  fo l low.  



3.2 Subsystem Performance 

The Fern Lansing So la r  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 l l e c t o r  a r r a y  . 

2. Storage 

3. Hot water 

4. Space heat ing  

Each subsystem has been evaluated by the  techniques de f i ned  i n  Sect ion 3 

and i s  numer i ca l l y  analyzed each month f o r  t h e  monthly performance assess- 

ment. Th i s  sec t i on  presents t h e  r e s u l t s  o f  i n t e g r a t i n g  t h e  monthly data 

a v a i l a b l e  on t h e  f o u r  subsystems f o r  t he  pe r i od  A p r i l ,  1979, through March, 

1980. 



3.2.1 Col l e c t o r  Array Subsystem 

The Fern Lansing c o l l e c t o r  a r ray  cons is ts  o f  e i g h t  Solafern 3000 se r ies  

f l a t - p l a t e  a i r  c o l l e c t o r s  arranged i n  two p a r a l l e l  rows o f  four  i n -se r ies  

c o l l e c t o r s  each. These c o l l e c t o r s  are  a  two-pass a i r  heat ing type w i t h  

a  s i n g l e  g laz ing.  Typ ica l  f l owra te  through each c o l l e c t o r  i s  approximately 

305 cub ic  f e e t  pe r  minute, o r  2.19 .cubic f e e t  per  minute pe r  square f o o t  

of gross a r r r a y  area. D e t a i l s  of t h e  a i r  f l o w  path  a re  shown i n  Figure 

3.2.1-1 (a) and t h e  c o l l e c t o r  a r ray  arrangement i s  shown schemat ical ly  i n  

F igure  3.2.1-1 (b). The c o l l e c t o r  subsystem ana lys is  and data are  g iven 

I n  the f o l l o w i n 9  paragraphs. 

Col l e c t o r  a r ray  performance i s  described by t h e  c o l l e c t o r  a r ray  e f f i -  

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

energy, a  value always l e s s  than u n i t y  because o f  c o l l e c t o r  losses. 

The i n c i d e n t  s o l a r  energy may be viewed from two perspect ives. The 

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

l e c t o r s  must be used i n  determining c o l l e c t o r  a r ray  e f f i c i e n c y .  The 

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

where Oc = Co l l  e c t o r  a r ray  e f f i c i e n c y  

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

Qi = I n c i d e n t  s o l a r  energy 

The e f f i c i c n c y  dc temined  i n  t h i s  manner inc ludes the  operat ion of t he  

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

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

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

t h e  energy i s  no t  co l lec ted.  The monthly e f f i c i e n c y  by t h i s  method i s  

1  i s t e d  i n  t h e  co l  umn e n t i t l e d  "Col l  e c t o r  Array E f f i c i e n c y "  i n  Table 

3.2.1-1. 
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9 (a) Collector Air Flow Path 

(b) Collector Array Arrangement 

COLLECTOR DATA SITE DATA 

Manufacturer - Solarfern, Ltd. 
T y p  of Collector - Air (3000 Series) 
Number of Collectors - Ei&t (8) 
Flow Paths - Two (2) 
Flow Rate - 2.19 F T ~ / ~ ~ ~ / F T ~  
Cover - Glass (Single) 

Figure 3.2.1-1 Collector Details 

Location - Lansing, Michigan 
Latitude - 42.78 '~  
Longitude - 84 .60 '~  
Collector Tilt - 45' 
Azimuth - OOS 



TABLE 3.2.1-1 

1 

Month 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 
v 

Tota l  

Average 

Inc iden t  
Solar  Energy 
(Mi 11 ion  Btu) 

9.99 

12.59 

15.29 

14.15 

11.81 

14.40 

6.41 

5.78 

5.72 

5.63 . 

7.05 

9.87 

118.69 

9.89 

Col lected 
Solar  Energ,y 
( M i  11 i on  Bt.u) 

3.02 

3.50 

4.21 

4.22 

3.38 

3.04 

1.37 

1.77 

1.77 

1.31 

1.82 

3.21 .. 
32.62 

2.72 

Col 1 ec to r  
Array 

E f f i c iency  

0.30 

0.28 

0.28 

0.30 

0.29 

0.21 

0.21 

0.31 

0.31 

0.23 

0.26 

0.33 

- - 
0.27 

Operational 
I nc i den t  Energy 

: M i l  1 Son Btu) 

7.5.1 

9.03 

11.79 

11 .O1 

8.80 

8.47 

3.50 

4.3.2 

4.34 

3.62 

4.98 

8.05 - 

85.42 

7.12 

Operational 
Col 1 ec to r  Array 

E f f i c i ency  

0.40 

0.39 

0, 36 

0.38 

0.38 

0.36 

0.39 

0.41 

0.41 

0.36 

0.37 

0.40 

- - 
' 0.38 



The second v iewpo in t  assumes t h a t  o n l y  t he  s o l a r  energy i n c i d e n t  on t h e  

c o l l e c t o r  when the  c o l l e c t o r  loop  i s  ope ra t i ona l  be used i n  de termin ing  

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 .  The value o f  t h e  ope ra t i ona l  i n c i d e n t  

s o l a r  energy used i s  m u l t i p l i e d  by t h e  r a t i o  o f  t h e  gross c o l l e c t o r  area 

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

t h e  two areas caused by i n s t a l l a t i o n  spacing. The e f f i c i e n c y  i s  then 'ex- 

pressed by the  equat ion: 

"co = QS/(Qoi x  Ap/Aa) (2  

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

4, = Co l l ec ted  s o l a r  energy 

Qo i = Operat ional  i n c i d e n t  s o l a r  energy 

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

the  number o f  c o l l e c t o r s  and t h e  

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

Aa = Gross co l  l e c t o r  a r r a y  area ( t o t a l  area 

i n c l u d i n g  a l l  mounting and connect ing 

hardware and spacing o f  u n i t s )  

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

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

I n  t h e  ASHRAE Standard 93-77 [5 ]  a  co l  l e c t o r .  e f f i c i e n c y  i s  de f i ned  i n  

t he  same terminology as the  ope ra t i ona l  c o l  l e c t o r  a r ray  e f f i c i e n c y .  

However, t he  ASHRAE e f f i c i e n c y  i s  determined from instantaneous eval  ua- 

t i o n  under t i g h t l y  con t ro ' l led ,  steady s t a t e  t e s t  cond i t i ons ,  w h i l e  t h e  

opera t iona l  c o l l e c t o r  a r r a y  e f f i c i e n c y  i s  determined from ac tua l  dynamic 

cond i t i ons  o f  d a i l y  s o l a r  energy system opera t ion  i n  t h e  f i e l d .  

The ASHRAE Standard 93-77 d e f i n i t i o n s  and methods o f t e n  a re  adopted 

by c o l l e c t o r  manufacturers and independent t e s t i n g  l a b o r a t o r i e s  i n  



eva lua t i ng  c o l l e c t o r s .  The c o l l e c t o r  eva lua t i on  performed f o r  t h i s  

r e p o r t  us ing  t h e  f i e l d  data i nd i ca tes  t h a t  there  was some di f ference 

between t h e  l abo ra to ry  s i n g l e  panel c o l l e ' c t o r  data and the  c o l l e c t o r  

da ta  determined from long- term f i e l d  measurements. Th is  may o r  may 

o r  may n o t  always be t h e  case, and there  a r e  two pr imary reasons f o r  

d i f f e r e n c e s  when they e x i s t :  

a Test  cond i t i ons  a r e  n o t  the  same as cond i t i ons  

i n  t he  f i e l d ,  nor  do they represent  t h e  wide 

dynamic range o f  f i e l d  npe ra t i on  (i ,I?. i n l e t .  and 

o u t l e t  temperature, f l o w  ra tes  and f l o w  d i s t r i -  

bu t i on  o f  t he  heat t r a n s f e r  f l u i d ,  i n s o l a t i o n  

l e v e l s ,  aspect angle, wind cond i t ions ,  e tc .  ) . 

a C o l l e c t o r  t e s t s  a re  n o t  genera l l y  conducted w i t h  

u n i t s  t h a t  have undergone the  e f f e c t s  o f  aging 

(i.e. changes i n  t h e  c h a r a c t e r i s t i c s  o f  t he  g l a z i n g  

ma te r ia l ,  c o l l e c t i o n  o f  dust,  soot, p o l l e n  o r  o t h e r  

f o r e i g n  ma te r ia l  on the  .g laz ing,  d e t e r i o r a t i o n  o f  t h e  

absorber p l  a t e  sur face treatment,  e tc .  ) . 

Consequently f i e 1  d  data co l  l e c t e d  over  an extended p e r i o d  w i l l  general l y  

prov ide  an improved source o f  c o l l e c t o r  performance c h a r a c t e r i s t i c s  f o r  
1 1  

use i n  1 ong-term system performance d e f i n i t i o n .  1 r 

I j 
The long-term data base f o r  Fern Lansing inc ludes  t h e  months from A p r i l ,  I .  

.. I ;  
1979, through March, 1980. A1 though the  ~ y s t e m  was opera t ing  p r i o r  t o  I! 

Apr i l ,  1979, these months have no t  been inc luded i n  the  data base. 1: 
I - I: 

The opera t iona l  c o l l e c t o r  a r ray  e f f i c i e n c y  data g iven i n  Table 3.2.1-1 are  j / 
- monthly averages based on instantaneous e f f i c i e n c y  computations over  t h e  

. . 
t o t a l  performance p e r i o d  us ing  a1 1  ava i  1  ab le  data. For d e t a i  1 ed c o l l e c t o r  

ana lys i s  i t  was des i rab le  t o  use a  l i m i t e d  subset o f  t he  a v a i l a b l e  data 

t h a t  charac ter ized c o l  1  e c t o r  opera t ion  under "steady s t a t e "  cond i t ions .  I .  I ; 
. I 

Th is  subset was def ined by app ly ing  t h e  f o l l o w i n g  r e s t r i c t i o n s :  1 .  
I ' 



(1) The measurement p e r i o d  was r e s t r i c t e d  t o  c o l l e c t o r  opera- 
t i o n  when the  sun angle was w i t h i n  30 degrees o f  t he  c o l -  

1 e c t o r  normal. 

(2) Only measurements associated w i t h  p o s i t i v e  energy g a i n  

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 o f  a l l  parameters o f  

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

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

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

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

energy by Equation (2)** were 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  equation: 

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 a 

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

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

versus opera t ing  p o i n t  and a f i r s t  o rde r  curve described by t h e  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 5-1/3 minutes i n  durat ion.  Values o f  
a l l  measured parameters were cont inuously  sampled a t  t h i s  r a t e  
throughout the  performance per iod.  

**The r a t i o  Ap/Aa i s  assumed t o  be u n i t y  f o r  t h i s  ana lys is .  



q = b - m x  
j j 

where 0 = C o l l e c t o r  e f f i c i e n c y  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 t h e  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  opera t ing  p o i n t  a t  j t h  
j 

i n s t a n t  

The r e l a t i o n s h i p  between the  t e m p i r i c a l l y  determined e f f i c i e n c y  curve 

and t h e  a n a l y t i c a l l y  developed curve w i l l  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 l - W h i l l  i e r - B l  i s s  equation: 

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

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

'1 = Transmiss iv i ty  o f  c o l l e c t o r  g laz ing  

Q = Absorptance o f  c o l l e c t o r  p l a t e  

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

Ta = Outdoor ambient temperature 

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  



Flgure 3.2.1-2 Fern Lansing Col l e c t o r  Ef f ic iency Curves 



The correspondence between equations (4) and (5) can be read i ly  seen. 
Therefore by determining the slope-intercept e f f i c iency  equation from 

/ 

measurement data, the co l l ec to r  performance parameters corresponding t o  

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

i n g  set  o f  relat ionships: 

b = F R ( ~ a )  

and 
m = FRUL 

where the terms are as previously defined 

The discussion of the col  l ec to r  array ef f ic iency curves i n  subsequent 

paragraphs i s  based upon the re1 ations hips expressed by Equation (6). 

I n  der iv ing the co l lec to r  array ef f ic iency curves by the l i n e a r  re- 

gression technique, measurement data over the en t i re  performance period 
y ie lds  higher confidence i n  the resu l ts  than s imi la r  analysis over shorter 
periods. Over the longer periods the co l lec to r  array i s  forced t o  operate 

over a wider dynamic range. This eliminates the tendency shown by some 
types o f  solar energy systems* t o  c luster  e f f i c iency  values over a narrow 

range o f  operating points. The c luster ing e f fec t  tends t o  make the 
9 

l i n e a r  regression technique approach constructing a l i n e  through a s ing le 
data point. The use o f  data from the en t i re  performance per iod resu l ts  
i n  a co l lec to r  array e f f i c iency  curve tha t  i s  more accurate i n  long-term 
solar system performance predict ion. The long-term curve and the curve 

der l red from the laboratory single panel data are shown i n  Figure 3.2.1-2. 

The long-term f l r c t  order curve shown i n  Figure 3.7.1-3 has a very s l i g h t l y  

less negative slope than the curve derived from s ingle panel laboratory t e s t  

data. This i s  a t t r ibu tab le  t o  lower losses (other than leakage) resu l t ing  
- from array effects. The laboratory predicted instantaneous eff ic iency i s  
no t  i n  extremely close agreement w i th  the curve derived from actual f i e l d  

*Single tank hot water systems show a marked tendency toward c luster ing 
because the co l lec to r  i n l e t  temperature remains r e l a t i v e l y  constant and 
the range o f  values o f  ambient temperature and incident solar energy 
during co l lec to r  operation are also r e l a t i v e l y  res t r i c ted  on a short 
term basis. 



operat ion.  Th is  i n d i c a t e s  t h a t  t he  l abo ra to ry  der ived curve might  

n o t  be t o o  usefu l  f o r  design purposes i n  an a r ray  c o n f i g u r a t i o n  o f  

t h i s  type. However, t h i s  statement must be temperated by the  f a c t  

t h a t  ac tua l  performance might  approach p red i c ted  .performance more 

c l o s e l y  i f  there  were no leakage problems w i t h  the  c o l l e c t o r  a r r a y  o r  

ductwor k. 

For In fo rmat ion  purposes the  data associated w i t h  F igure  3.2.1-2 i s  as 

fo l lows:  

S ing le  panel 1  aboratory data 

FR('Ca) ' 0.580 

Long- term f i e l d  data 

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

s o l a r  energy c o l l e c t e d  w i t h  the  p red i c ted  performance determined f rom 

t h e  long-term' regression, curve and. t he  l abo ra to ry  s i n g l e  panel e f f i -  

c iency curve. The p r e d i c t i o n s  were der ived by the  f o l l o w i n g  procedure: 

1. The instantaneous opera t ing  p o i n t s  were computed 

us ing  Equation (3) .  

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

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

Step 1  above fo r :  

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

f o r  c o l l  e c t o r  array'  e f f i c i e n c y  

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

e f f i c i ency  curve 



TABLE 3.2.1-2 

ENERGY GAIN COMPARISON 
(ANNUAL) 

SITE: FERN LANSING LPNSING, MICHIGAN 

1 

Month 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

NQV 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

A,verage 

1 

Col 1 ect,?d 
So la r  Energy 
(M i l  1 i0.1 B tu)  

I 

2.992 

3 ..489 

2 .. 8991 

4.1361 

3.362. 

3.030 

1.358 

1.691 

1.683 

1.299 

1.809 

2.895 

2.554 

/ 

F i e l d  Der ived 
Long-Term 

\ 0.026 

0.027 

-0.002 

0.043 \ 

0.035 

0.059. 

0.071 

0.109 

0.130 

-0.001 

0.074 

0.088 

0.050 

E r r o r  
La b o r a t ~ y  
S ing le  Panel 

-0.125 

-0.143 

-0.180 

-0.129 

-0.1.31 

-0.1.24 

-0.102 

-0. C67 

-0. C49 

-0.160 

-0.Cl99 

-0.870 

-0.821 



3. , The eff ic iencies  computed in Steps 2a and 2b 
above were multiplied by the measured solar  
energy available when the collectors were 
operattonal to  give two predicted values of 
solar  energy col 1 ected. 

The error  data in 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: - 

Error = (A-P)/P 

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

The computed error i s  then an indication of how we1 1 the part icular  
prediction curve f i t t e d  the real i ty of dynamic operating conditions 
in the f ie ld .  

The- values of "Coll ected Solar Energy" given in Table 3.2.1-2 are  not 

necessarily identical with the values of "Collected Solar Energy" 
given in Table 3.2.1-1. Any variations are due to  the differences in 
data processing between the software programs used to  generate the 
monthly performance assessment data and the component level col lector  
analysis program. These data are shown in Table 3.2.1-2 only because 
they form the references from which the error  data given in the table  
are computed. 

The data from Table 3.2.1-2 i l l u s t r a t e s  that  fo r  the Fern Lansing 
s i t e  the average er ror  computed from the difference between the mea- 
sured solar  energy col l ected and the predicted solar  energy col l ected 
based on the f i e ld  derived long-term collector array efficiency curve 
was 5.0 percent. For the curve derived from the laboratory single 



panel data, the  e r r o r  was -12.1 percent .  Thus the  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  somewhat 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 i n  terms o f  f i t t i n g  a performance curve t o  the  data. 

A h is togram o f  co l  l e c t o r  a r r a y  opera t ing  po in t s  ill 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 h is togram 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 t he  month, and count ing 

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

t o  u n i t y ,  The ope ra t i ng  p o i n t  h is togram shows the  dynamic range of c o l -  

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

ta ined.  The average c o l l e c t o r  a r ray  e f f i c i e n c y  f o r  t h e  month can then be 

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

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

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

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

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

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

3.2.1-3 shows two histograms t h a t  i l l u s t r a t e  a t y p i c a l  w i n t e r  month 

(February) and a t y p i c a l  summer month (August) operat ion.  The approxi-  

mate average opera t ing  p o i n t  f o r  February i s  a t  0.28 and fo r .August  a t  

0.22. From Equation (3),  when the  temperature d i f f e r e n c e  becomes l a r g e r  

between Ti and Ta, and t h e  i n c i d e n t  s o l a r  energy becomes smal ler ,  as i s  

t y p i c a l  i n  t he  w in ter ,  t h e  ope ra t i ng  p o i n t  increases and c o l l e c t o r  opera- 

t i o n  s h i f t s  t o  t h e  r i g h t  on the  opera t ing  p o i n t  histogram. The opposi te 

s i t u a t i o n  occurs i n  t he  summer. Normally, the  impor tan t  p o i n t  t o  be made 
' 

from t h i s  i s  t h a t  t he  average c o l l e c t o r  e f f i c i e n c y ,  which depends on the  

ope ra t i ng  po in t ,  s h i f t s  from w i n t e r  t o  summer, assuming the  h ighe r  value 

i n  t h e  summer. However, i n  t h i s  case, the  opera t iona l  c o l l e c t o r  e f f i c i e n c i e s  

were almost i d e n t i c a l  f o r  August and February, a l though August was s l i g h t l y  



FERN LANSING L A N S I q G *  MICHIGAN 

COLLEZTCR TYPE: SOLAFERN* LTD. COLLECTOR W3DEL: 3 3 0 0  SERIES 

OPERATING P O I N T  HISTOGRAM - AUGUST 

OPERATING P O I N T  HISTOGRAM - FEBXUARY 

A3:ISSa = ( INLET TEMP - ' A M B I E N T  TEMPI/ INSOLATIOV DEG F  - HR - SaFT/BTJ  
I OaDI,VATE = PERLENT OF TOTAL OCCURRENCES 

Figure 3.2.1-3 . ~ e r n - ~ a n s i n ~  Operating ~ o l n t  Hfstogrms for 
. . . -Typical .P19nter. a n d - S m r  Mnths, 



higher. Again, t he  problem i s  suspected t o  be caused by duct  leakages 

t h a t  may have r e s u l t e d  i n  measured c o l l e c t o r  a r ray  f l o w  being l e s s  than 

t h e  ac tua l  f l o w  through t h e  c o l l e c t o r  array.  The behavior i s  f u r t h e r  

i l l u s t r a t e d  by consider ing t h e  data i n  Table 3.2.1-1. 

Table 3.2.1-1 presents t h e  monthly values of 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 co l  l e c t e d  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 ray  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 ray  e f f i c i e n c y  were computed f o r  each month 

us ing  Equations (1) and (2).  On the average t he  operat fonal  c o l l e c t o r  

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

cluded t h e  e f f e c t  o f  t h e  con t ro l  system, by 41 percent.  

Add i t i ona l  in format ion  concerning c o l l e c t o r  a r ray  ana lys is  i n  general 

may be found i n  Reference [7]. The mate r ia l  i n  t h e  reference describes 

t h e  d e t a i l e d  c o l l e c t o r  a r ray  ana lys is  procedures and presents the  

r e s u l t s  o f  analyses performed on numerous c o l l e c t o r  a r ray  i n s t a l l a -  

t i o n s  across t h e  Un i ted  States. 



. . 3.2.2 Storage Subsystem 1 . . .. . 

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

storage, energy f rom storage and chan'ge i n  s to red  energy. The r a t i o  o f  

t he  sum o f  energy from storage and change i n  s to red  energy t o  energy t o  
. . 

storage i s  def ined as storage e f f i c i e n c y ,  qs. Th is  r e l a t i o n s h i p  i s  ex - .  

pressed I n  the  equat ion 

where : 

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

t he  est imated s to red  energy 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 of t he  storage medium ( e i t h e r  posf t i v e  

o r  negat ive  value)  

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

ex t rac ted  by the  load subsystem f rom the  pr imary 

storage medium 

Q s i  = Energy t o  storage. Th is  i s  the  amount o f  energy . , 

(both s o l a r  and a u x i l i a r y )  d e l i v e r e d  t o  the  pr imary  

storage medium 

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

t i o n  and weather cond i t i ons  can be performed us ing  the  parameters 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 h e  o v e r a l l  

storage design can be i l l u s t r a t e d  i n  t hc  f o l l o w i n g  discusslun. 



The performance o f  t h e  Fern Lansing storage subsystem i s  presented 

i n  Table 3.2.2-1. However, as noted prev ious ly ,  t he  f i n a l  few 

months o f  t h e . r e p o r t i n g  pe r iod  are  n o t  representa t ive  o f  t y p i c a l  

system operat ion. Th is  should be kept i n  mind when rev iewing t h e  

data  f o r  t h i s  period, e s p e c i a l l y  t h e  e f f i c i ency , te rms .  

During t h e  r e p o r t i n g  pe r iod  a  t o t a l  of 13.78 m i l  1  i o n  Btu  was de l  i ve red  

t o  t h e  s toraye tanks and 13.40 m i l l  i on  Btu were removed f o r ' s u p p o r t  o f  

system loads. The n e t  change i n  s tored energy f o r  t h i s  pe r iod  was -0.19 

m i l l i o n  Btu, which leads t o  a  s to rage  e f f i c i e n c y  o f  0.96 and d t o t a l  

energy 'loss from storage o f  0.57 n i i l l ~ i u n  Btu. 

There a r e  two o the r  p o i n t s  t h a t  should be made concerning t h e  storage 

subsystem performance a t  Fern Lansing. The f i r s t  concerns a. r e l a y  prob- 

lem i n  t h e  c i r c u i t  t h a t  con t ro l s  the  storage loop pumps. There were 

numerous occasions du r ing  t h e  f i r s t  f i v e  months o f  t h e  r e p o r t i n g  pe r iod  

when t h i s  r e l a y  would s t i c k  on. As a  r e s u l t ,  f l u i d  would be c i r c u l a t e d  

between t h e  storage tanks and the heat exchanger i n  the  energy t r a n s p o r t  

module, even though the re  was no requirement f o r  space' heat ing from 

storage. Software adjustments were made t o  minimize the  e r r o r  i n t r o -  

duced i n  t h e  storage subsystem computations by t h i s  r e l a y  problem, bu t  

the re  a r e  s t i l l  some inaccuracies present  i n  the  energy t o  and from 

storage parameters, as.wel1 as the  storage e f f i c i e n c y  computation. 

The second p o i n t  r e l a t e s  t o  the  phys ica l  con f igu ra t i on  o f  t he  pumps i n  

t h e  storage t ranspor t  loop. Inspect ion  of F igure 2-1 w i l l  reveal  t h a t  

these two pumps operate i n  ser ies.  Th is  i s  no t  t he  manner i n  which they 

were o r i g i n a l l y  i n s t a l l e d .  The o r i g i n a l  i n s t a l l a t i o n  had t h e  t w o  pumps 

s e t  up i n  oppos i t ion  so t h a t  on l y  one pump ran a t  a  t ime, depending on 

t h e  mode o f  operat ion. However, t he  flow i n  the  loop was lower than 

des i rab le  w i t h  on ly  one pump running, so the se r ies  arrangement was 

i n s t i t u t e d  I n  February 1979. The ser ies  arrangement worked w e l l  t o  

Increase t h e  flow, b u t  i t  does in t roduce another problem when t h e  system 

i s  c o l l e c t i n g  and s t o r i n g  s o l a r  energy. Since f low can on ly  occur i n  



TABLE 3.2.2-1 

STORAGE SUBSYSTEM PERFORMANCE 

*Storage e f f i c i e n c i e s  a re  g rea te r  than 1 .OO du r i ng  these months p r i m a r i l y  due t o  t h e  
abnormal system usage pa t te rns .  However, t h e  f a c t  t h a t  each 120 g a l l o n  tank has o n l y '  
one sensor a l s o  c o n t r i b u t e s  t o  t he  problem. 

i 
I 

!4c3n t h 

Apr  79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

NOV 79 

Dec 79 . 

Jan 80 

Feb 80 

Mar 80 

To ta l  

Average 

Change I n  
Stored 
Energy 

( M i l l i o n  B tu)  

-0.07 

0.05 

-0.10 

0.07 

0.03 

Storage 
E f f i c i e n c y  

0.99 

0.78 

0.82 

0.99 

0.80 

Energy To 
Storage 

(Mil l  i o n  B tu )  

1.37 

1.54 

1.42 

1.40 

- .47 

* 
Storage 
Average 

Temperature 
( O F )  

9 2 

111 

135 

132 

124 

Energy From 
Storage 

( M i l l i o n  B tu)  

1.43 

1 . I 3  

1.26 

1.32 , 
1.14 

' .04 , 

0.49 

0.61 

1 .OO 

0.84 

8.06 

1.54 

13.78 

1.15 

0.04 0.41 

0.39 

0.78 

1.31 

1.09 

I .28 

1.86 

13.40 

1.12 

0.43 150 

-0.13 

-0.10 

-0.05 

0.04 

0.05 

-0.02 

-0.19 

-0.02 

115 

9 1 

69 

6 1 

66 

74 

- - 
102 

0 . 5 3  

1 . l o *  
1.26* 

1.34* 

1.26* 

1 . 20* 

-- . 

0.96 
L 



one d i r e c t i o n  w i t h  the ser ies  arrangement, hot  water i s  drawn from the 

top  o f  the  tanks anytime there  i s  f l ow i n  the loop. This r esu l t s  i n  a 

I 
h igher temperature a t  both the i n l e t  t o  the co l l ec to r s  and the heat 

exchanger when energy i s  being stored. I n  turn,  these higher tempera- 

tu res  tend t o  reduce the e f f i c i e n c i e s  o f  these components t o  some extent. 

Based on a l l  o f  the foregoing discussion, i t  i s  somewhat d i f f i c u l t  t o  

assess the  ove ra l l  performance o f  the storage subsystem dur ing the re-  

porting period. However, the data ind icates  t h a t  the system d i d  we l l ,  

consider ing these various problems. 



. . * .  

3.2.3 Hot Water Subsystem 
) . I  

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

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

requ i red  t o  s a t i s f y  t h e  t o t a l  ho t  water load. The energy requ i red  . t o  
L 

s a t i s f y  t h e  t o t a l  l o a d  cons is ts  of both s o l a r  energy and a u x i l  i a r y  
,. , ,  

thermal energy. 
. . 

. . 

The performance o f  t he  Fern Lansing ho t  water subsystem i s  presented 

i n  Table 3.2.3-1.   he value fo r  a u x i l i a r y  energy suppl ied i n  Table 
, . 

. .  3.2.3-1 i s  t h e  gross energy suppl ied t o  the  a u x i l i a r y  system. The 
value of a u x i l  i a r y  energy suppl i e d  mu1 t i p 1  l e d  by t h e  i u x i l  i a r y  system, 

.: 
e f f i c i e n c y  g ives t h e  a u x i l  i a r y  thermal, energy a c t u a l l y  de l i ve red  t o  

the  load. The d i f f e rence  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  ho t  water load i s  equal . t o  the  thermal . 

(standby) losses from the ho t  water subsystem. . 1 . , 

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  the  ho t  

water tank t o  the t o t a l  energy i n  t h e  h o t  water tank when a demand 

f o r  ho t  water ex i s t s .  Th is  value i s  dependent on the  d a i l y  p r o f i l e  

o f  h o t  water usage. It does no t  represent  the  r a t i o  o f  s o l a r  energy 

suppl ied t o  t h e  sum o f  s o l a r  p lus  a u x i l i a r y  energy suppl ied shown i n  , 

t he  Table. 

. . 

Before beginning any d iscussion r e l a t i n g  t o  the  performance o f  t h e  . . . . 

ho t  water subsystem, i t  must be emphasized t h a t  t h e  .system was n o t  

operated i n  a normal manner dur ing  the  f i n a l  seven months o f  t he  re-  

p o r t i n g  period. Th is  s i t u a t i o n  has been discussed i n  p r i o r  sect ions 

o f  t h i s  r e p o r t  and i s  mentioned again here as a precaut ionary measure. . 

Therefore, al though the  t o t a l s  and averages presented' i n  the  f o l l o w i n g  

paragraphs cover the  f u l l  12 month r e p o r t i n g  'per iod  they do not. r e a l  1y 

r e f l e c t  per formance.of  t he  system under normal l o a d  condi t ions.  How- 

ever, du r ing  the  f i r s t  f i v e  months o f  the  repor t i ,ng  per iod  ( ~ p r i ' l ,  1979,, 

. through August, 1979) the  system was operated i n  what can be construed 

as a normal manner. The in te res ted  reader can d e r i v e  a more representa t ive ,  
. , .  . . , . 

. . .  . 



TABLE 3.2.3-1 

HOT WATER SUBSYSTEM PERFORMANCE 

Month 

Apr 79 

May 79 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

To t a  1 

Average 

Hot 
Load 

( M i l l i o n  B tu)  

1.76 

1.40 

1.20 1 

1.44 

1.52 

0.32 

0.02 

0.35 

6.73 

7.35 

6.82 

7.34 

36.25 

3.02 

I 
Weighted 

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

3 6 

49 

72 

72 

63 

59 

2 

' 2 1 

2 0 

15 

19 

26 

- - 
28 

Water 
Gal 1 ons 

Used 

2,125 

1,876 

1,903 

2,361 

2,495 

454 

37 

41 2 

7,207 

7,594 

6,884 

7,510 

110,858 

3,405 

Eneygy Consumed 

S o l a r  

0.73 

0.82 

1.09 

1.24 

1.09 

0.25 

0.01 

0.09 

1.30 

1.09 

1.26 

1.86 

10.83 

0.90 

Pararreters ( M i  11 i o n  Btu)  
Auxi 1 i a r y  

Thermal 

i -44 

- a .  05 

0.56 

0.62 

0.82 

0.62 

0.73 

0.92 

5.64 

6.42 

5.80 

5.,72 
\ 

3C. 34 

2.53 

Temperatures 
supply  

51 

5 6 

64 

67 

6 9 

78 

6 7 

6 2 

5 2 

49 

4 6 

4 5 

- - 
59 

Auxi  1 i a r y  

2.39 

1.75 

0.93 

1.04 

1.36 

1.04 

1.22 

1.53 

8.67 

9.88 

8.92 

8.80 

47.53 

3.96 

( O F )  

Del i very 

144 

141 

133 

134 

135 

137 

141 

148 

164 

166 

166 

1 67 - - - - -  - 

- - 
148 



a l though somewhat abbreviated, p i c t u r e  o f  system performance by 

examining o n l y  the ,  data f o r  these i n i t i . a l  months. 

For t he  12 month p e r i o d  f rom A p r i l ,  1979, through  arch, 1980, t h e  

s o l a r  energy system suppl i e d  a t o t a l  o f  10.83 m i l  1 i o n  B tu  t o  . the 

h o t  water load. The t o t a l  h o t  water l oad  f o r  t h i s  p e r i o d  was 36.25 

m i l l i o n  Btu, and the  weighted average monthly s o l a r  f r ac . t i on  was 

28 percent. 

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

3.02 m i l l i o n - B t u .  Th i s  i s  based on an average d a i l y  consumption o f  

112 ga l lons ,  d e l i v e r e d  a t  an average temperature of 148OF and supp l i ed  

t o  t he  system a t  an average temperature o f  59°F. The temperature o f  

t he  supply  water ranged f rom a low o f  45OF i n  March, 1980, t o  a h igh  o f  

78°F i n  September, 1979. 

Each month an average o f  0.90 m i l l i o n  B tu  o f  s o l a r  energy and 2.53 

mi1l io.n B tu  o f  a u x i l i a r y  thermal energy were supp l i ed  t o  t h e  h o t  water  

subsystem. Since the  average monthly ho t  water l oad  was 3.02 m i l l i o n  

Btu, an average o f  0.41 m i l l i o n  Btu was l o s t  f rom t h e ~ h o t  water tank 

each month. 



3.2.4 Space Heating Subsystem 

The performance o f  the. space heat ing  subsystem i s  described by comparing 

t h e  amount of s o l a r  energy supp l ied  t o  the  subsystem w i t h  the  energy 

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

t o  s a t i s f y  t h e  t o t a l  l o a d  cons is ts  o f  bo th  s o l a r  enery 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  load t o  t h e  

t o t a l  l o a d  i s  def ined as t h e  heat ing  s o l a r  f r a c t i o n .  The ca lcu la ted  

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

because It def ines the  percentage o f  t h e  t o t a l  space heat ing l oad  sup- 

ported by s o l a r  energy. 

The performance o f  t he  Fern Lansing space heat ing  subsystem i s  presented 

i n  Table 3.2.4-1. For t h e  12 month pe r iod  from A p r i l ,  1979, through March, 

1980, the  s o l a r  energy system suppl ied a t o t a l  o f  4.59 m i l l i o n  B tu  t o  t h e  

space heat ing  load. The t o t a l  heat ing load f o r  t h i s  pe r iod  was 65.41 m i l -  

l i o n  Btu, and the  average monthly s o l a r  f r a c t i o n  was seven percent.  
\ 

The measured space heat ing  subsystem performance was. lower than expected 

du r ing  t h e  r e p o r t i n g  per iod.  However, i t  must be remembered t h a t  t he  

system was n o t  operated i n  a normal manner dur ing  most ' o f  t he  months when 

any s i g n i f i c a n t  space heat ing  requirements ex is ted.  Therefore, i t  i s  n o t  

poss ib le  t o  provide any d e t a i l e d  assessment o f  t h e  space heat ing  subsystem 

performance. 

It should a l s o  be emphasized t h a t  a l l  values presented i n  t h i s  sec t i on  r e -  

l a t i n g  t o  t h e  performance o f  the  space heat ing  subsystem are based on 

measured parameters. I n  o ther  words t h e  space heat ing  load, s o l a r  c o n t r i -  

b u t i o n  and a u x i l i a r y  thermal energy used a re  a l l  determined based on the  

measured output  o f  t he  space heat ing  subsystem. These measured values do 

n o t  i nc lude  any o f  the  var ious s o l a r  energy losses t h a t  are present  i n  t h e  

system. However, s o l a r  energy losses are  genera l ly  added t o  t h e  i n t e r i o r  

of t he  house and, as such, represent  an uncont ro l led  (unmeasured) c o n t r i b u t i o n  

t o  t h e  space heat ing  load. A t  the  Fern Lansing s i t e  these s o l a r  energy losses 



TABLE 3.2.4-1 

HEATING SUBSYSTEM PERFORMANCE 

*Measured qverage s o l a r  f r a c t i o n  I s  weighted by ' t h e  load. 

I 

Month 

Apr 79 

May 79 
i 

Jun 79 

J u l  79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

To t a  1 65.41 

I Average 5.45 

Load 
( M i  11 i o n  Btu) 

6.34 

3.19 

0.30 

0.12 

0.05 

0.19 

1.28 

5.89 

10.86 

1 4.04 

12.88 

10.27 

Measured 
So la r  

F r a c t i o n  
(Percent)  

16 

18 

49 

40 

100 

100 

2 4 

17 

3 

1 

2 

5 

Energy Consumed 
( M i l l i o n  B ty )  

- - 
7 7 

Heat ing Parameters 

So la r  

1.02 

0.58 

0.15 

0.05 

0.05 

0.19 

0.31 

1 .OO 

0.28 

0.18 

0.29 

0.49 

- - 4.59 60.82 90.36 - - 
48 0.38 5.07 1 7.53 7 * I L 

temperatures 
BUI l d ~ n g  

7 8 

7 9 

8 1 
82 

79 

7 8 

€8 8 

16 9 

76 

7 7 

7 7 

7 7 
P P P  

( ' t - )  
Uutdoor 

45 

5 8 

68 

72 

68 

64 

5 0 

39 

32 

2 4 

2 2 

3 2 

Auxi l i a r y  
Thermal 

5.32 

2.61 

0.15 

0.07 

0 

0 

0.97 

4.89 

10.58 

13.86 

12.59 

9.78 

A u x i l  i a r y  

9.74 

4.32 

0.97 

0.88 

0.02 

0 

1.52 

7.98 

15.74 

19.10 

17.08 

13.01 



occur du r 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) and, t o  a l esse r  extent ,  from the  storage tank and 

t h e  domestic ho t  water tank. During the  pr imary heat ing  season (October 

through A p r i l  ) a t o t a l  o f  approximately 4.69 mi 11 i o n  B tu  o f  s o l a r  energy 

was added t o  the  i n t e r i o r  o f  t he  house through these va r ious  losses. Th is  
amount o f  uncontro l  l e d  s o l a r  energy added was s l  i g h t l y  g rea te r  than. t h e  

measured amount o f  s o l a r  energy suppl ied t o  t h e  space heat ing  subsystem 

dur ing  the  f u l l  12 month r e p o r t i n g  per iod.  As such, t h i s  uncont ro l led  

i n p u t  o f  s o l a r  energy t o  t h e  house represenRs 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  t h e  space heat ing  load. 

I f  t h e  uncont ro l led  s o l a r  energy i s  added t o  both the  measured space heat- 

i n g  l o a d  and t h e  s o l a r  energy used f o r  space heating, then the  heat ing  s o l a r  

f r a c t i o n  becomes approximately 13 percent f o r  t h e  12 month r e p o r t i n g  per iod.  

Th is  i s  almost tw ice  as h igh  as t h e  repor ted  value o f  seven percent,  which 

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

One f i n a l  p o i n t  r e l a t i n g  t o  the  uncont ro l led  s o l a r  energy losses should be 

considered. Even though these losses prov ide a b e n e f i t  dur ing  t h e  heat ing  

season, they represent  a burden t o  t h e  coo l i ng  load dur ing  the  warmer months 

o f  t h e  year. I f  any a i r  cond i t i on ing  i s  done, t he  cos t  o f  opera t ing  the  conl- 
i n g  u n i t  w i l l  be increased. If. no a i r  cond i t i on ing  i s  used, the  occupants 

o f  t h e  house may s t i l l  have t o  s u f f e r  some unnecessary d iscomfor t  due t o  

h igher  i n t e r i o r  temperature l eve ls .  

Dur ing the  12.month r e p o r t i n g  pe r iod  a t o t a l  o f  60.82 m i l l i o n  B tu  o f  a u x i l i a r y  

energy was consumed by the  space heat ing subsystem. Based on an approximate I 

average furnace e f f i c i e n c y  o f  67 percent,  90.36 m i l l  i o n  Btu were requ i red  t o  

supply the  furnace. Using a conversion f a c t o r  o f  1,000 Btu pe r  cubic foot,  

approximately 90,360 cubic f e e t  o f  na tu ra l  gas were needed t o  support t h e  space 

heat ing  subsystem,, 



4. OPERATING ENERGY 

Operat ing energy f o r  t h e  Fern Lans ing So la r  Energy System i s  d e f i n e d  

as t h e  energy r e q u i r e d  t o  t r a n s p o r t  s o l a r  energy t o  t h e  p o i n t  o f  use. T o t a l  

ope ra t i ng  energy f o r  t h i s  system c o n s i s t s  o f  energy c o l l e c t i o n  and s to rage  

subsystem o p e r a t i n g  energy and space hea t i ng  subsystem - o p e r a t i n g  energy. No 

ope ra t i ng  energy i s  charged a g a i n s t  t he  h o t  water  subsystem because t h e  sub- 

system operates on a  demand b a s i s  o n l y  and would f u n c t i o n  rega rd less  o f  t h e  

presence o f  t h e  s o l a r  energy system. 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  suppor t  the-subsystems w i t h o u t  a f f e c t i n g  t h e i r  thermal s t a t e .  

Measured month ly  va lues f o r  subsysteni ope ra t i ng  energy a re  p resen ted  i n  

Table 4-1. 

T o t a l  system ope ra t i ng  energy f o r  t he  Fern Lansing S o l a r  Energy System i s  

t h a t  e l e c t r i c a l  energy r e q u i r e d  t o  c;:crzte tlie biowers !n t h e  a u x i l i a r y  furnace 

and t h e  energy t r a n s p o r t  module and t he  s to rage  loop  pumps. These a r e  shown 

as EP400, EP200 and EP301, r e s p e c t i v e l y ,  i n  F igure  2-1. A l though a d d i t i o n a l  

e l e c t r i c a l  energy i s  r e q u i r e d  t o  operate t h e  motor  d r i v e n  dampers i n  t h e  

energy t r a n s p o r t  module and t h e  c o n t r o l  system f o r  t h e  i n s t a l l a t i o n ,  i t  i s  

n o t  i nc l uded  i n  t h i s  r e p o r t .  These dev jces a re  n o t  mon i to red  f o r  power con- 

sumption and t h e  power t hey  consume i s  inconsequent ia l  when compared t o  t h e  

f a n  and pump motors. 

Dur ing  t h e  12 month r e p o r t i n g  pe r i od ,  a  t o t a l  o f  8.45 m i l l i o n  B t u  (2476 kwh) 

o f  ope ra t i ng  energy was consumed. However, t h i s  i nc l udes  t h e  energy r e q u i r e d  

t o  operate t h e  b lower  i n  t h e  a u x i l i a r y  furnace,  and t h a t  energy would be 

r e q u i r e d  whether o r  n o t  t h e  s o l a r  energy system was be ing  u t i l i z e d  f o r  space 

hea t ing .  Therefore,  t h e  energy consumed by the  a u x i l i a r y  fu rnace  b lower  i s  

n o t  cons idered t o  be s o l a r  p e c u l i a r  ope ra t i ng  eneryy. even though i t  i s  

inc luded  as p a r t  o f  t h e  space hea t i ng  subsystem o p e r a t i n g  energy,  



TABLE 4-1 

OPERATING ENERGY 

Month 

Apr 79 

May 7.3 

Jun 79 

Jul 79 

Aug 79 

Sep 79 

Oct 79 

Nov 79 

, Dec 79 

Jan 80 

Feb 80 

Mar 80 

Total 

Average 

r 
'otal System 

Operatirg Energy 
(Mil 1 icn Btu) 

0.95 

0.63 

1.05 

1.37 

0.48 

0.55 

0.30 

0.64 

0.57 

0.60 

0.63 

0.68 

8.45 

O.?O 
i 

ECSS 
Oper3ting Energy 

( M i  11 ion B t u )  

0.27 

0.30 

0.42 

0.45 

0.36 

0.28 

0.13 

0.14 

0.17 

0.13 

0.19 

0.25 

3.09 

0.26 

Space Heating 
Operating Energy 

(Pail l ion B t u )  

0.49 

0.29 

0.61 

0.91 

0.05 

0.25 

0.13 

0.45 

0.40 

0.46 

0.44 

0.42 ' 

4.90 

0.41 



A t o t a l  o f  4.09 m i l l i o n  Btu  (1,198 kwh) o f  opera t ing  energy was requ i red  t o  

support t he  pumps and fan  t h a t  a r e  unique t o  t h e  s o l a r  energy system du r ing  

the  r e p o r t i n g  per iod.  O f  t h i s  t o t a l ,  3 . 0 9 . m i l l i o n  B tu  were a l l o c a t e d  t o  

the  Energy C o l l e c t i o n  and Storage Subsystem (ECSS) and 0.53 m i l l  i o n  B tu  were 

a l l o c a t e d  t o  the  s o l a r  p o r t i o n  o f  the  space heat ing  subsystem. The remaining 

0.47 m i l l i o n  Btu  was n o t  a l l o c a t e d  t o  e i t h e r  subsystem because i t  was con- 

sumed du r ing  t h e  per iods o f  system t r a n s i t i o n .  However, i t  i s  inc luded i n  the  

t o t a l  system opera t ing  energy. Since a measured 15.42 m i l l i o n  Btu of s o l a r  

energy was d e l i v e r e d  t o  system loads du r ing  the  r e p o r t i n g  per iod ,  a  t o t a l  o f  

0.27 m i l l i o n  Btu  (79 kwh) o f  opera t ing  energy was requ i red  f o r  each one m i l -  

l i o n  Btu o f  s o l a r  energy d e l i v e r e d  t o  the  system loads: 



5. ENERGY SAVINGS 

So la r  energy system savings a re  r e a l i z e d  whenever energy provided by t h e  

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

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

p rov ide  s o l a r  energy t o  the  l oad  subsystems i s  subtracted from t h e  s o l a r  

energy con t r i bu t i on ,  and t h e  r e s u l t i n g  energy savings are adjusted t o  re -  

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

supplanted by s o l a r  energy, 

The Fern LansSng So lar  Energy System uses na tu ra l  gas t o  support both the  

aux i  1 i a r y  space heat ing  and aux i  1 iar.y water heat ing systems. For computa- 
t i o n a l  purposes t h e  furnace i s  considered t o  be 60 percent  e f f i c i e n t  and 

t h e  h o t  water heater  i s  considered t o  be 60 t o  65 percent  e f f i c i e n t .  

Energy savings f o r  t he  12 month r e p o r t i n g  pe r iod  are presented i n  Table 

5-1. During t h i s  t ime the  system r e a l i z e d  a gross e l e c t r i c a l  energy sav- 

ings  of -4 .09 m i l l i o n  Btu, which was the  amount o f  e l e c t r i c a l  opera t ing  

energy requ i red  t o  support the  s o l a r  energy system. Natura l  gas savings 

f o r  t h e  r e p o r t i n g  pe r iod  t o t a l e d  24.95 m i l l i o n  Btu, o r  24,950 cubic f e e t  

of n a t u r a l  gas (based on a heat ing value o f  1,000 Btu per  cubic f o o t ) .  

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 (na tu ra l  gas) 

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  the  

space heat ing  load. As discussed i n  the  space heat ing  subsystem sect ion, 

approximately 4.69 m i l  1  i o n  Btu o f  s o l a r  energy were added t o  the  i n t e r i o r  

o f  t h e  house through var ious losses dur ing  t h e  heat ing  season. Th is  un- 

c o n t r o l  l e d  a d d i t i o n  o f  s o l a r  energy t o  the  house represents an a d d i t i o n a l  

savings o f  approximately 7817 cubic f e e t  o f  n a t u r a l  gas, (assuming a 60 

percent  furnace e f f i c i e n c y ) ,  which i s  an increase o f  approximately 31 per- 

cent  over the  measured na tu ra l  gas savings. 

One f i n a l  p o i n t  needs t o  be considered i n  regard t o  the  na tu ra l  gas savings 

values j u s t  discussed. As noted above, the  furnace e f f i c iency  chosen f o r  

ana lys i s  purposes was 60 percent.  However, ac tua l  . system opera t ion  i nd i ca ted  



. . 
t h a t  t he  furnace e f f i c i e n c y  was approximately 67 percent.  Th is  h igher  

e f f i c i e n c y  would tend t o  reduce the  space heat ing  f o s s i l  energy savings 

( i n c l u d i n g  t h e  l o s s  c o n t r i b u t i o n )  down t o  13.85 m i l l i o n  Btu. I n  t he  

case o f  t he  ho t  water subsystem, the re  were two values o f  e f f i c i e n c y  

used du r ing  the  r e p o r t  per iod.  For the  months of A p r i l  through November 

a value o f  60 percent  was used. However, ' a f t e r  t he  heavy h o t  water  con- 

sumption began i n  December, t he  e f f i c i e n c y  was changed t o  65 percent.  

Th i s  was done t o  more c l o s e l y  approximate the  ac tua l  opera t ion  o f  t h e  

h o t  water subsystem. 

The Foss i l  Equivalent  a t  Source accounts f o r  the  est imated 30 percent  e f f i -  

c iency i n  t he  d e l i v e r y  o f  e l e c t r i c a l  energy from the  generat ing s t a t i o n  

(source) t o  t he  p o i n t  o f  used ( l oad ) .  The Fern Lansing So la r  Energy System 

consumed 4.09 m i l l i o n  Btu  o f  e l e c t r i c a l  energy i n  i t s  opera t ion  which, 

g iven the  e f f i c i e n c y  above, requ i red  13164 m i l l i o n  B t u  t o  generate. Over- 

I a l l  t h i s  expenditure can be subtracted from the  Net F o s s i l  savings o f  24.95 

m i l l i o n  Btu, r e s u l t i n g  i n  a t o t a l  n e t  savings o f  11.31 m i l l i o n  Btu, o r  

e q u i v a l e n t l y  1.9 b a r r e l s  o f  o i l .  



TABLE 5-1 

ENERGY SAVINGS 

Month 

Apr 79 

May 79 

Jun 79 

J u l  79 

A u ~  79 

Sep 79 

Oct 79 

NOV 79 

Dec 79 

Jan 80 

Feb 80 

Mar 80 

T o t a l  

Average 

Fossi 1 
Energy Savings 

( M i l l i o n  Btu)  

E l e c t r i c a l  
Energy Savings 

( M i l l i o n  B tu)  

Space 
Heat ing 

-0.14 

-0.07 

-0.01 

-0.01 

-0.01 

-0.03 

-0.05 

-0.14 

-0.02 

-0.01 

-0.02 

-0.04 

-0.55 

-0.05 

Hot 
Water 

1.22 

1.36 

1.81 

2.07 

1.82 

0.41 

0.01 

0.15 

2.01 

1.68 

1.94 

2.86 

17.34 

1.45 

Space 
Heat ing  

1.70 

0.96 

0.25 

0.08 

0.08 

0.31 

0.52 

1.66 

0.46 

0.29 

0.48 

0.81 

7.61 

0.63 

To ta l  
So la r  

Operat ing 
Energy 

( M i l  1 i o n  B tu)  

0.60 

0.41 

0.45 

0.47 

0.44 

0.33 

0.21 

0.34 

0.19 

0.15 

0.21 

0.29 

4.09 

0.34 

I 
Fossi  1 I 

Equ iva len t  
A t  Source 

(Mi 11 i o n  Btu)  

-2.00 

-1.37 1 

-1.50 1 
-1.57 

-1.47 

-1.10 

-0.70 

-1.13 

-0.63 

-0.50 

-0.70 

-0.97 

-13.64 

-1.14 

t ie t  Savings 

F o s s i l  

M i l  1 i o n  
B t u 

2.92 

2.33 

2.06 

2.15 

1.90 

0.72 

0.53 

1.81 

2.47 

1.97 

2.42 

3.67 

24.95 

2.08 

E l e c t r i c a l  

M i l l  Yon 
Btu  

-0.60 

-0.41 

-0.45 

-0.47 

-0.44 

-0.33 

-0.21 

-0.34 

-0.19 

-0.15 

-0.21 

-0.29 

-4.09 

-0.34 

kwh 

-1 76 

-120 ' 

-1 32 

-1 38 

-1 29 

- 97 

- 62 

-1 00 

- 56 

- 44 

- 62 

- 85 

-1 201 

. -100 



6.0 MAINTENANCE 

Th is  sec t i on  prov ides a  summary o f  a l l  known maintenance v i s i t s  made t o  

the  Fern Lansing s i t e  from the t ime i t  went on l i n e  u n t i l  the  c l o s i n g  

o f  t he  data assessment per iod.  

December 2 ,  1977 

0 Tighten b e l t  on energy . t ranspor t  module (ETM) blower 

a Replace blown fuse i n  storage loop pump c i r c u i t  

December 20, 1977 

e I n s t a l l  l a r g e r  sheave on ETM fan t o  increase a i r  f l o w  

through co l  1  e c t o r  1  oop 

a ~ n s t a l i  backdra f t  dampers i n  c o l l e c t o r  o u t l e t  ducts 

March 8, 1977 

a I n s t a l l  l a r g e r  motor on ETM fan t o  again increase c o l l e c t o r  

a i r  f l o w  r a t e  

November 30 - December 1, 1978 

a Check and a d j u s t  d i f f e r e n t i a l  c o n t r o l l e r  

January 25, 1979 

a Replace d i f f e r e n t i a l  c o n t r o l l e r  

February 21-23, 1979 (Comblned Fern, M S i C  and IBM s i t e  v i s i t )  

0 Seal c o l l e c t o r  a r ray  leaks as much as poss ib le  

a Ad jus tETMb lower  

0 Modi fy  s torage loop pump c o n f i g u r a t i o n  - pumps were plumbed 

so t h a t  bo th  u n i t s  would run  i n  se r ies  a t  a l l  t imes, r a t h e r  

than us ing  one pump fo r  f low i n t o  s torage and the  o ther  pump 

f o r  f low o u t  of storage. 



March 28, 1979 

0 Install additional backdraft dampers in the ETM and ductwork 

between solar system and auxiliary system 

April 9, 1979 

August 29, 1979 

Replaced relay in storage loop pump circuit 



7. SUMMARY AND CONCLUSIONS 

The f o l l o w i n g  paragraphs prov ide  a  b r i e f  summary o f  a l l  p e r t i n e n t  parameters 

f o r  t h e  Fern Lansing So la r  Energy System f o r  the  p e r i o d  from A p r i l ,  1979, t o  

March, 1980. A more d e t a i l e d  d iscuss ion  can be found i n  the  a p p l i c a b l e  p re-  

ceding sect ions.  

Dur ing t h e  r e p o r t i n g  per iod,  t h e  measured d a i l y  average i n c i d e n t  i n s o l a t i o n  
2  i n  the  p lane o f  t he  c o l l e c t o r  a r r a y  was 1,167 Btu /F t  . Th is  was th ree  per-  
2 cent  below the  long- term d a i l y  average o f  1,211 B tu /F t  . Dur ing the  same 

p e r i o d  t h e  measured average outdoor  ambient temperature was 48OF. Th i s  was 

one degree below the  long- term average of 49°F. As a  r e s u l t  6,911 heat ing  

degree-days were accumulated, as compared t o  t he  long- term average o f  6,538 

heat ing  degree-days. 
( 

The s o l a r  energy system s a t i s f i e d  15 percent  o f  t h e  t o t a l  measured l o a d  ( h o t  

water p lus  space heat ing)  du r i ng  the  12 month r e p o r t i n g  per iod .  Th i s  d i d  

n o t  agree t o o  c l o s e l y  w i t h  t h e  expected value o f  11 percent  f o r  t h e  e n t i r e  

r e p o r t i n g  per iod.  However, i t  should be r e c a l l e d  t h a t  t h i s  system d i d  n o t  

f i t  t h e  f-Chart model t oo  w e l l ,  so the  d i s p a r i t y  between t h e  measured and 

expected values i s  n o t  unreasonable. 

A t o t a l  of 118.69 m i l l  i o n  Btu o f  i n c i d e n t  s o l a r  energy was measured i n  t h e  

plane o f  t h e  c o l l e c t o r  a r r a y  dur ing  the  r e p o r t i n g  per iod .  The system c o l -  

l e c t e d  32.62 m i l l i o n  B tu  o f  t he  a v a i l a b l e  energy, which represents a  c o l -  

l e c t o r  a r r a y  e f f i c i e n c y  o f  27 percent.  Di i r ing per iods  when t h e  c o l l e c t o r  

a r ray  was ac t i ve ,  a  t o t a l  of 85.42 m i l l  i o n  B tu  was measured i n  t h e  p lane o f  

t h e  c o l l e c t o r  array.  Therefore, the  ope ra t i ona l  c o l  l e c t o r  e f f i c i e n c y  was 

38 percent.  

Uur ing t h e  r e p o r t i n g  p e r i o d  a  t o t a l  o f  13.78 m i l l  i o n  B tu  o f  s o l a r  energy was 

de l i ve red  t o  the  s torage tanks. Dur ing t h i s  same t ime p e r i o d  13.40 m i l l i o n  

B tu  were removed from storage f o r  suppor t  o f  t h e  domestic ho t  water  and space 

heat ing  loads. The m a j o r i t y  o f  t h i s  (10.83 m i l l i o n  B tu)  went t o  t he  domestic 



hot water subsystem and the remainder was used in support of the space 

heating subsystem. Again, i t  i s  d i f f i c u l t  t o  accurately assess the 
storage subsystem performance due t o  the unusual operating circumstances 
the overall system underwent during the report period. 

The hot water load f o r . t h e  12 month reporting period was 36.25 million 
B t u .  A to ta l  of 10.83 mil 1 ion B t u  of solar  energy and 30.34 mill ion. B t u  
of auxiliary energy were supplied t o  the subsystem, which represents a 
weighted hot water solar  fraction of 28 percent. The average daily con- 
sumption of hot water was 112 gallons, delivered a t  an average temperature 
o f  148OF. A total  of 4.92 million B t u  was los t  from the hot water tank 
during the reporting period. Only during the f i r s t  f ive  months of the 
reporting period could the 'hot  water load and consumption profi les  be con- 
sidered normal, or  close to  design expectations. 

The measured space heating load fo r  the reporting period was 65.41 million 
B t u ,  the majority of which occurred from October through May. A measured 
to ta l  of 4,59 million B t u  of solar  energy was supplied to  the space heating 
subsystem, which represents a solar  fraction of seven percent. The space 

heating subsystem received very l i t t l e  support from solar  energy during the 
f ina l  four months of the report period due to  the very large demands imposed 
by the hot water subsystem. In addition, uncontrolled inputs of solar  energy 
t o  the space heating load total led approximately 4.69 million B t u .  The total  

input of energy (both solar  and auxiliary) maintained an average building 
temperature of 77'F. 

A to ta l  of 4.09 million B t u ,  or 1,198 kwh,  of e lec t r ica l  operating energy 
was requlred t o  support the solar  cncrayy r;ysl;eiii during the 12 month re- 
porting period. This does not include the e lec t r ica l  energy required to  

operate t h e '  fan in the auxiliary furnace. This fan would be required fo r  

operation of the space heating subsystem regard1 ess. of the presence of 

the solar  energy system. 



Fossil energy savings for the 12 month reporting period were 24.95 mill ion 

Btu, and electrical energy savings were -4.09 million Btu. If a 30 per- 
cent efficiency is assumed for power generation and distribution, then the 
electrical energy consumption converts to 13.63 million Btu in generating 
station fuel requirements. It should also be noted that the fossil energy 
savings are based only on the measured amount of solar energy delivered to 

the space heating subsystem. As discussed in Section 3.2.4, the fossil 
energy savings will increase somewhat if the uncontrolled solar energy in- 
put to the building is considered. 

In general, the performance of the Fern Lansing solar energy system was very 
difficult to assess during the reporting period. This was due to the unusual 
operating conditions that prevailed during the final seven months and the pump 
relay problem that was noted oc'casionally during the first five, months. How- 
ever, even under these adverse conditions, the system managed to save a net 
total (measured) of approximately 21 million Btu. Had the system been used 
in a more normal manner, the overall net savings might have been higher. 

One final point should be noted concerning system design. The Fern Lansing 
solar energy system is somewhat unusual in that it uses air collectors and 
water storage. Although it is beyond the scope of this report, it would be 
interesting to compare the performance of this system with one of sfmilar 
size using rock storage and operating under comparable weather conditions. 
A rock bin with a heat storage capacity equal to water would have to be 
approximately three times as large, but the inherent inefficiency of a heat 
exchanging device between the collector array and storage would be el iminated. 
This might lead to more satisfactory performance with regard to space heating. 



. .  . 
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APPENDIX 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  t h e  

' .  . c o l l e c t o r  array, t he  pr imary storage medium, the  t ranspor t  loops between 

these, and o the r  components i n  the  systcm dcsign which are  necessary t o  
. , 

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

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

AMBIENT TEMPERATURE (TA) . . i s  the  average temperature o f  t he  outdoor 

environment a t  t he  s i t e .  

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

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

@ 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  

energy suppl ied t o  the  ECSS, i nc lud ing  a u x i l i a r y  energy added t o  t h e  

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

pro tec t ion ,  etc. 

@ 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  a r ray  performance i s  charac ter ized by t h e  amount o f  s o l a r  energy 

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

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 t h e  

gross c o l l e c t o r  a r r a y  area. Th is  i s  t he  area o f  t he  c o l l e c t o r  

a r r a y  energy-receiving aperture, i n c l u d i n g  the  framework which i s  

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

r ' .OPERATIONAL INCIDENT ENERGY (SEOP) i s  t he  amount i n c i d e n t  s o l a r  

energy on the  c o l l e c t o r  a r r a y  du r ing  t h e  t ime t h a t  t h e  c o l -  

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

r ' COLLECTED SOLAR ENERGY (SECA) i s  t h e  thermal energy removed f rom 

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

r . COLLECTOR ARRAY EFFICIENCY (CAREF) i s  t he  r a t i o  o f  t h e  energy c o l -  

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

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

co l  l e c t o r  a r ray ,  and a v a i l a b l e  energy inc ludes .  t h e  i n c i d e n t  energy 

on the  a r r a y  when the  c o l l e c t o r  l oop  i s  i nac t i ve .  Th i s  e f f i c i e n c y  

must n o t  be confused w i t h  t h e  more common c o l l e c t o r  e f f i c i e n c y  

f i g u r e s  which a re  determined from instantaneous t e s t  data obta lned 

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

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

o r  presented i n  t echn ica l  j ou rna l s  t o  cha rac te r i ze  t h e  f u n c t i o n a l  

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

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

h igher  than the  c o l  1  e c t o r  a r r a y  e f f i c i e n c y  repo r ted  here. 
.: '. 



STORAGE PERFORMANCE 

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

de l  i ve red  t o  storage, removed from storage, and the  subsequent change i n  the  

amount o f  s to red  energy. 

ENERGY TO STORAGE (STEI) i s  the  amount o f  energy, both s o l a r  and 

a u x i l i a r y ,  de l i ve red  t o  the  pr imary storage medium. 

ENERGY FROM STORAGE (STEO) i s  t he  amount. o f  energy ex t rac ted  by 

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

CHANGE I N  STORED ENERGY (STECH) i s  the  d i f f e r e n c e  i n  t h e  est imated 

s tored ene.rgy du r ing  the  s p e c i f i e d  r e p o r t i n g  period, as i n d i c a t e d  

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

o r  negat ive value).  

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

temperature o f  the  pr imary storage medium. 

i S'TUKAGE EFFICIENCY (STEFF) i s  the r a t i o  o f  t h e  sum o f  t h e  

energy removed f rom storage and the  change i n  s tored energy 

t o  t h e  energy de l i ve red  t o  storage. 



HOT WATER SUBSYSTEM 

The hot  water subsystem i s  charac ter ized by a complete accounting o f  t h e  

energy f l o w  t o  and f rom the  subsystem, as we l l  as an accounting of 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  

e l e c t r i c a l  o r  f o s s i l  f u e l ,  s o l a r  energy, and the  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  f r a c t i o n  f o r  t h e  subsystem i s  tabulated.  

The l o a d  of the  subsystem i s  t abu la ted  and used t o  compute t h e  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  t he  subsystem. The load o f  t h e  sub- 

system i s  f u r t h e r  i d e n t i f i e d  by tabu1 a t i n g  the  supply water temperature, 

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

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

the  amount o f  ho 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. 

a SOLAR FRACTION OF. LOAD (HWSFR) i s  t he  percentage o f  t he  l oad  

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

a SOLAR ENERGY USED (HWSE) i s  t he  amount o f  s o l a r  energy suppl i e d  

t o  the  ho t  water subsystem. 

. a OPERATING ENERGY (HWOPE) i s  the  amount of e l e c t r i c a l  energy re -  

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

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

. t he  subsystem. 

a AUXILIARY THERMAL USED (HWAT) i s  the  amount o f  energy supp l ied  

t o  the  major components o f  the '  subsystem i n  the  form o f  thermal 

energy i n  a heat t r a n s f e r  f l u i d ,  o r  i t s  equ iva len t .  Th i s  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. 



r ' A U X I L I A R Y  F O S S I L  FUEL (HWAF) i s  t he  amount o f  f o s s i l  energy sup- 

p l i e d  d i r e c t l y  t o  t he  subsystem. 

' ' F O S S I L  ENERGY SAVINGS (HWSVF) i s  the  est imated d i f f e r e n c e  between 

t h e  f o s s i l  energy requirements o f  an a l t e r n a t i v e  convent ional 

system ( c a r r y i n g  the  f u l l  load)  and the  ac tua l  f o s s i l  ' energy re -  

qu i red  by the  subsystem. 

SUPPLY WATER TEMPERATURE (TSW) i s  t he  average i n 1  e t  temperature 

o f  t he  water supp l ied  t o  the  subsystem. 

r AVERAGE HOT WATER TEMPERATURE (THW) i s  t he  average temperature o f  

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

r H O T  WATER USED (HWCSM) i s  the  volume o f  water used. 



SPACE HEATING SUBSYSTEM 

The space heat ing subsystem i s  charac ter ized by performance f a c t o r s  account- 

i n g  f o r  the  complete energy ' f l ow  t o  and from the  subsystem. The average 

b u i l d i n g  temperature , . and, the  average ambient temperature are  tabu1 ated t o  

i n d i c a t e  t h e  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  t h e  space 

heat ing load and i n  con t ro l1  i n g  the  temperature o f  t h e  cond i t ioned space. 

r SPACE HEATING LOAD (HL) i s .  t he  sens ib le  energy added ' t o '  the'  a i r  

i n  the  bu i l d ing .  

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

energy added t o  the  a i r  i n  the  b u i l d i n g  der ived .from' t h e  s o l a r  

energy system. 

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

the  space heat ing subsystem. 

r OPERATING ENERGY (HOPE') i s  t he  amount o f  e l e c t r i c a l  energy . 

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

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

t he  subsystem. 

r AUXILIARY THERMAL USED (HAT) i s  the  amount o f  energy suppl ied t o  

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

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

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

the  subsystem. 

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

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

r FOSSIL ENERGY SAVINGS (HSVF) i s  the  est imated d i f f e r e n c e  between 

t h e  f o s s i l  energy requirements of an a l t e r n a t i v e  conventional 

system (car ry ing  the  f u l l  load)  and the  ac tua l  f o s s i l  energy r e -  

qu i red  by the  subsystem. 



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

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

the space heat ing subsystem. 

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

temperature. 

AMBIENT TEMPERATURE ( T A )  i s  the average ambient d r y  bulb tem- 

pera ture  a t  the s i t e .  



ENVIRONMENTAL SUMMARY 
I 

, .. . .  . . 
. . 

The environmental summary i s  a c o l l e c t i o n  o f  :the weather data whlch 1s. ' 

. 

general l y  instrumented a t  each s i t e  i n  the program. It 'is tabu1 ated . i n  
t h i s  data repo r t  f o r  two purposes--as a measure o f  the condi t ions prevalent  

. . 
dur ing the operation o f  the system a t  the s l t e ,  and as an h i s t o r l c ~ l  

. . 
record o f  weather data f o r  the v i c i n i t y  o f  the s l t e .  

0 .TOTAL INSOLATION (SE) i s  accumulated t o t a l  ' i nc iden t  so la r  
.. . 

energy upon the gross c o l l e c t o r  array measured, a t  the site: . 

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

envi-ronment a t  the s i t e .  

0 ' ' W I N D  DIRECTION (WDIR) i s  the average d i r ec t i on  of the p reva i l -  

i ng  wind. 
.. .. 

0 ' 'WIND.SPEED (WIND) i s  the average wind speed measured a t  the s i t e .  

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

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

so la r  noon. ' 
. . 
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APPENDIX B 

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR 
FERN LANSING 

I. INTRODUCTION . 

S o l a r  energy system performance i s  eva lua ted  hy 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  subs.~stems. These c a l c u l a t i o n s  

a r e  based or1 phys l ca l  measurement da ta  taken f rom each subsystem every  

320 seconds. T h i s  da ta  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. T h i s  appendix 

desc r i bes  t h e  genera l  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 r o m  the  system measurements a r e  numer ica l  l y  i n t . ~ g r a t ~ d  

t o  p rov ide  d i s c r e t e  approximat ior is 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 is  numer ica l  i n t e g r a t i o n  

i s  performed by summation o f  t h e  p roduc t  of t he  me.asured r a t e  o f  t h e  

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

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

There a r e  severa l  genera l  forms o f  numer ica l  i n t e g r a t i o n  equat ions which 

a r e  a p p l i e d  t o  each s i t e .  These genera l  forms a r e  e x e m p l i f i e d  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) 1 [ I001  x AREA] x A T  

where I001  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 h e  pyranometer 
2 i n  B t u / f t  -hr ,  AREA i s  t h e  area o f  t he  c o l l e c t o r  a r r a y  i n  square f e e t ,  

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

t o  c o r r e c t  t h e  s o l a r  r a d i a t i o n  " r a t e "  t o  t h e  p roper  u n i t s  o f  t ime.  



S i m i l a r l y ,  t he  energy f l o w  w i t h i n  a system i s  g iven t y p i c a l l y  by 

COLLECTED SOLAR ENERGY = c [MI00 x AH] x  A T  

. where M l O O  i s  the  mass f low r a t e  0.f the  heat t r a n s f e r  f l u i d ,  i n  lbm/min, and 

n H f s  the  entha1,py change, i n  Btu/lb,, o f  the  f l u i d  as i t  pa'sses through 

t h e  heat exchanging component. 

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

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

t r a n s f e r  f l u i d  and AT, i n  O F ,  i s  t h e  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  genera l l y  g iven by 

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

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

changing component. 

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

o f  t he  t r a n s p o r t  a i r  remains constant as i t  passes through t h e  heat ex- 

changing component. 



For  e l e c t r i c a l  power, a genera l  exanple i s  

ECSS OPERATING ENERGY = (3413/60) L [ E P ~ ' O O ]  x AT 

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 Performance Eva1 u a t i o n  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  re ferences,  was prepared by an in te r -aqency  committee o f  

t h e  government, and p resen ts  g u i d e l i n e s  f o r  thermal perforniance eva lua t i on .  

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

i n t e g r a t i o n  process, there fo re ,  i ' s  performed over  a , p e r i o d  of one hour. 

S ince  1 ong-term .performance da ta  i s  des i red ,  i t  i s  'necessary to .  b u i l d  ' 

t hese  h o u r l y  performance f a c t o r s  t o  d a i l y  values. T h i s  4s a c c o ~ p l  ished,  

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 re  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 i e s ,  r e q u i r e  a p p r o p r i a t e  hand l i ng  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 h e  d a i l y  va lue  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  va lues t o  month ly  values. 

11. PERFORMANCE EQUATIONS 

The performance. equat ions f o r  Fern Lans ing used f o r  t h e  da ta  eva l  uat. ion 

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 nc l uded  

f o r  t e c h n i c a l  re fe rence  and i n fo rma t i on .  



EQUATIONS USED I N  MONTHLY PERFORMANCE ASSESSMENT 

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC F IGURE 2-1 

AVERAGE AMBIENT TEMPERATURE (OF)  

T A  = (1/60) x c TOO1 x AT 

AVERAGE B U I L D I N G  TEMPERATURE ( O F )  

T B  = (1/60) x c T 4 0 1  x A T  

DAYTIME AVERAGE AMBIENT .TEMPERATURE ( O f - )  

TDA = (1/360) x c TOO1 x AT 

FOR - + 3 HOURS FROM SOLAR NnON 

INCIDENT SOLAR ENERGY PER SQUARE FOOT (BTUIFT') 

SE = (1/60) x c 100'1 x AT 

OPERATIONAL I N C I D E N T  SOLAR ENERGY (BTU)  

SEOP = (1/60) x 1 [ I O O l  x CLAREA] x A T  

WHEN THE COLLECTOR LOOP I S  ACT IVE  

H U M I D I T Y  R A T I O  FUNCTION (BTU/LBM-OF) 

HRF = 0 . 2 4  + 0.444 x HR 

WHERE 0 . 2 4  I S  THE S P E C I F I C  HEAT AND HR I S  THE HUMID ITY  R A T I O  

OF THE TRANSPORT A I R .  T H I S  FUNCTION I S  USED WHENEVER THE 

HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANSPORT AIR FLOWS 

THROUGH A HEAT EXCHANGING DEVICE 

SOLAR ENERGY COLLECTED BY THE ARRAY (BTU)  

SECA = c [ M l  00 x HRF x ( T I 5 0  - T l O O ) ]  x A T  



ENTHALPY FUNCTION 'FOR WATER (BTUILBM)  

PASSES THROUGH A HEAT EXCHANGING DEVICE. 

SOLAR ENERGY TO STORAGE (BTU) . . 

S T E I  = Z [M200 x HWD (T205 ,  T 2 5 5 ) ]  x A T  

WHEN CHARGING STORACC 

SOLAR ENERGY FROM STORAGE TO SPACE HEATING (BTU) 

STEOH = Z [M201 x HWD (T255 ,  T 2 0 5 ) ] -  x A T  

WHEN SPACE HEATING FROM STORAGE 

SOLAR ENERGY FROM STORAGE TO HOT WATER (BTU) 

STEOHW = Z [M300  x HWD (T300 ,  T 2 0 4 ) ]  x A T  

SOLAR ENERGY FROM STORAGE (BTU) 

STEO = STEOH + STEOHW 

AVERAGE TEMPERATURE OF STORAGE (OF) 

TSTM = ( 1 1 6 0 )  x E [ ( T 2 0 0  + T 2 0 1  + T 2 0 3 / 3 ]  x A T  

HEAT = E [ (M400  x ( T 4 5 0  - T 4 0 0 )  x HRF] x A T  

ENERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU) 

CSEO = HEAT + STEOHW 

WHEN SPACE HEATING FROM THE COLLECTOR ARRAY 

CSEO = STEO 

WHEN SPACE HEATING FROM STORAGE 

CSEO = STEOHW 

ANY OTHER TIME 

PUMP AND FAN SOLAR OPERATING ENERGY (BTU) 

PFOPE = 5 6 . 8 8 3 3  x 1 ( E P 2 0 0  + EP301)  x A T  



ECSS OPERATING ENERGY (BTU) 

CSOPE = -0 .5  x PFOPE 

WHEN SPACE HEATING FROM THE COLLECTOR ARRAY 

CSOPE = PROPE 

WHEN CHARGING STORAGE 

SPACE HEATING SUBSYSTEM SOLAR OPERATING ENERGY (BTU) 

HOPES = 0.5  x PFOPE 

WHEN SPACE HEATING FROM THE COLLECTOR ARRAY 

HOPES = PFOPE 

WHEN SPACE HEATING FROM STORAGE 

HOT WATER CONSUMED (GALLONS) 

HWCSM = Z WD300 x AT 

HOT WATER LOAD (BTU) 

HWL = c EM300 x HWD(T350, T 2 0 4 ) ]  x AT 

SOLAR ENERGY TO HOT 'WATER SUBSYSTEM (BTU) 

HWSE = STEOHW 

SOLAR ENERGY TO SPACE HEATING SUBSYSTEM (BTU) 

HSE = HEAT 

WHEN SYSTEM USING SOLAR ENERGY FOR HEATING 

AUXILIARY FOSSIL ENERGY TO SPACE HEATING SUBSYSTEM (BTU) L . 

HAT = HEAT 

WHEN SYSTEM USING AUXILIARY ENERGY FOR HEATING 

OPERATING ENERGY FOR AUXILIARY FURNACE (BTU) 

HOPEA = 56.8833 x c EP400 x A T  



SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU)  

HOPE = HOPEA + HOPES 

SUPPLY WATER TEMPERATURE (OF)  

TSW = T 2 0 4  

HOT WATER TEMPERATURE (OF)  

THW = T 3 5 0  

BOTH TSW AND THW ARE COMPUTED ONLY WHEN FLOW E X I S T S  I N  THE 

SUBSYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES OBTAINED 

DURING THE PREVIOUS FLOW PERIOD. . . 

INCIDENT SOLAR ENERGY ON COLLECTOR ARRAY (BTU)  

SEA = CLAREA x SE 

COLLECTED SOLAR ENERGY (BTUIFT~ ) 
. . 

SEC = SECA/CLAREA :. . , ,. 

COLLECTOR ARRAY E F F I C I E N C Y  

CAREF = SECA/SEA 

ChANGE I N  STORED ENERGY (BTU)  

STECH = STECHl  - STECH lp  

WHERE THE SUBSCRIPT p REFERS TO A PRIOR REFERENCE VALUE 

STORAGE E F F I C I E N C Y  

STEFF = (STECH + STEO)/STEI 

SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU) 

SEL = CSEO 

ECCc J J  C J O ~ A R  CONVERSION EFFICIENCY 

CSCEF = SEL/SEA 

HOT WATER SUBSYSTEM AUXILIARY FOSSIL FUEL ENERGY (BTU) I 

HWAF = F 3 0 0 C  x 1000 

A U X I L I A R Y  THERMAL ENERGY TO HOT WATER SUBSYSTEM (BTU) 

HWAT = HWAF x HWEFF 

HWEFF = 0 . 6 0  PRIOR TO DECEMBER 1 ,  1979 AND 0 . 6 5  THEREAFTER 



HOT WATER SOLAR FRACTION (PERCENT) 

HWSFR = 100 x HWTKSE/(HWTKSE + HWTKAUX) 

WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR AND 

AUXILIARY ENERGY CONTENT OF THE HOT WATER TANK 

HOT WATER SUBSYSTEM FOSSIL ENERGY SAVINGS (BTU) 

HWSVF = HWSEIHWEFF 

SPACE HEATING SUBSYSTEM AUXILIARY FOSSIL FUEL ENERGY (BTU) 

HAF = F401C x 1 0 0 0  

SPACE HEATING LOAD (BTU) 

HL = HAT + HSE 

HSFR = 100 x HSE/HL 

SPACE HEATING SUBSYSTEM ELECTRICAL ENERGY SAVINGS (BTU) 

HSVE = - HOPES 

SPACE HEATING SUBSYSTEM FOSSIL ENERGY SAVINGS (BTU) 

HSVF = HSE/0.6 

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 = CSOPE + HOPE 

AUXILIARY THERMAL ENERGY TO LOADS (BTU) 

AXT = HWAT + HAT 



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

AXF = HAF + HWAF 

TOTAL ELECTRICAL ENERGY SAVINGS (BTU) 

TSVE = - .PFOPE 

TOTAL FOSSIL  ENERGY SAVINGS (BTU) 

TSVF = HSVF + HWSVF 

TOTAi ENERGY CONSUMED (BTU) 

TECSM = SYSOPE + AXF + SECA 

SYSTEM PERFORMANCE FACTOR 

. SYSPF = SYSL / (AXF .+  SYSOPE x 3.33) 
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LONG-TERM AVERAGE WEATHER CONDITIONS 

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

re fe rence f o r  eva lua t i on  o f  weather cond i t i ons  as repo r ted  i n  t he  Monthly 

Performance Assessments and So lar  Energy System Performance Evaluat ions 

issued by the  Nat iona l  So lar  Data Program. As such, t h e  i n fo rma t ion  

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

Environmental est imates f o r  t h i s  s i t e  i nc lude  t h e  f o l l o w i n g  monthly 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 ho r i zon ta l  plane a t  t he  s i t e ,  

i n s o l a t i o n  i n  t h e  t i l t  plane o f  t he  c o l l e c t i o n  surface, ambient temperature, 

heat ing  degree-days , and cool  i n g  degree-days. Es t imat ion  procedures and data 

sources a re  d e t a i l e d  i n  t h e  f o l l o w i n g  paragraphs. 

t h e  p r e f e r r e d  source of long-term temperature and i n s o l a t i o n  data i s  " I npu t  

Data f o r  So lar  Systems" (IDSS) [I] since t h i s  ,has been recoqnized as the  
- ~ 0 1 a r  standard. The I D S $  data are  used whenever poss ib le  i n  these envi ron-  

mental  est imates f o r  bo th  i n s o l  a t i o n  and temperature re1  a ted  sources; however,, 

a  secondary i ou rce  used .for- i n s o l a t i o n  da ta  i s  the  C l  i m a t i c  - A t l a s  o f  t he  

' . Unf t e d  ' S tates 123, and f o r  temperature re1 a ted  data, t he  secondary source 

i s  "Local C l  ima to log i ca l  Data" [3]. 

s ince '  t h e  a v a i l a b l e  long-term i n s o l a t i o n  data a re  o n l y  g iven f o r  a  h o r i z o n t a l  

surface, 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 ion  i s  used i n  an 

a l g o r i t h m  [4'] t o  c a l c u l a t e  the  i n s o l a t i o n  expected i n  the  t i 1  t plane o f  t h e  

c o l l e c t o r .  Th is  c a l c u l a t i o n  i s  made using a ground re f lec tance o f  0.2. 
t 
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