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Abstract 

The energy consumed in manufacturing silicon solar cell 

modules was calculated for the current process, as well as 

for 1982 and 1986 projected processes. In addition, 

energy payback times for the above three sequences are 

shown. 

The module manufacturing energy was partitioned two 

ways. In one way, the silicon reduction, silicon purification, 

sheet formation, cell fabrication, and encapsulation energies 

were found. In addition, the facility, equipment, processing 

material and direct material lost-in-process energies were 

appropriated 'in junction formation processes and full module 

manufacturing sequences. 

A brief methodology accounting for the energy of silicon 

wafers lost-in-processing during cell manufacturing is described. 
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1. I n t r o d u c t i o n  

The manufac tu r ing  methods f o r  p h o t o v o l t a i c  s o l a r  

1 energy.  u t i l i z a t i o n  sys tems  c o n s i s t ,  i n  comple te  g e n e r a l . i t y ,  

o f  a  sequence  of  i n d i v i d u a l  p r o c e s s e s .  T h i s  p r o c e s s  sequence  

h a s  been,  f o r  co.nvenience,  l o g i c a l l y  segment.ed i n t o  f i v ' e  

major  "work a r e a s ' :  Reduc t ion  and p u r i f i c a t i o n  o f  t h e  s e m i -  

c o n d u c t o r  m a t e r i a l ,  s h e e t  o r  f i l m  g e n e r a t i o n ,  d e v i c e  genera -  

t i o n ,  module assembly  and e n c a p s u l a t i o n ,  and sys tem c o m p l e t i o n ,  
. . 1 :  

i n c l u d i n g  i n s t a l l a t i o n  o f  t h e  a r r a y  and t h e  o t h e r  subsystems.,  

I For  s i l i c o n  s o l a r ' a r r a y s ,  each  work a r e a  h a s  been d iv ided .  i n t o  

10  g e n e r a l i z a e d  " p r o c e s s e s "  i n  which c e r t a i n  r e q u i r e d  modi f i ca -  

t i o n s  o f  t h e  work- in-process  a r e  performed.  I n  g e n e r a l ,  more 

t h a n  one  method i s  known by whicb. such m o d i f i c a t i o n s  can  b e  
! 

. c a r r i e d  o u t .  The v a r i o u s  methods f o r  e a c h  i n d i v i d u a l  pro-  
I 

cess a r e  i d e n t i f i e d  a s  p r o c e s s  . . " o p t i o n s " .  T h i s  sys tem of  pro-  

cesses and o p t i o n s  forms a  two-dimensional' a r r a y , w h i c b  i s  
. . 

here c a l l e d  t h e  " p r o c e s s  m a t r i x " .  

I I n  t h e  s e a r c h  t o  a c h i e v e  improved p r o c e s s  sequences  f o r  
I 
I 
I producing s i l i c o n  s o l a r  c e l l  modules,  numerous o p t i o n s  have  
I 

been proposed and/or  deve loped ,  and w i l l  s t i l l  h e  proposed 

and deve loped  i n  t h e  f u t u r e .  ' I t  i s  a  n e a r  n e c e s s i t y  t o  be 
I 

a b l e  t o  e v a l u a t e  such  p r o p o s a l s  f o r  t h e  t e c h n i c a l  m e r i t s  

r e l a t i v e  t o  o t h e r  known a p p r o a c h e s ,  f o r  t h e i r  economic b e n e f i t s ,  

and f o r  o t h e r  techno-economic a t . t r i b u t e s  such  a s  ene rgy  con- 

sumpt ion ,  g e n e r a t i o n  and d i s p o s a l  o f  w a s t e h y - p r o d u c t s ,  etc.  

Such e v a l u a t i o n s  have  t o  be a s  o b j e c t i v e  a s  p o s s i b l e  i n  l i g h t  

of  t h e  a v a i l a b l e  i n f o r m a t i o n ,  o r  t h e  l a c k  t h e r e o f ,  and have  
I 
I 1 



t o  b e  p e r i o d i c a l l y  upda ted  a s  development  p r o g r e s s e s  and 

new i n f o r m a t i o n  becomes a v a i l a b l e .  S i n c e  each  i n d i v i d u a l  

p r o c e s s  o p t i o n  h a s  t o ' f i t  in t .0  a  ,Frocess  sequence ,  t e c h n i c a l  

i n t e r f a c e s  between c o n s e c u t i v e  p r o c e s s e s  must  b e  c o m p a t i h l e .  

T h i s  p l a c e s  emphasis  on t h e  s p e c i f i c a t i o n s  f o r  t h e  work-in- 

p r o c e s s .  e n t e r i n g  i n t o  and ernanatin(! from a  p a r t i c u l a r  p r o c e s s  

o p t i o n .  

The . o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  accumu1at.e t h e  n e c e s s a r y  

i n f o r m a t i o n  a s  i n p u t  f o r  such  e v a l u a t i o n s ,  t o  d e v e l o p  aporo-  

p r i a t e  me thodo log ies  f o r  t h e  performance  o f  such  techno-economic 

a n a l y s e s ,  and to  perform such  e v a l u a t i o n s  a t  v a r i o u s  l e v e l s .  

Energy consumpt2on and correspond. ing  payhack t i m e s  w e r e  

r 'eviewed f o r  t h e  c u r r e n t  p r o d u c t i o n  p r o c e s s  and f o r  pro-  

cesse.s which may b e  used  o n  manufac tu r ing  l i n e s  i n  l 9 8 ?  

and 1986.  or a  p r o p e r  a s s e s s m e n t  o f  t h e  payback t i m e s ,  

t h e  e n t i r e  manufac tu r ing  p r o c e s s  sequence  from t h e  mining od 

t h e  o r e ,  i n  t h i s  c a s e  q u a r t z i t e ,  and i t s  r e d u c t i o n  t o  S i ,  up 

t o  t h e  comple t ion  o f  t h e  sys tem,  f u l l y  i n s t a l l e d  and r e a d y  f o r  

o p e r a t i o n ,  shou ld  b e  a n a l y z e d .  So f a r ,  w e  have  o n l v  accumula ted  

e n e r g y  d a t a  up th rough  module manufac tu re .  Fven fo r  t h i s  p a r t  o f  

t h e  p r o c e s s  sequence ,  w e  have  s o  f a r  performed o n l y  d e t a i l e d  

e n e r q y  a n a l y s e s  f o r  t h o s e  p r o c e s s e s  f o r  which w e  have  comple ted  

thourough techno'l-otjy and c o s t  s t u d i e s .  These p r o c e s s e s  i n -  

c l u d e  t h e  S i 0 2  r e d u c t i o n  i n  t h e  a r c  f u r n a c e ,  C z  c r y s t a l  p u l l - i n g ,  

s l i c i n g ,  j u n c t i o n  f o r m a t i o n ,  and t h e  energy  c o n t e n t  of  encap- 

s u l a t i o n  m a t e r i a l s .  For  t h e  remain ing  p a r t s  o f  t h e  p r o c e s s  

s e q u e n c e ,  w e  have  i n s e r t e d  d a t a  from o t h e r  s t u d i e s ,  s u c h  a s  

I l e s '  1974 c o m p i l a t i o n  o f  t h e  s o l a r  c e l l  p l a n t  ene rgy  



consumpt ion( ' )  and B i c k l e r  I s  d e s i n n  d a t a  f o r  a  $Z.OO/W (pk)  ( 2 )  

and a  SO. SO/W (pk) ( 3 )  Strawman p r o c e s s  ( 1  975$)  . 
These  energy  consumption s t u d i e s  a r e  summarized i n t o  

t w o  q u a n t i t i e s  of  i n t e r e s t  f o r  ene rgy  s o u r c e  sys tems :  1. 

t h e  t o t a l  ene rgy  consumed i n  c r e a t i n g . t h e  energy  s o u r c e ,  and  ' 

2 .  t h e  r e l a t i o n  o f  t h i s  " i n v e s t e d "  energy  t o  t h e  u s e f u l  e n e r g y  

o u t p u t  o f  t h e  sys tem which,  f o r  s o l a r  e n e r g y  u t i l i z a t i o n  s y s -  

t e m s ,  i s  o f t e n  c a l l e d  t h e  "payback t i m e " .  Whi le  t h e  fo rmer  

i s  a  r e a s o n a b l y . w e l 1  d e f i n e d  q u a n t i t v ,  wh.icb depends  p r i m a r i l y  

on t h e  methods used  f o r  c r e a t i n q  t h e  e n e r g y  s . o u r c e ,  t h e  pay- 

back t i m e  depends a l s o  on t h e  u s e  of  t h e  sys tem and i s  t h u s  

less u n i q u e l y  d e f i n e d .  



2. Energy  Payback  Times  

To c a l c u l a t e  payback  t i m e s  f o r  p h o t o v o l t a i c  s y s t e m s ,  

t h e  a n n u a l  e n e r g y  o u t p u t  o f  a u n i t  module  a r e a  mus t  b e  known.. 

T h i s  o u t p u t ,  f o r  p h o t o v o l t a i c  s y s t e m s ,  is 

d e p e n d e n t  upon t h e  e n c a p s u l a t e d  c e l l  e f f i c i e n c y ,  t h e  module  

p a c k i n g  f a c t o r ,  t h e  s o l a r  i n s o l a t i o n ,  t h e  e f f i c i e n c y  o f  

t h e  .power c o n d i t i o n i n g  and  s t o r a g e  s u b s y s t e m s , a n d  t h e  mi sma tch  

o f  t h e  e n e r g y  a v a i l a b i l i t y  and  demand s t a t i s t i c s .  T h i s  list of 

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

I a c c u r d i n g t o  c l i m a t e a t  t h e  l o c a l i t  y o f i n s t a l l a t i o n ,  a n d t o t h e i n d i -  

v i d u a l l o a d t o b e  s a t i s f i e d .  The factorsofinfluenceontheuseful 

, s y s t e m  o u t p u t t o u t s i d e  o f  t h e  ' c e l l  e f f i c i e n c y , a r e  combined i n t o  

t h e  " c a p 3 c i t y  f a c t o r " .  A s  a  r e a s o n a b l y  r e p r e s e n t a t i v e ,  n o t  

too o p t i m i s t i c  v a l u e  f o r  t h i s  c a p a c i t y  f a c t o r ,  t h e  number 0 . 1 1  
I 

I 
h a s  b e e n  u s e d ,  i n  consequence  of t h e  r e s u l t s  o f  s e v e r a l  s y s t e m  

s t u d i e s .  
( 4  

The c a p a c i t y  f a c t o r  is e s s e n t i a l l y  i n d e p e n d e n t  

o f  t h e  s o l a r  c e l l  or.  module  manufacturing p r o c e s s .  C o n s e q u e n t l y ,  

t h e  e n e r g y  payback. t i m e  i s  o n l y  p a r t l y  a  f u n c t i o n  

o f  t h e  e n e r g y  c o n s u m p t i o n  f o r  t h e  s o l a r  module  f a b r i c a t i o n  p r o -  

cess, s i n c e  t h e  o t h e r  s y s t e m  p a r a m e t e r s  s t r o n g l y  i n f l u s n c e  

i t s  a b s o l u t e  m a g n i t u d e .  I n  t h e  c a l c u l a t i o n s  o f  e n e r g y  pay-  

back  t i m e s ,  e n c a p s u . l a t e d  c e l l  e f f i c i e n c i e s  rl o f  11 .5% a n d  15% 

, w e r e  employed f o r  1978 a n d  1982,  r e s p e c t i v e l y ,  and  f o r  1986, 

as suming  t h e  u s e  o f  EFG r i b b o n s ,  o f  122 .. T o  o b t a i n  t h e  e n e r q y  

payback  t i m e s ,  t h e  u n i t  a r e a  a n n u a l  c e l l  o u t p u t  w a s  c a l c u l a t e d  



as E = TI x 8766 x 0.11 x H H being the standardized peak 
pk' ;pk 

2 solar irradiance, used as 1 kW(pk)/m . The factor 0.11 repre- 

sents the "capacity factor". Thus, annual energy outputs from, 

2 a square meter of solar. cells of 110.9, 144.6, and 115.7 kWh/m y 

are obtained for 1978, 1982, and 1986; respectively. 

It is also to be observed that, since the energy recovery 

from solar cells is in the form of electrical energy, it is 

appropriate to convert those energy expenditures which occur 

in the form of heat of combustion, to equivalent electrical 

energy by zpplying the average efficiency of 0.30 experienced,.. 

by the electric utilities in the conversion from heat of 

combustion of fuels to electric power delivered to the con- 

sumer ( 5  1 



3 .  Energy Consumption i n  P h o t o v o l t a i c  S o l a r  A r r a y  

Manufac tu r ing  P r o c e s s  Sequences 

3 . 1  Data  S o u r c e s .  

The major  s o u r c e s  o f  i n f o r m a t i o n f o r t h i s  e n e r g y  a n a l y s i s  

were d a t a  accumula ted  from LSA p r o j e c t  r e p o r t s  and i n d u s t r y  . 
i n t e r v i e w s .  The e n e r 9 y  consumed t h r o u g h  m a t e r i a l s ,  b o t h  

d i r e c t  and i n d - i r e c t  m a t e r i a l s ,  was o b t a i n e d  by c o n v e r t i n g  

t h e  m a t e r i a l  consumpt ion t o  e n e r g y  u n i t s  t h r o u g h  m u l t i -  

p l . i c a t i o n  w i t h  t h e  m a t e r i a l  e n e r g y  c o n t e n t s  shown i n  T a b l e  I .  

Where s p e c i f i c  i n f o r m a t i o n  t o  t h e  c o n t r a r y  was n o t  a v a i l a b l e ,  t h e  m a t e r i a !  

energyvalueswereassumedtobeinthe f o r m o f ' t h e r m a l e n e r g y .   he. 

equipment  c o s t s .  w e r e  c o n v e r t e d  t o  e n e r g y  u n i t s  ~ x p r e s s e d  on t h e  

h a s i s  of ucLt  ce l l  a r e a  o f  t h r o u g h p u t ,  by  assuming a l i f e t i m e  

o f  s e v e n  y e a r s ,  and a n  e n e r g y  c o n t e n t  o f  t h e  equipment  which  corres- 

ponds i n  v a l u e  t o  2 %  .of t h e  equipment  * h i s  energy cost 

h a s  t h e n  been c o n v e r t e d  t o  a  t h e r m a l  e n e r g y  u s i n g  a n  e n e r g y  

( 7 )  p r i c e  o f  $0.003/kwh ( t h )  . ?? ina l ly ,  t h e  g e n e r a l  e n e r g y  

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

a r e a  by  u s i n g  t h e  a n n u a l  SAMI'CS u t i l i t y  cost  o f  $ 3 .  7 4 / f t 2  ( * )  and a s s u -  

m i n g t h a t a l l o f t h i s  " i n d i r e c t "  e n e r g y ,  s i n c e i t i ' s  u s e d p r i m a r i l y  f o r  

lighting,airconditioning, and v e n t i l a t i n g ,  i n  v iew o f  t h e  

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

( 8 )  a t  a c o s t  o f  $0.0319/kWh . The c o n v e r s i o n  f a c t o r s  f o r  
'.Y..\\ ) 

t h e  equipment  and f a c i l i t y  e n e r g i e s  t h u s  become 0 .G!$c3k~h( th ) /$y  . .>..fl 

and 1 2 6 2  k ~ h / r n * ~ ,  r e s p e c t i v e l y .  



Table I 

Energy Contents of Sc l r c t ed  ?L?terin> 

r 

k i t e r i a l  

1. Acetic  a c id  

. 

2. Aluminum (At) 

3. Ammonia gas (NHJ) 

4. Ammonium Hydroxide 
30% (NH40H) 

5. Argon ga s  

6. Butyl  a c e t a t e  

Reference 

1 

1 

2 

3 

4 

5 

6 

. 
Orig ina l  Units  

3.28 l b  of hi-press .  
steam p lus  
0.07 kWh(cE) / l b  

520x106 kWh(th)/ton 

3 8 . 0 5 ~ 1 0  Btu/ lb 

- 

1,100 Btu/ lb 

4.32 l h  of lov-press .  
steam plus 
0.082 kWh(et)/lb 

1. 7. Copper (Cu) I 6 1 6 . 2 ~ 1 0  Btu/ton I 5.23 kvh/g 7 

Convcn Lc'ut UII I t s 
(Tl~crmal kwh's) 

3.18 kWh/~ 

0.17 k!Jh/g 

0.00534: kWh/g 

1.32 kwh/t 

1 . 2 7 ~ 1 0 ~ ~  kwh/ll 

3.21 kWh/g 

8 Energy. fbr 0.46 kW/lOOO f t3 /min ;  2 . 56x l0 -~  kwh/ 1' v a e t e f ~ r n e s v i t h o u c  i 1000 f t 3  ' 8 1  ! 
9 

5 

5 

5 

10 

5 

5 

5 

11 
. . 

12 

13  

8 

. 5  

16 

15  

16 

2x10-  kWh/t 

2.51~10-' kWh/t 

5.22 kUh/t 

0.69 KWh/9. 

1.44x10-~ kWh/t 

13.12 

7.66 kWh19. 

1.54x10-~ kWh/g 

0.18 kWh/t 

0.14 kWh/g 

5.20 kWh/t 

0.406 k m / g  

O .  

0.0349 kclh/mll 

18.87 k\Jh/t 

1 .3x10-~  kWh/g 

ocrubbing. 
9. Freon-14 gas (CF4) 

10;  ,Hydrogen uas 

11. HF (48x1 

12. Nitrogen ( I fqu id)  

13. Nitrogen (gas from 
l i q u i d )  

14. N i t r i c  Acid . 
(HN03, 67%) 

15. Oxygen gas  

16. Phosphorus. ( so l i d )  

17. Phosphine 'gas (pH3) 

18. Phosphorous 
oxychloride (POCL3) 

19. P l a t i ng  r e s i s t  

20. S i l v e r  

21. Sodium Hydroxide 
(NaOH) 

22. Toluene 

23, Vacuum pump 
o i l  

24. wax 

b 

- 
43,300 ~ t u l l b  

7,000 Btu l lb  

1,330 ~ t u / l b  

- 

14,50OBtu/lb 

830 ~ t u l l b  

23.790 ~ t u l l b  

- 

- 
8,000 Btu/ lb 

6 1260x10 Btu/ton 

by-product 

0.05 l b  oE 'low-,ress. 
steam plus 
0.025 kWh(eR)/lb 

3,000 k!Jh(th)/ 
b a r r e l  

2,000 k!'h/barrel 



References for Table V-I 

1. Assumed to be the same as that of acetone, which was 
taken from "Battelle Columbus Laboratories, Draft Target 
and Support Document for Developing a Maximum Energy 
Efficient Improvement Target for SIC 28, Federal Energy 
Administration, Washington, DC (19761." 

2. J.T.  Reding and B.P. Shepherd, "Energy Consumption", 
Report EPA-G50/2-75-032b, US Environmental Protection 
Agency, Washington, DC (4/75). 

3. Federal ~ n e r g ~  Administration, "Project Independence 
~lueprint", Vol. 3, Federal Energy Administration, 
Washington, DC (1974) . 

4. Calculated from the energy content for NH and using 
a density of 0.824 g/mk for the NH40H solation. 

5. Battelle Columbus Laboratories, Draft Target and Support 
Document for Developing a Maximum Energy Efficient 
Improvement Target for SIC 28, Federal Energy Administra- 

i 
tion, Washington, DC (1976) . 

I :6. Assumed to be the same as that of butyl alcohol. See Ref. 5. 
I 

'7. H. W. Lownie, et a1 (Battell Columbus Laboratories) , 
"Draft Target Report on Development and Establishment of 
Energy ~fficienc~ ~m~rovement Targets for Primary Metal 
Industries~, Federal Energy Administration., Washington, 
DC (9/76). 

8. M.G. Coleman, et dl., Motorola Final Report, DOE/JPL- 
954847-78/4 , 183 (11/78). 

9. Estimated as approximately 50% more than the average 
energy c0nten.t of all gases. 

10. calculated from the energy content for LN2 assuming 

1 480 R of gas can be obtained form 1% of LN2. 

J] . Estimated as twice the energy content for P (s) .plus . 
3/2H2 (9) . 

1 12. Estimated as twice the energy content of P(s), ,plus -02 (g), 
plus i ~ l ~ ( ~ )  The energy content of C12 was taken 'from ref. 5. 

13. Assumed to be the same as that of wood rosin , as given in 
. . 

ref. 5. 

] 4. , Taken as that of benzerie , as given in ref. 5. 



15. Taken as approximately twice the energy content of mid- 
dle oil distillates. 

16. From M. Sittig,"Practical Techniques for Saving Energy 
in the Chemical Petroleum and Metals Industries ",. 
Noyes Data Corporation, Park Ridge, NJ (1977), and ' 

using a density of 0.97 g/mR for the wax., 



3 . 2  Energy  C o n s u m p t i o n i n  S i  r e d u c t i o n  a n 8  p u r i f i c a t i o n .  

T h i s  p r o c e s s  g r o u p  s t a r t s  w i t h  t h e  r e d u c t i o n  o f  S i 0 2  i n a n a r c  

f u r n a c e .  T h i s  i s  a  q u i t e  e f f i c i e n t  and  c o s t - e f f e c t i v e  p r o -  

cess which  i s  n o t  v e r y  l i k e l y  t o  b e  r e p l a c e d  by a n o t h e r  

a p p r o a c h .  I n  c o n t r a s t ,  t h e  f o l l o w i n g  s t e p  o f  S i  p u r i f i c a t i o n  

i s  v e r y  i n e f f i c i e n t  and  l i k e l y  t o  b e  r e p l a c e d  by  o n e  o f  

s e v e r a l  a l t e r n a t e  me'thods u n d e r  d e v e l o p m e n t .  F u r t h e s t  advanced  

among t h e s e  i s  t h e  SiH p u r i f i c a t i o n  p r o c e s s  b e i n g  p r e p a r e d  
4 

f o r  p i l o t  l i n e  o p e r a t i o n s  by Union C a r b i d e  Corp .  I t  c a n  b e  

e x p e c t e d  t o  be  a p r o d u c t i o n  p r o c e s s  by  1986.  

a )  T h e o r e t i c a l  M a t e r i a l  B a l a n c e  f o r  t h e  A r c  F u r n a c e  
P r o c e s s .  

The  c h e m i c a l  r e a c t i o n  o f  t h i s  p r o c e s s  is:  

S i 0 2  + 2C - S i +  2 C O  

+ 2  ( 1 2 )  + 28 + 2 ( 1 2  + 1 6 )  
A t o m i c  W e i g h t s :  + 2 4  -+ 2 8  + 56 

M a s s e ~ ,  n o r m a l -  
i z e d  t o  1 kg S i  2'.14 k g  + 0 .86  k g  -, 1 kg + 2 kg 

. o u t :  C 
A c c o r d i n g  t o  Dow-Corning (9) t h e  i n d u s t r i a l l - y  e x p e r i e n c e d  

a n d  a c t u a l  c o n v e r s i o n  e f f i z i e n c y  df SiO t o  S i  i s  805 .  2  
The r e q u i r e d  i n p u t  i s  t h u s :  2 . 6 8  k g  S i 0 2  f o r  1 k g  S i  o u t  

(Dow-Corning shows 2 . 7 1  k g  S i O  ) . 2  
I t i s a s s u m e d t h a t h a l f  o f  t h e  l o s t  S i O  i n p u t ,  or  0 .27  k g ,  2 

i s  u s e d  i n  t h e  r e a c t i o n :  

S i 0 2  + C + S i O  + CO 

A t o m i c  W e i g h t s :  60  + 1 2  -+ 4 4  + 28 

0.27kg + 0 .05  kg  .+ 0 . 2  kg + 0.12  kg 

w h e r e  t h e  S i O  is  l o s t  a t  t h e  t o p ' o f  the  furnace. 

T h u s ,  t h e  t o t a l  t h e o r e t i c a l  c a r b o n  i n p u t  wou ld  be 0 . 9 1  k g . C  

per 1 k g  M G - S i  o u t p u t .  



b) T h e o r e t i c a l  Energy Balance .  

The e n e r g y  r e q u i r e d  from t h e  e lect r ic  a r c  f o r  t h e  r e d u c t i o n  

o f  S i 0 2  t o  S i  would f i r s t l y  b e  e x p e c t e d  t o  e q u a l  t h e  h e a t  o f  forma- 

t i o n  of  S i 0 2  a t  t h e  r e d u c t i o n  t e m p e r a t u r e  ( ~ ~ ~ ~ ~ ~ ~ = 2 1 0 k c a l / m o l )  , o r  

8.7 kWh f o r  1 k g o f  S i  formed. However, t h e  c a r b o n  c h a r g e d  i n t o  t h e  

f u r n a c e  a l s o  p a r t i c i p a t e s  i n  t h e  r e a c t i o n ,  and,  i n  i t s  o x i d a t i o n  t o  

CO,  s u p p l i e s  a p p r o x i m a t e l y  25% o f  t h e  r e q u i r e d  e n e r g y .  Thus,  t h e  

t h e o r e t i c a l  minimum e n e r g y  r e q u i r e d  from t h e  e lec t r ic  a r c  would b e  

6.6 kWh/kg S i .  

I n  a d d i t i o n ,  e n e r g y  i s  r e q u i r e d  t o  h e a t  t h e  f u r n a c e  c h a r g e  t o  

r e a c t i o n  t e m p e r a t u r e ,  a n  e n e r g y  which i s  n o t  r e c o v e r e d .  H e a t i n g  

t h e  SiO c h a r g e  (2.7kg) 'to t h e  r e a c t i o n  t e m p e r a t u r e  w i l l  r e q u i r e  

approx imate ly  1.2 kWh, p l u s  0 . 1  kWh h e a t  o f  f u s i o n ,  and h e a t i n g  t h e  

ca rbon  ( 0 . 9  kg)  a n  a d d i t i o n a l  0.8 kWh, f o r  a  t o t a l  minimum t h e o r e t i c a l  

e n e r g y  r e q u i r e m e n t  o f  10 .8  kWh/Si, o u t s i d e  of t h e  h e a t  l o s s  o f  t h e  

f u r n a c e .  

C )  Exper ienced  M a t e r i a l / E n e r g y  Ba lances .  

T a b l e  I1 compares t h e  e x p e r i e n c e d  m a t e r i a l  and e n e r g y  b a l a n c e s  

w i t h  t h e  t h e o r e t i c a l  one.  Experienc.e  d a t a  have  been t a k e n  from r e f .  

9 which l i s t s . " d a t a  from a  major  m a n u f a c t u r e r  o f  MG-Si", r e f .  10 

,which  c i t es  d a t a ' f r o m  a  n o t  w i d e l y  d i s t r i b u t e d  B a t t e l l e  r e p o r t ,  and 

I r e f .  1 l . w h i c h  g i v e s  d a t a  on an  e x p e r i m e n t a l  a r c  f u r n a c e  r u n  a t  Elkem. 

i S e v e r a l  o b s e r v a t i o n s  have  r e s u l t e d  from t h e  s t u d y  ~ f  t h e s e  d a t a :  

i i. The q u a l i t y  o f  t h e  d a t a  d o e s  n o t  j u s t i f y  b e t t e r  t h a n  2 - d i g i t  
1 

p r e c i s i o n .  

ii. Mining and t r a n s p o r t a t i o n  e n e r g y  e x p e n d i t u r e s  f o r  q u a r t z  and 

c o a l  a r e  q u i t e  v a r i a b l e ,  depending on s o u r c e ,  method,  l o c a t i o n  

of  u s e r , ' e t c . ,  b u t  a r e  i n  a l l  c a s e s  s o  s m a l l  a s  t o  be n e g l i -  

g i b l e .  .(It i s  good t h a t  t h e  r e f e r & n c e d  a u t h o r s , .  a s  w e ' l l  a s  t h e s e  

i n v e s t i g a t o r s ,  have  checked t h e  d a t a ,  s o  t h a t  t h i s  s t a t e m e n t  can  

b e  made w i t h  c o n f i d e n c e . )  11 



C 

! I 

Theoretical P~'oduction Run i Rn t t e l l c  Data 

- -- 
E l e c t r i c a l  Znergy 8 .6  15.4 

Q~artzitc 2.14 . - - 2.71 - 2.43 - - 2.77 - - 3.26 - - 

Wood Chips 2.48 8 .2  0.15 1.77 8 .4  0.44 
( 4 . 7 5  kKh/kg) (402 

, 

I .  ( 2 5 %  F.C.) 
(6%) 

Net. Coal . 1.05 9 .3  0.67 0.66 5 .3  0.46 
( 8 . 9  kWh/kg) 

( 7 0 8  F . C . )  

P e t .  Coke 0.21 2.2 0.24 0.28 2.4 0.22 0.83 6.6 0.75 
( 0 . 0 >:hib/kg) 

( 8 7 . 7 %  F.C.) 
I I 

Electrode 0.1 0.9 3.1 0.50 4 .6  0.50. 0.09 0.G 0.09 0.17 1 .5  0.17 
( 9.1 k:lh/'kg) 

( 9 9 2  F.C.) - 
T o t a l s  8.6 - 2.2 0.86 U - 25 l.0 4 . 1  - 18 1.5 13.5 - 10.9 iS.4 - 22 1.9 

I . / 



iii. Energy expenditures for plant operation (lighting, 

ventilation, crane operation, etc.) and energy con-, 

tent of equipment have. evidently not yet been analyzed. 

We added 1 kWh ('elj per kg MG-Si produced as 

an estimate for these energy expenditures (~ables IV A-C. 

Line 1) . 
iv. The.electrica1 energy consumption in the industrial 

processes seems only about a factor of 2 higher than 

theoretically required. 

v. The use of "fixed carbon" (F.C.) is also approximately 

a factor of ,2 higher than theoretically required. 

vi. The use of thermal energy is an order of magnitude larger 

than theoretical. The following reasons prevail: 

1. The oxidation of carbon goes only to CO, with only 

about 1/3 of the heat of combustion of-C to C02 

.utilized. , 

2. The carbon sources used 'contain also combustible 
, 

volatile components of high heat of oombustion 

c, 
(hydroc,arbons) which are not utilized. 

vii. Both ref.Is.9 and 10 add a considerable energy expenditure 

for the coking process. The petro coke is, however, a 

byproductof gasoline refining, obtained by coking the 

heavy residues from the distillation process. This coking 

process provides a higher yield of gasoline.,.It seems, 

therefore, that the energy expenditure for the coking 

process should be attributed to the gasoline production and 

not to the "coke".. 



v i i i .  F o r  t h e  c o n v e r s i o n  from h e a t  o f  combus t ion  t o  e lec t r i -  

c a l  c n c r g y ,  t h e  f a c t o r  0 . 3 3  h a s  been u s e d ,  c o r r e s p o n d i n g  

t h e  a v e r a g e  e f f i c i e n c y  o f  e l ec t r i c  power g e n e r a t i o n  i n  

t h e r m a l  p l a n t s .  I n  t h i s ,  t h e  transmission/distribution 

losses have  been  o m i t t e d  s i n c e  l a r g e  power u s e r s ,  

s u c h  a s  a r c  f u r n a c e  o p e r a t o r s ,  a r e  u s u a l l y  l o c a t e d  

close t.o g e n e r a t i n g  p l a n t s .  

ix. The d a t a  g i v e n  i n  r e f .  ( 9 )  and  T a b l e  1 3  o f  r e f .  (11) 

d o  n o t  seem t o  a g r e e  w i t h  t h e  s t a n d a r d  s p e c i f i c a t i o n s  

~ 2 )  f o r  " low v o l a t i l e  c o a l "  shown i n  r e f .  (9 ) .  

x .  The e n e r g y  c o n t e n t  o f  "wood c h i p s "  used  i n  r e f .  ( 9 )  

i s  a p p r o x i m a t e l y  a  f a c t o r  o f  2 lower  t h a n  t h a t  o f  

I 
r c f . ' s 1 0  and 1 3 ,  w i t h  c r e d a n c e  g i v e n  t o  t h e  l a t t e r .  1 

I The e n e r g y  c o n t e n t  o f  t h e . v o l a t i l e  component o f  

t h e  woodchips on t h e  u n i t  mass b a s i s ,  was o r i g i n a l l y  I 
assumed t o  e q u a l  t h a t  o f  m e t a l l u r g i c a l  c o a l .  However, 

compar ing  t h e  t o t a l  h e a t  o f  combus t ion  f o r  wood t h u s  

o b t a i n e d  w i t h  t h a t  g i v e n  i n  s t a n d a r d  t a b l e s ,  a f t e r  

a d j u s t m e n t  f o r  m o i s t u r e  c o n t e n t ,  showed t h a t  t h e  

e n e r g y  c o n t e n t  o f  t h e  v o l a t i l e s  o f  wood, a s - t h e  o n l y  

unknown, had t o  be lower by a p p r o x i m a t e l y  a  f a c t o r  

of 2 t h a n  t h a t  o f  t h e  v o l a t i l e s  o f  c o a l .  T h e r e  

p r o b a b l y  i s  b e t t e r  i n f o r m a t i o n  o n  t h i s  s u b j e c t  

a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  b u t  it was n o t  d e e ~ c d  

I b e n e f i c i a l  t o  t h e  p r o j e c t  t o  expend more e f f o r t  on 

t h i s  s u b j e c t ,  p a r t i c u l a r l y  s i n c e  t h i s  e n e r g y  d o e s  

n o t  p a r t i c i p a t e  i n  t h e  r e a c t i o n ,  h u t  e x i t s  v i a  t h e  

14 



off-gas. Thus, both input and output of the energy 

balance are reduced by' an equal amount. 

xi. Ref. (9) lists the conversion efficiency of Si02 

to Si as 80%, but ref.(lO) uses only 66%. Never- 

theless, ref. (10) arrivesat approximately the same 

total energy consumption. 

(14 xii. The July 1377 Dow-Corning quartyrly xcport 

contains very useful detailed data on this subject, 

which have been augmented by additional information 

obtained directly from Interlake. (15) 

The final energy balance, which was capable of accounting 

for 90% of the input energy (Table 111 contains the interesting 

finding that nearly half of the energy input to the process 

leaves the furnace as chemical energy in the off-gas. 

About 60% of thisenergy is contained in volatile gases, in 

good part originating from the wood chips. The other 40% is con- 

tained in the carbon monoxide which results from the fixed car- 

bon used to reduce the Si02. This off-gas is not utilized at 

present, but is mostly burned off at the top of the furnace. A 

utilization of this off-gas could reduce the net energy 

consumption of the process to approximately one half its, 

current value, and such an improvement has been assumed 

accomplished for the energy balance projections to 1982 and 



Table I11 

Energy  B a l a n c e  
I A r c f u r n a c e  R e d u c t i o n  

&t 

Material 

- - .  . 

Q u a r t z i t e  

Woodchips 

. . 

P e t r o  Coke 

M e t .  C o a l  
( I m p e r i a l )  

( s e w e l l )  

E l e c t r o d e  

T o t a l s  
(Ca rbon  Con- 
t a i n i n g )  

v 

E l e c t r i c a l  
E n e r g y  

o f  S i 0 2  t o  S i  (?!S) 

Energy  
Mass 

k g  

2 .77  

2 .48  

0 . 2 8  

. 0 . 5 3  

0 .52  

0 .09  

3.90 

- 

Energy  o u t p u t )  O u t p u t  ( p e r  

Component 

H2° 

V o l a t i l e s  

CO 

Ash 
S i0  
S i 0 2  
C  

R a d i a t i o n  
C o n d u c t i o n /  
C o n v e c t i o n  

I n p u t  ( p e r  
) 

Component 

S i 0 2  

H 2 0  

Fi .xed.C . 
V o l a t i l e s  
Ash . 

, H 2 0  

F i x e d  C  
V o l a t i l e s  
Ash 

H2° 
F i x e d  C  
V o l a t i l e s  
Ash 

. H 0 
~ i x e i  C  ' 

Volat i les  
Ash 

F i x e d  C 
Ash 

H2O 
F ixed  c 
~ o l a t i l e s  
Ash 

- 
1 .  

M a t e r i a l  

M e t a l  a t  
1 5 0 0 ~ . c  

O f  f - g a s  
a t  290°c 

Fume 
a n d  

Multicloone 
a t  290 c 

F u r n a c e  
H e a t  L o s s  

. I 

Energy  
Chem 

kwh 

- 

- 

1 .4  
E  6 . 8  - 

- 
2.0  
0 . 4  - 

- 
3 . 1  
1 . 7  - 
- 

3.0 
1 .7  - 
0 . 8  - 
- 

1 0 . 3  
1 0 . 6  - 

- 
A 

S u b t o t a l s  

[Mass 

k g  

J. 

5 . 0 5  

0 . 6 1  

C o n t e n t  
E l e c t  ' 1 

kwh 

- 

. - 
. - 
- 
- 

- 
- 
- - 

- 
- 
- 
- - 
- - - - - 
- 
- 
- 
- 
- - 

1 3 . 5  

k g  Si 
i Mass , 

% /  k g  

T o t a l  3 1 . 1  
O u t p u t  

I n p u t  34.4 

. . 
Unac- 
c o u n t e d  3 . 3  

i 

E  = e s t i m a t e d  

28 .0  

kg S i  
Mass 

100  

40 

6 
5 4  

0  

6  

79 
1 5  

0  

4  

64  
30 

2  

3  
6 3  
3 1  

3  

98  
2 

26 
29 

4 4  

. - 

3 . 1 3  

o u t p u t )  

% 

20 

3 4  

16 

6  
32 
4 4  
1 8  

2 .77  

0.9.8 

0 . 1 5  
1 .34  
0 . 0 1  

0.0'1 

0.2'2 
0 .04  
0 . 0 1  

0 .02  

0 .34  
0 .16  
0 . 0 1  

0 . 0 2  
0 .33  
0 .16  
0 . 0 1  

0 .09  
0  

1 . 0 3  
1 .13  
1 - 7 0  

1 0 . 0 4 .  

- 

Energy  
Chem 
kwh 

8 . 7  

- 
10 .6  

( l i k e  
i n p u t )  

6 . 6  

- 
1.1 - 
1 . 0  

- 
- 

1 
k g  

1 

1 . 0 3  

1 .70  

2 .35  

0 .04  
0 . 2 0 ,  
0 .27 :  
0 . 1 1  

- 
- 

C o n t e n t  
T h e r m a l  

k \\-?I 

0 . 8  - 
0 . 9 8  

0 . 6 6  

0 . 1 8  

0  
0 . 0 1  
0 . 0 2  
0 . 0 5  

0 . 2 2 - 0 . 3  
0 . 0 7  



beyond. 

For the purification of silicon by the standard 

SiIICll process and the generation of the 'Polylog', pub- - 
lishcd data (16) and corroboration (17) were used. The 

energy consumption data computed on this basis are shown in 

Table IVA, li.nes 2 , 3 ,  and 4 'for the SiHC13 generation# the 

SiNC13 distillation, and the SiHC13 reduction to purified 

silicon, respectively, and correspondingly. in Table IVB. 

As an alternate purification process,which can be ex- 

pected td have replaced the SiHC13 purification process by 1986, 

the projected energy consumption data for the'Si~* process under 

development at Union carbide Corp. (18) are detailed in lines. 

2 and 3 of Table IVC. 



TABLE IVA 
PROCESS ENERGY CONSUMPTION I N  THE CURRENT (1978) MANUFACTURING SEQUENCE FOR S I L I C O N  WAFERS. 

(1) See Table V-2, columns "Interlake Production Run," and 
p. V-10, item iii, both of this report. 

( 2 )  L.P. Ilunt, Proc- 12th IEEE Photovoltaic Spec. Confl, IEEE Cat. No. PGCH1142-9 Y), 

PP. 347-52 (10/76). 
(3) C.S. Pang, et al., Lamar Univ. Report ERDA/JPL 954 343-7713. pp. 15-46 (9/77). 

(4) M. Wolf, H. Coldman and A. Lawson, 13th IEEE Photovoltaic 
Spec. Conference., Cat. No. 76CH 1319-3, pp. 271-80 (6178). 
and this report. 



TABLE 1V B 

PROJECTION FOR 1982 O F  PROCESS E N E R G I E S  I N  THE MIL'IUFACTURING SEQUENCE FOR S I L I C O N  WAFERS 

1. Same as for 1978 analysis, but off-gases are recycled 

2. L.P. Hunt, Proc. 12th IEEE Photovoltaic Spec. Conf., IEEE Cat. No. 
76CH1142-9, ED, pp.347-52 (10/76). 

3.. C.S. Fang, et 6l., Lamar Univ. Report ERDA/JPL 954343-77/3, 
Pp. 15-46 ( 9 / 7 7 ) .  

4. 1. -Wolf and 11. Coldmn, University of Pennsvlvania. 
cnpublished JPL Quarterly Report8 ,and ref. (4) of Table 1V A 



. . 
. Table 1VC 

PROJECTION FOR 1 9 8 6  OF PROCESS ENERGIES IN THE MANUFACTURINGSEQUENCE 
. - 

FOR S I ~ I C O N  RIBBON ( U S I N ~  THE SILANE PURIFICATION AND THE MOBIL TYCO EFG PFOCESS) 

3. C.S. Fang, e t  a l . ,  Lamar U n i v e r s i t y  (Beaumont, Tx) Repor t  
( e )  Est imated 
1. As i n  Tab le  1V B 

ERDA/JPL 954343-7811, pp. 11-80 (3178)- 
4. F.V. Wald, h b i l - T y c o  Corpora t ion  (Walthem, w), C o n t r a c t  

2. W.C. Breneman, e t  e l . ,  Union Carb ide  Corp. ( S i s t e r v i l l e ,  
West Va.). Report DoEfJPL-954334-7815 (12177) 

NO. D~E/ JPL  954355 

Ref. 

(1 )  

(2,3) 

(4)  

-- 

i 

1. 

2 .  

3.  

4. 

-. - 
5 .  

T o t a l  

SiOZ r e d u c t i o n  
( kh%/kg) 

S i l a n e  (SiH4) 
producti .on (kVnlh/kg) ; 

Chemical vapor. 
d e ~ o s i t i o n  of 
s i l a n e  (kWh/m2) 

Ribbon 
growth 

(km/m2 ) 

E l e c t r i c a l  Energy 

'h 

10.3 

218.7 

84.3 

89.4 

To ta l :  

6 .  

Energy 
E l  

14.5 

39.1 

29.2 

137.8 

24.8.- 
165 

20.6 

I 

Equiv. (kwh/m2) I 
Energy Content 
o f  M a t e r i a l  
Lost  i n  P rocess  
kWh(e1) /m2 

Equipment and 
I 

F a c i l i t y  
Th 

- 
- 

- 

- 

' D i r e c t  Y ie ld  o r  Conver- 
s i o n  Rate 

2.77 kg S i02 /  
k g  MG-Si . 

. , 

90% 

Area c o n v e r s i o n  
2.575 m2/kg 
a t  90% y i e l d  

95% 

m e r y y  
E l  

1.0 

- 

- 

- 

I n d i r e c t  M a t e r i a l  
Energy 

Th 

- 

207.25 

- 

- 

Th . . 

10.3 

- 

- 

- 

~l 

13.5 

10.53 

1 4  (el 

107 

Energy 
E l  

- 

12.45 

- 

- 

D i r e c t  M a t e r i a l  

Th 

- 

11.4 

. 84.9 

89.1 

Energy 
E l  

- 

36.1  ' 

15.2 

30.8 



3.3 Energy Consumption in Sheet Generation 

The current process group for sheet generation contains 

Czochralski crystal pulling followed by wafer slicing, 

either by ID diamond blade sawing, multiblade or nulti- 

wire slurry sawing. 

The Czochralski process can be,expected to be improved 

both with respect to cost and energy consumption. Competing 

are the heat exchanger method (HEM) of single crystal growth, 

and semicrystal casting. All of these processes, however, ,re- 

quire sawing, with very substantial kerf los~ses. Consequently, 

the energy balance of the sawing processes is dominat,ed by , .  

the energy content of the silicon material.,lost in the kerf. 
. . 

The primary possibility for energy savings lies therefore 

in the replacement of the bulk crystal g.rowing methods, with 

subsequent sawing, by one of the ribbo,n growing methods under 

development. In the projections, improved Czochralski 

crystal growing and sawing methods are used for 1962, and 

a ribbon growing method for 1986. . . 

a) Czochralski crystal growth and slicing. , . ,  , ,  . . .  

The analysis of the Czochralski crystal.pulling pr.oce.ss,. 
(19 

was based on a review of an earlier analysis . and, the,. . : . 

(20) 
addition of new& data from Texas Instruments . and Dow . . . : 

(21) Corning . , The projections contain primarily three ,, ' :. 

improvements o.f energy impact : a reduction .of the crucib.le. % - .  

usage, an increase in the, furnace producti.vity; and additiqnal 

technology advances which include better furnace design for.. 

reduced energy consumption. , . , . . . .  

The pr'ojected crucible usage'reduction is based on 

the assumption that .crucibles can be used for 'the ~~uivalent'' .'' 

21 



o f  1 0  i n d i v i d u a l  c r y s t a l  p u l l s ,  e i t h e r  w i t h  r e - s e e d i n g  o r  

( q u a s i - )  c o n t i n u o u s  p u l l i n g ,  r a t h e r  t h a n  t h e  c u r r e n t l y  

p r a c t i c e d  usage  f o r  one  c r y s t a l  o n l y .  

The second p r o j e c t e d  r e d u c t i o n  of  e n e r g y  consumpt ion 

is  c o n n e c t e d  w i t h  a  p r o j e c t e d  f u r n a c e  p r o d u c t i v i t y  

i n c r e a s e .  Approximate ly  h a l f  o f  t h i s  p r o d u c t i v i t y  i n c r e a s e  

i s  e x p e c t e d  t o  r e s u l t  f r o m  a n  i n c r e a s e  i n  c r y s t a l  d i a m e t e r  

from t h e  p r e s e n t l y  common, n o m i n a l l y '  75 mm ( 3 " )  d i a m e t e r  

t o  n o m i n a l l y  100 mrn ( 4 " )  by 1982 and t o  150 mm ( 6 " )  by 1986.  

The o t h e r  h a l f  of  t h e  p r o d u c t i v i t y  i n c r e a s e ,  however,  i s  

e x p e c t e d  t o  come from a  h i g h e r  l i n e a r  p u l l  r a t e ,  t h u s  more 

c l o s e l y  a p p r o x i m a t i n g  t h e  t h e r n o d y n a m i c a l l y  computcd t h e o r e t i -  

c a l  maximum p u l l  r a t e .  T h i s  p r e d i c t i o n  of  a  l i n e a r  p u l l  

r a t e  i n c r e a s e  i s  more r i s k y  a s  two c u r r e n t l y  n o t  a d e q u a t e l y  

e x p l o r e d  e f f e c t s  a r e  i n v o l v e d .  The f i r s t  c o n c e r n s  c r y s t a l  

p e r f e c t i o n  which may d e c r e a s e  w i t h  i n c r e a s i n g  p u l l i n g  speed  

and may p o s s i b l y  p r e v e n t  a t t a i n m e n t  o f  t h e  e x p e c t e d  p u l l  r a t e s .  

The second unknown i s  based  on a n  a n a l y s i s  by 4ea  ( 2 2 )  

who found t h a t  t h e  r a d i a t i v e  e n e r g y  t r a n s f e r  from t h e  m e l t  

s u r f a c e  and  t h e  h e a t e r  env i ronment  t o  t h e  grown c r y s t a l  

p r e v e n t s  a n y  c l o s e  a p p r o a c h  t o  t h e  l i m i t  g rowth rates com- 

p u t e d  i n  t h e  e a r l i e r  thermodynamic a n a l y s e s  (23)  
, T h i s  

s p u r i o u s  r a d i a t i v e  h e a t  t r a n s f e r  c o u l d ,  i n  p r i n c i p l e ,  be 

r e d u c e d  by i n t r o d u c t i o n  o f  a p p r o p r i a t e  h e a t  s h i e l d s .  T o  

what  d e g r e e  t h i s  c a n  be  a c h i e v e d  i n  p r a c t i c e ,  w i t h o u t  i n t e r -  

f e r i n g  w i t h  o t h e r  a s p e c t s  o f  t h e  c r y s t a l  growing p r o c e s s , .  

. needs  t o  b e  e x p l o r e d .  

Some of t h e  p o s s i b l e  r e d u c t i o n  i n  e n e r g y  consumption 

i s  . n o t  j u s t  r e l a t e d  t o  t h e  p r o d u c t i v i t y  i n c r e a s e  

22 



t h r o u g h  a reduction o f  t h e  t i r n r ?  f o r  u n i t  mass c r y s t a l  q rowth ,  

d u r i n g  which h e a t  l o s s e s  o c c u r  a t  a c o n s t a n t  r a t c ,  b u t  

d i r e c t l y  c o n n e c t e d  w i t h  t h e  dependdncc  o f  t h e  h e a t  losscs 

on  t h e  sys tem geometry .  The e s t i m a t e s  a r e  based  o n ' t h e  - 

o n l y  c o n d i t i o n a l l y  v a l i d  - a s s u m p t i o n  t h a t  t h e  h e a t  l o s s c s  

i n  u n i t  t i n e  a r e  . d i r e c t l y  r e l a t e d  to  t h e  c r y s t a l  

geometry  change ,  and t h u s  would i n c r e a s e  p r o p o r t i o n a t e l y  t o  

t h e  c r y s t a l  r a d i u s .  The i n c r e a s e d  mass p u l l  r a t e ,  which  

r e s u l t s  from t h e  r a d i u s  i n c r e a s e ,  h o k ~ e v e r ,  l e a d s  t o  a  r educ-  

t i o n  o f  t h e  e n e r g y  l o s s e s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  r a d i u s .  

F i n a l l y ,  t h e  r e q u i r e d  d e c r e a s e  o f  t h e  l i n e a r  p u l l  r a t c  r e s u l t s  

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

t o  t h e  s q u a r e  root o f  t h e  c r y s t a l  r a d i u s .  

Twice a s  l a r g e  a  r e d u c t i o n . i n  e n e r g y  consumpt ion  t h a n  

by t h e  geometry  change  i s ,  however,  e x p e c t e d  t o  r e s u l t  f rom 

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

s h i e l d i n g  and i n s u l a t i o n  i n  f u t u r e  f u r n a c e  d e s i g n s .  Another  

t e c h n o l o g y  advance  h a s  been  assumed i n  t h e  s u b s t a n t i a l  d e c r e a s e .  

i n  u s a g e  o f  r e p l a c e m e n t  p a r t s  f o r  t h e  c r y s t a l  p u l l i n g  f u r n a c e ,  

which  r e f l e c t s  i t s e l f  i n  r e d u c e d  e n e r g y  c o n t e n t  o f  t h e  r e p l a c e -  

ment  p a r t s  used  p e r  u n i t  mass o f  c r y s t a l  p u l l e d .  

P r i o r  t o  s l i c i n g ,  . t h e  i n g o t s  a r e  b r o u g h t  t o  c o n s t a n t  

d i a m e t e r  i n  a  g r i n d i n g  p r o c e s s ,  which ,  by c u r r e n t  p r o d u c t i o n  

e x p e r i e n c e ,  c o s t s  8 %  o f  t h e  mass o f  t h e  c r y s t a l s  grown. With 

t h e  u s e  o f  l a r g e r  d i a m e t e r  c r y s t a l s ,  p r o j e c t e d  f o r  1 9 8 2 ,  t h i s  

g r i n d i n g  l o s s  h a s  b e e n  assumed t o  b e  r e d u c e d  t o  6 % .  

A s i m i l a r  a n a l y s i s  h a s  been  c a r r i e d  o u t  f o r  t h e  s l i c i n g  

p r o c e s s ,  b o t h  a s  c u r r e n t l y  p r a c t i c e d  and w i t h  p r o j e c t e d  t e c h -  

n o l o g y  improvements .  Data  on  t h e  c u r r e n t  p r o d u c t i o n  p r o c e s s e s  

i n c l u d c  t h e  y u l t i - b l a d c  s l u r r y  sawing p r o c e s s  ( 2 4 )  and.  t h e  i n -  

s i d e  d i a m e t e r  diamoncl b l a d e  sawing p r o c e s s  ( 2 5  , 2 G  ) . N ~ O ,  

2 3 



perimental and projected data on advanced slicing methods were 

examined. for the multi-blade slurry saw (27,281 , for the 
ID diamond blade aaw (29) , and for the Yasunaga and Crystal 

Systems multiwire slurry sawing processes. (30 I 31'  he 

slurry and the blade packs used in the multi-blade process 

constitute a substantial indirect materials consumption with 

significant energy content, as do the diamond saw blades in 

the ID sawing process. 

'l'he slicing technology improvements projected for the 

1982 production lines as far as they concern the energy 

balance., are the results of current experimental runs. For 

the multi-blade saw, the primary advancement will be a 25% 

blade thickness reduction, in combination with ?. 37.5% wafer 

thickness decrease, to 250 ~1x1 wafer thickness and 200 pm 

kerf, while maintaining the present practical wafer yield of 

95%. This results in a 50% increase in the mass to area 

conversion, to 0.9 m2 per kg silicon crystal. A similar 

reduction in wafer thickness is anticipated in the ID 

sawing'process, but without reduction of the kerf. The 

slurry multi-wire saw, which also could be on the 1982 

production lines, can yield wafers with similar thickenss 

and kerf as the multi-blade slurry saw. 
. . 

For the 1986 projections, energy consumption data given 
e . .  . . 

f0.r the EFG ribbon growing process (32), but not yet 

reviewed by us, were used. 

In consequence of the discussed process improvements, 

the energy content of.the wafers or ribbons of siiicon is ' . .  . 
- . . .  6 

expected- to fall from the 1.978 value of 153'1 k~h(el)jm 2 
;: :.' . 

to 880 kwh(el)/m2 in 1382 and 165 kwh(el)/m2 in 1986 (~ables 

IVA to C) .. 
, . 2 4  



3 . 4  E.nerqy Consumption in the Solar Cell and Module 

Fabrication Process Sequenco 

The energy analysis of the solar cell fabrication pro- 

cess sequence is, in some respects, simpler than that for 

the sequence up through sheet generation, and more compli- 

cated in others. It is simpler, because one is dealing only 

with'areas of silicon wafers or ribbons, no longer converting 

from one material form to another, or from mass units 

to area units. It is more complicated, however, because there 

exist many more process options and potential sequences. 

In any such sequence, the accumulation of yields from 

the individual process steps is as important for the energy 

consumption as it is for the costs. In fact, for the entire 

process from Si02 to finished cells, the energy content of 

the silicon lost in the various conversions and due to 

yields of the process steps far exceeds the energy cjoing in 

direct line into the finished product. 

i Consequently, the total energy expended for producing 

a unit of work-in-process (or finished product) leaving 

a given process step n is described by En - l/An + AE,, 

where En-1 is the total energy expended for producing aunit 

of work-in-process entering the respective step, AEn is. 

the total eriergy needed to process a unit of work-in-process 

through the step, and X, is the yield of the process step. 

The total energy ETtN expended in a process sequence up to 

step N (inclusive) is then: 
, . . . 

N n 



where Eo i s  t h e  e n e r g y  c o n t e n t  o f  a  u n i t  o f  work- in-process  

or d i r e c t  m a t e r i a l  ( e . g .  w a f e r  or r i 5 b o n )  e n t e r i n g  i n t o  s t e p  

1 o f  t h e .  sequence .  
E~ ,N 

i s ,  f o r  i n s t a n c e ,  t h e  e n e r g y  shown 

i n  t h e  r i g h t  hand columns headed " T o t a l  Energy" i n  T a b l e s  I V  A 

t o  C and V I I I A  t o  C ,  o r  " S u b t o t a l "  and T o t a l "  i n  T a b l e  VI.  

These  t o t a l  e n e r g i e s  c a n n o t  b e  summed, b u t  c a n  b e  u s e d  f o r  

e n t r y  as E t o  a n o t h e r  s t e p  o r  sub-sequence .  Thus ,  t h e  
n- 1 

d a t a  i n  t h e  l e f t - h a n d  columns headed "Direct M a t e r i a l  Energy"  

or  " I n p u t  M a t e r i a l "  i n  T a b l e  V I ,  and i n  T a b l e s  IVA t o  C and 

V I I I A  t o  C ,  r e p r e s e n t  t h e  v a l u e s  of En-l/An. 

The t o t a l  e n e r g y  '%on.tent" o f  t h e  i n p u t  w o r k - i n - p r ~ c e s s  r e q u i r e d  

t o  p r o d u c e  a u n i t  o f  good o u t p u t  from s t e p  n  i s  En- l  , SO t h a t  
An 

t h e  e n e r g y  c o n t e n t  E o f  t h e  m a t e r i a l  l o s t  i n  t h e  s t e p '  n  i s  
L , n 

g i v e n  by : 

T h i s  q u a n t i t y  i n c l u d e s t h e  e n e r g y  c o n t e n t  o f  a l l  m a t e r i a l  l o s t  

i n  t h e  p r e c e d i n g  s t e p s .  The e n e r g y  g i v e n  by eq .  ( 2 )  i s  a n  i m p o r t a n t  

i n g r e d i e n t  0.f t h e  "add-on-energy". E f o r  a u n i t  o f  good work- in-process  
A,n 

l e a v i n g  p r o c e s s  s t e p  n: 

Da ta  g e n e r a t e d  by  u s e  o f  e q .  ( 3 )  are i n c l u d e d ,  e.g., i n  

t h e  r i g h t - h a n d  column headed ,  " T o t a l  ~ d d - o n '  .Energyw . . .of 

T a b l e  V ' , w h i l e  t h e  l e f t - h a n d  column headed "Energy C o n t e n t  

of L o s t  S i l i c o n "  i n c l u d e s  d a t a  o b t a i n e d  by u s e  o f  eq .  ( 2 )  , 
26 



Neither the add-on energies, nor the energy values for 

material lost in a process step, can be summed directly to 

obtain the total energy expenditures in a process sequence 

up to step N inclusively, because oftheyields of the process 

steps subsequent to a given step n. Thus, for a unit area of 

product to leave step N, the total energy content E 
LtNtn 

of the material lost in step n is: 

and the total add-on.energy for the sequence from step 1 to 

step N, inclusive is given by: 

Xk 
k=n+l 

with XN+l=l. 

Eq. (5) has been applied to. obtain the "Totals" for the 

"Energy of Lost Silicon" in Table . VII , and an equivalent 

relationship for the'other energy component totals. The 

farthest right-hand column of Table VII represents data 

.resulting from application of eq. ( G I  The energy content 

of the total material lost is then simply: 



The q u a n t i t i e s  and EA 
, n l  and c o r r e s p o n d i n g l y  E 

L,N,n 
and E A,T ' i n c l u d e  i n  t h e  e n e r g y  c o n t e n t  t h a t  of a l l  m a t e r i a l  

l o s t  i n  p r o c e s s i n g  t h e  good,  r e m a i n i n g  work- in-process .  

They a r e  t h e r e f o r e  n o t  s u i t a b l e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

t o t a l  e n e r g y  c o n t e n t  o f  t h e  m a t e r i a l  l o s t  i n  a sequence  o f  

p r o c e s s  s t e p s ,  o r  o f  t h e  " t o t a l  n e t  e n e r g y  c o n t e n t "  o f  

t h e  good work- in-process  l e a v i n g  such  a sequence .  T h i s  

t o t a l  n e t  e n e r g y  c o n t e n t  d o e s  n o t  i n c l u d e  t h e  e n e r g y  c o n t e n t  
. . 

o f  t h e  l o s t  m a t e r i a l .  Thus i t s  computa t ion  h a s  t o  b e  based  

on t h e  n e t  e n e r g y  c o n t e n t s  o f  t h e  i n p u t  work- in -p rocess ,  

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

s t e p s .  I n  a n a l o g y  t o  eq .  ( 2 ) ,  t h e  n e t  e n e r g y  l o s t  i n  

s t e p  n  f o r  a  u n i t  o f . g o o d  work- in-process  l e a v i n g  t h i s  s t e p  is :  

where : .n-1 

is  t h e  n e t  e n e r g y  c o n t e n t  o f  t h e  i n p u t  work- in-process .  

S i m i l a r l y , .  t h e  t o t a l  net e n e r g y  l o s t  i n  s t e p  n  f o r  a  u n i t '  

of good work-in-proces 's  t o  l e a v e  a p r o c e s s  sequence  a f t e r  

s t e p  N i s  g i v e n  by:  



and t h e  t o t a l  l o s t  energy  i n  a l l  p r o c e s s  s t e p s  by:  

w i t h  X N + l  = 1. 

Cor respond ing  t o .  e q .  ( g ) ,  t h e  t o t a l  n e t  e n e r g y  c o n t e n t  o f  

t h e  good work- in -p rocess ,  or f i n i s h e d  p r o d u c t ,  l e a v i n g  

s t e p  14 is :  

k= 1 

T h i s  t o t a l  i s  r e p r e s e n t e d i n t h e  f a r t h e s t  r i g h t  hand column l a b e l e l l  

" T o t a l "  i n T a b l e s  IXA t o C ,  w h i l e  t h e  e n t r i e s  i n  t h e  columns l a b e l e d  

"Energy c o n t e n t  i n  l o s t  S i t '  o f  t h o s e  t a b l e s  r e p r e s e n t  

d a t a  a c c o r d i n g  t o  eq .  (10)  , and t h e  t o t a l s  o f  t h o s e  columns 

c o r r e s p o n d  t.0 eq. (11) a s  w e l l  a s  e q .  ( 7 ) .  

I n  t h e  ' s o l a r  c e l l  p r o c e s s i n g  s e q u e n c e ,  w e  have  accu-  

mula ted  t h e  e 'nergy consumption '  d a t a  f o r  t h e  t e x t u r e  e t c h i n g  

and  t h e  j u n c t i o n  f o r m a t i o n  p r o c e s s e s ,  and w e  have  examined 

t h e  d i r e c t  m a t e r l a l  c o n t e n t  o f  t h e  e n c a p s u l a t i o n  m a t e r i a l s .  

The m e t a l l i z a t i o n  and a n t i r e f l e c t i o n  c o a t i n g  p r o c e s s e s  are 

p r e s e n t l y  b e i n g  a n a l y z e d ,  and t h e i r  e n e r g y  d a t a  w i l l  b e  

p r e s e n t e d  i n  a  l a t e r  r e p o r t .  I n  a d d i t i o n  t o  t h e s e  d e t a i l e d  

a n a l y s e s ,  w e ' h a v e  accumula ted  t h e . e n e r g y  ' d a t a  f o r  t h e  1982 

$2.00 /W(pk) and  t h e  1986 $0.50 /W (pk,) J P L  Strawman p r o c e s s .  

sequences .  From o u r  d e t a i l  a n a l y s e s  f o r  t h e  i n d i v i d u a l  



processes and the available data for the remainder of the 

sequence, such as the Strawman data, we have synthesized 

overall process sequence energy consumption and payback 

time data. 

a. Energy Consumption of Junction Formation Processes 

The energy consumption of the various present and.projected 

junction formation processes was studied in detail in 

connection with the ,a.nalysis of their cost-effectiveness. 

In the evaluations, SAMICS overhead energy standards were 

used throughout, except for the 1974 and 1977 experience data 

shown in  able V, lines 1 and2. 

The wafers or ribbons resulting from the Cz slicing (1978 and 

19821, or EFG ribbon (1986) processes were tentatively assumed 

to be subjected to the sane texture etching process, with 

the same yield, independent of the junction formation pro- 
. . 

cesses used or the time frame. This unified wafer pre- 

paration consists of .a '3-step process sub-sequence (33?, which 

includes the application of an etch-stop (wax) to the Lack 

surface of the cell, texturing of the front surface by 

a hot 1daOi-I etch, and removal of the etch-stop (Table VI ) .  

The wafers resulting from this process sub-sequence are 

assumed to form the input material for the various junction 

formation processes. 

The add-on energies for the junction formation processes 

are summarized in Table V- These processes have been 

grouped into present  able V, lines 2-3), near-term (Table 



Table V 

PROCESS WERCIES FUR JUNCCIOLI FOlU4ATION PROCESSES (kuh/rn2) 

(a) - included in Facility Cnergy 
NA - not available 

- - 

*see Table V1 for detail 

Conversion Factor: 
0.3 kUh (el) - 1 kvh (th) 

Direct Ener~) 

(el) 

30 

t Energy Con- 
Yield ! t m t  of I UC. Energy 

energies of Stertin~ Hoterial. 
ch el , 

1978 ,965 1279 
is82 554 733 
1986 92.4 142 

Equip. Facil. Total 
Enera, Energy bd-rn E n e r ~  

(th) (el) 

NA 32 

~quiv. Payback ' 
El.E.lyl 

(th) 

NA 

Process ( x )  I ~osc silicon 
1 (el) (th) (el) ' 

- 62 

- 

6.26 5.82 

- 

44.87 36.31 

(el) 

62 

32.00 

1. Diffusion 
' (Ilea. 1974) 

2. Diffusion 
(Solarez. 19i7) 11 HA / NA A I (a) 1 '  19.38 1 (a) 12-21 

3. PH3 Diffusion 1 99.9 0.97 1.28 ' 0.81 2.39 

(dl 

NA 

NA 

I 
RA I N A  NA 

I 

5. POC13 diffusi?n 
(JPL Stravmaa. . I 

1982) 99.8 f 1.11 1.46 0.445 1.97 1.3 0.42 2.86 3.85 4.71 . 13 
i 
I 

6. PAJ Diffusion 99 j 0.94 1.41 0.098 6.69 0.74 0.39 1.78 e.49 9.04 24 

(Motorola. 1986) I 
I 

I 
I .  

7. 5-step PN and 
BSP Dif fusi0~ 

I 

Seauence 96.6 j 4.23 6.39 0.23 14.35 
(ktorola. 1986)~ ' , 

- - - - & - - - I - - . - !  
i I . 

8. PP5 Ion bplan- 
I 

99.2 f 0.77 1.14 
totion 

0.30 
I 

0.54 4.46 , 1.65 3.39 1 Lockheed. 1986) I 

i I I 

9. 2-Side Ion Implan- j I 

tation v/Annealing 98.4 f 1.52 2.27 0.92 7.92 ' .10.82 1.75 13.26 11.94 15.91 43 
(RCA. 1986) 

(Spectrolab, 1978) ,.-------.---------- 
4. P Ion Implantation 

(Varian-Extrion. 
1978) 

, 

I : 7.70 2s I 
I 

----4---------- 
I 

. I 

99 9.68 12.79 
I ' 

4.48 2.15 

---- 

33.44 2.74' 1.75 

- 

49.77 

I 

10. High Thruput 
P Implantation 
(Spire. 1986) 

11. Unsoalyred P 
h a m  Implantation 
(bcorola. 1986) 

12. Ion Tmplantation 

-- 

20.78 

-------- 

164 

I 

99.9. j 0.095 0.14 

j . :  
99.8 j 0.19 0.28 

I 

. 

0.0 1.07 

.0.021 

0.01 

. 

pH3 ' 9 9 ~ 8  I .0.18 0.28 

2-11 

. , 

0.62 

(JPL Strawman. 1986) 1 1-64 0.31 - ---. - - - - *  

I 

13. Activation 
Annealing I 99.4 / 0.57 0.85 0.34 '0.18 
(Xotorolo. 1986) 

, i 

1.42 0.07 

, 0.23 0.13 

0.82 1.66 

1.00 . 4.13 

1.54 2.33 

0.43 1 0 3  

2..21 6 

2.79 

1.16 

8 

3 



Tabla v l  

~ n e r g y '  Components of  Surface Preparat ion Processes Precedfne Junct ion Formation ( in  kWhIrs2) 

1978 - 

. . 
n ~ t a  f o r  Appl ica t ion .o f  Etch Stop, Texturizing,  and Removal of  Etch Stop vere  derived from Motorola ( r e f .  (36)). 

L 

Proccss  
. 

1. Solnrcx 
1577 d a t a  

2.InputWork-in- 
Process:Cavafers  

(Table ?VA . Line 6 ) 

3. Appl ica t ion  
of e t c h  s t o p  
on back 

4.,Texturing f r o n t  
s u r f a c e  

5. Eemovnl of e tch-  
s t o p  on back 

(a) Includcd i n  f a c i l i t y  energy 
(NA) Not Applicable . 

Yield 

0.99 

0.992 

0.998 

' 

_623 

Input  Plater ial  
( t h )  ' 

t~r. 

954.55 

962.95 

965.05 

0.11 

0.068 

0.065 

541.9 

548.07 

552.64 

554.01 

1986 

lnd. Uac. 
( t h )  

(a) 

0.05 

- 
0.001 

( e l )  

i i ~  

1265.56 

1276.48 

1279.19 

0.65 

0.15 

0.26 

717.5 , 

725.35 

731.36 

733.00 

1. Input Work-in- 
Procesn:Czvafers  

(Table 1 V D  .Line 6) 

2. Applicat ion of 
e t c h  s t o p  on back 

3. Texturing f r o n t  
s u r f a c e  . 

4. Removal of  e tch-  
s t o p  on back, 

1.lnput.Work-in- 
Process:  EFC 
Ribbons . 

(Table ~ V C  .Linc4) 

2. Appl ica t ion  
of e t c h  s t o p  
on back 

3; Textur ing  f r o n t  
s u r f a c e  

4. Removal of e tch-  
s t o p  011 back 

Processing 
( e l )  

2.83 

0.5 . 

0.08 

0.11 

T o t a l  
( e l )  . 

u - 

Equip. 
( t h )  

(3) 

- 
0.65 

0.5 . 

0.08 

0.11 

0.99 

0.992 

0.993 

F a c i l i t y  
( e l )  

5.72 

0 . 1  

' . Sub 
(t'h) 

- 
945 

955.25 

0.05 

-- 

0.001 

0.99 

0.992 

0.998 ' 

90.30 

91.73 

32.07 

0.15 

0.26 

t o t a l  
( e l )  

1253 

1266.27 

547.37 

552.19 

553.75 

0.11 

0.068 

0.065 

- 

139.19 

140.73 

' 141.36 

89.4 

91.0 

91.68 

724.75 

731.21 

732.82 

137.8 

139.8 

140.86 

1276.62 

1279.36 

0.068 1963.12 

- 
- 

0.05 

- 

0.001 55.36 141.55 I 
' ,  I=- 

0.065 965.31 

0.5 

0.08 

0.11 

- *- 

0.65 

0.15 

0.26 



V , line 4) and long range projected junction format-ion 

processes (Table V , lines 5-13). For com~arison purposes, 

the 1974 data ( ) for the direct energy consumed in a 

diffusion process have been included in Table V , line 1. 

Since the data of this reference include indirect energy 

consumption only for the entire plant, including wafer 

generation, cell processing, and environmental testing which 

is probably more connected with the space power cells pro- 

duced predominantly in 1974, the indirect energy consumption 

was, for the purposes of this report, allocated to the various 

process areas in proportion to their direct energy consumption. 

The ,1978 Spectrolab phosphine diffusion process (Table V , 

line 3), for which detailed experience data had been made 

available ( 3 4 )  , showsapproximatelyan order of magnitude lower 

total equivalent electrical energy consumption than Iles' 

numbers. This energy consumption is, in many respects, 

comparable to that for the POC13 diffusion process contained 

in the JPL 198.2 'Strawman process (Table V , line 5) (35). 1t is 

noteworthy that the "equipment energy," derived from the 

equipment as outlined on p. 6 of this report, is the 

item of highest energy consumption in the Spectrolab process 

(Table V , line 3) . 
Motorola's diffusion process data (36), also for phosphine 

diffusion, are used as a projection to 1986, with the much 

2 lower energy content, per m , of the silicon ribbon expected 

to be used then. This difference expresses itself in the 

energy consumption for lost sj.licon. Essentially counter- 

balancing this change, however, is Motorola's assumption of 



a lower yield. Another significant difference is in the 

material energy ccnsumption, which is based on Spectrolab's 

substantial use of acids for quartzware cleaning, an item 

which is not included in Motorola's data. 

Also included in Table V , line 7, is a 5-step process 

sub-sequence (Motorola) for the formation of both the pn junc- 

tion and the BSF layer. This 5-step process includes the 

phosphine diffusion step just discussed. Its five process 

steps and their energy consumption are detailed in TableV11. 

Besides diffusion, ion intplantation is presently used 

for junction formation.' ~ u t  in its present practice (37) I 

ion implantation is much more energy intensive than the diffu- 

sion process (Table V , line 4). The process energy of ion 

implantation is, however, projected to decrease significantly 

through improvements in equipment design. These designs 

stress higher projected throughput rates relative to material 

usage, and capital equipment and facility requirements. In 

contrast, for the diffusion process, the add-on energy is not 

expected to change substantially since significant future in- 

creases in furnace efficiencv are not anticinated. 

It is also necessarv to consider associated 

in the sequence, and the ' yields in such sequences. Thus, 

the ion implantation process should never be considered 

without adding the needed annealing step (Table V ,, 

line 13). Consequently, the 5-step pn junction and BSF 

layer diffusion process and the 2-sided ion implantation 

process with annealing (Table V , lines' 2 and 9, respectively) 



Table  VII 

W 
L7 

Add-on Process  Energies  f o r  Motorola 's  Five-Step Dif fus ion Process  
f 

Add-on Energy 
seeded t o  Produce 
1 ui2 of H a t ' l .  
Leaving Step 5 

( e l )  
C 

2.838 

8.825 

2.898 

9.202 

0.437 

24.2 

b 

~ 1 ~ ~ .  ~ ~ ~ i ~ .  
of  T o t a l  

Add-on Energy 

( e l )  

2.748 

8.632 

2.863 

9.184 

0.437 

Curnula- 

t i ve  
y i e l d  

n xk 
k=n+l 

0.968 

0.978 

0.988 

0.998 

- 

0.968 

F a c i l i t y  
Energy 

( e l )  

0.12 

0.39 

0.12 

0.39 

0.014 

1.049 

k ~ h / d )  

Equip. 
Energy 

( t h )  

1 .01  

0.745 

1.01 

0.74 

0.011 

3.580 

( i n  

D i r e c t  
Energy 

( e l )  

0.61 

6.25 

0.61 

6.69 

0.012 

14.354 

* 

Process  

1. Spin-on s i l i c a  
on f r o a t  sur-  
f ace  J 

2. Back p+ (boron) 
d iEfus ion  
w / B C l j  

3. Protec.t ion of 
back s u r f a c e  
wi th  spin-on 
s i l i c i t  

4. Phosphorous 
(pH3) d i f -  
fu s ion  

5. S t r i p p i n g  of 
both  s u r f a c e s  
w/4:1 NH4:HF 

TOTALS 
b 

T o t a l  

Yield 
( X )  

99% 

99% 

99% 

99% 

99.8 

96.8 

Add-on 

( t h )  

1.969 . 

1.811 

2.007 

1.8345 

0.2835 

8.037 

Mat. 

Cth) 

- 

0.087 

- 

0.077 

0.067 

0.233 

Energy 
Energy 

( e l )  

2.157 

8.089 

2.261 

8.5335 

0.3515 

21.79 

Content of 

( t h )  

0.96 

0.979 

0.9972 

1..0175 

0.2055 

4.227 

Lost  S i  

( e l )  

1.427 

1.449 

1.531 

1.554 

0.3255 

6.388 



constitute comparable processes. Differing yields, or assump- 

tions of yields, can have significant influence on the energy 

consumption. Thus, the lower overall yield (96.4%) of the 

5-step Motorola sequence compared to that of the competing ion 

implantation' process (98.4%) accounts for nearly 50% of the 

difference seen inthe energy consum?tion of the 2 processes. 

This difference is in favor of the ion implantation for 

this particular example. Because of the importance of high 

yields for achieving processes with low energy consumption, 

most of the 1986 solar module fabrication sequence has been 

p r o j e c t e d t o b e c o m p o s e d o f i n d i v i d u a l  processes of very high 

yields. Modifying the projectedMotorola pH3 diffusion 

process to be consistent with Spectrolab's experience of 99.9% 

yield and, in addition, a 17.5% "capacity factor" for the 

furnace energy consumption, would reduce its payback time 

from 24 to 9 days, and that of the 5-step sequence to 

33 days. This would then be slightly less than the energy 

payback time of the competing 2-sided ion implantation 

process with annealing. 

The data of Table V are illustrated in Figure 1. 

It shows the projected ion implantation processes to require 

less add-on process energies than the projected diffusion 

processes. However, after adding the process energy for 

activation annealing to that of the implantation process leads 

to comparable energy expenditures and payback times for 

the future ion implantation processes and the diffusion processes. 
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It may also be noted that the energy payback times for the 

projected diffusion processes are more "firm" than those for 

ion implantation, since the latter are based on equipment which 

has not yet been built. In contrast, the projected diffusion 

processes represent relatively small extrapolations from current 

production equipment and practices, primarily modifying 

throuqhputs to meet the LSA-JPL output goals. 

b. Module assembly (encapsulation) 

The major energy contributions in the module assembly 

step seem to come from the energy content of the encapsulation 

materials. ~onsequently, time has not yet been spentondeterrnining 

the direct energy consumption in the encapsulation proc'ess 

(interconnect attachment, matrix connection, encapsulation 

material layup, potting material curing, junction box assembly), 

.and the facility energy consumption for the respective part 

of the plant. 

For the 1978 module assembly process, the encapsula- 

tion materials chosen were two 3 mm (1/8" thick) glass plates, 

along.with almm thick layer of pottlng material. The cell 

packing density of 80% requires 1.25 m2 of encapsulation 

materia1,for each square meter of cell area. Cell yield in 

this area was tentatively taken as 100%. With a glass energy 

content of 46.1kWh/m ;! (38) , a n d a p o t t i n g l n a t e r i a l e n e r q y c o n t e n t o f  

about 12 kWh/kg, both assumed to be predominantly thermal 

energy, the energy content of the encapsulation materials 

alone is about 130 kwh(th)/m2 of cell area. For the present 



proccss, I1.c~ ( l) gave no cnf rgy consumption data for the encapsu- 

lation sequence, hut Solerex presented data ( 3 9 )  which arc 

tentatively used in Table VIIIA. 

For 1982, an 85% packing factor has been used for the 

solar.cells in the module, reducing the encapsulation, area 

to 1.18 m2/m2 of cells, and the energy content of the 

encapsulation materials to ' 120 kwh (th)/m2 of cells. At -. 

the same time,.the energy consumption data from the JPL 

$2/W(pk) Strawman process have been used for the direct 

energy use and for the facility energy. (35) 

For 1986, the packing factor has been assumed to be 

further improved to 95%,  and the back glass layer replaced with 

a 0.25 mm thick blylar film, or another material of similar energy 

content. Use of the improved packing factor alone without back 

glass replacement, resultsin a n e n c a p s u l a t i , o n r n a t e r ~ ~ a l e n e r g y c o n t e n t  

of107k~h(th)/m2ofcells, while use of the Mylar film backing 

leads to 62 kwh/m2 of cells. In addition, the relatively 

small direct and indirect energy consumption data of the 

1982 Strawman process for the encapsulation process group have 

also been used for 1986. 

c. Full solar module process sequences. 

Using the energy content of the input work-in-process 

to the solar module fabrication process sequence which was 

summarized in Tables IVA to C.for the current silicon wafers 

as well as projected wafers (1982) and ribbons (1986), the 



Table  VIIIA 

CURRENT PROCESS ENERGIES IN THE MANUFACTURING SEQUENCE FOR SILICON 
SO'LAR CELL MODULES ALONG WITH THE TOTAL PAYBACK TIHE , 

* R e f e r s  t o  t h e  energy c o n t e n t  o f  t h e  encapsulation m a t e r i a l .  

(1) J. Lindmayer, e t  a l . ,  S o l a r e x  Cor (Rockv i l l e ,  HD), Report  ERDAIJPL 
954606-7711, pp. 48-50 (4177). a n 8 ' t h i s  r e p o r t .  

P 

f 

1. 

2 .  

3 .  

4. 

5 .  

Wafer i n p u t  

C e l l  p r o c e s s i n g  
(k i ih /m2  1 

r a c a p s u l a t i o n  
(kh?l/m2 - -  
T o t a l  e q u i v a l e n t  
e l e c t r i c a l  ene rgy  
consumed 

(kWhIm2) 

Payback Time (y) 

Y i e l d  o r  Conver- 
s i o n  R a t e  

- 

80% y i e l d  
t o  good c e l l s  

80% p a c y n g  f a c t o r  
(1 .251~1  f o r  

Energy con- 
v e r s i o n  
0.3 kWh(ell/  

kWh(th) 

Recovery r a t e  
(110.9 kwh/m% y)  

I n d i r e c t  H a t e r i a l  
Energy 

( t h )  I ( e l )  

Ref. 
D i r e c t  Material 

- 

- 
130' 

(1) 

(1) 

. 

( th) 

- 

1181.3 

l181e3 

- 

76 

- 
, 

Energy 
( e l >  

- 

1566.3 

1752.3 

D i r e c t  
Energy 

T o t a l  
Energy 

( t h )  1 ( e l )  

Equipment and 
F a c i l i t y  Erergy 

f t h )  

945 - 

( t h )  ( e l )  

1253 

(dl 

21.~0 

- 
- 
- 

1181.3 

1311.7 

1752.3 

1784.4 

52 

11.1 

L) 395 

T o t a l :  2178 

19.5 

- 

8 

- 



energy content of the completed modules was estimated or 

projected, based on available,data. It turned out that the 

differences in these data for current processes are so 

large that they cannot be significantly improved by intro- 

ducing the data resulting from our texturizing and junction 

formation process analysis into these other ,sequences. 

, Afirst analysis of the electrical power requirements 

(1) of a solar cell production plant had been performed by Iles . 
Iles estimated the contemporary (1974) solar cell fabrication 

plant energy consum2tion from the installed equipment 

power ra,tings, and extrapolated the plant's productive 

capacity hy assuming that a five times larger solar cell 

area could be handled annually in the saRe plant, 

with.approxinately the sane enercJy consurt~ption, by going 

from the .then-prevalent 2x2 cm space power cells to 2" 

diameter cells. DeCiucting Iles' direct energy consumption 

values for crystal growing and slicing leaves a direct 

electrical energy consumption of 120 kwh/m2 of cell area pro- 

duced.' Allocating the indirect energy consumption in pro- 

portion to the direct energy,leads to 125 kwn/m2 of cell area 

for the solar cell process plant, These data contain, e.g., 

a direct energy consumption For diffusion which is an order 

of magnitude larger than Spectrolab's experience data (see 

Table V , lines 1 and 2). On the-other hand, Iles' data 

do not contain the energy content of the indirect materials 

consumed, nor that of the equipment installed (see Table VIIIA). 



The Solarex data (39) amount to about half the energy 

consumption found by Iles, but include the energy contents 

of the indirect materials consumed and the equipment. Com- 

paring these data with those resulting.from the analysis of 

texturizing and junction formation shows the Solarex energy 

consumption to be much higher than that given by Motorola for 

the texturizing process group, and by Spectrolab for.diffusion. 

In contrast, the indirect energy consumption of Solarex (plant 

lighting etc.) amounts to only 1.7 kwh/m2 of cells processed 

and is much lower than any other data given for this item. 

We consequently increased this consumption to 50kwh/m2 of cells, 

or hearly 100% of the direct energy consumption, about in line 

with the other available data. One reason for this change 

is also the apparent omission by Solarex of the indirect 

energy consumption for the common areas, offices, etc. 

Ifi the encapsulation area, we used the energy content of 

thedirectnaterials fromsecizion 3.4bofthis report, amounting. 

2 to. 130 kWh/m of cells, for 2 sheets of glass and potting nater- 

ial. Thisnumberomitsthe energy contentof the interconnectors, 

a junction box, or a frame possibly applied. Considering 

these facts, as well as a possibly lower packing factor for 

Solarex, Solarex's value of 205 kwh/m2 of cells for this 

item appears quite compatible. For thepirect and the indirect 

energy consumption in this process step, the Solarex data . 

have been used a$ the only ones so far available. .It may 

alsobenotcd that 100%'cell yield has been assumed for this 



e n c a p s u l a t i o n  p r o c e s s  g r o u p ,  which may b e  s l i g h t l y  o n t i m i s t i c .  

The consequence  o f  t h e s e  e . n t r i e s  i s  a  t o t a l  e n e r g y  

consumpt ion o f  2179 kwh e q u i v a l e n t  e l e c t r i c a l  e n e r g y  consumed 

i n  t .he p r o d u c t i o n  o f 1 m 2  o f  e n c a p s u l a t e d  c e l l  a r e a .  A t  

80% c e l l  y i e l d  from w a f e r s  t o  f i n i s h e d  modules ,  it t u r n s  

o u t  t h a t  1920 kwh, o r  88% o f  t h e  t o t a l  module e n e r g y  c o n t e n t ,  

was a l r e a d y  c o n t a i n e d  i n  t h e . w a f e r s  e n t e r i n g  t h e  s o l a r  c e l l  

p r o c e s s i n g  l i n e .  O f  t h e  259 kwh added i n  t h e  s o l a r  c e l l /  

module p r o c e s s  l i n e ,  o v e r  one  q u a r t e r  i s  a t t r i b u t a b l e  t o  

module assembly  and e n c a p s u l a t i o n .  

For  t h e  1982 p r o j e c t i o n s ,  t h e  summarynumber-sgiven f o r  

t h e  JPL-Task I V  Strawrnan p r o c e s s  ( 3 5 )  have  been rev iewed .  

These  d a t a  i n c l u d e  a  93% o v e r a l l  c e l l  p r o c e s s i n g  y i e l d ,  and 

a n  85% module p a c k i n g  f a c t o r .  The e n e r g y  d a t a  f o r  t h e  d i f f u s i o n  

s t e p  i n  t h i s  Strawman p r o c e s s  s e q u e n c e  a g r e e  q u i t e  w e l l  

w i t h  t h o s e  o f  t h e  c u r r e n t  S p e c t r o l a b  d i f f u s i o n  p r o c e s s ,  

e x c e p t  f o r  t h e  e q u i p m e n t . a n d  f a c i l i t y  e n e r g y  v a l u e s ,  which  

a r e  c o n s i d e r a b l y  lower  i n  t h e  S t r a m a n  p r o c e s s  b e c a u s e  o f  

h i g h e r  assumed t h r o u g h p u t  r a t e s .  T h i s  compar ison on one  

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

remainder  o f  t h e  d a t a .  Again ,  w e  used  o u r  e n e r g y  c o n t e n t  d a t a  

f o r  t h e  d o u b l e  g l a s s  e n c a p s u l a t i o n .  A s  T a b l e V I I I B  shows,  

t h e  e n e r g y  c o n t e n t  o f  t h e  comple ted  module h a s  been r e d u c e d  t o  

a b o u t  h a l f  o f  t h a t  o f  t h e  1978 n o d u l e ,  b u t  t h e  e n e r g y  c o n t e n t  

o f  t h e  i n p u t  w a f e r s  now c o n s t i t u t e s  93% o f  t h e  module e n e r g y  

c o n t e n t .  A l s o ,  module assembly  and e n c a p s u l a t i . o n  now consurnes 

59% o f  t h e  c e l l  and module p r o c e s s  e n e r g y .  These  s h i f t s  a r c  



TABLE V l l l  B 

TROJECTION FOR 1962 o f  PROCESS QCRGIES I N  TtIE UANUFACNRING SEQUENCE PROM SICICON CZ WAFERS. TO SOLAR HODULES 

l b  *' 

*Refers t o  t h e  energy content  of  t h e  encapsulat ion material. 
1. D. B ick le r ,  J e t  Propulsion Laboratory (Pasadena, CA), Interoffice,Memo 

. 341-77-D-968 (10177). and t h i e  sec t ion .  

1- 

2. 

3. 

Equip'i I 
Energy 

( t h )  

-- 

9.9' 

2.6'  

. . 
D i r e c t  Mater ia l  I n d i r e c t  : . la ter ial  D i r e c t  

4 ,  

5. 

Yield o r  Conver- Fac i U t y  
Energy Total 

Energy Content Ref. 

Wafer. i n p u t  

C e l l  p rocess ing  
( k ~ h / n 2  

Encapsulat ion 
( kwh/rn2 

( e l )  

-- 

9.0 

.3.4 

Energy Energy Energy 

.- 

- 4 - a  

2.9 

s i o n  Rate 

I .  

-- 

930 y i e l d  t o  
good c e l l s  

1.18 m2 f o r  
1 m2 of ceLls  

I 

( t h )  

-- 

582.7 

643.6 

I. 

541.9 

641.3 . 

764..9 

T o t a l  e q u i v a l e n t  1 
e l e c t r i c a l  energy I consumed (k~hlrnz)  

Payback Time (Y) 1 

( e l )  ( t h )  L ( e 1 )  ( t h )  

-- -- 

Energy conver- 1 
s ion  0.3 kWh(el)/ 

kWh( th )  

R e c o v e r y  r a t e  

229.5 

Total :' . lm5. 

7.05 

U7-.5, 

784'.5 

790.8 

771.5 

781.3 

(1) 

(1) 

- 144.6kWh/ (m2 . y )  

-' 

48.7 

;21* 

- 



due primarily to the considerable reduction in encrgy.con- 

sumption on the solar cell process line, and are rein- 

forced by the yield improvement on this line from 80% 

to 90%. 

The projections to 1986 were similarly based on the JPL 

"Candidate Process" data (3? which lead to a $O.SO/W (pk) 

encapsulated module price. The input material is assumed 

to be silane purified, EFG grown ribbon, according to Table 

1.K. Use of the "Candidate Process" leads to atotal energy 

consumption of 206 kwh/m2 of equivalent electrical energy 

2 (Table VIIIC), of which 173 kWh/m , or 8 4 % ,  is represented 

in the input ribbon material.. Also, 57% of the solar cell 

and module process energy is added in module assembly, 

predominantly in the energy content of the encapsulation 

material. 

Tables IXA to 'C present additional data to augment those 

of Tables VIIIA to C. They give the mass flow of silicon to 

the unit of finished encapsulated cell area, the net enerqy 

content per unit mass of the work-in-pr~cess at the key pro- 

cess stages, as well as the energy content of the silicon 

lost in the major process groups, and the net process energy 

of the material appearing in the good finished product, as 

contributed by these process groups. Again, these data 

are provided for the contemporary processes and for the 

projections to 1982 and 1986. 



T A B L E  V T I I C  

PROJECTION FOR 1986 OF PRWESS ENERGIES I N  TllE EL\;\TIFAC'TUI!lNS SEQUENCF; FROM SILICON 
EFG RIBdON TO MODULES. 

* Refers to the energy content of the encapsulation material. 

(1) R.W. Aster, Jet Propulsion Laboratory (Pasadena, CA), LSA Doc. No. 5101-94 
(12178). 



Table  IXA 

ENERGY m MASS REQ~IREII TO PRODUCE 1m2 of SILICON SOLAR CELLS'~) 

1 N . M  ARRAY, AS ESTIMATED FOR 1978 BY THE UNIVERSITY OF PENNSYLVANIA 

(a) Cells are 300 pm thick and the packing factor is 800. 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

L 

Net energy 
content of 

work-in-process 
(kWh(el)/kg) 

- 

20.8 

37.0 

505.4 

653.0 

691.4 

Mass of Si lost 
in Process (kg) 

- 

4.58 

4.27 

0.30 

1.39 

0.175 

0 

10.715 

I 

Process Step 

Si02 reduction 

SiHC13 generation 
and distillation 
(1.67 kg/kg) 

SiHC1) reduction 
to SG-Si 
(2.67 kg/kg) 

Cz crystal pulling 
(1.13 kg/kg) 

Grinding and slicing 
(0.552 rn2/kg) 

Ccll Processing 
(80% yield) 

Encapsulation 
(1.0 m* of cells) 

Totals 

Total Energy Content: 

: 
Energy content 
in lost Si 
(kWh(e1) 

- 

95.3 

158.1 

151.6 

907.7 

121.0 

Mass of Si 
Processed 

(kg) 

- 

11.41 

6.83 

2.56 

2.26 

0.875 
(1.25 m2) 

0.7 
(1.0 m2) 

1433.7 735.5 

2170 kWh(el)/m2-~i cells 

Energy of Si in 6 

finished array fora 
unit process step 

(kWh(e1)) 

14.5 

11.4 

327.9 

103.3 

26.9 

180.4 

71.1 

I 

I 



Table I X B  

(a) Cells are250 pm thick and the packing factor is  851. 



Table IXC 

ENERGY AND W S S  REQUIRED TO ~RDDUCE 1m2 OF SILICON SOLAR IN AN ARRAY 
WITH THE SI- PURIPICATCON AND RTR PROCESSES, AS PROJECTED FOR 1986 BY THE UNIVERSITY OF PENNSYLVANIA 

(a) Cells are 100 pm thick a d  the packing factor is 95%. 

Mass of Si lost 
in Process (kg) 

- 

0.05 

0.17 

0.013 

0.012 

0.25 

.Bass of si 
Processed {kg) 

- 

0.48 

0.43 

0.258 

0.245 
(1.05 m2) 

0.233 

1. 

2 .  

3 .  

4. 

5 .  

6 .  

Process Step , 

Si02 reduction 

Silane (SiHq) 
Production 
(90% conversion) 

Chemical Vapor 
Deposition of eilane 
(2.575 m2/kg) 

Ribbon to Ribbon 
Crystal Re-growth 
(95% yield) 

Cell Processing 
(95% yield) 

Encapsulation 

Totals 

Total Energy Content: 

Energy of Si in 
finished array for 
a unit process .step 

(kWh(e1) 

4.1 

19.8 

14.0 

107 

13.2 

19.1 
7 

Net energy , 

Content of 
work-in-process 
(kWh(el)/kg) 

- 

17.59 

102.7 

162.8 

622.1 . 

28.3 177.3 

206 kwh(el)/m2-Si cells 

Energy content 
in lost ~i 
(kWh (el) 

- 

0.84 

17.7 

2.1 

7.6 



4. Conclusions 

The results of the energy consumption analysis are 

summarized in pictorial form in Fig. 2. This figure 

clearly demonstrates three points: 

a. most of the current high energy content is associated 

with the losses incurred in material conversion and 

in process yields. 

b. the biggest reductions in the energy consumption 

will be connected with the introduction of new 

processes for silicon purification and sheet 

generation. 

c. much of the reduction in cell processing energy comes 

from higher throughput rates; this effect is already 

observable now. 

The numbers on energy consumption are to be considered 

as rough approximations, since the data for the current 

process practice show a large spread, and since the future 

data represent projections. But in toto, the energy payback 

times can be expected to decrease rapidly from their recent 

value near 20 years to below 10 years by 1982 and to less 

than 2 years by 1986. This last prediction is somewhat obvious 

since the modules are expected to be close to cost-effective 

by then as replacement supplies for energy generally available 

from other sources. 



kwh (el) rn2 

Present 

E = Encopsulat ion 
C= Cell Manufacture 
S=  Sl ic ing 
X =  Crystal Growth  
D= Poly log Deposi t ion 
P =  SiHC13 P u r i f i c a t i o n  
R =  S i 0 2  Reduct ion 

Energy Content 
of  Los t  Mate r ia l  

Near- term Long - range 

Figure 2: Processing Energy Components For Module Manufacturing 
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5. NEW TECHNOLaGY mmmm 

No new technology was develaped during th is  quarter. 
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