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P R E F A C E  

New and exciting technology that has tapped the power of the sun, wind and other 
renewable energy resources exists today. But many of its potential users either do 
not understand this technology or do not have reliable and objective information 
on the products and systems now available. 

fn an effort to bridge the gap between consumers and manufacturers and provide 
information on products and systems, the Capricornia Institute, and The James 
Goldston School of Engineering, undertook the challenge in organizing this 
Symposium to focus on the technological advances being made in the field of 
renewable energy resources. 

Authors will address some problems of renewable energy resources and the ways 
these resources can be put to immediate use with the technology now available. 

Topics for discussion are broadly based and include practical technology rather 
than research-orientated papers. Hence the discussions are organised by starting 
with potentials of renewable energy resources, followed by applications of the 
existing technology in solar and wind energy, conversion equipment, batteries, 
solar architectural designs, remote area power supplies and finally, development 
and commercialising renewable energy resources. 

The exhibition and demonstration of products, systems and services by 
manufacturers, distributors and retailers closely involved in the research and 
development of alternative energy systems to be held on Campus to coincide with 
the Symposium should prove to be very beneficial to the participants. 

I wish to thank all the authors and exhibitors for their contributions and should 
like to express the wish that the participants enjoy the Symposium and will find 
useful interesting and pleaseant reading of the proceedings. 

Finally, I wish to thank Mr Frank Schroder, Chairman of School of Engineering for 
his support and Mrs Mary Corley and Mrs Jacinta Cumming for their secretarial 
contribution. 

Dr Wardina oghanna 
Symposium Organiser $r Coordinator 
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S O L A R  R A D I A T I O N  D A T A  FOR T H E  U S E R / D E S I G N E R  

by 

John Y.  Bug le r *  

SUMMARY 

The s o u r c e s  and  f o r m s  o f  s o l a r  r a d i a t i o n  d a t a  a v a i l a b l e  t o  
t h e  user ,  o r  d e s i g n e r ,  o f  s o l a r  e n e r g y  s y s t e m s  i n  A u s t r a l i a  
a r e  p r e s e n t e d .  The p r a c t i c a l i t i e s  o f  r e t r i e v i n g  t h e  d a t a  a r e  
emphas ised.  Examp les  o f  u s e f u l  d a t a  f o r m a t s  a r e  g i v e n  u s i n g  
Rockhampton measuremen ts  o v e r  a  t e n  y e a r  p e r i o d .  

* J o h n  B u g l e r  was l a t e l y  o n  t h e  s t a f f  o f  t h e  M e c h a n i c a l  Eng- 
i n e e r i n g  D e p a r t m e n t  o f  t h e  CIAE, Rockhampton, Qld.; h e  now 
p r a c t i c e s  a s  c o n s u l t a n t  i n  s o l a r  e n e r g y  e n g i n e e r i n g ,  w i t h  
p a r t i c u l a r  i n t e r e s t  i n  s o l a r  r a d i a t i o n .  
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1. INTRODUCTION 

The s u n  i s  a f u s i o n  r e a c t o r  r e l e a s i n g  enormous amoun ts  o f  
e n e r g y  s u c h  t h a t ,  t o  u s  o n  e a r t h ,  i t  a p p e a r s  t o  b e  a  s p h e r e  
s u b t e n d i n g  a b o u t  3 2  m i n u t e s  o f  a r c  and e m i t t i n g  r a d i a n t  
e n e r g y  f r o m  a n  a p p r o x i m a t e  b l a c k  body  a t  5760K. The s u n ' s  
m o t i o n  r e l a t i v e  t o  e a r t h  i s  a n  e l l i p t i c  o r b i t ,  w i t h  a  
c o n s e q u e n t  v a r i a t i o n  o f  r o u g h l y  3.4% i n  t h e  s o l a r  r a d i a t i o n  
a t  t h e  edge o f  t h e  e a r t h ' s  a t m o s p h e r e  a b o u t  t h e  mean v a l u e  o f  
1 3 5 3  u a t t s  p e r  sq.m. 



A S  t h e  s u n ' s  r a d i a t i o n  p a s s e s  t h r o u g h  t h e  e a r t h ' s  a t m o s p h e r e  
t h e  e n e r g y  i s  d e p l e t e d  b y  a b s o r p t i o n ,  s c a t t e r i n g  and r e f l e c -  
t i o n ,  s u c h  t h a t  i t  i s  r e d u c e d  i n  m a g n i t u d e  b y  a t  l e a s t  one- 
q u a r t e r .  The a t m o s p h e r e  a l s o  changes t h e  c h a r a c t e r  o f  t h e  
r a d i a n t  energy,  f rom p u r e l y  v e c t o r i a l  t o  p a r t l y  v e c t o r i a l  
( c a l l e d  beam r a d i a t i o n )  and  p a r t l y  d i f f u s e  r a d i a t i o n  f r o m  t h e  
w h o l e  sky .  The p r o p o r t i o n s  o f  beam and d i f f u s e  r a d i a t i o n  
v a r y  c o n t i n u o u s l y  w i t h  t h e  s t a t e  o f  t h e  weather ,  and depend 
p a r t i c u l a r l y  o n  t h e  c h o u d  s t a t e ;  t y p i c a l l y ,  t h e  d i f f u s e  
r a d i a t i o n  v a r i e s  f r o m  a b o u t  10% o f  t h e  t o t a l  when t h e  s k y  i s  
c l e a r ,  t o  ( o b v i o u s l y )  100% when t h e  s u n  i s  o b s c u r e d  b y  c l o u d .  

\ - 
The beam r a d i a t i o n  i s   elated t o  the: s u n ' s  a l t i t u d e  and 
a z i m u t h  ang les ,  w h i c h  a r e  a c c u r a t e l y  p r e d , i c t a b l e .  D i f f u s e  
r a d i a t i o n  i s  much more complex, b e i n g  a n i s o t r o p i c  e v e n  f o r  
c l e a r  s k i e s .  T h e r e  i s  ahso  a g r o u n d  r e f l e c t e d  d i f f u s e  com- 
p o n e n t  o f  r a d i a t i o n  t o  b e  c o n s i d e r e d  when c a l c u l a t i n g  t h a t  
r e c e i v e d  b y  a n  i n c l i n e d  p l a n e .  

The s u n ' s  r a d i a t i o n  s p e c t r u m  i s  a  k e y  f a c t o r  i n  many s o l a r  
e n e r g y  a p p l i c a t i o n s ;  i t  i s  i l l u s t r a a t e d  i n  F i g u r e  1. 

I n  wha t  f o l l o w s ,  i t  i s  w o r t h  b e a r i n g  i n  m i n d  t h a t  c u r r e n t  
measurement  t o l e r a n c e s  f o r  s o l a r  r a d i a t i o n  a r e  g e n e r a l l y  o f  
t h e  o r d e r  o f  5 X ,  w i t h  onby  t h e  v e r y  b e s t  a c h i e v i n g  a b o u t  1%. 
Much d e v e l o p m e n t  work i s  needed  o n  s o l a r  r a d i a t i o n  s e n s o r s  t o  
i m p r o v e  o n  t h e s e  f i g u r e s .  

I t  i s  a p p r o p r i a t e  a t  t h i s  s t a g e  t o  d e f i n e  t w o  q u a n t i t i e s ,  o f  
c o n s i d e r a b l e  r e l e v a n c e :  

I r r a d i a n c e  i s  t h e  s o l a r  e n e r g y  f l u x  r e c e i v e d  p e r  u n i t  t i m e  
p e r  u n i t  a r e a  a t  a  s u r f a c e .  I t  i s  measured i n  w a t t s  p e r  
sq.m. 

I r r a d i a t i o n  i s  t h e  s o l a r  e n e r g y  f l u x  r e c e i v e d  p e r  u n i t  a r e a  
a t  a  s u r f a c e  o v e r  a  s p e c i f i e d  t i m e  p e r i o d .  I t  i s  t h e  t i m e  
i n t e g r a t i o n  o f  i r r a d i a n c e ,  measured i n  j o u l e s  p e r  sq.m. 

2. SOLAR RADIATION DATA FORMATS 

S o l a r  i r r a d i a n c e  i s  a  c o n t i n u o u s  and c o n t i n u a l l y  v a r y i n g  
q u a n t i t y ;  i t  c a n  b e  sensed, and i t s  v a l u e  i n d i c a t e d  o n  a  d i a l  
gauge o r  r e c o r d e d  o n  a  s t r l p  c h a r t  r e c o r d e r ,  b u t  i t  c a n n o t  b e  
d i g i t a l l y  r e c o r d e d .  F o r  a r c h i v a l  pu rposes ,  then, i t  i s  nec-  
e s s a r y  t o  r e c o r d  and s t o r e  v a l u e s  o f  i r r a d i a t i o n .  

Q u e s t i o n s  w h i c h  now a r i s e  a r e :  f o r  what  r e g u l a r  t i m e  i n t e r v a l  
s h o u l d  i r r a d i a t i o n  b e  r e c o r d e d ?  and, f o r  what  r e c e i v i n g  p l a n e  
s h o u l d  t h e s e  d a t a  a p p l y ?  B o t h  q u e s t i o n s  r e q u i r e  a  compromise 
answer.  C l e a r l y ,  t h e  s h o r t e r  t h e  t i m e  i n t e r v a l  t h e  g r e a t e r  
t h e  c h a r a c t e r i s a t i o n  o f  t h e  r a d i a t i o n  c l i m a t e ,  b u t  t h e  l a r g e r  
t h e  number o f  d a t a  t o  b e  s t o r e d .  We m u s t  n o t  f o r g e t  t h a t  t h e  



systems f o r  u h i c h  we r e q u i r e  t h e  d a t a  have a  w ide  range  o f  
t i m e  c o n s t a n t s  and, i n  r e a l i t y ,  a r e  r e s p o n d i n g  t o  t h e  eve r -  
chang ing  i r r a d i  ance c o n t i n u o u s l y .  The g e n e r a l l y  accep ted  
t i m e  p e r i o d  f o r  i r r a d i a t i o n  i s  one hour, a l t h o u g h  t h e  A u s t r a -  
li an Bureau  o f  M e t e o r o l o g y  r e c o r d  h a l f - h o u r l y  da ta .  

The r e c e i v i n g  p l a n e s  f o r  wh ich  s o l a r  r a d i a t i o n  i s  r e q u i r e d  
a r e  m u l t i t u d i n o u s ,  b u t  i t  i s  a c c e p t e d  t h a t  i r r a d i a t i o n  o n  t h e  
h o r i z o n t a l  p l a n e  p r o v i d e s  v a l u e s  f r om wh i ch  a l l  can  work, 
a l b e i t  w i t h  some l o s s  o f  accuracy .  

H o u r l y  v a l u e s  o f  i r r a d i a t i o n  o n  t h e  h o r i z o n t a l  p l a n e  ,then, 
a r e  t h e  a c c e p t e d  base l i n e  d a t a  f o r  s o l a r  energy.  However, 
t h e r e  a r e  many users,  o r  d e s i g n e r s  mak ing  p r e l i m i n a r y  c a l c u -  
l a t i o n s ,  who r e q u i r e  o n l y  c r u d e  s o l a r  r a d i a t i o n  data, and f o r  
t h e s e  p e o p l e  i r r a d i a t i o n  c o v e r i n g  one day, o r  even  one month, 
somet imes p r o v e s  s a t i s f a c t o r y .  

3. SOURCES OF MEASURED SOLAR RADIATION DATA 

L e a d i n g  o n  f r o m  t h e  p r e v i o u s  s e c t i o n ,  i n  wh i ch  d a t a  t i m e  span 
and r e c e i v i n g  p l a n e  have been  d iscussed,  t h e r e  rema ins  t h e  
q u e s t i o n  o f  u h e r e  t o  t a k e  t h e  measurements. 

Use rs  w i t h  t h e i r  own equ ipment  can  t a k e  t h e  measurements 
u h e r e  t h e y  wish, o n  u h a t e v e r  p l a n e  t h e  w i s h  and o v e r  u h a t e v e r  . 

t i p e  i n t e r v a l  s u i t s  them; i t  w i l l ,  o f  course, t a k e  them some 
c o n s i d e r a b l e  t i m e  t o  a c c u m u l a t e  t h e  n e c e s s a r y  amount o f  data .  
However, i t  i s  t h e  p e r s o n  who has  t o  t a k e  wha teve r  d a t a  i s  
a v a i l a b l e  now i n  t h e  a r c h i v e s  t h a t  we have i n  mind, and he  
has  t o  r e l y  p r i m a r i l y  o n  t h e  n a t i o n a l l y  e s t a b l i s h e d  n e t w o r k s  
o f  r e c o r d i n g  s t a t i o n s .  

3.1 A u t h o r i t i e s  

I n  A u s t r a l i a ,  t h e  Bureau  o f  M e t e s r o l o g y ( 1 )  i s  r e s p o n s i b l e  f o r  
t h e  ne two rk  o f  s o l a r  r a d i a t i o n  r e c o r d i n g  s t a t i o n s .  The l oca -  
t i o n s  o f  t h e s e  s t a t i o n s  a r e  g i v e n  i n  Append ix  1, and i l l u s -  
t r a t e d  i n  F i g u r e  2. As a  compromise be tween  o p e r a t i n g  c o s t s  
o n  t h e  one hand, and l i k e l y  a r e a s  o f  demand c o u p l e d  w i t h  t h e  
c o u n t r y ' s  c l i m a t e  zones o n  t h e  o ther ,  t h e s e  20  s t a t i o n s  o f f e r  
a reasonable ,  t hough  f a r  f r o m  i d e a l ,  coverage.  

The re  a r e  p r o b a b l y  a t  l e a s t  as  many s t a t i o n s  a g a i n  r e c o r d i n g  
some f o r m  o f  s o l a r  r a d i a t i o n ,  b u t  t h e s e  a r e  v e r y  r a r e l y  o f  
use  t o  anyone b u t  t h e  a u t h o r i t y  concerned.  A p o s s i b l e  excep- 
t i o n  t o  t h i s  i s  t h e  C S I R O ( Z 1 ,  w i t h i n  u h i c h  v a r i o u s  D i v i s i o n s  
have accumu la ted  some y e a r s  o f  h i g h  q u a l i t y  d a t a  f o r  c e r t a i n  
l o c a t i o n s  a s  r e q u i r e d  f o r  t h e i r  r e s e a r c h  purposes .  

Many u n i v e r s i t i e s  and CAEs have e s t a b l i s h e d  s o l a r  r a d i a t i o n  
r e c o r d i n g  systems, p r i m a r i  l y  f o r  t h e i r  oun r e s e a r c h  purposes.  
These r e c o r d s  a r e  u s u a l l y  made f r e e l y  a v a i l a b l e  upon  request ,  
b u t  t h e  q u a l i t y  and c o n t i n u i t y  o f  t h e  d a t a  i s  v a r i a b l e .  Two 



p a r t i c u l a r  e x a m p l e s  o f  s u c h  data,  known b y  t h e  a u t h o r  t o  b e  
o f  good  q u a l i t y  and c o n t i n u i t y  o v e r  l o n g  p e r i o d s ,  a r e  t h o s e  
p u b l i s h e d  b y  t h e  U n i v e r s i t y  o f  N.S.U. i n  Sydney, and t h o s e  
p u b l i s h e d  b y  t h e  C.I.A.E. i n  Rockhampton. The Sydney d a t a  
a r e  p a r t i c u l a r l y  v a l u a b l e  b e c a u s e  o f  t h e  l a c k  o f  a  n e t w o r k  
s t a t i o n  i n  t h a t  c i t y ,  a l t h o u g h  W i l l i a m t o w n  i s  b u t  1 4 0  km t o  
t h e  n o r t h .  The C.I.A.E. d a t a  v i r t u a l l y  d u p l i c a t e  t h o s e  f r o m  
t h e  n e t w o r k  s t a t i o n  a t  Rockhampton A i r p o r t ,  and t h e  g e n e r a l  
u s e r  c o u l d  u s e  e i t h e r  se t ,  b u t  t h e y  a r e  p a r t i c u l a r l y  v a l u a b l e  
i n  t h e  s t u d y  o f  m e s o s c a l e  v a r i a t i o n s  o f  s o l a r  r a d i a t i o n .  

3.2 P u b l i c a t i o n s  

The b a s i c  s o u r c e  o f  i n f o r m a t i o n  i n  t h i s  c o u n t r y  i s  " C a t a l o g u e  
o f  S o l a r  R a d i a t i o n  Data, A u s t r a l i a N ( 3 ) .  T h i s  l i s t s  a l l  t h a t  
i s  a v a i l a b l e  f r o m  t h e  B u r e a u  o f  M e t e o r o l o g y ,  e i t h e r  i n  h a r d  
c o p y  o r  i n  c o m p u t e r  c o m p a t i b l e  form, and i s  m o s t l y  c o n c e r n e d  
w i t h  t h e  B u r e a u  n e t w o r k  s t a t i o n s .  T h e r e  i s  n o  c h a r g e  f o r  t h e  
c a t a l o g u e ,  b u t  t h e r e  i s  a  c h a r g e  l e v i e d  b y  t h e  B u r e a u  f o r  any 
d a t a  s u p p l  i ed. 

The C S I R O  C e n t r a l  L i b r a r y ( 2 )  n o t  o n l y  s e r v e s  a s  t h e  c e n t r a l  
a r c h i v e  f o r  a l l  C S I R O  i n f o r m a t i o n ,  i n  p a r t i c u l a r  t h e  s o l a r  
r a d i a t i o n  d a t a  r e c o r d e d  w i t h i n  t h e  o r g a n i s a t i o n ,  b u t  i t  a l s o  
s e r v e s  a s  manager  o f  t h e  A u s t r a l i a n  S o l a r  E n e r g y  D a t a  Base. 
T h i s  d a t a  b a s e  i n c o r p o r a t e s  much o f  t h e  s o l a r  r a d i a t i o n  d a t a  
o u t s i d e  t h e  n a t i o n a l  n e t w o r k  s y s t e m s  and t h e  C S I R O .  I t  may 
b e  a c c e s s e d  e i t h e r  t h r o u g h  a  m a j o r  l i b r a r y ,  o r  d i r e c t l y  a t  
t h e  C S I R O  C e n t r a l  L i b r a r y .  

U s e r s  who a r e  members o f  t h e  A s s o c i a t i o n  o f  Computer  A i d e d  
D e s i g n  ( A C A D S )  have  a c c e s s  t o  a  p a r t i c u l a r l y  u s e f u l  f o r m  o f  
s o l a r  r a d i a t i o n  data,  c o u p l e d  w i t h  o t h e r  c o n c u r r e n t  c l i m a t i c  
data,  s p e c i f i c a l l y  d e s i g n e d  f o r  u s e  i n  h e a t  t r a n s f e r  a n a l y s i s  
o f  b u i l d i n g s ,  a l t h o u g h  i t  c o u l d  b e  o f  more  g e n e r a l  use.  The 
d a t a  bank, w h i c h  r e l a t e s  t o  t h e  1 8  m a i n l a n d  n e t w o r k  s t a t i o n s  
o f  t h e  B u r e a u  o f  M e t e o r o l o g y ,  i s  d e s c r i b e d  i n  a  p a p e r  b y  
Walsh, M u n r o  and S p e n c e r  o f  t h e  C S I R O  D i v i s i o n  o f  B u i l d i n g  
Research(41,  and  some o r  a l l  o f  t h e  d a t a  i s  a v a i l a b l e  o n  
m a g n e t i c  t a p e  f r o m  ACADS(5) f o r  a n  a p p r o p r i a t e  f e e .  

The s o l a r  r a d i a t i o n  d a t a  f o r  t h e  U n i v e r s i t y  o f  NSW has  b e e n  
p u b l i s h e d  a n n u a l l y  s i n c e  1 9 6 9  f o r  t h e  h o r i z o n t a l  p l a n e ( 6 )  and 
a n n u a l l y  s i n c e  1 9 8 0  f o r  a p l a n e  i n c l i n e d  a t  3 4  d e g r e e s  t o  t h e  
h o r i z o n t a l  f a c i n g  n o r t h ( 7 ) .  

The s o l a r  r a d i a t i o n  d a t a  f o r  t h e  CIAE a t  Rockhampton h a s  b e e n  
p u b l i s h e d  a n n u a l l y  o v e r  t h e  1 0  y e a r  p e r i o d  1 9 7 5  t o  1984 f o r  
t h e  h o r i z o n t a l  p l a n e ( 8 1 ,  and o v e r  t h e  3 y e a r  p e r i o d  1 9 7 9  t o  
1981  f o r  a  p l a n e  i n c l i n e d  a t  40  d e g r e e s  t o  t h e  h o r i z o n t a l  
f a c i n g  n o r t h ( 9 ) .  



4. SOURCES OF DERIVED SOLAR RADIATION DATA 

4.1 M o d e l s  

To o b t a i n  i r r a d i a t i o n  d a t a  f o r  a  p a r t i c u l a r  p l a n e  a t  a  c h o s e n  
l o c a t i o n ,  i n  t h e  a b s e n c e  o f  measured data ,  i t  i s  n e c e s s a r y  t o  
u s e  a  c o m p u t a t i o n a l  mode l .  T h e r e  i s  a  w i d e  c h o i c e  o f  mode ls  
a v a i l a b l e ,  r a n g i n g  f r o m  t h o s e  w h i c h  u s e  t h e  e s s e n t i a l  p h y s i c s  
o f  t h e  a tmosphere ,  t o  t h o s e  w h i c h  t r a n s f o r m  t h e  r a d i a t i o n  
measuremen ts  r o u t i n e l y  r e c o r d e d  f o r  t h e  h o r i z o n t a l  p l a n e .  
C h a r a c t e r i s t i c  o f  a l l  m o d e l s  a r e  t h e  s i m p l i f y i n g  a s s u m p t i o n s  
o n  w h i c h  t h e y  a r e  based, and t h e  weakness o f  t h e  d a t a  o n  
w h i c h  t h e y  depend. N e v e r t h e l e s s ,  b e a r i n g  i n  m i n d  t h e  b a s i c  
measurement  a c c u r a c y  o f  s o l a r  r a d i a t i o n ,  some o f  t h e  mode ls  
now b e i n g  u s e d  a r e  a b l e  t o  g i v e  d a t a  o n  a  c h o s e n  p l a n e  w i t h  
t o l e r a n c e s  i n  t h e  5 t o  10% r a n g e .  

A r e v i e w  o f  s o l a r  r a d i a t i o n  m o d e l s  i s  t o  b e  f o u n d  i n  t h e  w e l l  
renowned t e x t  b y  D u f f i e  and  Beckman( l0 ) .  

M o d e l s  o f  p a r t i c u l a r  r e l e v a n c e  t o  A u s t r a l i a  a r e  a s  f o l l o w s :  

S p e n c e r ( l 1 )  - f o r  t h e  d e t e r m i n a t i o n  o f  c l e a r  s k y  beam 
i r r a d i a t i o n  f o r  any t i m e  p e r i o d  and any  s u r f a c e ,  f r o m  d a t a  o f  
a t m o s p h e r i c  t u r b i d i t y .  

P a l t r i d g e  and  P r o c t o r ( l 2 )  - f o r  t h e  d e t e r m i n a t i o n  o f  m o n t h l y  
mean i r r a d i a t i o n  va lues ,  u s i n g  m e t e o r o l o g i c a l  d a t a .  

B u g l e r ( 1 3 )  - f o r  t h e  d e t e r m i n a t i o n  o f  h o u r l y  i r r a d i a t i o n  o n  
any s u r f a c e ,  u s i n g  measured  d a t a  o n  t h e  h o r i z o n t a l  s u r f a c e .  

4.2 P u b l i c a t i o n s  

M o d e l s  f o r  c l e a r  s k y  (i.e., c l o u d l e s s  s k y )  i r r a d i a t i o n  a r e  
now s u f f i c i e n t l y  v a l i d a t e d  f o r  t a b l e s  t o  b e  p u b l i s h e d  f o r  t h e  
m a j o r  p o p u l a t i o n  c e n t r e s .  S p e n c e r ( l 4 1 ,  u s i n g  h i s  own model, 
h a s  p r o d u c e d  handy  and r e a d i l y  a v a i l a b l e  b o o k l e t s  f o r  c i t i e s :  
Melbourne,  Sydney, P e r t h ,  Hobar t ,  Canberra,  B r i s b a n e ,  and 
A d e l a i d e  ( i n  t h a t  o r d e r ) ,  w h i c h  i n c l u d e  t a b l e s  o f  t h e  s u n ' s  
p o s i t i o n  r e l a t i v e  t o  t h e  c i t y ' s  l o c a t i o n  a t  each  h o u r .  B u g l e r  
and S p e n c e r ( l 5 )  have  c o - o p e r a t e d  t o  p r o d u c e  a  s i m i l a r ,  t h o u g h  
more  comprehens ive ,  s e t  o f  t a b l e s  f o r  Rockhampton. 

I t  m u s t  n o t  b e  f o r g o t t e n  t h a t  c l e a r  s k y  c o n d i t i o n s  a r e  com- 
p a r a t i v e l y  r a r e  f o r  m o s t  l o c a t i o n s .  N e v e r t h e l e s s ,  t h e s e  
c l e a r  s k y  t a b l e s  a r e  v e r y  u s e f u l  f o r  work n e e d i n g  t h e  e x t r e m e  
r a d i a t i o n  d a t a  f o r  each  p l a c e .  

C o m p a r a t i v e l y  crude,  b u t  c o n v e n i e n t l y  w idespread ,  d a t a  o f  
m o n t h l y  mean i r r a d i a t i o n  o n  a  h o r i z o n t a l  s u r f a c e ,  and t h a t  
f o r  s u r f a c e s  f a c i n g  n o r t h  i n c l i n e d  a t  l a t i t u d e  ang le ,  have  
b e e n  p r o d u c e d  b y  P a l t r i d g e  and P r o c t o r  u s i n g  t h e i r  own model .  
These may b e  f o u n d  e i t h e r  i n  t h e i r  o r i g i n a l  p a p e r ( l 2 )  or, i n  
more  r e a d a b l e  and more  a c c e s s i b l e  fo rm f o r  mos t  peop le ,  i n  a  



book b y  C h a r t e r s  and P r i o r ( l 6 ) .  M o s t  u s e r s  w i l l  f i n d  a  p l a c e  
amongst  t h e  4 3  l i s t e d  l o c a t i o n s  t o  s a t i s f y  t h e i r  r e q u i r e m e n t ,  
b u t  i t  m u s t  b e  a p p r e c i a t e d  t h a t  t h e  d a t a  a r e  s u b j e c t  t o  a  
t o l e r a n c e  o f  a t  l e a s t  lo%, i n  s p i t e  o f  t h e  l o n g  t i m e  p e r i o d  
o f  t h e  i r r a d i a t i o n .  

The p r o f e s s i o n a l  s o l a r  s y s t e m  d e s i g n e r  g e n e r a l l y  r e q u i r e s  
h o u r l y  i r r a d i a t i o n  v a l u e s  e x t e n d i n g  o v e r  a s u f f i c i e n t l y  l o n g  
p e r i o d ;  t h i s  p e r i o d  m u s t  b e  a t  l e a s t  one  y e a r  i n  o r d e r  t o  
encompass a l l  t h e  seasons, and i s  d e s i r a b l y  many y e a r s .  
B u g l e r s s  m o d e l  h a s  b e e n  u s e d  w i d e l y  i n  A u s t r a l i a  and New 
Z e a l a n d  t o  t r a n s f o r m  h o u r l y  h o r i z o n t a l  i r r a d i a t i o n  i n t o  h o u r -  
l y  i r r a d i a t i o n  o n  a  s e l e c t e d  p l a n e  u s i n g  a  c o m p r e h e n s i v e  
FORTRAN p r o g r a m  PRERAD(17). I n  p a r t i c u l a r ,  t h i s  p r o g t a m  h a s  
b e e n  u s e d  i n  a  number o f  s o l a r  i n d u s t r i a l  h e a t  d e m o n s t r a t i o n  
i n s t a l l a t i o n s ,  f o r  w h i c h  t h e  d a t a  f r o m  t h e  W i l l i a m t o w n  and 
M e l b o u r n e  n e t w o r k  s t a t i o n s  was f o u n d  t o  b e  s u i t a b l e .  As a  
consequence, t h e  C S I R O  h a s  p u b l i s h e d  c o m p r e h e n s i v e  t a b l e s  o f  
h o u r l y ,  d a i l y  and m o n t h l y  d e r i v e d  i r r a d i a t i o n  o n  v a r i o u s  
i n c l i n e d  p l a n e s  f o r  t h e s e  t w o  p l a c e s ( l 8 )  (19) .  

5. SOME EXAMPLES OF SOLAR RADIATION DATA FORHATS 

I f  one  h a s  a n  a c c e p t a b l e  s o l a r  r a d i a t i o n  model, a  s u f f i c i e n t -  
l y  l o n g  p e r i o d  o f  h o u r l y  i r r a d i a t i o n  d a t a  at,  o r  near, t h e  
d e s i r e d  l o c a t i o n ,  and a c c e s s  t o  a  d i g i t a l  computer ,  t h e s e  
d a t a  c a n  b e  m a n i p u l a t e d  i n t o  a l m o s t  any  f o r m  t h e  u s e r  o r  
d e s i g n e r  r e q u i r e s .  B u g l e r ' s  model, a p p l i e d  t o  t e n  y e a r s  o f  
d a t a  r e c o r d e d  a t  t h e  CIAE i n  Rockhampton f r o m  1 9 7 5  t o  1984, 
h a s  b e e n  u s e d  t o  g e n e r a t e  t h e  e x a m p l e s  o f  s o l a r  r a d i a t i o n  
d a t a  f o r m a t s  w h i c h  f o l l o w .  An a l b e d o  f a c t o r  o f  0.2 h a s  b e e n  
u s e d  i n  c a l c u l a t i n g  t h e  g r o u n d  r e f l e c t e d  i r r a d i a t i o n  i n  a l l  
t h e s e  d a t a .  

5.1 I r r a d i a t i o n  o n  n o r t h  f a c i n g  p l a n e s  

Because o f  t h e  symmet ry  o f  t h e  s u n ' s  o r b i t  r e l a t i v e  t o  due 
n o r t h ,  a  m a j o r  i n t e r e s t  o f  t h e  s o l a r  s c i e n t i s t  i s  i n  n - f a c i n g  
p l a n e s  a t  v a r i o u s  s l o p e s .  T a b l e  1 h a s  b e e n  d e r i v e d ,  i n  t h e  
manner d e s c r i b e d ,  f o r  s l o p e s  a t  1 5  d e g r e e  i n t e r v a l s ,  and t h e  
d a t a  g r a p h i c a l l y  i l l u s t r a t e d  i n  F l g u r e  3. There, i t  w i l l  b e  
o b s e r v e d  t h a t ,  w h i l s t  t h e  y e a r - r o u n d  maximum i r r a d i a t i o n  w i  11 
b e  o b t a i n e d  a t  a  s l o p e  o f  a p p r o x i m a t e l y  t h e  l a t i t u d e  a n g l e  
(23.3 d e g r e e s  f o r  Rockhampton),  s l o p e s  o f  more  o r  l e s s  t h a n  
t h i s  a n g l e  w o u l d  b e  more a p p r o p r i a t e  i f  w i n t e r  o r  summer 
energy,  r e s p e c t i v e l y ,  i s  t o  b e  max im ised .  T h i s  i s  shown more 
c l e a r l y  i n  F i g u r e  4, w h i c h  i s o l a t e s  t h e  s e a s o n a l  e f f e c t s  o n  
t h e  d a t a .  

R e f e r i n g  b a c k  t o  T a b l e  I, i t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  t o  
compare t h e  i r r a d i a t i o n  o n  f i x e d  p l a n e s  w i t h  t h a t  o n  a  sun-  
t r a c k i n g  p l a n e .  One i s  o f t e n  p r e s e n t e d  w i t h  s t a r t l i n g  c l a i m s  
o f  t h e  b e n e f i t s  o f  s u n - t r a c k i n g ;  bu t ,  w i t h i n  t h e  l i m i t a t i o n s  
o f  t h e  c o m p u t a t i o n a l  t e c h n i q u e  u s e d  here, i t  may b e  s e e n  t h a t  



s u n - t r a c k i n g  o f f e r s  j u s t  a  38% b e n e f i t  o v e r  a  f i x e d  p l a n e  a t  
l a t i t u d e  a n g l e  yea r - round  a t  Rockhampton. 

F i n a l l y ,  w i t h  r e f e r e n c e  t o  T a b l e  I, t h e  beam i r r a d i a t i o n  o n  a  
s u n - t r a c k i n g  p l a n e  has  a l s o  been  c a l c u l a t e d ,  i l l u s t r a t i n g  t h e  
more l i m i t e d  amount o f  e n e r g y  a v a i l a b l e  t o  a  c o n c e n t r a t i n g  
s o l a r  c o l l e c t o r .  

5.2 The e f f e c t  o f  a z i m u t h  a n g l e  o n  i r r a d i a t i o n  

A t t e n t i o n  i s  now g i v e n  t o  i r r a d i a t i o n  o n  p l a n e s  wh ich  a r e  o f  
g i v e n  s l o p e  and v a r i o u s  a z i m u t h  ang les .  I n  t h i s  con tex t ,  t h e  
a c c e p t e d  c o n v e n t i o n  i s  t h a t  a z i m u t h  a n g l e s  a r e  p o s i t i v e  when 
t h e  p l a n e  f a c e s  e a s t  o f  n o r t h  and n e g a t i v e  f a c i n g  westwards.  
I n  T a b l e  2, m o n t h l y  ave rage  i r r a d i a t i o n s  a r e  l i s t e d  f o r  
p l a n e s  i n c l i n e d  a t  t h e  l a t i t u d e  a n g l e  (23.3 deg.) and w i t h  
a z i m u t h  a n g l e s  r a n g i n g  f r o m  west  t o  eas t .  These data, a l o n g  
w i t h  t h o s e  f o r  p l a n e s  i n c l i n e d  a t  4 0  degrees, a r e  g r a p h i c a l l y  
i l l u s t r a t e d  i n  F i g u r e  5. 

The f i r s t  n o t e w o r t h y  a s p e c t  o f  t h e s e  d a t a  i s  t h e  a p p r o x i m a t e  
symmetry abou t  due n o r t h .  W h i l s t  t h i s  m i g h t  be  a n t i c i p a t e d ,  
i t  mus t  n o t  b e  o v e r l o o k e d  t h a t  r e a l  weather, i n  p a r t i c u l a r  
c loudscapes,  a r e  o f t e n  d i f f e r e n t  b e f o r e  and a f t e r  noon. I n  
f a c t ,  s t u d y  o f  t h e  s h o r t e r  t i m e  i r r a d i a t i o n  d a t a  does r e v e a l  
t h i s  d i f f e r e n c e .  However, o v e r  t h e  l o n g e r  t i m e  p e r i o d s  o f  
t h e  T a b l e  2 data, and m i n d f u l  o f  t h e  a c c u r a c y  o f  t h e  f i g u r e s ,  
e a s t  and wes t  f a c i n g  p l a n e s  e q u a l l y  a n g l e d  f r om n o r t h  r e c e i v e  
t h e  same i r r a d i a t i o n .  

C o n s i d e r i n g  t h e  i r r a d i a t i o n  ave rage  f o r  t h e  who le  year, t h e r e  
i s  s u r p r i s i n g l y  l i t t l e  dec rease  f o r  even  a  90 deg ree  a z i m u t h  
a n g l e  be low  t h a t  f o r  t h e  n o r t h  f a c i n g  p l a n e  ( 8  X I ,  when t h e  
s l o p e  o f  t h e  p l a n e  i s  23.3 degrees.  F o r  a  p l a n e  s l o p i n g  a t  4 0  
degrees, t h i s  dec rease  o f  i r r a d i a t i o n  i n c r e a s e s  t o  13 X, and 
c l e a r l y  g e t s  l a r g e r  as  t h e  s l o p e  o f  t h e  p l a n e  i n c r e a s e s .  The 
e f f e c t  o f  a z i m u t h  a n g l e  i s  much more p ronounced  when l o o k i n g  
s p e c i f i c a l l y  a t  a  w i n t e r  month (June), where t h e  i r r a d i a t i o n  
l o s s  f o r  a  90  d e g r e e  a z i m u t h  a n g l e  i s  abou t  23 X f o r  a  s l o p e  
o f  23.3 degrees, and abou t  34  X f o r  a  s l o p e  o f  4 0  degrees.  

5.3 I r r a d i a t i o n  o n  v e r t i c a l  p l a n e s  (e.g., w a l l s )  

F o r  t h e  p u r p o s e s  o f  d e t e r m i n i n g  h e a t  l o a d s  o n  b u i l d i n g s  and 
c o m f o r t  c o n d i t i o n s  w i t h i n  houses, i r r a d i a t i o n  o n  v e r t i c a l  
s u r f a c e s  i s  o f  p a r t i c u l a r  impo r tance .  U s i n g  p rogram PRERAD, 
t h i s  can  b e  done f o r  w a l l s  f a c i n g  any d i r e c t i o n ,  b u t  w a l l s  
f a c i n g  t h e  f o u r  c a r d i n a l  d i r e c t i o n s  a r e  o f  s p e c i a l  i n t e r e s t .  
I r r a d i a t i o n  o n  t h e s e  f o u r  s u r f a c e s  i s  l i s t e d  i n  T a b l e  3, t o -  
g e t h e r  w i t h  summations f o r  n o r t h  and s o u t h  w a l l s  and f o r  e a s t  
and wes t  w a l l s  r e s p e c t i v e l y .  C l e a r l y  e v i d e n c e d  by  t h e  d a t a  
i n  T a b l e  3, i s  t h e  need t o  a l i g n  d w e l l i n g s  i n  t h e  Rockhampton 
r e g i o n  i n  t h e  eas t -wes t  d i r e c t i o n  f o r  m i n i m i s i n g  h e a t  g a i n  i n  
t h e  summer months. 



~t must b e  emphas ised i n  c o n c l u s i o n  t h a t ,  w h i l s t  t h e s e  l o n g  
t e r m  d a t a  f o r m a t s  have y i e l d e d  some i n t e r e s t i n g  and v a l u a b l e  
p o i n t e r s ,  a c t u a l  s o l a r  e n e r g y  systems respond  t o  t h e  c o n t i n -  
u o u s l y  v a r i a b l e  i r r a d i a n c e .  Thus, i n  d e t a i l  s o l a r  ene rgy  
system des ign,  t h e r e  i s  no  s u b s t i t u t e  f o r  r e l e v a n t  s h o r t  t e r m  
i r r a d i a t i o n  data, o f  h o u r l y  i n t e r v a l  o r  less, e x t e n d i n g  o v e r  
s e v e r a l  years .  These d a t a  can  b e  g e n e r a t e d  f o r  some p a r t s  o f  
~ u s t r a l i a  w i t h i n  a  t o l e r a n c e  o f  5  t o  10%. O n l y  r a r e l y  a r e  
s u i t a b l e  measured d a t a  a v a i l a b l e .  
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Infra- 'ltra- violet lVisible ( red 

Figure I. Spectral distribution of solar irradiance: 
(a) The solar constant; 
(b) Irradiance at earth's surface for solar 

altitude of 60'. 



Figure 2. Australian Bureau of Meteorology stations at which 
half-hourly global solar irradiation is recorded. 
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Figur 

Month 

e 3. Solar irradiation on north facing planes for 
Rockhampton (CIAE) - Monthay averages for the 
10 years 1975 - 1984. 
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Figure 4. Solar irradiation on north facing planes for 
Rockhampton (CIAE) - Seasonal averages for 
the 10 years 1975 - 1984. 
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APPENDIX 

STATIONS AT UHICH THE AUSTRALIAN BUREAU OF METEOROLOGY 
R E C O R D S  HALF-HOURLY HORIZONTAL SOLAR IRRADIATION 

S t a t i o n  La t. Long. Commenced 
deg .8 deg.E 

Albany 34.9 1l7.8 June 1968 

A l i c e  S p r i n g s  23.8 133.9 J u l y  1968 

Darwin  12.4 130.9 Oct. 1968 

F o r r e s t  30.8 128.1 Nov. 1969 

G e r a l d t o n  28.8 114.7 June 1968 

H a l l ' s  Creek 18.2 127.7 flay 1969 

Hobar t  42.8 147.5 Oct. 1967 

L a v e r t o n  37.9 144.7 Feb. 1968 

Longreach 23.4 144.3 J u l y  1968 

Melbourne 37.8 145.0 Jan. 1967 

M i  l d u r a  34.2 142.1 Jan. 1969 

Mount Gambi e r  37.7 140.8 J u l y  1968 

Oodnadatta 

P e r t h  

P o r t  Hedland 

Rockhampton 

Wagga Wagga 

W i  l l i s  I s l a n d  

Woome r a  

May 1969 

Oct. 1972 

Sep. 1968 

Feb. 1973 

J u l y  1968 

Dec. 1968 

J u l y  1977 

Aug. 1968 



SbLAR TRACKING AND k USES 
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Mr P Boyd and Mr P Little \ 

sola* Tracking Systems Aust. Ltd. 
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Solar hacking S w t e m s  (AusWalia) ~ t y  ~ t d  SUNTRAC 

Over 20 years ago, Inventor25 of the unit, the Little Brothers of Munt Isa 
started looking for a simple method of tracking the path of the sun. Many experi- 
-ts failed. Some*s several years passed without any experimental work taking 
@ace. ~ v e n t ~ a l l y  in 1976, they bui l t  a crude device which worked. This posed a 

None of the brothers had studied solar and were h s t  toally ignorant 
in this regard. What t o  do with i t ?  

They soon discovered that the only mass market likely t o  be imnediately open to 
them was for damestic hot water. Now eight years af ter  the sale of their  f i r s t  
d m s t i c  machine, this is still the main mrket. The design won for the brothers, 
the A.B.C. IWlPJIOR OF THE YEAR AWARD I N  1978. A GOLD MEDAL a t  the International 
Expsition of Inventors in Geneva & the World Health Organisation Medal for appro- 
priate technology for developing countries were also awarded t o  the Littles, and ! 
later Mr. David Li t t le  won an Advance Australia M. 

In recentmonths, Solar Tracking Systems (Australia) has begun building demnstra- 
tion s y s t m  for industrial applications &ich have been ranarkably successful. 

The f i r s t  was basically an enlarged version of the damestic machine using 4 m t r e  
long collectors, heat pipes and a 2,000 l i t r e  storage tank. This system incor- 
porates heat exchangers which recwer waste heat f m  adjoining cold roan refrig- . 
erators. It is an excellent canbination. 

The second was a pol heatirq system. This has been dramatic. In the poor solar 
months of August and September, the pool t a p r a t u r e  has been maintained a t  34OC 
with absolutely minimal awcilliary heating even though a pool blanket is rarely 
used. 34OC is required t o  a l l m  small children t o  stay in  the water for extended 
periods. 

It is natural for people to consider high performance concentrating collectors only 
for high grade heat. This would rule out pol heating as an application for "SUNTRAC". 
In practice, the low grade heat,required for pools cannot be provided in  cold windy, 
yet sunny conditions using the cheaper mthcds. These are precisely the conditions 
likely to  prevail in winter when pool heating is most needed. Particularly for 
training pools. 

The latest  application is very exciting. We built  a 10,000 l i t r e  storage tank and 
an array of "sLINTNX1' collectors to heat it. Electrical heater elements were incor- 
porated as an auxilliary. To this  storage, we added a small  mixing tank and thenm- 
statically controlled pup which maintains a mixing tank temperature of 27OC. This 
Warm water is circulated via 25 m poly pipe through the root zone of a hydroponic 
nursery. Again the results have been outstanding. Root zone heating of nurseries 
has enomus potential. 

As we ccgnplete each project, it is documented and the infomt ion  is distributed 
*ough our dealer network and to  other interested parties. 

Solar Tracking Systems hav also built  a stand alone tracking platform for photovoltaic 
cells. Again the system shms great p r d s e .  Unfortunately, it is not possible for a 
small Carpany to cover a l l  the potential in one hit and we have decided t o  pursue our 
9-1s, one a t  a t h ~ .  This is very frustrating but the only way. 

For more detail  on Solar Tracking Systems, refer to our brochures. The economics are 
quite attractive to  the cus taers  usually having a payback period of about four Yearsg 



War Tracldng Systems 
(Aurtralb) Ply Ltd 

P . 0 .  BOX 368 Strathpine. Brlsbane. 
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Simply a more efficient solar heating system. 

HEAD OFFICE & FACTORY 
16 Johnstone Rd. Strathpine. Brisbane. 
4500. Queensland. Australia. 
Telephone (07) 205 7 144. 
Telex 433 1 1 SUN RAC 

INFORMATION AND TECHNICAL DATA ON THE SUNTRAC HOT WATER SYSTEM. 

The Inventor, Mr. Dave Little, appeared on the ABC "The Inventors" programme with this unit and was 
awarded the "Inventor of the Year" for 1978 in Australia. As a result of this Award, the unit was displayed at 
the International Salon of Inventors. Geneva, Switzerland, where it gained the Gold Medal Award for the 
energy and environment section and the World Health Organisation awarded Messrs. Daveand Adrian Little 
their medal for the development of technology considered appropriate for developing countries. The unit 
was subsequently displayed at U.N. Headquarters in Geneva. The system has been acclaimed by the 

eneral public, engineers and scientists from around the world including engineers and scientists in the 
orefront of solar research. P 
There are four main reasons for the superiority of "SUNTRAC 

Energy Concentration 
Like a magnifying glass the twin 1.7 square metre parabolic collectors concentrate the sun's energy on to a 
small area. The heat pipes collect this concentrated energy and transport it efficiently intothestoragetank. 
B e n  weak morning or afternoon sunlight is concentrated to temperdures exceedirig boiling poinfand so 
adds worthwhileenerav. This does not occur with flat Dlatesvstems as theunconcentrated sunliaht in weak 
conditions cannot rar6e the temperature of the water in the plates above the temperature or  the water 
already held in the storage tank and so no energy is added. This is particularly relevant when the electric 
booster is being used in winter or poor weather. The flat plate simply cannot attain sufficient heat to cause 
convection to start. The booster can be used in thesameconditions with "SUNTRACin theknowledge that 
even weak sunlight will add energy to the tank. Using off peak with aflat platesystem thewaterwill be hot in 
the morning from the booster and the sun will add nothing. You virtually have an expensive electric system 
with perhaps just a little energy added in the hottest part of the day. With "SUNTRAC energy will beadded 
right up until boiling point is reached so less electricity will be used. 

Tracldng Mechanlm 
We have developed a Heat Differential Tracking Switching System primarily for solar applications. This 
system requires no electric motors, gears, electronic or solar cells, is very simple, extremely sensitive with 
simple components. The principal involves the use of air expansion and contraction due to temperature 
changes to trigger water valves connected to a diaphragm. 
There is an air tight expansion tube below and square to the collectors on each side. These in turn are 
connected to an air diaphragm which has a connecting rod to activate two water valves. 
When the sun rises in the East it shines on the eastern expansion tube while the western tube is in the shade. 
The expansion of air in the eastern tube forces the diaphragm to theright opening awatervalve. Thisallows 
the water mains pressure to enter the water operated ram forcing the push rod to turn the collectors to the 
East. When the collectors become square to the sun, both tubes are equally exposed which places the 
diaphragm in the neutral posit~on shutting both water valves. 
As the sun moves to the West, it will shineon the western expansion tube opening another water valve which 
allows water to escape from thewater operated ram. This turnsthecollector towardsthesun until the tube is 
in shade again. 
In operation the system tracks on to the morning sun and gives a steady bleed off during the day to keep 
square to the sun until it sets in the West. The western tracking force is provided by a counter spring. 

The Tank 
The 280 litre heavily insulated tank is madeof 
rotationally moulded polyethelene CL 100. 
This material will stand up to the boiling 
temperatures produced in "SUNTRAC" units 
and will not corrode, requires no sacrificial 
anodes as most flat plate tanks do, and 
therefore is maintenance free in this regard. 
The tank is fully vented and under no 
pressure. When the unit reaches boiling point 
steam is free to escape to the atmosphere and 
pressure does not build up in the tank. Mains 
pressure hot water is drawn from the unit by 
means of a copper heat exchange coil in the 
tank. When a hot tap is turned on cold mains 
water enters the coil which is immersed in the 
280 litres of hot water held in thestorage tank. 
As the cold water flows through this coil it 
becomes heated by the surrounding hot 
water thus giving the consumer mains 
pressure hot water. 
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HEAT DIFFERENTIAL TRACKING SYSTEM 
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Gravity Heat p i p a  
The gravity heat pipe at the focal axis of our collectors has remarkable 
properties. Apart from its remarkable supersonic vapour heat transfer 
properties, i t  acts as a valve or diode, only allowing heat to be transported 
upwards into the storage tank and never downwards and out of the tank. When 
heat is not being applied to the section in the collector, the heat transferring 
water vapour condenses in the bottom few centimetres of the pipe leaving a 
vacuum in the rest of its length LIP into the tank. Thus there is nothing to carry 
heat out of the tank. The other critical advantage is its ability to withstand sub 
zero temperatures without damage as even if it should freeze the liquid in the 
pipe occupies only a Small perecentage of the pipe's volume and thus has 
plenty of room to allow for ice expansion without damage. Freezing of the 
small pipes in flat plates is a major problem requiring frost protection usually 
using either an electric element to keep the plate above freezing point. 
Other advantages held by the "SUNTRAC system include the tendency 
because of its movement and curved surface, for the collector surface to 
remain cleaner and require less frequent hosing down than a flat platesystem 
in an adjoining locality. Another is the hail and shock resistant acrylic cover 
with full warranty. Theglasscovers of our competitcarsare not covered by their 
warranties as a rule. 

Gravity Heat Plpe Operating Prlnclpie 
If a copper tube has all the air evacuated from it and is sealed with a small 
quantity of distilled and de-gassed water inside, it becomes a remarkable 
device. 
Under vacuum the water commences to boil at room temperature until vapour 
pressure increases and boiling stops. If, however, the top section of the pipe is 
kept cooler than the lower section, vapour will flow from the hotter section to 
the cooler section at supersonic speed. The vapour then condenses, losing its 
latent heat through the walls of the tube. The condensed vapour, liquid water, 
then runs back down the tubecompleting thecycle. This principal can be used 
as a remarkably efficient method of heat transfer or heat recovery from hot 
wastes. We believe we are the only firm manufacturing heat pipes in Australia. 
The manufacturing process is a little more complex than would at first appear 
as great care must be taken to get all the air out of the water and out of the 
metal. This requires boiling and condensing under vacuum. Also particular 
grades and brands of copper need to be used. For example, any graphite in the 
copper from the pipe extrusion dye will spoil the performance. 

HELPFUL HINTS 

What Is the Hot Water Output? 
The Twin Collector, over a 10 hour period of clear sunshine will produce 15 KW of heat energy. This is 
sufficient to heat approx. 508 litres of water (1 13 gall.) to shower temperature of 46OC (1 15OF) from a cold 
water temperature of 21°C (70°F). Every hour of cloud will cut this figure by 10%. Haze, shadow, dirty 
collectors, early morning dew will all havean effect. Fiveminutes under theshower with asmall rosewill use 
65to 85 litres (15-20gall.) of water. A large rosewill doubletheconsumption without improving theshower. 

How much does a Dishwasher or Washlng Machlne Consume? 

About 65 litres each. These 2 appliances however are heavier consumers than it first appears as they are 
usually connected straight to the hot water line and are not mixed with cold. The 65 litres could be at 90°C 
and so have the effect of using 3 times as much water at 42OC. therefore each appliance is equivalent to 30 
mins. under the shower. 

How much does it cost to use the Booster? 
Very little, as the water will be usually well above thecold watertemperature, also theexcellent insulation of 
the tank means that heat losses are minimal. The machines are installed with aseparateswitch. As with all 
solar water heaters the booster is necessary if demand is greater than the system is designed for, or for the 
prevailing weather conditions. The system is designed to be supplied to the consumer in a fully assembled 
condition. This will cut down installation costs considerably, factory assembly being cheaper than on site 
tradesmen assembly. 
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ABSTRACT 

The t r a d i t i o n a l  use  o f  w i n d  e n e r g y  c o n v e r s i o n  sys tems  (WECS) 
f o r  e l e c t r i c a l  power p r o d u c t  i o n  o r  m e c h a n i c a l  wo rk  i s  
w e l l - d e m o n s t r a t e d  a n d  c o s t - e f f e c t i v e  whe re  t h e r e  e x i s t s  
s u f f i c i e n t  w i n d  e n e r g y  r e s o u r c e .  V e r i f y i n g  t h e  e x t e n t  o f  
t h e  w i n d  e n e r g y  r e s o u r c e  i s  a  n e c e s s a r y  b u t  o f t e n  d i f f i c u l t  
a n d  hence  n e g l e c t e d  a c t i v i t y .  T h i s  p a p e r  w i l l  o u t l i n e  t h e  
r e a s o n s  f o r  e s t a b l i s h i n g  t h e  n a t u r e  a n d  e x t e n t  o f  w i n d  
e n e r g r  r e s o u r c e s  i n  SE Queens land ,  a n d  t h e  p r e s e n t  wo rk  
b e i n g  done by p r i v a t e  a n d  p u b l i c  a u t h o r i t i e s .  I t  a l s o  
p r e s e n t s  a  case  s t u d y  o f  t w o  s i  t e s  n o r t h  o f  B r i s b a n e  , one 
s i t e  o n  t h e  c o a s t 1  i n e  a n d  t h o  o t h e r  2Okms. i n l a n d  on  t h e  
E a s t e r n  edge o f  a  c o a s t a l  r a n g e .  B o t h  s i t e s  a r e  p o t e n t i a l l y  
u s e f u l  w i n d  e n e r g y  s i  t e s  b u t  d e m o n s t r a t e  some marked1 y 
d i f f e r e n t  c h a r a c t e r i s t i c s  i n  a v a i l a b l e  w i n d  e n e r g y .  



I . INTRODUCTION 

The use  o f  w i n d  e n e r g y  t echno1  o g i e s  h a s  e v o l v e d  r a p i d 1  y 
s i n c e  t h e  1970 ' s -  P r e v i o u s l y  u s e d  f o r  w a t e r  pumping  and  
5ma1 1 domest i c  e l e c t r i c a l  power  p r o d u c t i o n ,  W ind  E n e r g y  
 onv version Sys tems (WECS) a r e  now u s e d  t o  g e n e r a t e  
s i g n i f i c a n t  amounts  o f  e l e c t r i c a l  e n e r g y  f o r  u t i  1  i t y  g r ids  
and  s t a n d - a l o n e  power  sys tems .  A new c o n c e p t  o f  " w i n d  
f a r m i n g w  h a s  c r e a t e d  a r e a s  whe re  o f  t h o u s a n d s  o f  WECS s i e v e  
power f r o m  t h e  w i n d .  I n  t h e  Un i  t e d  S t a t e s  a l o n e ,  Wind  f a rms  
a r e  c o n t r i b u t i n g  t h e  e l e c t r i c a l  e n e r g y  f o r  an  e s t i m a t e d  
70 000 homes w i  t h  an  i n s t a l  1  e d  capac i t y  a p p r o a c h i n g  1000 Mw. 

F i n d i n g  t h e  b e s t  w i n d  e n e r g r  r e s o u r c e  i s  n o t  a l w a y s  an e a s y  
t a s k .  I t  i s  a  v e r y  s i t e  s p e c i f i c  r e s o u r c e  t h a t  f o l l o w s  
b a s i c  p a t t e r n s  b u t  can  b e  s e v e r l y  a f f e c t e d  by l o c a l  
t opog raphy ,  f l o r a ,  a n d  l a t t i  t u d e .  The n e e d  f o r  c a r e f u l  a n d  
m e t h o d i c  moni  t o r  i n g  o f  w i n d  speed  i s  e s s e n t i a l  i n  
e s t a b l i s h i n g  t h e  m o s t  c o s t - e f f e c t i v e  a p p r o a c h  t o  a  WECS 
d e s i g n  a n d  i n s t a l  1 a t  i on.  

The re  a l s o  e x i s t s  a  s p e c i a l  c u b i c  r e l a t i o n s h i p  be tween t h e  
w i n d  speed  a n d  t h e  power  t h a t  c a n  be  e x t r a c t e d  f r o m  t h e  
w ind .  T h i s  means that  s m a l l  i n c r e a s e s  i n  w i n d  speed  f o r  a 
g i v e n  1  o c a t  i on  c a n  r e s u l  t i n  s u b s t a n t  i a1 i n c r e a s e s  i n  
a v a i  l a b l e  w i n d  e n e r g r  a t  t h a t  s i  t e .  T o  i 1 l u s t r a t e  t h e  
s i g n i f i c a n c e  o f  t h i s  p o i n t ,  c o n s i d e r  t w o  s i t e s  whose mean 
w indspeeds  a r e  3.5 m/s a n d  4.0 m/s r e s p e c t i v e l y .  A l t h o u g h  
t h e  second  s i t e  h a s  a  mean w i n d s p e e d  o n l y  1 4  p e r c e n t  more 
t h a n  t h e  f i r s t ,  i t  w i l l  have  78 p e r c e n t  more  e n e r g r  
a v a i l a b l e  f r o m  t h e  w i n d .  ( f o r  a  d e s c r i p t i o n  o f  power  and  
n e e r g y  f o r m u l a e ,  see :  " A  Wind  E n e r g y  Gu ide  f o r  A u s t r a l  i a " ,  
p u b l i s h e d  by B r i s b a n e  W ind  E n e r g y  A s s o c i a t i o n ,  c/- Dep t .  o f  
Mechan i c a l  E n g i n e e r  i ng ,  Un i v e r s i  t y  o f  Queens1 and)  

11. WIND ENEROY ASSESSMENT METHODS 

The me thods  u s e d  t o  e s t a b l i s h  w i n d s p e e d  d a t a  r a n g e  f r o m  
assessment  o f  Me t  Bu reau  v i s u a l  o b s e r v a t i o n s  t o  
s o p h i s t i c a t e d  m o n i t o r i n g  u s i n g  r e c o r d i n g  anemometbrs.  The 
mos t  s u i t a b l e  m e t h o d  o f  m e a s u r i n g  w i n d s p e e d  f o r  w i n d  e n e r g r  
app l  i c a t  i o n s  i s  t o  r e c o r d  mean h o u r 1  y w i n d s p e e d s  u s i n g  
r e c o r d i n g  anemometers  f o r  each  h o u r  o f  t h e  day i n  an a r e a  
t h a t  h a s  a  c l e a r  a c c e s s  t o  w i n d s  f r o m  a1 1 d i r e c t  i o n s .  The 
s t a n d a r d  h e i g h t  u s e d  by t h e  M e t  Bu reau  i s  10m b u t  h i g h e r  
e l e v a t i o n s  o f  20m a n d  30m a r e  more r e p r e s e n t a t i v e  o f  t h e  
o p e r a t i n g  h e i g h t s  o f  w e l l - s i t e d  WECS. One s u c h  r e c o r d i n g  
anemometer, d e v e l o p e d  i n  Queens land  by Mr N e v i l l e  J o n e s  a n d  
M r  B a r r y  D a n i e l  o f  t h e  U n i v e r s i t y  o f  Queens land ,  i s  t h e  
ANAREC r e c o r d i n g  anemometer.  



M e t  B u r e a u  d a t a  i s  o f t e n  u n u s e a b l e  t o  t h e  w i n d  e n e r g y  
d e s i g n e r  a s  t h e  d a t a  i s  e i t h e r  v i s u a l l y  r e c o r d e d  ( t h e  way a  
f l a g  i s  f l a p p i n g ,  f o r  e x a m p l e )  o r  r e c o r d e d  i n  s h e l t e r e d  
a r e a s  t h a t  d o  not h a v e  a  c l e a r  a c c e s s  t o  t h e  w i n d  ( t h e  
B r i s b a n e  downtown M e t  B u r e a u  anemometer ,  f o r  e x a m p l e ) .  

The  m o s t  p r e f e r e d  m e t h o d  t o  e s t a b l i s h  t h e  w i n d  r e g i m e  i s  t o  
r e c o r d  h o u r l y  mean w i n d s p e e d s  a t  a  s i t e  o v e r  a  one-year  
p e r i o d  t o  a c c o u n t  f o r  s e a s o n a l  v a r i a t i o n s  i n  w i n d  p a t t e r n s .  
S h o r t e r  p e r i o d s  c a n  b e  u s e d  by c o r r e l a t i n g  d a t a  t o  s i t e s  
t h a t  h a v e  l o n g e r  r e c o r d s  of  r e c o r d e d  w i n d  d a t a  . T h i s  
m e t h o d  i s  l i m i t e d  t o  s i t e s  i n  c l o s e  p r o x i m i t y  t h a t  h a v e  
s i m i l a r  e x p o s u r e  t o  p r e v a i l i n g  w i n d s .  A s  m e n t i o n e d  e a r l i e r ,  
s u r f a c e  r o u g h n e s s  a n d  t o p o g r a p h y  c a n  s e v e r 1  y a f f e c t  t h e  
d i s t r i b u t i o n  of  w i n d  p a t t e r n s  i n  a n  a r e a  m a k i n g  c o r r e l a t i o n  
u n r e l  i a b l e .  

I n  a d d i t i o n  t o  s o p h i s t i c a t e d  m o n i t o r i n g  e q u i p m e n t  s u c h  a s  
t h e  ANAREC r e c o r d i n g  anemometer ,  l e s s  e x p e n s i u e  m e t h o d s  c a n  
be  u s e d  by i n d i v i d u a l s  t o  e s t a b l  i sh  w i n d  e n e r g y  p o t e n t i a l  a t  
f a r m  or b u s h  s i t e s .  One of t h e s e  i s  t h e  CASIO HR-5 
c a l c u l a t o r  w i t h  m o d i f i c a t i o n s  made by M r  B a r r y  D a n i e l  o f  t h e  
U n i v e r s i  t y  o f  Q u e e n s l a n d  ( s e e  E l e c t r o n i c s  A u s t r a l  i a ,  1 9 8 4 ) .  
I n f o r m a t  i o n  i s  c o l  l e c t e d  by p a p e r  t a p e  a n d  m u s t  b e  manua l  l y  
t a b u l a t e d .  T y p i c a l l y ,  t h e  c o s t  t o  r e c o r d  w i n d s p e e d s  o v e r  a  
one  y e a r  p e r i o d  c a n  r a n g e  f r o m  9200-2000 d e p e n d i n g  on t h e  
t y p e  o f  equ  i pmen t u  t i 1 i zed .  

W i n d s p e e d  d a t a  i s  p u b l i s h e d  a s  e i t h e r  t a b u l a r  d a t a  o r  a s  
w i n d  r o s e s  w h e r e  d i r e c t i o n  i s  a l s o  m e a s u r e d .  A  number o f  
p u b l i c a t i o n s  a r e  a v a i l a b l e  r e g a r d i n g  w i n d  p a t t e r n s  i n c l u d i n g  
" W i n d  Rose-Map, s e t  o f  8 ,  C l i m a t i c  A t l a s  o f  A u s t r a l i a "  
( A u s t .  G o u t  Pub1 i sh ing S e r v i c e ) ,  " T h e  Winds o f  NSW' ( E n e r g y  
A u t h o r i t y  o f  NSW, Nov 19841,  " C l i m a t i c  D a t a  a n d  i t s  Use i n  
D e s i g n "  < S z o l o l a y ,  RAIA Educ.  D i v . ,  Nov 19821, a n d  "A  W i n d  
S u r v e y  o f  A u s t r a l i a "  ( S o u t h  Wind,  Dec 1982) 

111.  WIND PATTERNS O F  SE QUEENSLAND 

S o u t h - E a s t  Q u e e n s l a n d  i s  a n  a r e a  t h a t  e x t e n d s  f r o m  t h e  NSW 
b o r d e r  n o r t h  t o  Gympie a n d  i n l a n d  t o  t h e  D a r l i n g  Downs. The  
m a j o r  t o p o g r a p h i c a l  f e a t u r e  i s  t h e  G r e a t  D i v i d i n g  Range 
w h i c h  r u n s  N o r t h - S o u t h  a p p r o x i m a t e l y  100  kms i n l a n d .  T h i s  
r a n g e  s e p a r a t e s  t h e  i n l a n d  a r e a s  f r o m  t h e  c o a s t a l  zone .  A 
number o f  s m a l l e r  c o a s t a l  r a n g e s  s u c h  as t h e  B l a c k a l l  a n d  
D ' A g u i l l a r  Ranges a l s o  s t r a n g e l y  d e f l e c t  t h e  p r e v a i l i n g  
w i n d s .  

The c o a s t a l  z o n e  i n c l u d e s  a1 1  i s l a n d s  o f f  t h e  c o a s t  and i s  
c h a r a c t e r i s e d  by s e a - b r e e z e s  a n d  p r e v a i l i n g  w i n d s  r e s u l t i n g  
f r o m  t h e  movement 04 h i g h  a n d  l o w  p r e s s u r e  s y s t e m s  m o v i n g  
a c r o s s  t h e  c o n t i n t e n t .  W i n d s  i n  t h i s  z o n e  i n  t h e  summer a r e  
p r e d o m i  n a t e l  y t h e  summer ' s e a  b r e e z e s '  f r o m  t h e  N o r  t h - E a s t  
a n d  E a s t  a n d  d e c r e a s e  i n  i n t e n s i t y  as t h e y  move i n l a n d .  



1 i 
hutumn w i n d s  a r e  g e n e r a l  1 k  f r o m  t h e  Soy th -Eas t  wh i  l e  w i n t e r  

a r e  g e n e r a l l y  f r o m  t h e  w e s t .  Wind  p o t e n t i a l  seems t o  
be i n  t h e  c o a s t a l  zone. S i  t e s  s u c h  a s  t h e  Doub le  
r s l a n d  P o i n t  L i g h t h b u s e l  show a  mean annua l  w i n d s p e e d  o f  6.7 
met res /sec  

The sea  b r e e z e s  ( s e e  a p p e n d i x  - F i g u r e  1  .) r e s u l t  f r o m  t h e  
d i f f e r e n t i a l  h e a t i n g  o f  t h e  l a n d  a n d  sea. The on-shore  s e a  
b reeze  s t a r t s  i n  t h e  l a t e  m o r n i n g ,  r e a c h i n g  i t s  maximum 
,id-a+ t e r n o o n  when t h e  1 a n d  h a s  r e a c h e d  i t s  h i g h e s t  
t empe ra tu re ,  a n d  d y i n g  away a t  s u n s e t .  An o f f - s h o r e  s e a  
b reeze  may t a t  n i g h t  i f  t h e  s e a  becomes s u b s t a n t  i a1 l y  
warmer t h a n  t h e  l a n d .  On-shore b r e e z e s  a r e  g e n e r a l l y  much 
s t r o n g e r  t h a n  o f f - s h o r e  b r e e z e s  a n d  c a n  r e a c h  speeds  i n  
excess  o f  10 m/s. The  maximum p e n e t r a t i o n  o f  t h e  s e a  b r e e z e  
e f f e c t  i s  n o t  1  i k e l y  t o  be g r e a t e r  t h a n  100 km i n l a n d  a n d  i s  
more l i k e l y  t o  b e  10 km. 

I n v e r s i o n  l a y e r  e f f e c t s 2  appear  t o  be  common t o  b o t h  c o a s t a l  
and  i n l a n d  a r e a s ,  p a r t i c u l a r l y  i n  l o w  f l a t  t e r r a i n .  
I n v e r s i o n  l a y e r s  f o r m  a  l a y e r  o f  c o o l e r ,  d e n s e r  a i r  c l o s e  t o  
t h e  g r o u n d  a t  n i g h t .  T h i s  i s  a  t h e r m a l l y  s t a b l e  c o n d i t i o n  
w h i c h  e f f e c t i v e l y  dampens t h e  s u r f a c e  a i r  movement and  
r e d u c e s  t h e  a v e r a g e  w i n d  speed. The i n v e r s i o n  e f f e c t  c a n  be 
i n i t i a t e d  by f r o n t a l  passages ,  s e a  b r e e z e s  a n d  k a t a b a t i c  
a i r - f l o w s  ( c o o l  a i r  f l o w i n g  down f r o m  m o u n t a i n  a t  n i g h t )  
and c a n  e x t e n d  t o  t h e  c o a s t l i n e ,  p a r t i c u l a r l y  i n  l o w  l y i n g  
a reas .  The r e s u l t  c a n  be  a  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  
aua i  1 a b l  e  w  i n d  e n e r g y .  T e m p e r a t u r e  i n v e r s i  o n  i s  mos t  1  i k e l  y 
t o  o c c u r  d u r i n g  w i n t e r  when t h e  passage  o f  h i g h  p r e s s u r e  
sys tems  p r o d u c e s  c l e a r  s k i e s  a n d  l i g h t  w i n d s .  

T o p o g r a p h i c a l  f e a t u r e s 3  ( s e e  a p p e n d i x  - F i g u r e  2.) w i  11 
a l s o  s t r o n g 1  y e f f e c t  w i n d  speeds  a t  a n y  s i t e .  W i n d  speeds  
a r e  i n c r e a s e d  when a i r  i s  f o r c e d  t o  f l o w  o v e r  e l e v a t e d  
t e r r a i n  such  a s  m o u n t a i n s ,  r i d g e s  and, t o  a  l e s s e r  e x t e n t ,  
i s o l a t e d  h i l l s .  The w i n d s p e e d  may be  i n c r e a s e d  by a s  much a s  
a  f a c t o r  o f  2, r e s u l t i n g  i n  an 8 f o l d  i n c r e a s e  i n  t h e  
e n e r g y  i n  t h e  w i n d .  However,  t u r b u l e n c e  and  w i n d  s h e a r  a r e  
o f t e n  i n c r e a s e d  o v e r  s u c h  t e r r a i n .  I n  g e n e r a l ,  h i l l s  o r  
r i d g e s  w i t h  g e n t l e  s l o p e s ,  f e w  t r e e s  a n d  o r i e n t e d  
p e r p e n d i c u l a r  t o  t h e  p r e v a i l i n g  w i n d s  a r e  p r e f e r r e d .  

C a r e f u l  c o n s i d e r a t i o n  m u s t  a l s o  be  g i v e n  t o  c e r t a i n  a s p e c t s  
o f  t h e  w i n d  d a t a ,  p a r t i c u l a r l y  t o  l u l l  p e r i o d s  where  t h e  
mean h o u r 1  y r e c o r d e d  w i n d  speed  f a 1  1  s be1 ow a  p r e d e t e r m i n e d  
c u t o f f  l e v e l .  W ind  d a t a  m u s t  a l s o  be  r e l a t e d  t o  t h e  t y p e s  
o f  WECS t h a t  w o u l d  be  c o n s i d e r e d  f o r  a  s i t e .  Each WECS h a s  
a n  e s t a b l i s h e d  " c u t - i n "  w i n d  speed,  a  ' r a t e d - w i n d s p e e d " ,  a n d  
a "shu t -down"  o r  " f u r l i n g "  w i n d  speed.  The " c u t - i n "  
w indspeed  i s  t h e  w i n d  speed  t h a t  a  WECS w i  11 b e g i n  t o  
g e n e r a t e  power  o r  m e c h a n i c a l  wo rk .  F o r  e l e c t r i c i  t y  
g e n e r a t i n g  WECS, t h i s  i s  t y p i c a l l y  be tween 3  a n d  5 m/s, 



w h i l e  t h e  " r a t e d - w i n d s p e e d "  r e f e r s  t o  t h e  maximum o u t p u t  o f  
t h e  WECS a t  a  g i v e n  w i n d s p e e d ,  u s u a l l y  9-15 m/s. The  
" f u r l i n g "  w i n d s p e e d  r e f e r s  t o  t h e  w i n d s p e e d  a t  w h i c h  a  WECS 
w i l l  s t o p  g e n e r a t i n g  power  a n d  i s  a p p r o x i m a t e l y  20 - 30 m/s. 

These  c h a r a c t e r i s t i c s  o f  WECS s h o u l d  b e  c a r e f u l  l y  m a t c h e d  t o  
t h e  w i n d s p e e d  c h a r a c t e r i s t i c s  a t  e a c h  s i t e  t o  e n s u r e  o p t i m u m  
e n e r g y  p r o d u c t i o n  f r o m  a  g i v e n  s i z e  WECS. Recommended r u l e s  
o f  thumb f o r  WECS c h a r a c t e r i s t i c s  when r e l a t e d  t o  a n n u a l  
mean w i n d s p e e d  t V A )  a t  a  g i v e n  s i t e  a r e :  

( 1 )  C u t - i n  W i n d s p e e d  = 0.6 x VA 
( 2 )  R a t e d  W i n d s p e e d  = 2 . 0  x VA 
(3) F u r l i n g  W i n d s p e e d  = 5.0 x VA 

C u r r e n t  M o n i t o r i n g  P r o g r a m s  ........................... 
W i n d s p e e d  d a t a  h a s  t r a d i t i o n a l l y  b e e n  c o l l e c t e d  by t h e  
B u r e a u  o f  M e t e o r o l o g y  a n d  u s e d  f o r  w e a t h e r  f o r e c a s t i n g .  The  
b e s t  w i n d s p e e d  r e c o r d s  a r e  t h o s e  r e c o r d e d  a t  l i g h t h o u s e s  
a l o n g  t h e  c o a s t  a n d  a t  some a i r p o r t s .  

The D e p a r t m e n t  o f  Mechan i c a l  E n g i n e e r i n g  a t  t h e  Un i v e r s i  t y  
o f  Queens1 a n d  h a s  d e v e l  o p e d  t h e  ANAREC r e c o r d i  ng 
anemomete rand  i s  m o n i t o r i n g  7 s i t e s  w i t h i n  t h e  SE r e g i o n  
u n d e r  g r a n t s  f r o m  t h e  Q u e e n s l a n d  E n e r g y  A d v i s o r y  C o m m i t t e e  
a n d  t h e  N a t i o n a l  E n e r g y  R e s e a r c h  D e v e l o p m e n t  a n d  
Demonstration C o u n c i l  (NERDDC). A s  p a r t  o f  t h e  NERDDC 
p r o j e c t ,  a  t o t a l  o f  17 s i t e s  i n  S o u t h e r n  Q u e e n s l s n d  f r o m  t h e  
c o a s t  w e s t  t o  W i n d o r a h  w i  11 b e  m o n i  t o r e d  f o r  2 y e a r s ,  
b e g i n n i n g  f r o m  May, 1985 .  I n  a d d i t i o n  t o  d e t e r m i n i n g  mean 
w i n d s p e e d s ,  a n d  W e i b u l l  D i s t r i b u t i o n  f a c t o r s ,  t h e  p r o j e c t  
w i l l  a l s o  i n v e s t i g a t e  t h e  e f f e c t  o f  h e i g h t  w i t h  w i n d  
p a t t e r n s ,  p a r t i c u l a r l y  t h e  i n v e r s i o n  l a y e r  e f f e c t s .  

A number o f  p r i v a t e  c o m p a n i e s ,  i n c l u d i n g  Renewab le  E n e r g y  
S e r v i c e s  h a v e  b e e n  a c t i v e  i n  e s t a b l i s h i n g  w i n d  e n e r g y  
p o t e n t i a l .  Anemomete rs  c a n  b e  l e a s e d  f o r  v a r y i n g  p e r i o d s  o f  
t i m e  a n d  d a t a  a n a l y s e d  f o r  a  s e t  f e e .  Many c l  i e n t s  h a v e  
f o u n d  t h i s  p r o c e d u r e  t o  b e  t h e  m o s t  c o s t - e f f e c t i v e  m e t h o d  o f  
e s t a b l  i s h i n g  w i n d  e n e r g y  p o t e n t  i a l  . 



IV. 4 CASE STUDY - C o m p a r i s o n  o f  M t .  Mee a n d  Beachmere - 
1984 /1985  

These t w o  s i t e s  h a v e  b e e n  m o n i t o r e d  s i n c e  J a n u a r y  1 9 8 4  u s i n g  
d a t a  l o g g i n g  anemomete rs .  B o t h  p r o p e r t y  o w n e r s  h a v e  u s e d  
WECS f o r  e l e c t r i c i t y  g e n e r a t i o n  dur ing t h e  l a s t  4  y e a r s .  The  
d a t a  l o g g e r s  r e c o r d  t h e  h o u r l y  mean w i n d s p e e d  a n d  s t o r e  t h i s  
i n f o r m a t i o n  i n  o n e  o f  1 8  w i n d s p e e d  r a n g e s .  T h e y  a l s o  
p r o d u c e  a  h i s t o g r a m  of t h e  number  o f  h o u r s  t h e  w i n d  h a s  
b l o w n  i n  t h e s e  w i n d s p e e d  r a n g e s  i e .  f r e q u e n c y  o f  o c c u r r e n c e  

I of  w i n d s p e e d s .  
i 

The h i s t o g r a m s  a r e  r e c o r d e d  b e l o w  a n d  summed t o  f o r m  a n  
a n n u a l  h i s t o g r a m .  T h i s  d a t a  w a s  t h e n  u s e d  t o  c a l c u l a t e  
m o n t h l y  a n d  a n n u a l  mean w i n d s p e e d s  a n d  i s  t a b u l a t e d  b e l o w .  
A more d e t a i l e d  c o m p a r i s o n  o f  w i n d  p a t t e r n s  a t  t h e  t w o  s i t e s  
was c o n d u c t e d  by c o m p a r i s o n  o f  h o u r l y  d a t a  a n d  d a i l y  
h i s t o g r a m s  a t  e a c h  s i t e  f o r  J a n u a r y  a n d  J u l y ,  1985 .  Th is  
d a t a  was  f u r t h e r  s u b d i v i d e d  i n t o  n i g h t - t  ime a n d  d a y - t  ime 
h i s t o g r a m s .  Wind d i r e c t  i o n  d a t a  w a s  o b t a i n e d  f r o m  B r  i s b a n e  
A i r p o r t  B u r e a u  o f  M e t e o r o l  o g y  r e c o r d i n g s .  

S i t e  D e s c r i p t i o n s  (See A p p e n d i x  - Maps  1. a n d  2. )  _-_-------------- 

Beachmere --------- 
I F T h e s i t e  i s l o c a t e d 5 0 k m n o r t h o f  B r i s b a n e o n  t h e e d g e o f  

D e c e p t i o n  Bay.  T h e  anemometer  i s  m o u n t e d  on a  10m m a s t  
a p p r o x i m a t e l y  15m f r o m  t h e  h i g h - t i d e  w a t e r  l e v e l .  E l e v a t i o n  F 

I above s e a  l e v e l  i s  a p p r o x i m a t e l y  13m ( i n c l u d i n g  m a s t ) .  I t  
h a s  e x c e l l e n t  e x p o s u r e  t o  t h e  NE, E, 8E a n d  S d i r e c t i o n s  due 
t o  t h e  Bay,  b u t  i s  s h e l t e r e d  by t r e e s  a n d  a  f e w  h o u s e s  f r o m  
t h e  N, NU, W a n d  SW d i r e c t i o n s .  

M t .  Mee ------- 
T h i s  s i t e  i s  20km due  e a s t  o f  Beachmere on t h e  e a s t e r n  edge 
o f  M t .  Mee, p a r t  of t h e  D ' A g u i l a r  Range. T h e  anemometer  i s  
m o u n t e d  o n  a  14m m a s t  a t  t h e  e n d  of  a  EW r i d g e .  E l e v a t i o n  
above s e a  l e v e l  i s  315m ( i n c l u d i n g  m a s t ) .  The  s i t e  h a s  a 
c l e a r  v i e w  t o  t h e  N, NE, E  a n d  SE o v e r  D e c e p t i o n  Bay,  
M o r e t o n  I s l a n d ,  t h e  G l a s s h o u s e  M o u n t a i n s  a n d  R e d c l  i f f e .  T o  
t h e  NW, W a n d  SW, t h e  M t .  Mee p l a t e a u  c l i m b s  s l o w l y  t o  600m 
above  s e a  l e v e l .  T h e  b e s t  e x p o s u r e  t o  w i n d s  i s  f r o m  t h e  N, 
NE, E  a n d  SW d i r e c t i o n s .  T h e  SE w i n d s  a r e  a f f e c t e d  by a  
l a r g e  t r e e  a n d  t h e  c o m p l e x  shape  o f  t h e  s u r r o u n d i n g  t e r r a i n .  



Results - 1984/8S ----------------- 
Tab1 e 1. 1 i s t s  the number o f  hours the wind has b l  own i n  the 
ranges o f  windspeeds given below f o r  1984/85, eg. range HO 
means windspeeds from 0 t o  1 m/s, range Hi means windspeeds 
from 1 t o  2 m/s e tc .  

NB. An anemometer c a l i b r a t i o n  f ac to r  i s  s t i l l  being checked 
by wind-tunnel t e s t s  but  appears t o  be i n  the range +0.5 t o  
+0.7 m/s over the windspeed ranges measured. 

TABLE 1 : Annual Histogram o f  Frequency o f  Occurrence (Hours) 

Beachmere M t .  Mee 

No. o f  hrs .  No. of  hrs .  
Range 1984 1985 1984 1985 

TABLE 2: Monthly and Annual Mean Windspeeds (m/s) 

Beachmere M t .  Mee ---------- ---------- 
Mon t h 1984 1985 1984 1985 ............................................ 
Jan 4.1 3.7 - 2.9 
Feb 3 3 4.5 2.2 2.7 
Mar 4.1 5.1 2.0 3.3 
A P ~  3.7 - - 2.5 
May 3.5 3.3 2.6 3.5 
Jun 3.4 2.6 2.9 3.0 
Ju 1 2.1 3.1 2.7 2.9 
Aug 2.0 - 2.8 3.2 

S ~ P  3.2 - 2.9 2.6 
O c  t 4.2 - 3.0 - 
Nou - - - - 
Dec 3.3 - 2.6 - ............................................ 
Annual 3.3 3.7 2.6 3.0 
------------------------------------we------ 



R e s u l t s  f o r  J a n u a r y ,  1985 ......................... 
TABLE 3. - M o n t h l y  H i s t o g r a m s  o f  F r e q u e n c y  of  O c c u r r e n c e  

( H o u r s )  
Beachmere M t .  Mee ................................................... 

Range Day N i g h t  T o t a l  Day  N i g h t  T o t a l  
____-.___------------------------------------------- 

70 104 20 24 44 
81 151 86 119 205 
60 107 110 122 232 
49 139 95 61 156 
43 1 1  1 47 28 75 
15 37 7 15 22 
14 25 7 3 10 
4 19 - - - 
10 22 - - - 
9 13 - - - 
14 15 - - - 
1 1 - - - 

_----------------------------------------------,- 

TABLE 4. - Mean W i  n d s p e e d  6 ( d s )  
Beac hmere M t .  Mee ................................ 

3.3 2.5 
- 

D a y - t i m e  V 3.5 2.9 

3.4 2.7 ................................. 
T a b l e s  3. a n d  4. show t h e  e f f e c t s  of e l e v a t i o n  a n d  s u r f a c e  
r o u g h n e s s  o n  n i g h t - t i m e  a n d  d a y - t i m e  w i n d s p e e d s  a s  t h e  ' s e a  
b r e e z e '  becomes a  ' l a n d  b r e e z e '  a t  n igh t .  The  g r e a t e r  
e l e v a t i o n  a t  M t .  Mee e n s u r e s  c o n t i n u a t i o n  o f  1 i g h t  ' l a n d  
b r e e z e s '  a t  n i g h t  p a r t i c u l a r l y  i n  t h e  Hi a n d  H2 r a n g e s  ( 1  t o  

Beachmere h a s  m o r e  t h a n  t w i c e  t h e  number  o f  h o u r s  t h a n  M t .  
Mee i n  t h e  H0 r a n g e ,  p a r t i c u l a r l y  a t  n i gh t .  T h i s  r e u l t s  f r o m  
t h e  s u r f a c e  r o u g h n e s s  a n d  p r o b a b l e  i n v e r s i o n  e f f e c t s  w h i c h  
impede t h e  l i g h t  ' l a n d  b r e e z e .  However ,  t h e  mean w i n d s p e e d  
a t  Beachmere i s  s t i l l  26 p e r c e n t  g r e a t e r  t h a n  M t .  Mee due t o  
Beachmere 's  u n i m p e d e d  a c c e s s  t o  t h e  NE ' s e a  b r e e z e s '  a n d  t h e  
SE t r a d e  w i n d s  w h i c h  o f t e n  c o n t i n u e  t h r o u g h  t h e  n i g h t .  

T a b l e s  5 . a n d  6 . ( s e e  a p p e n d i x )  a r e  t h e  d a i l y  h i s t o g r a m s  f o r  
J a n u a r y  f o r  Beachmere a n d  M t .  Mee. The  c a l m  a n d  w i n d y  
p e r i o d s  c o - i n c i d e  s t r o n g l y  a t  both s i t e s .  Howeuer ,  
w i n d s p e e d s  a t  Beachmere a r e  a p p r o x i m a t e l y  t w i c e  t h o s e  a t  M t .  
Mee d u r i n g  w i n d y  p e r i o d s  ( See T a b l e s  5. a n d  6. fo r  d a y s  4, 
6 ,  10, 18, 17, a n d  25). 



T h i s  i s  due l a r g e l y  t o  t h e  ccunplex t e r r a i n  a t  M t  Mee 
d e f l e c t i n g  t h e  SE t r a d e  w i n d s  t o  h i g h e r  e l e v a t i o n s .  

T a b l e s  7. a n d  8. ( s e e  a p p e n d i x )  1  i s t  t h e  h o u r l y  mean 
w i n d s p e e d s  r e c o r d e d  i n  t h e  w i n d s p e e d  r a n g e s  u s e d  i n  t a b l e s  
I., 3. e t c .  FOP example,  a  r e c o r d  o f  '4' r e p r e s e n t s  t h e  
w i n d s p e e d  r a n g e  4  t o  5 m/s. The 'boxed'  w i n d s p e e d s  g roup  
t o g e t h e r  w i n d s d p e e d s  e q u a l  t o  o r  g r e a t e r  t h a n  3m/s. These 
a r e  t y p i c a l  o f  t h e  w i n d s p e e d s  a t  w h i c h  a modern  w i n d  t u r b i n e  
wou l  d g e n e r a t e  power .  

These t a b l e s  c l e a r l y  show t h e  ' sea  b r e e z e '  e f f e c t  be tween 
1200 a n d  2000 h o u r s .  The e f f e c t  i s  s u b s t a n t i a l  l y  r e d u c e d  a t  
M t .  Mee. 

R e s u l t s  f o r  Ju ly ,  1985 

TABLE 9. - M o n t h l y  H i s t o g r a m s  o f  F r e q u e n c y  o f  Occu r rence  
( H o u r s )  

Beachmere M t .  Mee ................................................... 
Range Day N i g h t  T o t a l  Day N i g h t  T o t a l  ................................................... 
HO 21 43 64 5 26 3 1 
H1 90 173 263 78 53 131 
H2 ill 66 177 80 84  164 
H3 52 23 75 81 89 170 
H4 44 34 78 74 5 9  133 
H5 22 17 3 9  41 38 79 
H6 14 7 21 10 16 26 
H7 14 2 16 2 6 8 
H 8  1 0 1 1 1 2 
HP 2 4 6 - - - 
H i  0 1 3 4  - - - 

TABLE 10. - Mean Windspeed  V (m/s) 
Beachmere M t .  Mee ................................ 

N i g h t - t i m e  2.4 3.3 

T a b l e s  7. a n d  10. ( s e e  a p p e n d i x )  show t h e  l i k e l y  e f f e c t s  of 
i n v e r s i o n  l a y e r s  a t  n i g h t  w h i c h  s i g n i f i c a n t l y  r e d u c e  t h e  
w i n d s p e e d  a t  n i g h t  a t  Beachmere b u t  have  l i t t l e  e f f e c t  a t  
M t .  Mee due t o  i t s  g r e a t e r  e l e v a t i o n .  

The W e s t e r l y  w i n d s  a r e  t h e  p r e v a i l i n g  w i n d s  d u r i n g  t h e  
w i n t e r  m o n t h s  and  M t .  Mee b e n e f i t s  f r o m  i t s  b e t t e r  exposu re  
t o  t h e s e  w i n d s .  T a b l e s  11. a n d  12. ( s e e  a p p e n d i x )  l i s t  t h e  



h i s t o g r a m s  fo r  J u l y  fo r  Beachmere and M t .  Mee. The  
,indy and  c a l m  p e r i o d s  do not  a l w a y s  o c c u r  a t  t h e  same t i m e  
a t  b o t h  s i t e s  d u e  t o  t h e  d i f f e r i n g  e x p o s u r e  t o  p r e v a i l i n g  
,in&. I n v e r s i o n  l a y e r  and r o u g h n e s s  e f f e c t s  t e n d  t o  f u r t h e r  

t h e  w i n d s p e e d s  a t  Beachmere .  

The r e s u l t s  f o r  J u l y  a r e  a  r e v e r s a l  o f  t h e  J a n u a r y  r e s u l t s  
i n  some a s p e c t s -  F o r  e x a m p l e ,  t h e  mean w i n d s p e e d s  a r e  
r e v e r s e d ,  a n d  t h e  w i n d y  a n d  c a l m  p e r i o d s  do not c o - i n c i d e  
v e r y  we1 1 .  T h e  ' s e a  b r e e z e '  e f f e c t  i s  l a r g e 1  y r e d u c e d  
a1 t h o u g h  t h e  o c c u r r e n c e  o f  SE w i n d s  d u r  i n g  w i n t e r  b e n e f  i t s  
Beachmere. T h i s  i s  shown i n  T a b l e  10. f o r  days 8 a n d  23. 

T a b l e s  13. a n d  14.  ( s e e  a p p e n d i x )  l i s t  t h e  h o u r l y  mean 
w i n d s p e e d s  a t  b o t h  s i t e s  f o r  J u l y .  T h e s e  a r e  a g a i n  ' boxed '  
i n  g r o u p s  e q u a l  t o  or g r e a t e r  t h a n  3 m/s. T h e  ' u s e a b l e '  

w i n d s p e e d s  ( a b o v e  c u t - i n  w i n d s p e e d ,  t a k e n  as 3 m/s) a r e  much 
more  e v e n l y  d i s t r i b u t e d  b e t w e e n  n i g h t - t i m e  a n d  d a y - t i m e ,  
p a r t i c u l a r l y  a t  M t .  Mee. T h e  h igh o c c u r r e n c e  o f  c a l m  p e r i o d s  
(HO t o  H2 r a n g e s )  r e s u l t i n g  f r o m  i n v e r s i o n  l a y e r  e f f e c t s ,  i s  
a1 s o  n o t  i c e a b l  e  a t  Beachmere .  

a n n u a l  b a s i s ,  Beach  
a v a i  1 a b l e  t h a n  M t .  

e  w i n d  e n e r g y  s i t e ,  
~ p p p r o x .  o n  w h i c h  t 

lmere 
Mee . 
r e q u  

o mou 

.s 88 p e r c e n t  m o r e  w i n d  
o w e u e r ,  M t .  Mee i s  s t  i 1 1  a  
i ng  a  h i g h e r  t o w e r  (20 t o  
a  WECS. 



V. CONCLUSI ONS 

A1 t h o u g h  WECS c a n  p r o w  i d e  5 i  g n  i f i c a n t  a m o u n t s  o f  e n e r g y ,  a  
c a r e f u l  e v a l u a t i o n  o f  t h e  w i n d  e n e r g y  r e s o u r c e  n e e d s  t o  b e  
made. T h i s  i 5 b e s t  accomp l  i s h e d  through c a r e f u l  e v a l  u a t  i o n  
o f  t e r r a i n  a n d  r e c o r d i n g  h o u r l  y mean w i n d s p e e d s  f o r  a  
m in imum one  y e a r  p e r i o d .  

I n  S o u t h - E a s t  Q u e e n s l a n d ,  f a v o u r a b l e  s i t e s  c a n  b e  f o u n d  o n  
o r  n e a r  t h e  c o a s t a l  a r e a s ,  w i t h  t h e  b e s t  s i t e s  h a v i n g  a n  
u n r e s t r i c t e d  a c c e s s  t o  w i n d s  f r o m  t h e  NE, SE a n d  SW 
d i r e c t i o n s ,  p a r t i c u l a r l y  on r i d g e s  t h a t  run N-S. 

Once c o l  1  e c  t e d  a n d  a n a l  y s e d ,  h o u r l  y w i  n d s p e e d  d a t a  c a n  b e  
u s e d  t o  s e l e c t  t h e  m o s t  s u i t a b l e  WECS f o r  y o u r  s i t e .  

C u r r e n t  w i n d  e n e r g y  m o n i t o r i n g  p rog rammes  u n d e r w a y  a t  t h e  
U n i v e r s i t y  o f  Q u e e n s l a n d  s h o u l d  h e l p  t o  e s t a b l i s h  w i n d  
p a t t e r n s  a n d  w i n d  e n e r g y  p o t e n t i a l  t h r o u g h o u t  S o u t h e r n  
Queens1 and .  



V I .  APPENDIX 

-- 

WARMER THAN 

FIGURE 1 -- FORMATION OF A LOCAL SHORELINE BREEZE 

.. . . 

.:.*.-.. . 

1. H U P . 1 0  2000 FT 
2. L z A T L E A S T l O X H  
3. R O U N D E D  OR PEAKED TOP 

(NOT FLAT) 

FIGURE 16. Definition of a Ridge 
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TABLE 5 .  HISTOGRAM ANkLYSI S 

S t a r t i n g  date :  1-JAN-85 
F i n i s h i n g  d a t e :  31-JAP-4-85 

S i t e :  BHMER 

Wind Speed Ranges (m/s) 

DAY ANAREC# HO H I  H 2  H3 H4  H5 H 6  H7 H8 H9  H I 0  H I 2  H i 4  H 1 6  H I 8  H20  

TOTAL : 104- 1 5 0  1 0 7  1 3 9  1 1 1  3 7  25 1 9  22 1 3  15 1 0 0 0 0 



r'"'- TABLE 6. HISTOGRAM ANALYSIS 

M i n d  S p e e d  Ranges Cm/ 

TOTAL : 4 4 2 0 4 2 3 2 1 5 6 7 5 2 2  10 0 0 0 0 0 0 0 0 0 



TABLE 7 .  V I  EM RECORDS 

S t a r t i n g  d a t e :  1-JAN-85 
F i n i s h i n g  d a t e :  31-JAN-85 
S i t e  : PHi'1ER 

Day Hour 

DAY ANRC# 1 2 3 4 5 61 7 8 9 10 1 1  12  13 14 15 16 17 18119 20 21 22 23 24 



TABLE 8 .  VIEW RECORDS 

s t a !  t i n s  d a t e :  1-JAN-85 
~ i , ,  sh i n g  d a t e  : 31 -JAN-85 
S i  t e :  MTPIEE 

Day Hour 



TABLE 11. HISTOGRAM ANAL''(SIS 

S t a r t i n g  d a t e :  1-JUL-85 
F i n i s h i n g  d a t e :  31-JUL-85 

S i t e :  BHMER 

Wind Speed Ranges (m/sj  1 
DA"iAt.IAREC# HO Hj. H2 H3 H4 H5 Hd H7 H8 H9 H i 0  H12 H i 4  H I 6  H i 8  H20 I 

TOTAL : 



TABLE 12. HISTOGRAM ANALYSIs^ 

S t a r t i n g  d a t e :  1-JUL-85 
 in i sh i ng d a t e . :  31 -JUL-85  

Wind Speed Ranges (rn/s> 

TOTAL : 3 1 1 3 ! 1 6 4 1 7 . 0 1 3 3 7 ? 2 6  8 2 0 0  0 0  0  0 0  



TABLE 13. VIEW RECORDS 

S t a r t i n g  date ' :  1-JUL-85 
F i n i s h i n g  d a t e :  31-JUL-85 
S i t e :  BHMER 

D a y  Hour 



TABLE 14. 01  EM RECORDS 

s t a r t i n g  d a t e :  1-JUL-85 
~ i n i s h i n g  date: 31-JUL-85 
s i t e  : MTMEE 

Day Hour 



TABLE 15. - Wind D i r e c t i o n s ,  B r i s b a n e  A i r p o r t  
January, 1985. 

T i m e  
( H o u r s )  ------- 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 

D a t e  D i  r e c  t ion  S p e e d  D a t e  D i r e c t  i on  S p e e d  
(m/s )  (m /s )  ............................................ 

- - 17/1 NW 0.5 
NE 4.1 NE 4.1 

C a l m  - C a l m  - 
C a l m  - 18/1 C a l  m  - 
NE 5.2 NE 5.2 

N 1.5 S 2.1 
N 1.0 19/1 SE 6.2 

SW 4.1 SE 6.2 
SE 6.2 C a l m  - 
SE 5.2 20/1 S 1.5 
E 6.2 E 3.6 

C a l m  - C a l m  - 
C a l m  - 21/1 NW 2.6 
NE 5.2 NE 5.7 

C a l m  - C a l m  - 
NW 1.5 22/ 1 NE 2.1 
N 7.7 NE 7.7 

C a l m  - N 2.1 
C a l m  - 23/ 1 N 2.1 

N 5.2 N 7.2 
SW 3.1 C a l  m  - 

C a l  m  - 24/1 N 1.5 
N 7.2 N 3.1 
E  1.0 C a l m  - 

C a l m  - 25/1 S 3.1 
NE 4.1 SE 6.2 

C a l m  - SE 2.1 
C a l  m  - 26/1 S 1.0 

N 5.2 E 4.1 
S 3.1 C a l m  - 

C a l  m  - 27/1 SE 2.6 
E 4.6 E  3.6 

SE 2.6 C a l m  - 
SE 6.2 28/ 1 C a l m  - 

E  8.2 NE 4.1 
S  1.0 C a l m  - 
S 2.6 29/ 1 C a l  m  - 

NW 6.2 N E  3.1 
C a l m  - C a l m  - 

SE 2.1 30/1 E 1.0 
E 4.1 N 3.1 

SE 1.0 N 1.0 
S 1.0 31/1 N 0.5 

NE 4.6 NE 4.1 
C a l m  - N 1.5 

SE 0.5 
E 5.2 

C a l m  - 



TABLE 1 6 -  - Wind D i r e c t i o n s ,  B r i s b a n e  A i r p o r t  
J u l y ,  1985. 

T i m e  
( H o u r s )  _------ 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0 90 0 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0900 
1500 
2400 
0 90 0 
1500 
2400 
0900 
1500 
2400 

D a t e  

,------ 

1/7 

2/7 

3/7 

4/7 

5 /7  

6/ 7 

7/7 

8/7 

9/7 

10/7 

11/7  

12/7 

13/7  

14/7 

15/7 

16/7  

D i r e c t  i  o n  S p e e d  
(m/s) ------------------ 

- 
S 
S 

SW 
SE 

S 
S 

SE 
SW 

S 
S E  
SW 

S 
SE 

S 
S 
E 
S 

C a l  m  
S 
S 
s 
E 
N 

NW 
NW 

C a l m  
W 
W 

SW 
SW 

C a l m  
S 

SW 
E 

C a l m  
SW 

W 
W 

C a l m  
N 

C a l m  
C a l m  

W 
N 
N 
W 

SW 

D a t e  D i r e c t i o n  S p e e d  
(m/s) 

SW 2.1 
W 2.1  
W 1.5  
W 0.5  
W 1.0 
W 2.1 

SW 4.6 
S 0 . 5  

C a l  m  - 
SW 2.6 

C a l m  - 
C a l m  - 
Gal m  - 

F\I E 1 .5  
C a l m  - 

S 1.5 
NE 1 .O 

C a l  m  - 
SW 1.0 

E 5 . 7  
SW 1 .o 
SW 4.6 
SE 9.3 
SW 3 . 6  
SW 4.1 
SE 0 .5  

C a l  m  - 
C a l m  - 

W 4.6 
SW 1 .5  
SW 4.1 

E 3.6 
SW 1.0 

S 2.1 
NE 2.6 

C a l m  - 
C a l m  - 

N 3 .6  
C a l  m  - 

W 3 .6  
W 9 . 8  
W 7 .7  
1d 5.7 
W 6.2  

SW 4 .6  
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a q l  . 
THE L';OYIH!:RT BLACK CHROME MIRACLE' SOLAR HOT - VJATER - SYSTEM 

by J e a n  C l a r k  
S o l a h a r t  Rockhampton 

I ~RoDUCT I CITY - 
s o l a h a r t  i s  a d i v i s i o n  of SOWo H a r t  Coo  which was a  s m a l l  

fami ly  b u s i n e s s  s t a r t e d  by two plumbers i n  P e r t h  i n  1901, T h e i r  

main a c t i v i t i e s  I V P ~ P  b a s i c  plumbing and s h e e t  m e t a l  working.  

s o l a h a r t  i n s t a l l e d  i t s  f i r s t  commercia l ly  manufactured  s o l a r  h o t  

water  system i n  1953 - 32 y e a r s  ago: They a r e  committed t o  t h e  

c o n t i n u a l  improvement of  t h e i r  p roduc t  and have one of  t h e  l a r g e  

r e s e a r c h  and development teams and one of  t h e  l a r g e s t  r e s e a r c h  

budgets of any s o l a r  h o t  w a t e r  manufac tu re r .  

S o l a h a r t  h a s  won e v e r y  major A u s t r a l i a n  product  and d e s i g n  award 

and  two i n t e r n a t i o n a l  awards :  

, A u s t r a l i a n  Design Award Advance A u s t r a l i a  Award 

, Hoover I n t e r n a t i o n a l  , Japanese  I n d u s t r i a  1 
Market ing  Award S t a n d a r d s  A c c r e d i t a t i o n  

, Company of t h e  Year Award , B.H.P. S t e e l  Award 

and t h e  s o l a r  p r o d u c t s  t h a t  i t  now manufac tu res  i n c l u d e s :  

1 . S o l a r  h o t  w a t e r  sys tems . S o l a r  pool  h e a t i n g  systems 

. S o l a r  domes t i c  s p a c e  (room) I , I  . ( s o l a r  w a t e r  pumps) 
h e a t e r s  

Today I want t o  t a l k  a b o u t  s o l a r  h o t  w c t e r  h e a t i n g ,  l e a d i n g  up 

I t o  t h e  development of  our  h e a t  exchanqe sys tem,  c a l l e d  t h e  

S o l a h a r t  ' B l , ? c k  Chrome M i r a c l e ' ,  



1 SOLAR HOT WATER HEATING ( F l a t  P l a t e  C o l l e c t o r  Sys tems)  
I, 
I P u t  & g a r d e n  hose  o u t  i n  t h e  sun i n  summer and you w i l l  g e t  b o i l i n g  

1 1  h o t  w a t e r  o u t  of i t  - b u t  o n l y  a  s m a l l  amount. But t h i s  i s  t h e  

~ p r i n c i p l e  o f  s o l a r  h o t  w a t e r  h e a t i n g .  You need t h e  e q u i v a l e n t  of  

! I  many l e n g t h s  o f  ga rden  h o s e ,  t o  c o l l e c t  t h e  e n e r g y ,  and t h e n  you 
' I  

need a  c o n t a i n e r  t o  s t o r e  t h e  h e a t e d  w a t e r ,  However, i t s  no t  a s  
I 

I I ,  e a s y  a s  i t  sounds ,  
' 1  

I 

I ( a  ) THE STORAGE TANK 

I 
I 1 :  The f i r s t  problem you have  i n  t h e  s t o r a g e  of  t h e  w a t e r ;  remember, 

you cannot  c o n t r o l  i t s  t e m p e r a t u r e ,  A s o l a r  h o t  w a t e r  s t o r a g e  

1 t a n k  w i l l  c y c l e  between c o l d  w a t e r  t e m p e r a t u r e s  o f  s a y  2 0 ' ~  up t o  I I f  

a  h o t  w a t e r  t e m p e r a t u r e  of  s a y  7 0  t o  8 5 ' ~  each day ,  T h i s  i s  a n  

e n t i r e l y  d i f f e r e n t  c y c l i c  s t r e s s  problem compared t o  a g a s  o r  

e l e c t r i c  s t o r a g e  c y l i n d e r  which s t z y s  f a i r l y  c o n s t a n t l y  a t  a  

t e m p e r a t u r e  o f  s a y  60°c. A f u r t h e r  problem i s  t h a t  t h e  conduc- 

t i v i t y  of t h e  w a t e r  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  s o  you 

a l s o  have t h e  problem o f  i n c r e a s e d  e l e c t r o l y s i s .  From 1953 t o  1963 

S o l a h a r t  used copper f o r  i t s  s t o r a g e  t a n k s  and t h e n  changed t o  a  

copper a l l o y ,  cus i lmnn b ronze ,  i n  a n  e f f o r t  t o  i n c r e a s e  s t o r a g e  

t a n k  l i f e .  I n  1976 S o l a h a r t  changed i t s  s t o r z g e  t a n k  m a t e r i a l  

a g a i n ,  I t  now u s e s  a low carbon mi ld  s t e e l  o u t e r  s h e l l  f o r  i t s  

t a n k  and t h e n  a p p l i e s  under vacuum two c o a t s  of v i t r e o u s  enamel 

t o  t h e  i n n e r  s u r f a c e .  There  i s  a n  added bonus t o  t h i s  d e s i g n .  

The s t o r a g e  t a n k  i s  no l o n g e r  a  m e t a l  - a good conductor  of 

e l e c t r i c i t y  - b u t  a  complete e l e c t r i c a l  i n s u l a t o r ,  s o  we can now 

u s e  a n  anode t o  g i v e  u s  t o t a l  p r o t e c t i o n  a g a i n s t  e l e c t r o l y s i s .  

With t h i s  sys tem t h e  f a i l u r e  r a t e  i s  down t o  .01%, 
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o l l e c t o r  p a n e l s  on t h e  s c o n v e n t i o n a l '  s o l a r  h o t  w a t e r  

have n o t  b a s i c a l l y  changed i n  t h e  30 odd y e a r s  t h a t  

S o l a h a r t  have been manufac tu r ing  them. T h e i r  shape  may have  

a  l i t t l e ,  t h e y  have  i n c r e a s e d  i n  s i z e  b u t  b a s i c a l l y  t h e y  

are  s t i l l  3 i n c h  copper  p i p e s  h e l d  i n t o  p o s i t i o n  i n  a n  aluminium 

p l a t e .  Such p a n e l s  g i v e  ve ry  l i t t l e  t r o u b l e  i n  a r e a s  where t h e  

w a t e r  i s  good and where f r o s t s  d o  no t  o c c u r ,  So why was it 

necessary  t o  move a w ~ y  from t h e  ' c o n v e n t i o n a l '  s o l a r  h o t  w a t e r  

THE PROBLEMS 

Water i s  one o f  t h e  most p r e c i o u s  and y e t  most f i c k l y  n a t u r a l  

r e sources  we have.  I ts  q u a l i t y  i s  h i g h l y  v a r i a b l e ,  depending 

mainly on i t s  s o u r c e ,  and i t  h a s  t h e  t e m e r i t y  t o  f r e e z e  a t  OOC 

and b o i l  a t  10O0c, b o t h  o f  which a r e  e a s y  t o  a b t a i n .  

I n  A u s t r a l i a  t h e r e  a r e  v e r y  few major  p o p u l a t i o n  c e n t r e s  t h a t  do 

not have e i t h e r  bad w a t e r  o r  f r e e z i n g  c o n d i t i o n s  i n  w i n t e r .  Both 

of t h e s e  s p e l l  d i s a s t e r  t o  t h e  c o l l e c t o r  pane l .  Poor w a t e r  

usua l ly  h a s  a  h i g h  t o t a l  d i s s o l v e d  s a l t  c o n t e n t  and i s  ' h a r d ' ,  

The d i s s o l v e d  s a l t  l e a d s  t o  e l e c t r o l y t i c  a c t i o n  between t h e  copper 

3nd aluminium and t h e  h a r d n e s s  shows up a s  a  h a r d  w h i t e  c a l c i d e  

depos i t  on t h e  i n s i d e s  of t h e  riser t u b e s ,  The s c a l e ,  i n  p a r t i c u l a r ,  

i s  d e p o s i t e d  from t h e  h o t t e s t  w a t e r  a t  t h e  t o p  of  t h e  c o l l e c t o r  

Panels and b u i l d s  up u n t i l  i t  s t o p s  t h e  f l o w  of  b o t h  w a t e r  and h e a t  

I t s  a  v e r y  messy j o b  t o  remove t h i s  s c a l e  b u i l d  up. 

The f a c t  t h a t  w a t e r  f r e e z e s  a t  O'C i s  v e r y  i n c o n v e n i e n t  a s  most 
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p l a c e s  i n  A u s t r a l i s  (and t h e  res t  o f  t h e  w o r l d )  have  f r o s t  

c o n d i t i o n s  i n  w i n t e r .  The w a t e r  locked i n t o  t h e  c o l l e c t o r  pane l s  

expands a s  i t  f r e e z e s  c aus ing  t h e  riser t u b e s  t o  b u r s t  - and t h i s  

can be q u i t e  d r ama t i c .  

These problems can  be overcome by ad-hoc methods, such a s  w a t e r  

s o f t e n e r s  and a n t i - f r o s t  d e v i c e s  bu t  i t  means you have t o  know 

abou t  t h e  problem b e f o r e  i t  occu r s .  But r e a l l y ,  a l l  o f  t h e s e  

problems j u s t  scream - g e t  r i d  o f  t h e  wa te r :  And t h a t s  e x a c t l y  

what S o l a h a r t  have done w i t h  t h e i r  Black Chrome Mirac le .  

THE SOLAHART BLACK CHROME MIRACLE SOLAR HOT WATER SYSTEM 

The s t o r a g e  t a n k  t h a t  i s  used f o r  t h e  c o n v e n t i o n a l  s o l a r  h o t  w a t e r  

sys tem i s  t h e  b e s t  t h a t  i s  a v a i l a b l e  w i t h  t o d a y s  t echno logy ,  s o  it 

forms t h e  h e a r t  o f  t h e  new system. However t h i s  t ank  i s  now 

comple te ly  surrounded by a n o t h e r  t ank  o r  j a c k e t  and t h i s  o u t e r  

t a n k  i s  connected  t o  t h e  pane l s .  The p a n e l s  and t h e  o u t e r  t ank  form 

a chbsed c i r c u i t ,  comple te ly  i s o l a t e d  from t h e  s t o r a g e  t a n k ,  and 

t h e y  a r e  now f i l l e d  w i t h  o i l ,  no t  w a t e r .  Using a n  o u t e r  t ank  r?s 
r t  

t h e  h e a t  exchanger was a  breakthrough.  Steam p i p e s  and c o i l s  t 
runn ing  th rough  t h e  s t o r a g e  t a n k  were  t r a i l e d  bu t  t h e y  had 

i n s u f f i e n c t  s u r f a c e  c o n t a c t  a r e a  t o  be e f f e c t i v e ,  however even 

t h i s  maximisa t ion  o f  c o n t a c t  a r e a  d i d  no t  g i v e  a  t o t a l l y  a c c e p t a b l e  

performance,  a l t hough  t h e  o i l  f i l l e d  j a c k e t  had a l l  t h e  advan tages  

t h a t  were  be ing  sought .  The q u a l i t y  o f  t h e  o i l  can be comple te ly  

c o n t r o l l e d  - no c a l c i d e s ,  no d i s o l v e d  s a l t s  and i t  d o e s n ' t  s t a r t  

t o  c r y s t a l l i s e  till t h e  t empe ra tu r e  h a s  dropped t o  -30'~. But 



,OW t h e  c o l l e c t o r  p a n e l s  had t o  be r e d e s i g n e d ,  s o  t h a t  t h e y  

became more e f f i c i e n t  . 

The new p a n e l s  no l o n g e r  c o n t a i n e d  w a t e r ,  s o  t h e y  cou ld  now be 

made from a m a t e r i a l  o t h e r  t h a n  copper and t h e  obv ious  c h o i c e ,  

from both a  c o s t  and s t r e n g t h  a d v a n t a g e ,  w;s s tee l .  The new 

c losed  c i r c u i t  p a n e l s  a r e  made t o t a l l y  from s t e e l ,  w i t h  one s i d e  

of each p a n e l  coming from one s h e e t  of  s t e e l  and w i t h  two s h e e t s  

being s p o t  and seam welded t o  form a  complete p a n e l .  The s t e e l  

panels  a r e  p h y s i c a l l y  s t r o n g e r  t h a n  t h e  ' c o n v e n t i o n a l '  p a n e l s  b u t  

a r e  a l s o  v a s t l y  more e f f i c i e n t  because  i n s t e a d  of  t h e  u s u a l  6 

r i s e r  t u b e s ,  t h e  new p a n e l s  have t h e  e q u i v a l e n t  of  37 riser t u b e s  

and u t i l i s e  e v e r y  b i t  o f  ene rgy  f a l l i n g  on t h e  p a n e l  s u r f a c e .  To 

i n c r e a s e  t h e  e f f i c i e n c y  f u r t h e r  a s e l e c t i v e l y  a b s o r b i n g  s u r f a c e  

(Black Chrome) i s  e l e c t r o l y t i c a l l y  d e p o s i t e d  on t h e  f r o n t  s u r f a c e  

of t h e  pane l .  T h i s  Black Chrome M i r a c l e  S o l a h ? r t  i s  abou t  20% 

more e f f i c i e n t  t h a n  t h e  c o n v e n t i o n a l  model. 

I t  has  however produced a n o t h e r  problem connected  w i t h  t h e  f a c t  

that wa te r  b o i l s  a t  1 0 0 ~ ~ .  The Black Chrome S-,~stem i s  s o  e f f i c i e n t  

t h a t  under normal  usage  t h e  sys tem w i l l  b o i l  t h e  w a t e r  i n  summer, 

Th i s  i s  n o t  d e s i r a b l e  from e i t h e r  t h e  m a n u f a c t u r e r s  p o i n t  of  view 

or  t h e  customer.  The answer t o  t h i s  i s  t o  dump h e a t  b u t  n o t  dump 

w a t e r ,  ( w a t e r  i s  a p r e c i o u s  r e s o u r c e )  and S o l a h a r t  have  done t h i s  

us ing  a  h e a t  dump v a l v e  and c i r c u i t .  I n  e s s e n c e  a h e a t  dump v a l v e ,  

f i t t e d  i n  t h e  c e n t r e  of t h e  ' ha rd '  end of  t h e  s t o r a g e  t a n k ,  opens 
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when t h e  w a t e r  a t  t h e  c e n t r e  of t h e  t a n k  i s  a b o u t  70°c. T h i s  

w a t e r  f lows  i n t o  a n  i n c h  copper p i p e  which goes  around t h e  back of 

t h e  sys tem and i s  T'd i n t o  t h e  c o l d  i n l e t .  I n  t h i s  way t h e  h o t  

w a t e r  c i r c u l a t e s  i n  t h e  exposed copper p i p e  l o s i n g  i t s  h e a t  by 

r a d i a t i o n  b u t  r e t u r n i n g  t h e  w a t e r  t o  t h e  c o l d  i n l e t .  

We, o f c o u r s e ,  have  a  working model on d i s p l a y  and t h e r e  a r e  m i l l i o n s  

o f  o t h e r  f e a t u r e s  t o  our  'Black Chrome M i r a c l e '  ( such  a s  non- 

r e f l e c t i v e  toughened g l a s s  and a 1 1  mar ine  g r a d e  aluminium o u t e r  

c a s i n g )  b u t  what w e  have done,  t h a t  i s  new t o  t h e  80's, i s  t h a t  

we have  t a k e n  t h e  w a t e r  problems o u t  of  s o l a r  h o t  w a t e r .  
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1 SOLAR WATER HEATING - S T A T E  O F  THE ART 

B Y  DON K I N G ,  SOLAR EDWARDS 

OUR AIM TODAY I S  TO B R I E F L Y  O U T L I N E  WHERE RESEARCII ,  DEVELOPMENT ANI) 

T ~ ~ ~ ~ ~ ~ O G Y  EAS BROUGHT U S  I N  R E L A T I O N  T O  E F F I C I E N T ,  ECONOMICAL AND 

h s ~ ~ ~ B L B  SOLAR H L A T I N G  OF E A T E R  EOR D O I E S T I C ,  C O P ~ P ~ E R C I A L  AND 

J-NDuSTRIAL U S E  . 
IN TALKING AFOUT WHERE WE ARE TODAY I T  W I L L  B E  NECXSSARY TO h E F E R  

TQ THE P A S T  TO H I G H  L I G H T  THE ADVANCES THAT IIAVE B E E N  MADE. 

THE MOST COPTNON U S E  O F  SOLAR HEATED WATER HAS BEEN I N  THE DOMESTIC 

FIELD AND TKE E A R L I E R  SYSTEMS WERE MADE UP O F  F L A T  COLLECTORS 

F A I N T E D  MAI!T BLACK W I T H  COPPER T U B E S  TO CARRY THE WATER, WIIICH W A S  
* 

STORED I N  E I T H E R  A LOW P R E S S U R E  C O P P E R  TANK OR M A I N S  P R E S S U R E  

G A L V A N I S E D  OR CUSILMAN BRONZE TANK, GENERALLY ABOUT 2 0 O L  C A P A C I T Y ,  

THESE SYSTEMS U S E D  THE P R I N C I P L E  O F  THERMOSYPHON FOR WATER 

C I R C U L A T I O N ,  A S  DO THE CLOSE-COUPLED S Y S T E M S  O F  TODAY, THE C O S T  

FACTORS INVOLT-ED W I T H  C O P P E R  TANKS L E D  TO THE U S E  O F  V I T R E O U S  

ENAMELLED M I L D  S T E E L  TANKS AND STORAGE C A P A C I T I E S  I N C R E A S E D  TO 

AROTJND 300 L I T R E S  F O R  NORMAL F A M I L Y  U S E ,  S T I L L  U S I N G  THli F L A T  

BLACK COLLECTOR, 

ALTHOUGH V I T R E O U S  ENAMELLED TANKS ARE CALLED "GLASS L I m D ' '  THEY 

ARE NO MORE G L A S S  THAN YOUR BATH OR STOVE. 

VITREOUS ENANELLED TANKS WERE AN I P R R O W M E N T  OVER GLAVANISED TANKS 

EUT THEY ARE S U B J E C T  TO D E F E C T S  I N  TI iE  L I N I N G  SUCH A S  P I N  HOLES 

FTAWS E T C . ,  AND AS THE L I N I K G  I S  S O L U B L E  I N  HOT WATER T B E S E  D E F E C T S  

INCREASE I N  T I M E  CAUSING ACCELERATED A C T I O N  ON THE S A C R I F I C I A L  

ANODE WHICII NUST BE U S E D  TO CONTROL E L E C T R O L Y S I S .  THE COI43INATION 

OF V I T R E O U S  ENAMEL L I N I N G  AND S A C R I F I C I A L  ANODES I S  WHAT C I V E S  

F,"LD STEEL TANKS A N  EXTENDED LIFE. A  GLASS^^ LINED TANK W I T ~ O U T  

' AI"JOD1C P R O T E C T I O N  WCULD PROBABLY L A S T  ONLY 6 MONTHS, 

ANOTHER AREA FOR CONCERN I S  THAT DUE T C  A C H E R I C A L  E E A C T I O N  

BETWEEN THE P E T A L S  I N  "GLASS"  L I N E D  TANKS I N  SOLAR SYSTEMS I T  HAS 

TEEN FOUND THXY PRODUCE QTJANTITIES O F  HYDROGEN GAS UNDER 

STAGNATION C O N D I T I O N S ,  SUCH AS WHEN AWAY ON IIOLTDAYS Iilrb. , ANU 

E F F O R T S  APE NOW B E I N G  KIADE TO DEVELOP VALVES TO ALLOW THE G A S  TO 

BLEED O F F .  

I ANOTHEE TANK 11.ATERIAL USED WAS S T A I N L E S S  S T E E L  AND AS EDWAhilS HAD 

USED I T  FOR T H E I R  K E R O S I N E  AND E L E C T R I C  SYSTEMS WITH EXCELLENT 

RESULTS THEY CHOSE T O  U S E  316 MARINE GRADE S T A I N L E S S  S T E E L  FOR 

WEIR SOLAR TANKS BECAUSE I T  HAD ADVANTAGES NO OTHER I I A T h R I A L  

I I OFFERED, I T  D I D  NOT Y E Q U I R E  A L I N I N G  OH ANODE AND E L I M I N A T E D  ALL 
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I "  , THE PROBLEMS T H E R E O F F ,  I T  WAS AMENABLE T O  LOW C O S T  AUTOMATED 

F A B R I C A T I O N .  I T  HAD ALSO A C H I E V E D  A VERY H I G H  ACCEPTANCE OVERSEAS 

I ' I N  EUROPB AND J A P A N  A S  A PREMIUM PRODUCT W I T H  E X C E L L E N T  RECORDS O F  

R E L I A B I L I T Y  A G A I N S T  CORROSION I N  R E L A T I V E L Y  HARD WATERS W I T H  A HIGH 

C H L O R I D E  CONTENT, 

AN I N D I C A T I O N  O F  THAT R E L I A B I L I T Y  I S  THAT ONE GERMAN MANUFACTURER 

PRODUCED OVER 200,000 TANKS BETWEEN 1964 AND 1975 AND LESS THAN 

0,1$ HAD B E E N  MADE U N S E R V I C E A B L E  B Y  CORROSION,  

BECAUSE O F  I T S  H I G H  STRENGTH T 0 : W E I G H T  R A T I O ,  316 S T A I N L E S S  ALLOWED 

EDWAT.DS TO PRODUCE LARGER S Y S T E M S  FOR S I T U A T I O N S  WHERE THE 300L 
COULD NOT MEET DEMAND, T H E S E  SYSTEMS ARE T H E  3 P A N E L  440L AND 

THE 4 P A N E L  6 O O L ,  TANKS O F  T H I S  S I Z E  I N  V I T R E O U S  L I N E D  M I L D  S T E E L  

WERE I M P R A C T I C A L  F O R  U S E  I N  C L O S E  COUPLED SYSTEMS BECAUSE O F  T H E I R  

\ :EIGHT, A S  THEY ARE NORMALLY I N S T A L L E D  ON THE ROOF. 

T H E S E  SYSTEMS ARE ALL D I R E C T  HEAT CLOSE-COUPLED AND P R O V I D E D  THE 

R I G H T  S I Z E  S Y S T E M  I S  I N S T A L L E D ,  ANNUAL POWER S A V I N G S  O F  80$ OR MORE 

ARE OBTAINED,  B O O S T I N G  I S  E L E C T R I C  ELEMENT W I T H  THERMOSTAT CONTROL 

AND BAFETY C U T  OUT. ELEHENT R A T I N G  CAN B E  S E L E C T E D  TO S U I T  RECOVERY 

rnEDS. 

THE OTHER TYPE O F  CLOSE-COUPLED SYSTEM hlAFJUFACTURED BY EDkARDS I S  TH% 

CLOSED C I R C U I T  HEAT EXCHANGER, WITERE THE SOLAR HEATED WATER I S  

STORED I N  THE TANK AND COLD WATER I S  HEATED A S  I T  P A S S E S  THROUGH 

THE C O P P E R  IIEAT EXCHANGE C O I L .  T H I S  U N I T  I S  I D E A L  FOR HARD WATER 

AREAS WHERE BLOCKING O F  COLLECTOR T U B E S  COULD OCCUR. I T  CAN ALSO 

BE CONNECTED TO SLOW COMBUSTION OR P O T  B E L L Y  S T O V E S  F O R  B O O S T I N G  

AND P R O V I D E  M A I N S  P R E S S U R E  HOT WATER. 

L I K E  ALL HEAT EXCHANGE S Y S T E M S ,  E F Z I C I E N C Y  I S  NOT A S  GOOD A S  D I R E C T  

HEAT S Y S T E M S ,  BUT THE ADVANTAGES O F  M A I N S  PRESSURE/SOLID F U E L  

B O O S T I N G  AND P R O T E C T I O N  PROM BLOCKING O P  PIPES MORE THAN COMPENSATE* 

EDWARDS ALSO MANUFACTURE A RANGE O F  S P L I T  S Y S T E M S ,  WHERE THE 

COLLECTORS ARE ROOF MOUNTED WITH THE TANK AT FLOOR LEVEL.  WATER 

I S  C I R C U L A T E D  FROM P A N E L S  TO TANK B Y  D I F F E R E N T I A L  CONTROLLED PUMP0 

T H E S E  SYSTEMS RANGE I N  S I Z E  FROM 250 L I T R E  TO 500 L I T R E  AND ARE 

D E S I G N E D  FOR DOMESTIC OR SMALL COMMERCIAL U S E ,  B O O S T I N G  CAN B E  

E L E C T R I C ,  GAS OR S O L I D  FUEL.  



IN ALL T H E S E  S Y S T E M S ,  EDWARDS NOW F E A T U R E  T H E I R  E X C L U S I V E  H I G H  

p ~ ~ ~ ~ ~ M A M C E  BLACK N I C K E L  COLLECTORS. T H I S  S E L E C T I V E  SURFACE COATING 

LIFTS THE AVERAGE D A I L Y  SOLAR I N P U T  FROM 2 . ~ ~ K W / H R  T O  2.66 KW/HR F O R  

B ~ C H  M ~ ,  A N  INCREASE OF AROUND 25% I N  ABSORPTION, WHICH RESULTS IN 

AN OVERALL I N C R E A S E  O F  SYSTEM E F F I C I E N C Y ,  BLACK N I C K E L  ON 0.8mm 

ALUMINIUM COLLECTOR P L A T E  HAS A H I G H E R  A B S O R P T I O N  AND LOWER 

E ~ T T A M C E  THAN BLACK CHROME OR "AMCROn ON C O P P E R  PRODUCTION PANELS.  

THE L A S T  BUT NOT L E A S T  A P P L I C A T I O N  O F  SOLAR WATER H E A T I N G ,  WHERE 

BIG S A V I N G S  ARE B E I N G  MADE I S  I N  T J B  LARGE COMMERCIAL AND I N D U S T R I A L  

F I E L D  SUCH A S  MOTELS,  H O T E L S ,  CARAVAN P A R K S  AND F A C T O R I E S .  BECAUSE 

OF T H E I R  E X P E R T I S E  AND A B I L I T Y  TO D E S I G N  AND MANUFACTURE TO S P E C I F I C  

CT!STOMER R E Q U I R E M E N T S ,  IBWARDS ARE R I G H T  A T  THE F R O N T  WIEN I T  COMES 

TO T H I S  T Y P E  O F  I N S T A L L A T I O N  - B E  I T  A SMALL MOTEL R E Q U I R I N G  SAY 

2 0 0 0  L I T R E S  OR A MULTI-STOREY BLOCK O F  U N I T S  WHICH M Y  R E Q U I R E  

1 2 , 0 0 0  E I T R E S .  T H I S  T Y P E  O F  S Y S T E M  IS O F  COURSE A S P L I T  SYSTEM,  

WITH P A N E L S  ON THE ROOF AND HEAT EXCHANGE TANK AT FLOOR LEVEL.  

THE NEUTRAL WATER I N  THE P A N E L S  AND TANK, I S  PUMP C I R C U L A T E D ,  S T O R I N G  

THE SOLAR HEATED WATER0 LARtiE C A P A C I T Y  HEAT EXCHANGE C O I L S  ARE 

F I T T E D  TO BOTTOM AND T O P  OF TANK. T H E S E  SYSTEMS ARE GENERALLY 

F I T T E D  WITH C I R C U L A T I N G  R I N G  M A I N S  TO P R O V I D E  MORE E F F I C I E N T  

DELIVERY O F  HOT WATER AND A V O I D  WASTAGE, MOT ONLY O F  WATER, 

BUT O F  HEAT ENERGY I N  THAT WATER. B O O S T I N G  O F  T H E S E  U N I T S  CAN B E  G A S ,  

O I L ,  E L E C T R I C  OR S O L I D  F U E L S ,  

TO H I G H L I G H T  THE A B I L I T Y  OF EDWARDS HOT WATER S Y S T E M S ,  I 'WOULD 

BRIEFLY MENTION THREE O F  T H E I R  MANY P R O J E C T S o  

IN MAY, 1982 THE THEN LARGEST R E T R O - F I T  U N I T  I N  THE SOUTHERN 

HEMISPHERE WAS COMT~ISSIONED A T  NOLINE HOUSE IN KARRINYUP,W.A. 

NOLIME HOUSE I S  A S E V E N  S T O R E Y  158 U N I T  R E S I D E N T I A L  BLOCK W I T H  

KITCHEN AND LAUNDRY F A C I L I T I E S .  T H E  S Y S T E M  I S  CAPABLE O F  PRODUCING 
1 1 , 3 6 0  L I T R E S  OF 6 5 3 ~  HOT WATER PER DAY, THE STORAGE TANK I S  

2*5M H I G H ,  2.7M WIDE AND 4M LONG. B O O S T I N G  I S  O I L  F I R E D  WITH A 
C A P A C I T Y  O F  4 9 3 K W  ON A H I G H  F I R E  MODE. STOFAGE I S  11,365 L I T R E S  
 CON^^^^^ T O  1 6 0 ~ ~  O F  COLLECTOR PANELS.  

A SYSTEM O F  S I M I L A R  TANK C A P A C I T Y  W I T H  1 9 2 ~ ~  O F  COLLECTORS WAS 

INSTALLED A T  THE BIRD OF PARADISE HOTEL, PAPUA NEW GUIETEAo BECAUSE 



OF COST OF IMPORTING FUEL, T H I S  SIIH!EM WAS DESIGNED WITH A CHARCOAL 

BOOST TO B E  MANUALLY STOKED, 

THE THIRD AND LATEST, ALSO THE LARGEST, WAS THE RECENTLY COMPLETED 

INSTALLATION FOR CADBURY-SCHWEPPES I N  PERTH, EDWARDS DESIGMED, :. . 
MANUFACTURED AND INSTALLED A SYSTEM COMPRISING OF 600 BLACK NICKEL 

PANELS TOTALLING 1 2 0 0 ~ ~  AND STORAGE CAPACITY OF 68,000 LITRES.  THE 

TANK HAS 4 HEAT EXCHANGE C O I L S  AT DIFFERENT LEVELS TO PROVIDE HOT,,: 

WATER AT VARYING TEMPERATURES FOR DIVERSE PRODUCTION NEEDS. 

T H I S  I S  BELIEVED TO BE THE LARGEST SINGLE SOLAR HOT WATER SYSTEM 

I N  THE WORLD. 

I BELIEVE I T  I S  VERY EVIDENT THAT SOLAR HOT WATER I S  HERE TO STAY, 

AND AUSTRALIAN MANUFACTURERS I N  GENERAL ARE SHOWING THE WORLD HOW 

I T  I S  DONE, AND EDWARDS I N  PARTICULAR WITH THEIR VERSATILITY TO 

DESIGN AND MANUFACTURE SYSTEMS FOR ALL REQUIREMENTS, TOGETHER WITH 

THEIR POLICY OF QUALITY, PERFORMANCE AND R E L I A B I L I T Y  SHOW THAT 

SOLAR EDWARDS HOT WATER SYSTEMS TRULY REPRESENT THE "STATE OF THE 



SOLAR Edwards has in- 
stalled what it claims to be 
the biggest commercial solar 
hot water retro fit system in 
the iouthern hemisphere. 

The unit will service 158 units, 
including a seven storey residential 
block, kitchen and laundry 
facilities, at Moline House in Kar- 
rinyup. 

The hot water storage capacity 
of the unit is 11,365 litres. It can 
produce 11,300 litres per day 
heated to 6S°C. banks, 40 metres wide, on the roof executive director of the Anglican 

The storage vessel stands 2.5 of the hostel fronting Jednes Road. H ~ ~ ~ ~ .  
metres high,% 2.7 metres wide and The collectors have a power out- "We are pleased that in install- 
has a depth of 4 metres. The water put of 586kW average per day. ing the Solar Edwards system at 
is heated by 160m2 of collector The oil fired boost, if required, Moline House1 we have been able 
panels. has on high fire mode a power out- 

~ u s t ~ ~ [ ~ ~ ~ e $ g n ~ ~ $ d  :::% "There is a vast potential for put of 493kW. 
equipment of this nature," Solar Solar Edwards completed the system." 
Edwards chief executive M r  Alan project from order date to commis- The previous largest retro fit unit 
Edwards said. sioning in just 6 weeks. (i.e. replaces previous unit) with a 

"Western ~ustral ia can be proud The boiler installation, from the capacity of 9,500 litrest had been 
not only that it leads Australia in close down of the old system to the installed by Solar Edwards at the 
research in this sphere but that it start of the new system, was Northam district hospital. 
also is a world leader. achieved in just one day. Solar Edwards, a totally Western 

"Our ability,. to provide the The new solar hot water service Australian company, is said to be 
technical knowledge and engineer- is designed to reduce water heating the largest commercial solar 
ing skills to create large commer- costs by 65 per cent. manufacturer i n  Austral ia. 
cia1 systems has put us to the fore "The Anglican Homes are look- Solar Edwards is  a major ex- 
in an important and vital market ing to the solar system to help the porter of solar units to the United 
area," said Mr  Edwards. association cope with ever increas- States, Europe, south east Asia, the 

The collectors are located in two ing costs," said Mr  Ross Bradshaw, Pacific islands and Mauritius. 

The collectors on the roof of  Moline House. Inset: the new 11,365 litre unit. 
p ,  ' 

a '  fl 
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SCHWEPPES 
SOLAR HOT-WATER 

SYSTEM 

A firm commitment to reduce in- 
dustrial pollution combined with the 
rising price of oil, were the factors 
which led to the installation of the 
largest industrial solar hot water sys- 
tem in the southern hemisphere, in 
Schweppes Drinks Division, Osborne 
Park plant. 

I t  is the first time that a solar hot- 
water system has been used for one of 
the company's soft drinks' plants and 
the system could well be the proto 
type for similar systems in other 
Schweppes bottling plants. 

"The project was first considered 
about two years ago," explains Sch- 
weppes' State Industrial Engineering 
Manager. Ron Caithness. "We had an 
oil-fired boiler which had sewed us 
well for a number of years, but with 
the rising price of oil, we had to take a 
serious look a t  our water-heating sys- 
tem. The solar suggestion really came 
from employees who had domestic 
hot-water systems in their own 
homes. After that we came up with a 
concept and then we had to find the 
people with the right skills to produce 
what was going to be the largest and 
most complex system in the southern 
hemisphere, possibly in the world." 

As Ron Caithness points out, with 
the solar hot-water industry in Aus- 
tralia centred in Perth, the number 
one spot for sunshine, the Schweppes 
plant was the ideal situation for a p ro  
ject of these dimensions. 

The new solar system is manufac- 
tured by Edwards Hot Water Sys- 
tems and uses 600 flat plate collec- 
tors covering a roof area of 1200 
square metres. 

"We were particularly fortunate 
with our existing building." Ron 
Caithness explains. "The building is 
about 30 years old, and not only faces 
north-east, but has a saw tooth roof 

which was ideal for fitting the panels. 
I t  meant that only minor structural 
modifications were required." 

With the sun following an east-west 
path a north-easterly aspect ensures 
the maximum exposure to sunlight 
and shade patterns on Lhe existing 
roof worked extremely well. To 
maximise the efficiency of the system 
the panels are treated with a high-per- 
formance black nickel surface which 
will capture more energy from the 
sun than normal panels. 

The system stores 85,000 litres of 
water in insulated steel tanks which 

measure 6.2m high. These store th 
water a t  a constant 80°C. 

The soft drinks manufactur 
dustry is particularly active 
the summer months and the 
hof. spell certainly tested the ne 
t.em to extremes while still in it 
missioning period. A major 
the consideration of instal 
system was whether it could provi 
water temperatures required in 
drinks bottling and canning plant. 

Millions of bottles per year pa 
through the Schweppes Osborn 
Park plant. All are washed before us 
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SOLAR POOL HEATING 

DOUG KERSEY, COMMERCIAL MANAGER, ZANE SOLAR SYSTEMS AUSTRALIA P/L 

The aim of t h i s  paper i s  not  t o  present a lengthy technical  l ec tu re  - but  t o  
t ry and i 1 l u s t r a t e  t o  the techn ica l l y  minded and the layman a l i k e  t ha t  
sojar  i s  now. 
That, I believe, i s  the theme o f  t h i s  symposium and I could not  agree more. 

INTRODUCTION 

A t  Zane, we have endured almost 10 years o f  customers saying "wetJ l  wa i t  
u n t i l  i t  gets bet ter ;  o r  cheaper; o r  easier, - o r  any o ther  reason not t o  
use so lar "  because o f  e i t h e r  ignorance o r  fea r  o f  something they do not  under- 
stand. 

I t  i s  strange when we work i n  the sun and know i t  burns our skin, we p lay  i n  
the sun and i t  gets hot, o r  c l imb i n t o  our very e f f i c i e n t  glazed so lar  co l l ec to r  
- our car  - and f i n d  i t  i s  unbearably hot  and y e t  s t i  11 cannot understand 
tha t  the sun can e f f i c i e n t l y  and cheaply heat water. 

A t  Zane, we know so la r  i s  now - i n  fac t ,  i t  - was now, yesterday, but  has taken 
qu i te  a wh i le  t o  educate the consumer. 
Like anything so-cal led "new1' i t  needed success s to r ies  t o  make people bel ieve. 
We bel ieve we are one o f  those success s tor ies ,  although f o r  the f i r s t  seven 
years of our ten  year existance i t  was a rea l  struggle. 
However, the l a s t  three years have been exce l lent  w i t h  a doubl ing o f  turnover 
each year. 
Other so la r  companies have experienced the same growth which r e a l l y  goes t o  
prove so la r  i s  - now! 

SUCCESS STORIES 

Believe it o r  not, V i c t o r i a  i s  the leading l i g h t  i n  the f os te r i ng  o f  the so la r  
indust ry  a t  State Government Level. 
The Government formed the V ic to r ian  Solar  Energy Counci 1 (ca l  l ed  V .S. E. C. ) t o  
invest igate  the f e a s i b i l i t y  o f  so la r  i n  the community. 

After several years o f  study, t h i s  semi -government body recommended t h a t  funds 
be granted t o  subsidize Local Government and I n s t i t u t i o n a l  pool owners for  
i nvestment i n  solar. 

This recomnendation was accepted and subsidies o f  up t o  25% of the cap i t a l  cost  
of the so la r  system are now avai lable.  

So f a r  some 12 o r  so major pools have changed t o  a so la r  o r  so la r / fue l  mix f o r  
heating purposes and V.S.E.C. p lan t o  subsidize a f u r t he r  70 systems between 
1985 and 1990 - a very forward looking scheme and an acceptance i n  V ic tor ia ,  
t ha t  so la r  i s  now! 



N.S.W. o f f e r s  no such subsidy and, as a Queenslander, I am ashamed t o  say 
ne i ther  does the Sunshine State. 
Both states make token gestures w i t h  so la r  in format ion centres. 
The N.S.W. so la r  energy centre a t  The Rocks i n  Sydney i s  we l l  worth a v i s i t ,  
but  the centre a t  the Queensland Univers i ty  i s  very haphazard and lack lus t re .  

However, enough negatives, l e t ' s  t a l k  about success. I 
We have had the Honour recen t l y  t o  i n s t a l l  what we be l ieve t o  be the two 
biggest unglazed so la r  pool heat ing systems i n  the Southern Hemi sphere. ~ 
The 630m2 absorber system (on 1 000m2 r o o f )  a t  Oak Park i n  V ic to r ia ,  now 
heats an outdoor Olympic pool, Learners pool and Toddlers pool complex t ha t  
was before, heated by Natural gas alone. 

The so la r  system was completed i n  February t h i s  year and dur ing ea r l y  March 
- remember i n  Melbourne - the so la r  system maintained the pool a t  29°C for  
4 consecutive days whi 1 s t  the Bo i l e r  was on repa i r  - an excel l e n t  achievement 
t h a t  a lso proves - so la r  i s  D. 
The la rges t  unglazed system was recen t l y  commissioned ( i n  the l a s t  week o f  
August) a t  the Tea Tree Gul ly  Waterworld complex a t  Ridgehaven - a suburb o f  
Adelaide. 
At  741m2 o f  absorber on a 1 100m2 roof ,  the system appears t o  be as b i g  as 
a f oo tba l l  f i e l d  - i n  f a c t  over 14 klm o f  absorber was l a i d .  
Results have y e t  t o  be monitored. 
The National Sports I n s t i t u t e  i n  Canberra i s  another example o f  NOW SOLAR. 
One a l i t t l e  c loser  t o  home i s  the Mackay Memorial Pool - 480m2 o f  absorber 
on 790m2 of r o o f  - ( i n  f a c t  fou r  separate roofs  each w i t h  i t s  own system). 
This system completed i n  e a r l y  August has increased attendance 50% over 
l a s t  year and i s  hold ing the pool a t  around an average 26"C, some 5°C warmer 
than the same t ime l a s t  year. 

Mackay has found out  t h a t  so la r  i s  now. 

DOMESTIC POOL HEATING 

Now, what about the so-cal led man i n  the s t ree t .  
The Man who has a 9 X 4m pool i n  the backyard and who cannot use i t  for  
around: 

- 8 months per year i n Me1 bourne 
- 6 months per year i n  Sydney 
- 3 months per year i n  South East Queensland 
- 2 months per year i n  Central Queensland 

and - 2 months per year i n  North Queensland 

I n  Melbourne and Sydney owning a pool i s  l i k e  parking your $20,000 Jaguar Motor 
car i n  the garage for  6 months o r  more and not  using it. 

For the sake o f  a r e l a t i v e l y  minor sum o f  money (when compared t o  the cost  of 
the pool) usua l ly  around 10% - 15% o f  t h a t  cost, they can double t h e i r  pool 
usage - i t  makes sense t o  heat w i t h  the sun, and it" mostly free. 

I n  cen t ra l  and Northern Queensland because the pool water i s  o f t en  too hot, the 
so la r  system can be used t o  cool the pool, by pumping the water over the roof 
a t  night, fo r  t h a t  refreshing cool swim i n  the morning - a very d i f f e r e n t  use 
o f  a so la r  system. 



The domestic pool heating system usual ly  presents no hydraul ic  problems and 
good makes of f i l t r a t i o n  un i t s  can cope w i t h  the ex t ra  load imposed by 

the so lar  system (usual ly  around 30 kPa). 
Some cheap f i l t r a t i o n  un i t s  cannot stand the ex t ra  load and you w i  11 usual ly  
f ind those manufacturers w i  11 not  honour t h e i r  warranty i f  a so la r  system i s  
connected - they do not  r e a l i z e  t h a t  so la r  i s  now, they have not  kept up w i t h  
consumer demands and they are being l e f t  behind. 

Choose your fi I t r a t i o n  equipment ca re fu l l y  - i f  i n  doubt ask your l oca l  Zane 
Dealer - he knows which u n i t  works w i t h  a so la r  system and which doesn't. 

I A pump and f i l t e r  t h a t  i s  under-powered w i  11 not  a l low a so la r  system t o  work 
I properly, so i t  i s  i n  the so la r  dealer 's  i n t e r e s t  t o  ensure the r i g h t  equipment 
I i s  i ns ta l led .  

He i s  also unbiased as he general ly  does not  s e l l  the f i l t r a t i o n  u n i t  and 
therefore there i s  no monetary gain by s teer ing you t o  a ce r t a i n  brand. 

it His i n t e n t  i s  t o  make sure h i s  so la r  system works - i f  i t  doesn't - he doesn't 
get paid. 

Should the already i n s t a l l e d  equipment be under-powered i t  may be necessary t o  
i n s t a l l  a boost pump i n  order t o  ensure the pool water flows t o  the roof .  
This i s  usua l ly  the penal ty paid f o r  buying cheaper equipment i n  the f i r s t  
place - i t  i s  always f a l s e  economy. 
A boost pump w i l l  be i nva r i ab l y  required where the absorber has t o  be placed 
on a second storey r o o f  (o r  higher) o r  where excessive pipe runs are necessary 
t o  get the water t o  the roof .  

You may ask - who do I go t o  see so t h a t  I do not  purchase the wrong equipement? 
We suggest t h a t  you take these simple steps - 

. Do not  t r e a t  your pool bu i l de r  as a god who knows a l l  - he i s  
usual ly  a pool expert but  not  a so la r  expert. 

. Do f ind  ou t  from your pool bu i lde r  what h i s  f i  l t r a t i o n  require-  
ments are and what equipment he i s  recommending. 

. Take t ha t  spec i f i ed  equipment d e t a i l  t o  your Zane Dealer and ask 
i f  i t  i s  compatible o r  should i t  be more o r  less powerful - remember 
now i s  the t ime t o  get i t  r i g h t .  

. I f  you cannot decide - both the f i  1 t e r  company and so la r  company 
have a head o f f i c e ,  w i t h  engineers and experts who are on ly  t o  
happy t o  ass is t .  

. Make sure your so la r  man i s  thoroughly t ra ined  i n  the hydraul ics 
o f  the system as bad hydrau l ic  design i nva r i ab l y  means an 
i n e f f i c i e n t  so la r  system, check w i t h  h i s  head o f f i ce  i f  i n  doubt. 

Solar systems j u s t  do not  f a i l  t o  work, they cannot, they are j u s t  too simple. 
If Fai lure i s  always caused by external  f a u l t s  - usual ly  poor hydrau l ic  design. 

I I n  c los ing I must mention t h a t  the same so la r  pool heating system I have 
been t a l k i n g  about has been c l eve r l y  u t i l i z e d  i n  commercial s i tuat ions,  such 
as Caravan Parks amenities and ablut ions, t o  pre-heat water before i t  enters 
the b o i l e r  and a t  an extremely low cost  per l i t r e  of water. 

1 i Paybacks on systems l i k e  these are usual ly  around two years - a unique and 

i worthwhi l e  i nvestment. 
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F i n a l l y  I must d ispe l  the myth t h a t  so la r  can heat a pool a l l  year round - 
no matter how e f f i c i en t  a system i s ,  even a t  100% c o l l e c t i o n  e f f i c iency ,  i t  
i s  phys ica l l y  impossible t o  do. 

Even sunny South-East Queensland on ly  has an average o f  around 300 so la r  day 
a year - how can so la r  work on the other non-solar days? So i f  a salesman 
says h i s  system w i l l  have steam r i s i n g  o f f  your pool a t  midnight f o r  365 day 
a year - view i t  w i t h  a l o t  o f  skepticism and suspicion. 

Then c a l l  i n  a reputable company - i t  may cost  a l i  t t l e  more but  you w i  11 
know t h a t  i t  w i l l  work so long as you take the exper t 's  advice. 

Remember our theme today - 
SOLAR I S  'NOW! !! 

What I have sa id  today i s  a very b r i e f  resume o f  so la r  pool heating. 
There are many other fac tors  a f f e c t i n g  so la r  system performance but  t ime does 
not permit  elaboration. 
I would be on ly  too pleased t o  ass i s t  anyone should they have any questions. 
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SOLAR HEATED ROTARY AND RECIPROCATTNG CYCLIC PRESSURE 

CiWwToR& AND APPUCATIONS IN WATER PUMPING 

AND REFRIGERATION 

J H V Stephens 

INTRODUCTION 

%is paper presents a preliminary account of devices and systems under development in 

the course of the author's on-going private project, carried out with the cooperation of 

The James Goldston School of Engineering at the Capricornia Institute. 

The purpose of the work is the development of low-cost vapour operated systems using 

solar heating to pump water and provide domestic refrigeration. 

Where solar water heating is already employed, the electrical power requirements of 

isolated homesteads may with advantage be reduced if these functions can be performed 

by simple heat engines of low cost, even though their thermal efficiency is relatively 

poor. In this context it is felt that thermal efficiency alone is not a good measure of the 

effectiveness of solar powered systems, which should rather be judged on the basis of 

desired ef fsct produced per unit capital cost. 



WATER PUMPING 

Pumps 

Cyclic pressure variations of suitable amplitude and frequency may be Used 

to pump water, either applied directly or through an intermediate coupling 

fluid, usually air. In the latter case, the gas-coupled pumpmay be remote 

from and a t  a different level to the source of pressure variation. 

A very simple pumping system is shown in Figure 1A. Steam from a solar 

boiler enters the tank through Valve "A" forcing water to delivery. When 

water in the small boiler is completely vapourised, the processstops and 

condensation drawsfresh water from the suction line. Some of this is drawn 

into the boiler, which is momentarily cooled, then the process repeats. The 

system has some disadvantages in that air, previously dissolved, builds up in 

the tank, and the boiler itself is subject to severe thermal stress, and must 

be sized to suit the tank volume, head pumped and suction lift. Air build-up 

will eventually stop the cycle, unless means are provided to purge it a t  each 

stroke. Valves A and B must withstand steam temperatures. 

A typical gas-coupled pump of simple construction is shown in Figure 1B. It 

is constructed of PVC storm water pipe with simple rubber-flap inlet valves 

and a delivery valve which is a flexible sleeve over a perforated metal or 

plastic tube. The lower chamber acts as an accumulator, and is intended to 

avoid the loss of energy involved in accelerating the liquid column in the 

delivery pipe from rest a t  the start of each pump stroke. The pump shown is 

one intended to be lowered easily down a standard five inch bore casing and 

with the dimensions shown, pumps up to 2 litres per stroke. When 

thedelivery pipe can conv@ently bebrought up outside the pump casing, a 

hollow rubber float may be used to blockairand outlet pipes at  each end of 

the stroke. 

Isolators 

Since contact with pump walls and water surface would result in excessive 

condensation of thevapourof the working fluid, an isolating device is 

required. This may conveniently be a flexible and elastic membrane in a 

suitable enclosure, as shown in Figure 2. The arrangement is such that any 

condensate drains back to the vapour source during exhaust or relaxation 

portion of the cycle. Choice of membrane material is dependent on the 

working fluid. 



TA type silicone rubbers are usable in steam systems up to about 140°c, 

corresponding to a saturation pressure of 2.5 atmospheres (gauge). 

Polysulfides are better suited to.resist some volatile fluids, but are limited 
0 to temperatures below 80 C, which in the case of acetone, corresponds to a 

saturation pressure of just over 1 a.tmosphere (gauge). 

Metal bellows are an alternative at higher temperatures but are relatively 

expensive. AteKPa gauge and ~o 'c ,  a very simple isolator consisting of a 

synthetic rubber toy balloon in a two litre wine flagon has been used 

successfully over limited periods, with acetone as the working fluid. 

Isolator diaphragm material, rather than the temperatures and pressures 

available from solar boilers, appears to impose a limit on the head of water 

which can be pumped with air-coupled systems at  present and some 

difficulties have been experienced in ob taining supplies of suitable elastoner 

sheet. 

Cyclic Pressure Sources 

These may be broadly divided into two main categories:- 

1 Devices of the nature of automatic valves or expansion engines. 

These, in addition to the solar boiler, require the auxiliary devices of 

the conventional Rankine cycle; a condenser and feed pump to return 

condensate to the boiler if  the cycle is to be a closed one. 

2 Machines which alternately evaporate and condense a working fluid, 

with pressure vessels which act as both boiler and condenser. These 

are inefficient, but extremely simple and cheap in construction, 

requiring no auxiliary devices, except isolators where gas-coupled 

pumps are to be driven. 



Devices 

A recently developed device belonging to category 1 above is shown in 

Figure 3. Here, a mechanical coupling is used to drive the isolator 

diaphragm, the coupling acting also as the control valve and the diaphragm 

as the piston of a simple expansion engine. At the bottom of the stroke, a 

port in the sleeve aligns with the inlet port of the outer cylinder, allowing 

vapour to pass through the sleeve and the ports a t  its upper end to the face 

of the diaphragm, which moves upward. The sleeve closes the inlet port, and 

as expansion continues reaches the top of the stroke, when its lower end 

clears the exhaust port. At this point, a second row of ports a t  the top of the 

sleeve are so arranged that any condensate in the diaphragm enclosure is 

drawn back to exhaust as the return stroke commences. 

At the lower end of the machine, the cylinder end plug carries an extension 

with a small clearance inside the sleeve, extending upwards to the level of 

the exhaust port. This reduces the volume available for condensate to 

collect at the bottom of the cylinder, while condensate in the space between 

this extension and the cylinder wall acts as a hydraulic damper for the sleeve 

a t  the bottom of the stroke. 

The spring above the diaphragm ensures that the sleeve returns to the 

bottom of the stroke where theinlet port is open, in the absence of vapour 

pressure. 

Figure 4 shows a simple vapour aQer ated feed pump intended for use 

withthe above and other category1 machines. The vapour operated spool re-, 

compresses the spring when the end of the pumping stroke is reached. Feed 

pressure may be varied over a limited range by the spring adjustment. 

A vapourising/condensing machine of category 2 is shown in Figure 5. In this 

instance, the machine is a direct-pumping type, and the pumped water is 

used as the working fluid. it is mounted on a pivoted frame not shown in th 

diagram and constrained to rotate through a predetermined angle only, 

this case 60'. 

The boiler-condenser consists of a 12 mm copper tube concentric within 

loop is partly filled with water. 

20mm one, the annular space between the tubes being the boiler. The inner 

tube extends outside the outer and is formed as a loop in a plane normal to 

the axis of the boiler and a t  120° to the line between boiler and pivot. This I ' 



When the frame rotates, each boiler alternately occupies the lower, heating, 

position which is arranged along the focal line of a parabolic trough 

reflector. In this position, the cooling water in the inner tube is wholly in 

the external section of the tube, allowing boiler temperature to rise. Vapour 

pressure forces waterin the associated pump chamber to the delivery line 

through a valve. Meanwhile, the other "boilern is in the upper, condensing, 

position, when cooling water in its inner tube occupies the section inside the 

boiler, providing rapid condensation and drawing water from the suction line 

into the chamber and "boilerM. 

The geometry of the system is so arranged that rotation only takes place 

when the "condensing" pump chamber is nearly full, and the pressurised 

chamber nearly empty. The cycle time of this machine is fairly long, of the 

order of five minutes, since some, initially cold, water is heated and 

vapourised a t  each half cycle; for the same reason, thermal efficiency is 

low. Other losses are due to condensation of vapour in the pump chamber, 

though insulating floats alleviate the effect a t  the water surface. 

The machine is, however, simple and cheap and uses no precision machined 

parts. The trough reflector is constructed of 22 gauge galvanised sheets 1.8 

x 1.2 metres, two being used per metre run of boiler. These a*e faced with 

mirror-backed acrylic sheet and arranged with 1.2m ends butted at  the 

centreline, the outer ends being forced upward in a natural curve to the 

required position and secured in a light wooden frame, giving a total arc 

length of 3.6 m and aperture of 2.6m across the mouth. The reflector is 

pivoted about the focal line, with the pivot at  a height of 1.6 m above the 

base, so that the reflector may be inverted to act as a cover for the machine 

at  night or in inclement weather. The reflector axis is arranged in an E/W 

direction and its orientation adjusted as necessary every few days. The 

boilers are enclosed in glass tubes of 30 mm internal diameter to reduce 

convection losses. 

Machines of this general type can also use other working fluids with lower 

saturation temperatures a t  the pressures required. In these cases, the pump 

chambers of the direct-pumping machine become small balance chambers, 

and the liquid of the working fluid is transfered between them through a 

needle valve which provides a variable restriction, and controls thecycle 

time. Isolators are then used to drive air-coupled pumps. 



An attempt is presently being made to build a machine of this type us. 

flat-plate collectors, with acetone as the working fluid, in order to 

investigate ways of minimising condensation on container and liquid surf ace, 

and to evaluate isolator diaphragm materials under working conditions.  hi^ 
machine is shown in Figure 6, and will be used both with and without ,a 

inclinable parabolic arc concentrator of low concentration ratio. 

REFRIGERATION 

hlse-tube heat transfer 

While absorption systems are feasible wing indirect solar heating, a gas- 

cycle refrigeration system of comparable coefficient of performance, which 

has previously been used in cryogenic work, is thought to be a possible 

alternative if  a suitable pressure waveform can be produced by simple 

means. 

The pulse-tube device uses thin-wall vertical tubes of a material with low 

thermal conductivity, having a large ratio of length to diameter, and closed 

a t  the upper end. 

Pressure of a gas (air) a t  the lower end is now varied in a cycle such that a 

fast rise and a fast fall of pressure are separated by periods when pressure 

remains sensibly constant. 

Any small slug of gas within such a system moves toward the closed end anc 

is compressed adiabatically as pressure rises, with consequent increase oj 

temperature. During the high pressure dwell period, heat is transferred t c  

the tube wall and the temperature of the gas decreases. During the nexl 

adiabatic expansion, the slug travels back almost to its original position 

when its temperature is then below that of the tube wall a t  that point. Heal 

transfers to the gas from the tube wall during the low-pressure dwell period 

returning its temperature to the original level. The cycle then repeats. 

The effect of an infinite number of such infinitely small slugs of gas 

performing this Brayton cycle is to "pump" heat from the lower to the uppel 

end of the tube. An efficient regenerator is necessary to ensure that gas 

the cold lower end of the system does not gain heat from unwanted portion! 

of its surroundings as it moves in and out between pulse-tube an( 

regenerator. 



Figure 7 shows a simple single-stage pulse tube system, where the 

regenerator is an annular space around the insulated wall of the pulse-tube 

enclosure. heat is pumped from an aluminium "cold plate" within the 

refrigerated enclosure to a finned heatsink a t  the top of the pulse-tube. 

Square-wave Pressure Generator 

Devices previously described produce slow or sinusoidal pressure variations 

which would not cause the rise and fall of pressure to occur quickly enough 

for the process toapproximate to an adiabatic one. A simple free-piston 

device has been devised which can produce the required square-wave, and 

this is shown in Figure 8. 

Outlets marked "A" & "B" connect to isolators,and in the absence of vapour 

pressure a t  inlet the piston spool is returned by the spring to the position 

shown. Vapour pressure at inlet is now connected to isolator "A" and when 

pressure in this isolator rises, to the right-hand piston face via control screw 

"A;. The piston now moves at a rate controlled by the setting of A1 closing 

the inlet port. Vapour in the isolator continues to expand through A1, 

moving the piston until the isolator is connected to exhaust port E, when a 

rapid fall in isolator pressure occurs. At this point the inlet port is also 

opened to isolator "Bn and the action repeats in reverse. Provided that the 

connections are arranged so that fluid friction is low, the resulting pressure 

cycle in each isolator has a rapid rise and fall with intervening dwell periods 

when little change occurs, the cycles being 180' out of phase. The two 

isolators can drive separate paralleled or staged pulse tubes, alternatively, 

one can be used for water pumping, as shown in Figure 9. 

ENERGY STORAGE 

Hot Water Storage 

While it may be convenient to pump water for six to eight hours about solar 

noon, refrigeration systems will normally require to work on a 24 hour basis 

and continue to do so during periods of a t  least 2 or 3 days with only diffuse 

insolation. The necessary energy storage can be achieved by the use of a 

working fluid with low saturation temperature, deriving heat supply from an 

insulated tank of heated water. 

3.2 Working fluids 



Suitable working fluids for category 1 machines will have saturation 1 
temperatures well below 100°C in the pressure range of interest. If the 

system is not to be completely pressurised they must also condense at  

necessary. Fluids which fulfil these requirements are Freon 113, Acetone 

and Methanoi. Due to its lower saturation temperature and inert non- 

flammable nature, Freon 113 is to be preferred; however, it is not easily 

available in some countries. Acetone is preferable to methanol since it 

mixes readily with water and the hazard of fire orexplosion can be minimised 

by arranging that any leak or blow-off of vapour occurs through a water 

bath. Some thought is being given to the possibility of constructing a system 

in which the expansion engine and isolators are contained in an insulated 

bath of hot water. The condenser and feed pump, of course, could not be 

immersed in the same container. 

temperatures above ambient a t  or below atmospheric pressure. When 

plotted on temperature-entropy coordinates as shown in Figure 10, the 

vapour saturation line should be isentropic or slightly "wetting" since a 

"drying" characteristic will result in superheated vapour being delivered to 

the condenser with a consequent high rate of heat exchange being 
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ABSTRACT 
The application of DC/DC converters is far wider 

than their name would imply. When certain DC/DC converter 
topologies are connected in the appropriate configuration 
they can be used as inverters, amplifiers or special 
purpose rectifiers. In addition, they can provide four 
quadrant operati~n, input/output isolation and low 
electromagnetic interference. In this paper the basic 
properties of DC/DC converters are reviewed and some 
applications of pulse-width-modulated converters are 
presented with special reference to the sources and loads 
encountered in the renewable energy area. 

j . 0  INTRODUCTION 
As their name implies, DC/DC converters absorb power 

from a DC source at one particular voltage or current 
level and supply it to a DC load at another voltage or 
current level. In this context what is regarded as a "DC" 
source or load can be interpreted rather broadly as one 
which is varying only slowly in comparison to the 
dynamics of the converter. So a DC/DC converter with a 
switching frequency of 50 kHz and a control bandwidth of 
5kHz would "see" 50 Hz ripple on its supply voltage as 
virtually "DC'. 

DC/DC converters can be classified into two broad 
categories. 
( i Pulse-Width-Modulated (PWM): here level control 
between input and output is exercised by varying the 
duty-cycle of the semiconductor switches. This can be 
done in an almost endless variety of ways (e.g. canstant 
frequency/variable on-time, constant on-time/variable 
off-time, constant off-time/variable on-time, two level 
or hysteresis control, current or f l u x  programming etc.,) 

( i i )  Resonant: here level control is achieved by varying 
the switching frequency relative to the resonant 
frequency of an LC circuit (either series or parallel). 
These circuits were originally developed for thyristor 
applications and as a result retain the characteristic of 
semiconductor switch commutation by current reversal. 

In this paper attention will be directed solely to 
PWM converters, mainly because much more work has been 
done on them and as a result they are much better 
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understood at this stage. Section 2 reviews the 
properties of the basic DC/DC converter topologies while 
section 3 presents some applications in the renewable 
energy field. 

3 .0  BASIC DC/DC CONVERTER PROPERTIES 
Virtually all DC/DC converter topologies can be 

derived from three basic structures. 

2.1 Buck Converter ( f iuure 1) 
The transistor is switched with duty-cycle D and 

when on, current flows from the source Vs, stores energy 
in L and supplies power to the load. When the transistor 
is off the diode conducts and energy stored in L is 
supplied to the load. The average load voltage is B*Vs 
and since D is less than unity the output voltage is less 
than the input voltage. 

2.2 Boost Converter (fiuure 2) 
In this case, when the transistor is on the diode is 

off and so energy is built up in the inductor while the 
load is supplied by the capacitor. At transistor turn-off 
the inductor energy is transferred to the load. Since D 
is less than unity, (1-D) is also less than unity and so 
1 1 - D  is greater than unity, Hence the output voltage 
is always greater than the input voltage , 

2.3 Buck/Boost Converter (fiaure 3) - 
Here the energy is stored in the inductor at 

transistor turn-on and passed on to the load at turn-off. 
Note the inversion of the output voltage as well as the 
fact that for D less than 0.5 (D/(l-Dl) < 1 and for 
1)D>0.5, D l - D l  i e .  the buck/boost converter can be 
either voltage step-up or step-down depending on the 
magnitude of B. 

3 . 4  Switchins Cells 
The generation of these converters by changing the 

connection of sources and loads relative to the switching 
cell shown in figure 4 has been noted by several authors 
[ l l ,  ( 2 1  and in conjunction with its dual switching cell 
shown in figure 5 a highly cogent theory of DCIDC 
converter topologies has emerged 21. A method for 
generating topologies based on the mathematical structure 
of the describing differential equations is given in C31. 

The three basic converters are composed of 2 
unidirectional semiconductor switches and two energy 
storage, passive circuit elements. By allowing four 
passive, storage elements further converter structures 
emerge. 
2.5 Buck Converter with I n ~ u t  Filter 

The second order buck converter has a pulsating 
source current which can be made more nearly constant by 
the addition of an LC input filter as shown in figure 6. 

2.6 Boost Converter with Output Filter. 



The second order boost converter has a pulsating 
output current which can be made more nearly constant by 
the addition of an LC output filter as shown in figure 7. 

2.7 CUR Converter (f iaure 8)  
This is a 4th order generalisation of the second 

order buck/boost converter which makes both the input and 
output currents non-pulsating. 

An alternative way of viewing these last three is as 
*current sources' and "current loadsm connecting the dual 
switching cell in different orientations as depicted in 
figure 9. The ability of the fourth order converters to 
reduce ripple in the general case of coupled inductors is 
discussed in 141 for the case of the Cuk converter where 
the concept of "zero-ripplenuas first propounded, and for 
the three as a class in ( 5  1 .  

A11 the converters mentioned so far have been non- 
isolated i .c. there is a direct connection between input 
and output. The basic isolated converters are the forward 
and flyback converters. 

2.8 Forward Converter (f iqure 10) 
When the transistor is turned on, energy 

delivered to the load and the storage inductor via 
transformer and D2. Energy is also stored in 
magnetising inductance of the transformer and 
transistor turn off this is returned to the supply 
Dl, while the storage inductor transfers energy to 
load. Aside from the constraints imposed by 
magnet i s ing inductance the forward converter 
functionally equivalent to the buck converter. 

is 
the 
the 
at 
via 
the 
the 

i e 

2.9 Flvback Converter Cfiaure 1 1 )  
In this case energy is stored in the transformer 

during the transistor on-time and released to the 
secondary during the off-time. It is functionally 
equivalent to the buck/boost converter with the added 
flexibility of the turns ratio appearing in the equation 
for the output voltage. 

2.10 Dual Forward/Flvback Converter 
Instead of returning core energy to the supply 

during the transistor off-time a flyback-type secondary 
circuit can be used to transfer it to the load. as shown 
in .figure 12. This circuit has received detailed 
attention in ( 6 1 .  

2.11 Full Bridae Converter (fiaure 13) 
The main disadvantage of the forward, flybask and 

dual forward/flyback converters is that the transformer 
flux swing is unidirectional and so only half of the 
magnetic capacity of the core is being utilised. The full 
bridge (also half bridge and push-pull converter 
overcome this problem by establishing a bidirectional 
flux swing via reversing the current direction iw the 
primary sf the transformer. The capacitor in series with 
the primary winding is needed to establish the magnetic 



operating point in the presence of imbalances between the 
symmetric parts of the primary and secondary 171, 181. 

2.12 Two Quadrant Converters 
These converters are very useful when dealing with 

loads which can also act as sources e.g. batteries, DC 
motors/generators. The converter can be formed by 
combining the basic converters, replacing the 
unidirectional semiconductor switches by bidirectional 
ones. In the circuit of figure 14, when Q1 and D2 are 
used power is transferred from V1 to V2 with a buck 
converter topology. When Q2, Dl are used a boost topology 
transfers power from V2 to V1. 

In the circuit of figure 15 a buck/boost topology is 
used in both directions (Vl to V2 uses Q1,D2 ; V2 to Vl 
uses Q2, Dl). The dual of this circuit is the 
bidirectional Cuk converter 191 of figure 16, which uses 
capacitive energy storage between the two sources/loads. 

2.13 Four Quadrant Converters 
Four quadrant converters can be constructed by 

combining any of the two quadrant converters of section 
2.12 back-to-back. For example the bidirectional buck or 
boost of figure 14 gives rise to four quadrant circuit of 
figure 17, or the bidirectional Cuk converter of figure 
16 gives rise to the four quadrant circuit of figure 18. 
An excellent discussion of four quadrant converters can 
be found in 1101. 

3.0 APPLICATIONS OF DCIDC CONVERTERS. 
Many of the topologies discussed in the preceding 

section have direct application in the renewable energy 
field if a DC load is to be driven. The energy supply 
could be any source of DC (slowly varying) power e.g. 
photovoltaic array, electrochemical, windmill powered 
generator (or alternator after rectification). A DC/DC 
converter could also be used as a pre-regulator stage in 
a photovoltaic to 50 Hz converter, to provide a constant 
input to a simple six-pulse inverter bridge rather rely 
on amplitude regulation in a more elaborate PWM inverter 
bridge t 1 1 1 .  

Some of the more useful applications of DC/DC 
converters rely on modulating the duty-cycle of the 
converter at a frequency well below its bandwidth so that 
the converter's output voltage tracks the modulation. The 
voltage conversion ratios of the three basic converters 
are plotted in figure 19. Two points can be noted 
immediately. 

(i )  only the buck/boost gives a complete range of 
conversion ratios as the duty-cycle varies. 
( i i )  only the buck gives a linear relationship between 
duty-cycle ans conversion ratio. 

This means that if the output of a converter were 
required to follow a half sinusoid starting from zero, 
then for the buck converter the duty-cycle needs t o  be a 



half sinusoid also, while for the buck/boost the duty- 
cycle needs to be a nonlinear function of the sinusoid. 
On the other hand, if a conversion greater than 1 is 
required then a buck/boost will be needed or some other 
means used to increase the conversion of the buck (e .g. 
by a forward converter and adjusting the turns ratio). 

A good illustration of this can be found in the 
various approaches to the problem of interfacing 
photovoltaic arrays to the utility mains. One of the 
first workers in this field was M. F. Schlecht and he 
proposed in 1121 the circuit of figure 20. This is 
essentially a two quadrant flyback converter (isolated 
buck/boost). If Th1 is on then the voltage across C will 
follow the duty-cycle of GI1 with positive polarity, while 
i f  Th2 is on it will follow with a negative polarity. The 
duty-cycle and the firing of Thl/Th2 need to be 
synchronised with the AC line so that sinusoidal current 
is delivered to the utility. A modified version based on 
the same principle was given in 1133 and is illustrated 
in figure 21. The main differences between the two is 
that in the latter the thyristors are replaced by 
transistors and the transformer only provides isolation 
(Lm is the DC/DC converter storage element). 

The main disadvantages bf both these schemes is that 
be ing based on the buck/boost pr ineiple, the connect ion 
between duty-cycle and output voltage is nonlinear and 
not easily generated by analogue means. 

The circuit in figure 22 was developed at General 
Electric and is detailed in 1141, [151.  The DC/DC 
converter is a full bridge forward converter which is 
based on the buck conversion principle and hence gives a 
linear variation of output voltage with duty-cycle. The 
transformer is purely for isolation and voltage level 
control. 

This same principle was adopted in El63 although 
there are differences in the details of the 
implementation of the buck converter and the line 
interfacing as shown in f igusc 23. Here a push-pull 
converter has been selected and a transistor line 
interface. Flux-sensing in the transformer was used to 
adjust the transistor on-times to ensure a balanced flux- 
swing. 

Another important area of application sf DC/DC 
converters is in the control of power flow in 
photovoltaic/storage battery systems. Here several 
configurations of photovoltaic array, storage batteries 
and DC/DC converters have been proposed, each exploiting 
different forms of DG/DC converters. In 1171 two 
structures are discussed; one termed "conventional" which 
consists of a unidirectional boost converter connecting 
the photovoltaic array and battery and a unidirectional 
buck converter connecting battery and load as shown in 
figure 24. The first converter acts as a battery charger 
and ideally incorporates a maximum power tracker, while 
the second converter is used to regulate the load 
voltage . Unfortunately, power reaching the load 
experiences two conversion processes and converter 1 must 



be sufficiently large to handle the sum of load power 
plus battery charge power. 

In an attempt to alleviate these problems a second 
configuration is discussed in [ 1 7 P e  I t  consists of a buck 
converter connecting directly the photovoltaic array and 
the load, paralleled by a bidirectional (boost in one 
direct ion, buck in the other) converter. However this 
converter is not operated in the buck direction with PWM, 
rather the transistor switch is turned on continuously 
making a direct connection between the battery and the 
c~nverter connected to the load, This is illustrated in 
figure 25. Higher overall efficiency can be obtained with 
this configuration as only battery discharge power 
receives two conversions and one of these is at very high 
efficiency because it is via a statically closed switch. 

A configuration which requires just one 
bidirectional DCPBC converter is described in [I81 and 
illustrated in figure 26. Here a bidirectional Cuk 
converter controls the battery chargeldischarge current 
to maintain a constant load voltage in the presence of 
photovoltaic array output variations. 

DC/DC converters can also provide a novel form of 3 
phase inverter with high quality <low harmonic 
distortion) AC waveforms. Three bidirectional converters 
are used with sinusoidally varying duty-cycles, and 
sinusoids shifted relative to each other by 120 degrees. 
One such systen, based on the Cuk converter is described 
in [191 and takes the form shown in figure 27. Another 
circuit with fewer components but a more complex 
modulation pattern is described in 1201. Based on the 
buck/boost structure the circuit is shown in figure 28. 

Another interesting application, described in 1211, 
concerns a rectifier which draws nearly sinusoidal, in- 
phase current from the utility mains. As can be seen 
from a perusal of figure 29, the circuit consists of a 
full bridge rectifier followed by a DC/DC converter 
comprising a flyback converter with input filter. By 
adjusting the converter duty-cycle the output voltage can 
be kept constant while the input current and voltage vary 
together . 

4.0 CONCLUSION 
This paper has reviewed the basic topologies of PWM 

DC/DC converters and examined some applications of these 
converters in the renewable energy area. It should be 
pointed out that research into DC/BC converters is very 
active worldwide, driven by the dual (and usually 
conflicting) requirements of high efficiency and low 
weight, Mew converter topologies, new materials and 
better control techniques are emerging almost continually 
in what is still a rapidly expanding area. 
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Figure 1: Buck converter 

Figure 2: Boost converter 

Figure 3: BuckIBoast converter 

Figure 4: Switching c e l l  Figure 5: Dual switching c e l l  



Figure 6: Buck converter with input f i l t e r  

Figure 7 :  Boost converter with output f i l t e r  

Figure 8: Cuk converter 

Figure 9: Generation of 4th order converters 
with dual switching c e l l  



Figure 10: Forward converter 

Figure 11: Flyback converter 

Figure 12: Dual forward/flyback converter 
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Figure 13: Full bridge converter 
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Figure 14: Bidirectional buck or boost 

Figure 15: Bidirectional buck/boost 

Figure 16: Bidirectional Cuk converter 



Figure 1 7 :  Four quadrant buck or boost w 

Figure 18: Four quadrant Cuk converter 
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Figure 19: Converter conversion rat ios  



Figure 22: Buck based DC to u t i l i t y  mains 



Figure 24: Three phase inverter based on Cuk converter 
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Figure 26: Unity power factor converter 
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1 .o INTRODUCTION 

Reliability of the electricity supply network is ultimately a matter 
of cost. The standard of supply to consumers at large is as high as 
can be justified while keeping the cost of supply as low as possible. 
There will always be a section of consumers for which this standard 
is insufficient as the effects of infrequent disruption are sufficiently 
serious to warrant their own capital expenditure on so called 
"Uninterruptable Power Supplies". 

An Uninterruptable Power Supply (U.P.S.) system is, for many users 
the only solution. However, there is from the user's point of view 
(which from necessity is pessimistic) an unforgiveable error in the 
nomenclature used in describing the system - "uninterruptable". 
A more acceptable term would be "'High Reliability Power Supplyq'; 
from experience and observation, nothing is uninterruptable. 
Systems termed wuninterruptable" have failed due to design faults, 
component failure and the most complex and unknown quantity, human 
intervention. Human error in the operation and maintenance of 
"uninterruptable power supplies" must be one of the highest priorities 
when considering the design, manufacture or purchase of such a 
system. 

THE SYSTEM 

The U.P.S. system is required to deliver accurately controlled output 
voltage and frequency, independent of the supply network's disturbances 
and transients. 

A basic U.P.S. installation is shown in figure 1 attached. The items 
of individual equipment which form a U.P.S. are:- 

(i) The switchboard, which carries out the function of switching 
the A.C. supplies for the U.P.S. system. It is usual to have 
at least one public network feeder into the board for normal 
operation and a standby supply, usually a generating set to 
supply the system in the event of a prolonged public network 
outage. 

(ii) Battery Charger - this item serves a dual purpose:- 
(a 1 To provide a D.C. input for the inverter; and 

(b) Maintain the full capacity of the standby battery 
bank. 

(iii 1 Battery Bank - usually consisting of high performance pasted 
plate plant6 lead-acid cells whish provide the DC input to 
the inverter on loss of the public network until either the 
network is restored or the generating set comes on line. 

(iv) Inverter - today a solid state device which converts a DC 
input to an AC sine wave output of accurate frequency and 
magnitude to a specialised load, i.e. computer or 
communications equipment. 
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2.0 THE SYSTEM (Ctd) 

(v) Static Change-over Switch - a solid state switch which will 
automatically change over from the inverter supply to the 
standby supply whilst maintaining (no break) the load. This 
changeover to the standby supply occurs on either failure 
of the inverter or for maintenance of the inverter, battery, 1 
charger system. 

(vi Line Conditioner (Standby Supply) - a passive device to 
ensure no harmful harmonies, noise or voltage spikes/ 
fluctuations reach the load from the switchboard. 

2.1 MODE OF OPERATION 

The operation sf the U.P.S. Illustrated in figure 1 is for the AC 
switchboard to be supplied from the public network. The battery 
chargerAC is then derived from the switchboard and this in turn 
supplies DC to the inverter and battery bank. The inverter output 
then supplies the load via a static switch. 

In the event of a public network AC failure, the battery bank will 
immediately supply the inverter input which maintains supply to 
the load. The diesel generator supply is time delayed, such that if 
the public supply fails to return within a predetermined period 
(usually 5 minutes), it automatically starts and supplies the switch- 
board until return of the public supply. (The generating set will 
maintain supply for at least 10 minutes after the network supply 
returns to ensure that the supply is reliable; once that period 
expires, the set will go "off Pine" and the public network again 
will supply the switchboard.) 

If the battery charger, battery or inverter fail, or the inverter 
output falls out of its performance figures, the static switch will 
without any loss of supply to the load, change supply of the inverter 
to the standby supply. (The inverter and standby supply normally 
run in synchronism.) 

The standby supply can also be selected manually for maintenance of 
the charger, battery, inverter system. If the static switch fails 
there is a manual switch (make-before-break) which will bypass the 
static switch and supply the load from the standby supply. 

Figure 2 attached shows a High Reliability U.P.S. system that is used 
for a computer supply within the Queensland Electricity Commission's 
control network. 

It is the basic U.P.S. system in figure 1 doubled up. Failure of the 
public network supply is reduced by two separate supplies (from 
independent primary feeders) and two charger/battery inverter systems 
both running in synchronism feeding a common supply bus. In the 
event of one unit failing, the other can supply the full load requirements. 

Both inverters run synchronised to the standby supply; however, if the 
standby supply drops out of set limits (frequency and voltage), both 
inverters will run free of the standby supply, but with one inverter 
selected as master to control frequency and voltage. 
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MODE OF OPERATION (Ctd) 

Photographs showing the actual system represented in figure 2 are 
enclosed in Appendix A. 

DETAILED PARAMETERS 

Detailed performance parameters for the individual U.P.S. components 
are listed below:- 

3.1 The Inverter - This item of plant operates with a D.C. 
input, usually from a battery bank/charger consisting of 
lead-acid cells (see Section 3.3) and by means of a solid 
state device (thyristor switching) or a rotating machine 
(D.C. motor driving an alternator - now becoming out-dated) 
produces a stable, high accuracy A.C. supply. 

Typical performance characteristics are:- 

(a) Efficiency = 
A.C. output power (kW) x 100% 

D.C. input power (kW) 

This figure should be greater than 80% when output is 
equal to or greater than half the rated kVA and working 
temperatures within the range O°C to 40°C. 

(b) Rating - An inverter must be able to supply the load 
at all times independent of the load variations. For 
example, most loads have a power factor of 0.8 lagging, 
hence the inverter must cope with load variations of 
unity to 0.8 lagging. 

(c) Output Voltage Regulation - The voltage output should be 
regulated to within f2% within the limits of D.C. input 
range (see Section 3.3) and also with battery supply under 
boost conditions. 

With 3 phase rectifiers with unbalanced load conditions 
up to and including full load on one phase and no load on 
other phases, the phase to neutral output voltage regulation 
on all phases should be within f2% under all service 
conditions. 

(dl Output Frequency Regulation - The frequency should be kept 
within f l %  for any combination of environment and input 
conditions and for any load within its rating. A further 
option employed on most inverters is the facility to syn- 
chronise with the public distribution network; the inverter 
should then be able to follow the public network frequency 
unless that frequency varies by more than fl% - in that case, 
the inverter should run with its own internally generated 
frequency. 

(el Harmonic Distortion - The inverter output should be a sine 
wave with total RMS harmonic content less than 5% and with 
the RMS value of any single harmonic less than 3% under any 
combination of environmental and input condition and any load 
within its rating. 



DETAILED PARAMETERS (Ctd) 

The Inverter (Ctd) 

Overload Capacity - The inverter should be able to sustain 
an overload of 125% for one (1) minute whilst maintaining 
the output voltage and frequency within the specified limits. 
If the overload exceeds one (1) minute, the inverter shall 
trip with a sufficiently short period to ensure no damage 
results to the inverter. 

Transient Performance - If a step change in load from 0% to 
100% or from 100% to 0% occurs, the output voltage should not 
vary by greater than 15% and should recover to f5% of adjusted 
output voltage within one (1) cycle and to f2% of the adjusted 
output voltage within 5 cycles. 

Protection - The inverter should be equipped with ala.rms such 
as high temperature, low D.C. volts, inverter out of synch. 
with public network (if facility incorporated), cooling fan 
fail (if applicable), capacitor fuse fail (if applicable), 
inverter failure, overcurrent. It should also have adequate 
protection devices that will in the event of an internal 
failure ensure a controlled shutdown which will isolate the 
Input and Output circuits. The following conditions should 
also precipitate a controlled shutdown and isolation:- 

- Output under/over voltage 
- Output frequency beyond limits 
- Extended overcurrent 
- Input D.C. volts low. 

Battery Charger - This plant operates from the public A.C. 
network converting it (in solid state by means of thyristor 
switching) to a suitable D.C. supply for battery charging 
(see Section 3.3) and the inverter D.C. Input (see Section 
2.11). 

Rating - The charger should be capable of supplying full load 
under any combination of the following conditions:- 

Voltage f 15% (phase to phase ) 
Frequency f5% 
Temperature O°C to 40°C 
Humidity to 90% non-condensing 

The rating must have adequate capacity to supply the full 
input load of the inverter and recharge a depleted battery 
simultaneously. 
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Battery Charger (Ctd) 

Output Voltage and Regulation - The output voltage if 
charging lead/acid cells (which is the norm) should be 
continuously adjustable between 2.10 V/cell and 2.30 Vice11 
with a boost facility of 2.4 V/cell. The output voltage 
should be maintained to within f2% of the adjusted output 
voltage for any load from no load to full load for all 
conditions of input voltage described in (a) above. 

The R.M.S. of ripple current supplied from the output 
should not exceed 3% sf the D.C. current rating of the 
charger under any operating conditions. 

Current Limit - The charger should have the facility to 
limit output current from 20% to 100% of the rated capacity 
of the charger. It must also be capable of running contin- 
uoilsly in current limit mode. Current limiting should also 
be provided at the battery terminals to protect a depleted 
battery from being damaged by too great a charging current. 

Circuit Protection and Alarms - Fuses should be located in 
each phase of the A.C. input, both sides of the D.C. output 
and the main filter capacitor circuit. On the application 
of a short circuit on the charger's D.C. output terminals, 
it should move into current limit mode until the short 
circuit is removed, then return to normal service. 

An over-voltage protection on the D.C. output should be 
provided such that in the case of voltage rising above 
acceptable cell voltage limits (2.4 V/cell for lead/acid), 
it should disconnect the output of the charger. 

Alarms recommended are:- 

- A.C. Mains failure to the charger 
- No Output 
- High Output Volts 
- Fuse Blown 
- High Temperature 

Battery - This is the heart of the system. Without a reliable 
battery bank an Uninterruptable Power Supply will fail when 
called upon to operate in anger, thus, extreme care should be 
exercised when selecting and maintaining a battery bank. 

Battery Capacity - A battery should be capable of supplying 
full load conditions for a period of 60 minutes before any 
cell in the bank falls to what is considered an exhausted 
level. (For a lead-acid cell it is considered to be exhausted 
when its voltage falls to 1.7 V/cell.) The battery capacity 
should not decrease after three test discharges of full rated 
load. 

Cell Type (Lead/acid) - The cells of pasted-plate, lead-acid 
type should be formed in transparent plastic cases and conform 
to the latest A.P.O. Specification No. 662 "Batteries, Secondary, 
Stationary, Pasted Plate, Fully Enclosed Type and Accessories". 
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3.3 Battery (Ctd) 

(c) 0perating.Conditions - It is not normal practice to cycle 
batteries with regular discharge and charges. However, a 
battery may have a capacity test carried out during the 
life of the battery if its condition is doubtful - this 
should not affect the life of the cells. 

(dl Accessories - When purchasing batteries, accessories such as 
stands, interconnecting bolts etc. may also be obtained from 
the manufacturer. 

(i) Stands - If tiered stands are offered, they should 
allow easy access for maintenance and removal of 
all cells and be manufactured from a non-conducting 
material covered with an acid resistant coat. 

(ii) Connection Accessories - Lead covered nuts and bolts 
are required for all interconnection. However, it is 
far more reliable to lead burn (weld) cell posts 
together providing an integral connection between 
cells. 

(iii) Fuses - Battery outputs should be fused in order to 
safeguard against D.C. bus faults. 

(el Battery Room - As cells produce hydrogen during the charging 
process, it is of extreme importance that a battery room 
be free of any item that may cause ignition of the hydrogen 
or be vented in such a manner to reduce the concentration of 
hydrogen below its possible explosive mixture. The Australian 
Standard A.S. 2676 provides information for the design of 
battery rooms. 

3.4 By-Pass Line Conditioner - This is to provide a short term 
back-up supply for the system during maintenance or failure 
of the inverter system. 

(a) Rating - The By-pass Line Conditioner should be capable of 
supplying full load for 0.8 lagging to unity power factor. 

(b) Input Voltage - Nominal domestic network supply with voltage 
variation of f20% from nominal. 

(c) Output Voltage - This should be regulated to within f5% for 
all environmental and load conditions within its range. 

(dl Frequency - The conditioner should be able to function with 
a frequency variation of 25%. 

(el Harmonic Distortion - The output should be a sine wave with 
a total R.M.S. harmonic content less than 5% with the R.M.S. 
value of any single harmonic less than 3% under any combination 
of environmental or load conditions within its range. 
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3.4 By-Pass Line Conditioner (Ctd) 

(f) Overload - The conditioner should sustain a 100% overload 
for 10 seconds simultaneously maintaining output voltage 
with specified limits, for all environmental conditions 
and input voltages within its range. If the overload continues 
for more than 10 seconds, the conditioner should trip within 
a period as to ensure no damage is caused to itself. 

(g) Transient Response - For a load change from 0% to 100% of 
the rated output, the output voltage should not vary by 
more than 15%, recovering to within +5% of the adjusted 
output voltage within a period of one cycle and should be 
within a specified tolerance of f3% within three cycles. 

For a sudden change in load from 0% to 50% of the rated 
output, the line conditioner output voltage should not vary 
by more than 10% of its adjusted output voltage. 

(h) Earthing and Isolation - The conditioner should be capable 
of operating with the neutral locally earthed or floating. 

(i) Efficiency - The full load efficiency should be greater 
than 90% within nominal input voltage (range). 

( j )  Noise Rejection - The line conditioner should provide 
attentuation of transients on the input A.C. The common 
mode rejection should be greater than 60 dB and the transverse 
mode rejection greater than 50 dB for any noise signal above 
100 kHz. 

3.5 Static Switch - This item of plant uses thyristor switching 
to change-over from inverter to by-pass supply and vice versa 
when both are in synchronism such that the load sees no break 
of supply. 

(a) Rating - The static switch should be able to carry the full 
rated output of the by-pass supply. It should also be 
capable of carrying a 25% overload for 1 minute from the 
inverter and a 100% overload for 10 seconds from the by-pass 
supply - 

(b) Protection - The switch should be protected against a short 
circuit placed on its output terminals. 

( c )  Transfer I n i t i a t i o n a n d T i m e - T r a n s f e r  shouldinitiatewith:- 

- Inverter failure 
- Overcurrent 
- Undervoltage 
- Manual change-over. 

The overcurrent detection point should be continuously 
adjustable to 200% of full rated output and the under-voltage 
be adjustable between 0% and 90% of nominal. Transfer time 
should be sufficiently short to ensure minimal transients in 
the voltage waveform. At no time during the transition should 
the instantaneous output voltage fall below 30% of the nominal. 
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3.6 Switchboard - The switchboard carries out all A.C. and D.C. 
switching and distribution functions not performed by the 
actual U.P.S. Modules. 

(a) Layout - A switchboard should have a mimic diagram of the 
complete U.P.S. system indicating functions performed by 
U.P.S. modules passively and with its own push buttons, 
controls, switches and metering in their relevant positions 
on the diagram. It should have adequate access for cabling, 
terminations and be designed such that access to all equipment 
mounted in or on the board is available at all times with the 
board in service. 

(b) Rating - D.C.: The board should be rated at 2008 of inverter 
input current at full load with battery cell voltage depleted 
(lead-acid 1.7 V/cell). Double pole switching should be used 
on all the D.C. system. 

- A.C.: The breakers should be rated for a prospective 
fault level of 6 kA R.M.S. and for breakers over 100 A, a fault 
level of greater than 6 kA R.M.S. 

i l l l /  '~ I (c) Protection - The switchboard should be constructed as follows:- 
, / /  

'1, , / I  ! (i) Prospective fault level of 20 kA R.M.S. 
I 

(ii) Segregation should be form 3. 

(iii) Degree of Protection IP54. 

4.0 USER PROBLEMS AND PITFALLS 

There is a high probability that the author of the specification used 
to describe the parameters for the U.P.S. system is not the user, though 
consultation between the two usually occurs at some level depending 
on the organisation. Hence, at the end point when the equipment is 
delivered and commissioned, problems arise which could have been solved 
if both designer and user worked together in forming the specification, 
analysing tenders and installing the final product. Many problems can 
be solved before the equipment is commissioned if designer and user 
talk to one another. 

However, some problems will still arise due to oversight, financial and 
technological constraints. In this section, some of the problems found 
will be outlined as an aid to others to help their U.P.S. systems towards 
the ultimate goal, a "High Reliability Power Supply", the true U.P.S. 

4.1 Battery 

A number of problems have been experienced with the manufacturer' 
assembly,construction and installation of lead-acid cells. 

(i) In the construction of a lead-acid cell, a glass wool separation 
mat is used with a polymer separator to provide insulation 
between the positive and negative plates. In a few cases, this 
mat has not been aligned correctly between the plates. 
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4 . 1  Battery (Ctd) 

(ii) Some of the element plates showed visual voids and 
inconsistent thickness through the plate. 

(iii) Seals between the plastic resin (styrene-acrylonitrile) 
cell top and plate posts have allowed vapour to pass and 
settle on the top around the post exits. 

(iv) Adhesion between the plastic cell top and body in a few 
cases has not been complete. 

(v) Swarf has been found in the bottom of the cell from 
manufacture. 

(vi) The method of interconnecting cell posts using lead plated 
bolts can result in loose connections or after a period 
corrosion between the post surfaces in contact. It is far 
more satisfactory to lead burn the posts together with 
5 - 6% antimonial lead rod. Posts on cells are designed 
for lead burning. See Appendix B. 

(vii) Use distilled water only - contaminated water, if used for 
topping up, will reduce the life and rating of cells. 

Battery Charger 

Problems experienced with modern solid state chargers 
have been few. They are:- 

(i) Printed circuit board plugs - misalignment and poor 
quality female contacts have resulted in intermittent 
and complete failure of chargers. Printed circuit 
boards with locking facilities and plugs of good quality 
will prevent poor connections and vibration moving the 
board out of its holder. 

(ii) Vermin ingress - Rodent and small animal ingress into 
chargers has caused damage to control cards - again 
resulted in charger failure. Charger cabinets must be 
completely vermin-proof with screening across air 
inlets and cable gland plates. 

Inverter 

Those problems experienced with 4.2 above apply also to the 
inverter. The only other problem experienced has been 
with the method of holding synchronisation with the system. 
This however was quickly overcome with the manufacturer 
providing a new design and printed circuit boards were exchanged. 
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4.4 Static Switch 

Again, problems experienced with 4.2 apply. The static 
switch itself has performed without problem although it 
was found the manual by-pass switch was incorrectly 
connected, resulting in a break-before-make situation. 

4.5 Switchboard 

The switchboard has provided a few concerns:- 

(i) Combined fuse switches were under-rated from design and 
will not meet some full load requirements. Redesign 
and the installation of circuit breakers was used to 
solve the problem using the existing switchboard combined 
fuse 'switch space. 

(ii) Lack of complete mimic representation - the board's function 
was not fully represented on the mimic - additions to the 
mimic were required. 

5.0  GENERAL 

The equipment not covered in 4.1 to 4.5 to date has not failed nor 
indicated any particular problems. The following concerns are general 
and do not only encompass a U.P.S. system, but can be equally applied 
to any system or installation. 

(i) Manuals - Adequate manuals on equipment showing operating 
instructions and detailed construction and circuitry for 
commissioning, operation, maintenance and repair are a 
necessity. You cannot adequately provide a reliable 
U.P.S. system without detailed knowledge of its components, 
operation and design. When equipment is delivered, 
detailed manuals must be available for installation and 
commissioning. 

(ii) Spares - Spare components need to be obtained and kept 
as non-availability of or extended delivery date of a 
component is a reality with the financial restrictions 
placed upon companies in today's climate. With solid state 
equipment especially integrated circuitry, components may 
be unobtainable in the next decade. Specialised components 
such as high speed switching thyristors may only be 
obtainable from one world manufacturer and a delivery time 
may be measured in months. 

It is therefore essential that spares such as specialised 
solid state components, control cards and fuses which are 
usually recommended by the manufacturer are kept. 

Environment - The U.P.S. system should be treated with the 
same care as the load it supplies. The U.P.S. should be 
located in a room which is dust, vermin and waterproof. It 
must have adequate ventilation and cooling to ensure that 
temperaturesexperienced by the U.P.S. system are within its 
design capabilities. 
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(iv) Personnel - The personnel who operate and maintain the 
system must be fully trained in its operation and fundamental 
design. Maintenance personnel need further detailed 
training in the system's design and component make up. 

Adequate diagnostic equipment must be available for personnel 
to fault find and maintain the U.P.S. system. 

6.0 CONCLUSION 

A highly reliable Uninterruptable Power Supply system can be achieved 
if the initial parameters are accurately set and both designer and 
user consult inthe formation sf the specification and that the spec- 
ification is technically possible within the parameters given. Tenders 
are analysed by designer and user. 

The quality control provided by the manufacturer is adequate and is 
monitored by the purchaser. When equipment is delivered at site, all 
manuals are available and have been agreed to by both manufacturer, 
designer and user. 

The installation is monitored by the purchaser and manufacturer and 
commissioning is a joint venture between manufacturer and purchaser. 

The manufacturer undertakes with the purchaser training of personnel in 
the operation and maintenance of the U.P.S. system. 

The purchaser obtains adequate spares as recommended by the manufacturer 
and his own trained maintenance personnel. 

If this criteria is used, then your U.P.S. will meet the standards 
required in reliability and performance in supplying your equipment. 

Attach. 

Ill 
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APPENDIX A 

VIEW OF U.P.S. ROOM 

VIEW OF BATTERY ROOM 



MIMIC DIAGRAM OF U. P. S .  SYS'I'EM 

M41N SWITCHBOARD I l l r / l IC  



I U.P.S. DC/AC SWITCHBOARD WITH MIMIC 

I MAIN SWITCHBOARD 



INVERTER : 

Input : 210 to 280 volts DC 

Output: 240/415 volts AC, 3 phase, 
4 wire, 50 Hz, 75 kVA at 
0.8 p.f. 

Firing Delay Time "t": 56 microseconds 

Maximum Modulation Index: 8 1 % 

Current Limit: 104 A 

With: DC undervoltage trip, synchronim 
with Sync Disconnect for line 
reference beyond 49.6 - 50.4 Hz 
range. 



STATIC SWITCH 

Preferred Source: Inverter 
Alternate Source: 240/415 volt, 3 phase, 

4 wire, 50 Hz, AC line. 

With: Manual B pass Switch, 
continuixy monitor. 
auto-manual return switch. 



REGULATED RECTIFIER (BATTERY CHARGER) 

Input: 380volts AC f10%, 3 phase, 3 wire, 
50 Hz. 

Output: 250 to 280 volts DC regulated, 
350 amp. 

DC Voltage Settings: 270 volts float, 
280 volts equalize. 

Ambient Temperature: 0 to 40°C. 



BATTERY BANKS 

Cell: 2V, 690 Amp hr. 

Bank: 2 off, 120 cells 

Float Voltage: 265 to 270 V 
(2.2 - 2.25 V/cell) 



BY-PASS FILTER (POWER CONDITIONER) 

I n p u t :  415V AC, 3 phase, 4 w i r e ,  1 0 0  kVA. 

O u t p u t :  4 1 5 / 2 4 0  v o l t s  A.C., 140  Amp. 

Max. Temp. R i s e :  125OC 

Standard: AS2374 



To obtain high reliability and performance from battery banks, they 
must be installed correctly. Most of the problems encountered are 
caused by lead connections, which result from incorrect lead burning 
of terminals or no lead burning of terminals at all. Soldering 
terminals together is not acceptable - under no circumstances should 
terminals be soldered or solder used to assist the lead burning 
process. Under working conditions, the tin in the solder oxidizes 
and forms high resistance joints. 

2. BATTERY HANDLING 

The cells normally come from the manufacturer in wooden crates, 
filled with acid (wet), charged and gas cap safety vents sealed. 
Unpacking should be done either in the battery room or a place 
geared to handle accidental acid spillage. 

I Batteries should be handled with extreme care and be kept upright 
at all times. NEVER LIFT CELLS BY TERMINAL LUGS. In the case of 
larger heavier cells, where slings are necessary for lifting, a load 
spreader should be used to remove stress on case side walls and lid. 

During unpacking, it is important to check each cell for correct acid 
level, cracks in case, terminal and plate damage. To prevent 
contamination of cells, vent seals must be left in place during 
installation. 

Prior to positioning on shelves, cases should be neutralised by 
wiping first with bicarbonate of soda solution (50 grams per 5 litres 
of water) and then with fresh water. Wipe case dry with clean cloth. 
The batteries are now ready to place on shelves or in cabinet. 

The two end cells are placed in their permanent positions at the end 
of the top shelf, and a gap of approximately 100 mm is left between 
these cells and the next two adjacent ones as shown in Figure 1. 
This gap allows room for filing and brushing prior to making the joint. 

The remainder of the cells are positionkd so that abutting terminals 
are of opposite polarity. 

3 .  "BURNING" THE BATTERY TERMINALS 

3.1 General 

To obtain a successful battery installation which has a good 
mechanical and electrical bond between the lug faces which 
will not deteriorate when put into service. It is important 
that thorough preparation be made before actually "burning" 
the battery lugs. 

It is preferable to install the top level batteries in the 
cabinet first, to minimise accidental damage to cell cases 
below (caused by falling tools or hot lead). 
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3.2 Preparing the Luqs for Joining 

Care should be taken to avoid visible cracks between lugs as 
this can allow ingress of moisture and foreign matter into the 
joint which can lead to local corrosion between the lug faces. 

Starting from the end with the 100 mm gap, the abutting and 'V1 
section surfaces are cleaned and squared with a dreadnought file 
and wire brush and the second cell is then butted up to the 1 '  
first. The 100 mm gap should give sufficient working room for 
filing and brushing. To obtain even, neat, 'well aligned joints, 
some extra filing and slight bending of terminals may be necessary, 
(To achieve bending, the lugs may be carefully tapped with a 
piece of wood.) 

Figure 2 shows a set of well prepared terminals. When butted 
together, there should be a gap of at least 3 m between case 
tops in the same row and a minimum of 25 mm between cases of 
adjacent rows. The cells should be kept in a straight line by 
using an insulated straight edge or string line. The lead burning 
process should take place as soon as possible after the terminals 
have been prepared to prevent poor quality joints being caused by 
oxidation or contamination. 

It should be emphasised that absolute cleanliness in any welding 
process is essential if a strong homogeneous weld is to result 
between parent plates. Excess lead oxide, water, oil or acid in 
the burning groove will result in a poor mechanical bond and 
gaseous inclusions in the weld metal. 

The lugs should be cleaned and burnt as work progresses down the 
line of cells. Bolts should not be necessary in normal service, 
however where high currents are anticipated or where severe 
mechanical vibration is likely, bolts may be used on the burnt 
connection. In such cases, care should be taken not to overtighten 
the bolts, and bolt holes and bolts should be liberally coated 
with vaseline to exclude air pockets to reduce the possibility 
of corrosion. 

3.3 Protection of the Cell During Burning 

To protect the cell from heat and/or mechanical damage during 
the burning operation, damp cotton waste can be placed over 
the top of the two cells to be connected together. A heat 
shield made from masonite or similar material can also be 
used to protect the cell tops. 

WARNING Never attempt the burning in process if:- 

(i) Batteries are in service. 

(ii) ' Batteries are on charge. 

(iii) Batteries have been on charge recently. 

(ivl Vent caps are removed. 



Protection of the Cell During Burnins (Ctd) 

In the case where batteries have been on charge, they should 
be taken out of service for at least 24 hours, during which 
time the cells should be frequently tapped on thee'&Zdes to 
aid the release of any trapped hydrogen. 

If lead burning is to occur on one bank of batteries in a 
room where another bank is in service, care should be taken 
to ensure that adequate ventilation is provided. 

NOTE: Some modern cells use a plate separator material 
and method that tends to trap hydrogen more readily. 
A successful way to expel this gas is to tilt the 
cell sideways, giving support to the underside with 
one hand and tapping the upper side with the other. 
The batteries are safe to work on when, after several 
tappings, no more bubbles are seen to rise. 



100 mm' 
approx. 

FIGURE 1 - PLAN VIEW OF INITIAL CELL LAYOUT 

FIGERE 2 - CORRECTLY PREP=\RED TE?>!I:TALS 
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shane F inn  i s  employed by Gayrad P t y  h t d  of  Erisbane i n  t he  
of Power E lec t r on i cs  Engineer. Gayrad is,  p r i n c i p a l l y  a 

manufacturer, bu t  i n  recent  years i s  f i n d i n g  an 
,,,reasi ng s h i f t  towards manufacture o f  Power E lec t r on i cs  equipment; 
,pecif i c a l l y  9 r e c t i f i e r s ,  b a t t e r y  chargers, power suppl ies,  
, , ~ ~ y t e r s  and systems comprising these components. Graduating f ran\ 

the c I ~ E  i n  1984 w i t h  a Degree i n  E l e c t r i c a l  Engineering, Shane has 
,,,ce been invo lved  p r i m a r i l y  i n  Power E lec t r on i cs  design, and i s  
o r r e n t l ~  completing a Bachelor of Plaths and Computing, i n c l ud i ng  
,t~tdies toward a Graduate Diploma i n  Management. 

power E lec t r on i cs  i s  both one o f  t h e  most cha l leng ing  and 
 sunderst stood o?f a l l  t he  e l e c t r o n i c s  f i e l d s .  With t h a t  statement I 
s h a l l  base t h i s  d iscuss ion on the  chal lenges t o  be met i n  t he  design 
of Power E l e c t r o n i c s  equipment h igh1 i g h t i n g  t h e  dev ia t i ons  i n  t he  
sh i f t  from theory t o  p rac t i ce ,  and t he  common misconceptions which 
p r o l i f e r a t e  when consumers and industr-y deal w i t h  suck equipment. We 
shall cover t h e  opera t iona l  c h a r a c t e r i s t i c s  o f  t h i s  equipment, bu t  
w i l l  no t  presume an e:.:tensive e l e c t r i c a l  knowledge, al though an 
understanding 0% t h e  e l e c t r i c a l  fundamentals a re  requi red.  

Before d iscuss ions o f  t he  p r a c t i c a l  aspects o f  Power E lec t r on i cs  
design and manufacture, we need t o  f i r s t  understand the  f ctrtdamental 
concepts of opera t ion  and t o  be f ami 1 i a r  w i t h  t he  communl y ~tsed 
device cha rac te r i s t i c s .  Power E lec t r on i cs  i s  almost ~ t n i v e r s a l l  y 
concerned w i t h  the  non-1 inear  swi t c t l i ng  o f  devices; i s .  devices t h a t  
cannot respond i n  a l i n e a r  fash ion  bu t  can on l y  operate I o r  a re  
desired t o  operate) i n  one of several  s t a t es  t~ tsc ta l l y  two) which 
include a f u l l y  ON s t a t e  and a f u l l y  O F F  s ta te .  Typica l  of  such 
devices, i s  the  t h y r i s t o r  (o r  SCR) which when t r i gge red  i r ~ t o  
conduction, w i l l  cont inue conduct ion u r l t i  1 the  cu r ren t  through i t  i s  
interrupted. The process by which i t  stays i n  conduct ion i s  termed 
'egenerat.ion, and may be descr ibed as an at i t ion by which same o f  t he  
current f low thraugh the  device i s  used i n t e r n a l l y  t o  rep lace the  
e:.:t.ernall y app l ied  f i r i n g  s igna l  which ini!: :i. ated t:.he condt-tckion !F ig 
1 ) .  Flssociated w i t h  the  regenera t ive  ac t i on  are t w o  c h a r a c t e r i s t j . ~ ~  
which speci f y  t he  requirement~s f a r  t he  pr-ocress crf r-egenerati  nn t c s  
bepin and continue. The f i r s t  o f .  these requirements, t he  beginning 
Phase, i s  termed l a t ch i ng ,  and is spec i f i ed  as the  minimum ctdr-r-en.k 
which has t o  f low before su f f  i c i e n t  e:.:cess cu r ren t  i s  availab1.e t u  
'"place t he  f i r i n g  s igna l  ; the  l atch ing  current.. Th is  i s  tiypi c . a l  I. 
Of the order ' o f  several. hundred mA. The second phase is termed 

and i s  s p e c i f i e d  as the minimum ct-rrrent which w i l  1 ~ u s t a i r s  
( t he  ho ld ing  cur ren t !  , and i s  t y p i c a l l y  several  tens of 

n14. 
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Of the  hundreds of o ther  devices c u r r e n t l y  i n  use, and t he  
ndreds more being developed, we s h a l l  on l y  consider t he  
ansistor. Everyone has seen a t  one t ime t he  smal l  t r a n s i s t o r s  

i n  e l e c t r o n i c  appliances, o r  t h e  l a r g e  types found i n  

, , , ,p l i+ ier~ o r  rad ios .  The device we a re  cons ider ing  here operates on 

the fundmental p r i n c i p l e ,  bu t  i t s  phys ica l  cons t ruc t i on  has 
been opt imised f o r  use i n  ON/OFF o r  switchmode app l ica t ions .  I t  
.+fer5 no regenera t ive  ac t ion ,  bu t  must be d r i ven  cont inuously  f o r  
the dura t ion  of conduction. Due t o  t h e  d i f f e rences  i n  phys ica l  
construction, i t  i s  much l e s s  robust  than an SCR arrd r equ i r es  

observance of i t s  many operating. c r i t e r i a  f o r  r e l i a b l e  use. 

An important concept requ i red  f o r  an understanding o f  t r a n s i s t o r  
i n  Power E l e c t r o n i c  equipment i s  termed sa tu ra t i on ,  and i s  

described as t he  s t a t e  which occurs when t h e  vo l tage drop across t he  
device i s  a minimum and i s  achieved by app ly ing  excess d r i v e  s igna l  
(Fig 4). I n  comparison, t r a n s i s t o r s  o f f e r  a  p o t e n t i a l  f o r  lower 

, as the  vo l tage drop when sa tura ted  i s  considerably  lower- 
an SCR i n  conduction. T rans is to rs  do, however r e q u i r e  

,ignif i c a n t l  y  g reater  d r i v e  s igna ls ,  arrd the re f  o re  s u f f e r  from a 
greater power 105% i n  t he  d r i v e  c i r c u i t r y .  Due t o  t h e  l a r g e  cu r ren ts  
"ceded t o  d r i v e  a t r a n s i s t o r ,  i t  daes no t  s u f f e r  from dv/dt  
problems, as any i n t e r n a l  capacitance cannot supply suf - f i c i en t  
current t o  f a l s e l y  aperate t he  device. 

As the  f i r s t  of two d iscuss ion top ics ,  we w i l l  consider b a t t e r y  
charging equipment. Most chargers, or t o  use t he  co r rec t  bu t  
misleading term r e c t i f i e r s ,  use as the i r .  fundamental component a 
semiconcluctor b r i dge  r e c t i f i e r  o f  one o f  t h e  f o l l o w i n g  forms (F ig  

H a l f  con t ro l  l e d  s i n g l e  phase b r idge  

A four component assemhl. y  compris ing two diodes and two SCRsi. T w w  
e l e c t r i c a l l y  d i f f e r e n t  conf i g u r a t i o n s  a re  poss ib le,  w i t h  e i t h e r  
input or output  d i  r -ec t l  )# cunnected t u  both  SCRs. The irnpor t a n t  
e lec t r i ca l  d i f f e r e n c e  i s  t o  be found by look ing  f o r  a  diode path f o r  
a reverse vo l tage app l ied  ta t he  output.  I f  such a path e:-:ists, then 

e i s  of the  second for-m, arrd i n  use may e x h i b i t  a  t r a i t  
desrri bed as h a l f  rrtavi ng , where one SCR per manentl y conducts. 

Half  con t ro l  l e d  th ree  phase b r idge  

fl s i x  rompanent assembly compris ing t h ree  diodes and th ree  SCRs. 
I t  is merely ars extension o f  t he  s i n g l e  phase br idge,  b u t  has url1.j 
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'I 
F u l l  y Con t ro l l ed  s i n g l e  phase b r idge  

/I / The assembly comprises fou r  SCRs, bu t  i s  r a r e l y  used f o r  gener-a1 
I I 
. I  use. 

1 

1 1  , F u l l y  c o n t r o l l e d  th ree  phase b r i dge  - 

Comprising s i x  SCRB and once again r a r e l y  used. I 
We s h a l l  concentrate here on t he  h a l f  c o n t r o l l e d  s i n g l e  phase 

br idge. When used as a b a t t e r y  charger severa l  o ther  components are 
needed f a r  s a t i s f a c t o r y  opera t ion  (F i g  6 ) .  In order t o  remove a 
f a u l t  pa th  i n t o  the  b r idge  should an SCR and diode f a i l ,  a se r ies  
diode i s  added which prevents t he  b a t t e r y  from discharg ing through 
t he  br idge. To reduce t h e  r i p p l e  cu r ren ts  f l ow ing  i n t o  t he  ba t t e r y  
when h e a v i l y  charging, an induc to r  i s  a l so  added. R ipp le  cu r ren t  i s  
a s i g n i f i c a n t  f a c t o r  a f f e c t i n g  t h e  l i f e  nf t he  ba t te ry ,  w i t h  r i p p l e  

I 
reduc t ion  improving the  l i f e  o f  t he  ba t te ry .  Required w i t h  the 

I 
i nduc tor  i s  a f lywheel  diode which pr-events t he  i n t e r u p t i a n  o f '  
cu r ren t  through t he  induc tor ,  thereby reducing t he  vo l tage stresses: 
app l ied  t o  t he  semiconductor elements. Th is  f a c t o r  i n  add i t i on  t o  
the  ac t i on  o f  t he  s e r i e s  diode, f r equen t l y  e l im ina tes  t he  need f o r '  
snubbers, reducinq t he  power losses w i t h i n  the  c i r c u i t .  an 
add i t i ona l  Qeature  o f  t h e  induc tor  i s  i t s  inherent  d i / d t  l i m i t i n g  
which reduces t he  cu r ren t  s t r ess  placed upon t he  semiconductors. i 

Some o f  you may have nu t i ced  t h a t  no b leed load has been included 
across t h e  b r idge  output.  Th is  i s  necessary from theory t o  ensure, 
t h a t  t he  f i r e d  SCR l a t ches  on, i e .  i t s  l a t c h i n g  cu r ren t  i s  exceeded. 
It i s  our experience t h a t  under t he  f r r l low iny  cond i t i ons  t h i s  load' 
i s  no t  needed: 

(a) The SCR f i r i n g  s i gna l  i s  a pu lse  t r a i n  o f  frequency > ?  50Hz :~ 
(bl The f i l t e r  choke i s  s u i t a b l y  dimensioned such t h a t  load cur-r-errt, 
does no t  decay apprec iably  i n  one h a l f  cyc le.  

Under these coridit. ions, t he  r e p e t a t i v e  f i r i n g  of  t he  SCR dur ing 
the  s t a r t  o f  a conduction phase (F i g  7 )  i s  s u f f i c i e n t  t o  es tab l i sh  a 
DC cu r ren t  f l o w  through t he  induc tor  g reater  than t he  l a t c h i n g  
cu r ren t  o f  most SCRs. During the  f o l l o w i n g  OFF per-iud be fore  the 
next SCR i s  f i r e d ,  t h i s  output  cu r ren t  f l ows  through t he  freewheel '  
diode and decays bu t  i s  s t i l l  greater  than t h e  SCR l a t c h i n g  cur-r-ent. 
When t he  next SCR i s  f i r e d  and the  ser-ies diode i s  again forward 
biased, t he  curr-ent i farced through the SCH and i t  i s  latched. 
Th is  does o f  course l i m i t  t h e  minimum cur ren t  output  of  t he  charger", 
but  i n  p r a c t i c e  the  charger- i s  r a r e l y  r-equired t o  operate a t  such 
luw currents .  The e l im ina t i on  oaf: both t h e  blend loads and sn~rbbers 
impraves s i y n i f i c a n t l y  t he  e f f i c i e n c y  o f  t he  charger, desp i te  the 
added s e r i e s  diode lusjses.  For t:hclse about t u  note  t h a t  ornmic.-ion clF 
the  snubbers increases RFI emmissions, the use a f  t h e  se r i es  diode 
and adequate ea r th ing  pr-act i  c e s  ~~,educas EFL to eq~.ti va l  unt  I EVE! 5. 



Continuing t he  d iscuss ion t o  areas o f  performance, i t  i s  
opportune t o  consider several  common requirements. It i s  common1 y 

ed t h a t  a  constant vo l tage charger r e s t o r e  a  b a t t e r y  t a  100% 
capac i t y  i n  a  g iven t ime ( f r equen t l y  l C 3  hours).  As our col leagues 

the b a t t e r y  i ndus t r y  w i l l  support, i t  i s  on ly  poss ib le  t o  

,,.tare a b a t t e r y  t o  a  l a r g e  p o r t i o n  of i t s  capac i ty  (eg. 80%) i n  a 
,L,rh a t ime (F ig  8 ) .  To add the  remaining 20% requ i r es  t ime per iods  
of weeks,; an impor tant  p o i n t  t o  no te  when dimensioning b a t t e r i e s  
l o r   emote Area Power Supply use where b a t t e r i e s  a r c  requ i red  t o  
d15charge ove r r~ i gh t  and recharge dur ing  t h e  day. 

, I E r i  dge i n v e r t e r  
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TNO other  performance c r i t e r i a  f r equen t l y  s t a t ed  are  minimum 
p,,er f a c t o r  and e f f i c i ency .  To prov ide  the  bas is  f o r  discussion, 
Fewer E l e c t r a ~ ? i c s  equipment i s  most ly  concerned w i t h  the  use o f  
,,o,,-iinear sw i t ch ing  devices t i e .  devices t h a t  a re  e i t h e r  ON or 
OFF). These devices cannot t he re f  o re  respond w i t h  s inuso ida l  
,hararteri s t i  cs, bu t  i nstead generate heavi 1  y  d i  s t a r t e d  waveforms 
( ~ i g  9). I t  i s  these frequency components which make t he  impos i t i on  
.f power f a c t o r  requirements inappropr ia te.  Con t ro l l ed  r e c t i f i c a t i o n  
.q~ripment cannot s imply  be assumed t o  be a  'b lack box ' w i t h  s p e c i f i c  
constant cha rac te r i s t i c s .  I t s  power f a c t o r  i s  i n  f a c t  l i n k e d  t o  the  
f i r i n g  delay of t h e  SCRs and i s  cons tan t l y  changing. While i t  can be 

or ca lcu la ted ,  i t s  r e s t r i c t i o n ,  e f f e c t i v e l y  l i m i t i n g  the  
range of output  vo l tage,  does no t  a1 low f a r  co r rec t  operat ion o f  
th i s  equipment. Understandably, t he  reason f o r  m i  n i  mum power f a c t w  
l i m i t s  i s  based i n  t h e  concern f o r  optinlurn use o f  mains d i s t r i b u t i o n  
equipment, bu t  t h i s  measure o f  per+ormance i s  inappropr ia te.  

The second major performance c r i t e r i a  i s  e f f i c i e n c y .  While the  
measurement of output  power i s  simple, measurement o f  the  i npu t  
power i s  d i f f i c u l t ,  i f  no t  impossible,  due t o  t he  waveform 
d is to r t i on .  As before, e f f i c i e n c y  can be ca lcu la ted  f ram device 
losses etc. ,  bu t  u s u a l l y  r e s u l t s  i n  an o p t i m i s t i c a l l y  h igh  value a f  
dubious s ign i f i cance .  Consequently, manufacturers are  frequent1 y 
posed w i t h  quer ies o f  equipment e f f i c i e n c y  which are  d i f f i c u l t  t o  
resolve, and un fo r tuna te l y ,  i t  i s  these performance f i g u r e s  which 
are f requen t l y  used f o r  equipment evaluat ian.  While I have i n  the  
preceding d iscuss ion cas t  doubt on several  performance cr i te r - i  a a f  
bat tery  chargers, I cannot o f f e r  a1 t e r n a t i v e  measures o f  pe r f  or-mance 
on which t o  evaluate equipment, and the re fo re  t he  problem remains. 

Inver te rs  

On t o  the  second o f  the  two d iscuss ion top ics ,  i nve r te rs .  
I nve r te rs  can be c l a s s i f i e d  as traving al lE  of two .fundamental for-ms 
(Fig 1~2). 

Centre tapped 1 oad i n v e r t e r  

A two,. component assembly i n  which the  load i s  connected v i a  a  
transformer , . w i t h  a  r e n t r e  tapped primary. 



Wc w i l l  conf i n =  the  d iscuss ion t o  cen t re  tapped load inverterc, ,  
Th is  con+ igura t ion  o f  qer-s many advantages i n  appl i c a t i n n ,  no t  the 
l e a s t  be ing t h e  simple d r i v e  c i r c u i t r y  r e s u l t i n g  from the  common 
device connection, removing the  need f o r  i s o l a t e d  d r i v e  suppl ies,  
Once again, t h i s  con f i gu ra t i on  can be c l a s s i f i e d  f u r t h e r  i n t o  
i nhe ren t l y  cammutated and f o r c e  cammutated groups. Commutation 
r e f e r s  t o  the  process o f  t u r n i n g  OFF the  device. An SCR when latcl-led 
r equ i r es  t he  a p p l i c a t i o n  o f  a  reverse vo l tage t o  t u r n  i t  OFF, termed 
forced commutation, where a  non-regenerative device such as a 
t r a n s i s t o r  w i l l  tur-n OFF i f  i t s  d r i v e  i s  removed.. The f o l l ow ing  
d iscuss ion i s  intended f o r  t r a n s i s t o r  i n ve r t e r s ,  bu t  i s  genera l l y  
app l i cab le  t o  SCR i nve r t e r s .  

As i n  c o n t r o l  l e d  r e c t i f i c a t i o n ,  t h e a r e t i c a l  design r equ i r es  the 
a d d i t i o n  of snubber c i r c u i t s  across each device t o  con t r o l  the 
maximum t r a n s i e n t  va l  tage app l ied  across each device. Transis tors  
a re  much l e s s  f o r g i v i n g  of t r a n s i e n t  vo l tages and cu r ren ts  thari 
SCRs, and t he re fo re  very d e f i n i t e l y  r e q u i r e  snubbers t o  con t r o l  the 
t r a n s i e n t s  generated dur-ing swi tch ing.  One aspect o f  i n v e r t e r  design 
f requen t l y  neglected are  t he  energ isa t ion  cu r ren ts  caused by many of 
t he  c i r c u i t  components. O f  these, the transformer i s  poss ib l y  the 
most important.  Measurements o f  i n rush  cu r ren t  f o r  a t y p i c a l  SOOVR 
i n v e r t e r  t ransformer f r equen t l y  exceed lKh, and measurements taken 
on a 6.5KVA t ransformer y ie lded  r e s u l t s  i n  excess o f  20MA. While t h e  
t ime sca le  uf t h i s  i n rush  i s  on ly  nano-seconds, an apprec ia t ion  of 
t he  magnitudes of  t he  impulse cu r ren ts  f l ow ing  leads t o  the  need f o r  
r e1  i a b l e  low res i s tance  connections between c i r c u i t  components, 
p a r t i  c u l  ar-1 y  snubber components. These canner t i  oils i nc lude  no t  on1 y 
t he  te rminat ions  af components and cables, bu t  a l so  the  cables 
themselves, w i t h  mul t i s t randed f l e x i b l e  cable o f  f e r i n g  be t te r  
c h a r a c t e r i s t i c s  than s i n g l e  core s o l i d  cab1.e due t o  t he  s k i n  e f f e c t  
assoc i ated w i t h  h i gh  frequency currents .  To h i g h l i g h t  t h e  
s i gn i f i cance  a f  these connections, corlsider an impulse cu r ren t  of 
3 0 0 A  f l ow ing  throuyh a  t o t a l  res i s tance  o f  lOmohm in t he  negat ive 
b a t t e r y  connection o f  an i n v e r t e r  (F ig  11) .  This  cu r ren t  w i l l  
generate a  t r ans i en t  vo l tage o f  3 V  between ground and the  t r a n s i s t o r  
emitter.. If: t he  dr- ive s i gna l  ground was used as shown, t h i s  
t r ans i en t  would be s u f f i c i e n t  t a  drop t he  t r a n s i s t o r  out af 
sa tu ra t i on ,  and poss ib l y  causing des t ruc t i on  through excessive power 
d i ss ipa t ion .  

While on the  d iscuss ion o f  impulse cur ren ts ,  i t  i s  a l so  important 
t o  consider t h a t  these currents; can on ly  be sour.ced .from the  ba t t e r y  
supply. The comments made prev ious ly  reyar-ding b a t t e r y  r i p p l e  
cu r ren ts  equal 1  y apply h e r -  and fur- appl ic:atj.ons r e q u i r i n g  
c o n t i n u o ~ ~ s  heavi 1  y loaded r-urininy uf an i n v e r t e r ,  i t  i s  f requerrt l  y 
rrrcessary t c l  add an i npu t  f i l t e r  to t he  i n v e ~ ~ ? : c . ~ ~  t o  buqfer- t h e  
b a t t e r y  from t he  i n v e r t e r ,  sa increas ing  the  b a t t e r y  l i f e .  



c o n t i n u i n g  f r o m  t h e  p r a c t i c a l  a s p e c t s  uf d e s i g n  t.o t h e  p r a c t i c a l  
o f  u s e ,  s e v e r a l  f a c t o r s  mus t  b e  c o n s i d e r e d .  When 

n i n g  a n  i n v e r t e r  f o r  a s p e c i f i c  u s e  i t  is r e l a t . i v e l y  e a s y  t o  
deter-mirje t h e  c o n t i n u a u s  r u n n i n g  power  o f  t h e  a p p l i a n c e ,  b u t  t h e  
+.rart5itZr7t power  demands  are  f r e q u e n t l y  o m i t t e d .  The  p o i n t  t o  b e  

is t h a t  a n  i n v e r t e r  h a s  a s p e c i f i c  d e s i g n e d  p e a k  power 
, , p a b i l i t y ,  a n d  e x c e e d i n g  t h i s  l i m i t  u s u a l l y  t r i g g e r s  p r o t e c t i o n  
, i r c u i t r y  w h i c h  e i t h e r  l i m i t s  t h e  t r a n s i e n t  o r  s t o p s  t h e  i n v e r t e r .  

i n v e r t e r ,  u n l i k e  m a i n s  p o w e r ,  d o e s  n o t  h a v e  a m a s s i v e  t r a n s i e n t  
, , p a b i l i t y ,  b u t  h a s  v e r y  s p e c i f i c  r a t i n g s  which  m u s t  b e  obse r -ved  i9 

a p p l  i a n c e  o p e r a t i o n  is e x p e c t e d .  T h e  m o s t  v i v i d  
i l l ~ t ~ t r a t i ~ n  of t h i s  is a r e f r i d g e r a t o r  motor. T y p i c a l l y  a s p l i t  

c a p a c i t o r  s t a r t  motor, its s t a r t i n g  c u r r e n t  may e x c e e d  10 
times its r u n n i n g  c u r r e n t .  I f  a n  i n v e r t e r  is r e q u i r e d  t o  r u n  a 
r , e f r i d g e r a t ~ r ,  i t  mus t  h a v e  a t i r a n s i e n t  c a p a b i  1 i t y  g r e a t e l -  t h a r l  t h ~ !  

c u r r e n t  of t h e  m o t o r .  If t h i s  p e a k  c u r r e n t  is n o t  
d e l i v e r e d ,  t h e  motor d o e s  n o t  s t a r t .  

f i n o t h e r  cammon p r o b l e m  f a c e d  b y  m a n u f a c t u r e r s  o f  i n v e r - t e r -  
equ ipment  f o r  c o n s u m e r  u s e  is a v e r y  real r e l u c t a n c e  t o  usirbg a 
b a t t e r y  v o l t a g e  h i g h e r  t h a n  1ZV. A f u n d a m e n t a l  r u l e  a f  i n v e r t e r  
d e s i g n  is t h a t  u s e  a f  a h i g h e r  b a t t e r y  v o l t a g e  r e s u l t e ,  i n  a h i g h e r  
e f f i c i e n c y .  A more e x p l i c i t  r u l e  u s e d  i n  a u r  m a n u f a c t u r e  is t o  l i m i t  
the c o n t i n u o u s  c u r r e n t  d r a w  t u  6 0 A  f  aci 1 i t a t i n g  rnanu.f act~w-e b y  
p r e v e n t i n g  t h e  u s e  o f  l a r g e  c a b l i n g ,  and  a l l o w i n g  a s a t i s f a c t w r y  
o v e r l o a d  c a p a b i l i t y  w i t h  t h e  c o m m e r c i a l l .  y a v a i l a b l e  s e m i c a n d u c t u r o .  

S q u a r e  Wave I n v e r t e r s  

N o w  t a  c ~ n s i d e r  t h e  p r o s  a n d  c o n s  o f  s q u a r - e  wave i n v e r t e r - s  v e r s u s  
s i n e  wave i n v e r t e r s .  Near]. y  a]. 1 modern e l ec t r i ca l  and  el. ectrt~ri.i. c: 
a p p l i a n c e s  o p e r a t e  q u i t e  s a t i s f  a c to r i  l y  f rain a s q u a r e  wave i n v e r t e r .  
Having made s u c h  a s t a t e m e n t ,  i t  i m m e d i a t e 1  y  r - e q u i r e s  qua1 i f  i c a t i o t - I ,  
i n  t h a t  s a t i s f a c t o r y  o p e r a t i o n  is a n  o b j e c t i v e  a s s e s s m e n t  made b y  
t h e  c o n s u m e r s  who u s e  aur- e q u i p m e n t .  Fr-am o u r  e x p e r i e n c e ,  a n l y  o n e  
a p p l i a n c e ,  a n  e x h a u s t  g a s  a n a l y s e r ,  f a i l e d  t n  a p e r - a t e  when s u p p l i e d  
from a s q u a r e  wave i n v e r t e r .  The range uf c ~ t h ~ ? r -  a p p l  j.arStces which  
have b e e n  shown tc2 o p e r a t e  q u i t e  h a p p i  X y f r-om a 5c:luar-e w a v e  i n c l u d e  
l i g h t i n g  l i n c a n d e s c e n t  a n d  f l o u r e s c e n t )  , h e a t i n g ,  r a d i u s ,  
t e l e v i s i o n ,  v i d e o  e q u i p m e n t ,  c a m p u t s r - s  w i t h  h a r d  d i  sc:.;, h i -+  j. 

1 e q u i p m e n t ,  a n d  t h e  l ist g o e s  o n .  To o f f e r  a s u b j e c t i v e  comment,  
s t a t i o n a r y  e q u i p m e n t ,  i e .  n a n - p o r t a b l e ,  t e n d s  t u  o p e r a t e  mare 
c o n s i s t e n t 1  y ,  p o s s i  bl. y d~1.e Po  b e t t . e r  qua1 i t'f i r7ter.rta.l power- 
S u p p l i e s .  W e  h a v e  i n  f a c t  beer1 t n l d  t h a t  as a g e n e r a l  c u r e  f a r  
i n k e r d e r e n c e ,  u s e  a n  e>:ten+;i un c;c3r-d I anger I.:ha~-I 3111 between trl-le , i n v e r t e r  a n d  a p p l i a n c e ,  d u e  t o  t h e  l o w  p a s s  f i l t e r - i n g  o f f e r - e d  by the 
cab1 e. 
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~t i s  t h i s  long term frequency s t a b i l i t y  which i s  d i f f i c u l t  t o  
i n  p r a c t i c e ,  and i n  our experience, r e s t r - i c t s  t h i s  type  of 

filter t o  r e l a t i v e l y  smal l  power r a t i n g s  (-:: S00VA) .  The major cause 
degradat iun i s  change i n  t h e  f i l t e r  i n d u c t i v e  components, 

,.d may occ~r r  due t o  t h e  ingr-ess o f  moisture,  temperature c y c l i n g  o r  
mechanical v i b r a t i o n .  While t h e  frequency d r i f t s  do pose a  ser ious  

t h e  magnitude of t h e  performance degradat ion i s  most 
Signif i r a r l t  when very  low output  d i s t o r t i o n  i s  requi red.  I f  t h e  
d i s t o r t i o n  requirement i s  re laxed,  t h e  f i l t e r  may be designed t o  be 
less s e n s i t i v e  t o  frequency s h i f t s ,  and t h e  usefu lness uf t h i s  

increases. 

The a l t e r n a t i v e  methods of  ob ta in ing  a  s i n e  wave output  u s u a l l y  
involve t h e  use of a  h i g h  freqcrency i n v e r t e r  whose output  vo l tage  i s  
c o ~ t i n u o u s l y  being ad jus ted  t o  c l o s e l y  f o l l o w  t h e  instantaneous 
,,,ltage of t h e  r e q u i r e d  s i n e  wave (termed PWM - pu lse  width 

( F i g  13). Th is  ou tpu t  i s  then passed through a  q u i t e  
smal 1  f i l t e r  ( i n  comparj.son t o  a  resonarlt f i l t e r  o f  t h e  same puwer 
ra t ing)  t o  remove t h e  h i g h  frequency no ise  superimposed upon t h e  

wavef u r m .  P o t e n t i a l  1  y, t h i s  approach o f f e r s  t h e  best  
performance, b u t  i s  l i m i t e d  f i r s t l y  by e f f i c i e n c y ,  and secondly by 
the s i g n i f  icant1.y increased cos t  o f  t h e  c o n t r o l  e lec t ron i cs .  The 
l a t t e r  imposes severe p r i c e  disadvantages f o r  t h e  general. consumer, 
and the  added performance can r a r e l y  j u s t i f y  t h e  cos t  a t  r a t i n g s  
below IKVA.  fit h igher  powers, t h e  added c o s t s  o f  t he  cor l t ro l  
electronics; becomes a  much smal ler  p r o p o r t i o n  o f  t h e  t o t a l  cost ,  and 
t h i s  approach becomes cos t  e f f e c t i v e .  

To f u r t h e r  apprec ia te  t h e  disadvantges of s i n e  wave i n v e r t e r s ,  i t  1 is necessary t o  consider t h e  e f f e c t  o f  t h e  f i l t e r  upon the  i n v e r t e r .  
This f i l t e r  i n  bo th  canes 1.5 r e q u i r e d  t.a smooth t h e  steep edges of 
the i n v e r t e r  output ,  and t o  supply t h e  d i f f e r e n c e  between t h e  
inver te r  output  c u r r e n t  t h a t  would have ex i s ted  w i thout  t h e  f i l t e r ,  
and the  s i n e  wave c u r r e n t  t h a t  f l o w s  i n  t h e  load w i t h  t h e  f i l t e r .  As 
t h i s  d i f f e r e n c e  cur-rent can or l ly  be suppl ied from t h e  i n v e r t e r ,  t h e  
inver te r  must c a r r y  n o t  o n l y  t h e  normal DC load cur-rent o f  a  squalr.e 
wave i n v e r t e r ,  b u t  an AC cu r ren t  which i s  drawn by t h e  S i l t e r -  as it.  
smooths; t h e  i n v e r t e r  output  and supp l ies  t h e  load cu r ren t  
di f ference. The magnitude o f  t h i s  cu r ren t  i s  depender-rt upan t h e  
degree o f  f i l t e r i n g  i n  a r e ~ a n a n t  f i l t e r ,  and t h e  accur-acy u f  t he  
waveform syn thes is  i n  a  PWM i n v e r t e r .  I n  a  h i g h  q u a l i t y  r-esnnant 
f i l t e r  i n v e r t e r ,  t h e  AC cu r ren t  o f t e n  equals t h e  DC cu r ren t ,  w i t h  
the e f f e c t  t h a t  l a r g e  r i p p l e  c u r r e n t s  must be suppl ied b y  tt-re 
bat tery ,  consequently reducing i t s  l i f e .  I n  a  PWM i n v e r t e r ,  t he  AC 
Current i s  cons iderably  smal l  er- a5 t h e  f i 1 t e r  i s  n e i t h e r  I -~BUI ' I~ I - I~  

nor very large;  wh i l e  t h e  magnitude o f  load  cu r ren t  supp l ied  by the  
f i l t e r  i s  s i m i l a r ,  t h e  t u t a l  t ime i t  must be supp l ied  i s  crrraller and 
the averaging e f f e c t  0.f o ther  camponer~ts i n  t h e  c i r c u i t  reduce t h e  
magnitude t h e  b a t t e r y  r i p p l e .  



One more impor tant  aspect o f  i n v e r t e r  use w i t h  appl iances 
concerns the  power f a c t o r  u f  t he  appliance. Consumer appl iances a r e  
usua l l y  stamped w i t h  t he  minimum power f a c t o r  presented by the 
appl iance when used w i t h  mains supply. When fed from an i n v e r t e r ,  
t he  output  d i s t o r t i o n  u s u a l l y  causes t he  appl iance t o  draw l a rge r  
cu r ren ts  as f u r t h e r  f i l t e r i n g  has been e f f e c t i v e l y  added t o  the  
i nve r t e r .  Under these cond i t ions ,  t he  appl iance appears t o  have a 
lower power f a c t o r  than i t  should, and care should be taken i n  
ensur ing t h a t  t h i s  added load can be supp l ied  by the  inverter- .  
Add i t i ona l  compl icat ions a r i s e  when Power E lec t r on i cs  equipment i s  
f ed  from an i n v e r t e r ,  as such equipment i n v a r i a b l y  draws heav i l y  
impuls ive cur ren ts .  Such equipment usua l l y  does not  have a  s ta ted  
power f ac to r ,  bu t  merely s t a t e s  a  power consumption i n  watts. When 
such equipment i s  t o  be fed  from an i n v e r t e r ,  t h e  i n v e r t e r  should be 
de-rated, recogn is ing  t he  arduous cond i t i ons  Power E lec t ron ics  
equipment p laces upon i t s  power supply. 

Conclusion 

I n  conclusion, the re  are  many misunderstandings which e x i s t  
concerning Power E lec t r on i cs  equipment, usual  1  y  i n v o l v i n g  the 
pecu l i a r  opera t iona l  c h a r a c t e r i s t i c s  which r e s u l t  f rom t h e  use of  
nan-1 inear  devices. An understanding o f  t h e  impl  i c a t i o n s  a f  these 
c h a r a c t e r i s t i c s ,  from both an eva lua t ion  and a p p l i c a t i o n  viewpoint ,  
w i l l  f i r s t l y  p rov ide  t he  c:unsumer w i t h  educated expectat ions of 
equipment performance, and secondly lessen t h e  d i f f i c u l t i e s  which 
a r i s e  from improper LISC. 0f necess i ty ,  t h e  d iscuss ion has arrly 
verged upon t h e  very fundamentals o f  Power E lec t r on i cs  theory and 
p rac t i ce ,  bu t  a  use fu l  background has been es tab l ished f o r  an 
assoc ia t ion  w i t h  r e c t i , f i e r s  and i nve r t e r s .  
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FIG 6. B.attery charger topology 
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I N V E R T E W S F C I W  

& L T E R N A T I V E / R E N E W A B L E  ENERGY 

SYSTEMS 

T.R. SEALE. 

Design Engineer, Ceebung Associates P/L. Grafton. NSW. 

~lthough energy may be effectively % Distributing electricity is 
"tilised in many forms, electrical easier, cheaper and more 
energy 1s th e  most convenient or efficient at 240 volts. Smaller 
only form of energy for many and cheaper cables can be run 
applications e.8. lighting and over longer distances allowing 
electronic communications. the power house to be sited in 

the most suitable location. 
Most alternative/renewable energy 
systems store energy for use S An inverter with good RMS 
electrically in batteries. voltage regulation will maintain 
Utilization of this energy at a stable output voltage and load 
240Vac instead of at the DC power, thus compensating for 
battery voltage is made possible wide variations in battery 
by using an inverter. voltage during charge and 

discharge, resulting in higher 
An inverter is a device which energy efficiency. 
takes DC electrical energy as 
obtained from batteries and % An inverter with a reliable 
converts this to ac electrical low battery cut-off will protect 
energy usually at a higher voltage the batteries from being 
e.g. 240Vac. This conversion overdischarged. Over-discharging 
process always incurs an energy batteries will shorten battery 

life. 

The use of a 240Vac distribution % Standard "mains" type wiring 
system in an alternative/renewable practices are used. Thus any 
energy system offers many licenced electrician can easily 
advantages over a lower voltage DC do all wiring. 
System, some of these being: 

E Radio frequency interference 
% Most readily available and (RFI) produced by all efficient 
easily serviced tools end low voltage D C  fluorescent lamps 
appliances are made to operate is eliminated. 
on 240 volt a c .  These 240 volt 
ae appliances are also % A standard 248 volts ac 
considerzbl y cheeper  t5zn generator can b e  used as a Sack-  
Special low voltage DC up and switched directly into 
appliances. the wiring system if required. 

Standard, readily available To obtain the above advantages in 
and efficient fluorescent lamps an aPternative/renewabPe energy 
can be used if the right system the inverter must have the 

, inverter is used .  F l u o r e s e e n e  following characteristics: 
lamps will seduce energy 
consumption to 30% of that % High efficiency across the 
required to give the same Bight entire working Load range not 
using incandescent lamps. just at full load. In a 
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The Department of Housing & Construction off ice in Townsville w 
originally designed and built to use a totally solar cooled a 
conditioning system. bttempted operation of this system prove 
unsatisfactory and a new mode of operation was sought. This new 
mode consists of a hybrid system whereby a conventional chiller 
assists the solar chiller. The conversion was recently 
completed. . Test runs being carried out presently indicate . 
attractive prospects far the new system with possible economic 
justification for future installations. 
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In  1977 the Commonwealth Department of Housing and Construction 
designed and constructed a so lar  powered a i r  condi t ioning p lan t  i n  
~ ~ r b u t t ,  Townsville, t o  gain f i r s t  hand knowledge and experience 
i n  the appl icat ion of  so lar  energy f o r  cooling. This was a 

and development exercise using commercial l y  ava i lab le  
technology, and was never intended or expected t o  be cost 
=+fect ive i n  i t s e l f .  The expectation was t o  gain and make 
avai lable i n f  ormation which designers and operators could use i n  
the fu ture when r i s i n g  costs and reduced a v a i l a b i l i t y  of non 
renewable fue ls  compel or  a t t r a c t  the use of  so lar  energy f o r  t h i s  
purpose- 

The bui l d i n g  was a lso  provided wi th  a conventional e l e c t r i c a l  l y  
powered cool ing system f o r  use as a standby or  operat ion on an 
al ternate cyc le  basis t o  enable accurate comparison 09 operat ing 
and maintenance costs t o  be made between the two systems. The 
complete a i r  condi t ioning system cost about 9180,000. 

Being an experimental pro ject ,  a micro computer based data logging 
system was i n s t a l l e d  f o r  monitoring and c o l l e c t i o n  of information 
on p lant  performance. 

I n i t i a l  operation of the  p lan t  revealed many inadequacies i n  
design, equipment manufacture, and system controls. Some o f  these 
def ic ienc ies*  were corrected, but  i t  was never possib le t o  operate 
the solar  cool ing p lan t  s a t i s f a c t o r i l y  f o r  a s i g n i f i c a n t  period. 
It was necessary t o  deact ivate the so lar  p lan t  and maintain 
acceptable condi t ions i n  the bu i l d ing  using the conventional 
e l e c t r i c  c h i l l e r .  

Computer simulat ions of  the  solar  p lan t  operat ion were car r ied  out 
using data obtained during the  operation of the conventional p lan t  
and the analysis conf irmed t h a t  i t  was impossible f o r  the o r i g i n a l  
solar p lan t  t o  continuously meet summer cool ing demands on i t s  
own. 

Thus i t  became 'necessary t o  attempt a redesign of the  system, t o  
provide a workable i n s t a l  l a t i on ,  a t  minimal addi t iona l  cost. This 
report  presents the o r i g i n a l  design concept i n  b r i e f  and d e t a i l s  a 
case h i s t o r y  of the  design revis ion.  



2. BUILDING THERMAL PROPERTIES 

By designing t h e  b u i l d i n g  t o  be s u i t a b l e  f o r  t he  pa r t i cu la r  
l o c a t i o n  and operat ion,  a  s i g n i f i c a n t  amount o f  coo l i ng  energy was 
saved i n  t h e  pass ive mode. Although t h i s  r esu l t ed  i n  s l i g h t l y  
h igher  i n i t i a l  c a p i t a l  expenditure i t  proved t o  be highly 
bene f i c i a l  through reduced opera t ing  costs. 

A t t en t i on  was necessar i l y  pa id  t o  d e t a i l s  such as window areas, 
wa l l  th ickness , insu la t ion ,  l i g h t i n g  l eve l s ,  sea l i ng  etc.  Due t o ,  
reduc t ion  i n  window areas r e s u l t i n g  i n  reduced na tu ra l  l i g h t i n g  
and increased a r t i f i c i a l  l i g h t i n g ,  a  compromise had t o  be made. 

I ~; 
I, A l l  g l az ing  used i n  t h e  b u i l d i n g  was heat r e f l e c t i n g ,  laminated 

I ~ ! I  and t i n t e d .  The f i b r e g l a s s  sunhoods pe rm i t ted  on ly  a few hours of 
I 1 1  w in te r  sun t o  f a l l  d i r e c t l y  on t h e  glass. The b u i l d i n g  shell 
' I 1 1  cons is ted  o f  t h i c k  w a l l s  o f  o f f - fo rm concrete and l ightweight  
, I , metal deck roo f .  The w a l l s  and r o o f  were we l l  i n su l a ted  prov id ing 

I [  i 
I a  medium weight s t r u c t u r e  w i t h  good thermal p roper t i es .  Th is  

, medium weight s t r u c t u r e  was decided upon i n  preference t o  a 
' 1 1  s u i t a b l e  l i g h t e r  cons t ruc t i on  due t o  va r ious  f a c t o r s  such as 

I I maintenance and cons t ruc t i on  costs. 
I 

Computer c a l c u l a t i o n s  were pe r f  ormed t o  accurate1 y  determine t h e  
b u i l d i n g  coo l i ng  requirement f o r  s e l e c t i o n  o f  coo l i ng  p lan t .  The 
r e s u l t s  i nd i ca ted  t h a t  t h e  peak coo l i ng  requirement o f  the 
b u i l d i n g  was on l y  about 60% o f  other  s i m i l a r  b u i l d i n g s  i n  t h e  
Townsvi 1  1 e area. 

The f l a t  gable r oo f  s lopes o f  4 deg. and 6 deg. were normal f o r  
t he  area and was a l s o  thought t o  be t h e  best  s lope f o r  
i n s t a l l a t i o n  o f  c o l  l e c t o r s  f o r  summer coo l i ng  operat ion. The roof 
was, strengthened t o  wi thstand t h e  c o l l e c t o r  assembly load ing  o f  17 
tonnes. The c o l l e c t o r s  on t h e  roof  a l s o  prov ided addi t ional  
shading. 

The o r i g i n a l  dual coo l i ng  system cons is ted  o f  a  so l a r  powered 
c h i  11 i n g  system and a t o t a l l y  independent e l e c t r i c a l l y  operated 
c h i l l i n g  system. I t s  design was s i m i l a r  t o  most systems operating ' 
around t h e  wor ld  a t  t h a t  time. However, h i gh  l e v e l s  o f  sustained / 
s o l a r  r a d i a t i o n  were necessary f o r  t h i s  t ype  o f  system t o  be 
economical ly v iab le .  Unfor tunate ly  s u f f i c i e n t l y  h igh  l e v e l s  of I 
r a d i a t i o n  a re  no t  contincrously a v a i l a b l e  i n  p r a c t i c e  and au:.:i 1  iarY I 

power had t o  be used t o  meet design cond i t ions .  The usage @f 

a u x i l i a r y  heat ing  f a r  exceeded any sav ings obtained through the  
s o l a r  c h i l l e r .  Thus t h e  energy consumption o f  t h e  so l a r  cooling 
p l a n t  was h igher  than t h a t  requ i red  by t h e  convent ional  p l a n t  and 
was c o s t l i e r  t o  operate. The components o f  t he  prev ious system 
and i t s  opera t ion  are  g iven below. I 

Page 3. 
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Upon sensing near b o i l i n g  condi t ions i n  the  co l lec to rs ,  pump 
shut and the vent and d ra in  valves opened t o  dump the hot  water 
i n t o  the hot  store. This prevented breakdown of co l l ec to rs  
bo i l i ng .  C i r cu la t i on  was res ta r ted  when t h e  hot  s to re  temperature 
f e l l  below a  set  leve l .  

During weekends i f  s u f f i c i e n t  ho t  water was ava i lab le  f o r  c h i l l i n g  
operation the  so lar  c h i l l i n g  p lan t  operated t o  reduce the  
temperature of the  water i n  the  c h i l l e d  water storage tank. I 
Convent i onal Cool i na Operation 

The e l e c t r i c  rec iprocat ing,  water cooled c h i l l e r  was used as a 
standby f o r  operat ion dur ing so lar  p lan t  shutdown and was also 
intended f o r  a l t e rna te  operat ion w i th  the  so lar  p lan t  t o  compare 
the energy consumptions of both systems. It produced ch i l led 
water a t  10 deg. C and pump P5 c i r cu la ted  water through the same 
a i r  handling u n i t  c o i l  a t  3.33 5 .  It used the  same cooling 
tower but w i th  pump P7 c i r c u l a t i n g  only 3.0 L/s. During solar 
cool ing operat ion the  conventional ch i  1  l e r  was manually isolated 
using valves i n  t he  p ip ing  system. Conversely the solar  c h i l l e r  
was i so la ted  a t  a l l  other times. The c h i l l e r  i n i t i a l l y  had a 
capacity of  54kwtr) using r e f r i g e r a n t  R 1 2  and was l a t e r  upgraded 
f o r  use w i th  R 2 2  t o  provide a  cool ing capacity of around 72kw(r). 
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4. FAILURE OF COMPONENTS 

A s  w i t h  any p ro to type  system some major breakdowns occurred, 
Dur ing b o i l i n g  c y c l e  shutdown, i t  was i n e v i t a b l e  t h a t  the 
c o l l e c t o r s  would be l e f t  empty r e s u l t i n g  i n  s tagnat ion  condi t ions.  
Detachment of t h e  c o l l e c t o r  p l a t e s  from t h e  r i s e r s  r e s u l t e d  as the 
so lder  used had a  me l t i ng  p o i n t  below t h e  s tagnat ion  temperature 
of about 300 deg. C. A11 t h e  c o l l e c t o r s  had t o  be dismant led and 
t he  p l a t e r  resoldered w i t h  a  h igher  me l t i ng  p o i n t  so lder .  

I n  add i t i on ,  polyurethane foam i n s u l a t i o n ,  used along t he  s ides  of 
t h e  c o l l e c t o r s ,  broke down a t  t he  h i gh  s tagnat ion  temperatures 
crumbl ing t o  powder and re l eas i ng  vapour. The vapour deposi ted an 
t h e  c o l l e c t o r  g l az i ng  reducing i t s  e f f ec t i veness  s i g n i f i c a n t l y .  
The i n s u l a t i o n  was replaced w i t h  f i breglass. Water condensati  bn 
was observed between t h e  double g l az i ng  o f  some of the 
c o l l  ectors.  Th is  was due t o  t h e  h i g h l y  humid environment, the 
damage t o  sea l i ng  and t h e  coo l i ng  o f  c o l l e c t o r  absorber p l a t e s  lrl 
t he  n igh t .  Th is  problem was a l l e v i a t e d  by p rov i d i ng  smal l  vent 
ho les  i n  t h e  c o l l e c t o r s .  

I n i t i a l l y  t h e  s t e e l  ho t  water tank was i n t e r n a l l y  coated w i t h  an 
epoxy . The coa t ing  f a i l e d  and delaminated from t h e  tank surface 
a f t e r  on l y  a  sho r t  pe r i od  o f  opera t i  on. Subsequent1 y  another 
coa t ing  was t r i e d  and i t  t o o  f a i l e d .  No f u r t h e r  coa t ings  were 
appl ied. The tank was operated a t  f u l l  volume t o  e l i m i n a t e  the 
a i r /wa te r  i n t e r f a c e  and a  separate copper a u s i l i a r y  tank was 
prov ided t o  a c t  as a  cushion and make up tank. The water was a lso  
t r ea ted  w i t h  a  n i t r i t e  based, co r ros ion  i n h i b i t i n g  chemical. 

The p i p i n g  arrangement o f  , t h e  c o l l e c t o r s  was found t o  be h i g h l y  
inadequate r e s u l t i n g  i n  poor d i s t r i b u t i o n  o f  c o l l e c t o r  water 
f low. Th is  was r e c t i f i e d  by changing t h e  a r r ay  p i p i n g  from f u l l  
p a r a l l e l  system t o  p a r t  p a r a l l e l  p a r t  s e r i e s  system. Th is  a l so  
e l im inated a i r  pocket problems. 

5. INADEQUACIES OF THE DUAL SYSTEM 

I n  a d d i t i o n  t o  t h e  component f a i l u r e s ,  t h e  dual system had many 
Inadequacies which worsened i t s  performance. f4 b r i e f  summary of  
these i s  g iven below. 

1. 'The i n s t a l l e d  so l a r  c o l l e c t o r  area was undersized far  the  
opera t ion  o f  bo th  s o l a r  c h i l l e r s  r e s u l t i n g  i n  non achievement 
o f  design cond i t ions .  I 

. The design f l o w  r a t e  f o r  t h e  ho t  water c i r c u i t s  i3.68 ~ / s  
pr imary ho t  water loop, 4.77 L / s  secondary ho t  water loop)  
r e s u l t e d  i n  a  ne t  upward f l o w  i n  t h e  ho t  water tank. This 
opposed t he  s t r a t i f i c a t i o n  e f f e c t  and promoted mix ing and 
degradat ion o f  t h e  ho t  s to re .  
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During energy c o l l e c t i o n  no c o n t r o l  ex i s t ed  t o  prevent ho t  , 
~ a t e r  a t  lower than use fu l  temperature from en te r ing  t h e  ho t  
stare. Th is  again r e s u l t e d  i n  the  degradat ion o f  any use fu l  
hot water a t  t h e  top  o f  t h e  tank. 

4 ,  -Thermal i n e r t i a  imposed by t h e  hot  water s to rage tank was t oo  
h igh f o r  f u l l e r  u t i l i s a t i o n  o f  s o l a r  energy when ava i l ab le .  
f i f te r  c loudy days longer warm up pe r iods  were necessary be fore  
the top  of t h e  ho t  water s t o r e  was s u f f i c i e n t l y  heated t o  
s t a r t  c h i l l i n g  operat ion.  

5. The usefu l  ho t  s t o r e  was depleted a t  a f a s t e r  r a t e  dur ing  
per iods of low a v a i l a b i l i t y  o f  ho t  water, due t o  t he  
by-passing of ho t  water from t he  t op  o f  t h e  ho t  s t o r e  around 
the c h i l l e r  and dumping t o  t he  bottom o f  t h e  s to re .  Although 
no t o t a l  energy l o s s  may have occurred, no f u r t h e r  .nsef u l  work 
could be der ived from t h e  lower grade ho t  water. 

5 .  Returning of ho t  water -from t h e  so l a r  c h i l l e r  t o  t h e  bottom o f  
the  ho t  s t o r e  under a l l  cond i t i ons  r e s u l t e d  i n  wast ing any 
remaining energy i n  t h e  water as w i t h  proper s t r a t i f i c a t i o n  i n  
the s to re ,  t h e  bottom tank temperature was much lower than t he  
r e t u r n  water. 

7 .  The mode o f  opera t ion  o f  t h e  c h i l l e d  water tank permi t ted  
undesi rable mix ing o f  supply and r e t u r n  water r e s u l t i n g  i n  
l ower performance. 

3 .  The l a r g e  volume o f  t he  c h i l l e d  water tank created a  thermal 
i n e r t i a  whereby use fu l  c h i l l i n g  could on l y  be achieved i f  t he  
so la r  c h i l l e r s  worked f o r  more than a  few hours. 

?. It was no t  poss ib le  f o r  t h e  convent ional  c h i l l e r  t o  operate i n  
unison w i t h  t h e  s o l a r  c h i l l e r  t o  a s s i s t  i n  coo l i ng  du r ing  low 
so la r  r ad i a t i on .  The use o f  an e l e c t r i c  b o i l e r  t o  supply t he  
hot  water necessary f o r  t h e  product ion  o f  c h i l l e d  water i n  t he  
so la r  c h i l l e r  r e s u l t e d  i n  a  f i v e  f o l d  increase i n  energy 
consumption t o  produce t h e  same coo l i ng  capac i t y  and rendered 
the  system t o t a l l y  uneconomical. 

1. NEW SYSTEM 

lajor changes were made t o  t he  e x i s t i n g  i n s t a l l a t i o n  i n  an attempt 
:O overcome t h e  inadequacies r e f e r r e d  t o  i n  t h e  prev ious  sect ion.  

instead of examining i n d i v i d u a l  component per+ormances and 
:wry ing  out  improvements on an adhec basis ,  a  re -eva lua t ion  o f  
:he complete system conf i g u r a t i  on and ope ra t i  on was c a r r i e d  out. 
:t was a l ready widely  recognised t h a t  us ing  a  ho t  water b o i l e r ,  
?specia l ly  of t h e  e l e c t r i c  type t o  prov ide  a u x i l i a r y  heat ing,  was 

gross ly  i n e f f i c i e n t  method of  achiev ing so l a r  c h i l  1  ing. The 
nevi tab1 e  conclus ion t h a t  t h e  most economical method o f  
j"P~1ementing any s h o r t f a l l  i n  coo l i ng  capac i t y  was t o  use an 
? l e c t r i c  c h i l l e r ,  had been a r r i v e d  a t  some t ime  ago. The new 
jYstem was t o  incorpora te  so l a r  c h i l l e r s  i n  s e r i e s  w i t h  
:Onventional c h i  1  l e r 5  whereby c h i l  l e d  water would be i n i t i a l l y  
:Doled by t he  so l a r  c h i  1  l e r  and any necessary a d d i t i o n a l  coo l i ng  
"ovided by t h e  convent ional  c h i  1  l e r .  
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Th is  new hyb r i d  opera t ion  o f f e red  two s i g n i f i c a n t  advantages, 
F i r s t l y  even t h e  smal lest  amount o f  coo l i ng  produced by t h e  solar 
c h i  11 e r  (exceeding smal l  p a r a s i t i c  pump power consumpti on would 
r e s u l t  i n  a  r e a l  power sav ing as i t  wi-11 reduce t h e  load on the 

I convent ional  system. Secondly t h e  so l a r  c h i l l i n g  system could be - 

designed t o  p rov ide  an optimum l e v e l  o f  c o n t r i b u t i o n  requ i red  for 
t h a t  l o c a t i o n  and operat ion,  ins tead o f  be ing a  100% system. This 
reduces s o l a r  c h i l l i n a  system cos ts  cons iderab ly  and i s  a  m s  
chanse i n  t h e  design p h i l o s o p h ~  o f  s o l a r  powered a i r  cond i t i on inq  
systems. 

The conversion t o  a  hyb r i d  system alone i s  n o t  s u f f i c i e n t  t o  
improve t h e  cos t  performance o f  so l a r  systems as i t  on l y  caters 
f o r  t he  supplementation o f  s h o r t f a l l s  and does no t  increase so lar  
con t r i bu t i on .  Methods o f  enhancing s o l a r  ha rves t ing  t o  prov ide 
extended s o l a r  coo l i ng  opera t ion  f o r  b e t t e r  o v & r a l l  so la r  
c o n t r i b u t i o n s  were studied. Data gathered du r ing  t h e  previous 
opera t ion  pe r iods  and , a l l  problems experienced a t  t h a t  t ime  were 
anal  ysed. New approaches, which would i n v o l v e  on l y  minimal 
a l t e r a t i o n s  t o  t h e  e x i s t i n g  i n s t a l l a t i o n  were considered and a  new 
mode of s o l a r  harvest ing,  i n co rpo ra t i ng  many s i g n i f i c a n t l y  
d i f f e r e n t  opera t ions  was designed. Computer s i  mu1 a t i  ons were 
performed us ing  t h e  "TRNSYS" programme t o  evaluate t he  new design 
and they i nd i ca ted  t h a t  as expected t he  new design was 
considerably  be t t e r .  The changes performed a t  t h e  Garbutt  p l a n t  
a re  g iven be!ow. 

Ptbsorption C h i l l e r s  and Co l l ec to r s  

Ins tead o f  adding e x t r a  s o l a r  c o l l e c t o r s  t o  increase so l a r  energy 
harves t ing  t o  operate t h e  two so l a r  c h i l l e r s ,  one so l a r  c h i l l e r  
was shut down t o  remain on standby and on l y  one was made 
ope ra t i  onal . Th is  gave an excess c o l l e c t o r  capac i ty  o f  about 
30%. Cool ing water and ho t  water supply were shut t o  t h e  standby 
c h i l l e r  bu t  c h i l l e d  water cont inued t o  pass through i t  t o  mainta in 
f u l l  f l o w  t o  t h e  a i r  hand l ing  c o i l .  

Hot Water C i r c u l a t i o n  

The ho t  water c i r c u i t s  were combined t o  permi t  a  s i n g l e  loop 
opera t ion  when possib le.  I f  r a d i a t i o n  l e v e l s  a re  above 450 w/sq.m 
and t he  temperature a t  t h e  bottom o f  t h e  ho t  s t o r e  i s  below 
85 deg. C, energy c o l l e c t i o n  commences. Hot water i s  
c i r cu l a t ed / r ecyc l ed  by pump P1 through t h e  c o l l e c t o r s  a t  t h e  r a t e  
o f  3.1 L / s  u n t i l  temperature ou t  o f  t he  c o l l e c t o r s  exceeds 83 deg. 
C and then va lve  CV1 (see f i g . 2 )  opens t o  permi t  s torage o f  energy 
i n  t h e  tank. 

I f  coo l i ng  demand ex is ted  i n  t h e  b u i l d i n g ,  upon sensing a  
temperature above 82 deg. C i n  t he  top  tank, pump P2 w i l l  
c i r c u l a t e  ho t  water from t h e  top  tank through t h e  c h i l l e r s .  If 
s o l a r  energy s torage was i n  progress, va lve  C V 2  would d i r e c t  water 
f rom t h e  c h i l l e r  t o  t he  c o l l e c t o r s ,  by-passing t h e  tank. I f  no 
so l a r  ha rves t ing  was i n  progress or  r e c y c l  i ng o f  c o l  1  ec to r  water 
was occurr ing,  water from t h e  c h i l l e r  would be re turned t o  the  
bottom o f  t h e  ho t  s to re .  

Solar  coo l i ng  i s  terminated upon e i t h e r  sensing 77 deg. C ho t  
water i n  t h e  top  tank o r  b u i l d i n g  r e t u r n  a i r  temperature f a l l i n g  
below 21 deg. C. An a d d i t i o n a l  sa fe t y  c u t  ou t  was prov ided t o  
s top  supply o f  ho t  water below 75 deg. C. 
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DLrring the  " f as t  recovery" cycle, water i s  drawn from the top of  

the hot s t o r e  f o r  heat ing i n  the  co l lec to rs .  This enables the  top 
tank t o  be heated up qu i ck l y  t o  the requ i red temperature l e v e l ,  
+or coo l ing  t o  commence as e a r l y  as poss ib le  i n  the  morning and 

any i n t e r r u p t i o n  due t o  poor weather. Thus the operat ion 
does not  r e l y  f u l l y  on t he  s t r a t i f i c a t i o n  a b i l i t y  of t he  tank. 
The high1 y waste+ u l  , by-passing of  hot water around the i n a c t i v e  
,hi 11er has been discontinued. The e l e c t r i c  b o i l e r  was removed 
from the  system. 

Hot Store 

The 22,800 l i t r e  hot  water storage tank was p a r t i t i o n e d  i n t o  two 
sections- The top sect ion has a capaci ty  of 4580 l i t r e s  and i s  
'rsed a5 the  main operat ion tank. The p a r t i t i o n i n g  was provided t o  
create a p o s i t i v e  separat ion between the  top tank and the 
remaining store. The top tank can operate one c h i l l e r  f o r  about 1 
hour without so la r  rad ia t ion .  It acts  as a s to re  f o r  shor t  c loud 
cover periods. The new f low r a t e s  of  2.6 L /s  t o  the  c h i l l e r  and 
3.1 L /s  t o  t he  c o l l e c t o r s  r e s u l t s  i n  a net  downward f low of 0.5 
~ / s  i n  the  tank. This prevents degradation of  the  top tank and 
slowly heats t h e  storage tank prov id ing p o s i t i v e  energy storage 
during normal operation. During weekends the  storage sect ion 
receives the  f u l l  f low. The arrangement a1 so decouples the  
operating tank from the  storage sect ion and removes the thermal 
i n e r t i a  of t Q e  l a r g e  storage capacity. 

Chi l led Water C i r cu la t i on  

The new c h i l l e d  water c i r c u l a t i o n  system operates i n  th ree modes; 

(a) Solar - Total  so la r  c h i l l i n g .  

(b )  Hybrid - Par t  so lar ,  p a r t  conventional c h i l l i n g .  

(c )  Conventional - Total  e l e c t r i c  ch i  11 ing. 

During so la r  c h i l l i n g ,  c h i l l e d  water from the  a i r  handl ing c o i l  i s  
pumped through the  two so la r  c h i l l e r s  by pump P5 a t  3.3 L/s. F u l l  
c h i l l i n g  i s  achieved i n  the  duty c h i l l e r  and no change of s t a t e  
occurs i n  the  standby c h i l l e r .  A f t e r  mixing a t  the o u t l e t  of the  
c h i l l e r s  i t  i s  pumped t o  the  a i r  handl ing c o i l  by pump P4. 

I Upon c a l l  f o r  more coo l ing i n  the bu i ld ing ,  valve CV4 d i r e c t s  
c h i l l e d  water from the  so la r  c h i l l e r s  t o  t he  conventional c h i l l e r  
t o  permit  supplementation of  coal ing. Pump P5 c i r c u l a t e s  c h i  1 l e d  

, water through the  conventional c h i l l e r  t o  t he  a i r  handl ing un i t .  
This i s  the hybr id  mode of  operation. 

When the  so la r  c h i l l e r  stops operat ion due t o  u n a v a i l a b i l i t y  of  
hot  water, va lve CV3 d i v e r t s  water from the  c o i l  d i r e c t l y  t o  the  
conventional c h i  1 l e r  t o  cont inue operat ion i n  the  normal 
Conventional mode. The complete operat ion i s  automat ical ly  
cont ro l  l e d  and- no manual in ter ference i s  required. The ch i  1 l e d  
Water tank has p resen t l y  been valved out of  operation. 
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Condenser/Coolina Water C i r cu la t i on  

Conventional c h i l l e r  condenser pump P7 and so lar  c h i l l e r  cool ing 
I water pump P b  operate when ca l l ed  upon by the respect ive 

I !  
c h i l l e r s .  The same cool ing tower i s  used t o  provide cool ing water 
f o r  both systems simultaneously or  i nd i v i dua l  1  y. It i s  possible 

I 
I $  t o  operate i n  t h i s  manner as the  combined heat r e j e c t i o n  from the 

I 

I new hybr id  system i s  l ess  than the heat r e j e c t i o n  from the 
o r i g i n a l  two so lar  c h i l l e r  system. The so lar  c h i l l e r  operation 
was sens i t i ve  t o  f l uc tua t i ons  i n  the coo l ing water temperature. 

1 1  Thus a  new by-pass valve was provided on the  cool ing water l i n e  t o  
maintain constant temperature water supply t o  the c h i l l e r s .  This 

I has a lso  e l iminated over-condensing problems i n  the conventional 

I i c h i l l e r  and prevents r i s k  of c r y s t a l l i s a t i o n  i n  the so lar  c h i l l e r  
I I dur ing winter operation. 

Bo i l i na  Cycle $4 Niaht Drain-down 

The o l d  b o i l i n g  cyc le  has been re ta ined w i th  minimal a l te ra t ions ,  
t o  use the same p ipe work t o  d ra in  the  co l l ec to rs  during shut 
down. Valve CV10  permits water t o  be drained i n  t o  the a u x i l i a r y  
tank fo r  n igh t  shut down. During b o i l i n g  cyc le  shut down, valve 
CV9 d i r e c t s  water t o  the top tank t o  enable c o l l e c t i o n  of  the 
b o i l i n g  water. I f  b o i l i n g  occurs and so lar  harvest ing i s  stopped 
an attempt i s  made t o  r e s t a r t  c o l l e c t i o n  a f t e r  a  set  t ime period, 
i f  other condi t ions permit. 

Conventional Chi 1  l e r  Control 

The standard con t ro ls  i n  the  rec iprocat ing c h i l l e r  were not 
designed f o r  use i n  a  hybr id  system of  t h i s  nature. Thus they 

/ I  1 were replaced w i th  e lec t ron ic  con t ro ls  which provided more precise 
I con t ro ls  f o r  stepping coo l ing capacity. The loading and unloading 

BIII~II I ~ ~ ~ ~ ~ , ~ ,  L,! of the  c h i l l e r  was not  a t  regular  stepped capacit ies. I t s  two 
/ I /  compressors had short  cyc l ing  t imers se t  up f o r  stop t o  s t a r t  

" ' /,, 
operation. The e lec t ron ic  contro ls,  provided more u n i f  arm 
stepping, proper load sharing, quick response, good repea tab i l i t y  

d!) , and s t a r t  t o  s t a r t  short  cyc le  t iming. These allowed the c h i l l e r  
G h,, 

1 1 1 ~ ~ 1 , ~  t o  supplement cbo l ing energy w i th  reduced cycl ing.  Provision has 
I 

been made f o r  smaller steps of  capacity con t ro l  i n  the fu ture ,  i f  
the  need arises. 

Controls. Monitorina & Recordinq 

The o r i g i n a l  system had a simple con t ro l  conf igurat ion and thus 
was con t ro l  l e d  using conventional re lays.  However the  new 
con t ro ls  system requ i r i ng  s i g n i f i c a n t l y  more decision making with 
a  correspondingly h igh amount of inputs  and outputs ( f i g .  3) was 
be t te r  su i ted  t o  the incorporat ion of a  programmable log ic  
con t ro l l e r .  The programmable l o g i c  c o n t r o l l e r  used f o r  t h i s  
purpose was a f u l l y  e lec t ron ic  one w i th  s o l i d  s t a t e  t imers. It 
t o t a l l y  e l iminated the  need f o r  any decis ion making relays. The 
f l e x i b i l i t y  of the c o n t r o l l e r  was such t h a t  d i f f e r e n t  modes of 
con t ro ls  could- be selected fo r  experimentation by key programming 
and without any wi r ing changes. The a i r  condi t ioning contro ls 
have been set  t o  maintain a  bu i l d i ng  r e t u r n  a i r  temperature of 24 
deg. + 1.5 deg. C. 
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CONTROL ELEMENTS 

I 

I 

PRIMARY HOT WATER PUMP 
'2 SECONDARY HOT WATER PUMP 
'3 CHILLED WATER PUMP (SOLAR 1 
' 4  CHILLED WATER PUMP (SOGRI 

CHILLED WATER PUMP ( CONVENTIONAL1 
'6 COOLING WATER PUMP (SOLAR) 
" COOLING WATER PUMP (CONVENTIONAL ) 
:' CONTROL VALVE 

SOLAR RADIATION 
BOTTOM OF HOT WATER TANK TEMPERATURE 
COLLECTO~ OUTLET TEMPERATURE ( 2 BANDS I 
TOP TANK TEMPERATURE ( 2 BANDS 1 
RETURN AIR TEMPERATURE ( 2 BANDS 1 
SAFETY CUT OUT TEMPERATURE 
TlME CLOCK 1 ( 7 DAY I 
TlME CLOCK 2 ( 5 DAY 1 

FIGURE 3 
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The e x i s t i n g  m i  croprocessor-based mon i to r i ng  and r e c o r d i n g  
f a c i l i t i e s  was reused. Some sensors were changed t o  more s u i t a b l e  
l o c a t i o n s ,  f o r  temperature mon i t o r i ng ,  w i t h  t h e  new p i p i n g  
c o n f i g u r a t i o n .  The a:.:isting sensors were found t o  be d r i f t i n g  and 
m a l f u n c t i o n i n g  due t o  immersion i n  r a p i d l y  changing temperatures. 
The sensors measuring temperatures used f o r  energy c a l c u l a t i o n s  
have been changed t o  a  t o t a l l y  encapsulated type.  A lso  on /o f f  
s t a t u s  i n d i c a t o r s  f o r  a1 1  pumps and f an5 have now been i nc luded  
f o r  r e c o r d i n g  t o  enable energy c a l c u l a t i o n s .  

P r o v i s i o n  o f  backup b a t t e r i e s  t o  opera te  t h e  mon i t o r i ng  system and 
recorder  i s  p r e s e n t l y  be ing  i n v e s t i g a t e d .  T h i s  i s  e s s e n t i a l  so 
t h a t  da ta  ga the r i ng  i s  n o t  i n t e r r u p t e d  d u r i n g  power outages. 

ki n t  enance 

C o l l e c t o r  su r faces  which had accumulated h i g h  l e v e l s  o f  dus t  were 
washed down. The c h i l l e d  water,  c o o l i n g  water and h o t  water 
systems were f l u s h e d  w i t h  chemicals and dosed w i t h  s u i t a b l e  
c o r r o s i o n  i n h i b i t o r s .  The abso rp t i on  c h i l l e r  was re-evacuated t o  
remove accum~t lated hydrogen and a i r  i n  t h e  system. Water f l o w s  
were checked and rebalanced. C a l i b r a t i o n  checi::s were performed on 
a l l  c o n t r o l  sensors and f a u l t y  c o n t r o l  sensors were rep laced.  

w i d  System Components - S~tnmary 

126 So la r  C o l l e c t o r s  - Z(i14 sq.m. 

Top tank s e c t i o n  i n  h o t  water s t o r e  = 4500 l i t r e s  

1  Hot water s to rage  tank = 17,500 l i t r e s  

1 L i t h i u m  Bromide/water c h i  1  l e r  - ".lC - kw Ir) 

1 Rec ip roca t i ng  c h i l l e r  = 72 C..:w Ir) 

7 C e n t r i f u g a l  pcimps = Y.'7 C::w ( t o t a l  ) 

1 A i r  hand l i ng  u n i t  

1 Coo l ing  tower 

7 .  RESULTS 

Hybr id  s o l a r  c h i l l i n g  ope ra t i on  a t  Garbu t t  commenced i n  January 
1985. A f t e r  one month o f  ope ra t i on  t h e  p l a n t  was shut  down due t o  
extended p e r i o d s  o f  c loudy  weather which d i d  n o t  p e r m i t  cont inuous 
opera t ion .  When t h e  p l a n t  was r e s t a r t e d  i n  March i t  was 
d iscovered t h a t  some of  t h e  o l d  c o n t r o l  sensors and r e l a t e d  
c o n t r o l  equipment had f a i l e d .  A lso t h e  mon i t o r i ng  reco rde r  had 
f a i l e d .  A f t e r  replacement o f  t h e  c o n t r o l  equipment, t h e  p l a n t  was 
r e s t a r t e d  i n  A p r i l .  Clowever, no automat ic  r e c o r d i n g  o f  da ta  was 
p o s s i b l e  due t~ t h e  f a i  l e d  r e c o r d i n g  equipment. Replacement p a r t s  
f o r  t h e  reco rde r  had t o  be ob ta ined  f rom U.S.A. and these  were 
rece i ved  r e c e n t l y .  The reco rde r  r e s t a r t e d  ope ra t i on  i n  August and 
r e s ~ t l t s  f o r  coo l  weather ope ra t i on  should  be a v a i l a b l e  i n  t h e  very  
near f u t u r e .  

"Typical r e s u l t s  ob ta ined  through manual r e c o r d i n g  d u r i n g  one hour 
t e s t  pe r i ods  i n  Apr i l /May a r e  g i ven  below. 



Test period - 11.20 am to 12.20pm on 29/4/1985 - 
(a)  Total incident solar energy = 160 kw. hrs. 

(b) Energy collected into hot store = 70 kw. hrs. 

( c )  Energy consumed by solar chiller = 45 kw. hrs. 

( d l  Cooling produced by solar chiller = 20 kw. hrs. 

(e) Building cooling demand 

( f )  Compressor power consumption 

(g)  Total electricity consumption 
conventional 

= 30 kw, hrs. 

= 4 kw. hrs. 

= 6 kw. hrs.'. 

(h) Total electricity consumption solar = 4 kw. hrs. 

1. Collection efficiency = 70/160 = 0.44 

2. Solar energy usage factor = 45/70 = 0.64 

3. Solar chiller efficiency = 28/45 = 0.44 

4. Solar contribution = 20/30 = 0.67 

The results given above indicate a high solar contribution level. 
However it is clearly seen that during the test period the cooling 
demand of the building was much lower than the peak cooling 
demand. 

Typical instantaneous operating conditions during a test period in 
May are given in fig. 4. The calculations given below are 
performed at regular 10 minute intervals and summed. 

Hot water in = 83 deg. C Cooling water in = 29 deg. C 
Hot water out = 78.5 deg. C Cooling water out = 33.5 deg. C 
Hot water flow = 2.6 L/s Cooling water flow = 4.6 L/s 

Electrical cooling = (12.3 - 9 . 7 )  (3.3) (4.2) = 36.0 kw. 
Gross Solar contributions = (14 -12.3) (3.3) (4.2) = 23.6 kw. 
Actual cooling by 

solar chiller = (14.1 - 10.8) (1.9) (4.2) = 26.3 kw. 
Cooling load = I14 - 9.7) (3 .3 )  (4.2) = 59.6 kw. 
Electric power (conventional = 13.6 kw. 
Electric power (solar) = 4.6 kw. 

The maximum cooling produced by the solar chiller in this hybrid 
system is limited to about 30 kw. The Garbutt building had 
originally been designed with a peak building cooling demand of 54 
kw. Hence the hybrid solar system would have been able to 
contribute about 53% of the peak requirement. However, the 
building heat load has gradually risen, due in part to significant 
increases in office equipment. Thus the hybrid system could at 
best only meet 40% of the new peak summer cooling demand of 76 kw. 

The cooling load distribution between the solar and conventional 
Systems during another test period is given in fig. 5: 
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TYPICAL HYBRID OPERATION TEMPERATURES 

FIGURE 4 

10- 50 11-00 

TIME 

SOLAR CHILLING 

TYPlCAL HYBRID COOLING LOAD DISTRIBUTION 

FIGURE 5 
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The new h y b r i d  system has been i n  opera t ion  on a cont inuous bas i s  
for more than f o u r  months and t he  r e s u l t s  gathered t o  da te  have 
been very promising. Although a f u l l  summer opera t ion  has no t  
been experienced t h e  b r i e f  opera t ion  dur ing  January 1985 has 
= l e a r l y  i nd i ca ted  t h e  s i g n i f i c a n t  b e n e f i t s  o f  t h e  new system. 
providing weather cond i t i ons  remain t y p i c a l  f o r  Townsvi l l e  f o r  t he  
next 9 months, an ac tua l  annual energy consumption comparison 
=auld be made between t h e  new hyb r i d  system and t h e  prev ious  f u l l  

ven t iona l  system. Unfor tunate ly  as t h e  prev ious  f u l l  so l a r  
~ l a n t  was never operated f o r  any s i g n i f i c a n t  l eng th  o f  t ime  no ( ;nergy consumption comparisons can be made w i t h  t h a t  system. 

contro l  se t  p o i n t  t e s t s  f o r  t h e  var ious  operat ions have been 
=ar r i ed  ou t  t o  a l i m i t e d  ex ten t  only. These p p i n t s  were 
determined p a r t l y  through computer s imu la t i ons  o f  t he  system but  
mainly through observed r e s u l t s  du r ing  operat ions. Opt imisa t ion  
of c o n t r o l  s e t  p o i n t s  w i l l  be performed i n  t h e  fu tu re .  Other more 
e f f i c i e n t  modes of c o n t r o l  f o r  t h e  so l a r  harves t ing  are  poss ib le,  
but they have no t  been implemented a t  t h i s  s tage f o r  economic 
reasons. 

No major c o n t r o l  o r  opera t iona l  problems were encountered w i t h  t he  
new system. Most o f  t h e  problems experienced have been i n  t he  
monitor ing and reco rd ing  areas. Th is  f e a t u r e  w i l l  no t  be requ i red  
i n  normal cdmmercial i n s t a l l a t i o n s .  Maintenance has no t  been much 
more than t h a t  r equ i r ed  f o r  a  normal water cooled, c h i l l e d  water 
system. 

The c o n t r o l  o f  t h e  opera t ion  o f  a  so l a r  ass i s ted  coo l i ng  system 
could be g r e a t l y  enhanced and i t s  performance improved by t h e  use 
o f  a  de i c a t e d  computer. Although t h i s  may sound extravagant, t he  t' 
cost o t  such computers today and t h e i r  f requent  use i n  b u i l d i n g  
energy management systems, make i t  q u i t e  acceptable. 

During summer opera t ion  i t  was found t h a t  t h e  new system provided 
a se l f - sus ta in ing  cont inuous supply o f  ho t  water. Th is  enabled 
the so l a r  c h i l l e r  t o  p rov ide  cont inuous p r e - c h i l l i n g  dur ing  a i r  
cond i t ion ing  opera t iona l  hours. Dur ing t h e  recent  winter  
operation, al though t h e  coo l i ng  demand was q u i t e  low, t h e  general 
reduct ion i n  t h e  l e v e l s  o f  s o l a r  r a d i a t i o n  enabled on l y  a few 
hours o f  c h i l l i n g  a t  reduced capac i t ies .  

The above i n d i c a t e s  t h a t  t h e  t o t a l  s o l a r  coo l i ng  load should 
Probably be s p l i t  between two so l a r  c h i l l e r s .  One s i zed  t o  cope 
with p a r t  o f  t h e  minimum "base coo l i ng  load"  expected under a l l  
circumstances and t h e  o ther  s ized t o  cope w i t h  t he  remainder o f  
the design so l a r  con t r i bu t i on .  Thus du r ing  summer both c h i l l e r s  
could operate a t  maximum capac i t y  t o  p rov ide  a h igh  so l a r  
f ract ion.  The "base load"  machine operates alone dur ing  w in ter ,  
but f o r  prolonged pe r iods  and w i thout  any reduc t ion  i n  
ef f ic iency.  I n  t h e  coo l  season, if r a d i a t i o n  l e v e l s  a re  low and 
are in f requent-  i t  may be p re fe rab le  t o  deac t i va te  t h e  s o l a r  p l a n t  
as power consumption through pumps may exceed coo l i ng  energy 1 Savings. . 
Due t o  cos t  imp1 i c a t i o n s  and space requirements t he  economic 
advantages of p rov i d i ng  a ho t  water s torage tank should be 
analysed thorough ly  i n  view of t h e  problems evperienced a t  
Garbutt.  Storage tanks could he lp  ob ta i n  h igher  so l a r  f r a c t i o n s ,  
but f o r  h y b r i d  systems i t  i s  no t  essen t i a l  t o  achieve h i gh  so l a r  
f ract ions.  
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The monitor ing of actual  so la r  r a d i a t i o n  l e v e l s  and b u i l d i n g  
=ool ing load p r o f i l e s  should g i ve  a  c lea re r  i n d i c a t i o n  of  the 
operat ion of so la r  coo l ing  systems i n  prac t ice .  Estimated c lear  
sky periods, which are used t o  predicf  t he  reduct ion i n  usefu l  

c o l  l e c t i o n  seems t o  g i ve  higher o v e r a l l  energy c o l  l e c t i o n  
f igures than t h a t  obtained a t  Townsville. This does not 
necessari ly imply greater  c loud cover per iods as the  cloud cover 
p r o f i l e  could be such as t o  reduce c o l l e c t i o n  l e v e l s  without an 
increase i n  the t o t a l  c loud cover. 

I 

s u f f i c i e n t  in format ion has been gathered t o  i n d i c a t e  t h a t  the new 
hybrid system a t  Garbutt, as designed, reduces . to ta l  purchased 
energy f o r  the  coo l ing  operation. However the  energy savings are 
below t h a t  poss ib le  f o r  such a  system, due t o  unavoidable system 
ine f f i c i enc ies  a t t r i b u t a b l e  t o  t he  conversion of  an e x i s t i n g  
system a t  minimal cost  and the  new maximum so la r  c h i l l i g g  capaci ty  
of on ly  about 30 kw. 

The comparison of eneFgy consumptions based on data ava i l ab le  i s  
shown i n  f i g .  6. The new system should reduce t o t a l  purchased 
energy f o r  coo l ing  by about 23%. A new i n s t a l l a t i o n  f o r  the  
Garbutt O f f  i ce ,  w i t h  the  same type of system and equipment should 
be able t o  reduce energy consumption by about 40%. This coupled 
with t he  lesser  c a p i t a l  cost of  t he  hybr id  type system should 
provide b e t t e r  economic returns.  

Other areas of improvements eg., r e s i z i n g  o f  a i r  handl ing c o i l  
etc., do e x i s t  i n  the  p lant .  However, the  scope of  the 
a l t e ra t i ons  was l i m i t e d  t o  study the  improvements due t o  the  new 
solar operat ion and thus no other components were evaluated or  
changed a t  t h i s  stage. 

I 

I 

Commercial fesearch should be ca r r i ed  out along the  bas is  o f  
providing so la r  c h i l l e r s  which could operate w i t h  lower hot  water 
temperatures as t h i s  would r e s u l t  i n  higher so la r  con t r ibu t ions  
and a lso  a1 low the  use of  standard co l lec to rs .  

The s i ze  of  the so la r  component of  t he  hybr id  p l an t  should be 
arr ived a t  a f t e r  economic eva luat ion f o r  optimum so lar  
cont r ibu t ion l e v e l s  and acceptable pay back periods. This would 
s i g n i f i c a n t l y  vary from l oca t i on  t o  locat ion.  For instance 
e l e c t r i c i t y  cost  i n  a  remote l oca t i on  could be very high, 
ind ica t ing  t he  d e s i r a b i l i t y  of a  so la r  ass is ted system. However 
as the  const ruc t ion of  a  so lar  system i s  more labour in tens ive,  i t  
Could r e s u l t  i n  a  very h igh c a p i t a l  cost. Damage dur i ng 
t ransportat ion of t he  equipment could be a  s i g n i f i c a n t  add i t i on  t o  
the cost. Conversely e l e c t r i c i t y  may be r e l a t i v e l y  cheap i n  a  
cap i ta l  c i t y  although i n s t a l  l a t i o n  costs  may be s i g n i f i c a n t l y  
1 ower . 

I 

I 
I 

I 

In add i t ion  t o  t h i s  t he  e f fec t  of  i n f  l a t i o n ,  i n t e r e s t  r a t e s  and 
fuel  p r i c e  changes need t o  be considered i f  genuine economic 
benef i ts are  t o  be derived. Th~ts the se lec t i on  of the  l e v e l  of 
solar assistance has t o  be c a r e f u l l y  analysed w i th .  regard t o  the 
Par t icu lar  instance. 

The fo l lowing guide l i n e s  should be considered when new so la r  a i r  
condi t ioning systems operat ing i n  the  hybr id  mode are designed. 
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However, i t  i s  considered inadv isab le  t o  design so l a r  assistance 
l e v e l s  above about 60% t o  70% o f  peak coo l i ng  load expected dur ing  
opera t i  on. Th is  w i  11 minimise a d d i t i o n a l  c a p i t a l  expenditure, 
Leve ls  o f  l e s s  than 20% should no t  be used as a smal l  d r i f t  below 
expected e f f i c i e n c i e s  could e a s i l y  render -it uneconomical. 

Pos i t i on i ng  o f  p l a n t  components should be such as t o  reduce a l l  
p i p e  work t o  l i m i t  heat losses/gains. The p i p i n g  con f igu ra t i on  
f o r  t h e  r oo f  c o l l e c t o r  system should be such t h a t  t he  pressure 
drop through t h e  c o l l e c t o r s  i s  l a r g e  compared t o  t h e  pressure drop 
i n  t h e  supply header pipe. Th is  w i l l  ensure a  more evenly 
balanced f l o w  through t h e  c o l l e c t o r  system. A reverse supply 
header system should be used ins tead o f  a  reverse  r e t u r n  system t o  
l i m i t  temperature drop i n  t h e  so l a r  ho t  water from t h e  roo f .  

Flow o f  ho t  water t o  c o l l e c t o r s  should never be l e s s  than t h e  f low 
t o  t h e  s o l a r  c h i l l e r s .  P re fe rab ly  i t  should be about '20% more t o  
p rov ide  p o s i t i v e  energy s torage dur ing  opera t ion  of c h i l l e r s  and 
he lp  s t r a t i f i c a t i o n  i n w  storage tanks. Th is  a l s o  i m p l i e s  t ha t  
c o l  1  ec to r s  should be oversized by about 20%. Add i t iona l  
ove rs i z ing  may be requ i red  t o  compensate f o r  t h e  dust shading 
problems. 

D u s t  accumulation on t h e  c o l l e c t o r s  should be reduced i n  f u t u re  
i n s t a l l a t i o n s  by l i m i t i n g  t h e  minimum s lope o f  i n s t a l l a t i o n .  A s  
p resen t l y  no other  i n fo rmat ion  i s  a v a i l a b l e  a  va lue o f  15 deg. i s  
suggested. Th is  should s t i  11 achieve necessary s o l a r  harves t ing  
du r ing  summer. (However pe r i od i c  c lean ing  o f  t h e  c o l l e c t o r s  w i l l  
s t i l l  be requi red. )  

Considerat ion should be g iven t o  t h e  use o f  concentrat ing,  
t r a c k i n g  c o l l e c t o r s  i ns tead  o f  f l a t  p l a t e  c o l l e c t o r s .  Th is  would 
reduce storage requirements as t h e  energy product ion  i s  more 
matched t o  t h e  coo l i ng  load p r o f i l e  o f  o f f i c e  bu i l d ings .  This 
could a l s o  obv ia te  t h e  need f o r  a  s torage tank. 

A convent ional  c h i l l e r  w i t h  good capac i ty  c o n t r o l  f o r  reduc t ion  in 
energy consumption du r ing  reduced capac i t i e s  should be used t o  
supplement the  so l a r  cool ing.  The convent ional  c h i l l e r  should be 
s i zed  t o  meet t h e  f u l l  coo l i ng  load o f  t h e  bu i l d i ng .  

I f  m u l t i p l e  s o l a r  c h i l l e r s  were t o  be used, t h e  ho t  water should 
never be by-passed t o  t h e  bottom o f  t h e  ho t  s to re ,  du r ing  a  
c h i l l e r  shut down. Instead i t  should be r e c i r c u l a t e d  i n  the  
pumping c i r c u i t  t o  reduce t he  draw-off f rom t h e  top  o f  t h e  s tore.  
Th is  conserves t h e  h igher  grade energy. 

Any l a r g e  sca le  s torage o f  ho t  water should be separated from the  
normal opera t ion  tank. Th is  permi ts  use o f  smal ler  b e t t e r  
i n su l a ted  tanks f o r  normal c loud cover opera t ion  and a l l ows  the  
s i z e  o f  t h e  weekend storage tank t o  be determined i n  terms of 
economic b e n e f i t s  w i thout  a f f e c t i n g  c h i l l e r  performance. 

A b o i l e r  should never be used t o  supplement heat energy as the 
h i gh  so l a r  c o n t r i b u t i o n s  necessary f o r  t h e  v i a b i l i t y  o f  a  b o i l e r  
a re  never a t t a i n a b l e  w i thout  p r o h i b i t i v e  ove rs i z i ng  o f  co l l e c to r s .  

Th is  b r i e f  i s  by no means s u f f i c i e n t  t o  cover a l l  aspects o f  so la r  
a i r  cond i t i on i ng  design. But t h e  recommendations g iven above 
cou ld  reduce problems and c a p i t a l  cos t  i n  t h e  design o f  a  new 
so la r  a i r  cond i t i on i ng  system. 
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CONCLUSION 
/ 

The o r i g i n a l  exe rc i se  by t h e  Department was, as s t a t ed  e a r l i e r ,  t o  
,,periment w i t h  a v a i l a b l e  technology fbr t he  p r o v i s i o n  o f  s o l a r  
cool ing i n  an o f f i c e  environment. Th is  o b j e c t i v e  was maintained 
f o r  t he  redesign as we l l .  The inco rpo ra t ion  o f  a  programmable 
logic c o n t r o l l e r  was s imply i n  keeping w i t h  today ' s  w ide ly  used 
technologY The opera t ion  of t h e  prev ious  system and t h e  design 
,+ the  new system has g iven s i g n i f i c a n t  i n s i g h t s  f o r  t h e  f u t u r e  
direct ion t h a t  t h e  s o l a r  cool  i n g  technology and design ph i  losophy 
Bhould be tak ing.  

~t i s  c l ea r  t h a t  an energy conserving so l a r  ass i s ted  
, i rcondi t i0ning system could be prov ided us ing present 
techno1 OgY = However, i t  i s  premature t o  p r e d i c t  i . t s  economic 
beneb i ts .  The present e l e c t r i c i t y  r a t e s  and t a r i f f  s t r u c t u r e  i n  
,post p a r t s  of A u s t r a l i a  make pay-back pe r iods  unreal  i s t i c .  
~esearch c a r r i e d  ou t  by Chinnappa CRef.3) i n d i c a t e s  t h a t  al though 
hybrid systems a re  t he  bes t  a v a i l a b l e  a t  present,  minimum energy 
costs of 15c/kwh a re  necessary before pay-back per iods  cou ld  come 
tdithin t h e  l i f e  of t he  equipment. Even i n  l o c a t i o n s  where s o l a r  
cooling i s  a t t r a c t i v e  i t  has t o  be noted t h a t  c a r e f u l  economic 
analysis and design a re  necessary i f  i n s t a l l a t i o n  o f  a  hyb r i d  
system i s  t o  be cos t  b e n e f i c i a l .  

F ina l ly ,  i t .  i s  hoped t h a t  t h e  waned i n t e r e s t  du r ing  t h e  pas t  few 
years on so l a r  c o o l i n g  technology, a f t e r  a  b r i g h t  upsurge a  decade 
ago, w i l l  be renewed through t h e  more promising r e s u l t s  o f  t h i s  
system and o ther  types o f  hyb r i d  systems p resen t l y  undergoing 
tests. 

The author wishes t o  acknowledge t h e  ass is tance and advice o f  
K. Thomas and A. Sag w i t h  regards t o  t h e  s o l a r  coo l i ng  and V. 
McGrath f o r  h i s  c o n t r i b u t i o n s  t o  t h e  c o n t r o l  system design. 
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RAW EARTH - THE NATURAL, SOLAR SYSTEM. 

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

Raw, unbaked e a r t h  h a s  been t r a d i t i o n a l  t o  b u i l d i n g  s i n c e  man 
first b u i l t  s h e l t e r .  I n  Europe ifs recorded  u se  d a t e s  back to t h e  
3 r d  cen tu ry  B.C. and i n  North America t o  t h e  Pueblo I n d i a n s  i n  
700 A.D. T h i s  common, t r a d i t i o n a l  b u i l d i n g  method i d  found on a l l  
c o n t i n e n t s ,  i n c l u d i n g  Africa, Asia and South America. 

Raw e a r t h  ( e a r t h  wall) b u i l d i n g  is a s o l i d ,  massive system and 
i n c l u d e s  t e chn iques  such  as adobe (mud b r i c k s )  and p i s e  
(rammed e a r t h ) .  Other  methods are wattle and daub, cob and Cfnva 
Ram (cement s t a b i l i z e d ,  w i th  block p r e s s ) .  

These methods a l l  have c e r t a i n  f e a t u r e s  i n  common, i n c l u d i n g  t h e  
u se  of na tu r a l l y -occu r r i ng  unbaked e a r t h ,  sun d r y i n g  and 
c o n s t r u c t i o n  by hand. Because o f  t h e  s imple ,  low cost a s p e c t s  o f  
t h e  method, i t  is i d e a l l y  s u i t e d  to t h e  layman o r  owner-bui lder  
and t h e  local c ra f t sman .  It's c h a r a c t e r i s t i c s  are s u f f i c i e n t l y  
f l e x i b l e  , however, to allow t h e  b u i l d e r  c o n s i d e r a b l e  c r e a t i v e  
expresh ion ,  wh i l e  a t  t h e  same time s a t i s f y i n g  s t r u c t u r a l  and 
performance requirements .  

I n  most r e s p e c t s ,  it is an i d e a l  medium f o r  low c o s t ,  s t a b l e  and 
c r e a t i v e  b u i l d i n g ,  i n  completb harmony w i th  t h e  environment.  

A f u r t h e r  impor tan t  a t t r i b u t e  o f  e a r t h  as a b u i l d i n g  material is 
t h a t  due t o  i t 's r e l a t i v e  d e n s i t y  and massive n a t u r e  ( e x t e r n a l  
walls are s o l i d  and g e n e r a l l y  minimum 300mm t h i c k )  it  is an e x c e l l e n t  
the rmal  b a r r i e r  a g a i n s t  extremes o f  h e a t  and co ld .  
Like s t o n e ,  k i l n  d r i e d  b r i c k s  and o t h e r  dense ,  masonry materials, 
t h e  time lag between e x t e r n a l  and i n t e r n a l  t empe ra tu r e s  is 
cons ide r ab l e ,  t h u s  enhancing i n t e r i o r  comfort  c o n d i t i o n s .  

A l o n g  time advoca te  o f  e a r t h  wall b u i l d i n g ,  Egypt ian a r c h i t e c t  
Hassan Fathy p o i n t s  o u t  ". . the comfort  o f  people  i n s i d e  
b u i l d i n g s  depends l a r g e l y  upon t h e  the rmal  p r o p e r t i e s  o f  t h e  walls 
and r o o f .  The b e s t  materials are t h o s e  t h a t  do n o t  conduct  h e a t .  
Sun-dried b r i c k  is , f o r t u n a t e l y ,  one of t h e  poo re s t  conduc to r s  
of heat ."  

Fathy des igned  an  e n t i r e  town of mud b r i c k s  a t  New Gourna i n  t h e  
Nile Val ley  i n  t h e  1 9 4 0 t s ,  which w a s  l a r g e l y  c o n s t r u c t e d  by l o c a l  
c ra f t smen  and v i l l a g e r s  on a s e l f - h e l p  b a s i s .  H e  a l s o  i nco rpo ra t ed  
a r c h i t e c t u r a l  d e v i c e s  such  as 'wind c a t c h e s *  and shade  ' l o g g i a s t  
which were de r ived  from l o c a l  t r a d i t i o n s  and were a response  t o  
t h e  h o t ,  a r i d  climate. 



Close r  to  home, an Aus t r a l i an  r e s e a r c h e r  i n t o  pas s ive  b u i l d i n g  
des ign ,  J.W. Drysdale,  s t u d i e d  climatic p a t t e r n s  dur ing  t h e  1940's  
and 50's. H i s  f i n d i n g  were similar t o  F a t h y t s  i n  r e s p e c t  o f  t h e  
behav iou r i a l  d i f f e r e n c e s  between heavy weight systems (eg. mud 
b r i c k ,  s t o n e )  and l i gh twe igh t  frames (eg t imber ) .  Other  areas 
o f  i n t e r e s t  to Drysdale inc luded  t h e  r e l a t i o n s h i p  between 
b u i l d i n g s  and solar o r i e n t a t i o n ,  shading  dev ices  and n a t u r a l  
v e n t i l a t i o n .  

Recent r e sea rch  work both i n  A u s t r a l i a  and overseas  appears  t o  have 
borne o u t  t h e  l o g i c a l i t y  o f  p r i n c i p l e s  espoused by p ioneers  such 
as Fathy and Drysdale. It is now a f a c t  t h a t  t r a d i t i o n a l ,  time- 
honoured p r a c t i c e s  such as adobe and p i s e  are i n h e r e n t l y  pas s ive  by 
t h e i r  na ture .  And they do n o t  g e n e r a l l y  depend upon a c t i v e  s o l a r  
hardware and h igh  technology systems t o  ensure  minimum i n t e r i o r  
comfort condi t ions.  

A s  a g e n e r a l  r u l e ,  provided s imple  des ign  g u i d e l i n e s  a f f e c t i n g  
s i t i n g  , o r i e n t a t i o n  and d e t a i l  a s p e c t s  are adhered t o  , t h e r e  is no 
reason  why e a r t h  wall s t r u c t u r e s  should n o t  behave as e f f e c t i v e  
environmental modi f ie rs .  An added bonus is t h e  s a t i s f a c t i o n  der ived  
through t h e  c r e a t i v e ,  s e l f - h e l p  b u i l d i n g  process  and t h e  n a t u r a l  
warmth, a t t r a c t i v e  c o l o r  and t e x t u r e  o f f e r e d  by t h e  f i n i s h e d  walls. 

I n  a d d i t i o n  t o  pass ive  s o l a r  p r o p e r t i e s  o f  e a r t h  walls, they a l s o  
have e x c e l l e n t  a c o u s t i c  and f i r e p r o o f  performance c h a r a c t e r i s t i c s .  
Th i s  makes them i d e a l  f o r  i n t e r n a l ,  load-bearing p a r t i t i o n s  and 
f o r  f i r e p r o o f  e x t e r n a l  w a l l i n g  i n  bush f i re  r i s k  areas. 

S u i t a b l e  s o i l s  f o r  e a r t h  w a l l  c o n s t r u c t i o n  are g e n e r a l l y  found i n  
most p a r t s  of A u s t r a l i a ,  wi th  c l a y  be ing  an e s s e n t i a l  component. 
F a c i l i t i e s  f o r  s o i l s  and b r i c k  tests are l o c a t e d  at  t h e  Experimental 
Bu i ld ing  S t a t i o n  at North Ryde i n  Sydney and at  s e v e r a l  o t h e r  c e n t r e s  
throughout t h e  country.  

I n  p r a c t i c a l  terms, mud b r i c k s  are g e n e r a l l y  moulded by hand on s i te ,  
al though machine made b r i c k s  are becoming popular  i n  some areas. 
P i s e  (rammed e a r t h )  is a l s o  becoming popular ,  p a r t i c u l a r l y  i n  

Western A u s t r a l i a ,  where an e n t i r e  i n d u s t r y  appears  t o  have emerged. 

1 Costs  f o r  t h i s  type  o f  c o n s t r u c t i o n  are compar i t ive ly  low, be ing  
largeaydue t o  t h e  h igher  l a b o u r  input .  Cos ts  can vary  cons iderab ly ,  

l i  ; depending on t h e  site,  des ign  complexity and t h e  t ype  of system 
I chosen. A s  a rough guide,  a t y p i c a l  range is between $150-$350 

pe r  square  metre, wi th  t h e  lower f i g u r e  r ep re sen t ing  t h e  owner I 

b u i l d e r  end o f  t h e  spectrum. 
I 

Experienced e a r t h  wall b u i l d e r  c o n t r a c t o r s ,  p a r t i c u l a r l y  i n  t h e  
mud b r i c k  f i e l d ,  are a t  p r e sen t  o p e r a t i n g  s u c c e s s f u l l y  i n  
areas such as Eltham i n  Melbourne and Gosford and t h e  Blue 
Mountains, n e a r  Sydney. 

I I l l  
i 
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Local Counc i l s  g e n e r a l l y  suppo r t  and approve t h e  technique.  
I n  t h e  Sydney r eg ion ,  t h e r e  have n o t  been any r e c e n t  c a s e s ,  
t o  my knowledge, where b u i l d i n g  a p p l i c a t i o n s  have been re fused .  
Condi t ions  are sometimes a t t a c h e d  which may r e q u i r e  s o i l  t e s t i n g  
and c e r t i f i c a t e s  as t o  s t r u c t u r a l  conformity  may be c a l l e d  f o r .  
These requ i rements  do n o t  appear  t o  have been undue cause  f o r  
concern,  however. 

It is unders tood t h e r e  is a growing i n t e r e s t  i n  r aw ,ea r t h  wall 
b u i l d i n g  i n  Queensland a t  t h e  p r e s e n t  time and t h a t  a number o f  
p r o j e c t s  are e i t h e r  complrted o r  are underway. S t a b i l i z e d  e a r t h  block 
houses  are a l s o  appa ren t l y  i n  evidence.  

It is s i n c e r e l y  hoped t h e s e  r e spons ive ,  i nnova t i ve  b u i l d i n g  methods 
w i l l  c on t i nue  t o  f l o u r i s h  i n  Queensland,  s i n c e  one must a g r e e  t h e r e  
w i l l  always be room f o p  a p p r o p r i a t e ,  low c o s t  materials and 
methods which e f f e c t i v e l y  respond t o  and modify environmental  and 
c l i m a t i c  extremes t o  t h e  b e n e f i t  and comfort  o f  b u i l d i n g  u se r s .  

Thank you. 

Bob Young, A.R.A. I .A.  
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EARTH INTEGRATED BUILDING (IN GROUND 
PRESCBTT 5 HUET ST, 

INTRODUCTION 

I n  r e c e n t  y e a r s  t he re  has  been a surge  of  i n t e r e s t  i n  underground and 
ear th- in tegra  ted b u i l d i n g  p r a c t i c e s ,  p a r t i c u l a r l y  i n  the United S ta t e s  of 
America. Th i s  i n t e r e s t  comes mainly from a concern f o r  energy conserva t ion  
and the was t e fu lnes s  of f o s s i l - f u e l  powered h e a t i n g  and coo l ing  s y s  tems used 
for  c o n t r o l l i n g  the i n t e r n a l  environments of modern bu i ld ings .  The f i n a n c i a l  
savings t h a t  can  be enjoyed due t o  the energy-saving q u a l i t i e s  of a n  in-ground 
building, r a t h e r  than a convent iona l  above-ground bu i ld ing ,  have been we l l  
documented by many advoca te s  of t h i s  form of a r c h i t e c t u r e .  

0 t h e r  motives f o r  b u i l d i n g  e a r  th-in tegra  t ed  s t r u c  t u r e s  a r e  : reduced 
ex te rna l  maim tenance , and t h e r e f o r e  running c o s t s ;  f unc t i o n a l f  s m ,  such a s  
inner c i t y  ca rpa rks  and ra i lways ;  audio  and v i s u a l  pr ivacy;  s e c u r i t y  from 
vandalism; storm, ear thquake  and bushf i re  p r o t e c t i o n ;  p re se rva t ion  of space i n  
congested, o r  ceremonial  a r e a s ;  and environmental  and a e s t h e t i c  reasons.  I t  
i s  i n t e r e s t i n g  t o  n o t e  t h a t  a s u r v e y  c a r r i e d  o u t  by t h e  Depa r tmen t  of  
Archi t e c  t u r a l  Extension,  Oklahoma S t a t e  Un ive r s i t y ,  t h a t  quest ioned owners of 
underground houses i n  n i n e  s t a t e s  of North America, o u t  of  12 cho ices  the most 
important motive behind the purchase of a n  underground dwel l ing  was the low 
running c o s t s  of h e a t i n g  and coo l ing ,  while  the  f a c t o r  of l and  p re se rva t ion  
was l e a s t  impor t a n  t ( 1 ) .  However t h e  p r i m a r y  m o t i v a t i o n  towards  e a r  th-  
covering i n  A u s t r a l i a  appea r s  t o  be the a e s t h e t i c  and landscape i n t e g r a t i o n  
c a p a b i l i t i e s  of the concept ,  wi th  the thermal,  low maintenance and s e c u r i t y  
aspec ts fo l lowing  i n  p r i o r i  t y  ( 2 ) .  

The p re s su res  t h a t  have i n i t i a t e d  r e s e a r c h  i n  t o  underground a reh f  t ec  t u r e  
and o t h e r  forms of pass ive-so lar  des ign  i n  o t h e r  'western' c o u n t r i e s  do n o t  
e x i s t  t o  s u c h  a n  e x t e n t  i n  A u s t r a l i a  b e c a u s e  of  t h e  c o m p a r a t i v e l y  low 
populat ion d e n s i t y  and the a p p a r e n t l y  p l e n t i f u l  supply of n a t u r a l  resources .  
Neither i s  open space cons idered  t o  be i n  s h o r t  supply. However, fmproarernents 
i n  the  a e s t h e t i c s  of the  environment,  and thus  the q u a l i t y  of l i f e - s t y l e ,  i n  
Aus t r a l i an  c i t ies  and surrounding suburbs,  could be achieved by the l a r g e  
in t r sduc  t i o n  of pas s ive  s o l a r ,  e a r  th-in tegra  ted a r c h i  t ec  t u re .  

There a r e  reasonable  arguments f o r  economy-tempered des ign  f o r  a personal  
f a c i l i t y  such a s  a house, a s  i s  claimed i n  l i t e r a t u r e ,  b u t  cons ide ra t ion  f o r  
l i f e - cyc le  c o s t s  should be shown i n  the case  of p u b l i c  bu i ld ings  t h a t  use a 
community's f i n a n c e s  and l a r g e  amounts of energy. 

Terminology 

I n  t h i s  paper 'underground' i s  a gene ra l  term used t o  desc r ibe  a space o r  
bu i ld ing  that is  below the n a t u r a l  and/or  modified ground l e v e l .  Thus i t  
inc ludes  both excavated spaces  (below ground) and those b u i l t  l e v e l  wi th  the 
ground s u r f a c e  a t  the lowes t  e n t r y  (e.g. ,  dug i n t o  the s i d e  of a hill), a s  
well a s  n a t u r a l l y  s e c u r i n g  spaces.  The synonymous term 'geotecture'  i s  o f t e n  
used i n  l i t e r a t u r e  and i s  der ived  from geo (Gk) 'the ear th '  and t ec ton  ( ~ k )  
'builder".  



Earth i n t e g r a t e d  r e f e r s  to  bui ld ings  that a r e  d i r e c t l y  coupled wi th  the 
e a r t h  temperature cycle  but  do n o t  n e c e s s a r i l y  have e a r  th-covered roofs ,  while 
earth-covered r e f e r s  to  bui ld ings  with e a r t h  on the roof bu t  n o t  necessa r i ly  
a g a i n s t  the walls .  Earth-she1 tered i s  used t o  descr ibe  a bui ld ing ' t h a t  uses 
e a r t h  t o  p r o t e c t  i t  from c l i m a t i c  extremes o r  environmental hazards. Thus i t  
inc ludes  a l l  geo tec  ture ,  a s  wel l  a s  s t r u c t u r e s  'she1 tered' behind e a r t h  berms, 
with l i m i t e d  e a r t h  contac t .  

Advantages of Ear th-In tegra ted Buildings 

Underground bui ld ings  can be s i  ted almos t anywhere tha t above-ground 
bui ld ings  can be loca ted ,  from s t e e p  h i l l s i d e s  t o  f l a t  t e r r a i n .  Constructed 
by the 'cut  and cover' method, the roof ,  wal l  and f l o o r  elements a r e  separated 
from the enclos ing s o i l  by a p ro tec t ive  waterproof membrane. 

Proper ly  designed ea r th - in tegra ted  houses have proved t o  be the most 
energy e f f i c i e n t  of a l l  passive-solar ,  energy-effect ive bui ld ing types. They 
a r e  o r i e n t e d  t o  o p t i m i s e  t h e  b e n e f i t s  of s o l a r  the rmal  ene rgy ;  t h e y  a r e  
cons t ructed  s o  t h a t  sunshine e n t e r s  ( o r  does n o t  e n t e r )  the bui ld ing when 
r e q u i r e d ,  depend ing  upon t h e  s e a s o n .  A l l  h a b i t a b l e  rooms have windows 
(genera l ly  wi th  a view) and because they a r e  designed using c o r r e c t  s o l a r  
p r i n c i p l e s ,  many earth-covered houses provide b e t t e r  condi t ions  of n a t u r a l  
l i g h t  and dus t-f r e e  v e n t i l a t i o n  than conventional  above-ground bui ld ings  (3).  

A s  most of the ou t s ide  envelope of a n  underground bui ld ing i s  protec ted  
from t h e  damaging e f f e c t s  of  t h e  sun ,  and some of the  normal b u i l d i n g  
components (such a s  rainwater  g u t t e r s ,  downpipes, and most e x t e r n a l  f i n i s h e s )  
a r e  e l i m i n a t e d ,  t h e  t ime and c o s t s  i n v o l v e d  i n  on-going maintenance  a r e  
considerably lowered. Fur ther ,  a s  the roof and wal ls  are n o t  exposed, thkre 
i s  increased s e c u r i t y  a g a i n s t  vandalism and e x t e r n a l  t h r e a t s  such a s  storms, 
cyclones, l i g h t n i n g  s t r i k e  and bushf i res .  

THE EARTH-TEMPERED BUILDING ENVIRONMENT 

Thermal c o m f o r t  c o n d i t i o n s  w i t h i n  a b u i l d i n g  a r e  a f f e c t e d  by a i r  
temperature , a i r  movement, r e l a  t i v e  humidi ty  and surface  r a d i a n t  condi t ions ,  
i.e., amount of h e a t  absorbed and/or  re- radia ted  by a s p e c i f i c  surface.  'Heat 
l o s s  ( o r  ga in )  from a s t r u c t u r e  p r i n c i p a l l y  depends on two fac to r s :  the 
v e n t i l a t i o n  load f o r  heat ing  o r  cool ing  in take  a i r ,  and the h e a t  transmission 
through the bui ld ing envelopee(4). 

Heat Transmission i n  an  Undereround Buildine 

Although e a r t h  i t s e l f  i s  n o t  a good i n s u l a t o r ,  the thickness of ear th-  
c o v e r i n g  on w a l l s  and r o o f  i n c r e a s e s  t h e  the rmal  r e s i s t a n c e  of  t h e s e  
s t r u c t u r e s ,  i .e., r e s i s t a n c e  t o  hea t t r a n s f e r  through the s t ruc tu re .  Also, 
heavy wal l  and roof elements a r e  genera l ly  necessary t o  support  the weight of 
e a r t h  and t h i s  of t e n  c a l l s  f o r  t h e  u s e  of  r e i n f o r c e d  c o n c r e t e  a s  t h e  
s t r u c t u r a l  medium, the mass of which inc reases  the o v e r a l l  r e s i s t i v i t y  of the 
s t r u c t u r e .  The h i g h  the rmal  mass of a n  e a r t h - c o u p l e d  b u i l d i n g  and the  



e a r t h  provide a h e a t  s ink  which i s  an  important  n a t u r a l  thermal 
  he thermal mass of a s t r u c t u r e  i s  a funct ion  of the dens i ty  and 

guantlty of the bui ld ing m a t e r i a l s  i n  combination wi th  the a b i l i t y  of those 
, , terials t o  s t o r e  heat .  

There i s  a f l u c t u a t i o n  i n  the d i r e c t i o n  of the h e a t  exchange between s o i l  
and bui ld ing,  and t h i s  i s  c a l l e d  the 'charge - discharge'  cyc le  (5) .  I n  the 
~urnmer, the i n t e r n a l  thermal condi t ions  of the bui ld ing a r e  such t h a t  h e a t  
will flow i n t o  the surrounding coo le r  ground o r  h e a t  s ink ,  thus 'charging' i t  

th hea t energy, while cool ing  the building.  I n  winter ,  when the tempera tu re  
of the a i r  which comes i n t o  the bui ld ing i s  lower than the surrounding e a r t h ,  
heat w i l l  'discharge' back i n t o  the space. 

In  a cold  c l ima te  h e a t  absorbed from the a i r ,  w i l l  be s to red  i n  t h i s  
'heat sink' and 'released' i n t o  the i n t e r n a l  space when there  i s  a n e t  hea t  
loss. Conversly, i n  a h o t  c l imate ,  i f  the e a r t h  temperature i s  lower than the 
in te rna l  a i r  temperature of an  e a r  th-in tegra ted bui ld ing,  hea t w i l l  flow from 
the space i n t o  the surrounding e a r t h .  A conventional  bui ld ing on the o the r  
hand, un less  super-insula ted o r  a r t i f i c i a l l y  thermally con t ro l l ed  w i l l  be more 
d i rec t ly  exposed t o  a i r  temperature changes than an  underground bui ld ing 
because of i t s  lower thermal mass, and hence low thermal s torage  capacity.  

The g r e a t  advantage of e a r  th-covered cons t ruc t ion  i s  the capac i ty  of s o i l  
to slow down and damp temperature f l u c t u a t i o n s  on both a d a i l y  and seasonal  
basis. s t u d i e s  of s o i l  temperature a t  var ious  depths i n d i c a t e  t h a t  a t  a 
c e r t a i n  d e p t h ,  depend ing  on t h e  c h a r a c t e r i s t i c s  of  t h e  s o i l ,  t h e s e  
fluc.tua t i o n s  a r e  v i r t u a l l y  e l iminated .  

During the  day, the su r face  temperature of the e a r t h  increases  with 
absorbed s o l a r  energy, from d i r e c t  pene t ra t ion  of the s o l a r  beams plus  d i f f u s e  
sky r a d i a t i o n ,  u n t i l  the r a t e  of heat ing  i s  equal  t o  the r a t e  of hea t  re leased 
to the atmosphere a t  the  surface.  (Typical ly,  on a hor izonta l  surface ,  the 
proportion of d i f f u s e  s o l a r  r a d i a t i o n  received v a r i e s  from a minimum of about  
10 pe r  c e n t  ( f rom a c l e a r  b l u e  s k y )  o f  t h e  t o t a l  r a d i a t i o n  r e a c h i n g  t h e  
surface,  to  100 per c e n t  when the sun i s  obscured by cloud (6 ) ) .  With the 
lowering of the  i n c i d e n t  angle  of the sun's r a d i a t i o n ,  i.e, , a f t e r  noon, more 
heat i s  re leased t o  the atmosphere than i s  absorbed, with the r e s u l t  t h a t  the 
surface of the e a r t h  begins to  cool.  When the surface  temperature i s  lower 
than the deep s o i l  temperature, h e a t  w i l l  move upward and d i s s i p a t e  a t  the 
i n t e r f a c e  of e a r t h  and atmosphere (7 ) .  Heat i s  l o s t  throughout the n igh t ,  
p a r t i c u l a r l y  i f  the sky i s  c loud less  o r  i f  there  i s  a wind. When the sun 
begins t o  warm the earth's su r face  again ,  the r a t e  of h e a t  upward i s  slowed 
u n t i l  the h e a t  conduction i s  reversed. 

The r a t e  of h e a t  f low i n  a p a r t i c u l a r  s o i l  i s  dependant upon the thermal 
conductivi ty (which i s  r e l a  ted t o  s o i l  temperature, dens i ty  , water con tent ,  
chemical  and o t h e r  f a c t o r s )  a s  w e l l  a s  t h e  dep th .  F i g u r e  1 below 
(measurements taken i n  Mineapolis, United S t a t e s  of Americs) shows t h a t  d a i l y  
t empera tu re  f l u e  t u a  t i o n s  a r e  reduced w i t h  i n c r e a s e d  s o i l  d e p t h  and a r e  
v i r t u a l l y  e l iminated  on t h a t  p a r t i c u l a r  test s i t e  a t  a depth of  200 mm. 
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FIGURE 1 

Typ ica l  Dai ly  Temperature F l u c t u a t i o n s  

i n  Mineapol is ,  U.S.A. 

The p a t t e r n  of d a i l y  temperature  changes a s  desc r ibed  above i s  s i m i l a r  to  
t h a t  experienced on a n  annual  ba s i s .  I t  can be shown g r a p h i c a l l y  a s  a s i n e  
c u r v e ,  t h e  a x i s  o f  which  i s  e q u a l  t o  t h e  a v e r a g e  a n n u a l  g round s u r f a c e  
temperature.  F igu re  2 below i l l u s t r a t e s  temperature  r ead ings  taken a t  one 
metre dep th  a t  Trangie  Metoero logica l  S t a t i o n ,  New South Wales. These have 
been e x t r a p o l a t e d  by computer t o  g ive  annual  temperature  curves  f o r  va r ious  
s o i l  dep ths  a t  the same s i te .  D r  Syd Baggs ( U n i v e r s i t y  of  New South wales)  
has  c a l c u l a t e d  s i m i l a r  ground temperature  d a t a  f o r  over  60 sites i n  f i v e  
s t a t e s  of  A u s t r a l i a ,  n o t  i n c l u d i n g  Queensland. 
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A s  can be seen from Figure 2 above, the amplitude of the temperature 
range i s  decreased with a n  increase  i n  s o i l  depth. As well a s  t h i s  e f f e c t ,  
s o i l  cover causes a time l a g  of e a r t h  temperature peaks from those of the 
environmental a i r  temperature above ground. These capac i t ive  insu la t ion  
e f fec t s  of s o i l  a r e  together r e f e r r e d  t o  a s  the'thermal- flywheel' e f f e c t  (10) 
and a r e  i l l u s t r a t e d  i n  Figure 3 below. 
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FIGURE 3 

Ampli tude and Phase Shif t Phenomena be tween 

A i r  and Earth Temperatures (10) 



The long  term r e s u l t  of these  phenomena i s  t h a t  g iven  s u f f i c i e n t  depth of 
s o i l ,  the o v e r a l l  h e a t  ga in  from summer i s  slowed i n  i t s  passage through the 
s o i l  and thus a dwel l ing  below ground s u r f a c e  t h e o r e t i c a l l y  rece ived  h e a t  f rom 
the ground i n  the e a r l y  w in te r  months. Conversly,  the coo l  temperatures of 
w in te r  a r e  delayed by s o i l  cover  and a f f e c t  the bu i ld ing  i n  e a r l y  summer. ~t 
t h i s  time the coo l  e a r t h  surrounding the underground bu i ld ing  becomes a 'heat 
sink', i. e . ,  hea t w i l l  f low from the h igh  i n t e r n a l  temperatures ,  due t o  warm 
atmospheric  temperature,  t o  the coo l  e a r t h .  

An example c i t e d  by D r  Baggs r e f e r s  t o  a cor rec t ly-des igned ,  ear th-  
covered house wi th  a roof cover  of 2 met res  of we l l - s t ruc  tured,  c l ay - so i l .  He 
s t a t e s  t h a t  the roof of the b u i l d i n g  would be a f f e c t e d  by a summer h e a t  wave 
50 days a f t e r  the atmospheric  e f f e c t ,  and the h e a t  would take 130 days to 
r e a c h  t h e  f l o o r  l e v e l  a t  a d e p t h  o f  5 m e t r e s .  T h i s  means t h a t  t h e  s o i l  
temperature surrounding the house changes th ree  and a ha l f  t o  fou r  months 
l a t e r  than the change a c t u a l l y  occurs  i n  atmospheric  temperature.  Thus cool 
a tmospheric  c o n d i t i o n s  i n  August would r e s u l t  i n  coo l  e a r t h  temperatures in 
December when c o o l i n g  w i t h i n  t h e  house  would p r o b a b l y  be r e q u i r e d ,  
p a r t i c u l a r l y  i n  Queensland. 

The Mair  house  n e a r  Lake Eacham on t h e  A t h e r t o n  T a b l e l a n d ,  North 
Queensland, i s  r epor t ed  t o  have a n  i n t e r n a l  temperature range of 16 degrees to 
22 degrees  annua l ly ,  while  e x t e r n a l  temperatures  can ranGe between 2 degree 
and 40 degrees.  Th i s  house has a n  average s o i l  coverage of 450 mm (Bob Mair, 
g r i v .  comm.). Y 

Local Far t h  Temperature Condit ions 

F igure  4 below shows the r e s u l t s  of a s h o r t  t e s t  ,taken over one day a t  
Blackwater. The average  a i r  temperature i n  the c o n t r o l  caravan was 27.8 
degrees  C whi le  the average  temperature of the s o i l  a t  1 metre depth  was 28.1 
d e g r e e s  C.  The e a r t h ' s  damping e f f e c t  on t h e  a m p l i t u d e  of  tempera ture  
f l u c t u a t i o n  can  be seen by the sma l l e r  a r e a  under the e a r t h  temperature curve 
compared t o  the a r e a  under the a i r  temperature curve.  

FIGURE 4 

One Day Temperature T e s t  I n s i d e  Control  

Caravan and a t  1 m S o i l  Depth 



S o i l  temperature d a t a  was a l s o  c o l l e c t e d  by the Department of Primary 
I ~ ~ U S  t r h  a t  t h e i r  B i l o e l a  Research S ta t i o n ,  104 km south  of Rockhamp ton. 
Tab le  1 below shows mon th ly  a v e r a g e  t e m p e r a t u r e s  a t  v a r i o u s  s o i l  d e p t h s  

t o  the monthly average  a i r  temperature.  

TABLE 

Average Monthly Temperatures i n  Degrees C f o r  A i r  and Various 

S o i l  Depths a t  B i l o e l a  

1982 1983 
Month . Mar. Apr. May. Jun. J u l .  Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. 

Soil 
Depth 
10cm. 26 23.2 18  1 3  12 15 18.1 20.8 26.926.8 27 28 26 
8 
75cm. 28 2 6 . 9 2 3  1 9  1 7  1 8 . 5 2 0 . 9 2 3 . 2 2 7 . 8 2 8 . 7 2 9  31 28.5 
100 cm. 28 27.4 25 21 19 19 20.8 22.4 25.7 27.5 28 29 28.7 

The type of s o i l  i n  which these  r ead ings  were taken i s  known a s  'Cal l ide 
aluvium' and i s  very  s i m i l a r  t o  the a l l u v i a l  s o i l s  found i n  the Yeppen f lood  
p l a i n  and o t h e r  a r e a s  around Rockhampton (11). I t  was noted dur ing  r e s e a r c h  
t h a t  the s u r f a c e  temperature of s o i l  r e a c t s  t o  a i r  temperature changes more 
r ap id ly  than does the deep s o i l  temperature.  

Combining these  ave rage  s o i l  temperatures  w i t h  the  average  maximum and 
minimum a i r  t e m p e r a t u r e  of  t h e  a r e a ,  t h e  g r a p h  shown i n  F i g u r e  5 was 
cons t ruc ted .  The 'best  f i t '  curve  j o i n i n g  these  temperatures  i l l u s t r a t e s  the  
earth's damping and time l a g  e f f e c t s  a t  v a r i o u s  depths  f o r  the test  s i t e .  

FIGURE 5 
T&r~altc ~nnoq) 

TIME (months) 



V e n t i l a t i o n  i n  Ear th-Intenra ted Bui ld ings  

I n  a n  unde rg round  b u i l d i n g  the  ven  t i l a  t i o n  l o a d  from u n c o n t r o l l e d  
i n f i l t r a t i o n  of o u t s i d e  a i r  i s  l i m i t e d  t o  the v i c i n i t i e s  of door and window 
openings i f  a l l  w a l l s  and the roof a r e  covered w i t h  e a r t h .  Some t r a d i t i o n a l  
bu i ld ing  techniques i n  A u s t r a l i a ,  and p a r t i c u l a r l y  i n  Queensland, do not 
produce a i r - t i g h t  bu i ld ing  envelopes.  Th i s  i s  e s p e c i a l l y  the c a s e  wi th  timber 
c o n s t r u c t i o n  where d i f f e r e n t  m a t e r i a l s  and components a r e  joined.  For a f u l l y  
heated house i n  Southern A u s t r a l i a ,  d r a f t s  and a i r  l e a k s  can c o s t  the occupant 
of a house more than $1.00 per  day i n  h e a t i n g  b i l l s  (12 ) ,  while i n  Queensland, 
t h e  c o s t  o f  s p a c e  c o o l i n g  t h r o u g h  a i r - c o n d i t i o n i n g  i s  a f f e c t e d  by the 
i n f i l t r a t i o n  of warm a i r .  

The procedure of e a r t h  berming a g a i n s t  wa l l s ,  o r  t h a t  of ear th-covering a 
roo f ,  r e s u l t s  i n  a very  e f f e c t i v e  b l anke t  a g a i n s t  a i r  l e a k s  being formed. 
Also, a s  i n  convent iona l  c o n s t r u c t i o n ,  a s  wa l l  t h i ckness  i nc reases ,  hence as  
the mass i n c r e a s e s ,  be tween the i n t e r n a l  and e x t e r n a l  environment, so  the 
amount of h e a t  l o s s  decreases .  On exposed s i t e s ,  a n  i n c r e a s e  i n  wind speed 
can  i n c r e a s e  the h e a t  l o s s  accompanying v e n t i l a t i o n  and decrease  surface 
r e s i s t a n c e s  of m a t e r i a l s .  An i n s u l a t i v e  l a y e r  of s t i l l  a i r  surrounds a l l  
rough-surfaced o b j e c t s ,  b u t  the th i ckness  of t h i s  l a y e r  w i l l  be reduced in 
t u r b u l e n t  a i r  cond i t i ons .  Wall s u r f a c e s ,  l i k e  exposed s k i n  s u r f a c e s ,  loose 
h e a t  t o  co ld  a i r  more r a p i d l y  i f  t he re  i s  a i r  movement, than i n  s t i l l  a i r .  In 
w in te r ,  f o r  a convent iona l  b r i c k  above-ground bu i ld ing ,  a n  i n c r e a s e  i n  energy 
consumpt ion  o f  up t o  20 p e r  c e n t  i s  p o s s i b l e  i n  a r e a s  of h i g h  wind. 
Therefore ,  ear th-cover ing  can reduce undes i r ab le  h e a t  l o s s  o r  ga in  through a i r  
in£ il t r a  t i o n  and lowered s u r f a c e  r e s i s t a n c e s  caused by wind, e s p e c i a l l y  when 
coupled wi th  e f f e c t i v e  v e g e t a t i o n  growth. 

However, f o r  human comfort ,  some a i r  movement i s  r equ i r ed ;  p a r t i c u l a r l y  
i n  h o t  c l i m a t e s ,  s t a g n a n t  c o n d i t i o n s  can produce adve r se  odour, mois t u re  and 
temperature cond i t i ons .  I n  the humid t r o p i c s ,  a i r  speeds i n s i d e  a house of 90 
m/min dur ing  the day, and 60 m/min a t  n i g h t  ( 1 4 )  a r e  recommended. 

Where n a t u r a l  v e n t i l a t i o n  i s  t o  be employed, the l o c a t i o n  and type of 
i n l e t s  ( i n  r e l a  t i o n  t o  p r e v a i l i n g  winds and o r i e n t a t i o n  f a c t o r s )  determine the 
a i r  flow p a t t e r n  through the bu i ld ing .  A high r a t i o  of o u t l e t s  to  i n l e t s  i n  
terms of s i z e ,  w i l l  f a c i l i t a t e  the a i r  flow w i t h i n  a bu i ld ing ,  due t o  ex t e rna l  
v e n t u r i  e f f e c t s .  Any change i n  d i r e c t i o n  wi th in  the bu i ld ing  w i l l  r e t a r d  the 
a i r f l o w .  

I f ,  f o r  c e r t a i n  des ign  reasons ,  v e n t i l a t i o n  through openings i n  the walls 
of the bu i ld ing  i s  undes i r ab le ,  b reezes  can be c r e a t e d  by the use of a i r  
scoops a s  i n  some Middle Eas t e rn  communities, o r  by v e n t i l a t i n g  chimneys. A 
r evo lv ing  vane on top of a chimney o r  v e n t  o u t l e t  can turn  the opening away 
from t h e  p r e v a i l i n g  b r e e z e  t o  a c c e n t u a t e  s u c t i o n  of  warm a i r  o u t  of  the 
bu i ld ing .  S i m i l a r l y ,  vanes could be used t o  t u rn  a i r  scoops toward the wind. 

Convect ional  movement of a i r  can  be encouraged by the use  of cooling 
tubes w i t h i n  the ground, and chimneys o r  v e n t i l a t i n g  s k y l i g h t s  t o  a l l ow warmed 



a i r  to  d i spe rse  upward. However, 'solar chimneys' w i l l  work most e f f i c i e n t l y .  
"hen t h e  o u t s i d e  a i r  t e m p e r a t u r e  i s  h i g h ,  t h u s  drawing h o t  a i r  i n t o  t h e  
building, and least e f f i c i e n t l y  when i t  is cool  outside.  Mechanical f ans  
could be incorporated i n t o  t h i s  passive system t o  ensure functioning when the 
tempera ture  d i f fe rence  be tween i n s i d e  and e x t e r n a l  a i r  i s  n o t  g r e a t  enough f o r  
oa t u r a l  convection t o  take place. 

Where a i r  condi t ioning i s  required i n  a bui ld ing f o r  heating o r  cool ing 
or c o n t r o l l i n g  humidity, a  below-ground bui ld ing w i l l  have g r e a t e r  e f f i c i e n c y  
than i t s  above ground equivalent ,  a s  the c o r r e c t  a i r  speeds and volumes can be 
c a t e r e d  f o r  w i t h o u t  hav ing  t o  make a l l o w a n c e s  f o r  a i r  l e a k a g e  and 
i n f i l t r a t i o n .  

Vege ta t ion  

A f i n a l  considera t i o n  i n  the  thermal e f f i c i e n c y  of ear th-integra ted and 
e a r  th-she1 t e r e d  b u i l d i n g s  i s  t h e  e f f e c t  t h a t  v e g e t a t i o n  h a s  on t h e  h e a t  
transmission. Trees and shrubs on top o r  beside the underground bui ld ing can 
be used f o r  sun and wind c o n t r o l  ( r e d i r e c t i n g  o r  blocking e n t i r e l y ) .  They 
a l s o  o f f e r  su r face  shading which reduces the ground temperature and therefore  
l e s s  hea t  is  absorbed. Dense g r a s s  a c t s  as a n  i n s u l a t i o n  l a y e r  by trapping 
a i r  under  t h e  f o l i a g e  and  a l s o  r e d u c e s  t h e  e f f e c t  of  wind on t h e  e a r t h  
surface. 

Transpira t ion  of p lan t s ,  i.e., cool ing by r e l e a s e  of moisture, is  a 
na tu ra l  evaporat ive  cool ing system. Measurements have shown t h a t  on a summer 
day, where the a i r  temperature may be 32 degrees C, a grassy surface  w i l l  
reach only 40 degrees C while a n  a s p h a l t  surface  can exceed 60 degrees C (15). 
Th i s  s u g g e s t s  t h a t  roof  g a r d e n s  would h e l p  r e d u c e  t e m p e r a t u r e s  even i n  
conventional above-ground buildings.  

We nus t recogize that the manmade environment i s  a sub-set of the n a t u r a l  
environment ,  and t h a t  we a r e  dependant  on the  n a t u r a l  environment  
completely f o r  our e x i s  tance. I f  we can l e a r n  t o  flow with nature ,  use 
i t s  n a t u r a l  cyc les  t o  our advantage without  d i s r u p t i n g  them, then our 
l i v i n g  environment w i l l  become more v iab le  and s t a b l e ,  and could then 
support  us indef ina  te ly .  

James Sca l i se .  
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ABSTRACT 

Three photovoltaic power system design methods based on mean annual, mean 
monthly and dai l y  rad i  a t i  on data model s are examined. Experience w i th  the 
most detai led da i l y  data simulation method has highlighted a number o f  
shortcomings o f  the two simpler design methods. Changes i n  the design 
parameters f o r  the annual and monthly mean models are proposed which 
fac i  1 i t a t e  the design o f  re1 i able, 1 ow cost photovol t a i c  power systems. 



"SOLAR PWEX SYSTEM DESIGN MEZ'HODS" 

Introduction 

Design methodologies for power supplies relying on renewable resources 
such as solar are almost as numerous as the number of designers or the 
end uses for which such supplies are designed. This paper addresses 
the sizing of a solar arrayhttery storage power system by three 
different approaches with increasing degrees of sophistication. While 
these methods are not the only approaches available, they cover 
elements cornmorn to most design approaches and each has its particular 
use. 

The first method is a "Back of a postage stamp" type of calculation in 
which the mean annual load is matched to the mean annual insolation 
that is typical of the system location. The second approach uses this 
system size as a starting point and iteratively adjusts the array size 
on a monthly mean data base so that seasonal variations are taken into 
account. The third method relies on daily insolation data taken over 
several years and allows the optimisation of the battery and array size 
to provide a specified degree of power availability at minimum cost. 

This latter method is necessarily computer based and may be more 
sophisticated than is necessary for many design needs. However, it 
does highlight some of the shortcomings of the sunpolar annual and 
monthly mean methods. 

Following an outline of the mean annual, monthly and daily insolation 
simulation methods, consideration is given to the common balance of 
system (BOS) design for the remainder of the system. 

Solar Power System Dimensioning 

The generic system design that is considered in this discussion is 
shown in Fig. 1. The generalised system conprises a photovoltaic 
array, a regulator to shed part of the array current when necessary, a 
battery storage bank, an inventer if A.C. is required and a load which 
can be defined in terms of total daily energy requirement. 

The designer is presented here with procedures for sizing the various 
components that will play an integral part in satisfying a given load 
demand. 

common to all photovoltaic systems design methods is the need for local 
radiation data falling on the inclined plane of the array. Global 
radiation data is available for some forth Australian locations. These 
values are listed in Ref.1 together with tabulated factors and also 
analytical methods for the transformation to the inclined plane of the 
array. 



The output of a solar module is specified in terms of its rated power, 
current and voltage for a 1kw/m2 irradiance at a nominal operating 
tmrature. The output from a module may be calculated by multiplying 
the rated output by the radiation level relative to 1kw/m2. In 
practice it has been found that for a battery charging solar power 
system it is more appropriate to size the system in terms of current 
rather than power because current output is less tenperature sensitive 
and amp-hours in and out of the battery are more relevant than 
watt-hours since the voltage varies. The output in terms of -hours 
is given by:- 

I, + K I D %  (1 ) 
where I, is the daily output in amp-hours 
ID is the rated peak current 
RD is the mean daily radiation in MJ/M2 day 
K = Kl,K2,K3. Kn is a factor accounting for the various 
component efficiencies and loss factors defined with typical values in 
appendix 1. 

Given that the load, expressed as the mean daily demand in amphours at 
a given voltage, is to be supplied by the array output, Eqn 1 can be 
transposed to size the peak array current given by: 

ID, together with the load voltage requirement then determines how 
the modules are to be interconnected and the total number required for 
the array. This is examined in more detail in Appendix 2. 

Three different methods of proceeding with the sizing of the array are 
outlined below. Depending on the degree of sophist ication/reliability 
required, the array may be sized according to mean annual, monthly or 
actual daily radiation data models. 

2.1 Mean Annual Designm 

When the mean annual radiation and load are used, EQn (la) gives 
the peak current array size required. The value of K in this case 
must include estimates accounting for variations both in load and 
radiation levels over the year. In that it makes no attempt to 
match the load and radiation levels, it is at best a primative 
approximation. The use of the mean annual data method is most 
useful where there is a very large storage, e.g. for water pumping 
to a storage dam. Alternatively Eqn. 1 may be used to calculate 
the annual solar contribution to a hybrid supply from a given 
array size. The K factors accounting for load and insolation 
variations would be set equal to unity in the latter case. 

2.2 Mean Monthly Desiqn 

The sizing method based on monthly radiation data allows the 
seasonal load and insolation variations to be more realistically 
accounted for without necessarily having to resort to computer 
calculation. The method takes the approximate size calculated bY 
the mean annual method (K g = K10 = 1) and, using Eqn. 1, 
simulates the performance on a monthly basis noting the excess Or 
deficit between the output and the load. 



If the system uses a significant size of battery storage (for 
example twelve to fifteen days mean load supply) and is allowed a 
mean discharge level down to say 50% capacity, then the excess or 
deficit can be accumulated in the battery. The calculations are 
continued for each month until the net storage level drops below 
50%. The array size is then incsemented and the calculations 
repreated until the array, together with the chosen battery size, 
will supply the load over the twelve months of the year. 

A caputerised version of this method (Ref 2)  has been used 
successfully to size arrays for remote telecomunications 
installation in Australia and is a reasonable design approach for 
lmst installations. There are, however, an increasing number of 
applications where, because of the larger size or greater number 
of photovoltaic supplies, a higher degree of design sophistication 
is warranted. 

2.3 Daily Data Design Method 

A computer programme (Ref 3,4) has recently been developed which 
allows the array and battery size to be simultaneously optimised 
for a minimum cost and for a specified percentage probability of 
power availability. 

Conceptually, there is a trade-off between array and battery size, 
i.e. the larger the array the smaller is the battery size required 
to cover days of low level insolation, or the smaller the array 
the larger is the need for storage to average over the variable 
daily insolation. The minimum battery size is that which carries 
the load from dusk to dawn while the minimum array size is such 
that the long term mean output just matches the load. These two 
minimum values are plotted as asymptotic values on nmlised array 
and battery size coordinates in Fig. 3. Between these a-totes 
there is a locus of array and battery sizes which satisfy the 
specified load for a given percentage of time. Other curves can 
be computed for other percentage availability values. A brief 
description of the methodo1ogy used to generate these curves is 
given in Appendix 3. 

Given that all coordinate c*inations along the constant 
availability curve will satisfy the demand at that specified 
availability, the question remains which gives the minimum cost 
solution ? If one considers the variable costs in this 
trade-ofdf, the total cost G is given by:- 

=r 
where a 
watt) 

= aA t b B t C o  ( 2 )  
is the unit array cost including array B06 costs $/peak 

b is the unit battery cost ( $/kwh) 
A is the normalised array size 
B is the nonnalised battery size 
C, covers other invariant system costs 

Eqn 2 can be transposed to give a linear equation in variables A 
and B with a slope of - b/a. Plotting this equation on Fig. 3 
gives a tangential intercept with the curve sf constant 
availability which can be shown to be a minimum cost array and 
battery size for the specified availability. 



To be meaningful this method requires the use of daily data. 
Rather than mudelling or taking mean data over a number of years, 
we have used actual daily data for given sites over long periods 
of time. The longer the time base, the more likely it is that the 
data is representative of the future. By using real data, any 
weather patterns of a cyclical nature are automatically accounted 
for. For example, cyclical "grey outsm associated with the 
passage of low pressure fronts in winter, will automatically 
reflect in a larger batter and array sized to cover these 
periods. The daily data simulation is therefore the only method 
which allows the prediction of performance with any informationon 
the percent5age of time for which power is available. 

This daily data simulation mthod has a number of advantages for 
the designer :- 

. it simultaneously optimises the battery and array size. 

. the system cost can be minimised for a specified performance 
criterion 

. the cost premium for marginal increase in percentage 
availability e.g. 95% to 99.9% of the time can be measured. 

. the mthod is sensitive to changing cost relativities between 
array and battery unit costs, a factor which becomes important 
as new cell technologies are significantly reducing module costs. 

Experience with these simulation models for two systems designed for 
a temperature climate like that of say Melbourne, for example, using 
mean monthly and daily performance simulations, showed the design 
based on daily data was simultaneously less costly and was two 
orders of magnitude more reliable in providing continuous power. 

The disadvantage of the daily simulation model, of course is the 
need for a large ccnnputerised data base with the long computing 
times needed with the fairly sophisticated software. Since these 
may not always be available to the designer, there are sane general 
observations we are able to make from the experience gained using 
the daily data design method. These observations have application 
to both the annual and mean monthly design methods and are 
considered under specific headings below. 

General Observations Arising from Array/Battery Sizing Models 

3.1 Choice of Battery Size 

Since the storage cost are becoming an increasingly large percentage 
of the total system cost, it is self evident that the trend in a 
cost optimised system will be towards a larger array and as small a 
battery as is consistent with weather patterns. The mean monthly 
and annual simulations require that the size of battery be nominated 
and generally imply a fairly large storage. Experience based on the 
daily simulation model indicates battery capacities of three to five 
days load provision are adequate for stand alone photovoltaic 
systems even in cloud-prone temperature climates. This implies that 
the choice of battery in monthly and annual models should also be 



3-5 depending on the frequency and extent of sequential cloudy 
days with the larger figure being more appropriate for Melbourne 
and the smaller storage for towns like Alice, for example. 

Since the monthly mean simulation shows only the mean state of 
charge of the battery over the month, it could well drop below the 
minimum charge level acceptable. It is therefore recommended that 
when using the mean monthly model that the minimum mean monthly 
state of change be increased from about 50% for most batteries to 
a figure of about 70% mean state of change. This has the effect 
of increasing the array size that arises from the monthly 
sikmulation. It also has the desirable effect as shown in Fig. 2 
of considerably lesssening the period of low charge level and the 
attendant battery lifetime reduction. A smaller battery also has 
a lower self discharge power loss. 

Battery types chosen for photovoltaic energy storage should be the 
long cycle life, deep discharge batteries typical of the traction 
rather than SLI car batteries. 

3.2 Array Inclination 

The angle of inclination that is chosen depends on whether the 
designer wishes to maximise the total annual input to the array or 
to even out the radiation levels as much as possible over the 
year. In a stand-alone application the latter is the more usual 
and the optimum inclination angle is usually latitude plus some 
angle up to a maximum of 23.450. At the latitude angle plus 
23.45O the array faces the mid winter sun increasing the direct 
radiation in the season of lowest insolation but reducing the 
diffuse radiation collected. The optimum angle therefore lies 
samewhere below latitude + 23.45O and is relatively insensitive 
at these angles when diffuse radiation represents a significant 
proportion of total winter radiation. The minimum inclination 
ever in tropical region is reconmended as 200 and is related to 
the self cleaning of the array. 

I 4. Balance of System Desiqn 

4.1 Requlation 

The solar array is essentially a radiation controlled current 
source. When storage is used a regulaytor is necessary to limit 
the voltage to just below the gassing point in order to minimise 
electrolyte loss and excessive grid corrosion. The choice of 
regulator comes down to one of two basic types, the linear shunt 
regulator or the switching regulator. The shunt regulator shunts 
excess current through a dissipating element in order to keep the 
battery voltage floating at about 2.35 volt per cell. The simple 
shunt regulator is corrrmonly used on small photovoltaic power 
systems. The switching regulator, on the other hand, can be 
designed to open circuit or short circuit parts of the array 
incrementally to limit the voltage. Since there are significant 
disadvantages in running parts of the array into the short 
circuit, the incremental series switched regulator are recommended 
for larger supplies. Under the control of the latter type of 
regulator the voltage drop across the thyristors in the nonu mode 
must be allowed for in determining the array output voltage. 



4.2 Diode Protection 

A series blocking diode between the array and the battery is the 
minimum precaution necessary to prevent the battery discharging 
through the array at night. As further protection in the event of 
diode failure a fusible link should be used in series with the 
diode. 

A further note on diode protection relates to the voltage 
variation sensitivity of the equipment be it an inverter or a D.c. 
load. Where necessary series voltage dropping diodes which are 
controlled in n&r by a voltage sensitive control circuit, m y  
be used between the battery and the load. 

4.3 Inverters 

Where the load requirement is for A.C. power DC to AC inverter is 
necessary to convert the output from the arrayhttery to A.C. at 
the required voltage. Care must be exercised in the selection of 
inverter to ensure the efficien~y~particularly at partial load, is 
high. Switched mode inverters are now becoming available which 
maintain a conversion efficiency of over 90% down to 25% of 
capacity. The option of switching in parallel inverters with 
common communicating control as the current demand increases is 
essentially limited to larger supplies becausse of the high cost 
of inverters. 

When an inverter is used the K factor involved in the array sizing 
equations must account for the losses averaged over all loads. 

Three methods of sizing arrays have been described. The first based on 
mean annual insolation and load is not generally suitable for 
stand-alone system design where there is a reliance on the system for 
continuous power availability. The second method using a simulation of 
system performance on a monthly mean load and insolation is more 
suitable for the general design of small stand-alone photovoltaic power 
systems. Experience with a third method of daily simulation and 
optimisation, has shown that it is desirable to minimise the battery 
size (three to five days supply) and increase the array size by 
increasing the minimum mean mnthly battery state of charge to about 
seventy percent capacity. 



TO LOAD 

Fig. 1 Simp1 i f l e d  Solar Power System 
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APPENDIX 1 

In  the expression 

w~ = ID % 
K is a composite coefficient accounting for unit conversiont efficiency 
and loss factors I 

K = K1.K2.K3.............~ 

unit conversion factor, (tU4rnhy - ~ r n z d , )  0.28 

~ 2 -  factor accounting for. tenperature coefficient ot output current 1 + 

~3 factor accounting for non-maximum power point tracking 1 + 

g4 factor accounting for ser ies-parallel i nterco~ection mismatch 0.95 

factor accounting for surface &st accuml~tion 0.35 

shadowing factor 1 

K7 factor accounting for mthly,yearly variation f ran the raean 
b .  

0.9 

KS regulator efficiency, series diode drop 1 

Kg line loss 0.95 

K10 chargedischarge efficiency of battery 0.9 

Kll inverter efficiency 0.9 

K12 factor acanmting for insolation yariation within the year 0.5-1 

Kl3 factor accounting for load variation 

'* K13 is unity for constant load over the year. 



APPENDIX 2 

Variation fn Solar Module Output 
. with Temperature. 

The array voltage required is determined such that the charging voltage of 
2.35 volt/cell is met at all temperatures and levels of insolation. The array. 
voltage mrst be sufficient to allow for the voltage drop across any series 
diodes or regulators. The module current, Ip, is then essentially 
tenperature independent and losses across the regulator or series blocking * 

diodes need no longer be taken into account. 

The ratio I&Ip determines the number of parallel strings of modules while 
the required voltage (including charging overvoltage and diode drops, etc. 1 
determines the nuher of series modules in each *ring. 



APPENDIX 3 

DAILY DATA SIMULATION METEUD 

one approach to the design of solar power systems is b e d  on power 
availability curves, where the system is sized to meet the load power 
requirements for a specified period of time during the year. These 
availability curves can be generated in a number of ways. One such way, to be 
described below, is via an iterative shlation program. 

ms method of generating power system availability curves ceguires a computer 
model of the power system. . The model 'described in Ref. 3,4 simulates the 
power system on a daily basis and has as an output the number of days on which 
the system would have been expected to fail over the period analysed. The 
~ethod of generating availability curves is thus to connect.al1 combinations 
of array and battery which provide the same percentage availability. 

zr, ~~n?cste mc'n a curve the coiiter prqreq initially asSUfi.es a 
configuration of one day of battery storagc and, from exprisncs with otSsr 
systems, array peak current rating limits of, say 3 and 23 tines the load 
current. A midpoint current rating is used as a statting array sf ze. The 
simulation is then gun and the number of days of failure converted to a 
percentage availabi lf ty . If this . is belw the desired level the required 
array size mst lie between the midpoint and the uppel: limit, while if it is 
above the desired level the array size will be between the addpoint and the 
lower limit. The two appropriate array sf zes are then adopted as outer limits 
and the process repeated. The program continues to converge towards the array 
size necessary to provide the required supply availability until changes in 
the estimates of power &upply failure time are not significant. 

The whole process is then repeated for,a nunbet of battery storage sizes. The 
end result is a set of arcay and battery conbinations which are estimated to 
be capable of supplying power to the load for the desired percentage of time 
during the year. These can then be connected graphically or analytically to 

-' provide the power system sizing tool discussed in the main body of this paper. 





POTENTIAL FOR HYBRID ENERGY SYSTEMS IN THE 
NORTHERN TERRITORY 

S CHANDRA AND M WEDD 

DEPARTMENT OF MINES AND ENERGY DARWIN NT 

ABSTRACT 

Diesel generators are currently used for power 
generation in hundreds of large and small communities 
throughout the Northern Territory. Alternative power 
supply systems based on solar and wind energy resources 
offer competitive methods for power generation in 
remote areas of the Territory where the cost of diesel 
power can be up to $2/kWh. Hybrid combinations such as 
diesellbattery, windldiesellbattery, solar/diesel/ 
battery are being investigated. Preliminary results on 
the performance of an 8 kW wind/diesel/battery hybrid 
energy system being tested in Tennant Creek are 
discussed in this paper. 

1. INTRODUCTION 

Diesel Generation 

The Northern Territory (NT) has a relatively small 
population of about 144 000 spread over 
1.35 million square kilometres. The major 
population centres, Darwin, Katherine, 
Tennant Creek, Alice Springs and Nhulunbuy account 
for 70% of the total population and the remaining 
30% is scattered throughout the Territory (Map 1). 
It is proposed to use indigenous natural gas for 
power generation in the major population centres. 
(A 1500 km gas pipeline from Alice Springs to 
Darwin is to be constructed). However a majority 
of the communities will remain dependent on . 
distillate fuel for power generation. 

There are over 40 large Aboriginal communities, 
each with its own diesel power station and more 
than 300 Aboriginal outstations. Most outstations 
either have no power or rely on small diesel 
generators which are expensive to run. In 
addition, there are many homesteads and 
cattle stations which use 10-30 kVA diesel 
generating sets. 

The high cost of diesel power, about 55 c/kWh for 
large comunities to up to 200 c1kWh for small 
remote communities, coupled with the favourable 
meteorological conditions offer ideal conditions 
for using alternative methods of power generation. 



Availability of Wind and Solar Energy 

A wind power survey to identify potential sites 
for wind energy has been conducted. Hourly 
average wind speed has been measured at fourteen 
sites distributed throughout the Territory (Map 
2). The results of the survey indicate that fean 
annual yind speeds range from less than 2 ms- to 
5.5 ms- (Table 1). With the exception of the 
Barkly region - Central NT - wind speeds are 
generally low in the Territory. Additional sites 
are being monitored to determine the extent of the 
relatively "strong" wind zone in the Barkly 
region. 

Global and direct beam solar radiation are 
currently monitored at several locations (Map 2). 
The results show an overall average of 
5-6 kWh/ma/d for the Territory, indicating an 
enormous potential for harnessing and application 
of solar energy. 

HYBRID ENERGY SYSTEM (HES) 

The application of renewable energy sources for 
generating electricity was demonstrated by 
Dunlite Company of South Australia in 1979-80. 
Whilst the wind driven generator and photovoltaics 
of the Dunlite system performed well and produced 
expected outputs, the project highlighted that 
further development in inverter technology was 
needed. 

This project stimulated a considerable interest in 
the NT and it was decided to evaluate a similar 
system in the Territory for remote area 
application. 

EJT HES 

The Schematic diagram of the NT HES is shown in 
Figure 1. The system was desigwd and 
commissioned in May 1983 by Energy Systems 
International (Canberra) and Hytec ('ontrols 
(Adelaide) . The system features a p~ ototype 
inverter which converts 240 V output of the 
battery bank to 240 V AC for normal hrlusehold 
electrical appliances. 

The main components of the system being 
investigated in Tennant Creekt are shown in 
Figures 2 and 3. 



Wind Generator 

Propeller : 3 Self-feathering wooden 
blades, 6 m diameter. 

Model : Elektro (Swiss) WV 120 G 

Output : 8 kW maximum 

Alternator: 3-phase 240 V brushless 
permanent magnet 

Cut-in, rated 2.5, 12.5, 19.5 ms-' 
and furling respectively 
speeds : 

The self-feathering propeller regulates the 
rotational speed in gusty winds. The wind 
generator shutdown is by turning tail-vane a full 
90° which forces the propeller out of the wind. 
The wind generator will automatically shutdown if 
either the wind speed exceeds 100 kph or due to 
over-current. (Under normal operations the wind 
generator will automatically shutdown when the 
batteries are fully charged. However in the 
present system any excess energy is dissipated in 
an energy dump). It can also be shutdown and 
restarted by a remote control switch. 

Diesel Generator 

Mode 1 : Powerlite ST2 N (12 hp at 
1500 rpm) 

Alternator: 3-phase, 8 kVA 

Fuel Consumption: 2.6 l/h at full-load 

The alternator of the generating set has been 
modified to generate 240 VDC. The diesel control 
unit has both automatic and manual mode of 
operation. In the automatic mode the control 
system starts up the generator when the battery 
voltage drops below a pre-determined value - 
235 V. Under normal operating conditions the 
control system monitors the battery voltage until 
it increases to a pre-determined value - 276 V or 
2.3 V/cell - when the diesel generator is 
automatically shutdown. Once the engine has 
started the control system monitors the engine 
speed, oil pressure, engine temperature and fuel 
level and stops the generator if any of these 
parameters deviate beyond acceptable limits. 



Inverter 

The prototype inverter uses high speed 
semi-conductor devices for switching the polarity 
of the 240 VDC input and produces 240 V modified 
square wave alternating current. The unit is 
capable of providing continuous power of 10 kW 
maximum. 

Energy Dump 

An energy dump is provided to assist evaluation of 
the wind generator by allowing it to operate even 
when the batteries are fully charged. It consists 
of four 2 kW 3-phase bar radiators. The energy 
dump control unit monitors the wind generator 
output voltage and as it rises above a pre-set 
value of 292 V it connects a "dummyn load of 4, 6 
or 8 kW across the output of the wind generator, 
disconnecting the battery bank from the wind 
generator. 

Load - 
A normal 3 bedroom all-electric'household. Main 
power consuming devices are oven, stove, washing 
machine and booster element for hot water system. 

Battery Bank 

The battery bank consists of 120, 227 Ah two volt 
Century cells connected in series. At 50% 
draw-down level the battery bank provides storage 
capacity for over two days power requirements. 

Monitoring 

The performance of the HES is monitored 
continuously by recording the following 
parameters: Wind speed, wind generator output, 
diesel generator output, battery voltage, inverter 
input and output power and power into the energy 
dump. 

These parameters are sampled once every 10 seconds 
or so by an Atari 400 computer with 32 K memory. 
The spot samples are averaged every few minutes 
and the results are stored on disk (Table 2). 

3. RESULTS 

The HES has proven to be a reliable source of 
power. There has been no problem with running the 
normal household electrical appliances on modified 
square wave AC. 



The wind generator was however out of action for 
several months when after some ten months of 
trouble-free operation a small portion of a blade 
broke 6ff due to impact with the support pole in 
high winds during a thunder storm. A slight 
damage also occurred to the other two blades. 
Wrenching of the blades during the impact caused 
some damage in hub assembly. All three blades and 
the hub were replaced and the wind generator 
re-commissioned. It has been operational since 
that time and proved to be one of the most 
reliable components of the system. 

The observed performance of the wind generator is 
compared with the expected performance in 
Figure 4. The two cufves agree fairly well in low 
winds but above 8 ms- the observed performance is 
somewhat below that of the claimed performfnce and 
the rated win? speed seems to be 14-15 ms- rather 
than 12.5 ms- . 
The prototype inverter has performed remarkably 
well despite a couple of breakdowns. The first 
breakdown occurred when the wind generator load 
(batteries) was accidently disconnected before 
shutting down the wind generator. This caused 
unusually high voltages to be developed and 
applied to the input of the inverter which damaged 
its power switching devices. (This breakdown 
occurred before an energy dump was included in the 
system). On another occasion the inverter 
suffered an extensive damage during a lightning 
storm. 

An advantage of using a 240 V battery bank is that 
no step-up transformer is required to obtain 
240 V AC. This substantially reduces power loses 
in the inverter. Figure 5 shows that the 
efficiency of the inverter is 95% for low loads 
(less than 5%), rising to more than 98% for high 
loads (greater than 50%). 

The efficiency of the battery bank has been 
estimated by the amount of energy fed into the 
batteries from the wind and diesel generators 
(input) and the amount of energy drawn from the 
batteries (output) over a long period of time. 
From these figures an efficiency of 65% was 
obtained. This is considerably lower than 80% 
efficiency often quoted for lead - acid batteries. 
Despite the harsh temperature regime, 5-45OC 
inside the container, the batteries have been 
subjected to over the past two and a half years, 
they appear to be charging pretty well, although a 



fair amount of sedimentation has appeared and one 
of the batteries has had to be replaced. Battery 
maintenance - topping up the electrolyte level and 
cleaning terminals - is carried out three times a 
year, taking approximately 2 hours. 

The performance of the data acquisition system has 
been less than satisfactory. With the existing 
system it is not feasible to sample any faster 
than 10 seconds or 'so, and the computer and the 
disk drive have been fairly unreliable. It is 
imperative to employ reliable and more capable 
systems when monitoring in remote locations. 

CONCLUSIONS 

The technical and operational feasibility of 
utilising wind generation in conjunction with 
diesel generation and battery storage has been 
established. The hybrid energy system has proven 
to be a reliable source of power. However 
detailed analysis of the data will be carried out 
to fully evaluate the technical performance of the 
system. 

Because of the experimental nature of the project 
the HES incorporated sophisticated automatic 
controls which more often than not complicated the 
simple operation of the system. For remote area 
application however the system should be kept as 
simple as possible. 

A diesel/battery combination is presently being 
evaluated for application in non-windy areas. 
This concept has potential to substantially reduce 
fuel consumption and prolong the life of the 
diesel engine as it should operate at or near full 
load for considerably less time. 
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NAME 

TABLE 1 

WIND SPEED DISTRIBUTION 

ACTIVITY MEAN WIND SPEED 
-1 

(ms 1 

MISSION HIU 12O46' 130'34' Telecom repeater station 3.1 
near Aboriginal comnunity 

(XiAmEL ISLAND 12'33' 130°52' Site for Darwin power station 3.2 

CANNON HIU 12*22* 132'56' Aboriginal community 2.4 

MANTON PARK 12'50' 131° 9' Rural propertyborse-stud 1.9 

BEATRICE HILL 12'39' 131°19' Department of Primary 3.1 
Production research station 

12O54* 131°40' Roadhouse hotellrestaurant 2.3 

14O28' 132O16' Major township 2.3 

* 
NGUKrmR 14'44' 134'44' Aboriginal community 

BANKA B A m *  18O48' 134'02' Cattle station 

BRUNCHILLY DOWNS 18'55' 13h040' Cattle station 

TENNANT CREEE[ 19O39' 134Ol3' Major township 

BARKLY ROADHOUSE 19'43' 135050t Roadhouse 

THE GRANITES* 20°34' 130°21t Gold mine 

Aboriginal community 

* 
Based on limited data - monitoring continues 
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14 FIGURE 4 

WIND GENERATOR PERFORMANCE 

FIGURE 5 - 

INVERTER EFFICIENCY 

LOAD (kW) 





SAB NU-E PHOTOVOLTAIC BATTERY SYSTEM SIZING 
I 



BATTERY SIZING AND PERFORMANCE IN SOLAR POWER SYSTEMS 

A year long solar project completed in January of this year by SAB NIFE a t  t h e  
Genoa, Italy Facil i ty has genereated a computer program for sizing bat ter ies  for 
photovoltaic systems, compared performances of NIFE and two  other  bat ter ies  in 
working PV systems and furnished d a t a  for  designing an optimum cel l  for PV use. 

This paper details  t h e  performance comparison, followed by a brief description of 
computer program mathematics and some coinparisons of nickel cadmium pocket 
p la te  with lead acid  batteries.  

Study of Comparative Bat tery  Performance in a Solar Power System 

Measurements of parameters on five pairs of photovoltaic systems, each  pair 
identical, consisting of one system which was t e s t  cycled per methodology given 
below, and one re fe rence  system which was measured by not  cycled. Three  of 
these  pairs t e s ted  NIFE batteries;  one t es ted  Delco and one Varta battery.  

, 
Parameters  measured for bat ter ies  in cycled systems (NO' 1, 3, 5, 7, and 9) 
residual available capac i ty  and maximum available capacicty. 

Parameters  measured for both cycled and referenced batteries;  solar panel 
temperature  and output current;  ba t t e ry  voltage, temperature,  load current ,  water 
consumption, and insolation condition. 

Fixed Values for a l l  Ten Systems 

Test  location: 

44' 24' N lat i t ide,  8' 58' E longitude (Genoa) 

System standard load: 

400 mA continuously connected blocking diode t o  prevent discharge of 
ba t t e ry  through solar panel. 

Solar Panel Tilt Angle: 

System Components 

System 1 & 2: 

Solar panel: ARCO type AS1 16-2000 (2 in parallel) 
Battery:  NIFE type  L404T ra ted  at 185 AH/5 hr. (10 cells in series)  

Systems 3 & 4: 

Solar panel: ARCO type AS1 16-2000 (2 in parallel) 
Bat tcry: NIFE type L404K ra ted  a t  177 AH15 hr (10 cells in series)  

Systems 5 & 6: 

Solar panel: r7IiCd type h161 (2 in parallel) 
Battery:  NlFE type  L404T r a t e d  a t  185 AH15 hr (9 cells in serics) 



SAB NlFE 

Systems 7 & 8: 

Solar panel: ARCO type AS[ 16-2000 (2 in parallel) 
Battery: Varta type VB 428 rated at  220 AH/lO hr (6 cells in 

series) 

Systems 9 & 10: 

Solar panel: ARCO type AS1 16-2000 (2 in parallel) 
Battery: Delco type 2000 rated at  315 AH/100 hr (3 blocks of 6 

cells each in parallel) 

Systems 1-6 MFE batteries 

I ,  I 1 I 
L. 
r .  

Pane 1 

* 

Pane 1 

' 4-J 
- 

~ - L L - - -  . I Load I 

I 
1 

I 

Pane 1 

System 7-10 Imt.3-Acid batteries 

Fig.  1 

Pane 1 

- . - - 
- Load 

Bat teq  
_I 



SAB NIFE - 
Testing Method 

Test  bat ter ies  (in systems 1, 3, 5, 7, and 9)  were operated continuously for a 
month as shown in t h e  c i rcui ts  above. These charged during periods of sunshine, 
drawing t h e  excess  of cur ren t  over  t h a t  drawn by t h e  load; they discharged 
through t h e  load during non-sunshine periods. 

At  monthly intervals: 

1) The b a t t e r y  was disconnected and a f t e r  a n  hour's pause, t h e  residual 
available capaci ty  was measured by discharging i t  at t h e  r a t e  of 0.2 x ra ted  
capaci ty  amperes  down to 1.0 VPC (for NiCd cells) or 0.1 x ra ted  capaci ty  
amperes down to 1.85 VPC (for lead acid  cells). 

2) The b a t t e r y  was then  charged at t h e  r a t e  of 0.2 x ra ted  capaci ty  amps for  7 
hours (NiCd) o r  0.1 x r a t e d  capac i ty  fo r  12 hours (Pb acid). 

3) The b a t t e r y  was  discharged again as in (1) to check for aging by measuring 
t h e  maximum available capacity. 

4) The  b a t t e r y  was  then  recharged as in (2) t o  t h e  residual capaci ty  measured 
by (1) plus or minus t h e  amount of AH i t  would have received or discharged 
during its normal operation over t h e  t ime period of t h e  test ing procedure. 
This gives i t  t h e  same charge as if it had not  been t es ted  (cycled). I t  is then 
reconnected t o  t h e  systems for  another  month of operation. 

Bat tery  Capacities 
R a t e d  Min. Resid. Max All. Avail. Absolute 

Brand Type Cap. AH C a p  for  Tes t  Disch % Cap. AH Min. Cap. 

NIFE L404T 185 6 0 100 125 0 

NIFE L404K 177 6 0  100 117 0 

Varta VB 428 220 104 8 0  116 44 

Delco 2000 315 180 50 1 35 120 

Bat tery  s izes  chosen t o  provide about t h e  same available capacity. 

The minimum residual capaci ty  for test allows for f ive  days of ze ro  sunlight per 
month when ba t t e r i es  will not  be charged,  t o  avoid residual capaci ty  sinking t o  or  
below absolute minimum capacity. 

Notes on Tes t inq  

A to ta l  of 12 monthly test cycles was planned and test ing began on November 29, 
1983. The s tandard load for a l l  systems was 500 mA, but a f t e r  a month this proved 
t o  be  t o o  high a drain on t h e  panels. Accordingly, cycles 2-12 were  conducted with 
a 400 mA load. Cyc le  t w o  began February 7, 1984 with bat ter ies  charged as 
fallows: 

I 

NBFE: 48 A H  
Varta: 9 2  AH I 

Delco: 168 AH 

Thereafter ,  cycles  began with ba t t e ry  charges  corresbonding t o  (4) above. 



SAB NlFE 

Performance of Individual Systems 

Systems 1 & 2 NIFE: 

A l l  batteries were fully charged at the end of April, 1984 and most of July 
and August. Number 1 operated satisfactorily till January 11, 1985, when 
very low voltage indicated total  discharge due t o  low insolation. 

Number 2 had residual capacity of 15 Ah at the end of the test, January 15, 
1985. 

Systems 3 & 4 NIFE: 

A l l  batteries operated satisfactorily over the entire 'test period. They were 
fully charged during the latter half of April and parts of June, July, August, 
September and October. 

Number 3 had a residual capacity of 46 AH at  end of test. on February 15, 
19 85. 

Number 4 had a capacity of 22 AM on February 15, 1985. 

Systems 5 & 6 NIFE: 

Number 5 operated till January 16, 1985, when it was f ~ u n d  totally 
discharged due t o  low insolation. 

Number 6 operated till February 12, 1985, when it was found totally 
discharged due t o  low insolation. 

Systems 7 d( 8 VARTA: 

The voltage regulators seem t o  have malfunctioned at  times, indicated by 
erratic measurements during the middle of Apri l  on number 7, and a maximum 
charge of only 140 AH on number 8, June-September. 

Number 7 was fully charged June-September and was totally discharged by 
January 24, 1985. 

Number 8 was totally discharged as of January 17, 1985 due t o  low 
insolation. 

Systems 9 & 10: 

A l l  batteries lost more than 75% of capacity. Number 9 voltage regulator 
seems t o  have malfunctioned as indicated by capacity losses and rising 
charging voltages. In  addition, after four months one block lost some 
electrolyte. Only two of the three blocks were tested in June and the system 
was disconnected for July. In Augustp the defective block was replaced and 
the system restarted. However, the distribution of residual capacity tested 
uneven amongst the three blocks: 

28-47-25% in  September 
33-33-33% in October 
22-27-50% in November. 

The system was then permanently disconnected. 



-= NlFE - 
Aging 

Capacity loss occurred i n  al l  cycled batteries to  the end of the last (12th) cycle, 
probably due to their repeated discharging to minimum capacity during the monthly 
test cycles. The loss was 13% for number 1, 13% for number 3, 5% for number 5, 
10% for number 7, and about 100% for number 9. Capacity loss at  the end of the 
12th cycle for the non-cycles batteries: 

Number 2: 2% 
Number 4: 1% 
Number 6: 0% 
Number 8: 1% 

Number 10 was not measurable because one of the three cell blocks was 
electrically destroyed. See enclosure 1, 2, 3, and 4- 

Water Consumption 

As measured for the system nurr~ber 2 battery, water loss was 100 grams over the 
14 month test. A t  this rate, topping4ff would be required in  6-7 years for a NIFE 
battery. 

Future Testing 

Systems number 2, 4, 6, and 8 will continue t o  be operated and checked for 
endurancelaging over the next year at least, following current procedure. (They 
were tested for residual capacity by the cycling procedures described at the end 
of the 14 month test). However, the voltage regulator on number 8 (Varta) wil l  be 
replaced by a zener diode operated at  14.5-15V. 

Conclusions 

The test cycled NIFE L404K battery achieved close t o  ful l  capacity in June; both 
it and the Varta battery reached ful l  capacity in  August. The two cycled NlFE 
L404T batteries reached 90% of their capacities. The Delco battery failed to  
withstand the rigorous test cycling conditions, and lost 100% of i ts capacity. 
Overall, the L404K performance was clearly the best. 

This battery comparison project has demonstrated two clear advantages of pocket 
plate nickel cadmium over lead acid batteries for photovoltaic applications; no 
need for a protective voltage regulator, and the availability of the battery's entire 
capacity at any degree of charge, rather than the retention of a minimum capacity 
as for lead acid types. Other advantages are noted in  the following pages based on 
decades of experience. 

The data from this study re-inforced the feasibility of sizable solar power systems 
using pocket plate nickel cadmium batteries which need minimal attention over 
estimated service lives of 20 years. 

Development of Computer Program for Sizing Solar Power Batteries 

Study, define and finalize mathcmatical models of solar radiation at ground level, 
photovoltaic panel, battery and load. 



Solar Radiation at Ground Level 

Consists of d i rec t  radiation as diffused through t h e  atmosphere: 

Rd = (D) I. ( ~ 3  sin E where: Rd = watts/m 2 1 
( ~ r  D = diffusion f a c t o r  

= Solar constant  - 1370 w/m 2 I0 - 
r = av. distance,  s u n e a r t h  
r = present distance,  s u n e a r t h  

E l  = radiation falling on a horiz. plane 

Ref lected radiation Rr = Rd x ref lect iv i ty  ra t io  of reflecting surface. 

Photovoltaic Panel  Output  

v cor r  = Vr VcnS (tc - t r )  - ( P  Ilnp) nS RS - (d I/np) ns KV (tc - t r )  

where  I = Iscr (R - 1) + n I ( t  - t r )  
P C  c 

'c = panel temperature  

tr = re fe rence  temperature  

"sf np = number of solar cells  in ser ies  and parallel 

Iscr , Ic 

V , R a r e  specific panel parameters  
C S 

I is t aken  from specif ic  panel I - V curve  

I cor r  = I + 'corr n p K I (tc - t r )  

Bat tery  

Parameters  a r e  Co = ba t te ry  capac i ty  

C = ac tua l  residual capaci ty  

VB(c) = charging vol tage a t  C (a function of charging 
current ,  state of charge and temperature) 

RB(C)= internal  res is tance at C (a function of s t a t e  of 
charge and temperature)  

n(c,t) = charging eff ic iency (a  function of charging current ,  
s t a t e  of charge  at  t h e  moment and temperature) 

These mathematical  models a r e  incorporated in to  t h e  HPZlMX computer program, 
which can s ize  a photovoltaic system for  a given location on ea r th ,  solar panel 
type, ba t t e ry  t y p e  and load. See  computer f low char t  (enclosure 5). 



I I BATTERIES FOR PHOTOVOLTAIC SYSTEMS 

Pocket P l a t e  Nickel Cadmium Bat ter ies  Compared with Lead Acid Types 

100% of t h e  nickel cadmium ba t te ry  capac i ty  is  usable at low or  high s t a t e s  of 
cha5ge withonearly cons tan t  output voltage, regardless of temperatures between 
-29 and  55 C. Lead acid  bat ter ies  must be oversized, t o  allow a 20-50% maximum 
reserve capacity.  Fur ther ,  their  output  voltage varies with degree  of charge and 
extremes of temperature. 

1 The nickel cadmium bat teryls  alkaline e lect rolyte  only t ransfers  ions between t h e  
plates; it does no t  r e a c t  with i t s  ac t ive  materials  o r  s t ee l  and propylene 
mechanical parts. Thus, t h e r e  is  n o  corrosion t o  degrade performance and aging is 
negligible. Service  l i fe  expec tance  is  over  20 years. Lead acid  bat ter ies  corrode 
their  lead p a r t s  and  precipi ta te  o u t  thei r  ac t ive  materials  with time, leading t o  
deterioration of performance. 

The lack of corrosion in t h e  nickel cadmium pocket p la te  ba t t e ry  insures constant  
s t rength  in i t s  steel construction; t h e r e  is  no  unpredictable "sudden death" from 
s t ructural  fa i lure  due  t o  corrosion or  shock, o r  t o  bridging between plates as in 
lead acid  types. 

1 The nickel cgidmiurn ba t t e ry  can  be  operated down t o  -5o0cI t h e  lead acid ba t t e ry  
limit is -10 C in  discharged condition. If frozen, t h e  nickel cadmium ba t te ry  
cannot  b e  damaged, as can  t h e  lead acid  type. The nickel cadmiup ba t t e ry  c a n  
opera te  long periods at up to 5 9 ~  close t o  ra ted  capacity. At  33 C a lead acid  
type approximately doubles i t s  wa te r  consumption, hydrogen generation and grid 
deterioration,  while at 4 2 ' ~  its l i fe  expectancy is reduced t o  about one fourth. 

The pocket  p la te  nickel cadmium b a t t e r y  does not need a voltage regulator or  
cut-off control ,  d u e  to i t s  even fail-proof operation and i t s  ability t o  withstand 
complete discharge. The  lead acid  t y p e  generally requires these  protectors against  
external/ internal  surges  o r  complete discharge which would cause  sulphation. 

A smaller solar panel a r e a  is required with pocket p la te  nickel cadmium bat ter ies  
than with lead acid  as a n  overall resul t  of t h e  former's t o t a l  discharge capability, 
high charging efficiency,  low aging, and  low self-discharge characteristics. 

Fur ther  details  may be  found in t h e  NIFE Solar Power Bulletin, as well as "NIFE 
Nickel Cadmium Batteries" and "NIFE Block Bat tery  Technical  Data1'. 
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BATTERIES - SELECTION AND MAINTENANCE 

3.  DER B.Sc., A.R.A.C.I. 

TELECOM AUSTRALIA RESEARCH LABORATORIES 

ABSTRACT 
t 

Some pract ica l  and economic consi derations are given regarding the 
various energy generation systems f o r  remote area power supplies. 
Where a system includes electrochemical energy storage, the only 
commercial l y  avai table al ternat ives a t  present are the 
nickel-cadmium and the lead-acid batteries. It i s  claimed tha t  the 
lead-acid energy storage system i s  more cost ef fect ive, if the r i g h t  
type i s  selected f o r  the application. The importance o f  maintenance 
i s  emphasised and maintenance procedures are discussed. 



INTRODUCTION 

E l e c t r i c a l  power i s  an i n t e g r a l  p a r t  o f  modern-day l i v i n g .  This i s  
t r u e  i n  b u i l t  up, h i gh l y  populated, urban areas as w e l l  as i n  
remote, phys i ca l l y  o r  geographical ly i so la ted  areas. There are a 
number o f  options ava i lab le  f o r  t he  planners and designers o f  remote 
area power supplies. Consideration has t o  be given a t  the very 
ea r l y  stages of design t o  parameters such as what the power supply 
w i l l  be used f o r  (telecommunication, a g r i c u l t u r a l  machinery, home 
service equipment etc.), what w i l l  the power requirement be f o r  the 
serv ice ( s i ze  o f  supply) and what wi 11 be the maximum power demanded 
by the  system a t  any given time. 

As the investment i n  remote area power supply i s  usua l l y  a long term 
investment, t he  l i k e l y  development i n  any p a r t i c u l a r  area must be 
assessed ca re fu l l y .  However dec is ion o f t en  has t o  be based on what 
i s  possib le o r  on what i s  v iable,  r a the r  than what the cost  per u n i t  
energy i s  a t  any given time. Regardless o f  t h i s ,  i f  a l te rna t i ves  
are  ava i lab le  the  ove ra l l  cost  has t o  be considered very c a r e f u l l y  
because there are  considerable d i f ferences i n  the u n i t  p r i c e  o f  
energy depending on the mode o f  generation and on the l i k e l y  per iod 
the system i s  required o r  expected t o  provide sa t i s f ac to r y  service. 

Fig. 1 shows the  comparison i n  the  p r i c e  o f  energy versus 
consumption r a t e  f o r  a number o f  power generating systems. It can 
be seen t h a t  i f  g r i d  connection i s  ava i lab le  f o r  no connection cost, 
then g r i d  supply i s  the  cheapest energy regardless o f  the 
consumption ra te .  Where d i r e c t  g r i d  connection i s  no t  ava i lab le  but  
can be obtained a t  a cost, the energy p r i c e  depends very much on the 
consumed quan t i t y  and i t  can be very expensive i f  the  power demand 
i s  only moderate. Other systems such as diesel ,  d iese l /bat tery ,  
wind/battery and photovo l ta ic /bat tery  are  a lso  shown i n  terms o f  
t h e i r  pr ice .  I n  the const ruct ion o f  these curves, the  useful  
serv ice l i f e  f o r  g r i d  connection was assumed t o  be about 30 years, 
f o r  photovo l ta ic  c e l l s  20 years, f o r  wind generators 15 years and 
f o r  ba t t e r i es  the expected l i f e  was considered t o  be about 5 years. 
Some d iese l  running and maintenance costs are  a lso  included. Two 
i n te res t i ng  features can be observed: the  f i r s t  i s  t h a t  a 
d iese l /bat tery  hybr id  i s  shown t o  be cheaper than the d iese l  alone. 
The second i s  t h a t  the p r i ce  o f  d iese l  energy s t a r t s  t o  increase 
appreciably i f  consumption i s  low and t h a t  a t  low energy demand the 
wind/battery and even the "high technology8I photovo l ta ic /bat tery  
hybr id  are  economically compet i t ive w i t h  d iese l .  

A t  Telecom experience has shown t h a t  f o r  our app l ica t ions the Nbreak 
even" po in t  between d iese l  generated and photovo l ta ic /bat tery  
generated power today i s  about 300 wat t  continuous consumption. 
Below t h i s  power requirement the photovo l ta ic  system i s  cheaper than 
d iese l .  

Photovoltaic c e l l s  w i l l  not  generate power wi thout  s o l a r  rad ia t ion,  
wind I s  much less pred ic tab le  even i f  the pos i t l on  o f  the  generator 
i s  selected cor rec t l y .  Consequently ba t t e r i es  are  required f o r  
these systems. Today, la rge ba t t e r y  i n s t a l l a t i o n s  are  



I seriously considered t o  be econogical f o r  npeak shavingn where mass 
generated power i s  fed i n t o  the common gr id .  Power storage 
f a c i l i t i e s  are a v i t a l  component o f  these options and the proper 
select ion would make a considerable contr ibut ion towards the 
reduction o f  the overa l l  cost o f  energy. 

1 Possible Electro-chemical Enersv Storage Systems 

Primary c e l l s  are electro-chemical systems, they contain stored 
e lec t r i ca l  energy which can be u t i l  ised, but they cannot be used t o  
nre-store* energy generated by other primary sources. The cost o f  
using a primary energy source f o r  remote area power would be 
p roh ib i t i ve l y  expensive, ,and f o r  p rac t ica l  applications only 
rechargeable systems are suitable. 

I Possible secondary electro-chemical energy storage systems are: 

Lead-ac i d  
Nickel -cadmium 
Nickel- i  ron 
Nickel -zinc 
Zinc-air 
Zinc-bromine 
Zinc-chlorine 
Sodium-sulphur 
lithium-aluminium-i ron sulphide 
Redox systems 
Fuel c e l l s  

Fuel c e l l s  are not r e a l l y  rechargeable and s t r i c t l y  speakfng they 
are closer t o  primary energy sources than secondary. They do not 
require another energy generating system f o r  t h e i r  operation but 
they consume fue l  when used. A l l  the other systems (w i th  the 
exception of the zinc-air  battery) are e l e c t r i c a l l y  rechargable. 

The main th rus t  o f  t h i s  seminar i s  t o  consider ex is t ing  technology 
and although the energy storage systems' l isted above are possible 
alternatives, only the f i r s t  three i n  the group are avai lable 
commercially. The res t  are the so-termed "advanced bat tery  
systemsm. A considerable amount o f  research work has been expanded 
on t h e i r  development. The.research work i n  some of the systems i s  
more advanced than i n  others and i t  i s  possible tha t  they may become 
commercial r e a l i t i e s  i n  the not too d is tan t  future (e.9. 
nickel-zinc, zinc-bromine) . However f o r  present remote area power 
supplies the two most important storage systems are the lead-acid 
and the nickel-cadmium batter ies.  



Which Battery System t o  Select  

I n  the fo l lowing paragraphs problems associated w i t h  low and medium 
size u n i t s  w i l l  be considered. As shown above the se lec t i  on f o r  
large u n i t s  i s  somewhat easier and the market i s  we1 I supplied t o  
sa t i s fy  demand. Very small u n i t s  deslgned f o r  in termi t tent ,  
non-essential , temporary appl i c a t i ~ n s  are a1 so avai lable. These 
u n i t s  e i t he r  do not  use ba t t e r i es  a t  a l l  o r  only on ra re  occasions. 
Bat ter ies  are a must t o  s a t i s f y  regular power demands i f  the primary 
power source i s  photovol t a i c  c e l l s  o r  a wind generator. Under 
ce r ta i n  condit ions ba t te r ies  can be j u s t i f i e d  f o r  d iese l  generators 
as we1 1. 

Table 1 shows the approximate power needs i f  service has t o  be made 
ava i lab le  f o r  about 5 t o  10 hours da i ly ,  together w i t h  the maximum 
current  which has t o  be supplied and minimum capacity which w i l l  be 
used i n  t h a t  period. The number o f  c e l l s  needed t o  achieve the 
required potent ia l  whi le  using minimum capacity i s  a1 so shown f o r  
nickel-cadmium and lead-aci d batter ies.  These f igures are simple 
ar i thmet ic  however the cur ren t  shown wi 1 1 have conoi derable 
inf luence on the actual capacity requ$red, as the r a t e  o f  dtscharge 
determines the capacity the ba t te ry  can provide. 

Table 1 

Power Tfme Dai ly  Potent ia l  Current Capacity Number o f  Cells 
consum- per energy required 
p t i on  day Ni -Cd Pb-aci d 
o f  load hours kwh Yo1 t Amp Ah 
kW 

When deciding on the power storage system i t s e l f ,  very carefu l  
consideration has t o  be given regarding the advantages and 
disadvantages o f  n icke l  -cadmi urn and lead-aci d bat tery  
character is t ics .  Both systems, i f  maintained correct ly ,  are accepted 
as very re l iab le .  However as can be seen i n  Table 1, more 
nickel-cadmium c e l l s  are required than lead-acid ce l l s ,  t o  achieve 
s im i l a r  ba t te ry  potent ia ls.  The charging e f f i c i ency  o f  the lead-acid 
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bat tery  i s  also bet ter  than tha t  of the nickel-cadmium cel ls .  It i s  
easy t o  keep them f u l l y  charged and by reading c e l l  potent ia ls  and 
acid densities, the i  general conditions can be assessed easily. 
(This par t i cu la r  advantage i s  disappearing w i th  the introduct ion o f  
sealed lead-acf d bat ter ies 1. (The nickel-cadmium battery has some 
advantages over the lead-acid system and t h i s  can be important i n  
some applications. It can be f u l l y  discharged and l e f t  open c i r c u i t  
i n  t h i s  condit ion f o r  extended periods. As the radica ls  o f  the 
e lec t ro ly te  are not bonded i n  the charge-discharge reaction, the 
plates can be placed very closely together resu l t ing  i n  an improved 

1 high ra te  performance. The battery would also work s a t i s f a c t o r i l y  a t  
very low temperatures. However, i t  i s  more expensive. 

The overa l l  effect of these differences i s  that, apart from some 
special appltcations, the lead-acid bat ter ies are usually preferred 
and can provide sat is factory service i n  most cases. For t h i s  reason 
only lead-acid bat ter ies w i l l  be discussed i n  the remaining par t  o f  
t h i s  paper- 

I Selection s f  Lead-Aci d Battery Type 

Lead-acid batteries, depending on the1 r application, can be div ided 
i n t o  the fol lowing four  types: 

1. S.L.I. (Start ing, Lighting, I gn i t i on )  
2. Stationary f l o a t  service 
3. Traction (Motive Power) 
4. Sealed (Starved e lect ro ly te,  Recombination etc. ) 

1. S.LeI. bat ter ies were designed f o r  the short, very high current 
discharges needed t o  crank engines followed by an immediate recharge 
by the generator o r  a l ternator  a t  a r e l a t i v e l y  slow rate. ' The 
capacity which i s  discharged i s  only a few percent o f  i t s  t o t a l  
capacity, consequently, i t  can be said tha t  i t s  duty cycle i s  very 
shallow w 4 t R  an occasional deeper discharge when parking l i g h t s  are 
operated w i  tholat the engine running. 

The conventional S.L. I. batter ies are usual l y  constructed using t h i n  
plates and lead-antimony gr ids i n  both negative and pos i t i ve  plates. 
The bat ter ies are made f o r  mobile use, they are compact and v ibrat ion 
resistant. The acid density, when charged, i s  above 1250 kg/m3. 
They can withstand a cer ta in  amount o f  overcharge but have t o  be 
topped up vi t h  water (preferably d i s t i l  l e d  o r  deionized) so tha t  the 
plates are always immersed i n  the electrolyte.  These bat ter ies can 
only be exposed t o  a l im i ted  number of deep discharge cycles. They 
are the cheapest avai lable units, but they would be the most 
unsuitable type f o r  remote area power supplies. 

2. For stationary f l o a t  operation, the avai lable lead-acid c e l l s  
are the plante construction, the pure lead pasted posi t ive, the 
lead-calcium pasted pos i t i ve  and the c i r c u l a r  p la te  pure lead 
negative/posi t i v e  pasted ("Be1 l c e l  1 " ). I n  the f i  r s t  three Qpes 
mentioned above, the negative plates are a1 1 lead-antimony a1 loy g r i d  
pasted. These bat ter ies are designed f o r  very long l i f e  (15 years 
minimum) and can be kept f u l l y  charged by a f l o a t  potent ial  o f  about 
3821 p 
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2.2 vo l ts .  They are not  su i t ab le  f o r  regular  deep discharge duty 
cycles but  a t  a moderate discharge r a t e  t h e i r  shallow cyc l ing  
performance i s  very sa t i s fac to ry .  

I n  Aus t ra l ia  the  pure lead pasted pos i t ive ,  lead-antimony pasted 
negative i s  t he  standard long l i f e  s ta t ionary  c e l l  f o r  f l o a t  
operation such as i n  Telecom exchanges. This was a l so  the type 
selected t o  provide the  power reserve f o r  Telecom's remote area power 
supplies using photovol ta ic c e l l s  as the primary power source. Many 
micro-wave repeater s ta t ions on outback t runk routes a re  powered by a 
photovol ta ic/bat tery system . The approximate duty cyc le  t o  which 
these ba t t e r i es  are exposed i n  t h i s  app l i ca t ion  i s  shown on t he  f i r s t  
l i n e  i n  Table 1. The tot.a1 ba t t e r y  capaci ty i s  designed t o  provide 
about 10-12 days power reserve and the  ba t te ry  s ta te  o f  charge i s  not 
allowed t o  go below 50% capacity ( a t  the 10 hour ra te)  dur ing the 
w in te r  months. The d a i l y  cyc le  a t  less than the 100 hour discharge 
r a t e  consumes about 7% o f  the  t o t a l  capacity. ( A  500 Ah c e l l  a t  the 
10 hour r a t e  i s  expected t o  provide approximately 1000 Ah capacity i f  
discharged a t  the 100 hour rate.) When tested i n  the  laboratory 
under a simulated so la r  cyc le  regime, i t was found t h a t  these 
ba t te r ies  can be expected t o  provide r e l i a b l e  and sa t i s f ac to ry  
service f o r  about 10 years. The excess ba t t e r y  capaci ty which has t o  
be provided i s  considerable and can only be j u s t i f i e d  on major routes 
where service re1 i a b i  1 i t y  i s  o f  prime importance. 

The s ize o f  t he  photovol ta ic so la r  ar ray has t o  be la rge  enough t o  
provide the  re-charging capacity over and above the  load demanded by 
t he  system f o r  i t s  continuous operation. For a microwave repeater 
there are t y p i c a l l y  four  arrays i n  pa ra l l e l ,  each prov id ing a share 
o f  the charging current. During t he  day i f  the  ba t t e r y  po ten t ia l  
reaches 2.35 vo l t s  per c e l l ,  the  f i r s t  ar ray i s  disconnected from the 
ba t te r ies  by a con t ro l  c i r c u i t  using power MOS FETS. The second and 
t h i r d  arrays are a l so  switched out  o f  the charging c i r c u i t  as the 
ba t te ry  po ten t i a l  again reaches 2.35 v o l t s  per c e l l  so t h a t  f i n a l l y  
on ly  one a r ray  provides a t r i c k l e  charge plus the  load current. When 
the  so la r  r ad ia t i on  i n t e n s i t y  i s  reduced and the ba t t e r y  po ten t ia l  
drops below 2.25 vo l t s  per c e l l  t h e  arrays are switched back on one 
a t  a t ime t o  provide f l o a t  cur rent  f o r  the  longest possible time. 
Using t h i s  technique the  depth o f  discharge i s  f u r t h e r  reduced w i t h  a 
consequent extension i n  service l i f e .  A t y p i c a l  d a i l y  charge p r o f i l e  
i s  shown i n  Fig.2. 

3. Tract ion ba t te r ies  are designed f o r  cyc l ing  dut ies.  There are 
a number o f  d i f f e r e n t  types ava i lab le  and the considerable amount o f  
development work cur ren t l y  i n  progress promises qu i t e  i n te res t i ng  
changes. Improvements i n  performance wi  11 probably make these 
ba t te r ies  the  most important f o r  remote area power supply 
appl icat ions.  Tract ion ba t te r ies  are su i tab le  f o r  d iesel ,  wind o r  
photovol ta ic c e l l  primary power sources. 

Tract ion ba t t e r i es  up u n t i  1 recen t l y  have been manufactured using 
antimonial lead a l l oys  i n  both the  pos i t i ve  and negative plates.  
They have been used mainly f o r  f o r k l i f t s ,  mine locos, submarines and 
other  appl icat ions demanding l a rge  numbers o f  regular  deep discharge 



cycles. This was achieved by using more expensive, high qua l i t y  
microporous separators such as polyethylene, deeper sediment chambers 
and a special ly formulated heavier r i d  a1 l o y  composition 
(pa r t i cu la r l y  fo r  the pos i t i ve  g r i d  3 t o  optimise performance. A 
fu r ther  improvement has been achieved by the introduct ion o f  tubular 
construction for the posi t ive grid. This arrangement reduces the 
surface area o f  the pos i t i ve  g r i d  d i r e c t l y  exposed t o  the 
e lect ro ly te.  The remaining exposed par ts  are now fu r ther  away from 
the negative plates, which has reduced treeing and in ternal  short 
c i rcu i ts .  The special ly arranged c i r c u l a r  separator sleeves help t o  
obtain a more int imate contact between g r i d  and pos i t i ve  act ive 
material, which a lso improves performance. The battery does however 
have t o  be over-charged t o  re ta in  f u l l  capacity causing the need f o r  
regular topping-up w i th  good qua1 i t y  water. 

These bat ter ies are designed t o  give 1500-2000 deep cycles and should 
l a s t  5-6 years even i f  cycled t o  80% of the i  r f u l l  capacity. 
Traction bat ter ies are not the r i g h t  choice f o r  f l o a t  operation and 
do not l a s t  longer i f  not cycled. The reason f o r  t h i s  i s  the 
inev i tab le negative p la te  poisoning. The antimony i n  the pos i t i ve  
p la te  i s  oxidised and i s  re-deposited (reduced) a t  the negative 
plate. As a resul t ,  the hydrogen over voltage a t  the negative 
electrode i s  lowered and because of t h i s  low gas evolut ion potent ial  
the bat tery  cannot be charged up and w i l l  not  maintain i t s  capacity. 

I 
I Current development i s  mainly concentrating on improved performance 

i n  t h i s  area. Investigations and t e s t  resu l ts  show tha t  i t  i s  
possible t o  reduce the antimony content i n  the pos i t i ve  g r i d  t o  about 
1.6% without any loss i n  cyc l ing performance, but completely antimony 
free special pos i t i ve  g r i d  a1 loys and hybr id arrangements are also 
being considered. The negative g r i d  i n  the hybr id battery i s  usually 
a lead calcium a1 lay. The more in terest ing and important bat tery  
constructions, i n  t h i s  respect, are the low antimony pos i t i ve  and 
lead-cal c i  urn negative tubular battery developed i n  I t a l y  and the 
pract ica l  l y  antimony f ree tubular battery developed i n  Sweden. 

The low antimony type i s  claimed t o  have low s e l f  discharge, high 
e l e c t r i c a l  ef f ic iency, very low water consumption and good f l o a t  
charge characterist ics. These are important features which make 
these bat ter ies equally su i tab le f o r  cycl ing as wel l  as f l o a t  
service. The graph o f  re la t i ve  water consumption versus antimony 
content i n  the g r i d  (Fig.3) shows the c r i t i c a l  importance o f  the low 
antimony concentration. The f l o a t  current for  t h l s  type o f  battery 
a t  2.22 v o l t  i s  about 0.1 mA/Ah, which i s  a very low value and i s  
comparable o r  s l i g h t l y  be t te r  than f l o a t  currents f o r  the standard 
stat ionary battery. I f  a1 1 these character is t ics  can be rea l  i sed 
together w i th  i t s  low maintenance and r e l i a b i l i t y ,  t h i s  battery could 
be very su i tab le f o r  systems using photovoltaic primary power f o r  
charging because the cyc l ing and long l i f e  features appear t o  be 
compl imentary. 

4. Final  ly a short  discussion on sealed, maintenance-free 
batteries. These systems were i n i  ti a1 ly  developed f o r  the S.L. I. 
market, consequently they are not new o r  d i f f e r e n t  types w i th  regards 
t o  t h e i r  application. The construction uses e i ther  starved, gel l e d  
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o r  res t r i c ted  volume e lec t ro ly te  w i th  o r  without the recombination 
technology. The pos i t i ve  and negative g r i d  mater ial  i s  usually a 
lead-calcium-tin a l loy,  but it can be manufactured i n  a hybrid 
arrangement as well.  They have obtained wide acceptance i n  the 
S.L.I. f i e l d ,  however t h e i r  use i n  stat ionary and f l o a t  applications 
i s  qu i te  recent and acceptance reasonably slow. This reluctance i s  
understandable because the product must i n i t i a l l y  prove i t s e l f  f o r  
long l i f e  f l o a t  duties and t h i s  takes time, but accelerated l i f e  
tes t ing  has proved t o  be very unrel iable. 

Their main a t t rac t i on  i n  small power reserve appl icat ions i s  t ha t  the 
un i ts  are " o f f i c e  compatible". They are sealed and maintenance-f ree 
and do not need any ~ a t e r ~ a d d i t i o n  during t h e i r  en t i re  service l i f e .  
However, they do not to le ra te  overcharge, very deep discharges o r  
cyc l ing duties. I n  t h i s  respect they have cer ta in  disadvantages when 
compared t o  conventional, vented batter ies.  For power reserves i n  
remote area power supplies w i th  e i t h e r  regular o r  i r regu la r  duty 
cycles sealed bat ter ies a t  present cannot be recommended and they 
should not be the f i r s t  choice. One pa r t i cu la r  notable exception can 
be made t o  t h i s  rather  general statement. I n  very remote, 
inaccessible areas requi r ing a power supply w i th  shallow duty cycles 
a t  low rates o f  discharge they m y  have an economical advantage over 
the standard stat ionary f l o a t  c e l l s  because they can withstand 
v ibrat ion during transport  much bet ter .  I n  such s i tuat ions a more 
frequent, but planned replacement could be more acceptable than the 
uncertain fa te  and probable damage the standard bat tery  may su f fe r  
over a long rough t r i p  t o  the s i t e .  

Battery Maintenance and Testing a 

When the requirements f o r  a power reserve system have been 
established, select ion of the r i g h t  type and size of  bat tery  t o  be 
used must be based on re l i ab le  data. lnformation on the correct 
i n s t a l l a t i o n  must be obtained and followed f o r  optimum service l i f e .  
A f te r  i n s t a l l a t i o n  and comnissioning according t o  the manufacturer's 
recomendations, the next and perhaps most important step i s  t o  
decide on the proper maintenance practice. The actual work t o  be 
carr ied out and the type o f  records which should be kept depend t o  a 
large extent on the appl icat ion o f  the system ( f l o a t  o r  cycl ing 
operation, shallow o r  deep cycl ing, short o r  long power reserve 
etc).  The maintenance rout ine a lso depends on the type of battery 
selected f o r  the job (e.g. stationary, long l i f e ,  t rac t i on  battery 
f l a t  o r  tubular, sealed maintenance-f ree battery etc .) . For cer ta in  
bat ter ies some o f  the steps are more important than others. For 
example the sealed battery obviously does not need water addit ion, 
but t h e i r  charging condit ion requires much closer tolerances and 
control  than t h a t  acceptable f o r  vented ce l l s .  

Visual inspection i s  considered t o  be the maintenance pract ice which 
should be performed most regular ly  and i t i s  equally important 
regardless o f  the system used. I t  involves the carefu l  examination 
o f  both external and in te rna l  bat tery  components. As battery 
e lec t ro ly te  i s  very corrosive, any seepage o r  excessive gassing can 
produce a t h i n  acid layer, which e i t he r  by chemical o r  



electrochemical ac t ion  can i n t e r f e r e  w i t h  e l e c t r i c a l  contacts. When 
cable connections develop high resistance junct ions they are 
dangerous, no t  on ly  because the e n t i r e  system may f a i l  but  they can 
a lso  be a source o f  explosion through spark generation. Apart from 
the  external  inspect ion f o r  obvious corrosion s i tes ,  i t  i s  suggested 
t o  re- t ighten bo l ted connections by torque wrench a t  regular 
in te rva ls .  This i s  no t  required f o r  burnt - in  i n t e r  c e l l  contacts. 
In te rna l  inspect ion i s  not  possible w i t h  non-transparent ba t te ry  
cases but i t  can provide very usefu l  informat ion where c l ea r  
containers are used. The most immediate observation i s  t o  estab l ish 
the topping-up requirements. It i s  a lso  possible t o  see any 
excessive sediment present due t o  ac t i ve  mater ia l  shedding, t ree ing  
between p la tes could ind ica te  i n t e r n a l  shorts o r  f a u l t y  separators i n  
the  ce l l s .  P la te  growth, f a u l t y  comnoning bars, post corrosion a t  
e l ec t ro l y te  l e v e l  o r  under the ghommet would a l l  i nd i ca te  higher than 
acceptable impur i t y  concentrations e i t h e r  i n  the  e l e c t r o l y t e  o r  I n  
c e l l  components. It i s  b e t t e r  t o  have the  opportuni ty f o r  planned 
preventive ac t i on  ra ther  than a ba t t e r y  which f a i l s  wi thout  warning. 
I n  t h i s  respect, transparent ba t t e r y  containers do have some 
advantage. 

For flooded type ba t te r ies  the recommended e l e c t r o l y t e  l eve l  has t o  
be maintained by using good q u a l i t y  d i s t i l l e d  o r  de-ionised water. 
Topping-up should be car r ied  out  a t  the  completion o f  a charging 
cycle. Acid densi ty measurements should be taken bu t  care i s  
required i n  t h e i r  i n te rp re ta t ion .  A low densi ty f i g u r e  could 
ind ica te  a p a r t i a l l y  discharged ba t t e r y  but  i t  could be the r e s u l t  o f  
ac id  s t r a t i f i c a t i o n ,  p a r t i c u l a r l y  i f  the recharge i s  ca r r i ed  out 
using the f l o a t  po ten t ia l .  It may take several weeks before the 
densi ty o f  t he  ac id  above the  p la tes  shows the cor rec t  valeue. The 
q u a l i t y  o f  t he  ac id  used i n  the ba t t e r y  i s  a lso important. Cationic 
impur i t ies  can reduce the hydrogen and oxygen over-potentials, which 
would e f f e c t  charging. Anionic impur i t i es  can produce pos i t i ve  p la te  
corrosion. 

Ind iv idua l  c e l l  po ten t i a l  readings are important. Low po ten t ia ls  
could ind ica te  i n te rna l  short ing i n  the c e l l ,  as p a r t  o f  the f l o a t  
cur rent  i s  being used by the shor t  i t s e l f  and does not  ass i s t  p l a t e  
po lar lzat ion.  The d i s t r i b u t i o n  o f  ind iv idua l  c e l l  po ten t ia ls  i s  a lso  
useful  informat ion and may ind ica te  the need f o r  an equal iz ing 
charge. More de ta i led  informat ion can be obtained i f  ind iv idua l  
p l a t e  po ten t ia ls  are measured against  a reference electrode. Fig.4 
shows the po ten t i a l  d i s t r i b u t i o n  o f  a 24 c e l l  ba t te ry  bank. It was 
on open c i r c u i t  f o r  sometime before i t  was put on f l o a t  a t  2.2 v o l t  
per c e l l .  Potent ia ls  were measured a f t e r  3.  10 and.30 days on 
f l o a t .  The open c i r c u i t  po ten t ia ls  were reasonably uni form w i t h  an 
average o f  2.081 v o l t .  The i n i t i a l  dSstrSbution on f l o a t  improved 
a f t e r  10 days, but  a f t e r  30 days on ly  67% o f  the c e l l  po ten t ia ls  were 
w i t h i n  2 20 mV o f  the required po ten t ia l .  Fig.5 shows the condi t ion 
s f  the pos i t i ve  plates, i nd i ca t i ng  a general improvement i n  p l a te  
un i formi ty  w i t h  time, however the average p l a t e  po ten t i a l  sh i f t ed  
towards less pos i t i ve  values. This may not  be des i rab le  as the g r i d  
po ten t ia ls  are approaching dangerously corrosive values. Fig. 6 shows 
the  condi t ion o f  the negative plates,  i nd i ca t i ng  very uniform 
condit ions i n i t i a l l y .  It remained uniform f o r  10 days w i t h  only a 
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s l i g h t  s h i f t  i n  the average potent ial .  However a f t e r  30 days some o f  
the plates became polgr ized much more than others. It appears tha t  
the negative plates were self-discharged more thdn the pos i t i ve  
plates, t h i s  i s  probably due t o  the oxidation o f  lead by the 
generated oxygen. The i n i  ti a1 potent ia l  i s  affected by the oxygen 
recombination reaction and only p a r t  o f  i t  i s  due t o  hydrogen 
evolution. As the recombinatf on react ion slowly disappears, the 
p la te  potent ia ls  w i l l  be determined by the evolut ion potent ial  o f  the 
hydrogen more and more. The change i s  very slow and depends very 
much on ind iv idual  p la te  conditions, consequently c e l l  uniformi t y  
w i l l  not  be achieved f o r  some time. 

The pos i t i ve  and negative p la te  potent ia ls  i n  a c e l l  on f l o a t  are 
determined eventual l y  by the oxygen and hydrogen evol u t i  on 
potent ial .  There i s  no act ive material involvement i n  t h i s  water 
decomposition reaction and the condit ion cannot be used t o  ascertain 
charge/discharge performance. Equally the f l o a t  current and f l o a t  
potent ia l  cannot be used t o  calculate in ternal  resistance of the 
ce l l .  F loat  potent ia ls  are usually speci f ied by the manufacturers and 
f o r  optimum service l i f e  i t  i s  advisable t o  adhere as closely as 
pract icable t o  these suggested values. F loat  current are qui te  low 
f o r  present day stat ionary batteries. The values are we1 1 under 
1 mA/Ah wf t h  some as low as 0.1 mA/Ah a t  room temperature. This 
depends very much on the pa r t i cu la r  battery type. The condit ion i s  
also temperature dependent. Fig.7 shows the approximate change o f  
f l o a t  current w i th  temperature f o r  low antimony posi t i v e  types. 

Discharge tes ts  a t  the selected ra te  are the only means o f  
determining battery condit ion and the actual avai lable power i n  
reserve. However, capacity determination i s  time-consuming and i t  i s  
also necessary t o  consider tha t  the battery w i l l  not be available i n  
case o f  an emergency during the discharge t e s t  and f o r  som'e time 
a f t e r  while i t  i s  re-charging. I f  the battery i s  used f o r  shallow 
cyc l ing o r  f l o a t  operation, i t  i s  advisable t o  t e s t  discharge i t  once 
every one o r  two years, pa r t i cu la r l y  during the l a t e r  par t  o f  i t s  
service 1 i fe. The avai lab le  capaci ty depends considerably on the 
ra te  o f  discharge. It i s  important tha t  the discharging current i s  
comparable t o  the actual load. Fig.8 i l l u s t r a t e s  how the reserve 
capacity o f  a 1000 Ah capacity battery ( a t  the 10h rate)  changes with 
d i  schargi ng current. Capacity i s  usual ly determf ned t o  an end o f  
discharge potent ial .  Fig.9 and 10 show how the discharge potent ia l  
o f  a stat ionary c e l l  changes while being discharged a t  the 3 and 10 h 
discharge rates together w i th  the corresponding posi t fve and negative 
p la te  potentials. 

Several d i f f e r e n t  techniques can be used f o r  charging. The selected 
charging method depends p a r t l y  on the type o f  battery and t o  some 
extent on the avai lable charging time. Constant current charging can 
be used f o r  vented ce l ls .  For bat ter ies used i n  f l o a t  service i t  i s  
desirable t o  charge a t  the 10h ra te  i n i t i a l l y  and not higher than the 
5-7h ra te  f o r  bat ter ies on cycl ing service. As the battery i s  
approaching the gas evolution potent ial  (1 2.35 - 2.4 v o l t / c e l l )  the 
charging current has t o  be reduced t o  the 20h ra te  t o  f i n i s h  the 
charge. This i s  necessary t o  avoid shedding. Ce l l  potent1 a1 during 
charge i s  shown i n  Fig.11. Another charging method used i s  constant 
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potent ial .  As the battery potent ia l  increases the current tapers o f f  
t o  a t r i ck le ,  so someZimes t h i s  i s  cal  led  tapered charging. The 
charging method which can be used fo r  sealed bat ter ies i n  par t i cu la r  
i s  constant current constant potent ia l  charging, which i s  a1 so cal led 
current l i m i t e d  constant potent ia l  charging (Fig.12). I n  t h i s  case 
current i s  kept constant i n i t i a l l y  u n t i l  the battery potent ia l  
reaches a pre-set value. A t  t h i s  potent ia l  the system goes i n t o  a 
constant potent ia l  mode and the charging current w i  11 decrease as the 
battery approaches a f u l l y  charged condition. This charging method 
can be advantageously used t o  optimise service l i f e .  

A t  25.6 the recommended charging potent ia l  i s  about 2.35 vol t /cel  1 
and Fig.13 shows how t h i s  varies wi th  temperature. It can a1 so be 
seen i n  Fig.14 tha t  the avai lable cycle l i f e  depends not  only on the 
depth o f  discharge but  also on the subsequent charging potent ial  
used. A shallow discharde requires a lower end o f  charge potent ia l  
f o r  optimum cycle l i f e ,  d f  a 1Qh average charging time i s  considered. 

It i s  advisable t o  keep accurate records o f  the condit ion o f  the 
battery. A log-book should contain the potent ial  and density 
readings o f  the p i l o t  c e l l  taken a t  regular in te rva ls  as we1 1 as the 
en t i re  battery when determined. Records o f  water additions should 
also be kept t o  see any trend o r  changes which may develop during 
service. Capaci ty results, together w i  t h  potent ia l  readings during 
both discharge and charge periods, are also necessay f o r  subsequent 
assessment. 

r 

F i n  .s" us people maintaining bat ter ies should be aware o f  the inherent 
dangers which may be present. High voltage, high current, the 
poss ib i l i t y  o f  explosion and f i r e  hazards are a1 1 important 
considerations. A f i r s t  a i d  k i t  should be a t  hand together wi th  the 
necessary protect ion equipment: overal ls, face sh ie ld o r  gbggles, 
safety boots, eye wash bott les, water, sodium carbonate t o  neutral ize 
ac id s p i l l s  etc. Maintenance work has t o  be done f o r  re l i ab le  
service, but i t  must be carr ied out safely. 

I Conclusion 

Power storage systems are a very important pa r t  o f  "stand alone" 
power supplies f o r  most applications. The t o t a l  cost o f  the system 
and the cost o f  the battery should be considered careful ly.  I n  t h i s  
respect i t  appears tha t  bat ter ies designed f o r  stationary application 
are sui table i f  other factors k.g. service re1 i a b i l i t y ,  battery 
power f o r  extended period etc. ) neccessi t a te  considerable power 
reserve. I f  the power system i s  designed f o r  cyc l ing operation, the 
use o f  t rac t i on  type bat ter ies I s  almost mandatory. There i s  a very 
important t rade-off  between depth o f  discharge and service 1 i fe; 
present studies on battery developments are expected t o  produce 
appreci able performance improvements. Seal ed maintenance-f ree 
bat ter ies may have some a t t rac t ion  f o r  special application, but i n  
general, f o r  "stand aloneH power supplies (pa r t i cu la r l y  wi th  cycl ing 
duties) they are not  considered sui tab le al ternat ives t o  t rac t ion  
batteries. 

Correct maintenance procedures are important f o r  safety, system 
r e l i a b i l i t y  and optimum service 1 i fe .  
3821 p 
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BATTERIES FOR SOLAR PSSD HYBRID SYSTEE 

Many areas in A u s t r a l i a  do not have mains power - 415/240 AC - available. 

Traditional 'bane lightingt camprised a battery set and charging equiprent - 
h 1 y  a petrol o r  diesel engined generator. 

In many inslallatiolns th i s  was supp ted by winchill generators and in 
sasne locations by water pawed  charging. 

With inmasing ckmmds for mre hane appliances, diesel alternators supplying 
either 4.15~3 p'hase or  240v single phase 50 cycle A.C. have @=. 
Rdast of these range from about 3 t o  10 K.V.A. 

Ihese are d l y  lrpln for set periods each day and batteries used for lighting 
&c at night. 

Demand for 240v A.C. power has increased, and D.C. t o  A.C. inverters wene 
installed t o  aperate 240v equimt f m  the batteries when diesel alternators! 
were not running, particularly at night, when noise becarne objectionable. 

Advances in solar power technology and in=& oosts of operating petrol/ 
diesel engines have enhanced the viability of alternative engery sources, i n  
particular photovoltaic ce l l  charging of batteries. 

Systems can be either pure soliar or hybrid, where existing charging faci l i t ies  
am used when necessaxy t o  supplement solar pavreer. 

Solar sets are usually designed with 4 t o  5 days 'sunless9 days discharging 
the batteries by 50% of their  capacity. 

With hybrid systems, battery capacity can safely be reduced, provided the 
user hm that he has t o  supplement the solar charging in bad weather or if 

I 
he exceeds h i s  normal W l y  battery drain. 

Most 24017 diesel alternators have an automtive alternator a t t a e d  to  the 
diesel engine t o  cha;rge the starter battery. This should not be used t o  
charge the solar batteries - if they aze in a 1% system - b e m e  - 

(a) The volt* regulator w i l l  restrict the charging voltage, 
with charging current falling t o  a low value before the 
batteries are charged. 

OTORCYCLE BATTERIES BATTERY COMPONENTS & ACCESSORIES 



(b) hming the diesel for.- puqnse is inefficient. 

A suitable battery dmrgpr amnected to the 2- alternator output -1 
fully charge the batteries in a reasonable tim and very little! extra fuel 

I 
i s u s e d i f  t h i s  formof chrghgfs  carriedoutwbentheunit  isrunaing 
for mrm%l purposes. 1 

I 

butteries are availcble md which tvPes should be used ? 

Types available. 

(1) AutaDOtive batteries up t o  200 A.H. 

These should never be usmi because they are xmt designed for dis&as@;e - 
appliations . 

i 

(2) Semi Traction Wtteries up t o  230 A.H. 

They are low cost units, suitable for  small solar systems where price: 'is 
important. I 

I 
Multiple paralleling is not reamended because minor internal differences 1 
gre difficult  to balance out and uneven discharging and recharging w i l l  occur. I 
Bearing in mind there is only a limited amamt of energy available for 
chrghg, - cells in sane batteries may not get their shans. 

I f  one cell in  any battery beanes defective, a l l  the others w i l l  discharge 
iBto the faulty battery, 

&art f m n  that, there are a M rime h y ~ t e r  tests t o  be macie. 

(3) Staticwary batteries capacities up t o  ahout 800 A.H., wit31 the mge 
extending t o  over 2006 A.H. in the next few m g g t b .  

lhese are p r h w i l g  designed for float charghg fmm mains m r ,  as e n e n P C g  
power supplies for  telephone exchanges, canputem, lighting arnd p m r  in 
buildings when the mains fail .  

They have extremely h self-losses and me widely used in wok solar 
czummiw.tions systems tbroughaut reante regions of Australia. b b s t  of t h e  
systems have a constant load and the overall design is extr-ly reliable. 

Durfng sMrmer mtbs batteries operate in the 80 t o  100% cbxged condition 
and in w i n t e r  they aperate moss; of the time in the 50 t o  7% charged range. 
!this is a 'seasonal cycling0 ma% and life expxtancy is about 8 o r  9 g e m *  

The s a n ~  type of batteries regularly exceed I5 yeass We an float charge, 9 
you can see the life is red.lced by cycling in solar. applications. 



(4) Motive Paer Batteries Individual 2v ~ P l s  w i t h  capacities up t o  
about 1000 A.H. 

Prime function of mot ive  power cells is t o  power electric vehicles, mainly 
battery operatedl forklift  trucks where the average life e x d  4 ye- on 
a 70 - 80% daily discharge, recharge cycle. 

W i d e  usage exists fn traditional famhuSe lighting situations where depths 
of dis- f m  10-60% with m-g OC- frcm 1-7 t i m ~  per 
week. Average life is S 8  years. 

Large capacity mt ive  power cells are used for starting st'mdby diesel 
alternatoss, fa pmgs etc. , where the batteries are float  ckwged a t  2.25 
t o  2.38 volts per cell. . fn m y  eases life can exceed 10 years, w i t h  very 
few applications providing less than 6 yeam service. 

Pure Solar Systems designed cm 5 daga t o  5C% discharge fall. between the float 
and famhouse dut9 cycles, therefore mod service We can be exwcted. 
Hybrid System d d  be nearer t o  farm hause liming sittpa-tic&, depending 
an the nmber of 'sunless' days taken into tacmmt in 'the system design. 

Ihe notive paaer ce l l  containers -.thin d e d  and a& not designed t o  be 
free standing. Form fitting boxes of rigid material mst be used t o  house 
tbe cells. These b e s  must ?a at least to cell cover height. 

It is advisable t o  add at least 1.5mn to each of the cell base area dimezlsi0n.s 
per cel l  when d e s i m  the lmms. Tfhis wil l  cater for  my minor m a n t r f ~ g  
tolerances and aUw insulating mate r ia l  e.g. mrflute t o  be f i t t ed  w i d e  
the sides of the container. 

All inter-cell connectors between cells in each box can be l e d  burnt using 
mud bead cssnectors. The advantage is that the m e c t i o n  is pemanent, 
with no nut and bolt joints t o  work loose. 

Advantages of Stationary C e l l s  A l l  cells have high e l ~ ~ ~ y t e  volume 
enabling capacities up t o  25% or nore above their n m h d  10 bur capadties 
t o  be achieved at slow discharge rates without S.G. falling belm about W. 
(e.g. 550 A.H. @ell gives up t o  '720 A.H. at 20 day disdmrg6 rate). 

The cells have extremely l o w  self losses, less than 5% per m t h  cm circuit. 

Disadvantages ~f Stationary Celh Must only be assembled on s i t e ,  designed 
for float service and in typical solar service l i f e  expectancy is amsideralsly 
lower than the 3.5 yeam achieved in control8ed float &eciiti-. 

(2) All connections, solid links, flexible inter-box heads, if' n-, can 
be leted before transport t o  si te.  

(3) Ufe expectancy should be at hast to pure lead types. 

(4) &m? cost savings urn be achi&ed, pargicular1y if you fabricate yorP 
am boxes. 

( 5 )  W i d e r  range of capacities, shapes and sizes of cells gives greater 
flexibility in physical anfiguration and more precise A.H. capaCit41 
selection. 

. . . /4 



M s ~ t a g e s  of Wive Power Cel ls  

(1) ' No excess electmlyte. !Lbis means that a c e l l  rated at 550 A.H.- at ~ I the 5 hour a t e  is still 550 A.H. at the 20 cia.. rate. 

(2) ngher self &&arge rate, this is usually between 10 and 3.5% per 
mrlth m open &wit. 

(3) Bi@~er internal 1- M t  in hi&- 'float' erreTent than emen t  I 
capacity pure lead cem. This could represent up t o  34% of daily 
en- input versus 112% for a lead battm under similar -rating 
conditions. 

Operational No tes .  

Battery life fs very dependernt an a nmbr of fact-, including :- . .. 
\ 

(a) Good system design, mm there is ample 80- energy available t o  
re- the batteries. 

(b) The user understanding the limitations of his system. The best check of 
the battery condition is by using a hydrcm=ter.., calibrated w i t h  nuabers. 
Cheap hydrcxneters w i t h  c o l d  bands only am very misleading. 

m -  1260 is fully shas@Fed 
lf90-l210 ishalf  charged 
ll40-1160 i s f u l l y ~ c h a x g e d  
below 1140 , overdischarged. 

Batteries can be easily overdischarged because they w i l l  % t i l l  deliver 
usable energy in this cmdition without any noticeable change ia performance 
of fluorescent.Ugbts or  entert-t equipent. 

If batteries are left discharged or overdischarged f o r  even a day or two the 
plates w i l l  start t o  mP1pha.e and full capacity m y  not be recovered. 

Users should &derstand the use of the hyckmeter and be educated so that 
flat batteries are charged by an external charger without &lay to amid 
- 9  I 
Hsbrid syst- as outlined above, have these fac i l i t ies  readily available. 1 

( C )  Adequate maintenance. 

( i )  The morst important t bhg  is t o  use dis t i l led or  de-ionised water 
for  topping up - not tbt t h i s  happens very often on pure solar 
systens. 

(ii) A regulas check should be made on all bolted or clamped cosmections* 
mw should be kept clean and tight. A smear of petroleum jel ly,  I ~ 
not grease, w i l l  help. 



(iii) Battery cleanliness is important. Any mois tu re  on the top of the 
batteries shsuld'be m v e d  because it can form a conducting path 
wbich t a k s  energy fran the batteries and if  it be- bad enough, 
may eventually .cause damage t o  the batteries. 
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Introduction 

The coastline of Australia is marked by almost four hundred 
navigational aids whose prime purpose is to assist the safe 
and efficient movement of shipping. Those aids which fie 
outside port limits are the responsibility of the Federal 
Department sf Transport; the remainder are under State 
responsibility. 

Table 1 categories the Department's navigational aids and 
where applicable indicates the number of each type which 
derives its power from natural sources. 

Table 1 - Categories of Marine Navigational Aids operated 
by the Federal Department of Transport 

Manned Lightstations 
Unattended electric lights 
Unattended gas lights 
Buoys, gas or electric 
Lightfloats, gas and electric 
Radio Beacons 
Racons 
Decca Navigator Chains 
Omega 
Tide Guages 
Bay Beacons, unlighted 

Power Systems S - Solar 
W - Wind 
* - Common 

power source 

For many people, the large number of unattended gas lights will 
come as a surprise. (All but three consume acetylene gas; the 
exceptions use LPG). The reason for this is a combination of 
historical factors along with the acetylene equipment achieving 
a remarkably high degree of reliability. 

, 
Typical power consumption figures for unattended electric 
lights is shown in Table 2. 



Table 2 - Typical Power Consumption of Lightstation 

General Type 
of Light 

Range of Power Requirement 
Light (km) Amp. hours/night, (voltage) 

Minor 8 - 16 6 - 20 12 
Medium Intensity 24 - 30 20 - 50 12 
High Intensity 32 - 36 100 - 150 12 
BUOY 5 - 10 2 - 10 12 
Very High Intensity 37 - 42 100 - 460 240 . 
At manned lightstations, the domestic load predominates. Where 
mains power supplies are not viable, multiple diesel alternator 
sets of up to 20 kVa rating are employed. Within the marine 
navaid system it is not expected that natural energy power 
systems will challenge conventional systems of this capacity in 
the forseeable future. 

Until the introduction of solar powered lights in 1979, 
unattended minor and medium range electric lights were operated 
from air depolarized primary cells. Typically these cells 
were 2 volt modules with capacities of 1000 or 3000 ampere 
hours . 
In many locations, the primary cells failed to deliver their 
rated capacity which resulted in costly and unscheduled visits 
to the lightstation. In recent years, environmental factors 
with the cost and effort of recovering and disposing of spent 
cells has been a major concern and has provided much of the 
impetus to introduce natural energy power systems. 

The Department's Solar Power System 

The solar power units used by the Department are based on 
proprietary components. The system design is done 'in-house'. 
As shown in Table 1, 67 land based aids and 8 buoys are 
currently solar powered. (A further 39 solar installations 
(conversions and Qew installations) are scheduled for 
completion by June 1986. 

The Department is encouraged by high level of reliability 
achieved by the solar power systems and general lack of 
teething troubles, all of which has led to considerable 
savings in cost and maintenance effort. 

The results have also enabled the Department to plan for further 
cost savings by way of replacing acetylene lights with solar 
electric systems. (For an equivalent range of light, both 
the capital and maintenance cost of a solar electric light 
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are between 1/3 and 1/8 of those of an acetylene light). 

Solar Power System Design 

The original design philosophy used for solar power units was 
basically as follows 

I *  utilize readily available radiation data, rather than 
to instrument the potential site. 

- monthly solar radiation charts from Bureau of 
Meteorology are used 

- a 70/30 ratio.between direct and diffuse radiation 
is assumed. 

I utilize proprietary comments 

I - but solar panels must have a glass face. 

. install sufficient solar panels to support the load during 
mid-winter months 

- and with a safety margin aimed at covering 
: weather variations from year-to-year 
: dirt and bird fouling 
: power system aging effects 

I *  provide a battery capacity to enable between 10 and 20 days operation without input from the solar array 

- but not allowing the battery to discharge 
below 50% capacity 
: a relay is built into the voltage regulator 

to disconnect the load at a pre-set battery 
voltage 

derate the voltage regulation to ensure that electronic 
components were not working close to their limits 

- regulators were arbitrarily derated to 60% of 
nominal current capacity. 

Early solar installations were essentially based on the use 
of one type of beacon. For this reason it was convenient to 
present all design information on a 'standardized' design 
sheet, as shown in Fig. 1. The division of the Australian 
coastline into seven zones corresponds to features on the 
June solar radiation map. 

In the majority of cases, there are no direct means of 
monitoring the performance of the solar power system on a 



day-to-day basis. Each light is however inspected at four 
monthly intervals, when battery specific gravity, and if 
fitted, the ampere hour meter readings are recorded. 

Solar Power Experience 

The design approach outlined above has proven to be quite 
successful and no sites have required additional solar panels. 
Despite the conservative design approach however, it has been 
noted that around Torres Strait and to a slightly lesser 
extent in the Northern Territory, there is minimal safety 
margin during the January to March monsoon period which is 
accompanied by long periods of wet and overcast weather. 

As experience with solar power increased the design approach 
was extended to cover some medium range lights and in July 
1983, to a high intensity light, north of Darwin: a schematic 
of which is shown in Fig. 2. Essentially, three minor light 
power modules have been coupled together to support the 
load of almost 100 Ah per night. 

No standby power system is used and to date there have been 
no failures of either the power system or the light. 

The standardized design sheet used for minor lights has now 
been replaced with one which caters for 12 volt loads up 
to 150 Ah per night. The new sheet dispenses with the seven 
zones and the station's latitude becomes the starting point 
for sizing the solar array. Other aspects of the original 
design philosophy are essentially unchanged. 

Recent Solar Installations 

In April this year, four new solar powered lights were 
established along Hydrographers Passage. This has opened 
a new route through the Great Barrier Reef primarily for bulk 
coal carriers sailing from Hay Point (Mackay) to Japan. 

The structures (up to 33 metres high) are built on reefs which 
are rarely exposed. The most powerful of the lights has a 
range of 35 km and draws 150 Ah per night. 

To minimize the wind loading on both the tower and the solar 
modules, it was necessary to mount the solar arrays in the 
lower portions of the tower. This requirement had several 
consequences. 

. during the months November to February, the tower 
would, at three of the four stations, cause shading 
of the main solar array 



to compensate for this an auxiliary array has been 
fitted to the southern side of the tower. 

1 ~uring the design phase, it was decided to incline the 
auxiliary solar arrays at 15 degrees to the south in the hope 
that rain runoff would keep the panels clean. It is 
interesting to note that while little bird life was observed 
during the initial site survey, there has been a dramatic 
increase in numbers since the structures were established. 
At this point in time it is not known whether the auxiliary 

I array can be kept clear enough to be effective. 

Since these new lights are well off shore, it may not always 
be possible to attend to a fault condition at short notice. 
To avoid this situation disrupting the flow of shipping, 
solar powered standby ligkts are fitted to each tower. The 
interesting feature here is that while the main light continues 
to operate correctly, the (switching type) voltage regulators 
on the standby power system must hold the solar array 'open 
circuit' for prolonged periods. Whether there will be any 
detrimental effects to the auxiliary power system remains to 
be seen. 

In another application of solar energy, the Department has 
gained over 12 months experience with several solar powered 
buoys. The system was developed by the Department's South 1 ~ustralia/~orthern Territory Region to overcome problems 
with primary cell battery packs, which in addition to the 
problems found on land based installations, are prone to 
spilling their electrolyte. 

/ The deployment and retrieval of ocean buoys is a fairly 
hazardous operation and any exposed equipment such as the 
light or protruding solar panels are at risk. 

The solar panels are mounted vertically in each of the four 
bays of the radar reflector. While this is not an optimum 
configuration from the point of collecting solar energy, the 
panels are fairly well protected from damage. Furthermore, 
the cost of the solar power system is still significantly 
cheaper than the alternatives. 

The solar power package developed so far will support most 
but not all of the flashing light characters used by buoys. 

In the current program of solar installations, the Department 
is using Solarex X160G type panels. Prior to this the 
Solarex X44 BG and Philips BPX47A solar panels were used. 

I _Wind Generators 
I The Department has had wind generation operating since 



1970. The first two units were provided as part of a 'turn- 
key' purchase for two Decca radio navigational aids in the 
Pilbara (WA) . 
These wind generators are standard 2 kw, 24 volt Dunlite 
units which each support an unattended radio transmission 
monitoring facility (average power consumption is 100 Ah per 
day). In the event of problems, each wind generator is backed 
up by a small diesel alternator. 

The usual wind speeds are about 5 metres per second, and 
turbulence due to terrain and structures is considered to 
be low. 

Under these conditions the wind generators have performed 
reliably and without any special attention, although one of 
the wind generators did suffer minor damage from Cyclone 
Joan. 

The Tasman Is light, east of Hobart was the Department's first 
attempt at using a wind generator as the principal power unit 
at a light station. The new power and optical equipment 
was commissioned in 1976. The power system is an adaptation 
of the Telecom windldiesel hybrid used across the Nullarbor 
Plain and comprises a 2kW, 24 Volt Dunlite wind generator, 
two 4kW diesel generators standby units and a 1500 Ah lead 
acid Battery bank. The-station load is about 220 Ah per 
night. 

The annual average wind speed at Tasman Is is 7 metres per 
second, however the islands impressive 300 metre high cliffs 
ensure a high degree of turbulence. 

The design approach for the power system centred around 
modelling the battery charge/discharge cycles for various 
times throughout the year. It became apparent during this 
work that the wind generator would not be capable of fully 
supporting the load and that a diesel would have to start 
once or twice a month. 

To assist the wind generator to survive in the turbulent 
conditions, a smaller than standard rotor was specified: 
3.2 cf. 3.9 metres diameter. 

In the early days of operation the sheet metal tail vane was 
torn away on several occasions. Attempts to attach the tail 
more securely led to failures of the pylon casting. Regional 
staff eventually built a twin tail arrangement which has 
proven to be very successful. Not only did this overcome the tail 
problems, but the generator now faces the wind more steadily 
than before and delivers more power. 

On two occasions the rectifying diodes in the wind generator 
have failed, with no other damage apparent. It is thought . . . / 8  



8. 

these occurrences may have resulted from lightning strikes. 

In order to minimise unscheduled visits to the island, the 
wind generator is exchanged with a spare unit every 12 to 
18 months. The wind generator being returned is then 
overhauled and tested. This generally involves 

I . crack testing the blade spindles 

. replacing rotor hub bearings 

. overhauling the pitch control dampers 

. inspecting the stainless steel, sheet metal blades 

- to date the blades have not required any maintenance. 

Although the Tasman Island conversion is regarded as an 
economic success, the complexity of the control system for 
both the powez unit and the light has provided the Depart- 
ment with some valuable lessons. One of these is to strive 
for simple-but-effective solutions to keep on-site maintenance 
effort to a minimum. To this end, the Department currently 
prefers to use a single source of energy and simple controls 
rather than consider the more complex hybrid systems. 

In 1979 an Aerowatt 24 FP7G (24 watt, 12 volt) wind generator 
was purchased for evaluation. This machine was tested for 
12 months at a manned light in South Australia, which 
interestingly, was home for a variety of species of birds. 
The wind generator demonstrated that it could easily support 
a load of 18 Ah per night, and apparently, there were no 
problems with the bird life. Wear-and-tear on the wind 
generator was limited to the erosion of paint from the timber 
blades and tail post. 

The wind generator was re-installed in 1981 when the light- 
station became unattended and again proved to be a reliable 
unit. 

On the basis of the evaluation trials, the Department decided 
to purchase several more of the small wind generators to 
,operate medium range lights in South Australia and Tasmania. 

At that time it was possible to show that the small Aerowatt 
was cost effective against solar cells. 

By the time the order was placed, the 24 watt Aerowatt had been 
superceded by a 60 watt machine. See Fig. 3. 

Unfortunately, the 60 watt wind generator has not proven to be 
as reliable as the 24 watt unit. After about 12 months 
operation wind generators from a variety of Locations have 



' 1 1  ' I shown signs of heavy wear to rotor hub bearings. Two wind 
generators have broken away from their towers and another 

I suffered a broken pitch control link after only 4 months 

This wind generator is the sole power source for a high 
intensity light (100 Ah per night). A Tasman Island style 
twin tail arrangement has already been fitted to this unit. 

I 
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As Table 1 shows, the Department operates 9 wind generators 
(7 powering lights). There are however, no firm plans for any 
more installations over the next few years. In fact, five 
potential wind generator installations have been abandoned, 
four in favour of solar power. 

operation. 

In each case where the wind generators broke away from the 
towers, a 12 metre mid-hinged, guyed mast had been used. 
See Fig. 4. While one tower displayed evidence of poor 
welding around the wind generator mounting flange, it is 
suspected that a resonance problem may exist. 

The mid-hinged mast was introduced as a means of overcoming 
safety problems being experienced by maintenance staff. The 
robust wind generator tower used at Tasman Island was acquired 
at a bargain price and could not be repeated at other sites. 
In any case, while the top.platform is quire large, access 
to the wind generator still requires the use of a ladder. 

Recently a 1 kW, 12 volt Dunlite wind generator was installed 
at Goose Island in Bass Strait. This machine is mounted on a 

~ ' ' l ' y f  
Wave Activated Generator 

I traditional three legged lattice tower, to which a caged 
ladder and demountable work platform have been added. 

The Department presently has a Ryokusei TG 2 (12 volt, 30 
watt) wave activated generator undergoing evaluation on the 
Breaksea Spit light vessel (near ~undaberg). 

The light vessel has provision for two wave activated generators 
which may be fitted to vertical, open ended tubes (635 mm diameter) 
built into the after section of the ship on either side of the 
centre line. 

I (  , ~ 1  When a TG 2 is fitted, the vessel's pitch and roll motion causes 
11 

I !  air to be drawn into or expelled from the tube. Flap valves I 111 in the TG 2 provide a uni-directional flow of air through a 

, I  Ail turbine which drives a small alternator. 

The TG 2 is presently connected to 10 ohm dummy resistive load 
via an ampere hour meter. During a recent 95 day period, the 

' / /  machine generated an average of 32.5 Ah per day. 



The following provides a brief listing of some of the ancilliary 
equipment used in the Department's natural energy power systems. 

' I  For land based installations, the Chloride Faure-X range 
of lead acid batteries is preferred for both wind and 
solar applications. Battery types in common usage are 
the 2G 22s (2 volt, 225 ~ h )  and the 2G 660. 

. The solar powered buoys are using the new Chloride 
recombination electrolyte lead battery, type RE 12-65 
(12 volt, 65 Ah at 20 hr rate). 

I Voltage Regulators 

. With wind generators, the respective manufacturer's 
voltage regulator unit has been used with good results. 

. Early solar installations used Lucas BVR-12-10 or 
BVR-12-15 (1Q or 15 amps) shunt regulators. These 
have performed very well. 

. Later solar installations have used Solarex SCDR 25-1-14, 
switching type regulators. Tasmanian and Western 
Australian Regions have experienced failures with these 
regulators and no more of this model are being 
issued. For the present, the Lucas BVR-12-15 regulators 
have been substituted pending a review of the design 
deficiencies of the Solarex unit. The main 
deficiencies have been associated with 

- printed circuit board connectors 

- hand book errors 

- poor weather proofing. 

Ampere Hour Meters 

. The Pharos (formerly AGA) type 'AHCO-60' (0 to 1 
or 1 to 10 Amp) ampere meter is now being used quite 
extensively to provide charge monitoring information 
for the majority of solar powered lights (cost is 
around $300). 

Diodes 

. The blocking diodes fitted to the output of each solar 
panel are of the Schottky type to minimize voltage 
drop. . . . /11 



Conclusion 

The paper has presented an overview of the Department's 
involvement with natural energy power systems for operating 
marine navigational aids. 

It is clelar that of the three natural energy systems used 
solar electric systems will have the major role in powering 
marine navigational aids. 

The future role for wind and wave powered generators is 
likely to be restricted to particular sites where aspects such 
as large bird populations etc., preclude the use of solar 
power. 
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SULAH POWLRED EWUIPWENT I N  UUEENSLAMD RAILWAYS 

I n  t h e  o p e r a t i o n  o f  a Railway System, t h e  f u n c t i o n  o f  r a i l w a y  s i g n a l l i n g  is  - 

( a )  t o  p r e v e n t  l o s s  of l i f e  o r  damage due t o  c o l l i s i o n  o r  de ra i lmen t .  

( b )  t o  f a c i l i t a t e  t h e  e f f i c i e n t  o p e r a t i o n  of  t r a i n s  th roughout  t h e  
sys tem by a s s u r i n g  t h e  maximum u s e  of  e x i s t i n g  t r a c k  f a c i l i t i e s  
w i t h  a minimum l o s s  o t  time, 

The t r a c k  c i r c u i t ,  which was i n v e n t e d  by D r .  William Robinson and f i r s t  i n s t a l l e d  
on t h e  P h i l a d e l p h i a  and E r i e  R a i l r o a d  USA i n  1872 is t h e  most i m p o r t a n t  l i n k  i n  
t h e  s i g n a l  system, I t  is t h e  medium of  c o n n e c t i o n  between t h e  moving t r a i n  and 
t h e  s i g n a l  o r  o t h e r  d e v i c e  p rov ided  f o r  p r o t e c t i o n .  

The most commonly used and s i m p l i s t  t r a c k  c i r c u i t  is t h e  DC t r a c k  c i r c u i t .  A 
t r a c k '  c i r c u i t  i n  its s i m p l i s t  form is a n  i n s u l a t e d  s e c t i o n  of track with  a  r e l a y  
a t  one end and a b a t t e r y  a t  t h e  o t h e r  end, I t  c o n s i s t s  o f  - 
( 8 )  e b a t t e r y .  

(b) A l i m i t i n g  r e s i s t a n c e  c a l l e d  a  t r a c k  f e e d  r e s i s t a n c e .  

( C  1 ra i l s  and r a i l  bonding. 

( 4  i n s u l a t e d  j o i n t s .  

( 0  1 a t r a c k  r e l a y .  

f i a u r e  1 shows t h e  p r i n c i p l e  of  o p e r a t i o n .  When t h e  t r a c k  c i r c u i t  is unoccupied,  
t h e  t r a c k  r e l a y  is e n e r g i s e d ,  When t h e  t r a c k  c i r c u i t  is occupied,  t h e  a c t i o n  of  
t h e  wheels o f  t h e  t r a i n  c a u s e  t h e  r e l a y  t o  become de-energised,  

A pr imary c e l l  w i t h  a t e r m i n a l  v o l t a g e  of  approx imate ly  600  millivolt^ is t h e  most 
commonly used s o u r c e  of p o s e r  f o r  DC t r a c k  c i r c u i t s .  Two cells a r e  u s u a l l y  p l a c e d  
i n  p a r a l l e l  t o  i n c r e a s e  t h e  c u r r e n t  c a p a c i t y  of t h e  b a t t e r y  and t o  guard  a g a i n s t  
t h e  p o s s i b i l i t y  o f  e a r l y  f a i l u r e  of' one of  t h e  c e l l s ,  Th ie  ar rangement  o f  c e l l s  
u s u a l l y  h a s  a u s e f u l  l i f e  of  13-2 y e a r s ,  a f t e r  which t h e y  need t o  b e  rep laced .  
The t y p i c a l  t r a c k  v o l t a g e  f a  600 m i l l i v o l t s .  

The b a t t e r y  r e p l a c e m e n t s  a r e  c a t e r e d  f o r  i n  maintenance programmes, b u t  i t  is 
d e s i r a b l e  t o  r educe  maintenance and,  t h e r e f o r e ,  c o s t a  of bo th  m a t e r i a l s  and man- 
power t o  a minimum. To a c h i e v e  t h i s  aim, s o l a r  t r a c k  f e e d  u n i t a  have been des igned  
and are i n  o p e r a t i o n  a t  v a r i o u s  l o c a t i o n s  th roughout  t h o  S t a t e .  Wind g e n e r a t o r s  
were t e s t e d  a t  a few l o c a t i o n e ,  b u t  were found t o  be l e s s  r e l i a b l e  t h a n  s o l a r  
energy,  A few of  t h e  l o c a t i o n s  w i t h  s o l a r  t r a c k  f e e d s  i n c l u d e  t h e  J i l a l a n  t o  Hay 
P o i n t  L ine ,  Blackwater  t o  Laleham L i n e  and Blackwater  t o  Gregory Line. 

The s o l a r  t r a c k  f e e d  u n i t s  a r e  very  s i m p l e  i n  d e s i g n  and o p e r a t i o n ,  and i t  i s  t h i s  
s i m p l i c i t y  t h a t  g i v e e  i t  very  good r e l i a b i l i t y .  I t  c o n s i s t s  of t h e  s o l a r  modules, 
a t o r a g e  b a t t e r i e s ,  a v a r i a b l e  t r a c k  f e e d  r e s i s t a n c e ,  a t r a n s o r b  used  f o r  l i g h t n i n g  
p r o t e c t i o n ,  and a Scho t tky  b l o c k i n g  d i o d e  t o  p r e v e n t  r e v e r s e  l e a k a g e  c u r r e n t  under 
da rk  c o n d i t i o n s .  

con t .  .2/ 



PAGE TWO. 

The s o l a r  module i t3 a  T ideland T w i n  s o l a r  module type G6 10412/10412/2. This 
module g ives a  2.62 l o a d  vol tage output  w i t h  e shor t  c i r c u i t  cu r ren t  o f  3373 
milli-amps. 

There i s  no form o f  e x t e r n a l  vo l tage r e g u l a t o r  i n  t h i a  system, due t o  the  s e l f  
r e g u l a t i o n  c h a r a c t e r i s t i c s  o f  t h e  s o l a r  module, when matched t o  the  load, as w i l l  
be described i n  a  l a t e r  rec t ion .  

Tha b a t t e r i e s  a re  a  HVP22,220 amp-hour Nickel-Cadmium bat tery.  I n  t h e  design, a  
s i n g l e  b a t t e r y  i s  used. Nickel-Cadmium b a t t e r i e s  have been used because they have 
some advantages over l e a d  a c i d  bat te r ies .  They e x h i b i t  low s e l f  discharge losses, 
and are  more t o l e r a n t  o f  accidents then a r e  l e a d  a c i d  bat te r ies .  For example, they 
w i l l  f u l l y  recover from f reez ing  u h e r ~  t h o  o l e c t r o l y t e  becomes slushy, and from 
complete diecharge t o  zero vol ts .  Excessive overcharging w i l l  no t  damage t h e  
bat tery,  bu t  water l o s t  from the e l e c t r o l y t e  muat be replaced. 

I t  ie even advantageous t o  a l l ow  the  b a t t e r y  t o  occas iona l ly  overcharge. Th is  i s  
because the b a t t e r i e s  a re  opera t ing  under cond i t i ons  which a l l ow  f o r  e l e c t r o l y t e  
a t r a t i f i c e t i o n ,  which occur8 when the  b a t t e r i e s  a re  etat innary,  eind charging and 
d ischarging cur rents  are  low. By a l l ow ing  the  b a t t e r y  t o  overcharge, a  m i l d  
gassing o f  tho  e l e c t r o l y t e  occurs and henco mixing. 

However, t he  advantages o f  Ni-Cad b a t t e r i e s  are  o f f s e t  by the  h i g h  coat, vo l tage 
i n e f f i c i e n c y  (charging vo l tage 1% h igher  than d ischarging vo l tage compared t o  5% 
charge f o r  l e a d  a c i d  bat te r ies) ,  and lower vo l tage per  c e l l  r e s u l t i n g  i n  more 
c e l l s  t o  a  g iven b a t t e r y  vo l tage than l e a d  a c i d  systema. Thi8 l e s t  f a c t o r  i s  no t  
a problem due t o  the  low system voltage. 

The t r a c k  feed res i s tance  i a  used t o  ad jus t  t ha  vo l tage a t  a r e l a y  end o f  the  
t rack  c i r c u i t .  I t  i s  necessary t o  have t h i s  adjuetment t o  enable the  r e l a y  t o  
operate properly,  a l l o w i n g  f o r  losses. 

The losses are  o f  two types, one caused by loesee i n  the  connsct ing wises ussd, 
and the  o ther  by leakage c u r r e n t  which f lows cont inuously through the  t rack  
ba l l as t .  

I n  t h i s  case, t h e  t rack  feed res is tance i s  va r iab le  from 0 t o  4.077 by shunt ing 
out  res is tances t o  reach the  des i red  value. 

The equipment l ayou t  and t h s  design o f  the  so la r  t rack  feed u n i t  i s  shown i n  
Fiourls 7. 

Solar pouered f l a e h i n g  l i g h t s  have a l so  been used a t  l e v e l  crossings i n  a few 
locat ione, one o f  which i s  Ui lmington near T3wnsvil le. 

Two designs have been made which vary on ly  i n  t h e  type o f  so la r  c e l l  used. One 
design uses Tideland GG 3241/12 s e l f  r e g u l a t i n g  s o l a r  c e l l s .  The c e l l s  are 
mounted i n  a  frame 1030 x  533 x 55 mm which i s  adJustable t o  the  des i red  pos i t ion .  
The p lans f o r  t ha  frame are shown i n  F i a u r e  3. The current /vol tage curves fo r  a 
s i n g l e  module ere shown i n r i ~ u r e  4. I n  general, opera t ing  a t  other  than 
standard cond i t ion8 w i l l  a l t e r  the output  o f  t h e  module as a  near l i n e a r  func t ion  
o f  temperature and l i g h t  i n t e n s i t y .  The temperature coe f f i c i enk  f o r  module power 
output  i s  about 0.4-0.5% per degree C. From t h e  curves, i t  can be seen t h a t  a 
module w i l l  supply about 2.2 Amps a t  a  nominal vol tage o f  14V. The values are  a t  
standard cond i t i ons  o f  lOOmV/sq.cm l i g h t  i n t e n s i t y  and 25 degrees C c e l l  
temperature. 
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The major fac to rs  i n f l u e n c i n g  the  choice o f  s torage b a t t e r i e s  were, t he  b a t t e r y  
type required, the  vo l tage and the  ampere-hour capacity. A l esse r  cons idera t ion  
i s  t h e  environment i n  which the  b a t t e r y  i s  used. Since the  temperature range 
between win ter  and summer i s  no t  l a r g e  compared t o  count r ies  such as Canada, t h i s  
f a c t o r  was neglected. The most commonly used b a t t e r i e s  f o r  s o l a r  app l i ca t i ons  are  
leed-acid and nickel-cadmium bat te r ies .  In  t h i s  design, lead-acid b a t t e r i e s  were 
used. The syatem vo l tage requ i red  was 12 vol ts .  

A ae t  o f  e i g h t  r a i l w a y  produced lead-acid b a t t e r i e s  connected i n  se r ies  was used. 
The b a t t e r i e s  a re  2 V o l t  180 AH deep c y c l e  bat te r iee .  

The charging e f f i c i e n c y  o f  t h e  b a t t e r y  was a l so  an important  factor .  The so la r  
panel charges the  b a t t e r y  i n  a constant cu r ren t  fashion, u n t i l  t h e  b a t t e r y  reaches 
90% of f u l l  capacity. As the  b a t t e r y  reaches and exceeds 90% capacity, t he  s o l a r  
a r ray  cu r ren t  decreaaes r a p i d l y  w i t h  i nc reas ing  voltage. Th is  provides a s e l f  
r e g u l a t i n g  mechanism i f  the  panel  vo l tage and cu r ren t  outputa a re  matched t o  the  
load. However, an ex te rna l  regu la to r  i s  needed i f  the  panel output  exceeds the  
l e a d  by more than 30%. I n  t h i s  caee, t h e  l o a d  requ i red  waa t y p i c a l l y  13 v o l t s  
a t  1.5 Amps and a r e g u l a t o r  was needed. 

The regu la to r  has been designed so t h a t  t h e  main s o l a r  a r ray  b a t t e r y  system can 
work a t  maximum e f f i c i e n c y  when the  b a t t e r y  i s  l e s s  than f u l l y  charged. In t h i s  
state, t he  regu la to r  on l y  consumes about 0.03 Amp-Houre per day end int roduces no 
e x t r a  vol tage drops i n  the  system. When t h e  b a t t e r y  vo l tage exceeds an adjuatable 
preset  leve l ,  t he  r e g u l a t o r  p ropor t ions  the  cu r ren t  so t h a t  j u s t  enough passes i n t o  
the  b a t t e r y  t o  keep i t  f u l l y  charged and t h e  remainder i s  shunted through a dummy 
load, The c i r c u i t  schematic i s  shown i n  F iaure  5. The unit used was produced by 
Lucas I n d u s t r i e s  and i s  the  BVR Ser ies Ba t te ry  Voltage Regulator. I t  has e t y p i c a l  
r e g u l a t i n g  vo l tage o f  14.4 v o l t s  DC a t  a cu r ren t  o f  2.5 Amps. 

R e l i a b i l i t y  and s t a b i l i t y  have been b u i l t  i n t o  the  vo l tage regu la tor ,  and a 
723HM i n teg ra ted  c i r c u i t  was ured. This i n d u s t r y  standard conta ins a s tab le  
vol tage reference, a h i g h  g a i n  d i f f e r e n t i a l  a m p l i f i e r  and an output  stage w i t h  
moderate cu r ran t  hand l ing  a b i l i t y .  The temperature and long  term d r i f t  a t a b i l i t y  
o f  t h i s  vol tage reference, t h e  1% metal  f i l m  resistors, and t h e  cermet t r i m  
potent iometer used i n  the  c i r c u i t  prov ides t i g h t  r e g u l a t i o n  o f  b e t t e r  than 0.5% f o r  
1mA t o  f u l l  a r ray  cu r ren t  passing the  shunt path. The Hfl vers ion  of t he  723 i s  a 
f u l l  m i l i t a r y  temperature range (-55 degrees C t o  125 degrees C )  device 
he rmet i sa l l y  sealed. I f  a f a i l u r e  were t o  occur, t he  most l i k e l y  events would 
r e s u l t  i n  t h e  shunt pa th  being open c i r c u i t r d ,  l e a v i n g  the  eo la r  array-battery 
func t i on ing  i n  a normal, non-regulat ing manner. 

A b lock ing  diode i s  used t o  prevent cu r ren t  f l ow ing  from the storage b a t t e r y  t o  the  
s o l a r  module a t  n ight .  The diode i s  p lacad i n  s e r i e s  between t h e  module and 
b a t t e r y  as shown i n  F iau re  6. Pa r t  0. 

The amount o f  s o l a r  r a d i a t i o n  received and t h e  d a i l y  energy demand are  the  two 
c o n t r o l l i n g  f a c t o r s  i n  the  design o f  photo-vol ta ic  aystema. The s e l e c t i o n  o f  
raw i n s o l a t i o n  data t o  be used i n  t h e  design o f  a s o l a r  a r ray  system i s  
dependent on t h e  l o c a t i o n  and metero log ica l  cond i t i ons  p r e v a i l i n g  between t h e  
data s t a t i o n  and system locat ion.  Other c o n t r i b u t i n g  f a c t o r s  are  the  u n i t s  i n  
which the  s u n l i g h t  da ta  i s  expressed, the  source o f  t h e  data, t h e  various types 
o f  de tec t i ng  inst ruments used, and t h e  pe r iod  over which the  data  was accumulated, 
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The design of  the solar powered f lash ing l i g h t  i n s t a l l a t i o n  was car r ied  out i n  
1976 and i t  i r  envisaged tha t  themlevant i nso la t i on  data fo r  the Wilmington 
area w s  collected, and used i n  the  design o f  the ryQtem, wi th  the above factors 
taken i n t o  account. 

The design o f  the i n s t a l l a t i o n  i s  shown i n  wer. 6, inc lud ing a l i s t  o f  
abbreviations. 



L I S T  OF ABBREVIATIONS. 

FCR - FLASHING CHECK RELAY* 

UNXSR - DOWN DIRECTIUN CROSSING STICK RELAY. 

UPXST - UP OIRECTIUN CRUSSING STICK RELAY. 

ATH - "A" TRACK RELAY* 

BTR - "8" TRACK RELAY. 

CTH - "C" TRACK RELAY. 

RXE - DANGER OR RED CROSSING LIGHTS* 
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GUULOING 0.L. "SOLAH POWER BATTEHY CHARGING" 

TIDELAND SOLAH ELECTHIC GENEHATIUN 

LUCAS INUUSTHIES AUSTHALIA L IMITED 

UESTINGHOUSE BRAKE A t B  SIGNAL 
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