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ABSTRACT 

Resu l t s  of TRNSYS s imulat ions  of photovol ta ic  systems w i t h  

e l e c t r i c a l  s torage a r e  described.  Studies  of the s e n s i t i v i t y  of 

system performance, i n  terms of tbe  f r a c t i o n  of the e l e c t r i c a l  load 

suppl ied  by the  s o l a r  energy system, t o  v a r i a b l e s  such a s  a r ray  s i z e ,  

b a t t e r y  s i z e ,  loca t ion ,  time of yea r ,  and load shape a re  repor ted .  

An accura te  s impl i f i ed  method f o r  p red ic t ing  a r r a y  output of 

tuax-power photovol ta ic  systems i s  presented.  A second s impl i f i ed  

method, which e s t i a s t e s  t h e  o v e r a l l  performance of mar-power systems, 

i s  developed. F i n a l l y ,  a  pre l iminary  techniqne f o r  p red ic t ing  

clamped-voltage system performance i s  discussed.  
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1.0 INTRODUCTION 

J.1 Background 

Widespread adoption of photovoltaic (PV) systems fo r  

t e r r e s t r i a l  use r e l i e s  on several  fac to rs .  The most important a re  

system cos t  and system performance. These two are  not 

inseparable.  however, s ince performance d i c t a t e s  the  p r ice  t ha t  

can be paid ro r  the system. For cosparisons of PV systems with 

systems which use nonrenewable fue l s .  economic analyses require  

knowledge of f u e l  savings t h a t  would r e s u l t  should a PV system be 

used t o  meet p a r t  of the load. I f  PV systems a re  t o  be compared 

with other  renewable energy a l t e rna t i ve s ,  system s iz ing  ( i .  e..  

performance ca l cu l a t i ons )  most be done i n  order t o  compare the 

cos t s  of each. 

Detai led and sophis t i ca ted  cornpatar programs cor ren t ly  e x i s t  

(Ref. 1.1. 1.2) which allow performance ca lcu la t ions  t o  be made. 

These codes can be used t o  e x p l o ~ e  trade-offs and problem areas 

t h a t  may a r i s e .  but they t yp i ca l l y  require  access t o  f a i r l y  large 

computing f a c i l i t i e s  and some sophis t i ca t ion  of use. They 

obviously do not replace the need f o r  construct ion and t e s t i n g  of 

hardware prototypes although they can g r ea t l y  reduce the number of 

prototype systerm t h a t  need t o  be b u i l t .  

Such de t a i l ed  programs a l so  w i l l  not s a t i s f y  the eventual 

need f o r  s a p l i f i e d  design guidel ines  t h a t  rill be necessary t o  

e f f e c t i v e l y  bplement  l a rge  s ca l e  use of PV systems. The codes 

do, however. serve a s  use fu l  t oo l s  i n  the  development of such 

design guidelines.  This f a c t  has a l ready been demonstrated i n  the 

na t iona l  s o l a r  thermal p rogrm where the development of the 

Univers i ty  of Wisconsin's TRNSYS (Ref. 1.3) s h u l a t i o n  program has 

l ed  t o  the  f-Chart method of thermal sys tea  design (Ref. 1.4). 

Thus c e r t a i n  types of thermal systems (space heat ing and domestic 



r a t e r  heat ing)  can now be r e l i a b l y  designed without r e s o r t i n g  t o  

computer ca lcu la t ions .  

The t e r r e s t r i a l  photovol ta ic  f i e l d  has not y e t  reached t h a t  

point  of maturi ty where s impl i f i ed  design techniqaes a r e  

avai lable .  However, the rapid  growth t h a t  t h i s  f i e l d  i s  

experiencing suggests t h a t  i t  i s  not too e a r l y  t o  dea l  with such 

subjects .  

The major t h r u s t  of the  work documented i n  t h i s  r e p o r t  has 

been the  inves t iga t ion  of the  v a l i d i t y  of c e r t a i n  s impl i f i ed  

design procedures f o r  photovol ta ic  system ana lys i s .  The goal has 

been t o  expiore system s e n s i t i v i t i e s  and t o  l a y  the  groundwork f o r  

poss ib le  s impl i f i ed  design methods. - This document & &, 
the re fa re ,  des ian manual i n  the  sense t h a t  i t  could be e a s i l v  

ased f o r  des ian purposes. -- 

The systems addressed here  a re  pass ive ly  cooled and g r i d  

connected o r  have a  non-photovoltaic back-up source. Both systems 

with and without dedicated b a t t e r y  s torage a r e  s tudied.  Max-power 

tracked systems have received the  most a t t e n t i o n  although inroads 

have been made i n  the  clamped-voltage mode of operat ion.  

Max-power tracked systems a r e  e a s i e r  t o  address i n  a  

s impl i f i ed  design procedure s ince  the W a r r a y  can be uncoupled 

from the  ba t t e ry ,  power condi t ioning equipment, and the  load. I n  

the  b a t t e r y  o r  voltage-clamped mode, the  a r r a y  rol tage (and thus ,  

power output)  is  determined by the b a t t e r y  and i t s  i n t e r a c t i o n  

with the  a r r a y  and load. 

Computer simulation has been ased t o  guide the  development 

and v a l i d a t i o n  of the s impl i f i ed  techniqaes discussed here. Such 

simulations have a l s o  been ased t o  uncover some f a i r l y  general  

design "rules  of thumb" concerning b a t t e r y  s i z i n g  and t o  s tudy 



the  s e n s i t i v i t y  of  the  r e s u l t s  t o  v a r i o a s  system p a r m e t e r s  and 

load  behavior.  

T h i s  r e p o r t  i s  d iv ided i n t o  f i v e  ( 5 )  main p a r t s .  They a r e :  

Chapter  2: System Simulat ion S t n d i e s  

Chapter 3: S impl i f i ed  Method f o r  P r e d i c t i n g  Array 

ou tpu t  

Chapter 4 : Simp1 i f  i e d  We thod f o r  Max-Power Tracked 

System Performance 

Chapter 5: S impl i f i ed  Method f o r  Clamped-Voltage System 

Perf  owance  

Chapter 6: Discussion,  Conclusions and Snnnnary 

1.3 Summary of t h i s  Studv 

T h i s  s e c t i o n  b r i e f l y  summarizes the  r e s u l t s  of  t h i s  study. A 

s l i g h t l y  more d e t a i l e d  summary of the  complete r e s u l t s  can be 

found i n  Chapter 6. 

- - 
Qe/L, the  r a t i o  of  monthly average d a i l y  a r r a y  output  - 
( m u l t i p l i e d  by t h e  power convers ion  e f f i c i e n c y )  Qe, t o  - - 
t he  monthly average d a i l y  e l e c t r i c a l  load  L, and S/qA, 

the  r a t i o  of s to rage  c a p a c i t y  ( S )  t o  e f f e c t i v e  a r r a y  

a r e a  (monthly average a r r a y  e f f i c i e n c y  times t h e  a r r a y  - 
a r e  good parameters  f o r  c o r r e l a t i n g  a r e s ,  qA) - f e ,  the 

f r a c t i o n  of  L supp l i ed  by s o l a r ,  f o r  va r ious  l o c a t i o n s  f o r  

s i m i l a r l y  t i l t e d  a r r ays .  

- - - - 
When Q /L, i s  small ,  f e  d i f f e r s  from Qe/L only by the  

e  
s t o r a g e  l o s s e s  which can be small  i f  much of the  load  

occur s  du r ing  d a y l i g h t  hours. 

- - 
When Q /L i s  l a r g e ,  f  can be s i g n i f i c a n t l y  d i f f e r e n t  

L - e  
from Qe/L due t o  s to rage  l o s s e s  and dumping ( o r  not 

c o l l e c t i n g )  energy when s to rage  i s  f i l l e d .  



Load shape i s  important i n  determining f e  f o r  a given - - - - 
Qe/L and S/qA, f o r  S/qA < SO W-hrs/(%-ma). 

- 
S/qA > SO W-hrs/(%-m2) of s torage i s  seldom warranted f o r  

most load shapes t h a t  might be considered f o r  Oo 

appl icat ions .  

- 
The knees of the f versus S/qA curves a r e  somewhat 

,- - e 
load shape and Qe/L dependent but t y p i c a l l y  occur i n  the  - a 
region of S/qA = 30 W-hrs/ ( % O m  1. 

I n  add i t ion  t o  the  obvious concluoion t h a t  loca t ions  of 

poor i n s o l a t i o n  requ i re  more a r r a y  area  t o  meet a given 

f r a c t i o n  of the load, the r e s u l t s  of t h i s  study show t h a t  

b a t t e r y  s i z e  should s c a l e  wi th  the e f f e c t i v e  a r r a y  area  i n  

order  t o  y i e l d  the  same system performance ( i .e . ,  f ) i n  
e 

d i f f - r e n t  locat ions .  

Predic ted system performance does not appear t o  be 

s t rongly  dependent on the  frequency o r  magnitude of random 

f l u c t u a t i o n s  i n  the  load. 

Predic ted system performance does not appear t o  be 

s t rong ly  dependent on the  b a t t e r y  model ( a t  l e a s t  f o r  the  

three  d i f f e r e n t  b a t t e r y  models used) o r  on the  range of 

b a t t e r y  s t a t e  of charge. However, good represen ta t ions  of 

the charge and the  discharge curves a r e  necessary. 

The r e s u l t s  of these s imulat ion s t u d i e s  show t h a t  

simp1 i f  ied  design procedures should account f o r  d i u r n a l  

load shape, daylength ( o r  time of y e a r ) ,  and, t o  a l e s s e r  

ex ten t ,  location.  



Simpl i f  i ed  a r r a y  output r e s n l  t s  : 

A method was developed whereby the monthly average a r r a y  - 
e f f i c i e n c y  (q) can be hand c a l c u l a t e d  from a m i n b w  of 

information. 

- 
This  g, when mul t ip l i ed  by t h e  monthly average 

i n s o l a t i o n  on the  array,  g ives  the  monthly average 

e l e c t r i c a l  output. 

The r e s u l t s  a r e  der ived from long term ( 22 year)  average 

behavior. 

@ The method was developed f o r  pass ive ly  cooled, mar-power 

tracked systems. 

The r e s u l t s  apply t o  e i t h e r  f l a t  a r r a y s  (of various t i l t s )  

o r  2-D t racked concentra t ing systems. 

Resul ts  were a l s o  derived which enable one to  p r e d i c t  

monthly average midday a r ray  temperature and e l e c t r i c a l  

output.  

S t a t i s t i c s  were compiled which permit  an assessment of the 

expected depar tures  from long t e r n  behavior. 

Simpl i f  i ed  Method f o r  Max-Power Tracked System Perf owance : 

a A s impl i f i ed  nethodology was developed t o  p red ic t  the  

f r a c t i o n  of  an e l e c t r i c a l  load t h a t  could be supplied by a 

pass ively  cooled, f l a t  ar ray,  PV system. 

The method was v a l i d a t e d  by comparison with computer 

simulation.  



c The method accommodates var ious  d iu rna l  load shapes, 

daylengths, and c l i m a t i c  locat ions .  

@ The method i s  app l icab le  t o  systems with and without 

dedicated s torage.  

The method hss  p o t e n t i a l  f o r  use wi th  hand-held 

programmable ca lcu la to r s .  It c e r t a i n l y  can be used e a s i l y  

on small computers. 

@ The method makes use of Liu and Jordan (Ref. 1.5) type 

d i s t r i b u t i o n s  of d a i l y  r a d i a t i o n  on the  hor izon ta l  t o  

def ine  a  good, a  mediocre, and a  poor day t o  represent  the  

monthly weather va r ia t ions .  

Calcula t ions  a r e  conducted f o r  these th ree  days and 

averaged t o  ob ta in  a  monthly value. 

@ Resul ts  f o r  Albuquerque, NM, Madison, W I ,  and lledford, OR, 

show the method i s  wi thin  a  s tandard dev ia t ion  of 2.6% 

(abso lu te )  of s imulat ion r e s u l t s .  

Clamped-Voltage Mode Resul ts  : 

@ Some represen ta t ion  f o r  the s o l a r  c e l l  I-V curve under 

various temperatures and i n s o l a t i o n  must be a v a i l a b l e  i n  

a rder  t o  simulate or  p r e d i c t  system performance. 

* For a good choice of SR, the number of PV c e l l s  i n  s e r i e s  

with each b a t t e r y  c e l l ,  the  e l e c t r i c a l  output f o r  

clamped-voltage operat ion is  only  2 t o  3% below t h a t  

f o r  mar-power t racking,  i f  no power l o s s  i s  considered f o r  

the  mar-power t r acker .  

@ The optimum value of SR v a r i e s  from month t o  month f o r  a  

given locat ion.  



A s impli f ied design procedare akin to those described 

above appears to  be infeasible .  

@ In preliminary comparisons, the r e s u l t s  of a short 

computer program for predicting clanped-voltage array 

output v s .  SB agree with those from TBNSYS simulations. 
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2.0 SYSTEM S ATION STUDIES 

This  chapter  d iscusses  the computer simulation s tud ies  of 

photovol ta ic  e l e c t r i c  systems t h a t  were done i n  order to  assess  the  

s e n s i t i v i t y  of system performance r e s u l t s  t o  various parameters. 

These s t u d i e s  then allowed the search f o r  various c o r r e l a t i o n s  t h a t  

might r e l a t e  the  important parameters t o  system performance, a f i r s t  

s t e p  i n  e s t a b l i s h i n g  s impl i f i ed  design procedures and " ru les  of 

thnmb. " 

2.1  The Svstem 

The system modeled i n  these  s t u d i e s  i s  i l l u s t r a t e d  i n  Fig. 2.1. 

It c o n s i s t s  of a f l a t  a r r a y  "photovoltaic c o l l e c t o r , "  r ega la to r ,  

i n v e r t e r ,  and b a t t e r y  s torage.  These m i t o  a r e  used t o  supply 

whatever f r a c t i o n  of the e l e c t r i c a l  load they a re  capable of meeting. 

Whenever t h i s  f r a c t i o n  i s  l e s s  then one (11, the balance of the  load 

i s  met by sore  back-up system whether i t  be a u t i l i t y  g r i d  o r  a 

stand-alone a u x i l i a r y  power source. I f  the  load i s  t o t a l l y  met and 

s torage cannot accept excess s o l a r g e n e r a t e d  e l e c t r i c i t y ,  the e rcess  

may be considered t o  be fed back t o  the  back-up (e.g. i f  the back-up 

were a u t i l i t y  g r i d  t h a t  would permit such o p e r s t i o a )  o r  "dumped" i n  

some non-useful ( i .  e., non-useful t o  the  e l e c t r i c a l  load) nay. Hence, 

dumping would represent  phys ica l ly  d i s s i p a t i n g  t h e  energy as  thermal 

energy i n  a r e s i s t i v e  network, disconnecting a l l  o r  p a r t  of the  a r r a y  

i n  o rder  t o  avoid the  c o l l e c t i o n  of the  excess power, o r  moving off  

the mar-power point  . 

In these  simulations,  the  a r rays  were always a s s u e d  t o  be 

mar-power tracked,  i.e. the  vol tage on the  a r r a y  was cont inui~nsly  

adjus ted i n  order  t h a t  the  power out  was the  maximum possible.  

Deviations from t h i s  type of operat ion a r e  discassed i n  Chapter 5 .  



2.1.1 The Simulation Program 

A l l  of the computer simulations repor ted i n  t h i s  chapter  were 

performed using TRNSYS, a general  s imulat ion program f o r  s o l a r  energy 
a 

systems (Ref. 2 .l) ava i lab le  from the  Univers i ty  of Wisconsin. 

TRNSYS-compatible subroutines f o r  the  photovol ta ic  c o l l e c t o r ,  

r egu la to r / inver te r ,  and s torage b a t t e r y  have been descr ibed p rev ious ly  

(Ref. 2.2). Improved vers ions  of these have been developed dur ing the  

course of t h i s  study, along with an e l e c t r i c a l  subsysten whic; 

combines the  above th ree  components. The new vers ions  were used i n  

t h i s  study; they may be requested from the  authors.  

Time s teps  of 0.5 hour o r  l e s s  were used t o  avoid convergence 

problems. Monthly srllarnaries of the  r e s u l t s  were from year-long 

simulations (8760 hours) were t abu la ted  and analyzed. 

2.1.2 The Solar  and Meteorological Data Base 

The da ta  base used f o r  these s t u d i e s  Was the  hourly Typical  

Meteorological Year (TMY) da ta  (Ref. 2.3) i n  order  t o  avoid the  

computation expenses involved i n  s imulat ing mul t ip le  years  of 
a 

operation.  The source of the  s o l a r  information contained i n  the  TMY 

data i s  the  SOLMET da ta  base (Ref. 2.4). This includes  the  s tandard 

year corrected t o t a l  r a d i a t i o n  on the  hor izon ta l  and the  d i r e c t  normal 

(beam) rad ia t ion .  

2.1.3 The Geographical Locations 

Albuquerque, NM data  were chosen t o  d r ive  the  i n i t i a l  and most 

extensive s e t  of simulations.  Since the  weather i n  Albuquerque i s  

c o n s i s t e n t l y  good from month t o  month, some s imulat ions  were a l s o  run 

using weather da ta  f o r  o the r  loca t ions  represen t ing  a range of weather 

pa t t e rns .  They are :  Bismarck, ND; Madison, WII Medford, OR; Phoenix, 

AZ; Santa Maria, CA; and Washington D.C./Sterling, VA. Of these  

locat ions ,  Madison, WI mer i t s  t h e  t i t l e  of most uuiformly poor weather 

(al though Washir.gton/Sterl ing i s  compet i t ive) .  Medford, OR, on t h e  



other  hand, spans the  whole range of very poor ( i n  the  winter)  t o  very 

good ( i n  summer). For these reasons, Madison and ledford  (along with 

Albuquerque) receive more a t t e n t i o n  i n  t h i s  repor t  than other c i t i e s .  

2.1.4 The Array 

For these simulations the  photovoltaic f l a t  a r r ay  was considered 

t o  cons i s t  of c e l l s  having an e f f i c i ency  of 15% a t  28OC. The array 

was south facing and t i l t e d  up from the hor izontal  a t  the loca l  

l a t i t u d e  angle ( 6 ) .  The encapsulant over the c e l l s  i n  the  a r r ay  was 

assumed t o  have a transmittance of 88%. With the assumed c e l l  

packing f a c t o r  on the  a r ray  of 1.0, the r e su l t i ng  a r ray  reference 

e f f i c i ency  was 13.2% a t  280C. 

For thermal considerat ions ,  the so l a r  absorptance of the a r ray  

was assumed t o  be 88% and the  thermal l o s s  coeff ic ien;  was taken t o  

be 20 kW/(ma-C) o r  72 kJ/(hr*ma.C). The l o s s  coef f ic ien t  depends 

i n  a complicated way on wind speed and d i r ec t i on  and on secondary flow 

pa t t e rn s  i n  the  a r r ay  f i e l d .  Since these f ac to r s  are  d i f f i c u l t  t o  

determine, a constant thermal l o s s  coef f ic ien t  was used. 

However, the co r r e l a t i ons  t h a t  a re  used i n  presenting the r e s u l t s  

of the simulations i n  t h i s  chapter make the  r e s u l t s  independent of 

most of these choices and there fore  much more v e r s a t i l e  than the above 

a r ray  descr ip t ion  would ind ica te .  This rill become more apparent i n  

Section 2.2. 

2.1.5 E l e c t r i c a l  Storage 

The model f o r  e l e c t r i c a l  storage used i n  these simulation s tud ies  

i s  the  modified-Shepherd Model fo r  lead-acid b a t t e r i e s  (Ref. 2.2). I t  

i s  discussed i n  more d e t a i l  i n  Section 2.3 where the s e n s i t i v i t y  of 

the simulation r e s u l t s  t o  the  ba t t e ry  model i s  described. 

I n  the  r e s n l t s  of Sect ion 2.2, the  b a t t e r i e s  were permitted t o  

funct ion over the f r a c t i ona l  s t a t e  of charge range of 0.4 < F < 0 . 9 5 -  



The s e n s i t i v i t y  of the  r e s u l t s  t o  t h i s  range i s  a l s o  discussed i n  

Section 2.3. 

The b a t t e r y  charging s t r a t e g y  adopted f o r  the  r e s u l t s  of t h i s  

chapter g ives  f i r s t  p r i o r i t y  t o  recharging the  b a t t e r y  t o  F = 0.6 

with a r ray  output once the  b a t t e r y  has reached i t s  lowest permiss ible  

s t a t e  of charge (F = 0.4); otherwise,  f i r s t  p r i o r i t y  is  given t o  

s a t i s f y i n g  the  load. Compared t o  a  s t r a t e g y  of always giving t h e  load 

t o  be met f i r s t  p r i o r i t y  f o r  a r ray  output,  t h i s  g ives  a  small 

reduction (-2%) of the s o l a r  f r a c t i o n  due t o  increased b a t t e r y  

losses .  

The b a t t e r y  is  considered t o  be "dedicated s torage"  i n  t h a t  i t  

was only charged by the  a r r a y  and never by the  back-up o r  a u x i l i a r y  

power. This mode of operat ion may not  represent  the  most economic 

mode of operation.  

2.1.6 The Reguletor / Inver ter  

The regu la to r  and power condi t ioning equipment simulated i n  these  

s tud ies  gave a  constant  " s t r a i g h t  through" e f f i c i e n c y  ( i . e . ,  

e f f i c iency  fo r  converting d.c. a r ray  output power d i r e c t l y  t o  a.c. 

power) of 81%. The assumption of a  constant  e f f i c i e n c y  i s  not 

unreasonable s ince  equipment of t h i s  type t y p i c a l l y  has very f l a t  

e f f i c i e n c y  versus load curves over a  wide p a r t  of the intended 

operat ing range. The a c t u a l  e f f i c i e n c y  i s  not c r i t i c a l  s ince  the 

r e s u l t s  a r e  presented here i n  a  way t h a t  i s  independent of the  value.  

The regu la to r  i n  the  s imulat ions  includes  a  mar-power t r acker .  

Therefore, it must match power taken from the a r r a y  a t  one vol tage,  

with some o r  a l l  of t h a t  power ( i f  s torage i s  involved) de l ive red  t o  

the b a t t e r y  a t  another voltage l eve l .  This  i s  no t  p resen t ly  a  common 

method of operation i n  systems involving b a t t e r y  s torage,  bu t  such 

operat ion i s  qu i t e  poss ib le  and may become common i n  f u t u r e  l a rge  

systems (Ref. 2.5). 



Resul ts  obtained f o r  t h i s  max-power mode of operation may be 

use fu l  i n  p red ic t ing  r e s u l  ts of battery-clamp=d operat ion (where the 

b a t t e r y  and photovol ta ic  a r r a y  are  wired d i r e c t l y  i n  p a r a l l e l ) .  

Chapter 5  d i scusses  battery-clamped systems i n  more d e t a i l .  

2.1.7 The Load 

One of the  d i f f i c u l t  problems assoc ia ted  with developing 

s impl i f i ed  design procedures f o r  photovol ta ic  systems i s  the  vide 

d i v e r s i t y  of e l e c t r i c a l  loads t o  which systems may be mated. Demand 

p r o f i l e s  o r  d i u r n a l  load shape can have a  s i g n i f i c a n t  inf luence on 

system performance. 

I n  the  major i ty  of the simulations described here,  the d in rna l  

load shape was assumed t o  c o n s i s t  of a  cosine funct ion of 24 hour 

per iod superposed on a  constant  background, a s  demonstrated i n  

Fig. 2.2. The load shape was assumed t o  be r e p e t i t i v e  from day t o  

day. The d a i l y  t o t a l  l e a d  o r  cnergy  for  F i g .  2 . 2  a s  g i v e n  by 

Limited i n f o m a t i o n  (Ref. 2.6) suggests t h a t  f o r  r e s i d e n t i a l  base 

load a p p l i c a t i o n s ,  an appropr ia te  choice of parameters is  L,/L, = 0.25 

and T = 17 ( 5  pm) (where T i s  the  hour of maxiam demand). These 
P P 

values  were used a s  a  basel ine  i n  the  i n i t i a l  s t u d i e s  conducted under 

t h i s  program: the  r e s u l t i n g  load shape is r e f e r r e d  t o  as  the  basel ine  

load. The e f f e c t  of load shape was then inves t iga ted  by a l t e r i n g  

these  parameters and redoing the  simulation: these r e s u l t s  are  

discussed i n  Sec t ion  2.2.4. 

For app l ica t ions  such a s  res idences  and small commercial 

i n s t a l l a t i o n s ,  the  e l e c t r i c a l  demand i s  no t  continuous and "smooth" 

as shown i n  Fig. 2.2, al though the  monthly average d a i l y  p r o f i l e  may 

be. P a r t i c u l a r l y  f o r  sys teas  with l i t t l e  o r  no storage,  one n igh t  

expect e r r o r s  t a  a r i s e  i n  es t imat ing the  f r a c t i o n  of such "noisy" 

loads suppl ied by s o l a r  i f  the  monthly average d a i l y  p r o f i l e  i s  used 



each day in the simulation. This has been studied and is discussed in 

Section 2.2.5. 

2.2 The Simulations 

The results of the computer simulations of the photovoltaic 

systems described in Section 2.1 are discussed in this section with 

the exception of battery sensitivity studies, which are reported in 

Section 2.3. The results of all the studies are correlated in terms 

of the quantities: 

e 
- the fraction (or percent) of the electrical load that is 

actually supplied directly by the solar system, 

- - 
Qe/L - the ratio of the monthly average daily total solar 

electric availability to the monthly average daily total 

electrical load, 

- 
S/qA - the ratio of storage size to the "effective" area of 

photovoltaic array. 

The first of these, fen is a non-dimensional quantity that is 

similar to the solar fraction commonly used in the solar thermal field 

(Ref. 2.7). Knowledge of this parameter allows the designer to 

conduct an econornic analysis, since he can predict his auxiliary 

energy savings and the resulting net present worth of these savings 

realized over a period of time. 

- - 
The second combination, Qe/L, is a1 so non-dimensional. It - - 

differs from f since 
e Qe represents the array output Qae * 

multiplied by the "straight through' ' efficiency for power - 
conditioning, 

"PC 
. However, not all of Qe may actually be made 

available to the load since some may be irretrievably fed back to a 

utility, dumped or lost in storage. Only in the special case where 

the solar output is always less than the load should it be expected - - 
that Qe/L and fe would be equal to one another. A designer, of - 
course, has to know the magnitude of his load L. With knowledge of 



a r r a y  output he can then s e l e c t  an a r r a y  area t h a t  gives a des i red  - - 
Qe/L. Chapter 3 p resen t s  a  simplif  i sd  method f o r  predic t ing monthly 

average a r r a y  operat ing e f f i c i e n c y  and thus monthly average a r ray  

output.  

- 
The t h i r d  term, SIqA, i s  a  dimensional parameter t h a t  has been 

found by t h i s  study t o  be use fu l  i n  "col lapsing"  data from many 

types of weather pa t t e rns .  This  should become apparent i n  the 

sec t ions  t h a t  follow. 

Ba t te ry  capaci ty ,  S, is  o f ten  given i n  t e r n s  of amp-=-hrs where the 

b a t t e r y  i s  discharged over i t s  use fu l  capac i ty  range a t  the  S/10 r a t e  

(discharge cur ren t  equal to  the  b a t t e r y  capac i ty  divided by 10  hours) .  

I n  some r e s p e c t s  t h i s  i s  the  l e a s t  anbignous method of s t a t i n g  

capaci ty ,  but i n  o t h e r  respec t s  i t  i s  not e x p l i c i t .  Therefore, 

c a p a c i t i e s  have a l s o  been s t a t e d  here i n  terms of energy (W-his), 

which a re  e a s i e r  t o  use but l e s s  precise .  

When anp-hr u n i t s  a r e  used i n  t h i s  study, they r e f e r  to  the t o t a l  

( i . e . ,  a l l  nominal two v o l t  c e l l s )  t h a t  

make up the  b a t t e r y .  I f ,  f o r  example, one i s  making use of a 12 v o l t ,  

100 amp-hour b a t t e r y  cons i s t ing  of 6  c e l l s  i n  s e r i e s ,  each c e l l  has 

n e c e s s a r i l y  a  capac i ty  of 100 amp-hrs. Tota l  capaci ty  of a l l  s ing le  

c e l l s  would then by 6  x 100 o r  600 amp-hrs., which is  the number t h a t  

should be used with the  r e s u l t s  presented here.  

These same 6 c e l l s  could be connected i n  p a r a l l e l  t o  y i e l d  a  2 

v o l t ,  600 amp-hr b a t t e r y  which, f o r  simulation of mar-power tracked 

systems, would produce the  same system performance a s  i t s  12 v o l t  

counterpar t  d iscussed above. However, i n  r e a l  systems, coordinating 

vol tages  among the  a r ray ,  the mar-power t r acker ,  and the  b a t t e r y  i s  an 

important des ign considerat ion.  

To convert  amp-hr c a p a c i t i e s  t o  energy valaes,  one needs only t o  

mul t ip ly  them by an appropr ia te  voltage.  Perhaps the  bes t  value would 

be the  average between the  vol tage a t  the  beginning and a t  the  end of 



an S/10 (S i n  amp-brs) discharge r a t e .  These vol tages  depend on the 

construct ion of the b a t t e r y  and on the  range of f r a c t i o n a l  s t a t e  of 

charge t h a t  i s  permitted during operation.  

The f i ne  points  of t h i s  voltage choice have been sidestepped here 

by choosing the  nominal vol tage of 2.0 v o l t s  pe r  c e l l  a s  the  

appropriate voltage. Thus, the  1 2  vo l t ,  100 amp-hr b a t t e r y  discussed 

above is  a s s u e d  t o  represent  1200 W-hrs of s torage,  a s  does t he  2 

vo l t ,  600 amp-hr ba t te ry .  The r e s u l t s  which follow demonstrate t h a t  - 
system performance i s  not s t rongly enough dependent on S/qA t o  mer i t  

more precise  i n t e rp r e t a t i ons  of S. 

The S t h a t  i s  used i n  the r e s u l t s  t h a t  fol low represen ts  the  

e f f ec t i ve  capaci ty  t h a t  i s  u t i l i z e d  i n  operat ion of the  system. I f  a 

500 amp-hr (1000 W-hr) c e l l  is used but i t  i s  not permitted t o  

discharge below a f r a c t i ona l  s t a t e  of charge of 0.5, t h i s  represen ts  

an e f f e c t i v e  S of 250 amp-hrs (500 W-hr), i f  f u l l  charge i s  

permitted. 

- - 
The q i n  S/qA is the  monthly e f f i c i ency  fo r  converting s o l a r  

energy i n t o  a r ray  output e l e c t r i c a l  energy. A s impl i f i ed  method f o r  - 
determining t h i s  i s  presented i n  Chapter 3. The A i n  S/qA 

represents  the  a r ray  area.  

2.2.1 Base 1 ine Load/Albuquerqns /Equinox Months 

Fig. 2.3 shows a map of system performance t yp i ca l  of the  

basel ine  load i n  Albuquerque, , i n  the  months of March and 

September. Resul ts  f o r  other  months can vary from those shown i n  Fig. 

2.3, pr imari ly  because of the change i n  the  d a i l y  i n so l a t i on  p r o f i l e  

created by changing daylengths. This e f f e c t  i s  discussed i n  more 

d e t a i l  i n  the  next sect ion.  

- - 
I n  systems with r e l a t i v e l y  small a r rays  (Qe/L - 0.2) the  a r r ay  

output i s  always l e s s  than the  immediate base l ine  demand. 

Consequently, the oatpnt i s  always used d i r e c t l y  by the  load and t he r e  



i s  no need f o r  s torage.  System performance i s  then independent of the 

s torage capacity.  

- - 
A s  t h e  a r r a y  becomes l a r g e r  (e.g.. Q,/L = 0.6), there  are  per iods  

when tho power output of the a r r a y  exceeds the  immediate requirement 

of the  base l ine  load. With no s torage ava i l ab le ,  t h i s  e x t r a  o r  excess 

(XS) energy must be dumped. As b a t t e r y  capac i ty  i s  increased,  

however, some of the  ex t ra  energy can be s to red  f o r  use l a t e r  when 

a r r a y  output aga in  s a t i s f i e s  l e s s  than the  f u l l  load. Dumping 

decreases  f u r t h e r  r i t h  increased b a t t e r y  capac i ty  u n t i l ,  with a  - 
s torage capac i ty  corresponding t o  about S/qA = 20 ap-hrs / (%*ma) o r  

40 W-hrs/(%*ma), dumping i s  el iminated,  and no f a r t h e r  improvement i n  

performance can be achieved r i t h  increased storage.  

- - 
A s  t h e  a r r a y  becomes l a r g e r  ye t  (e.g., Qe/L = 1.0) i t s  output 

increases ,  but v i r t u a l l y  a l l  of the  increased production occurs during 

per iods  i n  which the  f u l l  load a l ready i s  s a t i s f i e d  by a 

smaller  a r ray .  Without s torage,  almost a l l  of the increased output i s  

merely dumped and does not s i g n i f i c a n t l y  improve performance. The 

add i t ion  of s torage,  however, again p e m i  t r  the e x t r a  midday array 

outpat  t o  be used i n  the afternoon and nightt ime when the  system 

otherwise would be incapable of s a t i s f y i n g  the  load. As i n  the  case - - 
of Q,/L = 0.6, a s torage capaci ty  e x i s t s  f o r  which damping i s  

minimized and any add i t iona l  s torage i s  not  e f f e c t i v e l y  u t i l i z e d .  

When the  a r r a y  s i z e  inc reases  f u r t h e r ,  the monthly average d a i l y  - - 
output exceeds t h e  d a i l y  load (Qe/L = 1 .2 ) .  Without s torage,  l i t t l e  

improvement in  perfornrance i s  noted. With s u f f i c i e n t  b a t t e r y  capaci ty  

[ t y p i c a l l y  25 mp-hrs/(+*mf ) o r  50 W-brs/ (+*ma) 1 the  system s a t i s f i e s  

near ly  the  e n t i r e  load, with excess a r r a y  ontput being dumped. Thece 

l a r g e r  s torage s i z e s  a r e  what might be t e w e d  "intermediate s i z e  

storage" i n  t h a t  they a re  deple ted by severa l  consecutive days of 

poor i n s o l a t i o n  and a r e  replenished dar ing t.he next good inso la t ion  

period. The temptation of speaking of "nnmb~tr of honrs" of storage 

w i l l  be avoided -ti1 the  e f f e c t  of geographic loca t ion  i s  discussed 

i n  Sect ion 2.2.3. 



Fig. 2.4 i l l u s t r a t e s  the  use of the ba t te ry .  The small diagrams 

superposed on t h i s  f igure  a r e  frequency d i s t r i b u t i o n s  of the  b a t t e r y  - 
s t a t e  of charge. For example, these show t h a t  small b a t t e r i e s  [S/qA - 20 W-hrs/(W*na)] cover t h e i r  e n t i r e  permitted range of s t a t e  of 

charge, s ince they typ ica l ly  charge completely during the  day and then - - 
f u l l y  discharge overnight. For Qe/L = 0.6, photovol ta ic  a r r ay  - output 

i s  i n su f f i c i en t  t o  f i l l  a large capaci ty  b a t t e r y  IS/qA > 40 

W-hrs/(W9mt)l. A s  a r e s u l t ,  the  s t a t e  of charge i s  a t  o r  near i t s  

minimom permitted value most of the time. I f  t h i s  minimum happens t o  

be near zero (i.e.,  i f  the ba t t e ry  were allowed t o  be f u l l y  

discharged),  such operation would not favor long b a t t e r y  l i f e t imes .  - - 
This s i t u a t i o n  reverses  f o r  l a rge  a r rays  (e.g., Qe/L - 1.2) and la rge  

ba t t e r i e s .  Here the  a r ray  output maintains the b a t t e r i e s  a t  f u l l  

charge most of the time since there  i s  more than enough energy t o  meet 

the average da i l y  load. Such operat ion would favor long b a t t e r y  

l i f e t ime .  

- 
Note t ha t  a f ixed  S/qA does not  i n f e r  the same b a t t e r y  capaci ty  - - - - 

a t  Qe/L = 0.6 a s  it does a t  Qe/L = 1.2. For the same load, i t  - - 
takes twice the a r r ay  s i z e  f o r  a Qe/L = 1.2 a s  i t  does f o r  a - -. - 
Q /L = 0.6. Equal S/qA thus requ i res  twice the  b a t t e r y  capaci ty  f o r  ,e , - - 
Qe/L = 1.2 as  f o r  Qe/L = 0.6. 

2.2.2 Baseline Load/Albuquerque/Seasonal Variat ions  

Fig. 2.5 demonstrates the  seasonal v a r i a t i o n  i n  system 

performance. The f i gu re  considers  four months i n  Albuquerque: March, 

June, September, and December. The e f f e c t s  of monthly average 

inso la t ion  d i f fe rences  again have been removed from the f igure by - - 
comparing behavior a t  constant Qe/L r a t i o s .  The f i gu re  i nd i ca t e s  

t ha t ,  when l i t t l e  storage i s  provided, s i g n i f i c a n t l y  b e t t e r  

performance i s  achieved i n  summer. With add i t iona l  s torage,  seasonal 

var ia t ions  a r e  minimized. 

The major f a c to r  contr ibut ing t o  t he  seasonal va r i a t i on  shown i s  

daylength. I n  winter months, a shor te r  daylength r equ i r e s  a g r ea t e r  



peak a r r a y  output  i n  o rde r  t o  a t t a i n  the  same t o t a l  ontpnt .  Tte 

s t e e p e r  noontime peak i n  a r r a y  product ion  i s  more poor ly  matched t o  

the  given load  p r o f i l e .  Hence, more energy i s  d i r e c t e d  t o  s to rage  iri 

w in te r  months and, i f  i n s u f f i c i e n t  s to rage  e x i s t s ,  more energy i s  

dumped. Thus, a t  t h e  lower va lues  of  s to rage  i n  Fig. 2.5 the  December 

curve  shows t h e  worst performance. March and September e x h i b i t  
8 improved behavior  whi le  June,  wi th  the  longes t  daylength,  gene ra t e s  an 

output  most c l o s e l y  matched t o  the  load  p r o f i l e  and consequently has 

t h e  b e s t  performance. 

Fig. 2.6 demonstrates the  above r e s n l t s  through the  use of 

t y p i c a l  l oad  and ou tpu t  curves  f o r  June and December. The more peaked 

December a r r a y  output  p r o f i l e  i s  c l e a r l y  i l l u s t r a t e d .  

2.2.3 Basel ine  Load/Ef f e c t  of Location o r  Weather P a t t e r n s  

Fig. 2.7 e x h i b i t s  t he  v a r i a t i o n  i n  system performance t y p i c a l  of - - 
t he  months of  March and September f o r  seven c i t i e s  f o r  -Qe/L = 0.6. - 
S i m i l a r  r e s n l t s  a r e  observed f o r  o the r  va lues  of Qe/L. EIonthly 

average d a i l y  t o t a l  r a d i a t i o n  d i f f e r e n c e s  between the  l o c a t i o n s  have 

been e f f e c t i v e l y  removed by cons ide r ing  cons tan t  a r r a y  output  t o  load - - 
r a t i o s  ( i . e . ,  f i x e d  Qe/L r a t i o s ) .  D i f f e rences  i n  daylength due t o  

l a t i t u d e  d i f f e r e n c e s  i n  these  equinox months a r e  l e s s  than ten  minutes 

f o r  the  range of l a t i t u d e s  considered.  The major c o n t r i b u t i n g  f a c t o r  

i s  t hus  the  d i f f e r e n c e  i n  l o c a l  weather t r a i t s ,  e .g . ,  the  speed and 

frequency of  s torm f r o n t s  i n  a  given a rea ,  t he  occurrence of morning 

o r  a f t e rnoon  fog o r  c loudiness ,  e t c .  According t o  Fig.  2.7 t h i s  

e f f e c t  i s  compara t ive ly  minor even i n  systems wi th  no s to rage  a t  a l l ,  - - 
when comparisons a r e  made a t  a  g iven Oe/L. 

Fig. 2.8 demonst ra tes  t h e  combined e f f e c t s  of seasonal  and 

weather d i f f e r e n c e s .  It shows performance dur ing  t h e  year ,  again  f o r  

seven c i t i e s ,  of  systems equipped wi th  two d i f f e r e n t  s to rage  

c a p a c i t i e s .  The small  s to rage  cases  p o r t r a y  c l e a r l y  the  p e r i o d i c i t y  

which l e a d s  t o  daylength  a s  an  exp lana t ion  f o r  seasonal  d i f f e r e n c e s  i n  

performance. The l a r g e r  s to rage  cases  once aga in  demonstrate the  



e f f e c t  of storage i n  diminishing l o s se s  caused by poor matching of the  

load t o  the  a r ray  output. 

- 
Both Figs. 2.7 and 2.8 demonstrate the value of using S/qA along - - 

with Qe/L as co r r e l a t i on  parameters. No o ther  combination of 

var iab les  has been found t o  serve a s  well i n  co l laps ing  the da ta  from 

such an assortment of cl imates i n t o  near ly  s i ng l e  curves of f ixed  - - 
Qe / L. 

- 
I f  the  dimensionless group s / ~ A %  were used i n  place of the - 

dimensional group S/qA, the curves f o r  d i f f e r e n t  loca t ions  would not 

collapse a s  well onto a near ly  s i ng l e  curve. For example, i f  the - - 
horizontal  ax i s  of Fig. 2.7 were changed t o  S/qAQS, any da ta  point  

f o r  Madison would be moved f a r t h e r  t o  the  r i g h t  of a corresponding - - 
point  f o r  Albuquerque of equal S/qA, since QS would be l e s s  f o r  - - - 
Madison than f o r  Albuquerque. Obviously, ne i t he r  S/qA nor S/qAQS 

have any e f f e c t  on t he  v e r t i c a l  ax i s  o r  a t  very l a rge  S, bu t  each 

has d i f f e r e n t  e f f e c t s  between these  two extremes. 

- - 
Admittedly, qAQS i s  i n t u i t i v e l y  more appropria te  t o  use i n  the  

denominator of the storage parameter. For example, doubling the  

inso la t ion  and halving the  a r r ay  e l f i c i ency  does not  change the  system - 
performance, yet  t h i s  would double the parameter SIqA and thus  have 

the  appearance of increasing fe.  

- 
The most important point  t o  be made regarding t o  t he  use of S/qA 

i s  t h a t  the r e s u l t s  presented - here a re  f o r  " s imi la r ly  t i l t e d  

arrays.  ' 'l For the same a r ray  conf igura t ion  and "s imilar"  ti1 t s ,  - 
geographically dependent i n so l a t i on  va r i a t i ons  a r e  such t h a t  S/qA 

happens t o  be useful  i n  col lapsing data.  

l"Simi1arly t i l t e d  arrays" means t h a t  a r ray  t i l t s  i n  d i f f e r e n t  

loca t ions  e i t h e r  a re  optimally t i l t e d  f o r  maximum energy c o l l e c t i o n  i n  

each loca t ion  o r  a re  equal increments away from these opt ional  t i l t s  



Thus, f o r  comparing monthly r e s a l  t s  f o r  two d i f f e r e n t  locat ions .  

say fo r  "s imilar"  t i l t s  of ( @  + 8 )  where 8 i s  independent of - 
loca t ion ,  S/qA i s  a  useful  parameter. It i s  not as a s e f a l  fo r  

comparing monthly systerc perf  omance r e s u l t s  f o r  a r ray  t i l t s  of 

( 0  + 8,) with r e s u l t s  f o r  r i l t s  of (B + 8,) i f  8, i s  appreciably - - 
d i f f e r e n t  from 8,. Then S/qAQS would be more useful .  Qne can, 

however, introduce a  modified A f o r  8 given l o c a t i o n  by multiplying 

it  by the  r a t i o  of the  i n s o l a t i o n  on the  tilt  (6  + 8, t o  the 

i n s o l a t i o n  on t h e  t i l t  (f! + 8,) .  

A s  an example, consider the sane a r rays  operated i n  Jtme i n  both 

Madison and i n  Albuquerque, neglect ing f o r  the moment the  d i f fe rence  

between the  monthly operat ing e f f i c i e n c i e s  due t o  cl imate and t i l t  

d i f fe rences .  I f  the  t i l t  of the a r r a y  i n  Madison i s  ( 0  + 27 = 7Qa)  - 
and t h a t  i n  Albuquerque (0  - 13 = 2 Q 0 ) ,  one has t o  cor rec t  S/qA i n  

one of the  two c i t i e s  so as  t o  o b t a i n  "similar" t i l t s  i n  both 

l o c a t i o n s  before  system comparisons can be made. Suppose the Madison 

r e s u l t s  a r e  chosen f o r  correct ion.  Then a  modified area A' needs t o  

be ca lcu la ted  t h a t  would account f o r  a  change i n  t i l t  from 

( 0  + 27 = 70°) t o  ( 0  - 13 = 300) i n  Madison ( 0  = 43@).  Thus, 

QS(for  300 t i l t ) / Q S ( f o r  7Q0 t i l t)  

where 1.5 represen t s  the  June r a t i o  f o r  i n s o l a t i o n  on the two t i l t s .  

(Sources of t h i s  infornat ion w i l l  be discessed i n  Chapter 3 . )  Now - - 
s ~ l b ' " ~ l b  can be compared wi th  SWlad/qA'Mad 

s ince  adjustments t o  

s i m i l a r  t i l t s  has  been made ( i . e . ,  t o  t i l t s  of ( 0  - 13)). 

- 
The usefulness  of S/qA might appear questionable,  but  i t  shou16 

be remembered t h a t  ustrally only optimum o r  near ly  optirnm t i l t s  a r e  - 
considered i n  design.  I n  such app l ica t ions ,  S/qA i s  a much more - - 
convenient parameter than S/qAQS. I ts  use f o w s  the  b a s i s  f o r  some 

" ru les  of thumb" t o  be discussed i n  Chapter 6. 



- A s i gn i f i c an t  r e s u l t  of t h i s  sec t ion  i s  t h a t  f o r  a  given load, 

L, a  loca t ion  which requires  n  times a s  much a r r ay  afea  i n  order  t o  - - 
a t t a i n  the  same Qe/L r a t i o  a s  another loca t ion ,  a l so  needs 

e s s e n t i a l l y  n  times a s  much b a t t e r y  capaci ty ,  ignoring a r r ay  

e f f ic iency  d i f fe rences ,  i n  order  t o  provide a  comparable s o l a r  

f r a c t i on ,  f  . It i s  ce r t a i n ly  no surpr i se  that .  f o r  example, one e  
needs more a r ray  area  i n  Madison, WI than i n  Albuquerque, NM t o  meet a  

given load. However, it is not  widely known t h a t  the  r a t i o  of b a t t e r y  

capaci ty  t o  a r ray  area  i s  the  same i n  both loca t ions  f o r  comparable 

performance. 

Also, s ince d i f f e r e n t  amounts of a r ray  may be required t o  operate - - 
a t  a  given Qe/L a t  d i f f e r e n t  times of the year  (due t o  t he  - 
inso la t ion  behavior and t i l t ) ,  a  f ixed  S/qA may y i e ld  d i f f e r e n t  

amounts of storage through the year. Table 2.1 demonstrates t h i s  

point  f o r  three  d i f f e r en t  loca t ions .  Here the  s torage has been 

expressed a s  "hours of storage" o r  the time i t  would take t o  dep le te  

the storage i f  it were discharged from f u l l  charge a t  the average 

do i l y  demand Lo. Expressed i n  t h i s  fashion, the s torage i s  

independent of the ac tua l - load  s ize .  

Presumably a  designer would design ( i . e . ,  choose the  a r r ay  s i z e .  

a r ray  t i l t  and b a t t e r y  s i z e )  f o r  the month with the  l e a s t  -favorable - 
inso la t ion  t o  load r a t i o .  He would then ca l cu l a t e  the  Qe/L and - 
8/qA tha t  h i s  design would y i e ld  during the  remaining months so t h a t  

year ly  performance could be estimated. Once s torage s i z e  and a r r ay  - - 
s i z e  a re  se lected,  only q  i n  S/qA would vary from month t o  month. - 
However, considering the  r e l a t i v e  i n s e n s i t i v i t y  of - f e  t o  S/qA (see 

Fig. 2.31, the  va r i a t i ons  i n  q  could be ignored with  l i t t l e  l o s s  i n  

accuracy. 

2.2.4 Variation of Load Shape/Albaquerque/Equinox Months 

Fig 2.9 exh ib i t s  the  e f f e c t s  on system performance of va r i a t i ons  

i n  the load cha rac t e r i s t i c s .  These ca lcu la t ions  were made f o r  

Albuqaeraqe, Eea and a r e  typ ica l  of March or September behavior. The 



e f f e c t s  a r e  shown a s  a function of s torage capaci ty  fo r  two d i f f e r e n t  - - 
Qe/L1s. The values  T = 0 (a  peak demand a t  midnipht) and T = 1 2  

P P 
( a  peak demand a t  noon) demonstrate the f a l l  e f f e c t  of the phase of 

the  load. T = 0 represents  a demand exac t lp  oat  of phase with the  
P 

a r r a y  output,  while T = 12 descr ibes  a derand p r e c i s e l y  i n  phase 
P 

wi th  the array.  System behavior f o r  cases  of a constant load 

throughout the  day ( i n  r h i c h  T has no meaning) i s  described here by 
P 

L,/L, = 0. 

With l imi ted  s torage,  the matching of demand t o  a r r a y  olitpat i s  

c l e a r l y  important. The peak output of south facing a r rays  usual ly  

occurs a t  noon. Thus, when the  minimum demand occrzrs a t  noon (as  i t  

does when T = O ) ,  a g r e a t e r  por t ion  of the  output must be dumped and 
P 

poorer system perf  onnance r e s u l t s .  Conversely, when the maximum 

demand occurs a t  noon (T = 12)  a l a r g e r  p a r t  of the a r ray  
P 

production i s  used d i r e c t l y ,  thereby minimizing the  quan t i ty  of energy 

which i s  dumped and y ie ld ing  improved system performance. 

Larger L,/L, r a t i o s  merely amplify the e f f e c t .  An increase i n  

L,/L, from 0.25 t o  0.50 r e s a l t s  i n  improved performance i n  the  case 

of Tp = 12,  while the  same change causes redaced perfomance i n  the 

case of T = 0. 
P 

With increased s torage,  l e s s  of the a r ray  output which exceeds. 

the  immediate demand needs t o  be dumped and i n  a l l  cases,  perfomance 

improves with increased s torage.  A t  l a rge  s torage zapac i t i c s  [e.g. ,  

S/nA 25 anrp-his/(k*m2) o r  50 V-hrs/(%=ma)] nc dmping occurs,  and 

system perfomance d i f f e r s  only s l i g h t l y  due t o  b a t t e r y  i n e f f i c i e n c i e s  

app l ied  t o  d i f f e i i n g  q u a n t i t i e s  of energy flowing through storage.  

Fig. 2.9 thus  demonstrates t h a t  the  anaplitade and the  phase of 

the  load can s i g n i f i c a n t l y  a f f e c t  system perf  orraance. Bowever, t h i s  

f i g u r e  a l s o  shows t h a t  f o r  reasonable load shapes, more than 25 

amp-hrs/(%*ma) o r  50 W-hrs/(W.mz) of b a t t e r y  s torage i s  not useful  

i n  improving system perfomance. This  may be a useful  " ' m e  of 

thumb" i n  pre l iminary design appl icat ions .  



2.2.5 Effect  of Random Fluctuat ions  i n  the  Load 

I n  oddi t ion t o  r a t he r  continuous o r  monthly average d iurna l  

va r ia t ions ,  o ther  l a rge ly  random f luc tua t ions  i n  load a re  l i k e l y  t o  

occur a s  various e l e c t r i c a l  devices  switch on and of f  during a day. 

It i s  reasonable t o  expect t h a t  such f l uc tua t i ons  w i l l  have the 

g rea tes t  e f f e c t  on performance (i.e.,  on the  s o l a r  f r a c t i on ,  f e )  f o r  

systems with no s torage since t he r e  w i l l  be no means of buf fe r ing  the  

array output. Also, i t  can be shown t h a t  the  e f f e c t  of such 

f luc tua t ions  w i l l  be maximized when the  a r r ay  output power i s  near ly  

equal t o  the  e l e c t r i c a l  demand. For the basel ine  load used here,  t h i s  - - 
occurs f o r  so l a r  system s i ze s  f o r  which Qe/L - 0.4. Simulations a re  

described here which expzore the e f f e c t  of f l uc tua t i on  amplitxde and 

frequency on system performance f o r  systems with no storage.  

One motivation f o r  these s t ud i e s  was an apparent problem i n  

predict ing the  ac tua l  energy flows i n  u t i l i t y  connected systems where 

sell-back af  excess a r r ay  generated power i s  permitted.  I f  r a t i o s  of 

price-to-sell  to  price-to-buy (commonly ca l l ed  the  sell-back r a t i o )  

a re  d i f f e r e n t  from one (1.0) i t  would appear t h a t  shor t  term 

f luc tua t ions ,  although they may produce no net power flows between the  

u t i l i t y  and the  load, may produce s net  monetary flow. I f  simulations 

were done using time periods longer than the  per iods  t ypc i a l  of tPe 

f luc tua t ions ,  i t  would then seem t h a t  proper economic analyses  could 

not be accomplished s ince  only ne t  energy t r a n s f e r s  could be obtained. 

These net  energy flows would not revea l  anything about the  ac tua l  

b id i r ec t i ona l  monetary flows. 

The s t ud i e s  repor ted i n  t h i s  sec t ion  were done by superposing on 

the basel ine  load a t  each time s t e p  a "noise" component picked from 

a s e t  of random numbers normally d i s t r i b u t e d  about zero. The s tandard 

deviat ion of the random number s e t  (expressed a s  a f r a c t i o n  of Lo) was 

used t o  charac te r ize  the  magnitude of the f l uc tua t i ons ,  I n  the  cases  

where a l a rge  negat ive  f l uc tua t i on  would have produced a negative 

load, the load was s e t  t o  zero. Varia t ion of the s imulat ion time s t ep  

e f f ec t i ve ly  changed t he  durat ion o r  per iod of the f luc tua t ions .  Both 



the  power flows :o the  u t i l i t y  (when the re  was excess s o l a r  power) and 

from the u t i l i t y  were in tegra ted  a s  was the  s o l a r  generated power 

going d i r e c t l y  t o  t h e  load. 

Fig. 2.10 shows a  simple energy flow diagram f o r  reference.  

Since under mar-power t racking,  the a r r a y  output i s  f ixed f o r  given 

loca t ion ,  o r i e n t a t i o n ,  a r t  weather, any change i n  the  s o l a r g e n e r a t e d  

power t h a t  i s  fed back t o  the  u t i l i t y  produces a  change i n  the  amonnt 

of s o l a r g e n e r a t e d  power t h a t  goes d i r e c t l y  t o  the  load. For a  f ixed 

load, t h i s  then produces a  change i n  the  s o l a r  f r a s t i o n ,  fe. Ihus,  

changes i n  the  b i d i r e c t i o n a l  power flows t o  and from the u t i l i t y  due 

t o  f l u c t u a t i o n s ,  produce changes i n  f  Once f e  i s  known, proper 
e *  

economic a n a l y s i s  can be made. 

Table 2.2 shows t h a t  monthly system performance i s  remarkably 

i n s e n s i t i v e  t o  such random f luc tua t ions ,  even f o r  standard devia t ions .  

a,  as  l a r g e  a s  50% of the  mean demand. The r e s u l t s  shown a r e  f o r  

Albuquerque January TMP data ,  but s imi la r  ca lcu la t ions  f o r  Medford, OR 

show comparable r e s u l  t s .  

I n  Table 2.2 the  change i n  f e  dne t o  changing A t  a t  a = 0 

represen t s  the  numerical e r r o r s  of the type encountered i n  any f i n i t e  

time-step c a l c u l a t i o n  procedure of the  type involved i n  TRNSYS. 

However, the  problem of f  luc tua t ions  e luc ida ted  above i s  bes t  

considered by examining the changes produced by increasing a a t  a 

f ixed  A t .  Although there  i s  l i t t l e  e f f e c t  of a on the monthly 

r e s u l t s ,  performance on individual  days can be and a re  s u b s t a n t i a l l y  

affected.  

These somewhat su rpr i s ing  r e s u l t s  a r e  explained by considering 

Fig. 2.11 which shows a  typ ica l  d a i l y  i n t e r a c t i o n  between a r r a y  output 

and load. The region labeled XS corresponds t o  t h e  energy output of 

the  a r r a y  which, i n  the  absence of s to rage ,  must be fed back t o  the 

u t i l i t y .  Only those f l u c t n a t i o n s  from the  average load which r e s u l t  

i n  a  change i n  XS can cause a  change i n  system performance. Thus, 

f l u c t u a t i o n s  during non-daylight hours have no impact whatsoever on 

performance. Also, only the  l a r g e s t  of negative f l u c t n a t i o n s  a f f e c t s  



perfomance during the  e a r l y  morning and l a t e  afternoon. I n  the  

period around noon, negative dev ia t ions  from the average load r e s u l t  

i n  increased dumping and thereby tend t o  decrease performance. 

However, p o s i t i v e  devia t ions  during t h i s  period a r e  a t  l e a s t  p a r t i a l l y  

s a t i s f i e d  by the  excess midday output of the  array.  This decreases  

the  amount of energy dumped and tends t o  improve system performance. 
.+.. * 

The net  r e s u l t  over the  period of a month is  t h a t  the  adverse e f f e c t  

of negat ive  midday f luc tua t ions  is  near ly  compensated f o r  by the  

favorable e f f e c t  of p o s i t i v e  f l u c t u a t i o n s .  

I f  the  f l u c t u a t i o n s  become l a r g e  enough (e.g.. a = 200% i n  Table 

2.21, the  negative f l u c t u a t i o n s  degrade performance much more than 

p o s i t i v e  f l u c t u a t i o n s  improve it. This leads  t o  a  s i z a b l e  reduct ion 

i n  the  s o l a r  f r a c t i o n ,  fe. 

Load shape and s i z e  obviously play a  r o l e  i n  system performance 

i n  the  presence of f luc tua t ions .  For example, a  load t h a t  tracked,  on 

the  average, the  a r r a y  power output (both i n  s i z e  and shape) would 

s ~ f f  e r  i n  performance during per iods  of negat ive  f l u c t u a t i o n s  but 

would never r e a l i z e  any improvements dur ing p o s i t i v e  f l u c t u a t i o n s .  No 

systematic i n v e s t i g a t i o n  of load shape has been c a r r i e d  out here. 

2.3 Ba t te ry  Model S e n s i t i v i t y  

2.3.1 Choice of Ba t te ry  Model 

Sect ion 2.2 p resen t s  r e s u l t s  c o r r e l a t e d  i n  a  way t h a t  permits 

conclusions t o  be drawn concerning the  s e n s i t i v i t y  of f e  t o  f a c t o r s  

such a s  a r ray  s i z e ,  b a t t e r y  s to rage  capaci ty ,  and var ious  system 

e f f i c i e n c i e s .  This sec t ion  desc r ibes  the  r e s u l t s  of b a t t e r y  

s e n s i t i v i t y  s t u d i e s  using t h r e e  models of a  lead-acid s to rage  b a t t e r y ,  

and b a s i c a l l y  concludes t h a t  the  r e s u l t s  a r e  near ly  i n s e n s i t i v e  t o  the  

choice of b a t t e r y  model. 

D e t a i l s  of b a t t e r y  modeling have been discussed i n  a previous 

repor t  (Ref. 2.2). The key r e l a t i o n s h i p  f o r  such a  model i s  the  



formula r e l a t i n g  b a t t e r y  vol tage  t o  i t s  c u r r e n t  and s t a g e  of charge,  

i .e . ,  Vb = Vb ( I , F ) .  This  f u n c t i o n  i s  shorn  g r a p h i c a l l y  i n  Fig.  2.12 

f o r  a  s i n g l e  lead-acid c e l l  f o r  the  Shepherd (Ref. 2.81, Hymana 

(Ref. 2.91, and GE (Ref. 2.61 models, t he  th ree  ve r s ions  t e s t e d  i n  

these  s imula t ions .  The term "bat tery"  r e f e r s  t o  a  c o l l e c t i o n  of 

lead-acid c e l l s  connected i n  s e r i e s  and i n  p a r a l l e l .  

The major i n e f f i c i e n c y  i n  ns ing  a  s to rage  b a t t e r y  i s  due t o  the  

h ighe r  v o l t a g e s  encountered when charging than when d ischarging,  so 

t h a t  more power i s  necessa ry  f o r  charging than  i s  a v a i l a b l e  during 

subsequent  d ischarge .  As shown i n  Fig.  2.12, t h i s  d i f f e r e n c e  i n  

vo l t age  i s  about  t h e  same f o r  the  Shepherd and Hyman models, and they  

should y i e l d  very  s i m i l a r  s imula t ion  r e s u l t s .  The vol tage  d i f f e r e n c e  

between charge and d i scha rge  i s  l e s s  f o r  the  GE model than f o r  the  

o t h e r  two, and hence use of the  GE model should g ive  more e f f i c i e n t  

b a t t e r y  performance. 

S ince  the  i n e f f i c i e n c y  depends on both  the  t y p i c a l  charge and 

d i scha rge  r a t e s  a t  which the  b a t t e r y  i s  opera ted ,  a v a l i d  s e n s i t i v i t y  

a n a l y s i s  of  the  b a t t e r y  models r e q u i r e s  doing s imula t ions  i n  which the  

b a t t e r y  expe r i ences  an  assortment of charge and d ischarge  c u r r e n t s .  

The b a t t e r y  c u r r e n t s  i n  max-power systems vary  a t  l e a s t  a s  much 

a s  i n  comparable clamped-voltage systems. Hence, the s e n s i t i v i t y  

r e s u l t s  r epor t ed  he re  were obta ined ns ing  only the  former mode of 

ope ra t ion .  I n  the  mar-power mode, i t  can be shown t h a t  the  c u r r e n t  

i n t o  o r  ou t  of each b a t t e r y  c e l l  i s  independent of the  s e r i e s / p a r a l l e l  

wir ing  o f  i n d i v i d u a l  c e l l s  t o  form the  b a t t e r y .  

I n  gene ra l ,  a  small  b a t t e r y  (smal l  S) w i l l  see h igher  c u r r e n t s  

than  w i l l  a l a r g e  one ( l a r g e  S). The charge and d ischarge  r a t e s  a l s o  

depend upon the  s i z e s  of the  pho tovo l t a i c  a r r a y  and the  load,  r e l a t i v e  

t o  the  b a t t e r y  s i z e .  Therefore  the  s e n s i t i v i t y  s t i ld ies  of t h i s  

s e c t i o n  inc lude  s imula t ions  having d i f f e r e n t  combinations of b a t t e r y ,  

=Also r e f e r r e d  t o  a s  t h e  modified-Shepherd Model 
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s o l a r  c e l l  array,  and load s i z e s .  Table 2.3 l i s t s  the  e igh t  

combinations of component s i z e s  used and the  r e s u l t s  of the 

simulations f o r  the  t h r ee  b a t t e r y  models i n  terms of s o l a r  f rac t ion ,  

for  equinox month!. The d i f fe rences  i n  performance (from one 

model t o  another) a re  l e s s  than an incremental 2%. 

I n  two of the cases,  reasons a r e  apparent f o r  the  c lose  agreement 

among the models i n  t h e i r  es t imat ion of system performance. I n  Case 

6 ,  the  ba t t e ry  i s  l a rge  r e l a t i v e  t o  both the a r r ay  and load, which 

means t h a t  it operates  a t  low charge/dischrage r a t e s .  The voltage 

dif ference i n  each b a t t e r y  model is small f o r  small cur ren t s ,  and thus  

one would expect t h a t  a l l  th ree  models w i l l  give near ly  the  same 

system performance. 

On the other  hand, the b a t t e r y  c e l l s  i n  systems with  r e l a t i v e l y  

small s torage capaci ty  w i l l  see l a rge  currents ,  leading t o  g r ea t e r  

storage i ne f f i c i enc i e s .  But the  small capac i ty  l i m i t s  how much of the 

a r ray  output can be s tored and how much of the load can then be 

supplied by the  b a t t e r i e s ,  so  they con t r ibu te  l i t t l e  t o  the  ove ra l l  

system performance. This  i s  the  s i t u a t i o n  i n  Case 3. 

m e  combinations of components f o r  which the performance i s  most 

d i f f i c u l t  t o  an t i c i pa t e  a re  those i n  which the b a t t e r y  s i z e  i s  a good 

match t o  the  a r ray  and load s i z e s ,  i .e . ,  Cases 4 and 5. I n  these  

circumstances it i s  hard t o  p red ic t  how the r e s u l t s  using the  

d i f f e r en t  ba t t e ry  models w i l l  compare, b a t  a s  ind ica ted  i n  Table 2.3, 

the d i f fe rences  i n  performance a r e  neg l ig ib le  f o r  these  cases a s  wel l  

a s  f o r  Cases 1 t o  3 and 6 t o  8. 

Besides giving e s s e n t i a l l y  the same r e s u l t s ,  the  simulations 

using each of the  th ree  models require  near ly  the  same amounts of 

computer time. However, the Shepherd and Hyman models a r e  general ly  

superior because they can be e a s i l y  modified when b e t t e r  data  on 

lead-acid b a t t e r i e s  becomes ava i l ab l e  o r  when o ther  kinds of b a t t e r i e s  

need t o  be modeled. Furthermore, the Hyman model r e a l i s t i c a l l y  

represents  the  voltage a s  a continuous funct ion of the current  a t  any 



given s t a t e  of charge ,  whereas the  Shepherd model has a  d i s c o n t i n u i t y  

a t  I = 0 .  For these  reasons ,  t he  Hyman model was used i n  the  

s imula t ions  r epor t ed  e a r l i e r  i n  t h i s  chapter .  

2.3.2 Energy Losses i n  the  B a t t e r y  

Other l o s s e s .  i n  a d d i t i o n  t o  those a s s o c i a t e d  wi th  the  d i f f e r e n c e  

between the  charge and d i scha rge  vo l t age  curves.  must be cons idered  i n  

an accura te  b a t t e r y  model. I n  the  lead-acid type  of c e l l .  these  

inc lude  e l e c t r o l y s i s  of water  which occurs  du r ing  an occas ional  

"equa l i z ing"  charge and va r ious  chemical l o s ses .  (For a  complete 

d i s c u s s i o n  of  energy d i s s i p a t i o n  i n  a b a t t e r y  see Refs. 2 .9  o r  2.10.) 

These minor l o s s e s  a r e  most convenient ly  accommodated i n  a 

b a t t e r y  model by lumping them i n t o  a  "charging e f f i c i e n c y  f ac to r . "  

Th i s  parameter  m u l t i p l i e s  the  charging c u r r e n t  t o  y i e l d  the  a c t u a l  

r a t e  of change of b a t t e r y  s t a t e  of charge (Ref. 2 . 2 ) .  i . e . ,  when 

I > 0. 

The value  of e t o  be used i n  s imula t ions  depends upon the  

manner i n  which the  r e a l  e l e c t r i c  system i s  opera ted ,  e.g., how o f t e n  

an e q u a l i z i n g  charge  i s  appl ied .  The s imula t ions  under d i scuss ion  i n  

t h i s  chap te r  have s = 0.95, a va lue  which i s  t y p i c a l  of a c t u a l  

b a t t e r y  o p e r a t i o n  (Ref. 2.10). 

The e f f e c t  of t he  "voltage d i f f e r e n c e ' '  l o s s e s  and charging 

l o s s e s  on system performance is  e x h i b i t e d  i n  Fig.  2.13. The lowest 

s e t  of cu rves  a r e  f o r  the  Hyman b a t t e r y  model wi th  e = 0.95. I n  these  

c a s e s  bo th  k inds  of l o s s e s  occnr.  The middle s e t  of curves  a r e  again  

f o r  the  Byman model. but  wi th  e = 1.0. The d i f f e r e n c e  between the  two 

curves  t h u s  r e p r e s e n t s  the  charging l o s s e s .  

The uppermost s e t  of curves  i n  Fig.  2.13 a r e  from s imula t ions  

us ing  a  model of  an i d e a l  l o s s l e s s  b a t t e r y .  (This  i s  the  "Mode 1" 



ba t t e ry  model with E = 1.0, Ref. 2.2.) The upper gap i s  thus due t o  

the "voltage dif ference"  losses.  

These s torage "voltage dif ference"  losses  a r e  c l e a r l y  more 

important than are  the  charging losses ,  p a r t i c u l a r l y  f o r  the cases  - - 
with the l a rge r  Qe/L, and br ing about a  s i gn i f i c an t  degradation i n  

overa l l  system performance. These r e s u l t s  imply t ha t :  (1) accurate  

modeling of photovoltaic systems with s torage b a t t e r i e s  requ i res  a  

good representat ion of V = Vb(I,F), b  
and (2) the  choice of the value 

of e ,  a t  l e a s t  wi thin  the  range of 0.95 t o  1.0, i s  only of minor 

importance. 

2.3.3 Range of S ta te  of Charge 

The appearance of the Hyman model ' s chargeldischarge carves  i n  

Fig. 2.12 suggests t h a t  ba t t e ry  (and, hence, system) performance may 

depend upon where the ba t t e ry  tends t o  operate i n  i t s  s t a t e  of charge 

range. That i s ,  "voltage dif ference"  losses  w i l l  be l e s s  when the  

ba t t e ry  charges and discharges near the middle range of F, compared 

with i t s  operating a t  e i t h e r  high or  low values of F. This s ec t i on  

compares the r e s u l t s  of simulations having d i f f e r e n t  s t a t e  of charge 

l i m i t s  on the  ba t t e ry  (FC, FB, and FD) which r e s t r i c t  i t  t o  d i f f e r e n t  

ranges of s t a t e  of charge. 

I n  the  systems discussed i n  Sect ions  2.1 and 2.2, the b a t t e r y  was 

inherent ly  r e s t r i c t e d  t o  operate between FD = 0.4 and PC = 0.95 

with FB = 0.6. Battery losses  and there fore  system performance would 

be somewhat d i f f e r en t  i f  lower values of ED and PC were used, 

although the frequency d i s t r i bu t i ons  shown i n  Fig. 2.4 would remain 

e s s e n t i a l l y  unchanged. This was confirmed by rerunning the  

simulations with FD = 0.05, FC = 0.6, and FB = 0.25. Bat tery  

losses  and overa l l  system performance are  compared i n  Table 2.4 and 

Fig. 2.14. Resul ts  i n  Fig. 2.14, when viewed i n  l i g h t  of the s t a t e  of 

charge histograms, c l e a r l y  reveal the  following t rends  : 



- - - 
(1) When F i s  usual ly  low [Qe/L = 0.6, S/qA = 50 

W-hrs/(7~.m~)l ,  the  0.40 t o  0.95 range gives  more 

e f f i c i e n t  b a t t e r y  performance. 

- - - 
( 2 )  When F i s  usaa l ly  high [Qe/L = 1.2. S/qA = 50 

W-hrs/(%*aa)], the 0.05 t o  0.60 range gives  more 

e f f i c i e n t  b a t t e r y  performance. 

These r e s u l t s  a r e  cons i s t en t  wi th  the  spacing between the  charge 

and discharge  curves  i n  the  H p a n  model a t  var ious  b a t t e r y  s t a t e s  of 

charge. Yet, t h e  d i f f e r e n c e s  between t h e  two s e t s  of s imulat ions ,  

both  i n  terms of the  b a t t e r y  losses  (Table 2.4) and s o l a r  f r a c t i o n  

(Fig. 2.13) a r e  small.  

The system performance r e s u l t s  depic ted  i n  Fig. 2.14 d i f f e r  

p r imar i ly  because of add i t iona l  damping of excess a r r a y  oatput i n  the  

0.05 < F < 0.60 cares .  I n  these  s imulat ions ,  a  lower permitted 

vol tage  l i m i t  kept  the  b a t t e r y  from discharging over the e n t i r e  

allowed range of AF = 0.55: i .e . ,  no constant  vol tage ,  taper  

d ischarge  was p e m i t t e d .  No such l h i t a t i o n  ex i s t ed  i n  the  

0.40 < F < 0.95 cases  a s  a  constant  vol tage ,  t ape r  charge was 

permit ted  a t  an upper vol tage  l i m i t .  Thus, the simulations wi th  F 

confined t o  a  lower range have an e f f e c t i v e  b a t t e r y  capaci ty  l e s s  than 

i n  those wi th  a  h igher  range of F. With l e s s  s torage capaci ty ,  more 

dumping occurs  and t h e  system performance i s  poorer. 

Since these s imulat ions  were done, a  more soph i s t i ca ted  

r e g u l a t o r / i n v e r t e r  model has been developed which permits a  tapered 

discharge  a t  cons tan t  voltage.  Simulations with 0.05 < F < 0.60 

incorpcsrating t h i s  scheme would have an e f f e c t i v e  b a t t e r y  capaci ty  

l a r g e r  than t h e  s e t  of s imulat ions  wi th  the  same range of F 

descr ibed above. This would l ead  t o  r e s u l t s  which agree even more 

c l o s e l y  wi th  those f r m  the 0.40 < F < 0.95 simulations.  



CHAPTER 2 REFERENCES 

2.1 S.A. Klein, W.A. Beckman, P.I. Cooper, N.A. Duff ie, T.L. Freeman, 

J.C. Mithcell, D.M. Beehman, R.L. Oonk, P.J. Hughes, M.B. 

Eberlein, J.A. Duffie, W.E. Buckles, V.D. Kannan, M. J. Pawelski, 

D.M. Utyinger, M. J. Brandemuehl, M.D. Amy, and J.C. Theilacker, 

TBNSYS -A Transient Simulation Proaram, Report 38, Solar Energy 

Laboratory, University of Wisconsin, Madison (1979). 

2.2 D.L. Evans, W.A. Facinelli, and R.T. Otterbein, ' 'Combined 
Photovoltaic/Thennal System Studies, ' ' Report SAND78-7031, 

Arizona State University, Tempe, AZ (1978). 

2.3 I.J. Hall, R.R. Prairie, H.E. Anderson, and E.C. Boes, 

''Generation of a Typical Meteorological Year," Proc. 1978 

Annual Meet. Amer. Sec. of ISES, Denver, CO (1978). 

2.4 "SOLBET User's Manual, Hourly Surf ace Radiation - Surf ace 
Meteorological Observations," National Oceanic and Atmospheric 

Administration, Environmental Data Service, Asheville, NC 

(1979) . 

2.5 L.L. Bucciarelli, B.L. Grossman. E.F. Lyon, andN.E. Rasmussen, 

"The Energy Balance Associated with the Use of a Maximum Power 

Tracker in a 100-KW-Peak Power System," Proc. Fourteenth IEEE PV 

Suecialists' Conference, San Diego, CA (1980). 

2.6 "Conceptual Design and Systems Analysis of Photovoltaic 

Systems, ' Report No. ALCk3686-14, General Electric Co. , Space 
Division, Philadelphia, PA (1977). 

2.7 W.A. Beckman, S.A. Klein, and J.A. Duffie, Solar Heating D e s i a  

Wiley Interscience, New York, NP (1977). 



2.8 C.M. Shepherd, "Design of Primary and Secondary Cells 11. AB 

Equation Describing Battery Discharge, " J. Electrochem. Soc.. 

112, 657 (1965). - 

2.9 E.A. Hyman, "Phenomenological Cell Modeling: A Tool for 

Planning and Analyzing Battery Testing at the BEST Facility," 

Report BD77-1, Public Service Electric and Gas Company and PSE 

and G Research Corporation, Newark, NJ (1977). 

2.10 G.W. Vinal, Storage Batteries. John Wiley and Sons, New York, NY 

(1955). 



Table 2.1 

Hours o f  Storage f o r  Discharging a t  Lo e 
f o r  Various Times o f  t h e  Year a t  Three Locat ions  

For a l l  Locat ions and Times, fe  = 55% 

These Hours o f  Storage numbers a r e  based on supp ly ing  a power equal t o  
the  average load,  Lo. To determine t h e  hours o f  s to rage  based on average 
s o l a r  system ou tpu t  power ( i . e .  Qe/24), d i v i d e  these numbers by 0.6. 

e 



Table 2.2 

* Uti 1 i ty Sell back Resul t s  
A 1  buquerque TMY, January 

Random Load (of std. dev. a)  Superposed on Base1 ine Load 
A t  = Tim Step i n  Hours 
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Table 2.4 

Storage Losses as a Percentage o f  Load 

Albuquerque THY, Equinox Months, Baseline Load 
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Figure 2.1 Schematic o f  Photovoltaic E l e c t r i c  System 
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Figure 2 . 2  Diurnal Load Shape 
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F igu re  2.3 System Pe ance P r e d i c t i o n s  o f  TRNSYS Simula t ions 



Figure 2 .4  Storage Battery Utilization for 
Various S ize  Systems F = Fractional State 
of Charge o f  Battery. 
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Figure 2.5 Seasonal V a r i a t i o n  i n  System 
Performance. 
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Figure  2 .6 .  Seasonal D i f f e rences  Between D a i l y  Load Shape and 
I n s o l a t i o n  P r o f i l e s  for t h e  Same Qe/ i .  Curves a r e  Normal- 
i z e d  t o  the  Maximum Q~ Each Month. 
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Figure  2.7 E f f e c t  o f  L o c a t i o n  on Weather 
Pat terns .  
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Figure 2.8 Combined E f fec t  o f  Seasonal 
Var ia t ions and Local Weather Pat terns .  



Figure 2.9 E f f e c t  o f  Load Shape on System 
Performance. 



F i g u r e  2 .10  Energy Flow Diagram f o r  
U t i  1 i t y -  Feedback . 
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Figure 2.13 Effect of Battery "Voltage 
Difference" and Charging Losses on 
System Performb .ce. 
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Figure 2 .14  E f f e c t  o f  D i f f e r e n t  Ranges o f  
Battery S t a t e  o f  Charge. 



I Albuquerque TMY I 
Equlncx Month8 

Barellne Load 

-0 .4O+F+O.U6  ---- O . O S c k O . S 0  

Figure 2.14 E f f e c t  o f  D i f f e r e n t  Ranges o f  
B a t t e r y  S t a t e  o f  Charge. 



3.1 The Assumptions 

I n  pho tovo l ta ic  system design it i s  necessary t o  p r e d i c t  the  

output of a  given s o l a r  c e l l  a r r a y  under va r ious  condit ions.  As rhoan 

i n  Chapter 2,  i f  the  output i s  small enough and coincides  t imer i se  

with the  load t o  be met, the  s o l a r  c o n t r i b u t i o c  t o  t h e  load can o f ten  

be e a s i l y  es t imated from the  ca lcu la ted  a r r a y  output.  I f  the  output 

i s  l a rge  and/or does not  coincide  timewise wi th  the lo rd ,  then 

p r e d i c t i n g  t h e  s o l a r  con t r ibu t ion  t o  the  load i s  not a s  easy s ince  not 

a l l  of the  a r r a y  output may be used. Bowever, i n  t h i s  case ,  the  

c a l c u l a t i o n  of a r r a y  output i s  d e s i r a b l e  s ince  i t  may p lay  an 

important r o l e  i n  c o r r e l a t i n g  system performance r e s a l t s .  

The present  chapter  is  devoted t o  a  s impl i f i ed  procedure f o r  
'* e. 

c a l c u l a t i n g  a r r a y  output s t a r t i n g  with a  miniaurn of i apa t  information. 

The time per iods  of i n t e r e s t  a r e  monthly i n t e r v a l s  since the re  e x i s t s  

a  r a t h e r  good da ta  base on weather and i n s o l a t i o n  f o r  such periods.  

The a n a l y s i s  and r e s u l t s  t h a t  follow s t r i c t l y  apply t o  only 

pass ive ly  cooled a r r a y s  s ince  these  types of sys tens  a re  most s t rongly  

t i e d  t o  ambient weather condit ions.  The r e s u l t s  may, with ca re ,  be 

use fu l  f o r  a c t i v e l y  cooled a r r a y s  where the  hea t  s ink f o r  the thermal 
Y 

energy deposi ted i n  the  a r r a y  is u l t imate ly  the  alnbient outdoor 

weather al though t h i s  has not been s tud ied  extensively .  The r e s u l t s  

d e f i n i t e l y  do not apply t o  combined sys tens  t h a t  make use of the 

thermal energy, s ince  i n  such systems, c e l l  temperature i s  o f ten  

d e t e m i n e d  by non-weather r e l a t e d  condit ions.  

It is a l s o  assumed here  t h a t  the s o l a r  c e l l  a r rays  a r e  mrx-power 

tracked: i.e., the  voltage imposed on the  a r r a y  is always snch t h a t  

the  e l e c t r i c a l  power produced i s  a  maxiam. This  assumption i s  n o t  

qu i t e  a s  r e s t r i c t i v e  a s  it f i r s t  appears s ince  it can be shorn 
r) 

(Ref. 3.2) t h a t ,  under the  proper condi t ions ,  o ther  modes of operat ion 



can produce near ly  the  same amount of energy a s  mar-power tracked 

a r rays  do over some conrmon period of time. For example, a r rays  t h a t  

operate i n  a b a t t e r y  clamped mode i e  , the  b a t t e r y  vol tage 

determines the  a r ray  voltage) may operate on a near ly  comparable b a s i s  

with max-power tracked systems i f  the r a t i o  of s o l a r  c e l l s  t o  b a t t e r y  

c e l l s  i s  proper ly  chosen (see Chapter 5 ) .  

The approach adopted here i s  t o  f i n d  a mean monthly a r r a y  

e f f ic iency  t h a t  when mul t ip l i ed  by the mean monthly s o l a r  i r r a d i a t i o n  

of the array,  y i e ld s  e s s e n t i a l l y  the same e l e c t r i c a l  energy production 

a s  the  i n t eg ra t i on  of the instantaneous ou tpu ts  over the  month. This 

l a t t e r  quan t i ty  can be obtained hy use of a sophis t i ca ted  computer 

simulation program, but t h i s  i n  i t s e l f  i s  not regarded a s  a s impl i f i ed  

technique. It is  used here only as  an a r t i f i c e  i n  the  determinat ion 

of the mean monthly a r ray  e f f ic iency .  

The mean monthly s o l a r  i r r a d i a t i o n  on the  a r r ay  has, of course,  

been the sub jec t  of much work, p a r t i c u l a r l y  i n  the  s o l a r  thermal 

f i e l d .  There a r e  severa l  accepted methods f o r  es t imat ing i t s  value: 

these w i l l  be referenced l a t e r  i n  t h i s  chapter.  

3.2 The Analysis 

I n  terms of the instantaneous s o l a r  i r r a d i a t i o n ,  Qs ( t )  on a 

photovoltaic array,  the  monthly average d a i l y  a r r ay  e l e c t r i c a l  output - 
energy, Qae D 

i s  given by 

where q i s  the  instantaneous a r r a y  e f f i c i ency  and the  i n t eg ra t i on  i s  - 
ca r r i ed  out  over monthly periods.  QeD the  e l e c t r i c a l  energy 

po t en t i a l l y  a v a i l a t l e  t o  the  load introduced i n  Chapter 2 ,  i s  r e l a t e d  - 
t o  Qae by: 



where 
q ~ c  

is the "straight through" power conditioning efficiency 

of the system. 

Instantaneous insolation data required in eq. (2.1) is very 

seldom available. Many times hourly data are the best which are 

available; i.e. instantaneous insolation data integrated over one hour 

time intervals. If the insolation for hour i, defined as 
Qs, in is 

given by 

where the integration is over the ith hour. then eq. (3.1) can be 

approximated by 

Here the s m a t i o n  goes over all hourly intervals in the month and q 
i 

is the "hourly" efficiency. Equation (3.4) is an approximation to 

eq. (3.1) since it is ilnpossible to reconstruct the instantaneous 

insolation from the hourly insolation. Hence. it is impossible to 

tell what fraction of each hour was characterized by "high" 

insolation (and thus lower efficiency dne to the higher temperatnre of 

the array) and what part by "low" insolation (and thns a lower 

efficiency). Althoagh this has not been explored in detail, the 

difference between eqs. (3.1) and (3.4) should be small for low 

concentration ratio collectors (e. g. flat plate arrays). This 

difference undcabtedly increases with concentration. 

The array efficiencies q and q., for nax-power operation, are 
1 

functions of array (and cell) design, cell temperature and array 

irradiation. Atray design is typically characterized by stating a 

ref erence efficiency qr, for the array when the cell temperatare is 

at a reference Tr (often 28C). and array illminotion is at some 

reference level Qso (often assmed to be 1 kW/mS or one sun). 

For the purposes of this work qi will be assmed to be related to 



c e l l  temperature, Tc, and a r r ay  inso la t ion ,  Q s e i  ( i n  kW/m2), 

through (Ref. 3.1) 

Here J3 and y a r e  pr imari ly  c e l l  mate r ia l  dependent c o e f f i c i e n t s  

t h a t  r e l a t e  most c l o sc ly  t o  the open c i r c u i t  voltage behavior of the  

c e l l s  (and thus t o  the  mar-power vol tage) .  Equation (3.5) genera l ly  

ignores the  dependence of the max-power cur ren t  on c e l l  temperature, 

an e f f e c t  which is  o f t en  small. Most o f t en  t h i s  equation i s  seen 

without the  l a s t  t e r n  (y = 0 )  (e.g. Ref. 3.2) al though i t  can be 

important i n  low inso la t ion  locat ions .  I n  high i r r a d i a t i o n  

s i tua t ions .  such as  i n  concentra tor   system^, where s e r i e s  r e s i s t ance  

e f f e c t s  become important, the  i n so l a t i on  dependent term i n  eq. (2.4) 

does not provide the  proper behavior e spec i a l l y  above the  i r r a d i a t i o n  

l e v e l s  t h a t  produce the  maximum e f f i c i ency  (Ref. 3.3). 

Thus, t o  the  accuracy t h a t  most i n so l a t i on  da ta  a r e  known, the 

monthly average d a i l y  a r r ay  e l e c t r i c a l  energy production f o r  mar-power 

operation is  given by 

= A L nr [l - J3 (TCei - Tr) + y log,, Q . I  Qs .INd (3.6) 
S. 1 . 1 

where the summations go over a l l  the  hours of the month. Adding and 

sub t rac t ing  the  hourly ambient (dry bulb) temperature T 
a. i* 

and the 

mean monthly temperature TM. t o  the t e r n s  i n  parentheses and 

r eco l l e c t i ng  y i e ld s :  



The use of eq. (3.6) i n  any s h p l i f  ied design procedure i s ,  of 

course,  inappropria te  because of the occnrrence of the hourly 

quan t i t i e s ,  Tani, TcSi, and Q S n i .  From a simp1 i f  ied standpoint , 

i t  would be p re fe rab le  t o  ca lcu la te  Qae fro=: 

- 
where q i s  a  monthly average conversion e f f i c i ency  and the summation 

i s  j u s t  the  monthly average d a i l y  inso la t ion  on the  array. This 

l a t t e r  quan t i t y  can be estimated from procedures coannonly used i n  

so l a r  thermal r e l a t e d  work. 

An expression s imi la r  t o  eq. (3 .5)  can be used t o  represent i: 

where the  terms now lacking an i subscr ip t  a re  l e f t  t o  be defined. 

With t h i s ,  eq. (3 .8 )  becomes 

Adding and sub t rac t ing  Ta and the  mean monthly temperature TJf to  

eq. (3.10) y i e ld s  

where i t  has  been noted t h a t  



Comparison of eqs. (3.7) and (3.11) shows t h a t  they y i e l d  t h e  

sac r e s u l t  f o r  Qae i f  l 

These th ree  equations serve t o  def ine  t h e  q u a n t i t i e s  (Tc - T,) . - 

(Ta - TM). and log,, Qs' 

3.2.1 The Term (Tc - Ta) 

I n t u i t i v e l y .  t h a t  appears i n  eq. (3.13) r e p r e s e n t s  

the  monthly average d i f fe rence  between the  c e l l  temperature and t h e  

ambient temperature during d a y l i g h t  hours. The (Tc, - Tap i) term. 

t o  which i t  i s  r e l a t e d ,  should be dr iven by the  r e l a t i o n s h i p  between 

the  i n s o l a t i o n  on the  a r r a y  and t h e  thermal l o s s e s  from the  a r r a y  t o  

the environment. Indeed, an hourly energy balance on an a r r a y  y i e l d s  

(see  Fig. 3.1).  

where the  l e f t  hand s i d e  represen t s  t h e  thermal l o s s e s  from the c e l l s  

t o  the  surroundings. the  f i r s t  term on t h e  r i g h t  hand s i d e  r e p r e s e n t s  

the  energy absorbed from the  s o l a r  i r r a d i a t i o n  and the  second term on 

t h e  r i g h t  hand s i d e  i s  the  e l e c t r i c a l  energy produced by t h e  array.  

Kg i s  the  thermal conductance (per  aper tu re  a r e a )  f o r  h e a t  t r a n s f e r  

from the  c e l l s  t o  t h e  surroundings (Ref. 3.4) and i s  a complicated 

funct ion of a r r a y  design, ambient temperature, l o c a l  wind cond i t ions ,  

%The choices made i n  eqs. (3.131, (3.14) and (3.15) a r e  not  nnique but  

they seem t o  be n a t u r a l  i n  t h a t  they w i l l  allow reasonable phys ica l  

i n t e r p r e t a t  ion 



and geometry. Since a  designer usual ly  has l i t t l e  in fomat ion  on 

which extensive ca lcu la t ions  can be based. i t  w i l l  be assumed t h a t  an 

adequate average value of K can be defined. 
e  

F o r t ~ a t e l y .  qi i s  usua l ly  small i n  comparison t o  a i n  

eq. (3.16); therefore ,  the second term on the r i g h t  hand s ide  w i l l  be 

neglected i n  the  ana lys i s  t h a t  follows. An i t e r a t i v e  procednre fo r  

cor rec t ing  f o r  non-negligible q w i l l  be shown l a t e r .  
i 

Thus, eq. (3.16) y ie lds  

Using t h i s  i n  eq. (3.13) y ie lds  

The quan t i ty  Ke(Tc - Ta) / (ap)  was computed monthly using 

eq. (3.19) f o r  seven widely varying c l imat ic  l aca t ions  i n  t he  United 

S t a t e s  f o r  which SOLEET (Ref. 3 .5 )  da ta  were avai lable .  The 

loca t ions  and number of years  of data  used a re  shown i n  Table 3.1. 

The SOWET da ta  used consis ted of the hourly standard year  

corrected t o t a l  r ad i a t i on  on the  hor izontal  (TB) and the d i r e c t  

normal (DN) o r  bean radia t ion.  For f l a t  a r rays ,  optimum t i l t s  chosen 

f o r  each month were used. Each hour the DN contr ibut ion t o  the TB 

was removed from the l a t t e r  i n  order t o  recover the d i f fuse  component 

on the  hor izon ta l  (DH). DH was then adjusted t o  y i e ld  d i f fuse  

r ad i a t i on  on the  t i l t  (DT) by multiplying DH by (1 + cos s ) / 2 .  

which assumes a  uniform sky. DT was then combined with the ground 

r e f l e c t ed  r ad i a t i on  ( a  ground re f lec tance  of 0.2 was used) and the 

appropria te  DN component on the t i l t  t o  y i e ld  t o t a l  r ad ia t ion  

on the  tilt. 

The q a a n t i t p  Ke (Tc - T,) 1 ( op) was a l so  calcula ted fo r  

concentra t ing c o l l e c t o r s  assuming they were capable of two-dimensional 



(2-D) tracking. For t h i s  type of tracking. Qs, was j u s t  the  DN 

rad ia t ion  from the SOLMET data. 

For each locat ion.  a  long term average Ke(Tc - T a ) / ( a p )  was 

then computed f o r  each month from the mult iple  years  of data.  Various 

cor re la t ions  r e l a t i n g  these q u a n t i t i e s  t o  o ther  long term average 

weather and s o l a r  da ta  were attempted. The simplest  and most 

e f f ec t i ve  co r r e l a t i on  t h a t  was discovered i s  shown i n  Fig. 3.2. which - 
r e l a t e s  long term Ke (Tc - Ta)/(ap)  t o  the  long term average 5. 
the r a t i o  of TB t o  the value of TH i n  the absence of the 

atmosphere ( the  e x t r a t e r r e s t r i a l  r ad i a t i on )  (Ref. 3.6). Long term 

4's were a l s o  obtained from the SOLMET data .  Each da ta  point  shown 

i n  Fig. 3.2 represents  the  average of a t  l e a s t  16 years  of SOLMET data  

and i n  most cases.  22 years. 

Presumably a  good co r r e l a t i on  of Ke(Tc - Ta) / (ap)  with the r a t i o  

of TI' t o  the e x t r a t e r r e s t r i a l  r ad i a t i on  on the tilt  would a l s o  

ex i s t .  However. i f  any rad ia t ion  da ta  e x i s t  f o r  a  s i t e ,  i t  i s  usua l ly  - 
e i t h e r  TB o r  the r a t i o  5, Therefore. i t  i s  much more convenient - 
from a  designer ' s  standpoint t o  use 5 than any o ther  r a t i o .  

TB by i t s e l f  is  not a  good co r r e l a t i on  parameter s ince  i t  

involves daylength. For example. i n  the snnnner months when ::he days 

are  long, a  region of cloudy weather and r e l a t i v e l y  low average hourly  

inso la t ion  might have as  much average d a i l y  r ad i a t i on  a s  a  l e s s  cloudy 

period i n  the  winter ( shor te r  days) having higher average hourly  

insola t ion.  The c e l l  temperature r i s e  above ambient [ t o  which 

(Tc - T is re la ted1  would be l a r g e r  i n  the  winter than i n  the summer 
B 

f o r  t h i s  hypothet ical  example. Dividing the t o t a l  r ad i a t i on  by the  - 
e x t r a t e r r e s t r i a l  r ad ia t ion ,  a s  i s  done i n  obtaining 5, normalizes 

out the daylength and allows a  more d i r e c t  comparison of average 

hourly insola t ion.  

Although only the da ta  fo r  monthly optimum t i l t e d  f l a t  a r r ays  a r e  

shown i n  Fig. 3.1, the re  i s  l i t t l e  de tec tab le  d i f fe rence  i n  the  data  



f o r  2-D tracked concentra tors  a s  long a s  
=e i s  the  thermal 

conductance based on the aper ture  area and not the  c e l l  or absorber 

area.  Again, t h i s  ana lys i s  assumes 
's, i 

i s  uniformly d i s t r i bu t ed  i n  

time over the  hour i. Such would be the case f o r  steady cloud cover. 

Broken and s ca t t e r ed  clouds could cause s i gn i f i c an t  deviat ions  i n  

a reas  of low 

That there  i s  l i t t l e  i f  any dif ference between the  f l a t  a r r ay  

da ta  and the  data  f o r  concentra tors  i s  not too surpr i s ing  s ince the 

quan t i ty  pas  'RQ, most heavi ly  weights high inso la t ion  periods. . i . i 
Thus, the high incidence angle morning and evening periods f o r  f l a t  

p l a t e s  which a r e  character ized by low i r r ad i a t i on  a r e  not iapor tant  i n  

determining the  average monthly e f f i c iency .  

The s o l i d  l i n e  shown i n  Fig.3.2 i s  the  bes t  f i t  s t r a i g h t  l i ne  

charac te r iz ing  the data .  I t  can, with good accuracy, be used t o  -- 
represent  the  long t e r n  behavior of Ke (Tc - Ta)/ (ap)  . However, a 

designer o f t en  would l i k e  t o  know what va r i a t i ons  might be expected 

from the long term averages. Therefore, two deviat ions  have been 

considered here. F i r s t ,  the s c a t t e r  t ha t  could be an t ic ipa ted  i n  the - - 
monthly 5 a t  a p a r t i c u l a r  loca t ion  about the long term average KT 

f o r  t ha t  same month and same locat ion i s  shown i n  Fig. 3.3. A l l  

months have been i~;.cluded here ,  independent of the r e l a t i v e  s i z e  of - 
4. The d i s t r i b u t i o n  of the ixidividual monthly PT1s about the long - 
term average 5 i s  near ly  Gaussian with a standard deviation,  a ,  of - 
0.042. I f  one considered only the months and locat ions  of high KT 

t h i s  d i s t r i b u t i o n  would be character ized by a somewhat smaller - 
standard deviat ion.  Likewise, lower 5 ' s  would be character ized by 

somewhat l a r g e r  standard deviat ions .  

Second. the s c a t t e r  t ha t  would be represented about the  s t r a i g h t  

l i n e  shown i n  Fig. 3.3 i f  data  from every month and every locat ion 

were shown, i s  represented i n  Fig. 3.4. Here A. and A1 take on the 

values  of the  appropria te  coe f f i c i en t s  shorn i n  the  l i c e a r  equations 

on Fig. 3.2. Again, the d i s t r i b u t i o n  i s  near ly  Gacssian with a 

standard dev ia t ion  a s  shown ( t yp i ca l l y  0.043 kW/mZ). 



m i l e  a designer using f l a t  p l a t e s  may choose an optimum t i l t  t o  

maximize energy production f o r  some one month of the  year,  i t  may be 

ne i ther  de s i r ab l e  nor necessary t o  ad jus t  the  t i l t  each month. 

However, even though the tilt  may be non-optimum during many months, a 

designer may s t i l l  need t o  p r ed i c t  a r r a y  output.  Therefore, 

ca lcu la t ions  have been made t o  determine Ke(Tc - Ta)/(ap)  f o r  

non-optimaaa t i l t s .  The r e s u l t s  of these ca l cu l a t i ons  were expressed 

a s  a cor rec t ion  fac to r ,  Cf' t h a t  when mul t ip l i ed  by the 
Pe(Tc - Ta)/(ap)  f o r  the optimum tilt y i e ld s  the  Ke(Tc - \ ) / ( a p )  

f o r  non-optimum tilt. Such a m u l t i p l i c i t i v e  f a c t o r  i s  possible  s ince ,  

as  discussed previously,  Ke(Tc - Ta) / (ap)  i s  most s t rong ly  

influenced by high i n s o l a t i n  values  t h a t  occur near midday. Thus, one 

would expect Cf t o  be dependent (near ly )  on t h e  cosine of the 

absolute value of the  d i f fe rence  between t he  ac tua l  t i l t  ($1 and the  

monthly optimum tilt  (sM) (both t i l t s  a r e  assumed t o  be up from 

horizontal  and the  a r rays  a r e  assumed t o  be south fac ing) .  

The optimaaa t i l t s  were found t o  be almost t o t a l l y  l a t i t u d e  (6) 

dependent. They can be ca l cu l a t ed  from the information found i n  

Table 3.2. 

Fig. 3.5 shows da ta  on the  cor rec t ion  f a c t o r  Cf a s  a funct ion 

of (sM-s). The data  there  a r e  f o r  sunimer and winter  months f o r  - 
Albuquerque, MI and Madison, W I .  These two loca t ions  have s t h a t  

a r e  a t  the high and low ends, respect ively ,  of the t yp i ca l  range of 

4's found i n  most locat ions .  Although the data  i n  Fig. 3.5 show a 

near ly  cosine dependence on (sM-s), the quadra t ic  equation given 

there  f i t s  the  data  somewhat b e t t e r .  

For some types of design information it may be de s i r ab l e  t o  be 

able  t o  p red ic t  (Tc - Ta) a t  midday o r  s o l a r  noon. This  was 

evaluated by r e s t r i c t i n g  the  summations i n  eq. (3.19) t o  j u s t  the  two 

hour period centered about s o l a r  noon each day. The same c i t i e s  and 

years  considered previously were used. Figures 3.6a and 3.6b show the - 
long t e r n  r e s u l t s  a s  a funct ion of the  long term Lp a s  def ined 
previously. Unlike the  r e s u l t s  shown i n  Fig. 3.2, the re  i s  now a 



d i s t i n c t  d i f fe rence  between optimally t i l t e d  f l a t  p l a t e  r e s u l t s  

(Fig. 3.6a) and 2-D t racking r e s u l t s  (Fig. 3.6b). 

3.2.2 The Term (Ta - TM) 

Next consider the  term (Ta - TM) defined by eq. (3.14). T&is 

term, i n  essence, i s  a measure of the d i f fe rence  between the  average 

temperature during high inso la t ion  hours of the day and the mean 

monthly temperature, Manipulation of eq. (3.4) y ie lds  

Typical ly ,  d a i l y  rninimnm temperatures a re  reached between 4 and 5 

a.m. and marimam temperatures a r e  reached between 4 and 5 p.m. 

Therefore, temperatures nrotmd 10 t o  11 a.m. are  usaa l ly  c lose  t o  

the da i l y  mean temperature. One would expect,  then, t h a t  (Ta - TM) 

would be only s l i g h t l y  l a rger  than zero. This indeed i s  the  case a s  

i s  shcwn i n  Fig. 3.7. Here the  Typical Meteorological Ycar (2TIfY) 

(Ref. 3.7) da t a  f o r  the seven s i t e s  noted previously (see Table 3.11, 

were used i n  order t o  save cornpatation expenses. 

For the purposes of t h i s  s impl i f ied design methodology it i s  

s u f f i c i e n t l y  rccara te  t o  take 

3.2.3 The Term log,,Qs 

Next, eq. (3.16) can be manipulated t o  give 

which nor se rver  t o  define 1ogi,Qs. ?Is was done fo r  the t e w  -- - 

Ke (Tc - Ta) /( a p )  . a value of 1 0 g l a ~ s  was ca lca la ted  each month f o r  - 
the  loca t ions  and narnber of years  shown i n  Table 3.1. n e  long t e rn  



- 
monthly average values of logloQS vs. the long term monthly EI, a r e  

shown i n  Fig. 3.8. Also given i s  a be s t  f i t  l i n e a r  equation 

represent ing the da ta  displayed and the  standard dev ia t ion ,  a, of 

a l l  the data  ( a l l  months f o r  a l l  seven s i t e s )  about the l i n e a r  f i t .  

The r e s u l t s  shown i n  Fig. 3.8 a r e  f o r  optimally t i l t e d  f l a t  

a r rays  although there  i s  l i t t l e  d i s ce rn ib l e  d i f fe rence  f o r  2-D 

t racking surf  aces. Non-optimumally t i l t e d  f l a t  p l a t e s  pose a problem, 

however. 

Examination of eq. (3.22) shows t h a t  values  of Q S a i  near 0.368 

kW/m2 most heavi ly  weight the  r e s u l t  f o r  logIoQs s ince  

Q s , i  1°gxoQs,i 
i s  a maximum a t  t h a t  valne. For f l a t  arrays ,  such 

inso la t ion  l e v e l s  occur a t  time i n t e r v a l s  away from s o l a r  noon t h a t  

depend upon l a t i t ude ,  time of year,  and r ad i a t i on  pa t te rns .  These 

complications have so f a r  precluded the establishment of a simple 

correct ion f a c t o r  which could aonvert  the r e s u l t s  of Fig. 3.8 i n t o  

more useful r e s u l t s  f o r  non-optimum t i l t s .  

3.3 The Use of the Procedure 

The t a sk  of ca lcu la t ing  the monthly e l e c t r i c a l  energy output from 

mar-power tracked photovol ta ic  a r r ays  has been reduced t o  eva lua t ing  

the terms t h a t  appear i n  the following equations:  

- - - 
Qae = q A t as, i/Na = qAQs (3.23b 1 

I n  order t o  use these equations,  a designer  must supply: 

a )  qr, Tp - these a r e  determined by the  a r r ay  design and 

should be obtained from the a r r a y  

manufacturer. (See Sect ion 6.5) 



b)  B S  Y - p r o p e r t i e s  t h a t  a r e  pr imari ly  dependent on 

t h e  c e l l  composition. These should be 

obtained, where poss ible ,  fro@ the c e l l  

manufacturer's data.  Values f o r  s i l i c o n  - 
c e l l s  should be c lose  t o  fi = 0.005C I, 

y = 0.12. (See Sect ion 6.5) 

- This  should be obtained, i f  poss ib le  from the 

aanfac tn re r .  Absorptance da ta  f o r  c e l l s  a r e  

d i f f i c u l t  to  f ind; values used i n  the  

l i t e r a t u r e  range from 0.8 t o  0.96 

(Ref. 3.8 throagh 3.13). Lack of knowledge 

of the exact  value of t h i s  parameter can be 

somewhat compensated f o r  by knowing N W  as  

discussed i n  Section 3.4, below. 

- t h i s  w i l l  be determiaed by the o p t i c a l  

elements t h a t  may be present  between the 

a r ray  and the  sun. For f l a t  p l a t e s ,  

p 1: f o r  concentra tors ,  p ( 1. 

- the monthly mean temperature can be obtained 

from weather s t a t i o n  data i f  such a  s t a t i o n  

e x i s t s  i n  the  v i c i n i t y  of the i n s t a l l a t i o n  

s i t e .  I f  reacher data a r e  taken a t  a l l ,  

values of T a r e  usua l ly  avai lable .  

Ref. 3.14 conta ins  valner  f o r  171 loca t ions  

i n  the U.S. and Canada. Ref. 3.15 conta ins  

data  f o r  261 s i t e s  i n  the  U.S. and Canada. 

I f  data  on day l igh t  temperatures a r e  

ava i l ab le ,  these shoald be used f o r  the 

(Ta - TM) + TM t h a t  appears i n  eq. ( 3  -23 a ) .  

- t h i s  r a t i o  can be obtained from Ref. 3.14 for 

171 loca t ions  o r  Ref. 3.15 f o r  261 loca t ions  



In the  U.S. and Canada. For o ther  loca t ions  

where t o t a l  r a d i a t i o n  data  on the  hor izon ta l  - 
e x i s t ,  Bi, can be obtained by dividing i t  by 

the e x t r a t e r r e s t r i a l  r a d i a t i o n ,  t h i s  l a t t e r  

e 
quan t i ty  being an e a s i l y  ca lcn lab le  amount 

(See Ref. 3.16). 

b3) Ke - t h i s  depends on the  thermal des ign of the  

array,  the wind speed, wind d i r e c t i o n  and t o  

a l e s s e r  ex ten t  on t h e  temperatures of both  

the  a r r a y  and the  ambient. , Thus. t h i s  

parameter i s  determined by both  the a r r a y  

design and the  l o c a l  microclimate. For f l a t  

a r rays ,  Ke can be es t imated from Nominal 

Operating Ce l l  Temperatare (NOCT) r e s u l t s  i f  

they a re  ava i l ab le .  This  i s  d iscussed i n  

Sect ion 3.4. 

h) (Tc - T )- i s  obta ined from Fig. 3.2, with knowledge of 
a 

Ke. P. and a. 0 

j logloQS - is determined from Fig. 3.8. 

k)XQs,i/Nd - can be determined from procedures e s t a b l i s h e d  

i n  the  s o l a r  thermal f i e l d  (see  Ref. 3.14, 

3.16) o r  from t a b l e s  o r  c h a r t s  t h a t  e x i s t  

(Refs. 3.15, 3.16). Fur ther  d i scuss ion  can 

be found i n  Sect ion 3.4. 

The following example i s  provided t o  i l l u s t r a t e  the  use of t h i s  

s i n p l i f  ied  method. Consider a max-power t racked f l a t  a r r a y  fac ing  

south, t i l t e d  up from hor izon ta l  a t  the l o c a l  l a t i t u d e  (s=6) in  

Albnquerqne, N.W. Assume Ke = 0.02 kW1 (m2 C) = 0.88. p = 1.0, 



1 
'1, 

= 0.15 (15%). Tr = OC, $ = 0.005C7 . and 7 = 0. The comparison 

of the s h p l i f  i ed  technique with hourly s h n l a t i o n  w i l l  be made f o r  - 
the  Tam month of January (KTE%@14. 5 1 1 . 1 C . )  Thus. from - 
Pig. 3.2 fo r  the  optimum tilt during a month when 5 = 0.614, 

*, + 0- 

From Table 3.2. the o p t i a m  t i l t  f o r  January i n  Albuqnerque ( l a t i t u d e ,  

b = 35.0S0) i s  om = $9 + 29 = 64O. Therefore. 

which gives a cor rec t ion  f ac to r  from Fig. 3.5 of 

For t h i s  non-opt hm t i l t  

For the a s smed  Ke. p, and a 

Then eq. (3.23a) y i e ld s  
.e 

The above resrr l t  s t r i c t l y  app l ies  only when there  i s  a balance between 

the  so l a r  energy absorbed by the  asray and the t h e m a l  losses  t o  the 

surroundings; e l e c t r i c a l  ontput from the a r ray  has been neglected. 



For many purposes t h i s  e f f i c i ency  i s  s u f f i c i e n t l y  acourate,  

pa r t i cu l a r l y  when compared with the  unce r t a in t i e s  t h a t  a r e  usua l ly  

involved i n  knowing o r  c a l cu l a t i ng  - ZQsDi  f o r  use i n  eq. (3.23b). 

However, when a  more accurate  q  i s  required,  an i t e r a t i v e  procedure - 
can be invoked i n  the following way. F i r s t ,  the above q  (now - 
re fe r red  t o  a s  q1 i s  used a s  a  f i r s t  approximation t o  qi i n  

eq. (3.16). Equation (3.19) then becomes: 

4 
Equation (3.28) becomes 

and eq. (3.23a) y ie lds :  

Increased accuracy gained by fu r t he r  i t e r a t i o n  i n  t h i s  manner i s  

+ a-*. usual ly  never warranted. 
. 

Simulation using the  hourly January TMY data  a s  ou t l ined  i n  

Ref. 3.2 y i e ld s  a  monthly average e f f i c i ency  of 12.6%. Also, using 

the  s impl i f i ed  procedure, -1ve monthly ca l cu l a t i ons  weighted with  
<. 

9 . inso la t ion  were used t o  ob ta in  a  year ly  e f f i c i ency  of 

11.4%. Hourly simulation showed a  year ly  e f f i c i ency  of 11.3%. A 

month by month comparison i s  shown i n  Table 3.3a. 

The y e r s a t i l i t y  of the procedure i s  shown by o the r  r e s u l t s  i n  .- -b 
Table 3.3 f o r  ( a )  a  poorly t i l t e d  a r ray  i n  Nedford, OR, and (b )  a  2-D 

t racking concentra tor  i n  Madison, W I .  TMP da ta  were used f o r  these  

locations.  Although monthly discrepancies  a s  l a rge  a s  5% ( r e l a t i v e )  

may occur, year ly  e f f i c i enc i e s  a r e ,  typ ica l ly ,  except ional ly  c lose .  



3.4 Problems with  the  Procednre 

One of the  l a r g e s t  problems with the  s impl i f i ed  method developed 

i n  t h i s  Chapter i s  t h a t  i n  order t o  convert  the aonthly average - 
e f f i c i enc i e s ,  , i n to  e l e c t r i c a l  energy prodaction,  a designer mast 

be able  t o  c a l cu l a t e  the  monthly so l a r  i r r a d i a t i o n  of the array.  

although methods have been developed t o  do t h i s  from a m i n h m  of 

information, none of the  r ays  i s  e n t i r e l y  s a t i s f ac to ry .  

However, t h i s  i s  not  a problem tha t  i s  unique t o  t h i s  procednre 

bn t  ins tead i s  one t h a t  plagues a l l  so l a r  design e f f o r t s ,  inclnding 

those t ha t  make use of hourly sh in la t ion .  Many of the  data bases 

(Ref. 3.6, 3.14) make use of ex i s t ing  long term data  of ver l  

questionable qua l i ty .  Some more recent works (Ref. 3.17, 3,181 make 

use of data  t h a t ,  i n  var ious  ways, have been r ehab i l i t a t ed  from t h i s  

same o r i g i na l  data  base. Alth,ougZ1. the  r ehab i l i t a t ed  data  a re  probably 

super ior  t o  the  o r i g ina l  s e t ,  there  are  s t i l l  uncer ta in t i es  about the  

accuracy. 

Figures 3.9, 3.10, 3.11, 3.12, 3.13, 3.14, and 3.15 compare the - 
SOuffiT data  base der ived 5 ' s  f o r  a l l  months f o r  the seven s i t e s  - 
used a t  l eng th  i n  t h i s  study with the 5 ' s  

from the ea r ly  Lin and 

Jordan work (Ref. 3.6).  Generally, good agreement e x i s t s  f o r  s m e r  

months but during the  winter the Liu and Jordan valnes are 

cons i s t en t l y  above the SOUiET average valaer .  

Generally, a designer should use the most accarate  data  t h a t  i s  

ava i lab le  t o  him. I f  good measurements a r e  ava i lab le ,  they should be 

used with  t h e  r e a l i z a t i o n  t h a t  they asua l ly  represent  only shor t  term 

trends.  I f  a photovol ta ic  system i s  t o  be i n s t a l l e d  i n  one of the 

SOLbIET s i t e s ,  the SOUET data  base i s  probably the  bes t  choice. 

Figures 3.16 and 3.17 were prepared f o r  use i n  preliminary design 

work o r  i n  a reas  where l i t t l e  o r  questionable i n so l a t i on  data e x i s t .  

These a r e  based on SOLMET data  f o r  the seven s i t e s  w e d  i n  t h i s  work. 



These show t h a t  there  i s  sore  co r r e l a t i on  between the  long term 

monthly overage d a i l y  t o t a l  r ad i a t i on  on the  monthly optimum tilt vs  - 
5 (Fig. 3.16) and the  long term monthly average d a i l y  d i r e c t  normal 

rad ia t ion  vs 4 F i g .  3 . 1 7 .  Due t o  t he  s i gn i f i c an t  amounts of 

s c a t t e r  of these data,  these should be used only a s  l a s t  r e so r t s .  

Daylength d i f fe rences  a r e  of the  most s i gn i f i c an t  con t r ibu tors  t o  t h i s  

s ca t t e r .  

Less s c a t t e r  i s  inherent i n  such p l o t s  i f  i n so l a t i on  i s  averaged 

f o r  some given hourly period of the  day. For example, Figs.  3.18 and 

3.19 show long term hourly inso la t ion  data  averaged during -the two 

hour period around s o l a r  noon f o r  the  seven SOLMET s i t e s .  The da t a  - 
a r e  cor re la ted  with the  long term average monthly 5. Fig. 3.18 

displays  average midday i n t e n s i t y  of the t o t a l  rnd ia t ion  on t he  

optimum tilt, while Fig. 3.19 i s  f o r  the  midday d i r e c t  normal 

in tens i ty .  These data  a re  used i n  the  clamped-voltage mode of system 

operation discussed i n  Chapter 5 .  

Another problem confronting the  designer i s  the  choice of 
Kc, 

the  thermal conductance f o r  hea t  r e j e c t i o n  from the  c e l l s .  As 

mentioned i n  the  previous sect ion,  t h i s  problem i s  compounded s ince it 

involves both the  a r ray  design and the  l oca l  weather conditions.  For 

f l a t  a r rays  a  l i n k  between these  two va r i ab l e s  i s  provided by the  

Nominal Operating Cel l  Temperature (NOCT) (Ref. 3.19) i f  the  

app l ica t ion  under study uses the  a r r ay  mounted i n  a conf igurat ion 

s imi la r  t o  t h a t  spec i f i ed  i n  the  NOCT t e s t i ng .  Figure 3.20 shows t h a t  

an energy balance requires :  

- 
'e ( T ~ ~ C T  T a , ~ ~ C I '  1 = aQSnr ( kW/ ma 1 

where 

Q = 1.0 o r  0.8 kW/m3 (See Table 3.4).  
Ss r 

Thus 



Traditionally. Ta,mCT = 20°C. If monthly wind speeds during 

daylight hours average near 1 m/s and temperatures average near 20C 

(the test conditions for NOCT neasurements) in the area where an array 

is , I >  be located. then it would be reasonable to nse this ratio in 

conjunction with Fig. 3.2 to obtain a monthly (Tc-T,). This 

obviously solves the problem of requiring independent information on 

a. However, Pig. 3.21 has been prepared to simplify the calcalation 

of (Tc - T ) for such conditions. A desig~er siaply multiplies the 
a 

ordinate of this figure by (TNOeT - 
WCT and by Cf to get 

(Tc - T for his application. 
a 

If wind speeds differ from 1 m/s or temperatures differ from 

2OC. the correction term AT shorn in Fig. 3.22 can be added to the 

standard NOCT value of an array to correct it for local conditions. 

For example. if wind speeds average about 1.5 m/s and ambient 

temperatures about 32C the NOCT to be ared in eq.(3.34) or with 

Fig. 3 - 2 1  should be 3C smaller than the standard NOCT value. 

Several uncertainties should be kept in mind when choosing a 

representative \ for either flat plates or concentrators. These 

include uncertainties involved in the prediction of the thermal 

resistance of the array itself daring the design stage (cell 

placement. thermal contact resistance, voids, cover material, etc. , 
rind direction, and secondary flow effects created by elements making 

up the array field. 

For concentrators. Ke 
is often espressed on an absorber area or 

heat sink area basis. For use in the procedure presented here, Ke 

has to be based on the aperture area. The concentrator example in 

Table 3.3 has been specified to have a Ke of 0.01 BrW/(ma=C) based 

on apertnre area bat would have a Ke of 0.2 kW/(m+-C) based on 

absorber area (concentration ratio or apertnre to absorber area ratio 

of 20).  
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Table 3.1 

SOLMET Si tes and Years of Data 
Used i n  t h i s  Study 

S i t e  - Years 
A1 buquerque, NM 22 

Bismarck, ND 2 2 

Madison, W I  

Medford, 09 

Phoenix, AZ a 

Santa Maria, CA 

Washington D.C./Sterl ing, VA 21 

Table 3.2 

-Optimum Ti  1 t s -  

T i l t  Angle (sM) between the Plane of the 
F l a t  Array and Hor izonta l *  f o r  

Maximum Monthly Avtrage K ~ ( ~ ~ ) / ( c x P )  

Month 

1 
2 
3 
4 
5 
6 
7 
8 
9 
I0 
11 
12 

*Array i s  assumed t o  be South Facing 
tQ i s  La t i t ude  (Degrees) 



Table 3.3a 

Comparison o f  
Simp1 i f i e d  Procedure f o r  P r e d i c t i n g  Ar ray  Output 

w i t h  Hour l y  S imu la t ion  

Locat ion A1 buquerque 

Col l  e c t o r  F l a t  P l a t e  

Concentrat ion 1 
Rat io 

T i l t  (Degrees) 3 5 

Ke kw/(m2 *C) 0.02 

a 0.88 

P 1 
nr ( % I  15 

T r  (C) 0 

B (c- ')  0.005 

Y 0 

t Estimated by Chapter 3 s i m p l i f i e d  methods 
* Simulated by h o u r l y  computer c a l c u l a t i o n s  



Table 3.3b 

Comparison o f  
Simp1 i f i e d  Procedure f o r  Predic t ing Array Output 

w i th  Hourly Simul a t i o n  

Locat ion Madison 

Col 1 ector  2 - D  Tracked 

Concentration 2 0 
Rat io  

T i  1 t ( Degrees) - 
K, kw/(m2.c) 0.01 

cc 0.88  

P 0.88 

n,(%) 15 

Tr( C) C 

B(c") 0 .005 

Y 0 

4 Estimated by Chapter 3 simp1 i f i e d  methods 
* Simulated by hour ly  computer ca lcu la t ions  



Table 3 . 3 ~  

Comparison o f  
Simp1 i f i  ed Procedure f o r  Predicting Array Output 

w i t h  Hour ly S imulat ion 

Locat ion Medford 

Col l  ec to r  fl a t  P la te  

Concentration 1  
Rat io 

Ti1 t (Degrees) 10 

Ke kW/(m2.C) 0.02 

ci 0.88 

P 1 .o 
~r ( % I  15 

Tr(C) 0 

f3(C-') 0.005 

Y 0 

t Estimated by Chapter 3 simp1 i f i e d  methods 
* Simulated by hour l y  computer ca l cu l a t i ons  



Table 3.4 

Essence o f  the NOCT Test Requirements ( ~ e f .  3.19)- 

I nso la t i on  
' = 0.8 o r  1.0 kW/m2 

Ambient A i r  Temperature = 20' C 

Wind Average Ve loc i t y  = 1 m/s, "not predominantly para1 l e l  t o  the array" 

Mounting - T i l t e d  so t h a t  i t  i s  normal t o  the sun (+ 5') 
a t  so l a r  noon w i t h  the bottom edge o f  the ar ray 
two f e e t  o r  more above the l oca l  ground level. 

E l e c t r i c a l  Conf igurat ion-  Open C i r c u i t  Condi t ion 

'TWO values o f  i n s o l a t i o n  a re  cu r ren t l y  used fo r  NOCT spec i f ica t ion.  
Ear l y  work used 0.8 kW/m2 recommended i n  Ref. 3.1 9. Recent work 
has tended t o  use 1.0 kW/m2. 



Figure 3.1 Energy Balance Schematic for an Array 









Figure 3.3- D i s t r i b u t i o n  o f  Indiv idual  Plonthly KT about the  Long 
Term KT f o r  the  Same Month and Location. The Seven C i t i e s  
L is ted  i n  F ig ,  3.2 were Used. 
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Figure 3.6b Midday Values o f  K,(T - Ta)/(pa) vs. Long Term Monthly KT. These 
Data a r e  for D i r e c t  Normal ~ a i i a t i o n .  The Total  Radiat ion on the T i l t  
(TT) Data a r e  Shown i n  Fig. 3.6a. See Fig. 3 .2  fo*egend. 
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B - Bismarck, NO 
M - Madison, WI 
0 - Medtord, OR 
P - Phoenix, AZ 
S - Santa Maria, CA 

K T  

Figure  3.8 Long T e n  Monthly Resul ts  f o r  log,,QS vs. KT f o r  Seven C i t i e s  
Using Optimum T i l t s  Each Month. 



Albuquerque, NM 

0 Solmet Average 
0 Liu & Jordan 

' J F M A M J  J A S O N D  
MONTH 

Figure 3 .9  SOLMET Derived KT'S for A1 buquerque, NM. 
The Sol id Triangle Data Points  are SOLHET Data. 



Bismarck, NO 

0 Solmet Average 

* J F M A M J J A S O N D  
MONTH 

Figure 3.-10 SOLMET Derived KTts for Bismarck, ND. 
Solid Triangle Data Points are SOLMET Data. 
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Figure 3.11 SOLWET Derived q ' s  f o r  Madison, MI. 
The Sol i d  Triangle Data Points a r e  SOLMET Data. 

Madison, WI 



Medford, OR 

0 Solmet Average 

O J F M A M J  J A S O N D  
MONTH 

Figure 3 ,12  SOLMET Derived xT's  for Medford, O R .  
The Solid Triangle Data Points are SOLMET Data. 



Phoenix, AZ 

0 Solmet Average 
0 Liu 8 Jordan 
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Figure 3-73 SOLMET Derived KT's f o r  Phoenix, AZ .  
The Sol id  Triangle Data Points .re SOLMET Data.  



Santa Maria, CA 

So lmct Average 
0 Liu 8, Jordan 

O J F M A M J J A S O N D  
MONTH 

Figure 3..14 SOLMET Derived K T ' s  f o r  Santa Maria,  CA. 
The S o l i d  T r iang le  Data Points a r e  SOLMET Data.  
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hingtan DC/Sterling, VA 

0 Solmet Average 

J F M A M J  J A S O N D  
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Figure 1 .15  SOLMET Derived 9 : s  f o r  Uashington D.C./ 
Sterling, VA. The Solid l r i a n g l e  Data Points 
are SOLMET Data. 



A - Albuquerque, NM 3 
8 - Bismarck, NO 
M - Madison, W1 2 
0 - Medford, OR 
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Figure 3.16 Long Term Monthly Average Q a i l y  Total  Radiat ion on Monthly 
Optimally T i l t e d  (TT) Array f o r  Sewn C i t i e s .  The D i rec t  Normal (DN) 
Data a re  Shown i n  F ig .  3.17. 













Figure 3.22 AT Corrections t o  be Applied t o  
NOCT Data t o  Adjust Wind Speed and 
Average Temperature t o  Local Conditions. 
(Modified from Ref. 3.19) 



4.0 SIMPLIFIED IclETHOD FOR MIAX-WWm TBACE;ED SYSTEM ORWeE 

4.1 Introduc t ion 

I n  t h i s  chapter,  a  f a i r l y  general  s impl i f i ed  procedure f o r  

es t imat ing  t h e  performance of PV systems of  the type described i n  

Fig. 2-1 i s  developed. This  procednre i s  f o r  mar-power tracked,  

pass ive ly  cooled, f l a t  p l a t e  a r rays  with b a t t e r y  s torage and a 

back-up energy source. The s p e c i a l  case of zero s torage i s  a l so  

considered. Resul ts  from t h i s  procedure a r e  compared with those 

from d e t a i l e d  Computer s imulat ions  and shown t o  agree t o  wi thin  a 

standard dev ia t ion  of 2.6% (abso lu te )  f o r  the  cases considered. 

Limita t ions  t o  the  procedure a re  discussed and on example is 

included. 

The s imulat ion s t u d i e s  descr ibed i n  Chapter 2 are  presented i n  - - 
t e n s  of the gronps S/;A and Qe/L. These arose through an 

empi r ica l ly  based e f f o r t  t o  co l l apse  d i f f e r e n t  f ami l i es  of curves 

and a r e  l a r g e l y  success fu l  i n  doing so. However, the oesrr l t s 'of  

Chapter 2 a l s o  i n d i c a t e  t h a t  severa l  add i t iona l  va r iab les  ( v i z . ,  

load c h a r a c t e r i s t i c s ,  time of year,  and, t o  a l e s s e r  extent ,  

l o c a t  ion) need t o  be considered i n  order  t o  accura te ly  es t imate  

system perfowance.  Chly when the  time of year and expected load 

match those used i n  t h e  t h u l a t i o n s  can the  Chapter 2 f i g a r e s  be 

used t o  p r e d i c t  performance. I n  order  t o  p r e d i c t  performance f o r  

more general  s i t u a t i o n s  then, one needs a d d i t i o n a l  o r  a l t e r n a t i v e  

parameters, general  i n  nature,  t o  charac te r ize  sys tea  behavior. 

I d e a l l y  the re  parameters involve only monthly mean values since 

t h e  ob jec t  here  is  t o  ~ b t a i n  monthly pe r fomrace  estimates.  



b e  such s e t  of p a r m e t e r s  a r i s e s  from considering the 

i n t e r ac t i on  of the monthly average d a i l y  a r r ay  output and demand 

curves f o r  an a r b i t r a r y  month and loca t ion ,  a s  shorn f o r  example 

i n  Figs. 4.la.b. The ordinate  i n  both f i gu re s  has u n i t s  of power 

and the  abscissa  those of time, so the  various a r ea s  indicated - 
represent  energies.  The area under the  demand curve i s  L, the  - 
t o t a l  d a i l y  energy load. The a rea  under the  output curve is Qe, 
the  mean d a i l y  e f f e c t i v e  energy output from the a r r a y  f o r  the 

month i n  question. The area under the  a r r ay  output curve and 

above the demand curve w i l l  be r e f e r r ed  t o  a s  excess (XS) , the  

energy which must e i t h e r  be s to red  o r  dumped. F ina l l y ,  the 

s torage capac i ty  (S) i s  a l s o  represented a s  an area  which is 

shown i n  Fig. 4 . lb  superposed on p a r t  of t he  XS energy. 

- - 
The four  energies (L, Qe, XS, S) cons t i t u t e  a s e t  of 

dimensional p a r m e t e r s  which may be normalized i n  d i f f e r e n t  

fashions. One such normalization scheme forms the  b a s i s  f o r  the  

design procedure described l a t e r  i n  t h i s  chapter.  The scheme 

r e s u l t s  i n  three  parameters, each of which i s  a dimensionless 

energy. 

- - 
One dimensionless parameter i s  the  same Qe/L used i n  Chapter 

2. It represents  t he  ul t imate  f r a c t i o n  of the  d a i l y  load which 

would be supplied by the  system i f  the  load were i d e a l l y  matched - 
t o  the a r r ay  output. A second group, XSIQ,, is t he  f r a c t i o n  of 

e l e c t r i c a l  output which cannot be used d i r e c t l y  because of an - 
i n su f f i c i en t  immediate demand. XS/Qe thus represen ts  the  

f r a c t i o n  of a r r ay  energy which must be e i t h e r  s to red  o r  dumped. A 

t h i r d  parameter, SIXS, is t he  r a t i o  of b a t t e r y  s to rage  t o  the  

amount of energy ava i l ab l e  t o  be stored.  

Mathematically, the  three  parameters a r e  a s  follows: 



The i n t eg ra t i ons  i n  the above equations a r e  c a r r i ed  oa t  over 

monthly periods.  

One add i t iona l  parameter, not r e ad i l y  apparent i n  

Figs. 4.la,b0 accounts f o r  storage losses .  A b a t t e r y  e f f i c iency  

i s  Oefined by 

where 
SD i s  the  s t o r ed  energy which is  u l t imate ly  del ivered t o  

the  load. The funct ional  dependencies of 
'lb were not 

invest igated.  However, r e s u l t s  f r o~n  the Chapter 2 simulation 

s t ud i e s  indicated t h a t ,  a t  l e a s t  f o r  the b a t t e r y  model and range 

of operat ion used here,  s torage e f f ic iency  i s  e f f ec t i ve ly  constant 

with a  value of 0.87. 

4.3.1 Energy Allocat ion - Single Day 

The d i s t r i b u t i o n  of e l e c t r i c a l  energy produced by the W orray 

on a  given day, denoted by the  subscr ipt  no i s  defined by 

parameters very s im i l a r  t o  those of the previous section.  

However, the i n t eg ra t i ons  i n  Eqs. (4.1-4.3) a r e  nor  c a r r i ed  out 

over day n. The d a i l y  d i s t r i b u t i o n  is  depicted by the flow char t  

of Fig. 4.2 a s  a  s e r i e s  of binary branches with the  d iv i s ion  of 

energy flow a t  each branch determined by the value of one of the 

d a i l y  system parameters. Thus, of the t o t a l  e f f ec t i ve  d a i l y  

energy produced, QeOn, a  f r a c t i on  1 -  X S e n  flows d i r e c t l y  

t o  the  load. Of the  remainder, a  f r a c t i o n  S/XSn i s  s tored,  and 

the  r e s t  i s  dumped. Final ly ,  of the s to red  energy, a  f r a c t i on  qb 



suppl ies  the load, and the  remainder i s  l o s t .  The ne t  f r a c t i o n  of 

load s a t i s f i e d  by the system is e a s i l y  computed a s  

with S/XSn < 1 

and 'e,n < 1 

The cons t ra in t s  on S/XSn and f e  simply ind ica te  t h a t  the  * I1 
b a t t e r i e s  cannot generate energy and the  system cannot supply more - 
of the load than ex i s t s .  I n  systems with  l a rge  Qesn/L and 

su f f i c i en t  s torage,  the  system output f o r  one day i n  some cases  

(notably a c l e a r  day followed by a cloudy day) can supply a p a r t  

of the  day's load; i n  t h i s  case of day t o  day i n t e r ac t i on  the  

s o l a r  f r a c t i o n  i s  not subject  t o  the  cons t ra in t .  However, the  

s impl i f ied design procedure w i l l  ignore t h i s  day t o  day 

in te rac t ion .  

I n  eq. (4.51, the parameters qb and S/XSn occur as  a 

product. For the purpose of es t imat ing system performance, the 

two may thus be condensed i n to  a s i ng l e  system s torage parameter, 

rlbS/XSn. 

4.3.2 Monthly Dis t r ibu t ion  

The s i ng l e  day energy d i s t r i b u t i o n  equation,  eq. (4.5) using - 
monthly meanva lue s  (XS,Qe) f o r  XSn and Q i s  not 

e ,n  
general ly  v a l i d  f o r  es t imat ing monthly system performance. Array 

output i s  not uniform from day t o  day throughout a month because 

of d i f fe rences  i n  atmospheric condi t ions ,  and Q /L v a r i e s  
e ,n  

accordingly. Since XSn i s  s t rong ly  dependent on 
Qe,n* 

i t  too 

v a r i e s  and a f f e c t s  both XSn/Qe and S/XSn. Appl icat ion of 
D n 

eq. (4.5) is therefore  not  useful  without some considerat ion being 

given t o  the  day t o  day va r i a t i on  wi th in  a month. 



This section, then, describes a method for representing such - 
variation in array output from knowledge only of $r and the mean - 
daily output. $. Knowledge of the variation permits eq. (4.5) 

to be used to compute a distribution of daily performances for the 

month which in turn may be used to obtain an estimate of monthly 

performance. 

The results of Liu and Jordan (Ref. 4.1) on generalized 

radiation distribution curves are useful in describing the desired 

distribution of array output. As a part of the work on data for 

seven SOLWET sites described in Chapter 3 of this report, the 

generalized radiation distribution curves were redone. The new 

curves along aith a comparison with the Liu and Jordan curves are 

shown in Fig. 4.3. While those results specifically apply to 

total horizontal radiation data, they may be expected to be at 

least approxiaatelg correct for tilted array output as well. - 
Combined with the mean daily effective array oatpnt, Qe.  

determined by the methods of Chapter 3, the insolation 

distributions of Fig. 4.3 can be used to construct a pattern of 

daily outputs which yield the appropriate monthly mean value and 

which reflect the expected variability within the month. The 

distribution is based on long term results and in this sense is 

preferable to simulation resalta based on a single, typical month. 

Using Fig. 4.3 it is possible to obtain 30 separate values 

of Qe (a 30-day distribution) corresponding to predicted array 
rn 

output for each day of the month. While this makes the most sense 

in terns of referring to eq. (4.5) as a single day equation, it is 

equally possible to approximate monthly performance using N 

values of Q (an W d a y  distribution) where N is arbitrary. 
e, n 

Since application of eq. (4.5) is somewhat involved (as is seen 

later). it is advantageous to choose the smallest N which still 

approximates the variability of output during a month. The 

results of this work suggest that in most cases N=3 is 

sufficient . This was established by taking successively smaller 

nllllrbers for N and noting the resalting solar fraction. The 



3-day d i s t r i b u t i o n  corresponds t. r ep resen t ing  t h e  monthly weather 

wi th  t y p i c a l  "good," "mediocre." and "poor" days. 

Figure 4.4 i s  an abbrevia ted  c r o s s  p l o t  of Fig.  4.3. I t  shows 

t h e  va lues  of QeBn appropr i a t e  f o r  a  3-day d i s t r i b u t i o n .  A t  a - 
f i x e d  KT. t he  uppermost curve g i v e s  a  va lue  of QeDn f o r  the  

good day, the  in termedia te  curve y i e l d s  a  va lue  f o r  t he  mediocre 

day, and the  lowest curve y i e l d s  a  poor day va lue  of Qe,n. The 
upper and lower curve; i n  F ig .  4.4 a r e  obta ined  from the  va lues  of - 
E/Ii corresponding t o  the  116 and 516 p o i n t s  on t h e  cumulat ive 

frequency d i s t r i b u t i o n  a x i s  i n  F ig .  4.3. These c l o s e l y  

approximate the  5 t h  b e s t  and 5 t h  worst days of a 30-day 

d i s t r i b u t i o n .  The middle curve i s  ad jus t ed  so  t h a t  a  p o i s t  on 

t h i s  t h i r d  curve w h e ~  taken wi th  p o i n t s  on t h e  116 (poor day) and - 
516 (good day) curves a t  t h e  same KT, averages t o  1.0. That i s ,  

t h e  mean a r r a y  output  f o r  t he  3-day d i s t r i b u t i o n  equals  t h e  a c t u a l  

monthly mean va lue .  

4.3.3 The Design Procedure 

The ideas  of Sec t ions  4.2.1 and 4.2.2 a r e  now merged i n t o  a  

procedure f o r  e s t ima t ing  system performance. The procedure i s  

v a l i d  f o r  systems wi th  an a r b i t r a r y  amount of s t o r a g e  and a known 

b a t  a r b i t r a r y  d a i l y  load  p r o f i l e .  It t r e a t s  a  load  which does not  

vary  from day t o  day but  i s  r e a d i l y  adapted t o  s i t u a t i o n s  i n  which 

t h e  load  p r o f i l e  does change (e.g., <! i s t inc t  weekend and weekday 

p r o f i l e s ) .  The method provides  f o r  c o n s i d e r a t i o n  of  bo th  seasonal  

and geographic v a r i a t i o n s .  

The technique presumes t h a t  the monthly average d a i l y  

e f f e c t i v e  energy output  from the  a r r a y  i s  a l r eady  determined 

(e.g..  through the  procedure desc r ibed  i n  Chapter 3 ) .  The 

des igner  i s  r equ i r ed  t o  spec i fy  the  q u a n t i t y  of a v a i l a b l e  s to rage ,  

a  d a i l y  load p r o f i l e  (shape and magnitude) ,  and t h e  average 

daylength  of t h e  month a t  t h e  l o c a t i o n  f o r  which he i s  des igning .  
- 

He must a l s o  know KT f o r  t he  month and s i t e  involved. 



The method proceeds i n  four  steps.  F i r s t .  a  3-day 

d i s t r i b u t i o n  of a r r ay  outputs i s  obtained as ing Fig. 4.3, and - 
t h r ee  values  of Q /E a r e  determined. Next, an 

XSn/Qe. n i s  e. n - 
computed f o r  each of three  values of 

QeDn /L. Then, the  system 

s torage p a r m e t e r  qbS/XSn i s  evaluated d i r e c t l y ,  again f o r  each 

of the  th ree  represen ta t ive  days. F ina l ly ,  eq. (4.5) i s  applied 

th ree  times, and the  r e su l t i ng  values of the  so l a r  f r a c t i on  a re  

averaged t o  give an es t imate  f o r  the expected mcnthly system 

performance. 

The bulk of the proced3re l i e s  i n  computing XSn/Qe from a - .n 
given value of Q /L. This i s  accomplished by curve-f i t t ing a 

e ,n  - 
normalized e f f e c t i v e  a r r ay  power output. Qe ,=( t /L, using a 

cosine fnnc t ion  centered a t  noon, with a half-period r e l a t ed  t o  

the daylength and with  the amplitude adjusted t o  obtain  the 

spec i f i ed  Q The r e su l t i n g  f i t  i s  
e ,n* 

- - 
Q e ( t ) / L  - (€$,nIL) (n / [2 ( tp -c ) l l  cos [n( t -12) / (  tp-c)l  (4.6)  

f o r  

and 

f o r  o ther  values  of t. 

Experience suggests c = 1 hour gives  accurate es t imates  of 

XSn. This constant  t r m c a t e s  a s l i g h t  Gaussian-like t a i l  i n  the  

per iods  j u s t  following sunr ise  and preceding sunset and improves 

the  curve-f i t  during the  hours when i n t e r ac t i on  with  the load 

curve i s  important. Figures 4.5a,b show examples of the  cosine 

curve-f it f o r  June and December i n  Albuqxierque. 



- 
With Qesn( t ) /L  approximated by eq. 4 . 6  XSnlQesn i s  computed 

using the  d a i l y  equivalent of eq. (4.2). This  i s  accomplished 

ana ly t i c a l l y  i f  L ( t )  can be expressed a n a l y t i c a l l y  and numerically 

(o r  graphical ly)  otherwise. 

- 
Using the ca lcu la ted  values of XSn/Qe ,, and Qesn/L, the 

combined parameter qbS/XSn i s  r ead i l y  determined. With each of 

the system parameters now ca lcu le teds  eq. (4.5) is applied.  A 

separate s o l a r  f r a c t i on  i s  computed f o r  each of the  th ree  

represez ta t ive  days. This  in t roduces  the  e f f e c t  of varying a r r a y  

performance wi th in  the  laonth so t h a t  when the  three  f r a c t i o n s  a r e  

averaged t h i s  e f f e c t  i s  included i n  the  f i n a l  r e s u l t .  

Table 4.1 summarizes the  procedure, and an example i n  the  

ensuing s ec t i on  demonstrates it. 

4.4 Example 

A s  an example of the  procedure descr ibed i n  Sect ion 4.4, 

consider the es t imat ion of the performance of a PV system t o  be 

operated i n  Albuquerque during March. The following i s  known from 

the month and locat ion.  

tD = 11.7 h r s  (4.8) 

Sources f o r  the  f i r s t  of these were discussed i n  Sect ion 3 . 3 .  The 

second can be ca lcu la ted  from 

The so l a r  dec l ina t ion ,  6 ,  i s  ca lcu la ted  from 

where n  i s  the  Ju l i an  day of the  year. 



Suppose t h a t  the  expected load i s  constant ,  

Suppose f u r t h e r  t h a t  the  product of s torage capac i ty  and 

e f f i c i e n c y  f o r  the  system i n  quest ion i s  chosen by a designer t o  

be 

F i n a l l y ,  sup,?ose t h a t  using the  procedure of Chapter 3 ,  the 

monthly mean d a i l y  a r r a y  output a s  i t  comes from the i n v e r t e r  i s  

determined t o  be 

Estimation of the sytem per fowancs  now proceeds following 

Table 4.1. 

Obtain a  3-day d i s t r i b u t i o n  of a r r r y  outputs  using - 
Fig. 4.4 and 5 0.64. The f i g u r e  gives 

Thus 

S t e d  2) Approximate the instantaneous a r r a y  output. Consider - 
the  Eirst of the  th ree  values  from Step 1. Frogl eq. (4.61, 



- 
Qe, 1 

/L = 0.696 En/[2(11.7-1)ll cos [n(t-12)/(11.7-111 

= 0.102 cos [n(t-12)/10.71 (4.17) 

b) Compute XSn/Qenn. The load curve is expressed 

analytically, hence, XSn/Qenn can be computed analytically. 

Again consider the first point in the distribution: 

a 
where 

t is the 1st time that the array output equals the 
1 

load 

and 

t is the 2nd time that the array output equals the 
2 

load. 

To determine tl and t a n  set 
Qeni Lo' T~US, 

(0.102) (24Lo) cos [x(t-12)/10.71 = Lo (4.19) 

which gives 

= 12 - I10.7ln) arc cos [(0.102)(24)1-~ = 8.1 (4.20) 

and 

t2 
= 12 + (10.71~) arc cos [(0.102)(24)1-a = 15.9 (4.21) 

Use eq. (4.6) with eq. (4.18) to obtain 



XS 1% =n12(td11 ftz cor h(t-121/(tD-11ldt 
a #a ta 

- sin [n(ta-12)/(tD-1111 

~epeating the procedure for the remaining two days yields 

XS /Qe = 0.37 
Z a 3  

(4.23) 

and 

XS,/Qe a 0.28 
# 

(4.24) 

Compote the effective storage fraction, qbS/XSa. 

Use 

q,S/XSn - q,S/[ (XSn/% 1 ( Q  /i) ;I (4 .25)  
,n e,n 

For the 1st day this gives 



Step 4 Compate the  gonthly so l a r  f r a c t i o n  

a )  apply eq. (4.5) using values f o r  the  1 s t  day. 

Similar ly ,  

and 

f = 0 . 4 7  
en  3 

b)  Average the r e s n l t s  

Thus, the procedure p r ed i c t s  t h a t  49% of the load w i l l  be 

s a t i s f i e d  by the  system f o r  the  month of March. This compares 

with 46.m predicted by compater simulation using TBlY weather 

data.  

I n  t h i s  example, assuming uniform weather throughout the  month 

does not s i gn i f i c an t l y  a f f e c t  the  f i n a l  es t imate  of 
fe .  

This i s  

seen by observing t h a t  f e  = f  i n  Step 4 above and recognizing 
e n  z - 

t h a t  t h a t  f i s  obtained from the monthly average values,  
e n  z Qe 

and XS. Such a ~ i f 0 f U I  wetrhcr assumption i s  not  always va l id .  - - 
For instance,  f o r  Madison i n  Jane with Qe/L = 0.6, the basel ine  

lo rd  shape, and a s torage capac i ty  corresponding t o  S I ~ A  = 5 

Amp-hr/ (%*ma) ,  the so l a r  f r a c t i on  obtained using only monthly 

average values i s  f e  = . 59 ,  while the 3-pt. procedure y i e ld s  

f e  .54. The valne from hourly simulation i s  f e  = .538; hence, 

the 3-pt  procedure i n  t h i s  case is  c ruc ia l .  



4.5 Discussion 

4.5.1 Comparison of Resul ts  

Table 4.2 shows atidit ional comparisons of predict ions  using 

the  simplif  ied technique with those of computer simulations. The 

t ab l e  d i sp lays  cases f o r  which the basel ine  load defined i n  

Chapter 2  was specif ied.  The examples without s torage best  

ind ica te  the  accuracy i n  es t imat ing XS. Those corresponding t o  - 
S/qA = 5 amp-hrs/(%=ra) inclade storage,  obviously, but not enough - 
t o  e l iminate  d u p i n g .  The S/qA = 10mp-hrs/(%=ma) cases f o r  - 
Qe/L = 0.6 experience only minor mounts  of dumping. 

I n  v i r t u a l l y  a l l  instances,  r e s u l t s  from the s impl i f ied 

procedure a r e  wi th in  10% r e l a t i v e  and 5% absolute of the simulated 

values. The standard dev ia t ion  of the predicted values from the 

simulated valnes  i s  2.6% (absolute 1 . Typically,  r esn l  t r  are  very 

good f o r  owne r  months when weather pa t te rns  tend t o  be good (more 

cons i s t en t ) .  Poorest r e s u l t s  occur i n  winter  months. Also, 

r e s u l t s  f o r  l a rge r  s torage s i z e s  tend t o  be very good. 

Several f a c t o r s  con t r ibu te  t o  d i f fe rences  between simply 

predicted and computer simulated r e su l t s .  Simulation r e s u l t s  a r e  

based on a p a r t i c u l a r  month which i s  l i k e l y  t o  d i f f e r  a t  l e a s t  

somewhat from the long term average which f o m s  the  ba s i s  fo r  the 

s impl i f i ed  procedure. That i s ,  inso la t ion  d i s t r i b u t i o n s  fo r  any 

one month can d i f f e r  from the long term (-22 years)  r e s u l t s  shorn 

i n  Fig. 4.3. This e f f e c t  can r ead i l y  be invest igated by 

simulating the  system over several  years  and comparing the 

corresponding es t imate  of the siaaplif ied procedare with the long 

t e r n  average of the  simulations f o r  any given month. Such a study 

has not  as ye t  been perfomed. 

Use of an i n so l a t i on  d i s t r i b u t  ion t o  approximate a 

d i s t r i b u t i o n  i n  a r r ay  output a l so  is  not completely cor rec t .  I n  

p a r t i c u l a r ,  temperature v a r i a t i o n  within  a  month canses changes i n  

s o l a r  c e l l  e f f i c i ency  and so a f f e c t s  the  d i s t r i b u t i o n  of a r ray  



output. This e f f e c t  i s  ignored by using s t r i c t l y  an i n so l a t i on  

d i s t r i bu t i on ,  

Another obvious source of e r r o r  i n  the s impl i f i ed  procedure 

l i e s  i n  the cosine f i t  f o r  the  a r r ay  power output.  Ind iv idua l  

poor days do not have cosine-like d a i l y  d i s t r i b u t i o n s  although, 

averaging the poor days over the month, i t  may appear t h a t  they 

do. This  i s  probably the  l a rge s t  source of e r r o r  f o r  winter  i 
months. 

There i s  a l s o  an uncer ta in ty  i n  specifying s to rage  capac i ty  i n  

energy uni ts .  Both the charging and discharging vo l tages  e n t e r  

i n to  the  determination of the energy capaci ty  of the b a t t e r i e s .  

Since these vo l tages  vary dar ing the  course of system operarion,  

i t  i s  d i f f i c u l t  t o  p r ec i s e ly  es t imate  the  energy s torage capac i ty  

from the ra ted  capaci ty  i n  amp-hrs. Two schemes have been used t o  

es t imate  e f f e c t i v e  energy capaci ty .  The f i r s t  of these uses  the  

storaga e f f i c i ency  value 0.87, determined from simulation r e s u l  ts  

with a nominal 2.0 v o l t  b a t t e r y  voltage f o r  converting amp-hrs' t o  

W-hrs. The second approach employs the well-defined oden c i r c u i t  

ba t t e ry  voltage,  2,175 v o l t s ,  with a nominal s torage e f f i c i ency  of 

0.80. The two procedures y i e l d  equivalent  es t imates  of the  s o l a r  

f r a c t i o n  and d i f f e r  only i n  the  apportionment of losses  due t o  

dumping and s to rage  i ne f f i c i enc i e s ,  

4.5.2 In t e r ac t i on  on Successive Days 

One other  phenomenon poses d i f  f  i c u l  t i e s  f o r  the simp1 i f  i ed  - 
procedure. Consider a system with Qs/L = 1 and la rge  s to rage  - 
capaci ty  during a low % month. Cloudy days wi th in  t he  month 

r e s u l t  i n  generation which sa t i s f i e : .  l e s s  than the  f u l l  load, 

while c l e a r  days convert more than enough energy t o  meet the  d a i l y  

load. The load on a c l e a r  day then i s  completely s a t i s f i e d  and, 

i n  addi t ion,  s torage r a y  be f i l l e d  t o  where it is  not completely 

depleted by sunr ise  of the  following day. i f  the  following day i s  

a l so  c l ea r ,  the system w i l l  again s t o r e  energy. However, because 



storage is  already pa r t l y  f i l l e d ,  the avai lable  ctorage i s  less  

than on the previous day, m d  aore energy m a s t  be dnaaped. 

This ' 'end-of-the-day dumping " i s  the s i t ua t ion  presmed in  

the s implif ied procedure. Constraining the so l a r  f rac t ion  t o  not 

exceed uni ty  e f f ec t ive ly  requires t h a t  no energy prodaced on one 

day be used on the next. However, i f  the representat ive good day 

so l a r  f r ac t ion  (i.e.. the la rges t  f  of the 3-day d is t r ibu t ion)  
e,n 

i s  near unity,  then some of the "better" good days contribute 

f  > 1 t o  i t s  value. The procedure imposes the constraint  only 
0.n 

on the representat ive f  and not on the "better" good day 
6.n 

f  's: hence, the good day f rac t ion  i s  higher than i f  the 
e n n  

cons t ra in t  were s t r i c t l y  imposed. Including addi t ional  days in  

the d i s t r i bu t ion  allows the constraint  on the so la r  f rac t ion  t c  be 

more cotapletely enforced. 

For the same sys t e r  a s  above, i f  a c l ea r  day i s  followed by a 

aloudy day, p a r t  of the production of the c l e a r  dry contr ibates  

toward sa t i s fy in8  the cloudy day load. When such interact ion on 

s a ~ c e s s i v e  days occurs, the constraint  on f e  i s  not valid. 

Since enforcinp the cons t ra in t  tends toward conservative estimates 

of system perfomance, however, the recomaended procedure i s  t o  

enforae it a s  s t r i c t l y  a s  possible. Thus, predict ions f o r  which 

the good day f r ac t ion  i s  greater  thaa about 0.95 should be viewed 

s s  o p t i r i s t i c  and consideration should be given t o  using norc than 

a 3-day d i s t r i bu t ion  i n  order t o  permit s t r i c t e r  enforcement of 

the cons t ra in t  on so l a r  f ract ion.  

- 
4.5.3 High I$ Months 

- 
I n  months with high 5, the 3-day d i s t r i ba t ion  o f f e r s  - l i t t l e  

advantage ovts  a uniform day asswaption. Hence. for  KT > 0.65, - - 
eq. (4.5) applied once using Q,/L giver  r e s u l t s  e s sen t i a l l y  

equivalent t o  those obtained with the 3-day d i s t r i bu t ion  

calculat ion.  



4.5.4 Varying Load P r o f i l e  

The procedure developed here assumes t h a t  the load p r o f i l e  i s  

miform from day t o  day through a month. To es t imate  monthly 

performance i n  s i t ua t i ons  where the  load p r o f i l e  v a r i e s  (e.g., a 

weeken? load which d i f f e r s  from t h a t  during the  week) it is  

necessary t o  approximate monthly performance f o r  each load shape 

and weight the  r e s n l t s  appropr ia te ly  (e.g., weight the  weekend 

r e s u l t s  by 217 and those f o r  the week days by 5/71. 

4.5.5 U t i l i t y  Sellback 

The s i t u a t i o n  i n  which the u t i l i t y  serves  a s  system s torage,  

purchasing power which is  not  m e d i a t e l y  needed and s e l l i n g  power 

when the  a r r ay  alone cannot s a t i s f y  the  load, is  merely a spec i a l  

case of the  procedure a l ready discussed. Here, the  single-day 

d i r e c t  f r a c t i on ,  t ha t  supplied d i r e c t l y  by the array,  i s  

The f r a c t i o n  of the output which i s  sold t o  the  u t i l i t y  i s  j u s t  - 
XSn/L and t h a t  purchased from the u t i l i t y  i s  (1 - fe ) .  These a r e  

r e ad i l y  computed on a monthly b a s i s  using the  same 3-day procedure 

described previously.  A s  shown i n  the  r e s u l t s  of Chapter 2 ,  

random f l uc tua t i ons  i n  the  load do not s i g n i f i c a n t l y  a f f e c t  the  

monthly two-way energy flow, hence neglect ing such f l uc tua t i ons  i n  

the  s impl i f i ed  procedure should introduce l i t t l e  add i t iona l  e r r o r .  

4.5.6 Alte rna t ive  Procedures 
I 

I 
i Two a l t e r n a t i v e  design approaches inves t iga ted  i n  the  course 
1 

/ of t h i s  study showed promise, b a t  u l t ima t e ly  proved t o  be 

inadequate. Both are  empirical  i n  t h a t  they r e l y  s t r i c t l y  on 

simulation r e s u l t s .  Both, a lso ,  a r r i v e  a t  e s t imates  of system 

performance by approximating losses .  I n  t he  f i r s t  procedure, the  

t o t a l  monthly losses  (damping plus  s torage l o s s e s ) ,  expressed a s  a 



percentage of the  monthly load, a re  p l o t t e d  a s  r fnnct ion of - - 
XS/L, with the  s torage group S/qA re ta ined  from Chapter 2 as  a 

parameter. Figure 4.6 shows snch a p l o t  with l i n e a r  l e a s t  squares 

@ curves shown i n  l i e n  of simulation points .  (The lowermost l i n e  i n  

Fig. 4.5 represen t s  cases  wi th  neg l ig ib le  damping losses  and 

disp lays ,  with simple manipulation, the 0.87 s torage e f f i c i e n c y  

c i t e d  e a r l i e r . )  I n  the  second approach monthly dumping losses .  

normalized by XS, a r c  p l o t t e d  a s  a  funct ion of the  s torage 

v z r i a b l e  S/XS. The s tandard devia t ion,  crHIHD - of d a i l y  t o t a l  

r a d i a t i o n  on the  hor izon ta l  from the monthly mean value is  

included a s  a  p a r m e t e r .  Figure 4.7 shows t h i s  second a l t e r n a t i v e  

approach. 

Both of these empir ical  approaches work reasonably well in  - 
pred ic t ing  performance f o r  months with l a rge  e  f o r  

months where the re  i s  l i t t l e  weather v a r i a t i o n ) .  Neither, 

however, adequately accounts f o r  weather v a r i a t i o n s  i n  months of 

low 5. 

The f i r s t  scheme does not consider day t o  day v a r i a t i o n  a t  

a l l ,  b a t  considers  parameters based s t r i c t l y  on monthly mean 

values.  This  leads  t o  e r r o r s  i n  the  s o l a r  f r a c t i o n  of a s  much as  

25% (abso lu te )  compared with the  corresponding s imulat ion r e s n l t s .  

The second approach a l s o  uses monthly mean values but attempts 

t o  consider v a r i a t i o n s  through the  use of an add i t iona l  monthly 

mean parameter, namely crH/2 This, however, does not recognize 

t h a t  weather v a r i a t i o n s  of a  given magnitode have a  g rea te r  e f f e c t  

on the  smal ler  of two systems even when the  two systems have the  

same r a t i o  of S/XS. A s  a  r e s u l t ,  the  second approach f o r  

c o r r e l a t i n g  s imulat ion r e s u l t s  can y i e l d  poor r e s n l t s  f o r  low 

months. 

The r e s u l t s  of Chapter 2 were used t o  d i s c e r n  parameters which 

a c h a r a c t e r i z e  the  i n t e r a c t i o n  of PV system coaponents. A p r a c t i c a l  



s impl i f ied design procedure f o r  p red ic t ing  the  f r a c t i o n  of a  given 

load supplied by so l a r  was developed around these  parameters and 

was shown t o  be adequate f o r  most design purposes. 

The technique, although perhaps labor ious  f o r  hand 

calcula t ions ,  has po t en t i a l  f o r  adoption t o  hand-held programmable 

ca lcu la to rs .  It c e r t a i n l y  can be i n s t i t u t e d  on any small compoter 

i n  a  simple and computationally e f f i c i e n t  manner. 

The develaped technique allows f o r  assess ing the  impact of 

many design a l t e rna t i ve s ,  such as  a r r ay  e f f ic iency .  a r r ay  s i z e ,  

ba t t e ry  s i z e ,  ba t t e ry  e f f i c iency ,  power conversion e f f i c i ency .  

load shape and locat ion.  Since the  technique uses  cosix~e f i t s  t o  

the  da i l y  inso la t ion  p r o f i l e  i t  i s  r e s t r i c t e d  t o  f l a t  arrays .  

However, o ther  ana ly t i c a l  shapes could be used t o  represent  2-D 

t racking systems. 



4.1 B.Y.B. Liu and R.C Jordan, "The Long-Tern Average 

Performance of Flat-Plate Solar-Energy Collectors,  ' ' S o l a r  

Enerav 2. 53 (1963 . 



Table 4.1 
Sumary o f  Procedure f o r  

Est imat ing System Performance 

1. Compute ir, /i: ,n 
Use KT and Fig. 4.4 t o  ob ta i n  a d i s t r i b u t i o n  o f  e f f e c t i v e  

ar ray outputs: 

Qe,n'V, n = I, 2, 3 

Use these w i t h  known ue and i t o  obtain:  

Qe , di n = 1, 2, 3 

2. Compute xsn/QeYn: 

a)  Approximate the instantaneous a r ray  output  us ing 

a cosine fit: 
I T  

i = -. r 2 ( t D - 1 )  

b )  Use the  above output  p r o f i l e  t o  compute XS,/Q,-, 
- -  - I - -  

' a n a l y t i c a l l y ,  numer ica l ly  or graphica l  1 : 

- 1 
X S n / ~ e  , n - - ~ o { [ ~ ~ - ~ ] ~ ~ ] ,  Qe , n a  n = l , . 2 , 3  

24 
3. Compute nbS/XSn: 

Use : 

4. Compute the monthly so la r  f r ac t i on :  

a) Use: 

f = I + (xs~M,,,) [nbs/xs, - I ]  Q i n = 1 , 2 ,  3 e,n 

1 

C 
b)  Average the resu l t s :  

3 
n=l 
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Figure 4 . 3  General ized Distribution o f  
Daily Total Radiation oil a Horizontal 
Surface for Various KT. 



Figure 4.4 Dai ly  E f f e c t i v e  Array Output as a  
Function o f  KT (3-Day D i s t r i b u t i o n ) .  
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Figure 4.5 Comparison o f  Simulated Monthly Average E f f e c t i v e  Array 
Output w i t h  Cosine Approximation f o r  Albuquerque i n  June and 
December. 



Figure 4.6 A1 ternative Design Procedure. Linear 
Least Squares Plots o f  Simulation Results Show- 
ing Total Losses as a Function of Monthly &an - 
XS and the Storage Parameter, S/FA. 
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5.0 SIMPLIFIED METHOD FOR C 

All the simulations mentioned in the previous chapter? are of 

systems ~perating in the max-power mode Ln which the voltage 

imposed on the photovoltoic array is dpnarically adjusted to give 

the maximum power oatput at any given insolation and temperature. 

The other rode of operation, to be discussed in this chapter, is 

called the "clamped-voltage" mode. For systems operating in 

this mode, the arzay is in parallel with the battery: their 

voltages are "clamped" to one another. The array voltage can no 

longer be varied independently of that of the battery in order to 

obtain the naxirm power possible; theref ore, the power oatpat in 

this mode is less than in the mar-power mode. Estimation of this 

reduced power output is the subject of this chapter. 

5 . 1 . 1  Photovoltoic Cell Model 

The diff icalty euzountered in si~pulation of the 

clamped-voltage mode is that electrical power prodaced by the 

array is no longer related to the insclation by the simp13 

max-power efficiency relationship of eq. (2 .4 ) .  The complete 

current-voltage (I-V) corve and its dependence on insolation and 

temperature mart be erpressed in some functional form. 

Perhaps the most c o m o n  method is to represent the cells as 

single or multiple diodes in parallel with direct current sources 

(Ref. 5.1). Althongh this method is suitable for computer 

simulation (Ref .  5.21, the equations which riast be solved are too 

cumber some for any simp1 if ied design. 

More reasonable and straightforward is the set of equations 

given by: 



These allow the determination of c e l l  cur ren t  ( I c ) ,  f o r  a given 

c e l l  voltage (Vc). c e l l  temperature (TC. C).  and i n so l a t i on  (QsC. 

kw/ma). Here the  constant values  of the  C i ' s  and Trips  a r e  chosen 

t o  f i t  the da ta  f o r  a p a r t i c u l a r  c e l l .  The f i r s t  two equat ions  i n  

(5.1) represent  reasonable dependencies f o r  the  max-power vol tage 

and current  (Ref. 5.3)  , respect ively ,  while the  l a s t  th ree  

equations follow from the work of Lindmayer (Ref. 5.4). Tho t h i r d  

equation i s  merely an expression f o r  what i s  commonly c a l l e d  the  

thermal voltage.  

The work which follows presen ts  some r e s u l t s  f o r  two d i f f e r e n t  

types of c e l l  I-V curves d i s t ingu ished  as  "CV1" and "CV2". 

These two c e l l s  d i f f e r  pr imari ly  i n  t h e i r  f i l l  f a c t o r  defined a s  

The CV1 c e l l  has a poorer f i l l  f a c to r  than Cm which means t h a t  it 

has a l e s s  "boxy" I-V curve. The power versus  vol tage curve is  

thus  a l e s s  peaked curve f o r  CV1 than f o r  CV2. This  w i l l  be 

apparent i n  the  r e s u l t s  t h a t  follow. 

The values of the  C . ' s  and Tri 's f o r  CV1 and CV2 c e l l s  a r e  
1 

given i n  Table 5.1. The CV1 c e l l s  a r e  intended t o  represen t  a 

p a r t i c u l a r  f l a t  p i a t e  c e I i  t h a t  may be commerciaiiy ava i iab ie .  



The e igh t  p a r m e t e r s  f o r  Cm were chosen by least-squares 

f i t t i n g  t o  dup l ica te  Spectrolab concentrator c e l l s  a s  they had 

been modeled by the subrout ine SOLCEL i n  TBWSYS-compatible 

photovol ta ic  subrout ines  (Fief. 5.2). The value of Tr,, s  o  

chosen, 291 C, i s  c lose  t o  the expected t heo re t i c a l  value of 273 

C, b a t  the  former g ives  a  b e t t e r  f i t  t o  the empirical  da ta  f o r  the 

Spectrolab/SOLCEL c a l l s .  

It should be pointed oa t  t h a t  of ten a  designer i s  nct  

concerned with  individual  c e l l  I-V carves but r a t he r  a r ray  I-V 

curves. This  does not  change the approach being described here. 

and I v c ~  Ic# V o c ~  ISc# V m p ~  . mP are  then in te rpre ted  a s  a r ray  

vol tages  and cur ren t s ,  Qsc 
becomes inso la t ion  on the array and 

t he  C .  's take on new values i n  eqs. (5.1). 
1 

5.1.2 Battery Model 

The Byman o r  modified-Shepherd b a t t e r y  model has been used 

here.  It i s  described b r i e f l y  i n  Section 2.3 and i n  more d e t a i l  

i n  Refs. 5.2 and 5.5, 

5.2 Deoendence of Arrav Output uDon Ratio of Solar  Ce l l s  

t o  Ba t te ry  Ce l l s  

I f  the vol tage d i f fe rence  across  the terminals  of a ba t t e ry  

c e l l  were constant ,  say Vb, and i f  the mar-power voltage f o r  

each photovol ta ic  c e l l  were f ixed a t  V then the optimum nmber  
mpB 

of s o l a r  c e l l s  i n  s e r i e s  per b a t t e r y  c e l l  i n  s e r i e s  would simply 

be 

where SB is r e f e r r ed  t o  a s  the  s e r i e s  r a t i o  and the  a s t e r i sk  

d e z s t t t  tts apt i m m  *ria=. 



I n  r e a l i t y ,  va r i a t i ons  with time of the i n so l a t i on  and s o l a r  

c e l l  temperature, upon which vmP 
depends, and b a t t e r y  s t a t e  of 

charge and cur ren t ,  upon which the  ba t t e ry  voltage depends, 

g r ea t l y  complicate p red ic t ion  of the optimum s e r i e s  r a t i o ,  SR*. 

An optimum SR does e x i s t  under these condi t ions ,  but i t s  

determination can be d i f  f  i c u l t .  

Se lec t ion  of a s o l a r  c e l l  t o  b a t t e r y  c e l l  r a t i o ,  SR, 

d i f f e r e n t  from SR* con lead  t o  s i gn i f i c an t  l o s se s  i n  a r r ay  

output. These "mismatch" , l o s se s  a r e  c l e a r l y  depicted i n  Figs.  

5.1 and 5.2 which give r e s u l t s  of s imulat ions  f o r  a r r ays  CV1 and 

Cm f o r  var ious  values of SR. For these  s imulat ions  the  

subrgutine SOLCEL has been a l t e r e d  t o  use eqs. (5.1).  

The data  shorn i n  Figs. 5.1 and 5.2 represent  monthly r e s u l t s  

f o r  four  months throughout the  Albuquerque TMY using the  base l ine  

load (See Sect ion 2.1.7 o r  Fig. 2.2).  I n  these  s imulat ions ,  the  

a r r ay  a res  i s  f ixed,  bu t  
Lo 

i s  adjusted from month t o  month so - - - 
t h a t  Qe/L i s  always equal t o  0.6, where Qe i s  qpc t imes a r r a y  - 
output f o r  the same system rm i n  the mox-power mode. S/qA i n  

these cases i s  20 W-hrl(%*m"). 

The four  sho r t  hor izon ta l  l i n e s  i n  each of Figs.  5.1 and 5.2 - 
represent  the normalizedl Qae (mar-power) values  f o r  the  four  - 
months graphed. The Qae r e s u l t s  a r e  independent of the  b a t t e r y  

and load and consequently are  independent of SR. 

The array,  b a t t e r y  and load a l l  i n t e r a c t  i n  the  

battery-clamped mode. Thus, the r e s u l t s  a r e  system and- load 

dependent, and the  f i gu re s  ind ica te  the  s t rong v a r i a t i o n  of Qae,cv - * with SR. H o w e ~ e r , Q ~ ~ , ~ ~  , the maximum value of - Qae, cvn i s  
wi thin  2% of Qae. 

- -  -- 

lThe curves i n  Figs. 5.1 and 5.2 have been norma~ized  with  respect  - 
t o  the  Jrrr?e 

Qae 



Figs. 5.1 and 5.2 also show that SB* e .  the SR 

corresponding to maxim- electrical energy outpat) varies from 

month to month due to the different cell operating temperatures 

and different insolation levels from one month to another. Of 

these two effects, cell operating temperature is the more 

significant. 

If the system were wired for best operation in December (i.e., 

SR* = 5.3 for CV1 or 4.6 for CV2). then mismatch losses would 

be non-negligible in June (i.e.. 6 loss for CV1 or 9% loss 

for (32). On the other hand, if the system wero arranged to give 

best perfomance in June, then mismatch losses would be small for 

the other months, including December. This is because : (1) June 

has the highest value of sR* (the cells are typically warnest in - 
June anJ hove the lowest V 1 and (2) the Q vs SB curves 

mP ae . cv 
are asymmetric, with the SR > SW* postions much less steep than 
the segments for SB < SR'. 

The computer simulation required for the results in this 

section can involve considerable expense. For each system 

configuration i . .  array size, battery size, and load) 

simulations need to be run at a number of SR's in order to 

define performance curves like those in Figs. 5.1 and 5.2. in 

addition to the expense involved in design based upon computer 

simulation, the diff icnlty in assembling a VtiSYS data deck, 

particularly for the inexperienced psogranuaer, should not be 

underestimated. 

Sections 5.3 and 5.4 discuss two approaches for estimating 

system performance which are easier to use than TR.YSYS 

simulations. The non-computer-based approach of Section 5.3 was 

ultimately rrasaccessfnl, but the method of Section 5.4, although 

compoterbased, yielded high accuracy in a prel ininary validation 

study. 



5.3.1 Pred ic t ion  of Performance a s  a Function of SR 

f o r  a Given SB* 

The shapes of the perfoznrance curves i n  Figs. 5.1 and 5.2 a re  

a r e s u l t  of the s o l a r  c e l l  I-V curves and t h e i r  va r i a t i on  with 

c e l l  temperature and i n so l a t i on  throughout the  month. It i s  not 

unreasonable t o  expect, however, t h a t  the most important I-V 

curve i s  the one corresponding t o  average midday c e l l  temperature 

and average r idday  insola t ion.  Cer ta in ly  e l e c t r i c a l  energy 

production i s  g r e a t e s t  near midday s ince t ha t  i s  t y p i c a l l y  the 

time of highest  insola t ion.  This per iod of the  day would then 

contr ibute  most s i g n i f i c a n t l y  t o  the  t o t a l  e l e c t r i c a l  energy 

production f o r  the  month. This reasoning then forms the  crux of 

the hypothesis on which the  work descr ibed i n  t h i s  s ec t i on  i s  

bored. Simply s t a t ed ,  the hypothesis i s  t h a t  once SR* and - - 
Qae, cv 

* are  known, monthly average midday temperatures and 

inso la t ion  can be used t o  determine the performance ourve of - 
$6, cv vs SB. 

This hypothesis has been va l ida ted  fo r  8 d i f f e r e n t  systems - - - 
(various Qe/L, S/qA combinations) using CV1 c e l l s  and 4 

d i f f e r en t  systems using CV2 ce l l s .  The monthly average midday 

temperature and inso la t ion  values a re  obtained from the r e s u l t s  

presented i n  Chapter 3. These a r e  then used i n  eqs. (5 .1)  t o  

obtain  the midday I-V curve. The following example i s  included 

t o  show both the v a l i d i t y  of the hypothesis and a l l  the s teps  

required : 

Example: Albuquerque, March TMY 

SR* = 5.6 assumed known ( taken from TRNSYS simulat ions)  - 
J$ = 0.664 (fromBlarchTMY da t a )  

B =3S0 

CVl c e l l s  



Array: Fla t -Pla te  (south facing)  

s = b = 3S0 (a r ray  tilt equal to  l a t i t u d e )  

r = 0.88 

P - 1  

a = 0.77 

Ke 
= 72 k.T/(hr*m5*c) = 0.02 k l / (aa*C)  

*cel l  
= 0.007854 ma 

Midday In so l a t i on  (Monthlv Average) 

From Fig. 3.18: Qs(12) = 0.929 kW/m* 

From Table 3.2: (sM-s) = ( ~ ~ - 9 )  = 30 

Since Fig. 3.18 assumes an optimum tilt ,  a cosine cor rec t ion  i s  

made t o  y i e l d  the  i n so l a t i on  on t h i s  non-optimm t i l t .  The 

parameters shown i n  Table 5.1 fo r  the CV1 c e l l s  produce a c e l l  

I -V curve a s  opposed t o  an a r r ay  I-V curve. Therefore, the 

i n so l a t i on  must be r u l t i p l i e d  by the encapsulant transmittance 

before  it i s  used i n  eqs. (5.1). I f  an a r ray  I-V were being 

s tudied,  t would be s e t  t o  1.0. 

From Figg. 3.6a 

ze(Tc - Ta) / (ap)  ' 3.517 W/ (az ' h r )  

Then 

Tc - Ta = 3.S17ap/Ke = 37.8 C 

A 1  so 

Cf = cos(sElb) = 1.0 

 he need f o r  and purpose of i t e r a t i o n  i s  described i n  C%apter 3 



For Albaqaerqus l a r c h  'I'M! 

Then the lnonthly average midday c e l l  temperature. Tcs i s  given 

For CV1 c e l l s ,  eqs. (5.1) yie ld:  

P = 0.741 W 
mP 

and 

q - Pmp/~\c (12)  *Acell] = 0.116 

4 
Midday Cel l  Tem~era ture .  Voltage. and Power (Second I t e r a t i o n k  

These values of mi63ay c e l l  temperature and i n so l a t i on  a r e  

then used i n  eqs. (5.1) t o  ob ta in  the  P-V curve shown i n  

Fig. 5.3. 

' ~ t  i s  assumed here  t h a t  T +3 i s  r epresen ta t ive  of monthly average 
HI 

midday ambient temperature. 
4 
Op. c i t .  2. 



- 
The next s t e p  i n  de r iv ing  a  

'ae . cv VS. SR cnrve i s  t o  

r e s c a l e  the v e r t i c a l  a x i s  j i i  Fig. 5.3 as  i s  done i n  Fig. 5.4. - 
Here i t  i s  assumed t h a t  

'ae , cv 
i s  d i r e c t l y  propor t ional  t o  the  

power output by a  s i n g l e  c e l l  a t  midday on an average day, o r  

Thus the  o rd ina te  i n  Fig.  5.4 i s  both the dimensionless midday - 
power output and the  p red ic ted  dimensionless 

'ae , cv. 

With V c a l c u l a t e d  under average midday coudi t ions ,  i t  i s  
mP 

assumed t h a t  the  t y p i c a l  c e l l  voltage a t  noon i s  inversely  

p ropor t iona l  t o  t h e  s e r i e s  r a t i o ,  i .e. 

SB* / SR, 

SR = SR* V- / V  
mP 

Eq. (5 .6)  i s  used i n  going from vol tage a s  the  abscissa  i n  Fig. 

5 .3  t o  SR on t h e  hor izon ta l  a x i s  i n  Fig. 5.4. SR' i s  taken t o  

be 5 . 6 ,  which s imulat ions  f o ~ d  t o  be the  o p t i m a  s e r i e s  r a t i o  i n  - - - 
March i n  Albuquerque, f o r  a system with Qe/L = 0.8 and S/qA = 20.3 

Replot t ing t o  r e s t o r e  a uniform s c a l e  on the  hor izon ta l  ax i s  

f o r  the  data  of Fig. 5.4 gives the  dashed performance cnrve shown 

i n  Fig. 5.5. The r e s u l t s  of TaVSYS s imulat ions  a r e  given by the 

s o l i d  curve i n  tke  same f igure .  The two curves a r e  almost 

i d e n t i c a l  f o r  SB > 5.  

The change of s c a l e  and r e p l o t t i n g  procedure used i n  going 

from Fig. 5.3 t o  5.5 c l e a r l y  shows t h a t :  (1) the  s t eep  s ide  of - 
the Qae,cv 

v s  SP curve corresponds t o  the  s t eep  s i d e  of the P-V 

s o l a r  c e i i  cnrve, and ( Z j  the i n f l e c t i o n  on the  r i g n r  s ide  of t he  



curve is due to the change of scale on the abscissa from V units 

to SR units. 

Finally, prediction of array output from - the dimensionless 
* 

ordinate in Fig. 5.5 requires knowledge of Qae, cv . Figs. 5.6 

and 5.7 indicate that 

- - * = 0.98 Qae. (5.7) Qae , cv 
- 

If an estimate of- Qae is available (e.g, from the procedure of 

Chapter 3)  r then Qae * can be predicted. 
rCV 

The technique described in this section lumps clamped-voltage 

system considerations, particularly the photovoltaic array-battery 

interactions, into the parameter SR*, the choice of which will 

be discussed in the next section. 

5.3.2 Prediction of SR* 

In this sub-section a method for predicting the monthly 

optimum SR is described. It does not rely on the use of 

computer calculations, but has been found to be erratic and thus, 

unreliable. A description of the approach is included here in 

order to show that a complete, non-computer-based method has been 

attempted and to justify use of the computer-based method of 

Section 5.4. 

A simple approach for determining SR* would involve the use 

of eq. (5.3) if an appropriate battery voltage and solar cell 

max-power voltage could be determined. Since the procedure of 

Section 5.3.1 worked well using midday I-V curves, a similar 

approach was attempted here. V was chosen in the manner 
mP 

demonstrated in the example of that section. Attempts were then 

made to determine Vb, battery voltage, for the monthly average 

midday conditions. 



Bat te ry  vol tage a t  any time of the day depends on the  ba t t e ry  

charging (o r  discharging)  current  and s t a t e  of charge. (The 

systems and loads used here  t yp i ca l l y  resu l ted  i n  b a t t e r y  charging 

r a t h e r  than discharging a t  midday.) Vb can thus be de temined  

from e s t  imates of midday values of these qaan t i t i e s .  

Unfortunately, these  a r e  d i f f i c u l t  t o  p red ic t .  

A f a i r l y  complicated procedure was developed t o  estimate 

b a t t e r y  current  and s t a t e  of charge. It f i r s t  uses the  p red ic t ion  

of P a t  noon t o  give a value of Q, a t  noon and a l so  t o  
mP 

generate a  cosine curve f o r  Q e ( t ) ,  i n  a  nethod resembling t h a t  of 

Chapter 4. From these values and L ( t ) ,  an XS a t  noon and an 

in tegra ted  XS from sunr i se  t o  noon were determined. Division by 

the s torage capac i ty  and o ther  f a c t o r s  yie lded the  midday current  

and s t a t e  of charge, respect ively .  

For some systems t h i s  approach gave es t imates  of V and thus,  b 
SR* [see eq. ( 5 . 3 ) l  which a re  c lose  t o  the  values from 

simulat ion r e s u l t s .  However, t h i s  i s  not general ly  the case: the 

method is  highly e r r a t i c .  

The d i f f i c u l t y  i s  due t o  the  bas ic  problem of predict ing 

photovol ta ic  array-bat tery  i n t e r ac t  ions. Estimating ba t t e ry  

behavior i s  d i f f i c u l t  even i n  the  mar-power case,  when array 

output i s  independent of b a t t e r y  f luc taa t ions .  I n  the 

clamped-vol tage node, p red ic t ion  i s  f n r t he r  complicated by the 

' ' feedback" from b a t t e r y  t o  array.  A s impl i f ied design procedure 

ak in  t o  those described i n  Chapters 3 and 4 does not appear to  be 

f e a s i b l e  f o r  es t imat ing performance of a  clamped-voltage system. 

5.4 Comvuter-Based P red i c t  ion Method 

The r e s u l t s  of the previous sec t ion  ind ica te  t ha t :  (1) a  

technique capable of handling array-battery in te rac t ions  i s  

necessary i n  order  t o  p r ed i c t  clamped-vol tage system perf omance, 



and 2 )  use of es t imates  of c e l l  temperature and i n so l a t i on  a t  noon 

is  j u s t i f i e d  t o  a c e r t a i n  extent .  These conclusions suggested the  

development of the  computer program to  be described i n  t h i s  

sect ion.  The program accurate ly  reproduces curves such as  those 

i n  Figs. 5.1 and 5.2, but with a reduct ion i n  computer time by a 

f a c to r  of about 25 i n  comparison with TBNSYS simulations.  It 

should a l so  be m c h  e a s i e r  t o  use i n  design app l i c a t i ons  than a 

d e t a i l e d  program l i k e  TRNSYS. 

A flowchart f o r  the  new algorithm is  given i n  Fig. 5.8. The 

program e s s e n t i a l l y  simulates a given clamped-voltage system 

( f i r e d  array s i z e ,  b a t t e r y  s ize ,  and load)  with a given SR 

during th ree  represen ta t ive  days of a month. A s  ind ica ted  i n  t he  - - 
f igure ,  the  primary inputs  a re  the  q u a n t i t i e s  TM, !+ and QII 

along with the  load p r o f i l e  L ( t ) .  A l i s t i n g  of the  program is  not  

included here s ince th3 program i s  presen t ly  not  i n  a s t a t e  t h a t  

would allow easy use by others.  

The flowchart is  explained from the bottom up (from the s i yy l e  

t o  complex) i n  the  remainder of t h i s  sec t ion ,  emphasizing t he  four  

concepts embodied i n  t he  procedure: (1) s imulat ion of 

clamped-voltage system performance during a s ing le  day, (2)  

approximation of d a i l y  inso la t ion  and PV c e l l  temperature 

p r o f i l e s  by cosine curves, ( 3 )  pred ic t ion  of the peaks of each of 

these curves, and (4) represen ta t ion  of day-to-day va r i a t i ons  i n  

i n so l a t i on  during a month by the  i n so l a t i on  pa t t e rn s  on th ree  

s t a t i s t i c a l l y  determined days. 

Step 4 of the  Fig. 5.8 flowchart s imulates  a day's operat ion 

of a clamped-voltage system by the  same i t e r a t i v e  procedure used 

i n  TRNSYS. A t  each time s tep,  t he  inpu ts  T c ( t )  and Q s c o  en t e r  

the  C V l  or  CV2 c e l l  eqs. (1) , thereby f i x ing  a s o l a r  c e l l  I-V 

curve. The program combines t h i s  information with  a value of L ( t )  

and with the E p a n  model f o r  Vb = V,, (1.F) t o  match the  a r r ay  and 

b a t t e r y  voltages. This process i s  repeated hourly. 



Because the  prograta need only deternine  the  a r ray  ontpnt,  

Qae , cv, 
i t  only s imulates  the  day l igh t ,  power-producing hours. 

Other s i lnp l i f i ca t ions  make the  program much more t r a c t a b l e  and 

l e s s  expensive t o  ran  than a  general  TENSUS simulation. For 

example, it is assumed t h a t  the b a t t e r y  r a r e l y  discharges  during 

t h e  day l igh t  hours, s o  only the  charging por t ion  of the  H p a n  

b a t t e r y  model i s  inclnded i n  the  program. 

T c ( t )  and Q S c ( t ) ,  the  funct ions  inpat  t o  s t e p  4 of the 

program, a r e  determined i n  s t e p  3. Estimates of the peak of the 

inso la t ion ,  Qsc(12),  and of the t o t a l  d a i l y  inso la t ion ,  
Osc, 

spec i fy  an i n s o l a t i o n  cosine carve. An "e f fec t ive  daylength," 

t 
D.eB is  then found. This  value p lus  a  p red ic t ion  of the  noontime 

c e l l  temperature. T (12) .  y i e l d  a  cosine approximation f o r  Tc ( t  1 .  
C 

i h e  only loca t ion  considered thns f a r  with regard t o  

clamped-vcl tage system perf  omance i s  Albnqnerque. Eased apon TMY 

data  f o r  t h i s  c i t y ,  TRNSYS-generated average d a i l y  i n s o l a t  ion and 

temperature p r o f i l e s  f o r  any month a re  s h i f t e d  t o  the  r i g h t ,  with 

t h e i r  peaks occurr ing a f t e r  12:OO noon. I n  the  case of the 

inso la t ion ,  the  s h i f t  i s  apparent ly  due t o  clond p a t t e r n s  i n  

Albuquerque. The peak of c e l l  t e rpera tn re  curves occurs a t  an 

even l a t e r  time because of the r i s e  i n  ambient temperatare daring 

the  e a r l y  afternoon. 

The phase s h i f t  i n  c e l l  temperature i s  p resen t ly  accoanted f o r  

i n  t h e  program only by in t roduct ion of a time lag  of one-half hour 

a f t e r  s o l a r  noon i n  the  T c ( t )  p r o f i l e .  This 30 minute i n t e r v a l  

approximates t h e  de lay  found i n  t h e  monthly ontpnts  of several  

TRNSYS simulations.  The inso la t ion  curves have not been sh i f t ed .  

The peaks of the  T c ( t )  and QSc( t )  p r o f i l e s  a r e  d e t s m i a e d  i a  

s t e p  2 of the  program by the  method analogous t o  t h a t  of Chapter  3 

and descr ibed v i a  the  example i n  Sect ion 5.3.1. 



Step 1 a l so  uses  previous r e s u l t s  t o  s e l e c t  th ree  values  of 

the inso la t ion  n u l t i p l i e r ,  Cs. For a given 5, the values  a r e  

read d i r e c t l y  off  the v e r t i c a l  ax i s  of the three-day inso la t ion  - 
d i s t r i bu t i on ,  Fig. 4.4. Cs then mu l t i p l i e s  Qsc(12) and QS t o  

give estimated peak and t o t a l  inso la t ion  values on each of th ree  

represen ta t ive  days from a given month. 

The computer program which implements the flowchart  of Fig. 6 

is s t ruc tured  t o  run th ree  times i n  succession, once f g r  each of 

the three  values of C . The th ree  r e s u l t i n g  values  of Q,,,,, a re  s, 
then averaged t o  give Q 

ae, cv' 

The en t i r e  scheme i s  repeated f o r  incremental SR t o  y i e ld  - 
pred ic t ions  of QaeScv vs. SR such a s  those shown i n  Fig. 5.9. 

Comparison with TRNSYS r e s u l t s  demonstrates the  high accuracy of 

the s impl i f ied program. Depicted a r e  the  r e s u l t s  f o r  the months 

of June and December, but  comparably c lose  agreement holds f o r  

March and September data  a s  well. 

Because these  s tud ies  ore only fo r  a c e r t a i n  s i z e  system, load . 0 
 profile,'^ and loca t ion ,  the r e s u l t s  a r e  only prel iminary 

va l ida t ions  of the  simple program. However, the high accuracy 

achieved thus f a r  and the apparent adap t ab i l i t y  of the program 

(e.  g. ,  f o r  var ious  load d i s t r i b u t i o n s )  point  toward continued 

u t i l i z a t i o n  of the method and perhaps t o  i t s  eventual use i n  

ac tua l  clamped-voltage system design. 
''9 
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Table  5 .1  

Constants Used i n  Eqs. 5.1 
f o r  Determining I - V  Curves 



Figure 5 .1  
Cel l s ,  

SR 

Normalized - - Monthly Performance vs . Series  Ratio 
Qe/L = 0 . 6 ,  S/:A = 20 \V-hrs/ (%az) . 



Figure 5 . 2  Normalized Monthly Performance vs. - - 
Series Ratio, CV2 Cells, Qe/L = 0 . 6 ,  
S/:A = 20 W-hrs/ (%m2) . 
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Figure 5 . 3  Power Output vs. Cell Voltage for a CV1 
Cell at Midday on an Average March Day in 
Albuquerque. 

Figure 5 .4  Nowalized Array Output or Cell Power vs. 
Series Ratio, Obtained by Rescaling Fig. 5 . 3  
(SR* = 5.6) . 
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gure 5 . 5  Normalized Array Output  vs. Series Ratio, 

from TRNSYS Simulations and from Linearizing 
the Scale of Fig. 5 .4 .  qe/r = 0.8, S/FA = 20.3 
W-hrs/ (%m2) 



Figure 5.6 Optimum Clamped Voltage Array Output vs. 
Max-Power Array Output, CVl Cells, Normalized by 
Maximum qae. 



Figure 5.7 Optimum Clamped Voltage Array Output vs. 
Max-Power Array Output, CV2 Cells, Normalized by 
Maximum qae. 
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Figure 5 .8  Information Flow Diagram of Average-Day Sirculation Program 
for Clamped-Voltage Systems. 
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Figure 5.9 Comparison of TRNSYS and Average-Day 
P r o g r a ~  Simulation Results . 



6.0 DISCUSSION, CONCLUSIONS AM) S D E U Y  

The f indings  of  t h i s  study a r e  reviewed and discussed i n  the  

f i r s t  four  s e c t i o n s  of t h i s  chapter.  The l a s t  sec t ion  includes an 

example of a r ray  and b a t t e r y  s i z i n g  f a r  a  PV system i n  two locat ions .  

6.1 Simulation Resul ts  

The s imulat ion r e s u l t s  d iscussed i n  Chapter 2 have been found t o  - - - 
c o r r e l a t e  well  us ing t h e  parameter Q,/L along wi th  e i t h e r  S/qA or  - - - - 
S/qAQs. Qe/L i s  t h e  r a t i o  of monthly average d a i l y  a r ray  output 

(mul t ip l i ed  by the  power conversion e f f i c i e n c y )  t o  the  monthly average 

d a i l y  e l e c t r i c a l  load. S I ~ A  is the  r a t i o  of s torage capaci ty  t o  - - 
e f f e c t i v e  a r r a y  a rea  while SIqAQ, i s  the  r a t i o  of s torage capaci ty  - - 
t o  a r r a y  output.  For a  given loca t ion ,  S/qAQs i s  a b e t t e r  parameter - 
than S/qA when a r r a y  t i l t  i s  used t o  vary rhe i n s o l a t i o n  on the  - 
array.  The parameter S/qA i s  very use fu l  when consider ing optimally 

t i l t e d  a r r a y s  o r  when comparing r e s u l t s  f o r  two d i f f e r e n t  locat ions  

t h a t  have similarly t i l t e d  a r r a y s  ( i . e . ,  t i l t s  t h a t  vary from optirnurn 

f o r  each l o c a t i o n  by a  f i x e d  increment).  

For optimally t i l t e d  o r  s i m i l a r l y  t i l t e d  a r rays ,  the paranet:. - 
S/qA co l lapses  t h e  da ta  f o r  many locat ions  onto near ly  s ing le  curves - - 
f o r  equivalent  Qe/L, a given load shape and equal daylengths. The 

r e s u l t  i s  analogous t o  an f-Chart (Ref. 6.11 and yields the  f r a c t i o n  

of the  e l e c t r i c a l  load suppl ied by the  PV system a s  a  function of 

a r r a y  s i z e  and b a t t e r y  s i z e ,  f o r  a  given d iu rna l  load shape and time 

of year  (daylength) .  

Such an fe-Chart shows t h a t  s torage s i z e s  g rea te r  than t h a t  - 
determined from S/qA - 50 W-hrs/(%-ma) do not improve system 

perfonaance. For exsnple, f o r  108 m2 of 10% e f f i c i e n c t  array,  

b a t t e r y  s i z e s  i n  excess of 50 kW-hrs would never be werranted, 

r egard less  of daylength, geographical  locatiarr, or ,  wi thin  reason, - 
d i u r n a l  load shape. Below S/qA = 50 W-hrs/(%.na), both daylength and 

load shape become inc reas ing ly  inpor tant  i n  determining fe. The knees 



- - 
of the f e  versus  s torage curves depend on both  Qe/L and load 

shape. But. they t y p i c a l l y  occur i n  the  range of 20 t o  30 

W-hrs/(%*mZ). These two c r i t e r i a  a re  use fu l  des ign " ru les  of thumb" 

with regard t o  s torage capaci ty .  

The load shape r e f e r r e d  t o  above i s  the  monthly average d i u r n a l  

shape. Obviously, the  b e t t e r  the match between t h e  load and the  a r r a y  

output. the  higher  the  s o l a r  f r a c t i o n .  However, t h i s  s tudy has found 

t h a t  random f l u c t u a t i o n s  on t h i s  load shape have l i t t l e  e f f e c t  on 

system performance even f o r  the  case of no s torage.  This  information 

should make s impl i f i ed  des ign techniques more use fu l .  

Three d i f f e r e n t  b a t t e r y  models were considered i n  the  

simulations,  but  were found t o  have l i t t l e  e f f e c t  on o v e r a l l  system 

performance. Temperature e f f e c t s  were not included i n  t h i s  study. 

because l i t t l e  da ta  e x i s t  on the  temperature dependence of b a t t e r y  

performance. Available da ta  suggest t h a t  b a t t e r i e s  which operate  i n  

cold environments would have s i g n i f i c a n t  decreases  i n  performance. 

Although the  s imulat ions  conducted here ( o r  any f i n i t e  number of 

simulations) provide use fu l  i n s i g h t  i n t o  system opera t ion  and 

s e n s i t i v i t y  and a few use fu l  " ru les  of th~amb," they do not  provide a 

useful  t o o l  t o  the  des igner  f o r  s p e c i f i c  app l ica t ions .  For t h a t  

purpose one needs a f a i r l y  general  s i m p l i f i e d  des ign technique t h a t  

can accormnodate a r b i t r a r y  load shapes and daylengths. Such techniques 

were discussed i n  Chapters 3. 4 and 5 of t h i s  r epor t .  and a r e  reviewed 

i n  the  following sec t ions .  

6.2 S i m l i f i e d  Procedure f o r  Pred ic t ing  Arrav Output 

A s impl i f i ed  procedure f o r  p r e d i c t i n g  a r r a y  monthly e l e c t r i c a l  

output was developed i n  Chapter 3. It works f o r  f l a t  a r r a y s  and 2-D 

t racked systems which a re  pass ive ly  cooled and nax-power tracked.  Tie  

procedure, e s t imates  a monthly average a r r a y  e f f i c i e n c y  which can be 

mul t ip l i ed  by the  monthly a r r a y  i n s o l a t i o n  t o  y i e l d  monthly e l e c t r i c a l  

product ion. 



Input information needed by a designer c o n s i s t s  of mean monthly 

temperature. monthly valuer  and r i n d  speed da ta  f o r  the intended 

l o c a t i o n  of the  a r ray ,  monthly c o l l e c t o r  t i l t s  ( f o r  a f l a t  a r ray)  and 

some reference i n f  o w a t i o n  on the  arrays .  This reference i n f o m a t  ion 

includes  a reference e f f i c i e n c y  a t  a reference temperature and e i t h e r  

the  thermal conductance between the c e l l s  and the  ambient o r  the a r ray  

NOCT. 

The procedure i s  extremely accurate  and easy t o  use. Although it  

can be c a r r i e d  o a t  by hand, i t  can a l s o  be p r o g r m e d  on a hand-held 

c a l c u l a t o r  f o r  improved ease  of use. 

Procedures f o r  c a l c u l a t i n g  inso la t ion  on the  a r ray  were not 

s tud ied  here s ince  both c a l c u l a t i o n  schemes and t abu la r  data a re  

a v a i l a b l e  i n  the  s o l a r  f i e l d .  

I n  Chapter 4, a s impl i f i ed  design procedure was developed which 

es t imates  monthly o v e r a l l  perfomance of a PV system having r 

pass ive ly  cooled f l a t  W array.  The procedrrre considers  t h e  e f f e c t s  

of l i m i t a t i o n s  i n  s to rage  capac i ty  ( inc lad lng  no s torage)  and 

eqoivalent  "roarrd t r i p "  b a t t e r y  s torage e f f i c i e n c i e s  a s  they reduce 

the por t ion  of the  a r r a y  output which eventual ly  reaches the  load. 

The procedure uses  long t e r n  d i s t r i b u t i o n s  of d a i l y  inso la t ion  of  

the type f i r s t  introduced by Liu and Jordan (Ref. 6.2)  t o  obta in  an 

expected d i s t r i b a t i o n  of d a i l y  a r r a y  energy production. This 

d i s t r i b u t i o n ,  which accoants f o r  the  e f f e c t  of day t o  day var ia t ions  

on system performance, is  used t o  charac te r ize  a r r a y  performance on 

th ree  separate  days: a good day. a mediocre day and a poor day. The 

ins tantaneous  power output of the a r r a y  is reconst ructed through the 

use of a o o s i m  f i t  based on daylength and the  t o t a l  a r r a y  ontpnt OR 

each of the  th ree  days. 



The d a i l y  i n t e r ac t i on  between the a r r ay  output and the  load can 

be calcula ted from knowledge of only a few monthly mean values.  The 

method requ i res  spec i f i c a t i on  of a d a i l y  e l e c t r i c a l  load p r o f i l e ,  

ba t t e ry  storage capac i ty  and e f f i c i ency  along with  mean monthly - 
daylength, mean monthly a r ray  output (from Chapter 3 ) s  and the  &r 
value f o r  the  nronth and loca t ion  under considerat ion.  It i s  not  

r e s t r i c t e d  t o  spec i f i c  load shapes, avoids the need f o r  extensive 

weather data ,  and does not  requ i re  use of a d i g i t a l  computer. It has 

po t en t i a l  f o r  adoption t o  hand-held ca lcu la to rs .  

Based on comparisons with de t a i l ed  computer simulation r e s u l t s ,  

the s impl i f ied method y i e ld s  es t imates  t o  wi thin  a standard dev ia t ion  

of 2.6% (absolute 1. 

6.4 Batterv o r  Voltage-Clamped System Resul ts  

Photovoltaic a r r ay  output from a clamped-voltage system can be 

considerably l e s s  than t ha t  from a max-power tracked system with an 

a r ray  of equal area. Reduced output f o r  the battery-clamped case 

r e s u l t s  mainly from improper choce of SR, the m b e r  of s o l a r  c e l l s  

i n  a s e r i e s  per b a t t e r y  c e l l  i n  se r ies .  However, a clamped-voltage 

system with optimum s e r i e s  r a t i o ,  SR*, can produce approximately 98% 

of the power output by the same s i z e  system operated i n  the  mox-power 

mods. Since the value of SR* va r i e s  from month t o  month, the main 

th rus t  of t h i s  work was t o  p r ed i c t  SR*. 

Estimation of SR* by means of a s impl i f i ed  design procedure 

akin  t o  those developed f o r  mar-power tracked a r r ay  and system outputs  

does no t  appear t o  be f ea s ib l e ,  because a very simple method cannot 

r e l i a b l y  p red ic t  array-battery in te rac t ions .  Ins tead,  a computer 

program has been developed which e s s e n t i a l l y  s imulates  the  operat ion 

of the system during th ree  represen ta t ive  days i n  the  given month. A 

value of monthly energy production i s  obtained f o r  each SR used i n  

the  program. 



The r e s u l t i n g  p l o t s  of monthly energy production versus SB 

compare favorably  with TRNSYS s b a l a t i o n  r e s a l t s  i n  terms of es t imates  - 
of Q and SEL, on t h e  b a s i s  of a p r e l h i n a r y  va l ida t ion  study. 

ae . cv 
Further  t e s t i n g  and development of the  program should lead t o  a 

simple, inexpensive, and accurate  metbod of clmped-voltage system 

design. 

6.5 A Sizing Examle  i n  Phoenix and Madison 

A comtnercially a v a i l a b l e  s i l i c o n  f l a t  a r r a y  i s  considered here a s  

an example of us ing a v a i l a b l e  data  and s e l e c t i n g  system s i z e s .  k 

swmnary of the  s p e c i f i c a t i o n s  ava i l ab le  i n  the  manafrc tursr ' s  data i s  

given i n  Table 6.1. 

From items 2 and 2 i n  Table 6.1 and cq. (3.51, i t  can be 

determined t h a t  

Items 1 and 3 i n  Table 6.1 and eg. (3.51, along with from 

above, can be used t o  show 

Items 1 and 4 i n T a b l e  6 .1  and eq. (3.51, along with P from 

above, y i e l d  

This  discrepancy i n  y r e s u l t s  i n  an extremely small uncer ta in ty  i n  - 
any q t h a t  a i g h t  be des i red.  Although y conld be neglected i n  

eq. (3.5) withoat s i g n i f i c a n t  l o s s  of accaracy, the  value of 8.11'9 

w i l l  be ased here. 



Consider placing these arrays in Phoenix, AZ, and Madison, WI, in 

order to satisfy 50% of a September average daily load of 35 

kW-hrs/day distributed diurnally much like the baseline load discussed 

in Section 2.1.7. The arrays are south-facing and tilted at the local 

latitude (33.4O in Phoenix and 41 .go in Madison). 

There are several combinations of array size and battery capacity - - - 
which will yield an fe of 0.5 but Qe/L = 0.6 and S/qA = 20 

W-hrs/(%*ma) will be used here for demonstration (see Fig. 2.7). A 

straight-through power conversion eff iciency (qpc) of 90% will be 

considered. The array areas and battery sizes that are necessary in 

the tw3 chosen locations will be determined. 

- 
Phoenix: For September, SOUffiT data give a long term % = 

0.709, Then from Fig. 3.21 

This value needs no tilt correction since the tilt is nearly optimum 

for the month and C 1.0. 
f 

Also, Fig. 3.8 gives 

For September and Phoenix 

Equation (3.23a) now yields 



SOLllET data a l so  show for a la t i tude  t i l t  i n  September 

- - 
Thus, t o  produce a Q /L = 0 . 6 ,  an array area of 

e 

- 
would be reqaired. To obtain an S/qA = 20 W-hrs/(J*mZ), a storage 

capacity o f  

would be reqaired. 



- 
I n  Madiron, f o r  September, gT ' 0.509 and TM 15 C *  

Then 

Also f o r  a  l a t i t u d e  t i l t  

Theref ore 

. A  = (0.6) (35)/[0.9(0.092)4.751 l (0 .9)  (0.092) (4.75) = 53 mr 

and 

- - 
Notice tha t ,  f o r  the same Qe/L, the  a r r ay  area  s ca l e s  inverse ly  

with the product of monthly average e f f i c i ency  and a r r ay  inso la t ion ,  

since 

- 
Also note t ha t ,  f o r  a  given SIqA, the s torage capac i ty  s ca l e s  with 

the product of the monthly e f f i c iency  and the  a r r ay  area o r  inversely  

with the a r ray  inso la t ion ,  s ince 



= q  A / E  a ] = a  
Sph's14ad Phx Phx h a d  Mad 

/ Q 
salad saPhx 

The resul t s  of  Chapter 2 have been used here to conveniently 

predict systea performance, but the simplified procedure outlined in 

Chapter 4 could be used i f  other months or other load shapes were to 

be considered. 
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Table 6.1 

Example o f  Manufacturer's Data 

Array Size* 0.403 m2 
NOCT ( a t  0.8 kW/m2)* 45°C 

9 * Taken from manufacturer's data 

t Cal cul ated from manufacturer' s data 
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