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PREFACE 

The Solar Fuels Research Division of the  Solar Energy Research Institute 
manages a program of research and development on t h e  production of 
microalgae and their conversion t o  liquid fuels (e.g., gasoline and diesel) for 
t he  U.S. Department of Energy, Biofuels and Municipal Waste Technology 
Division. As par t  of t he  effort ,  three subcontracts were awarded in 1983 t o  
design and provide cost estimates for the construction of a microalgae 
facility on a scale suitable for commercialization. 

This report is the  final report  submitted by Microbial Products, Inc. for t he  
project entitled "Design and Analysis of Microalgal Pond Systems for the  
Purpose of Producing Fuels." This work was supported through SERI sub- 
contract  No. XK-3-03 153-1 as part  of t he  Aquatic Species Program. 

Aquatic Species Program Coordinator 

Approved for 
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Solar Fuels Research Division 



SUMHflRY A N D  CONCLUSIONS 

OBJECTIVES 

The purpose  of t h i s  r e p o r t  i s  t o  p r e s e n t  a  d e t a i l e d  a n a l v r r s  and d e s i q n  of a  
two a c r e  exper imenta l  mrcroa lga l  p roduc t ion  f a c i l i t y  t h a t  can be used t o  t e s t  
t h e  t e c h n i c a l  and economic p o t e n t i a l  of a  commercial s i z e  f a c i l i t v  (1000 
a c r e s ) .  The des ign  i s  based on e x t e n s i v e  assessment  of biological and 
t e c h n i c a l  r e q u i r e m e n t s  and impor tan t  c o n s i d e r a t i o n s  such a s  r e s o u r c e  use  and 
a v a i l a b i l i t v  and t h e  rmpact of d e s i g n  assumpt ions  on f i n a l  p roduc t  c o s t .  
Design f e a s i b i l i t v  and c o s t  e s t i m a t e s  a r e  based on a c t u a l  d a t a  o b t a i n e d  from 
s t a n d a r d  c o s t  e s t i m a t r n q  p r o c e d u r e s ,  c o n s u l t a n t  i n p u t ,  and vendor q u o t e s .  

The proposed f a c i l i t y  can be used t o  t e s t  t h e  f o l l o w i n g  impor tan t  a ssumpt ions  
and c o n c e r n s  about  m i c r o a l a a l  biomass p r o d u c t i o n .  

1. Performance of a lowest  c o s t  d e s i g n .  
2. E f f i c i e n c v  of n u t r i e n t  u t i l r z a t i o n ,  p a r t i c u l a r i v  ca rbon .  
3. Achievement of h i q h  l i p i d  p r o d u c t i v i t v .  
4 .  R e l i a b i l i t y  of a  c o s t  e f f e c t i v e  b i o a a s s  h a r v e s t i n q  method. 
5. Longterm maintanence of b i o l o g i c a l  and e n g i n e e r i n g  s t a n d a r d s  

of performance i n  a  svs tem w i t h  a  h i g h  l e v e l  of i n t e r n a l  r e c y c l e .  

DESCRIPTION OF T H E  EXPERIMENT 

The s i t e  chosen f o r  t h e  exper imenta l  svstem i s  i n  Brawlev, i n  C a l i f o r n i a ' s  
Imper ia l  V a l l e v ,  on a  one thousand a c r e  farm which b o r d e r s  t h e  S a l t o n  Sea.  
The c l i m a t e  i s  f a v o r a b l e  f o r  mic roa lqa l  c u l t i v a t i o n ,  w i t h  v i r t u a l l y  a  vear  
round growing season .  I t  i s  r e p r e s e n t a t i v e  of t h e  warmer, d r r e r  r e g i o n s  of t h e  
4merican Southwest.  Ample l and  i s  a v a i l a b l e  f o r  both  t h e  exper imenta l  system 
and f o r  p o t e n t i a l  s c a l e  up. V i r t u a l l y  anv water  r e s o u r c e  can be s i m u l a t e d  b y  
va rv inq  t h e  mix ture  of t h e  two water r e s o u r c e s  a v a i l a b l e :  water from t h e  
S a l t o n  S e a ,  which is a s  s a l i n e  a s  ocean w a t e r ,  and grondwater from an e x i s t i n g  
well  which produces  1700 g a l l o n s  per minute.  F l e x i b l e  l e a s e  agreements  can be 
n e q o t i a t e d  w i t h  t h e  l and  owners f o r  use  of t h e  s i t e  and f a c i l i t i e s .  

The proposed exper imenta l  svstem I S  s i z e d  t o  a l low v a l i d a t i o n  of t h e  
commercial s r z e  f a c i l i t y  w i t h  a  minimum of e x t r a p o l a t i o n .  The c h o i c e  of two 
one a c r e  qrowth ponds i s  based on an o p t i m i z a t i o n  of t h i s  v a l i d a t i o n  
requ i rement  and c o s t  of t h e  e x p e r i m e n t a t i o n .  Three  s m a l l e r  qrowth ponds,  of 
50m2 each ,  a r e  inc luded  f o r  t e s t i n g  s c a l e d  down subsvstem o p t i o n s .  These 
can be c o n s t r u c t e d  and o p e r a t e d  a t  lower c o s t  than  t h e  one a c r e  v e r s i o n s ,  and 
used t o  d e t e r m i n e  which o p t i o n s  show t h e  most promise  and t h u s  shou ld  be 
t e s t e d  a t  t h e  l a r g e r  s c a l e .  The 50m2 ponds will a l s o  be used i n  qrowth and 
h a r v e s t i n g  s t u d i e s .  The h a r v e s t i n g  subsystems f o r  the one a c r e  ponds a r e  
des igned  t o  d i r e c t l y  emula te  t h e  f u l l  s i z e  subsystems s o  t h a t  t r a n s l a t i o n  of 
s u c c e s s f u l  r e s u l t s  concern ing  t h i s  impor tan t  a s p e c t ,  t o  t h e  commercial s c a l e ,  
i s  a s s u r e d .  



The e x p e r i m e n t a l  svstem a l s o  i n c l u d e s  a covered,  a n a e r o b i c  l agoon  t o  be used 
f o r  d e t e r m i n i n g  t h e  e x t e n t  t o  wh lch  n u t r i e n t s  can be r e c o v e r e d  and r e c y c l e d  
b a c k  t o  t h e  g r o w t h  ponds, T h i s  is e s s e n t i a l  t o  v a l i d a t e  t h e  economic 
p r e d i c t i o n s  o f  t h e  f u l l  s c a l e  design, 

I N N O V A T I V E  CONCEPTS,  DESIGNS, AND T E S T S  

The d e s i g n s  and sys tems p r e s e n t e d  i n  t h i s  r e p o r t  i n c l u d e  many c o n c e p t s  and 
experiments which a r e  i n n o v a t i v e .  The d e s i g n  and o p e r a t i o n  o f  a l ow c o s t  
sys tem i s  innovative i n  and o f  i t s e l f ,  The s u c c e s s f u l  ach ievement  o f  p r o c e s s  
a n d  p r o c u c t i v i t y  g o a l s  i n  such a  svstem would be an i m p o r t a n t  advance I n  t h e  
s t a t e  o f  m i c r o a l g a l  t e c h n o l o g y  and i n  i t s  p r o s p e c t s  + o r  a p p l i c a t i o n .  The c o s t  
e f f e c t i v e n e s s  i s  r e a l i z e d  b y  m i n i m i z i n g  c a p i t a l  c o s t s  o f  t h e  system and 
a c h i e v i n g  e f f i c i e n t  use o f  i n p u t s .  E x t e n s i v e  e n g i n e e r i n g  a n a l y s i s  o f  
c a r b o n a t i o n ,  m i x i n q ,  and h a r v e s t i n g  subsystems has e l u c i d a t e d  b o t h  t h e  l o w e s t  
c o s t ,  most e f f i c i e n t  o p t i o n s  and t h e  e s s e n t i a l  p a r a m e t e r s  needed t o  c o n s t r u c t ,  
t e s t ,  and e v a l u a t e  t h e s e  subsystems, The use o f  g r o w t h  ponds s e a l e d  w i t h  c l a y  
and l i n e d  w i t h  c rushed  r o c k  r e s u l t s  i n  c a n s t r u c t i a n  c o s t  s a v i n g s  o f  50% 
r e l a t i v e  t o  ponds l i n e d  w i t h  s y n t h e t i c  membranes, I n  a d d i t i o n  a l ow  c o s t  bu t  
e f f i c i e n t  d e s i g n  a l l o w s  improvements i n  t e c h n o l o g y ,  l i k e  p r o d u c t i v i t y  
enhancement, t o  have t h e  f u l l e s t  i w p a c t  on f i n a l  p r o d u c t  c o s t  r e d u c t i o n s .  

I n  a d d i t i o n  t o  t h e  i n n o v a t i o n s  i n  c o n s t r u c t i o n ,  t h e  o p e r a t i o n a l  e f f i c i e n c y  o f  
t h e  d e s i g n  i s  n o v e l  i n  b e i n g  b o t h  h i g h e r  and more j e a s i b l e  t h a n  t h a t  a t t a i n e d  
by  any p r e v i o u s  sys tem concep t  o f  comparab le  s c a l e .  T h i s  e f f i c i e n c y  i s  n o t  
a c h i e v e d  b y  f a n c i f u l  op t im ism,  b u t  r a t h e r  b y  c o n c e r t e d  e f f o r t  t o  a s c e r t a i n  
what can be done and how t o  do i t  e f f e c t i v e l y ,  The r e c y c l e  f r a c t i o n  o f  
n u t r i e n t s  such as ca rbon ,  n i t r o g e n ,  phosphorus,  and wa te r ,  must b e  h i q h ,  
r e a l i z a b l e ,  and n o t  ach ieved  s i m p l y  b y  s u b s t i t u t i n g  ex t reme c a p i t a l  and 
o p e r a t i n g  c o s t  i n c r e a s e s  i n  one a r e a  f o r  c o s t  s a v i n g s  i n  a n o t h e r .  The water  
c h e m i s t r y  a n a l y s i s  has led t o  o p e r a t i o n a l  s p e c i f i c a t i o n s  wh ich  m i n i m i z e  wa te r  
use and v i r t u a l l y  e l l a i n a t e  l o s s e s  of .  ca rbon  d i o x i d a  t o  t h e  atmosphere, The 
carbon d i o x i d e  i n j e c t i o n  system i s  des igned  f o r  957. e f f i c i e n c y ,  but i s  s t i l l  
l ow  c o s t .  The c o n s t r u c t i o n  a f  a l a r g e  s c a l e ,  cove red  a n a e r o b i c  l agoan ,  t o  
c o n v e r t  and r e c y c l e  carbon,  n i t r o g e n ,  and phosphorus  has n o t  been a t t e m p t e d  a t  
t h e  s c a l e  ana lyzed  he re .  Yet, t h i s  r e c y c l e  o f  non-product  b iomass i s  
e s s e n t i a l  f o r  a c h i e v i n q  economic a f f o r d a b i l i t y .  

The low  c o s t  b i m a s s  h a r v e s t i n g  concep t  p r e s e n t e d  i n  t h i s  r e p o r t  i s  a majar 
i n n o v a t i o n ,  a d a p t i n g  t h e  advances i n  o t h e r  d i s c i p l i n e s  f a r  a p p l i c a t i o n  i n  
m i c r o a l g a l  systems. The concep t  is t o  t a i l o r .  h i g h  m o l e c u l a r  we igh t  p o i  ymers 
f o r  f l o c c u l a t i o n  and c o a q u l a t i o n  o f  a l q a l  b iomass,  i n d u c i n g  c h a r a c t e r i s t i c s  
wh ich .  a i l o n  c o l l e c t i o n  o f  t h e  biomass i n  s e d i m e n t a t i o n  ponds, . These ponds are 
des igned f o r  i n e x p e n s i v e  c o n s t r u c t i o n  and o p e r a t i o n ,  S u c c e s s f u l  achievement 
o f  pe r fo rmance  g o a l s  w i l l  r e p r e s e n t  ano the r  ma jo r  b r e a k t h r o u g h  i n  a l q a l  
p r o d u c t i o n  t e c h n o l o g y .  



A t t a i n m e n t  o t  t h e  l i p i d  p r o d u c t i v i t y  assumed i n  t h i s  r e p o r t .  30 om/m21d 
average w i t h  50% as  l i p i d ,  i n  t h e  sys tem as o u t l i n e d ,  wou ld  a q a i n  r e p r e s e n t  a  
ma jo r  advance. h l q a l  s t r a i n s  w i t h  h i g h  l i p i d  a c c u m l a t i n a  c a p a b i l i t y  w l l l  be 
used i n  t h e  e x p e r i m e n t a l  sys tem t o  t e s t  p r o d u c t i v i t y  g o a l s .  The manaoement 
s t r a t e a l e s  deve loped  and t h e  e n v i r o n m e n t a l  c o n d i t i o n s  e x i s t i n q  i n  t h e  ponds 
w i l l  be e v a l u a t e d  f o r  e f f e c t  on p r o d u c t i v i t v .  U n d e r s t a n d i n g  t h e  i n h i b i t i o n  o f  
p r o d u c t i v i t ~  by  h i g h  l e v e l s  o f  dissolved oxygen,  and d e v e l o p l n q  means t o  
a l l e v i a t e  i t ,  i s  a  p o s s i b l e  r o u t e  t o  a c h i e v i n g  enhanced p r o d u c t i v i t y .  

CONCLUSIONS OF ECONOMIC ANALYSIS 

The sys tem d e s c r i b e d ,  w i t h  d e s i q n s  f o r  e f f i c i e n t  use  o f  i n p u t s  i n c l u d e d ,  i s  
a n a l y z e d  i n  t h e  r e p o r t  i n  t e r m s  o f  t h e  c o s t s  o f  t h e  a l q a l  b iomass p roduced  and 
t h e  u n e x t r a c t e d  l i p i d  " o i l s "  i t  c o n t a i n s .  A t  t h e  1000 a c r e  s c a l e ,  t h e  
p r o d u c t i o n  c o s t  o f  t h e  b iomass i s  3205 lmt .  The l i p i d  o n l y  p r i c e  i s  S 6 2 / b b l .  
The s e n s i t i v i t y  a n a l y s i s  p r e s e n t e d  shows t h a t  b o t h  t h e  r e c y c l e  o f  n u t r i e n t s  
t h a t  do n o t  l e a v e  i n  t h e  l i p i d  p r o d u c t  s t ream,  and t h e  l o w  c a p i t a l  c o s t  o f  t h e  
sys tem a r e  e s s e n t i a l  f o r  a t t a i n i n g  f u r t h e r  p r o d u c t  c o s t  r e d u c t i o n s .  The 
i m p a c t  o f  h i g h e r  p r o d u c t i v i t y  i s  o n l y  s i g n i f i c a n t  under  t h e s e  c o n d i t i o n s ,  
I n c r e a s e d  p r o d u c t i v i t y  must n o t  be accompanied by a  dec rease  i n  t h e  e f f i c i e n c y  
o f  u s e  o f  i n p u t s ,  s i g n i f i c a n t  i n c r e a s e s  i n  sys tem c o n s t r u c t i o n  c o s t s ,  n o r  bv  
r e d u c t i o n  i n  l i p i d  c o n t e n t  o f  t h e  b iomass.  When svs tem p e r f o r m a n c e  i s  
m a i n t a i n e d ,  a  50% i n c r e a s e  i n  b iomass p r o d u c t i v i t y  r e s u l t s  i n  a  20% dec rease  
i n  f i n a l  p r o d u c t  c o s t .  I f  c a r b o n  i s  n o t  r e c y c l e d  and sys tem c o s t s  i n c r e a s e  i n  
p r o p o r t i o n  t o  t h e  i n c r e a s e  i n  p r o d u c t i v i t y ,  t h e n  t h e  c o s t  r e d u c t i o n  i s  w e l l  
under  10%. Use o f  a  sys tem wh ich  i s  more t h a n  t w i c e  as  e x p e n s i v e  t o  c o n s t r u c t  
as t h e  one p r e s e n t e d  i n  t h i s  r e p o r t  r e n d e r s  t h e  economics o f  f u e l  p r o d u c t i o n  
u n t e n a b l e .  P r o d u c t i o n  c o s t s  a r e  most s e n s i t i v e  t o  t h e  p r i c e  and r e c y c l e  
e f f i e n c y  o f  C02, t h e  c o n t e n t  o f  l i p i d  i n  t h e  b iomass,  and t h e  c o m b i n a t i o n  o f  
t h e  c o s t  o f  c a p i t a l  and t h e  c o s t  o f  svs tem c o n s t r u c t i o n .  However, t h e  system 
must be  d e s i q n e d  and c o n s t r u c t e d  so  t h a t  each component wh ich  c o n t r i b u t e s  t o  
t h e  f i n a l  c o s t  i s  m in im ized ,  i n  o r d e r  f o r  t h e  concep t  t o  approach 
a f f o r d a b i l i t y  and f o r  f u r t h e r  i n n o v a t i o n s  t o  have any impac t .  

RELATIONSHIP OF THE PROPOSED EXPERIMENT TO PROBLEMS I N  FUEL PRODUCTION FROM 
MICROALGAE 

8nv e s t i m a t e  o f  t h e  c o s t  o f  p r o d u c i n g  l i p i d s  f r o m  a l q a l  b iomass i s  dependent  
on t h e  assumpt ions  used t o  g e n e r a t e  t h e  i n p u t s  t o  t h e  economic model.  I t  i s  
necessa ry  t o  d e t e r m i n e  wh ich  a r e  most i m p o r t a n t  and t h u s  d e s e r v i n g  o f  
a t t e n t i o n ,  and wh ich  a r e  r e a s o n a b l y  v a l i d .  Four  q u e s t i o n s  must be  answered i n  
o r d e r  t o  e v a l u a t e  t h e  o v e r a l l  f e a s i b i l i t y  o f  t h e  concept :  can i n e x p e n s i v e  
C02 be  found  and can i t  be used e f f i c i e n t l y ,  does a  l a r q e  enouoh wa te r  
r e s o u r c e  e x i s t  wh ich  can make up f o r  t h e  l o s s e s  i n c u r r e d ,  con s t r a i n s  be  found  
wh ich  f o r m  l i p i d s  a t  h i g h  r a t e s  o f  p r o d u c t i o n  and wh ich  w i l l  dom ina te  t h e  pond 
f l o r a ,  and can methods be d e v i s e d  f o r  h a r v e s t i n q  t h e  b iomass i n e x p e n s i v e l y .  



The r e s o u r c e  e v a l u a t i o n  q u e s t i o n s  c a n n o t ,  f o r  t h e  most p a r t ,  be  answered  a t  
t h e  p r e s e n t  t i m e ,  However ,  i t  i s  c l e a r  t h a t  t h e  e f f i c i e n c y  o f  u t i l i z a t i o n  o f  
t h e  r e s o u r c e s  w i l l  b e  p a r t  o i  t h e  d e t e r m n i n a t i o n  o f  how l a r q e  t h e  r e s o u r c e  
base  must be, I n  t h e  case  a t  w a t e r ,  t h e  p r o d u c t i o n  sys tem must be  o p e r a t e d  
with a h i g h  r e c y c l e  r a t i o .  This has  y e t  t o  be t e s t e d  t o r  an e x t e n d e d  p e r i o d  
o f  t i m e  o r  on a m e a n l n q t u l  s c a l e  a t  t h e  r e c y c l e  l e v e l  needed h e r e .  T h i s  is 
p r o p o s e d  i n  t h e  e x p e r i m e n t .  I n  t h e  c a r e  o f  C O Z .  t h e  s y s t e m  must b e  d e s i g n e d  
t o  r e c v c l e  as  much o f  t h e  n o n - l i p i d  c a r b o n  a s  possible, t h e  i n l e e t i a n  sys tems 
must be  90+X e f f i c i e n t ,  and t h e  management o f  t h e  pond o p e r a t i o n s  must  such 
t h a t  v r r t u a l l y  no  o u t g a s s i n g  o c c u r s .  I n  t h e  e n g i n e e r i n q  a n a l y s e s  q i v e n  i n  t h e  
r e p o r t ,  s e v e r a l  means a r e  p r e s e n t e d  t o  do a l l  o f  t h e s e .  I n  t h e  e x p e r i m e n t a l  
p l a n ,  e f f i c i e n c y  o f  CU2 use  i s  p l v e n  t h e  h i q h e s t  p r i o r l t y ,  including t h e  
t e s t i n g  o+  an a n e a r o b i c  l a g o o n  + o r  n u t r i e n t  r e c y c l e .  

The h a r v e s t i n g  o f  t h e  a l g a l  suspension 1s a p r o b l e m  t h a t  wil l  reourre 
con t inuous  a t t e n t i o n  i n  t e r m s  o f  a p p l v i n q  new d e v e l o p m e n t s  i n  p o l v m e r  
c h e m i s t r y  t o  a c h a n g e a b l e  pond e n v i r o n m e n t .  A r e p e r t o i r e  o i  p o l y m e r s  must  b e  
a v a i l a b l e  f o r  use when a  c o n t a m i n a n t  a r l s e g  w h i c h  h a s - d i f f e r e n t  f l o c c u l a t i n q  
characteristics f r o m  t h e  d e s i r e d  s t r a i n .  

'The d i s c o v e r y  o f  p r o d u c t i v e ,  l i p i d  +arming s t r a i n s ,  w h ~ c h  a r e  h i g h l y  
c o m p e t i t i v e  as well, i s  a b a s i c  r e q u i r e m e n t .  However ,  p r o d u c t i v e  a c c u m u l a t i o n  
o f  c a r b o h y d r a t e s  o r  p r o t e i n  has been l o o k e d  f o r  and f ound .  There i s  no  r e a s o n  
t o  b e l i e v e  l i p i d  c a n n o t  b e  p r o l i f i c a l l y  p r o d u c e d  a s  w e l l .  The s e n s i t i v i t y  
a n a l v s i s  i n d i c a t e s  t h a t  h i q h  l i p i d  c o n t e n t ,  40-50X o f  t h e  b iomass  i s  
n e c e s s a r y ,  b u t  t h a t  o v e r a l l  l i p i d  p r o d u c t i v i t y  need n o t  b e  h i g h e r  than 25 
t / a c r e / y r .  B e f o r e  i n c r e a s e s  i n  p r o d u c t i v i t y  have  t o o  much e f f e c t ,  t h e  
o p e r a t i n g  c o s t s  o f  t h e  svs tem must b e  r e a s o n a b l y  l ow .  Once t h e s e  c o s t s  have  
been l o w e r e d ,  t h e  c a p i t a l  c o s t s  become more i m p o r t a n t ,  W h i l e  on t h e  s u r f a c e  
i t  may appear  t h a t  i n c r e a s e d  p r o d u c t i v i t y  i s  a  panacea,  c l o s e r  e x a m i n a t i o n  
r e v e a l s  t h a t  t h i s  i s  so o n l y  unde r  one c o n d i t i o n :  l o w e s t  C02 r e q u i r e m e n t  
and c o s t ,  combined w i t h  l o w  c a p i t a l  c o s t  w h i c h  i s  n o t  i n c r e a s e d  s i g n i f i c a n t l y  
i n  o r d e r  t o  a t t a i n  t h e  h i g h e r  p r o d u c t i v i t y .  The system d e s i g n e d ,  and t o  be  
t e s t e d  d u r i n g  t h e  p r o p o s e d  e x p e r i m e n t ,  i s  a  l o w  c o s t  sys tem,  o p e r a t i n g  
e f f i c i e n t l y  i n  t e r n s  o f  C02, and l i m i t e d  i n  t e r m s  o f  p r o d u c t i v i t y  o n l v  b y  
t h e  a v a i l a b i l i t y  o f  p r o d u c t i v e  a i q a l  s t r a i n s .  

The l a s t  r e q u i r e m e n t ,  t h a t  t h e  s t r a i n  be dom inan t ,  may depend on how u n u s u a l  
l i p i d  a c c u m u l a t i o n  b y  a l g a e  t u r n s  o u t  t o  be. Enough s t r a l n s  w h i c h  a r e  known 
t o  s t o r e  l i p i d s  must  be  i d e n t i f i e d ,  so t h a t  once  a u n i v e r s a l  h a r v e s t i n g  method 
is d e v e l o p e d  ( a s  t h e  p o l y m e r  f l o c c u l a t i o n  method p o t e n t i a l l v  i s ) ,  one  c o u l d  be 
r e l a t i v e l y  s u r e  t h a t  n i t r o g e n  d e p l e t i o n  w i l l  l e a d  t o  t h e  desired p r o d u c t  
d e s p i t e  t h e  i d e n t i t y  o f  t h e  p a r t i c u l a r  s t r a i n .  T h i s  needs  t o  be demons t ra ted ,  

v i i  
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SECTION 1.0 

INTRODUCTION 

1 .1  OBJECTIVES 

The o b j e c t i v e  o f  t h i s  r e p o r t ,  as d e s c r i b e d  i n  t h e  s t a t a e n t  o f  work, is t o  
deve lop  a c o s t  e + f e c t i v e  d e s i g n  f o r  a m i c r o a l g a e  c u l t u r e  f a c i l i t y ,  t h a t  
meets s p e c i f i e d  l o c a t i o n ,  r e s o u r c e ,  and p r o d u c t  r e q u i r e m e n t s .  The 
c o n c e p t u a l  d e s i g n  and o p e r a t i n g  o p t i o n s  p r e s e n t e d  a r e  based on f i e l d  and 
l a b o r a t o r y  exper imen ts ,  conduc ted  b y  N i c r o b i a l  P r o d u c t s ,  I nc . ,  e n g i n e e r i n g  
c o s t  a n a l y s i s ,  and assessment o f  t h e  work i n  t h e  l i t e r a t u r e .  

I n  d e v e l o p i n g  t h e  d e s i g n  and a n a l y s i s ,  t h e  major d e c i s i o n  i n  c h o o s i n g  
among i d e n t i f i e d  a l t e r n a t i v e s  has been p o t e n t i a l  cos t  e f f e c t i v e n e s s  and 
economic e f f i c i e n c y ,  T h i s  approach is based on t h e  f a c t  t h a t  t h e  u l t i m a t e  
success o f  m ic roa lgae -based  f u e l s  w i l l  be de te rm ined  by aarket  economics. 

1,2 STATE OF THE ART 

An e v a l u a t i o n  o f  t h e  s t a t e  o f  t h e  a r t  of a l g a l  biomass p r o d u c t i o n  can be 
based on i n f o r m a t i o n  f r o m  a c t u a l  p r o d u c i n g  p l a n t s  and f r o m  e x t r a p o l a t i o n s  
o f  r e s u l t s  oC e x p e r i m e n t a l  i a c i i i t i e s ,  I n  t h e  + o r n e r ,  t h e  c o s t s  o f  
c o n s t r u c t i n g  t h e  system approach 100x 103 /ac re ,  t h e  r e s o u r c e  base i s  
w e l l - d e f i n e d  b u t  l i m i t e d  and r e l a t i v e l y  expens ive,  and t h e  f i n a l  c o s t  a+ 
t h e  b iomass i s  $2-S/dry l b ;  The c o s t s  d e r i v e d  f r o m  e x t r a p o l a t i o n  v a r y  
e x t e n s i v e l y  and a r e  g e n e r a l l y  based on u n r e a l i s t i c  assumpt ions  used. F o r  
th i s  reason,  o n l y  t h e  r e s u l t s  o f  Wei3sman and Ooebel C13, Benemann e t  a1 
121,  and Laws f 3 1  w i l l  be  used i n  t h e  f o l l o w i n g  d i s c u s s i o n ,  These 
i n v e s t i g a t i o n s  a re ,  i n  any case,  among t h e  most r e c e n t  and thus t he  la tes t  
i n  t h e  s t a t e  o f  t h e  a r t .  

The t h r e e  ma jo r  t e c h n i c a l  and economic concerns  o f  a l g a l  biomass  
p r o d u c t i o n  are :  t h e  c o s t  and a v a i l a b i l i t y  o f  t h e  two  ma lo r  r e s o u r c e s  
N O Z  and w a t e r ) ,  t h e  c o s t s  o f  c o n s t r u c t i n p  and m a i n t a i n i n g  t h e  s y a t e r ,  
and t h e  d e s i g n  and c o a t s  o f  t h e  b iomass h a r v e s t i n g  and procerring 
syetems. A t  p r e s e n t  none o f  t h e s e  concerns  has been r e s o l v e d  f o r  a 
p rocess  which  must p roduce  t h e  biomass a t  a c o o t  o f  S,OS/lb as must be 
accompl ished f o r  f u e l  p r e c u r s e r  biomass. 

D e s p i t e  t h e  e f f o r t  t h a t  has been p u t  i n t o  i d e n t i f y i n g  t h e  water  r e s o u r c e s  
a v a i l a b l e  f o r  l a r g e  s c a l e  a l g a l  b iomass p r o d u c t i o n ,  no  s u i t a b l e  r e s o u r c e  
has y e t  been i d e n t i f i e d .  The rPasonB f or  t h i s  are 1) d a t a  on g roundwate rs  



a r e  spa rse ,  non-random, and d i f f i c u l t  t o  c o m p i l e  and 2 )  t h e  s e l e c t i o n  
c r i t e r i a  have n o t  been f u l l y  a p p l i e d  so t h a t  t h e  r e s o u r c e  d a t a  have n o t  been 
p r o p e r l y  e v a l u a t e d .  I t  i s  n o t  p o s s i b l e  t o  c o n d u c t  a  c o r p r e h e n s i v e  
i n v e s t i g a t i o n  o f  wa te r  r e s o u r c e  a v a i l a b i l i t y .  Ra the r  i t  seems more u s e f u l  t o  
s t a t e  t h e  c r i t e r i a  wh ich  any wa te r  r e s o u r c e  must meet i n  o r d e r  t o  be  s u i t a b l e  
f o r  u s e  i n  a  l o w  c o s t  a l q a l  b iomass p r o d u c t i o n  system. I n  d i s c u s s i n g  t h e  
wa te r  a v a i l a b i l i t y ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  t h e  i n t e r d e p e n d e n c i e s  among 
t h e  w a t e r ,  l a n d  and C02 r e s o u r c e s  r e q u i r e d  f o r  a l g a l  p r o d u c t i o n  systems. 

I n  e x i s t i n g  p r o d u c t i o n  f a c i l i t i e s ,  sys tem s i z e s  v a r y  f r a a  1-20 a c r e s  and t h e  
amount o f  w a t e r  r e q u i r e d  i s  s m a l l ,  Thus wa te r  f r o m  w e l l s  w i t h  s p e c i a l  
c h a r a c t e r i s t i c s  o r  i n e x p e n s i v e  i r r i g a t i o n  w a t e r s ,  a l r e a d y  a v a i l a b l e  f o r  
a g r i c u l t u r e  a r e  used. When u n i q u e  g r o w t h  media a r e  r e q u i r e d ,  as i n  t h e  h i g h  
b i c a r b o n a t e  medium f o r  S e j r g l j n g  p r o d u c t i o n ,  r e c y c l i n g  o f  t h e  g r o w t h  medium 
i s  n e c e s s a r y ,  f u r t h e r  l o w e r i n g  t h e  wa te r  demand. F o r  f u e l  ' p r o d u c t i o n  f ram 
n i c r o a l g a e ,  t h e  s c a l e  i n c r e a s e s  50-5000 f o l d ,  c h a n g i n g  t h e  r e s o u r c e  q u e s t i o n  
e n t i r e l y .  Now t h e  a g r i c u l t u r a l  w a t e r ,  wh ich  i s  n o t  t o o  c o s t l y  p e r  se, i s  n o t  
u t i l i z a b l e  because t h e  c o m p e t i t i o n  f r o m  c o n v e n t i o n a l  a g r i c u l t u r e  makes t h e  
l a n d  t o o  expens i ve .  T h i s  l e a v e s  o n l y  t h r e e  wa te r  r e s o u r c e s  l e f t  f o r  
c o n s i d e r a t i o n :  seawa te r ,  g roundwa te r  t h a t  i s  t o o  s a l i n e  f o r  a g r i c u l t u r e ,  and 
a g r i c u l t u r a l  d r a i n a g e  wa te r ,  

I n  t h e  U.S., c o a s t a l  p r o p e r t y  w i t h  access  t o  seawater  i s  e x t r e m e l y  
expens i ve .  However, s i n c e  so  much work ha8 been done i n  seawa te r ,  and s i n c e  
t h i s  i s  r e a l l y  t h e  o n l y  u n l i m i t e d  wa te r  r e s o u r c e ,  we w i l l  c o n s i d e r  t h e  
consequences o f  u s i n g  i t .  One t h i n g  t h a t  must be  k e p t  i n  mind when 
c o n s i d e r i n g  t h e  u s e  o f  seawater  i s  t h a t  much more w a t e r  must be  used s i n c e  
t h e  i n i t i a l  s a l i n i t y  i s  a l r e a d y  h i g h .  One r e a l l y  canno t  c o n s i d e r  even a  
50-100% i n c r e a s e  i n  t h e  s a l i n i t y ,  due t o  e v a p o r a t i o n ,  f o r  two  reasons .  
F i r s t ,  s a l i n i t y  r e s t r i c t s  t h e  number o f  s p e c i e s  t h a t  w i l l  t o l e r a t e  t h e  medium 
and t h e r e  a r e  a l r e a d y  v e r y  many s p e c i e s  s c r e e n i n g  c r i t e r i a .  Second, t h e  
g r o w t h  r a t e  and p r o d u c t i v i t y  o f  a l g a e  on w a t e r s  w i t h  i n c r e a s i n g  s a l i n i t y ,  
above seawa te r ,  dec reases  r a p i d l y  even f o r  s p e c i e s  wh ich  t o l e r a t e  t h e  h i g h e r  
s a l i n i t y  141. 

S a l i n e  g roundwa te r  i s  t h e  p r i m e  c a n d i d a t e  f o r  a l q a l  b iomass p r o d u c t i o n ,  
because i t  may b e  t h e  o n l y  r e s o u r c e  a v a i l a b l e  i n  l a r g e  enough q u a n t i t i e s  a t  
l o w  enough c o s t ,  where l a n d  i s  i n e x p e n s i v e .  The g roundwa te r  r e s o u r c e s  
i d e n t i f i e d  t o  d a t e  153, a r e  most l i k e l y  u s e a b l e ,  a f t e r  c o n d i t i o n i n g ,  as  w i l l  
be shown below. However, t h e  s i z e  o f  t h e  r e s o u r c e  base i s  o n l y  s p e c u l a t i v e  
a t  p r e s e n t .  N o n e t h e l e s s  use  o f  s a l i n e  g roundwa te r  w i l l  be  a  b a s i c  assumpt ion  
i n  t h i s  r e p o r t  and s e r v e s  as  an example o f  a  theme t o  be  r e p e a t e d  t h r o u g h o u t  
t h e  r e p o r t ;  t h e  assumpt ions  used w i l l  o f t e n  be s p e c u l a t i v e ,  b u t  i t  w i l l  b e  
shown t h a t  t h e  a l t e r n a t i v e s  a r e  much t o o  c o s t l y  t o  be s e r i o u s l y  c o n s i d e r e d .  
The ma jo r  e f f o r t  w i l l  be  t o  d e m o n s t r a t e  t h a t  t h e  s p e c u l a t i v e  assumpt ions  a r e  
t h e  o n l y  economic a1 t e r n a t i v e .  



A g r i c u l t u r a l  d r a i n a g e  w a t e r s  a r e  becoming a  l a r g e r  and l a r g e r  resource as  
i r r i g a t i o n  w a t e r s  a r e  made more a v a i l a b l e  i n  t h e  s e m i - d e s e r t s  o f  t h e  U.S.  
southwest .  These d r a i n a g e  w a t e r s  a t e  becoming r e c o g n i z e d  as a ma jo r  waste 
d i s p o s a l  problem. h l t h o u g h  use o f  t h e s e  w a t e r s  poses same o f  t h e  same 
p rob lems  a3 the  use o f  i r r i g a t i o n  wa te r  ( a v a i l a b l e  where l a n d  is 
r e l a t i v e l y  e x p e n s i v e )  t h e  c r e d i t s  f o r  e v a p o r a t i n g  some o f  t h i s  wa te r  say 
o u t w e i g h  t he  expenses. The f o l l o w i n g  a n a l y s i s  n i l l  t h u s  c o v e r  t he  use o f  
seawater  and s e v e r a l  t y p e s  o f  s a l i n e  g roundwate rs ,  d e l i n e a t i n g  t h e  
consequences t h a t  t h e  c h a r a c t e r i s t i c s  have an t h e  d e s i g n  o f  l a w  c a s t  a l g a l  
biomass systems. 

The major  r e s o u r c e  necessa ry  f o r  f u e l  p r e c u r s c r  p r o d u c t i o n  f r o m  m i c r o a l g a e  
i s  ca rbon  d i o x i d e .  Even a t  l 4 O / t o n ,  C02 i s  l i k e l y  t o  c o m p r i s e  o v e r  502 
o f  t h e  o p e r a t i n g  cos ts .  I t r  r e q u i r e m e n t  i s  p r o p o r t i o n a l  t o  b iomass 
p r o d u c t i o n  so t h a t  i n c r e a s i n g  t h e  output o f  a  system, p e r  ac re ,  doas 
l i t t l e  t o  a l l e v i a t e  t h e  c o s t  bu rden  o f  C Q 2 .  C02 is a v a i l a b l e  i n  
moderate  t o  l a r g e  q u a n t i t i e s  f r o m  t h r e e  r e s o u r c e s :  n e l l o ,  r e + i n a r y  
c r a c k i n g  processes,  and power p l a n t  a f f  gases, The l e g i s t i t s  o f  s i t i n g  a 
pond system c l o s e  t o  b o t h  wa te r  and C02 r e s o u r c e s  poses one of t h e  most 
d i f f i c u l t  p rob lems.  Ye n i l l  n o t  d e l v e  i n t o  t h i s  a r e a  excep t  t o  say t h a t  
a t  l e a s t  i n  tha  f u t u r e  enough C O 2  i s  a v a i l a b l e  f o r  l a r g o  sys tem uss even 
i f  power p l a n t s  mufit b e  b u i ' l t  t o  s u p p l y  i t .  The d e s i g n  c o n l i d e r a t i o n s  
w i l l  emphasize e f f i c i e n t  use o f  C o p ,  assumed t o  be a v a i l a b l e  a t  v a r i o u s  
s p e c i f i e d  c o s t s .  f l lgal  biomass p r o d u c t i o n  systeas i n  o p e r a t i o n  t o d a y  use 
c o m n e r c i r l  G O 2  produced a t  r e f i n e r i e s  and t r u c k p d  or t r a i n c d  t o  t h e  pond 
s i t e .  C o ~ t s  o f  t h i s  range  f rom $50-100/ ton.  T h i s  i s  t h e  C02 r e s o u r c e  
t h a t  w i l l  be  s p e c i f i e d  f o r  t h e  e x p e r i m e n t a l  system devetloped. 

S t a t e  o f  t h e  a r t  systems a r e  e m a l l  and v e r y  e ~ p e n s i v e  p e r  u n i t  a r e a  t o  
c o n s t r u c t .  A l t h o u g h  t h e  r e c o v e r y  o f  t h e  c o s t  o f  c o n s t r u c t i o n  can be 
sp read  ove r  many yea rs ,  none o f  t h e  e x i s t i n g  systems c o u l d  make a p r o f i t  
i f  t h e  p r o d u c t  va l ue  were n o t  g r e a t e r  t h a n  about  f l O / d r y  l b ,  H i g h  
c o n s t r u c t i o n  cas ts  and t h e  l a r g e  s c a l e  o f  t he  systems r e q u i r e d  t o  p roduce  
energy  combine t o  d i s c o u r a g e  p r i v a t e  i nves tmen t .  Thus t h e  d e s i g n s  
s p e c ~ f i e d  i n  t h i s  r e p o r t  were d e v i s e d  t o  keep c a p i t a l  c o s t s  o f  
c o n s t r u c t i o n  as l a w  as  p o s j i b l c  w h i l e  s t i l l  a c h i e v i n g  p r o d u c t i o n  g o a l s ,  
For  example, pond l i n i n g  w i t h  p l a s t i c  aeabranes was c o n s i d e r e d  t o o  
e x p e n s i v e  t o  buy and i n s t a l l  i n i t i a l l y ,  as w e l l  as b e i n g  a p o t e n t i a l  
main tenance problem, 4 c rushed  r o c k  l i n i n g ,  on t h e  o t h e r  hand, i s  much 
less expensive,  Thh theme o f  our approach i s  repea ted ;  i n t e n s i v e  a l g a l  
p r o d u c t i o n  has n o t  been a t t e r p t e d  i n  l a r g e  ponds, s e a l e d  w i t h  c l a y  and 
l i n e d  w i t h  c r u s h e d  r o c k ,  b u t  we f e e l  t h a t  i n  o r d e r  f o r  t h e  p races9  t o  
approach a f f o r d a b i l i t y ,  th is  o p t i o n  must be s p e c i f i e d .  



Perhaps t h e  f o r e m o s t  t e c h n i c a l  p rob lem i n  l o w - c o s t  a l g a l  b iomass p r o d u c t i o n  
h a s  been r e c o v e r i n g  t h e  c e l l s  f r o m  suspens ion .  B e s i d e s  s i m p l e  s e d i m e n t a t i o n ,  
t h e r e  i s  no method y e t  deve loped  t h a t  i s  i n e x p e n s i v e .  A l l  s t r a i n i n g ,  
f i l t e r i n g ,  and c h e m i c a l  f l o c c u l a t i o n  methods p r e s e n t l y  b e i n g  a n a l y z e d  a r e  t o o  
expens i ve .  I nduced  b i o f l o c c u l a t i o n ,  p o s s i b l y  a i d e d  by s m a l l  doses o f  
c h e m i c a l  f l o c c u l a n t ,  f o l l o w e d  by  s e d i m e n t a t i o n  o r  f l o t a t i o n  a r e  p o t e n t i a l l y  
e f f e c t i v e  means o f  h a r v e s t i n g  wh ich  wou ld  n o t  be t o o  c o s t l y .  B o t h  
c o n v e n t i o n a l  and t h e  p roposed  means w i l l  be a n a l y z e d  i n  t h e  body o f  t h e  
r e p o r t .  

1.3 ORGANIZATION OF THE REPORT 

The r e p o r t  c o n t a i n s  t h i r t e e n  s e c t i o n s  i n c l u d i n g  t h i s  i n t r o d u c t i o n .  I n  
s e c t i o n s  2.0 - 5.0 t h e  a n a l y s e s  wh ich  s e r v e  as t h e  b a s i s  f o r  d e s i g n  c r i t e r i a  
a r e  p r e s e n t e d .  The c h e m i s t r y  o f  t h e  wa te r  r e s o u r c e  i r  t h e  s u b j e c t  o f  S e c t i o n  
2.0. The wa te r  used and t h e  blowdown r a t i o  assumed d e t e r m i n e s  t h e  ca rbon  
s t o r a g e  c a p a c i t y  and pH a range  o f  o p e r a t i o n .  T h i s  d e t e r m i n e s  t h e  t r a n s i t  
t i m e  between c a r b o n a t i o n  s t a t i o n s ,  wh ich  i s  needed as  an i n p u t  t o  d e t e r m i n i n g  
t h e  pond s i ze . .  The d e s i g n  c r i t e r i a  f o r  two  d i f f e r e n t  t y p e s  o f  c a r b o n a t o r s  
i s  t h e  s u b j e c t  o f  S e c t i o n  3.0. I n  S e c t i o n  4.0 two  methods f o r  m i x i n g  a r e  
ana lyzed :  p a d d l e w h e e l s  and g a s - l i f t  pumps. The r e s u l t s  a r e  s t a t e d  i n  t e rme  
o f  e f f i c i e n c y  and power r e q u i r e m e n t s  t o  o b t a i n  c h a n n e l  m i x i n g  v e l o c i t i e s  of 
20 cm/s. H a r v e s t i n g  sys tems i s  t h e  s u b j e c t  o f  S e c t i o n  5.0. The methods 
a n a l y z e d  i n c l u d e  f l o c c u l a t i o n ,  w i t h  and w i t h o u t  s m a l l  c h e m i c a l  doses,  
f o l l o n e d  by  e i t h e r  a  two -s tep  s e d i m e n t a t i o n  system, a i r / D O  f l o t a t i o n  u s i n g  a  
foam c o l l e c t i o n  d e v i c e ,  m i c r o s t r a i n i n g ,  o r  b e l t  f i l t r a t i o n .  S e c t i o n  6.0 
summarizes t h e  a n a l y s e s  o f  p r e c e d i n g  s e c t i o n s ,  p r o v i d e s  an o v e r v i e w  o f  o t h e r  
i a p o r t a n t  c o n s i d e r a t i o n s  n o t  p r e v i o u s l y  p r e s e n t e d ,  and d i s c u s s e s  t h e  
i m p l i c a t i o n s  o f  t h e  a n a l y t i c  r e s u l t s  on t h e  d e s i g n  and o p e r a t i o n  o f  a  l a r g e  
s c a l e  a l g a l  p r o d u c t i o n  system. I n  S e c t i o n s  7.0-9.0, t h e  d e s i g n  o f  a l a r g e  
s c a l e  p o n d i n g  sys tem i s  p r e s e n t e d  a l o n g  w i t h  t h e  c o n s t r u c t i o n  . c o s t s .  The 
c o s t  o f  o p e r a t i n g  such i s  p r e s e n t e d  i n  S e c t i o n  10.0. The s e n s i t i v i t y  o f  t h e  
economics o f  a l g a l  b iomass p r o d u c t i o n  t o  changes i n  t h e  i n i t i a l  assumpt ions  
and d e s i g n  i s  t h e  s u b j e c t  o f  S e c t i o n  11.0. F i n a l l y ,  t h e  e x p e r i m e n t a l  sys tem 
wh ich  i s  t o  be  used t o  v a l i d a t e  t h e  o p e r a t i o n  o f  t h e  p roposed  system, i s  
p r e s e n t e d  i n  S e c t i o n s  12.0 and 13.0. 



S E C T I O N  2.0 

WATER RESOURCES 

2 . 1  CHARACTERISTICS OF WATER RESOURCES 

The chemica l  c o m p o s i t i o n  o f  t h e  wa te r  r e s o u r c e  has  s e v e r a l  p r i m a r y  
consequences f o r  b o t h  t h e  d e s i g n  and o p e r a t i o n  o f  t h e  system. Pond s i z e  
and /o r  t h e  number o f  c a r b o n a t i o n  s t a t i o n s  p e r  pond i s  d e t e r m i n e d  b y  t h e  
ca rbon  s t o r a g e  c a p a c i t y  o f  t h e  wa te r ,  S i n c e  i t  , i s  l e a s t  e x p e n s i v e  t o  
r e s t r i c t  t h e  "power"  c o r r i d o r  t o  one end o f  t h e  channels, one c a r b o n a t i o n  
s t a t i o n  p e r  pond i s  o p t i m a l  u n l e s s  t h i s  c r i t e r i o n  r e s t r i c t s  pond s i z e  t o  legs 
t h a n  about  10 ac res .  I n  t h a t  case,  pond c o n s t r u c t i o n  w i l l  be more e x p e n s i v e  
because more c a r b o n a t i o n  s t a t i o n s  w i l l  be  needed p e r  pond, r e q u i r i n g  a more 
e x t e n s i v e  C02 and e l e c t r i c a l  d i s t r i b u t i o n  system. The w a t e r  c h e m i s t r y  n i l 1  
a l s o  e ~ e r t  a  s c l e c t l o n  c r i t e r i o n  on t h e  a l g a l  s p e c i e s .  Thus t h e  s p e c i e s  must 
be screened f o r  pe r fo rmance  on t h e  a n t i c i p a t e d  wa te r  resource .  .The wate r  
a v a i l a b l e  may a l s o  r e q u i r e  some c o n d i t i o n i n g  p r i o r  t o  use. For  a l g a l  systems 
t h i s  i s  l i k e l y  t o  be t h e  case when t h e  wa te r  ha rdness  (Ca i n  p a r t i c u l a r )  and 
c a r b o n a t e  exceed t h e  s o l u b i l i t y  p r o d u c t  a t  t h e  p r o j e c t e d  pH range.  The 
s i t u a t i o n  is more a c u t e  when t h e  c a l c i u m  c o n c e n t r a t i o n  exceeds the 
a l k a l i n i t y .  I n  b o t h  cases same n a t e r  s o f t e n i n g   ill be  r e q u i r e d .  The 
c o n d i t i o n i n g  i s  a c h i e v e d  a t  l o w e s t  c o s t  by t h e  a d d i t i o n  o f  sodium ca rbona te ,  
f o l l o w e d  by  s e t t l i n q .  I f  remova l  o f  magnesium i s  a l s o  r e q u i r e d ,  then b o t h  
l i m e  and sodium c a r b o n a t e  need t o  be added, 

I n  Tab le  2-1, s e v e r a l  n a t e r  r e s o u r c e s  are shown a l o n g  w i t h  t h e  c o r r e s p a n d i n g  
ca rbon  c h e m i s t r y  and n a t e r  c o n d i t i o n i n g  r s q u i r e m e n t s .  4150 shown a r e  t h e  
o u t g a s s i n g  consequences, t h e  p r e c i p i t a t i o n  o f  c a l c i u a  c a r b o n a t e ,  and t h e  
l e v e l s  o f  d i r ~ o l v e d  COZ.  F i g u r e r  2-1 ,2 ,3  show t h e  pH dependency o f  t h e r e  
 factor^ and  t h u s  t h e  d a t a  upon which  t h e  s p e c i f i e d  pH r a n g e  o f  o p e r a t i o n  was 
chosen. T h i s  r a n g e  i s  l i f l i t e d  on t h e  ac id  s i d e  by l o s s  o f  C02 due t o  
o u t g a r s i n g  and on t h e  b a a i c  s i d e  t o  1) l o w  C02 c o n c e n t r a t i o n  and 2 )  c a l c i u m  
c a r b o n a t e  p r e c i p i t a t i o n .  The l a t t e r  i a  c r i t i c a l  i n  w a t e r r  i n  wh ich  t h e r e  i s  
a l o t  o f  c a l c i u m  which c o u l d  p r e c i p i t a t e  c a u ~ i n g  r t u r b i d i t y  p rob lem and 
e s p e c i a l l y  c r i t i c a l  where t h e  a l k a l i n i t y  i s  low, a9 i n  seawater .  Here  
c a l c i u m  c a r b o n a t e  p r e c i p i t a t i o n  r e s u l t s  i n  a major  l o s s  o f  b u f f e r i n g  and 
ca rbon  s t o r a g e  c a p a c i t y .  When t h e  c a l c i u a  c o n c e n t r a t i o n  is l o w  (1-4mH) and 
t h e  a l k a l i n i t y  m o d e r a t e l y  h i g h  ( 12 -40sH) ,  p r e c i p i t a t i o n  i s  not a problem. 
The f i g u r e s  were c o n s t r u c t e d  assuming i n f i n i t e  s o l u b i l i t y  o f  c a l c i u m  
ca rbona te .  A t  f i n i t e  s o l u b i l i t y  ( i n d i c a t e d  i n  t h e  f i g u r e s )  t h e  f i g u r e s  a r e  
s t i l l  a c c u r a t e  when c a r b o n a t e  a l k a l i n i t y  i s  much g r e a t e r  than calcium 
c o n c e n t r a t i o n ,  On t h e  o t h e r  hand, seawater  c h e m i s t r y  changes c o n s i d e r a b l y  as 
c a l c i u m  c a r b o n a t e  p r e c i p i t a t e s .  



T a b l e  2-1. Chemis t ry  of Water Resources 

............................................................................. 
Seawater  S a l t o n  Sea Type  I L Low TDS Type  11 L E x p ' t .  ............................................................................. 

BDR .95 .95 ,125 .25 .I25 . I 2 7  

Ca removed - 600 500 0-40 125 1100 
P Pm 

Na2C03 - 1500 1250 0- 100 0 2750 
a d d e d ,  ppro 

Ca, m t l  10.3 10.3 .5 1-4 1-4 1-4 

pH range  6.5-8.0 6.5-8.0 8-8.5 7.5-8.5 8.0-8.5 8.0-8.5 
8-9 7.5-9.0 8-9 8.0-9.0 

7.3-9.5 

C o u t ,  
g m / m 2 / d  

C s t o r a g e  
t i m c , h r s  

Pond dep th  = 20 c o ,  p rod .  =49m/n2/ h r = .  03mfl C /hr  , ~ ~ s 0 ~  04mihr f o r  
o u t g a s s i n g  









Six water r e s p u r c s s  a r e  c h a r a c t e r i z e d  i n  Tab le  2-1.  The f i r s t  two r e p r e s e n t  
h i g h  TDS w a t e r s  which cannot  bear  much c o n c e n t r a t i o n  due t o  e v a p o r a t i o n  
wi thou t  s e v e r e l y  l i m i t i n g  t h e  number of s p e c i e s  which w i l l  prow 
p r o d u c t i v e l y .  Thus seawate r  i s  a  r e s o u r c e  t h a t  r e q u i r e s  s u b s t a n t i a l  
blowdown. The S a l t o n  Sea water can be used a t  the proposed e x p e r i m e n t a l  s i t e  
i n  s o u t h e r n  C a l i f o r n i a  t o  s i m u l a t e  s e a w a t e r  a s  a once through r e s o u r c e ,  a f t e r  
c o n d i t i o n i n g  t o  remove more t h a n  h a l f  of t h e  calc ium.  ( S a l t o n  Sea water  h a s  
2.5 t i n e s  a s  much ca lc ium a s  r e g u l a r  s e a w a t e r ) .  For seawate r  t h e  upper limit 
on pH i s  r a t h e r  s t r i c t l y  s e t  b y  ca lc ium c a r b o n a t e  p r e c i p i t a t i o n  because  t h e  
a l k a l i n i t y  i s  s o  low, a s  d i s c u s s e d  above. The lower l imit i s  s e t ,  b y  C02 
o u t g a s s i n g ,  a t  pH about  6.5.  Due t o  t h e  low a l k a l i n i t y ,  on ly  about  one h o u r s  
worth of carbon can be s t o r e d  i n  t h e  wa te r .  I f  pond dep th  were halved on ly  a  
h a l f  h o u r s  worth of carbon could  be s t o r e d .  

The s a l i n e  g roundwate rs  examined b y  SERI were e v a l u a t e d  f o r  t h e i r  u s e f u l n e s s  
i n  open ponds sys tems .  G e n e r a l l y  s p e a k i n g ,  t h e  major water  r e s o u r c e  c i t e d ,  
t h e  Type I Low is  u n s u i t a b l e  f o r  this  a p p l i c a t i o n .  I t  h a s  t o o  much ca lc ium,  
r e q u i r i n g  S 2 4 0 0 l a c r e l y r  f o r  c o n d i t i o n i n g  i n  chemical  c o s t  a l o n e .  Although 
t h e  Type I  moderate h a s  a  more f a v o r a b l e  r a t i o  of a l k a l i n i t y  t o  ca lc ium,  i t  
ends  up r e q u i r i n g  more sodium c a r b o n a t e  because  i t  must be blown down more. 
The low w a t e r s  can bear  an e i g h t  f o l d  c o n c e n t r a t i o n  whereas t h e  moderate can 
bear  on ly  a  twofold  c o n c e n t r a t i o n .  The Type I h i g h  h a s  a f a v o r a b l e  
a l k a l i n i t y  t o  calc ium r a t i o  meaning t h a t  t h e  calc ium can be removed b y  
e q u i l i b r a t i o n  w i t h  a i r  i n  a  s e t t l i n g  pond t o  a l low p r e c i p i t a t i o n  of ca lc ium 
c a r b o n a t e ,  fo l lowed b y  s e d i m e n t a t i o n .  However t h e  water i s  s o  h i g h  i n  TDS 
t h a t  i t  cannot  be c o n c e n t r a t e d  f u r t h e r  and t h u s  t o o  much of i t  would be 
r e q u i r e d .  Not only  does  i t  become very expens ive  t o  pump s o  much w a t e r ,  b u t  
t h e r e  i s  no ev idence  t h a t  enough of t h i s  r e s o u r c e  exis ts .  So f o r  t h e  
purposes  of a n a l y s i s  t h e  Type I w a t e r s  a r e  u n s u i t a b l e .  If  s i m i l a r  w a t e r ,  but  
lower i n  ca lc ium were found i t  could  be u t i l i z a b l e .  A t  50 t o n s / a c r e / y r  a l g a l  
p r o d u c t i v i t y ,  and a  blondown r a t i o  of ,125 ,  t h e  chemical  c o s t  of ca lc ium 
removal i s  about  a  h a l f  c e n t  per kg d r y  w e .  of biomass pe r  100 ppm calc ium.  

A s i m i l a r  a n a l y s i s  r e v e a l s  t h a t  t h e  Type I 1  water  of TDS 4ppt  can be used 
d e s p i t e  i t s  high calc ium.  The much h i g h e r  a l k a l i n i t y  r e s u l t s  i n  
p r e c i p i t a t i o n  of most of t h e  calc ium a s  ca lc ium c a r b o n a t e  upon e q u i l i b r a t i o n  
w i t h  t h e  a i r .  The low Type I 1  water can be c o n c e n t r a t e d  many f o l d  i n  t e rms  
of TDS. I t  i s  no t  c l e a r  whether h i g h  TDS o r  h i g h  a l k a l i n i t y  would f i r s t  
limit t h e  e x t e n t  t o  which t h i s  water  t y p e  cou ld  b e  c o n c e n t r a t e d .  Whether 
magnesium would p r e c i p i t a t e  a s  t h e  water c o n c e n t r a t e s  i s  an i s s u e  t h a t  must 
be addressed  by e x p e r i m e n t a t i o n .  If  no t  t h e r e  would be no water  c o n d i t i o n i n g  
c o s t s  beyond a s e t t l i n g  pond and p o s s i b l y  some f i o c c u l a n t  t o  remove ca lc ium 
c a r b o n a t e  p r e c i p i t a t e s .  If  a a g n e s i u s  needed t o  be removed, l ime  would be 
used.  A complete  water  c o n d i t i o n i n g  a n a l y s i s  would be needed. However, 
p r e l i m i n a r y  a n a l y s i s  i n d i c a t e s  t h a t  about  6-8 mM l i m e  would reduce  t h e  
magnesium c o n t e n t  6 0 % ,  t h e  a l k a l i n i t y  70%, l e a v e  l i t t l e  r e s i d u a l  ca lc ium,  and 
i n c r e a s e  t h e  pH t o  about  9 - 9 . 5 .  T h i s  would c o s t  about one c e n t  per  kg  
biomass. The u n c e r t a i n t y  i n  t h e  water c o n d i t i o n i n g  s t a t u s  r e s u l t s  i n  an 
u n c e r t a i n t y  i n  t h e  a l k a l i n i t y  of t h e  t r e a t e d  wate r .  S t a r t i n g  w i t h  an e x c e s s  
of a l k a l i n i t y  over  ca lc ium of 10 m M ,  an e i g h t  f o l d  c o n c e n t r a t i o n  by 
e v a p o r a t i o n  i n  t h e  ponds would l e a d  t o  a  " s t e a d y  s t a t e "  a l k a l i n i t y  of 80mM. 
This would r e q u i r e  a  pH of c l o s e  t o  9 t o  avoid  c o n s i d e r a b l e  o u t g a s s i n g ,  I t  
m i g h t  be d i f f i c u l t  t o  f i n d  organisms which grow well  a t  such a  h i g h  a l k a l i n t y  
and pH ( a l t h o u g h  t h e  C02 c o n c e n t r a t i o n  would s t i l l  be q u i t e  h i g h ) .  



2 . 2 .  LARGE SCALE DESIGN WATER 

The water  sou rce  s e l e c t e d  f o r  t h e  l a r g e  s c a l e  s y s t e a  d e s i g n  is Type 11 s a l i n e  
groundwater  w i t h  an i n i t i a l  TDS o f  4 p p t ,  S i n c e  remova l  o f  c a l c i u m ,  some 
magnesium, and concommitant  a l k a l i n i t y  i s  l i k e l y ,  t h e  d e s i g n  i n c l u d e s  a  water  
h o l d i n g  pond t o  be used t o  sed iment  p r e c i p i t a t e s .  A f t e r  c o n d i t i o n i n g  and 
e v a p o r a t i v e  c o n c e n t r a t i o n  w i t h  a , 125  blowdown r a t i o  t h e  s teady  s t a t e  
s a l i n i t y  i s  32 p p t  w i t h  an a l k a l i n i t y  o f  3 2 - b 0  m M .  I t  i s  areumed t h a t  
c a i c i u a  and magnesium have been lowered  t o  l e v e l s  n h i c h  do n o t  cause 
p r e c i p i t a t e  prob lems.  0 f  cou rse ,  i t  i s  a l s o  assumed t h a t  an adequate  
r e s o u r c e  base e x i s t s  + o r  t h i s  t y p e  wa te r ,  

G iven t h i s  wa te r  r e s o u r c e ,  w i t h  an a l k a l i n i t y  o f  g r e a t e r  o r  equa l  t o  32 m f l ,  
t h e  upper  l i m i t  o f  pH  is d i c t a t e d  by t h e  g rowth  response  o f  t h e  a l g a e  t o  
C02 c o n c e n t r a t i o n .  I f  t h e  o rgan ism grows w e l l  a t  o r  be low a i r  l e v e l s  o f  
C02 t h e n  t h e  pH c o u l d  go up t o  9 o r  h i g h e r .  I f  i t  r e q u i r e s  h i g h e r  C O q  
t h e n  a  pH o f  8.5 i s  more s u i t a b l e ,  The low  l i m i t  i s  s e t  by o u t g a s s i n g ,  wh ich  
i n c r e a s e s  s t e e p l y  be low pH 8 due t o  t h e  h i g h  a l k a l i n i t y  as shown i n  F i g u r e  
2-3. B u t ,  a l s o  due t o  t h e  h i g h  a l k a l i n i t y ,  l a r g e  amounts of ca rbon  can b e  
s t o r e d  w i t h  a s m a l l  change i n  pH. Wi th  j u s t  one c a r b o n a t i o n  s t a t i o n  p e r  
pond, a pond o+ 40 acres c o u l d  be opera ted ,  Fo r  a s m a l l e r  pond, the pH range  
cou ld  be nar rowed,  f u r t h e r  l o w e r i n g  t h e  o u t g a s s i n g  l o s s  ( b y  i n c r e a s i n g  t h e  
l ow  pH l i m i t )  o r  i n c r e a s i n g  t h e  m i n i r u m  CQ2 c o n c e n t r a t i o n  ( b y  d e c r e a s i n g  
t h e  h i g h  pH l i m i t ) ,  

2.3 .  EXPERIMENTAL SYSTEM WATER RESOURCES AND GROWTH MEDIA 

The proposed e x p e r i m e n t a l  s i t e  i s  l o c a t e d  i n  B raw ley ,  C a l i f o r n i a  i n  t h e  
I m p e r i a l  V a l l e y .  The s i t e  b o r d e r s  t h e  sou thwes t  s i d e  o f  t h e  S a l t o n  Sea. 
Water f r o m  t h e  sea i s  a v a i l a b l e  b y  p i p e l i n e  o r  by  d r i l l i n g  a s h a l l o w  w e l l ,  
An e x i s t i n g  1700 gpm w e l l  p r o v i d e s  b r a c k i s h  (2.5 p p t )  g roundwater .  As 
d i s c u s s e d  above, s a l i n e  g roundwate rs  can b e  expec ted  t o  c o n t a i n  h i g h  l e v e l s  
o +  a l k a l i n i t y  a f t e r  c o n c e n t r a t i o n ,  On t h e  o t h e r  hand n a t e r s  t h a t  a r e  
o r i g i n a l l y  h i g h l y  s a l i n e ,  l i k e  seawater ,  c o n t a i n  l i t t l e  a l k a l i n i t y .  The 
water  r e s o u r c e s  a v a i l a b l e  on t h e  proposed s i t e  can be mixed i n  v a r i o u s  
p r o p o r t i o n s ,  a f t e r  c o n d i t i o n i n g ,  t o  o b t a i n  w a t e r s  t h a t  a r e  r e p r e s e n t a t i v e  o f  
b o t h  h i g h  and low  a l k a l i n i t y  r e s o u r c e s .  The p r i m a r y  e x p e r i m e n t a l  a l k a l l n i t y  
n i l 1  be 24meq/l. I n  some cases,  however i t  w i l l  be c o n v e n i e n t  t o  o p e r a t e  a t  
l ower  a l k a l i n i t i e s .  The b a s i c  f o r m u l a  f o r  t h e  exper i .nenta1 water  r e s o u r c e  
f o r  t h e  d e m o n s t r a t i o n  system is a m i x t u r e  o f  S a l t o n  Sea water ( a f t e r  r e a o v a l  
o f  a l l  o f  t h e  Ca) and w e l l  n a t e r  i n  a r a t i o  04  about 19: 1- a c h i e v i n g  a TDS o f  
4 p p t  and an a l k a l i n i t y  o f  about  3 n e q / l .  A f t e r  e v a p o r a t i o n ,  the TDS is 32 
p p t  and t h e  a l k a l i n i t y  is 24 meq/l. Any s t a r t i n g  TDS is a c h i e v a b l e  by  u s i n g  
a d i f f e r e n t  r a t i o  o f  S a l t o n  Sea wa te r  t o  w e l l  w a t e r .  T h i s  allows v a r i a t i o n  
o f  t h e  c o n c e n t r a t i o n  o f  major  i o n s  ( a l t h o u g h  n o t  i n d e p e n d e n t l y )  and b l o w  donn 
r a t i o .  S i n c e  only t h e  S a l t o n  Sea n a t e r  needs c o n d i t i o n i n g ,  t h e  c o s t  p e r  a c r e  
pe r  yea r  i s  about  $300. The c o n d i t i o n i n g  can  be a c h i e v e d  by a d d i t i o n  o f  l i n e  
and soda ash i f  b o t h  c a l c i u m  remova l  and magnesium remava l  is r e q u i r e d .  I f  
o n l y  c a l c i u m  i s  t o  be removed, soda ash a l o n e  is added. .The p r a c t i c a l  
methods o f  n a t e r  c o n d i t i o n i n g  t h a t  would b e  used a t  t h e  l a r g e  scale  w i l l  b e  
t e s t e d  i n  s m a l l  s c a l e  h o l d i n g  ponds. 



SECTION 3.0 

ANALYSIS OF CARBONATION SYSTEMS 

3.1 INTRODUCTION 

I n  t h e  l a s t  s e c t i o n ,  t h e  c a r b o n  s t o r a g e  c a p a c i t y  o f  s e v e r a l  w a t e r s  was 
ana lyzed .  T h i s ,  a l o n g  w i t h  t h e  c o n s t r a i n t s  o f  m i n i m i z i n g  d i s s o l v e d  C02 
l e v e l  a t  t h e  l o w e s t  pH and m a x i m i z i n g  i t  a t  t h e  h i g h e s t  pH d e f i n e d  b o t h  t h e  
pH r a n g e  o f  o p e r a t i o n  and t h e  t r a n s i t  t i m e  a l l o w e d  between c a r b o n a t i o n  
s t a t i o n s .  T h i s  t r a n s i t  t i m e  was based on t h e  summert ime d a i l y  demand 
averaged o v e r  12 h o u r s ,  wh ich  i s  e q u a l  t o  t h e  p r o d u c t i o n  o f  4 qm/m2/hr of 
a l g a l  b iomass.  When demand i s  l o w e r ,  t h e  pH r a n g e  can be na r rowed  and /o r  t h e  
ca rbon  i n f l o w  r a t e  d i m i n i s h e d .  I n  t h i s  s e c t i o n  t h e  means w i t h  wh ich  t h l s  
maximal  r a t e  i s  s u p p l i e d  f r o m  t h e  gas s t r e a m  t o  t h e  pond l i q u i d  i s  ana l yzed .  
The b a s i c  c h e m i c a l  e n g i n e e r i n g  o f  g a s - l i q u i d  t r a n s f e r  i s  p r e s e n t e d  i n  two 
a p p e n d i c e s i  A1 and A I I .  The r e s u l t s  f o r  two d i f f e r e n t  t y p e s  o f  c a r b o n a t o r s ,  
a  b u b b l e  c o v e r  and an i n -pond  sump, a r e  d i s c u s s e d  below. A long  w i t h  t h e  
p a r a m e t e r s  r e l e v a n t  t o  each manner o f  t r a n s f e r ,  t h e  consequences on t h e  
m i x i n g  r e q u i r e m e n t s  o f  t h e  ponds a r e  ana lyzed .  

3.2 COVERED AREA CARBONATORS--BUBBLE COVERS 

By c o v e r i n g  a  s m a l l  p e r c e n t a g e  o f  t h e  pond a r e a  w i t h  a  membrane-covered 
s t r u c t u r e  submerged a t  i t s  edges, gas t r a n s f e r  can  occu r  p a s s i v e l y  t h r o u g h  
t h e  pond s u r f a c e  under  t h e  c o v e r .  The c o v e r  s e r v e s  t o  t r a p  a  gas volume w i t h  
a  h i g h  c o n c e n t r a t i o n  o f  C02. The f l o w  o f  gas under  t h e  c o v e r  can be 
t u r b u l e n t  o r  l a m i n a r ,  depend ing on t h e  p lacemen t  o f  t h e  i n j e c t i o n  s i t e s .  
Laminar  f l o w  a l l o w s  somewhat h i g h e r  s t r i p p i n g  e f f i c i e n c i e s  s i n c e  t h e  gas b l e d  
o f f  w i l l  c o n t a i n  t h e  l o w e s t  C02 c o n c e n t r a t i o n .  A gas b l e e d  i s  necessa ry  
s i n c e  d e s o r p t i o n  o f  oxygen and n i t r o g e n  w i l l  o ccu r  under  t h e  cove r .  I f  t h e  
p e r c e n t  cove rage  i s  l o w  t h e  b l e e d  r a t e  needed i s  even a l o w e r  p e r c e n t a g e  o f  
t h e  i n f l o w  r a t e ,  so  i t  has  l i t t l e  e f f e c t  on t h e  c a r b o n  t r a n s f e r  e f f i c i e n c y .  

The p e r c e n t  cove rage  o f  t h e  pond depends on t h e  t r a n s f e r  r a t e  o f  G O 2  under  
t h e  c o v e r .  As d e t a i l e d  i n  Appendix A I ,  t h i s  depends on t h e  h y d a u l i c s  under  
t h e  c o v e r ,  i . e . ,  t h e  r a t e  o f  t u r n o v e r  o f  an e lemen t  o f  wa te r  s u r f a c e .  
S e v e r a l  t e c h n i q u e s  can be  used t o  i n c r e a s e  t h i s  s u r f a c e  r e n e w a l  r a t e .  
A n y t h i n g  wh ich  i n c r e a s e s  t h e  h y d r a u l i c  s l o p e  under  t h e  c o v e r ,  l i k e  i n c r e a s i n g  
t h e  f l o w  v e l o c i t y  b y  l o w e r i n g  t h e  d e p t h ,  i n c r e a s e s  t h e  r e n e w a l  r a t e .  
However, s i n c e  t h e  a r e a  o f  c o v e r a g e  i s  n o t  n e g l i g i b l e ,  t h e  e f f e c t  o f  t h i s  
i n c r e a s e d  m i x i n g  on t h e  o v e r a l l  power and head l o s s  must be  c o n s i d e r e d .  
A l t e r n a t i v e l y ,  t h e  roughness  c o e f f i c i e n t  under  t h e  c o v e r  can be  i n c r e a s e d .  
The r e a n s  p roposed  f o r  d o i n g  t h i s  i s  t o  i n c r e a s e  t h e  roughness  o f  t h e  
u n d e r s i d e  o f  t h e  c o v e r  and p l a c e  t h e  c o v e r  p a r t i a l l y  i n  c o n t a c t  w i t h  t h e  
wa te r .  T h i s  " r i p p l e d "  c o v e r  d e s i g n  can be  e f f e c t e d  b y  u s i n g  a c o r r u g a t e d  
m a t e r i a l  f o r  t h e  cove r .  I n  t h i s  manner t h e  ave rage  s u r f a c e  e lement  l i f e t i m e  
f o r  a  20 cm deep pond mixed a t  20 c r / s ,  c o u l d  be  decreased f r o m  50 s  t o  l e s s  



t h a n  4 s ( c o r r u g a t i o n  s p a c i n g  o f  5 cm). Th is ,  t o o ,  wil l  increase t h e  head 
l o s s  and m i x i n g  power r e q u i r e d  b u t  o n l y  about  5 - I O X ,  much l e s s  so than i f  t h e  
same l ow t u r n o v e r  t i m e  were a c h i e v e d  by  l o w e r i n g  t h e  dep th  t o  10 cm and 
i n c r e a s i n g  t h e  v e l o c i t y  t o  40 cm/s under  t h e  c o v e r .  As shown be low this 
l a t t e r  d e s i g n  i n c r e a s e s  t h e  o v e r a l l  m i x i n g  head and power r e q u i r e d  b y  50%. 

The r e s u l t s  o f  the a n a l y s i s  are shown i n  T a b l e  3-1 ,  Three  bas ic  cases a r e  
d e t a i l e d :  a pond 30 cm deep mixed a t  15 crn/s, a pond 20 cm deep ~ i x e d  a t  20 
cm/s,  and a s h a l l o w  pond o n l y  10 cm deep mixed f a s t  a t  30 cm/s. S e v e r a l  
s i m p l i f y i n g  assumpt ians  were made i n  c o n s t r u c t i n g  t h e  t a b l e ;  t h e  ma jo r  ones 
b e i n g  t h a t  t e m p e r a t u r e  i s  c o n ~ t a n t  a t  30° C,  t h a t  t h o  water can a t o r e  t h e  
ca rbon  t r a n s f e r r e d ,  and t h a t  t h e  d i l u t i o n  b y  O 2  o u t g a s s i n g  is n e g l i g i b l e .  
I t  can b e  seen f r o m  t h e  r e s u l t s  t h a t  a l o w  c o n c e n t r a t i o n  C02 gas phase 
( l i k e  f l u e  gas )  would r e q u i r e  much t o  h i g h  a  p e r c e n t  cove rage  i n  a l l  cases. 
I n  o r d e r  f o r  t h e  cove rage  t o  b e  less t h a n  5 X ,  a t u r n a v e r  t i n e  o+ l e s s  t h a n  10 
s i s  r e q u i r e d ,  wh ich  i s  t h e o r e t i c a l l y  e q u i v a l e n t  t o  a mass t r a n s f e r  
c o e f f i c i e n t  o f  .04- ,05 m/hr.  The c o e f f i c i e n t s  used i n  the c o n s t r u c t i o n  o f  
Tab le  3-1 were o b t a i n e d  f r o m  e m p i r i c a l  c o r r e l a t i o n  o f  s t ream f l o w  d a t a  (see 
Appendix AI). The c o e f f i c i e n t s  measured b y  Weissman and Goebel El3 i n  h i g h  
r a t e  ponds 20 cm deep m i x e d  a t  20 cn/s were  h i g h e r  b y  a f a c t o r  o f  3 . 4  than  
t h o s e  c a l c u l a t e d  u s i n g  t h e  c o r r e l a t i o n ,  I f  t h e  h igher ,  r e a s u r e d  v a l u e s  are  
used t h e n  each o f  t h e  v a l u e s  f o r  Z coverage i n  T a b l e  3-1 c o u l d  be  reduced  b y  
m u l t i p l y i n g  b y  , 3 ,  The p e r c e n t  coverage f o r  eases  2% and 3 then become B X  
and 4% r e s p e c t i v e l y .  I f  i n  a d d i t i o n ,  t h o  r i p p l e d  cover is ured i n s t e a d  o f  
t h e  smooth one, then t h e  cove red  a rea  f o r  case Za i s  reduced 9rom 0% t o  2%. 
I n  case 3, t h i s  r e d u c t i o n  i s  o n l y  f rom 4% t o  2% s i n c e  t h e  t u r n o v e r  t i m e  was 
i n i t i a l l y  s h o r t e r .  

The assumpt ion  h e r e  i s  t h a t  a cove red  a r e a  c a r b o n a t o r  i s  feasible i f  t h e  
p e r c e n t  coverage i s  l o w  [about 2 % ) .  This may be  a c h i e v a b l e  w i t h  a smooth 
cover  i n  s h a l l o w ,  f a s t  mixed ponds, i n  20 cm deep ponds i f  t h e  area under t h e  
cover  i s  made s h a l l o w ,  o r  i n  t h e s e  m o d e r a t e l y  deep, i a s d ~ r a t e l y  mixed ponds i 9  
a r i p p l e d  cove r  is used. The e f f e c t s  on m i x i n g  head and power can be 
expected t o  b e  s i g n i f i c a n t  when a p o r t i o n  a f  t h e  p o n d - i ! 3  made s h a l l o w ,  hut 
m a l l  when t h e  roughness and we t ted  p e r i m e t e r  a r e  i n c r e a s e d  b y  a  r i p p l e d  
cover .  

3 . 3  IN-POND C A R B O N A T I O N  SUMPS 

I n  a l t e r n a t i v e  nay o f  t r a n s f e r r i n g  C U 2  t o  t h e  pond water is t o  i n j e c t  t h e  
gas  a t  o r  near  t h e  b o t t o ~  o f  a sump which spans a l l  o r  p a r t  o f  t h e  channe l .  
As i n  t h e  case o f  t he  cove red  c a r b o n a t o r ,  t h e o r e t i c a l  r e s u l t s  must be  t a k e n  
as o n l y  a p p r o x i m a t e  s i n c e  t h e  actua l  p r o c e s s  i n v a l v e d  i s  complex. I n  a l l  o f  
t h e s e  gas t r a n s f e r  prob lems,  t h e  r e a l  answer i s  o n l y  o b t a i n e d  f r o m  t h e  
o p e r a t i o n  o f  p i l o t s .  None the less ,  t h e  t h e o r e t i c a l  t r e a t m e n t s  do g i v e  a senee 
o f  what is possible and e c o n o m i c a l l y  f e a s i b l e .  The c h e a i c a l  e n g i n e e r i n g  
t r e a t a e n t  o f  sump c a r b o n a t i o n  i s  detailed i n  Appendix IP. The major r e s u l t s  
o f  t h a t  a n a l y s i s  and t h e  ma jo r  u n c e r t a i n t i e s  i n v o l v e d  w ~ , l l  be  summarized 
f i r s t ,  



Tab le  5-1. Covered Carbona to r  - % f i r e a l  Coverage 

.............................................................................. 
Case 1 a  l b  2 a  2b 2 c  3 a  3b 

Depth  30 10 2 0 10 20 10 10 
C m 
Vel .  15 4 5 2 0 4 0 2 0 30 3 0 
cm/ s 
K L ,013 ,070 ,022 ,061 ,085 ,047 .085 
m/hr  
c i n 9 0 0  2200 640 1900 2463 1400 2465 

% a r e a  44 8 2 6 10 6.7 12 6.7 

head 100 170 300 450 --- 1700 --- 
X l a  
power 100 170 400 600 - - - 3500 --- 
X l a  

Carbon s u p p l y  ( C  i n )  and ca rbon  demand 1C r e q . )  a r e  i n  a a o l e s / m 2 / h r  
Assumes p u r e  C02 e q u i l i b r a t e s  t o  29mH and back  p r e s s u r e  i s  n e g l i g i b l e .  
F o r  f l u e  gas 115% C02) m u l t i p l y  cove rage  by  6.7. 
The d e p t h s  and v e l o c i t i e s  l i s t e d  a r e  t h o s e  under  t h e  cove r .  Case a )  o f  each 
g roup  g i v e s  t h e  d e p t h  and v e l o c i t y  f o r  t h e  pond s i n c e  no  changes o c c u r  under  
t h e  c o v e r  i n  t h e s e  i n s t a n c e s .  
Cases 2c and 3b r e f e r  t o  t h e  r i p p l e d  c o v e r ,  wh ich  d e t e r m i n e s  K L m  
KL = ( d i f f u s i o n  c o e f f i c i e n t / t u r n o v e r  t i n e ) l i 2  
The v a l u e s  i n  t h e  t a b l e  a r e  based on an e m p i r i c a l  c o r r e l a t i o n g i v e n  i n  t h e  
l i t e r a t u r e .  h c t u a l  v a l u e s  have  been measured t o  b e  o v e r  t h r e e  t i m e s  f a s t e r ,  
see t e x t .  



Gas t r a n s f e r  is q u a l i t a t i v e l y  d i f f e r e n t  i n  sumps. Under b u b b l e  c o v e r s  t h e  
h y d r a u l i c s  o f  t h e  f l o w  under  t h e  c o v e r  d e t e r m i n e s  t h e  mix. ing t h a t  i s  needed 
t o  d i s r u p t  t h e  t h i n  f i l m  which  e f f e c t s  t r a n s f e r  and mixes t h e  d i s s o l v e d  gas 
w i t h  t h e  b u l k  l i q u i d .  I n  sumps i t  is t h e  movement o f  t h e  b u b b l e  swarm 
r e l a t i v e  t o  t h e  f l o w i n g  l i q u i d  wh ich  " renews"  t h e  t r a n s f e r  s u r f a c e .  Thus t h e  
b e h a v i o r  o f  b u b b l e  swarms d e t e r m i n e s  t r a n s f e r  r a t e s .  T h i s  b e h a v i o r  i s  q u i t e  
c o m p l i c a t e d  and t h e  models used t h u s  o n l y  appox imate  t h e  a c t u a l  process. 

The inajor  u n c e r t a i n t i e s  i n  t h e  mode l i ng  a r e  t h e  b u b b l e  s ize  d i s t r i b u t l a n ,  t h e  
consequent average r i s e  v e l o c i t y  r e l a t i v e  t o  t h e  w a t e r ,  and t h u s  t h e  average 
r a t e  o f  g a s - l i q u i d  t r a n s f e r .  In t h e  t r e a t m e n t  i n  Qppendix I T ,  an average 
b u b b l e  r i s e  v e l o c i t y ,  r e l a t i v e  t o  t h e  w a t e r ,  o f  30 cm/s was assumed. I t  was 
f u r t h e r  assumed t h a t  t h e  mass t r a n s f e r  r a t e  d i s t r i b u t i o n  1s v e r y  nar row.  
These assumpt ions  have e m p i r i c a l  j u s t i f i c a t i o n ,  i n  t h a t  i t  has been found 
t h a t  a f t e r  abou t  .5-1.0 meter  o f  r i s e  t h e  b u b b l e s  coa le sce  t o  a minimum 
e q u i l i b r i u m  s i z e  w i t h  t h e s e  c h a r a c t e r i s t i c s ,  However i t  has been n o t e d  C6,71 
and measured Cl,b,73 t h a t  i n  s h a l l o w  sumps t h e  t r a n s f e r  r a t e s  exceed, by a 
l a r g e  f a c t o r ,  t h o s e  p r e d i c t e d  on t h e  b a s i s  o f  t h i s  e q u i l i b r i u m ,  
Consequent ly ,  we w i l l  a n a l y z e  t h e  s e n s i t i v i t y  t o  assumed t r a n s f e r  r a t e .  
Given a t r a n s f e r  r a t e ,  one can e s t i m a t e  t h e  average b u b b l e  d iamete r  and t h e n  
t h e  r a t e  o f  r i s e ,  W i th  t h i s  i n f o r m a t i o n ,  t h e  b a s i c  pa ramete rs  o f  sump 
t r a n s f e r  can  be c a l c u l a t e d .  These pa ramete rs  a r e  t h e  dep th  o i  t h e  sunp 
r e q u i r e d  t o  s t r i p  a  s p e c i f i e d  p e r c e n t a g e  o f  C02 and t h e  gas ho ld -up  which  
d e t e r m i n e s  ( f o r  a  g i v e n  sump d e p t h )  t h e  head g a i n e d  by t h e  wa te r  column i n  
c o - c u r r e n t  f l o w  o r  t h e  head oppos ing  t h e  wa te r  f l o w  i n  c o u n t e r - c u r r e n t  f l o w ,  
One more case o f  i n t e r e s t  i s  when t h e  sump does n o t  c o n t a i n  a b a f f l e  t o  
d i r e c t  t h e  water  f l o w ,  I n  t h i s  case o f  " l a t e r a l "  f f o n  t h e  gas has  l i t t l e  
e f f e c t  ( e x c e p t  c a u s i n g  some e x t r a  t u r b u l e n c e )  on wa te r  Read, 

The average hold-up,e,  i s  g i v e n  by t h e  f o l l o n i n q  f o r m u l a  f a r  c a - c u r r a n t  f l o w !  

Q g  i s  t h e  gas  f l o w  r a t e ,  QL i s  t h e  wa te r  f l o w  r a t e ,  V g  i s  t h e  average 
r l s e  v e l o c i t y  o f  t h e  bubble. r e l a t i v e  t o  t h e  wa te r ,  V L  i s  t h e  wa te r  
v e l o c i t y ,  and Cp, i s  t h e  ave rage  p r e s s u r e  c o r r e c t i o n  f a c t o r  f o r  t h e  
compress ion o f  t h e  gas  a t  s u b s u r f a c e  depths.  hppend ix  T a b l e  A I I - 1  g i v e s  
v a l u e s  f o r  t h i s  c o r r e c t i o n  f a c t o r  as a f u n c t i o n  o f  depth .  For  pure C02 a 
f u r t h e r  c o r r e c t i o n  f a c t o r  is r e q u i r e d  s i n c e  t h e  v o l u ~ c  o f  gas decreases w i t h  
t i m e  as gas i s  absorbed.  T h i s  f a c t o r  is t h e  l o g  mean o f  t h e  f l o w  r a t e  a t  t h e  
e n t r a n c e  t o  t h e  sunp and a t  the e x i t .  There  i s  a l s o  a p r e s s u r e  f a c t o r  t o  
accoun t  f o r  t h e  f a c t  t h a t  most o f  t h e  gas  volume is a t  t h e  l o n e r  depthe.  
T h i s  i s  somewhat a r b i t r a r i l y  ass igned  t h e  value o f  ~ , ~ , / p 2 ~ 3 ,  b u t  i s  o n l y  
o f  t h e  o r d e r  o f  10% f o r  s h a l l o n  sumps, Fo r  c o u n t e r - c u r r e n t  f l o w  t he  t e r m  
i n s i d e  t h e  p a r e n t h e s e s  i n  t h e  denomina to r  becomes V B / V L  - 1 where 

- - 

V B > V L  and b o t h  a r e  c o n s i d e r e d  a b s o l u t e  ( p o s i t i v e )  values. The ho ld -up  i s  
r e l a t e d  t o  t h e  l i f t  o r  head by: 



where ho i s  t h e  l e v e l  o f  o u t f l o w  above t h e  sump sparger ,  hi i s  t h e  
d i s t a n c e  between t h e  i n f l o w  l i q u i d  l e v e l  and t h e  sparger  l e v e l ,  g  i s  t h e  
a c c e l e r a t i o n  o f  g r a v i t y ,  and K i s  a  f r i c t i o n  f a c t o r  f o r  l o s s e s  upon e n t r y ,  
t r a n s i t  th rough ,  and e x i t i n g  t h e  sump. These l o s s e s  a r e  sma l l  a t  low l i q u i d  
v e l o c i t i e s .  

As d iscussed  i n  Appendix 11,  t h e  s t r i p p i n g  r a t e  o f  oxyqen has been found t o  
be . 7X l s  o r ,  a t  a  bubb le  r i s e  v e l o c i t y  o f  30cmIr i n  s t i l l  wa te r ,  . 7X / f oo t .  
The t r a n s f e r  f o r  C02 i s  r e l a t e d  t o  t h a t  o f  oxyqen by t h e  r a t i o  o f  t h e  
d i f f u s i o n  c o e f f i c i e n t s  t o  t h e  t w o - t h i r d s  power t i m e s  t h e  r a t i o  o f  t h e  
s o l u b i l i t i e s .  A t  20° C t h i s  r a t i o  i s  about 18, y i e l d i n g  a  s t r i p p i n g  r a t e  
f o r  C02 o f  12.5%/$. Table  3-2 shows t h e  sump depth r e q u i r e d  f o r  s t r i p p i n g  
9 5 t o f  t h e  i n f l o n i n g  gas f r o @  t h e  bubb les  g i v e n  seve ra l  d i f f e r e n t  s t r i p p i n g  
r a t e s  per  second. Th i s  s t r i p p i n g  r a t e  has t o  be cons idered  an unknown 
parameter s i n c e  measured va lues  have been found t o  depend on sump depth,  some 
have been found t o  be much g r e a t e r ,  and t h e  bubb le  s i z e  i s  known t o  depend on 
sparger  t y p e  and f l o w  r a t e  as wellC6,71. For low f l o w  r a t e s ,  spargers  which 
produce f i n e  bubb les  (and hence a r e  more expens ive)  can be used. These w i l l  
l i k e l y  p r o v i d e  t r a n s f e r ' r a t e s  h i ghe r  t han  those  c a l c u l a t e d  based on t h e  
oxygena t ion  exper iences ,  s i n c e  i t  r a y  t a k e  a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  
sump h e i g h t  f o r  an e q u i l i b r i u m  bubb le  s i z e  t o  be reached. As f l o w  r a t e  
inc reases ,  due e i t h e r  t o  t h e  use o f  r e c y c l e  o r  i n  t h e  f l u e  gas u t i l i z a t i o n  
case, n o t  o n l y  does i n i t i a l  bubb le  s i z e  i n c r e a s e  i n  a  dev i ce  s p e c i f i c  manner, 
b u t  t h e  t y p e  o f  dev i ce  may need t o  be changed t o  one which can hand le  t h e  
h i ghe r  f l o w  r a t e s  a t  moderate cos t .  U s u s a l l y  t h i s  aeans t h a t  t h e  dev i ce  
produces l a r g e r  bubb les  t o  beg in  w i t h .  To add t o  t h e  u n c e r t a i n t y ,  t h e  
s a l i n i t y  o f  t h e  medium a f f e c t s  t h e  e q u i l i b r i u r i  bubb le  s i z e  and t h e  r a t e  o f  
a t t a i nmen t  o f  e q u i l i b r i u m  due t o  t h e  i n h i b i t o r y  a c t i o n  o f  charged spec ies  on 
bubb le  coalescence. S i g n i f i c a n t  enhancement o f  t r a n s f e r  r a t e s  has been seen 
a t  TDS as low as 5 p p t  183. 

The lowes t  r a t e  shown i n  Table  3-2 cor responds t o  t h e  r a t e  found f o r  
oxygena t ion  ( a d j u s t e d  f o r  C O Z ) ,  t h e  nex t  lowes t  i s  cons idered  t h e  minimum 
va lue  t h a t  would e x i s t  i n  a sha l l ow  sump when p u r i f i e d  C02 i s  used, and t h e  
l a s t  i s  a  v a l u e  which i s  s i m i l a r  t o  t h a t  found by  Weisraan and Goebel f 1 3  i n  
a  water column o f  20 cm. The t a b l e  shows t h e  sump depths f o r  co - cu r ren t ,  
coun te r - cu r ren t ,  and l a t e r a l  (no  b a f f l e  t o  d i r e c t  water f l o w )  f l ow .  I n  
a d d i t i o n ,  t h e  bubb le  s i z e  and bubb le  r i s e  v e l o c i t i e s  c a l c u l a t e d  f rom t h e  
a n a l y s i s  o f  A iba e t  a lC71 which would y i e l d  t h e  g i ven  s t r i p p i n g  r a t e ,  a re  
shown. These va lues  must be taken  as h i g h l y  approximate,  b u t  do a i d  i n  
choos ing sparger  type.  As bubb les  g e t  above .2-.25 c r ,  t hey  change f rom 
be ing  r i g i d  spheres t o  hav ing  deformable wa l l s .  One consequence o f  t h i s  i s  
t h a t  t h e  r a t e  o f  gas t r a n s f e r  f r om  t h e  bubb les  becomes somewhat i n s e n s i t i v e  
t o  bubb le  s i z e  because t h e  volume t o  s u r f a c e  area r a t i o  decreases w i t h  
de fo rmat ion .  A t  even moderate gas f l o w  r a t e s ,  t h e  t u r b u l e n c e  p r e v e n t s  t h e  
bubble  s i z e  f rom g e t t i n g  ve r y  much l a r g e r  than  .5-1 cm. I n  t h o  end, o n l y  
expe r imen ta t i on  w i l l  y i e l d  r e l i a b l e  r e s u l t s  and des ign  s p e c i f i c a t i o n s .  



The c o s t  o f  c o n s t r u c t i o n  o f  a sump depends on sump depth. Not  o n l y  does t h e  
n a t e r i a l  r e q u i r e m e n t  i n c r e a s e  w i t h  d e p t h ,  but i n  a d d i t i o n ,  deep ~ m p s  r e q u i r e  
more e x p e n s i v e  c o n s t r u c t i o n  methods. F o r  t h i s  reason ,  t h e  sump d e p t h  is t o  be 
k e p t  below 1 .5  m o r  so. C o s t s  o+ c o n s t r u c t i o n  i n  t h i s  r a n g e  o f  d e p t h  a r e  
r e l a t i v e l y  low. 

A method t h a t  can be used t o  keep t he  sump s h a l l o w  i s  t o  c o v e r  i t  w i t h  a  
membrane, c a p t u r e  t h e  gas,  and r e c y c l e  i t  v i a  a b l o w e r  back down t o  t h e  
s p a r g e r .  Given a suap d e p t h  of 1 . 5  meters, t h e  r e c y c l e  r a t i o  required t o  
a c h i e v e  90-952  ( u s i n g  p u r e  C 0 2 )  o r  80% (using f l u e  p a s )  o v e r a l l  s t r i p p i n g  
of c a r b o n  i s  shown i n  T a b l e  3-3 f o r  s e v e r a l  d i f f e r e n t  c o n d i t i a n s ,  4 l o u e r  
reroval e f f i c i e n c y  i s  used f o r  f l u e  gas because t h e  back  p r e s s u r e  from 
dissolved C O q  becomes s i g n i f i c a n t  a 5  carbon is s t r i p p e d  f r o m  t h e  d i l u t e  
gas.  S i n c e  t h e  d e p t h  o f  t h e  sumps cannot  be  p r e d i c t e d  p r e c i s e l y ,  r e c y c l e  
adds f l e x i b i l i t y  t o  t h e  ways i n  wh ich  a  g i v e n  sump d e p t h  t a n  be made 
adequate.  

T a b l e  3-2. E f f e c t  o f  Assumed T r a n s f e r  Ra te  on Sump Depth  

- - ~ ~ - l - - - l - I - , ~ ~ * - L " L * - - - - - - - I - I - I - , I I I I - - - - - - - - - - . - - - - " - - - " - ~ - - - ~ - - - m - ~ - - - - - -  

T r a n s f e r  R a t e , %  Remava l /s  13 25 50 

Bubb le  Dialeter , c r l  > .2  .125 . 0 8  

Rise ~ c l o c i t ~ , c r / s ~  30 15 9 

D i s t a n c e  T r a v e l e d h ,  cm 
C o - c u r r e n t  
L a t e r a l  
C o u n t e r - c u r r e n t  

Time Requ i red ,  95X O v e r a l l  
Removal, s 

Suap Depth, 95% Overall 
Removal, m 

C P - c u r r e n t  
L a t e r a l  
C o u n t e r - c u r r e n t  

L i q u i d  v e l o c i t y  = 20cmls  

171 and S t o k e ' s  Law 



T a b l e  3-3. Sump Wi th  Gas R e c y c l e  

.............................................................................. 
T r a n s f e r  R a t e  Over a1 1  REEYE~E-Rp!!  
X Removal /s Removal , X  I n f l o w  .............................................................................. 

Pure  G O 2  

L a t e r a l  

L a t e r  a1 13 

Sump Depth = 1.5 meter  
L i q u i d  v e l o c i t y  =. 20 c e / s  



Tab le  3-4 g i v e s  t h e  average h o l d - u p  as a f u n c t i o n  o f  C02 demand f o r  
c o - c u r r e n t  f l o w  i n  a sump o f  d e p t h  1.5 m. T h i s  g i v e s  a range o f  head l i f t  t o  
be  expec ted  d u r i n g  c a r b o n a t i o n .  The assumed s t r i p p i n g  r a t e  may be t o o  h i g h  
f o r  f l u e  gas r e l a t i v e  t o  p u r e  C02 s i n c e  t h e  gas  f l o w  r a t e s ,  and 
c o n s e q u e n t l y  t h e  ho ld -up  a r e  so  h i g h ,  The l i f t  f o r  t h e  f l u e  gas case i n  
wh ich  i n f l o w  o f  gas i s  p r o v i d e d  24 h o u r s  a day i s  j u s t  s u f f i c i e n t  t o  m i x  t h e  
8 h e c t a r e  pond. However, the  CD2 i n j e c t i o n  e f f i c i e n c y  i s  q u i t e  low. 

T a b l e  3-5 g i v e s  results f o r  c o u n t e r - c u r r e n t  f l o w .  Here t h e  w a t e r  v e l o c i t y  
can be l owered  b y  w i d e n i n g  t h e  sump beyond t h e  v a l u e  o f  t h e  pond d e p t h  t o  
p r e v e n t  wash-through o f  t h e  ave rage  b u b b l e ,  and t o  reduce  t h e  head oppos ing  
the channe l  f l o w .  As c a n  be seen f r o m  t h e  t a b l e ,  t h e  o p p o s i n g  head is 
a l r e a d y  s i g n i f i c a n t  when p u r e  CU2 i s  used and p r o h i b i t i v e  when f l u e  gas  i s  
used. To a good a p p r o x i m a t i o n ,  t h e  ho ld -up  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  sump 
w i d t h .  An e q u a t i o n  is g i v e n  i n  t h e  T a b l e  3-5 r e l a t i n g  ho ld -up  t o  t r a n s f e r  
r a t e ,  sump volume, and gas f l o w  f a r  t h e  case  i n  wh ich  t h e  l i q u i d  v e l o c i t y  i s  
equal  t o  t h e  ave rage  b u b b l e  r i s e  v e l o c i t y  but opposed t o  i t .  I n  t h i s  case  
ho ld -up  depends on t h e  s teady  s t a t e  r a t i o  o f  gas t o  l i q u i d  volumes. I t  can 
be decreased by  deepen ing t h e  sump. 

The v a l u e s  o f  ho ld -up  and head shown i n  T a b l e s  3-4 and 3-5 were c a l c u l a t e d  
for  an e i g h t  h e c t a r e  pond, wh ich  was t h e  s i z e  chosen for  t h e  l a r g e  s c a l e  
des ign .  I f  a pand s i z e  o f  f o u r  h e c t a r e s  was chosen, h a l v i n g  t h e  f l o w  o+ 
GO2 i n t o  t h e  sump, no a d j u s t m e n t  i s  r e q u i r e d  i n  ho ld -up  and head i f  t h e  
l e n g t h  t o  w i d t h  r a t i o  i s  changed so t h a t  channe l  w i d t h  i s  a l s o  h a l v e d  ( thus 
h a l v i n g  t h e  liquid f l o w r a t e ) ,  B y  m a i n t a i n i n g  t h e  same l e n g t h  t o  w i d t h  r a t i o  
o f  20, t h e  l i q u i d  f l o w r a t e  o n l y  decreases b y  a  f a c t o r  o f  1.4, Thus t h e  r a t i o  
o f  gas t o  l i q u i d  f l o w r a t e s  i n  t h e  sump decreases by  a f a c t o r  o f  1.4, 
d e c r e a s i n g  ho ld -up  and head by  t h e  same f a c t o r  a t  low f l o w r a t e  r a t i o s ,  and 
somewhat less a t  h i g h  r a t i o s .  Head a t t a i n e d  w i t h  gas l i f t  puaps i s  d i s c u s s e d  
more f u l l y  i n  S e c t i o n  4.0. 



T a b l e  3-4. Average Hold-up and L i f t  i n  1.5 m Deep C a r b o n a t i o n  Sumps 

............................................................................ 
C o - c u r r e n t ,  t r a n s f e r  r a t e  = ~ ~ X I S ,  V B  a 1 5 c n / s  .............................................................................. 

C02 r e q .  ,gm/m2/hr 8.6 8.6 4.3 4.3 

Gas C o m p o s i t i o n ,  Z C02 100 15 100 15 

No R e c y c l e ,  O v e r a l l  Removal = 71% 

I n p u t  Gas F l o w r a t e ,  l / s  167 1129 8  3 56 1  

Gas f l o w r a t e / L i q . f l o w r a t e  ,056 .65 , 0 2 8  . 3 2  

Head, cm 4.4 39 2 . 2  2 2 

W i t h  R e c y c l e  

O v e r a l l  Removal, % 9 5  80 95 8  0 

I n p u t  Gas F l o w r a t e ,  11s  116 925 58 462 

Gas f l o n r a t e / L i q . f l o w r a t e  .06 1.04 .03 . 52  

Head, cm 4.4 54  2.2 33 

C02 req .  = (1.2)  11.8) x a l g a l  p r o d u c t i v i t y  ( e i t h e r  4 o r  2 gm/m2/hr, 
i n c l u d e s  20% f o r  i n c r e a s e d  C c o n t e n t  o f  h i g h  l i p i d  p r o d u c i n g  a lgae .  
Pond a r e a  = 8 h e c t a r e  
I n p u t  gas f l o w r a t e  a t  1  atm, 30° C. 
L i q u i d  f l o w r a t e  t h r o u g h  sump = 1725 l / s  (43.1 RI wide  channe l ,  20cm deep, V = 
2Ocu1/s, sump spans channe l ,  sump w i d t h  e q u a l s  pond d e p t h )  
Fo r  p u r e  C02 cases,  gas f l o w r a t e  ( f o r  r a t i o )  i r  l o g  mean o f  gas f l o w  r a t e  
a t  sump b o t t o m  and sump t o p ,  p r e s s u r e  c o r r e c t e d .  
See T a b l e  3-3 f o r  r e c y c l e  r a t i o s .  



T a b l e  3-5,  Average Hold-up and L i f t  i n  Counte r -Cur ren t  Sumps 

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

C o u n t e r - c u r r e n t ,  t r a n s f e r  r a t e  = I S X I s ,  V g  = 3 0 c m / s  
-1 - -1 - - - -1 - - - - -111- - - - - - - -1 - - - -a - - - - - - - - - - - - - - - -a - - - - - - - - - - - - - - - - - - - - -m-=- - - - -  

CD2 req .  ,gm/a2 /h r  8 . b  8 . 6  4 . 3  4 . 3  

Gas Composi t ion ,  X C02 100 15 100 15 

No R e c y c l e ,  O v e r a l l  Removal 862,  Sump Depth 1 .5  rn 

I n p u t  Gas F l o u r a t e ,  l / s  128 060 64 430 

Gas~lowrate/Liq.flowrate .03 . S O  ,015 .25  

Hold-up, % 5 . 3  48 2 .7  32 

Head, cm 0 .0  72 4 . 1  48 

With Recyc le ,  Sump Depth = 1.0 m 

O v e r a l l  Removal,  X 95 85 95 85 

Recyc le  R a t i o  , 3 1  .17  . 3 1  . 1 7  

I n p u t  Gas F l o w r a t e ,  l/s 116 870 50 435 

Hold-up, X 

Head,  cn 

C o u n t e r - c u r r e n t ,  V B  = VL 
10---1--------11-----.I----r-----o-----------1-----------------------------0--- 

Pure  C02: 
Holdup = I n p u t  gas f l o w r a t e / t r r n a f e r  rate /cunp depthlsump Xgec, a rea  

F l u e  gasr hold-up g e t s  ve ry  l a r g e  -- as unabsorbed gas  b u i l d s  up, u n t i l  
c h a n n e l i n g  o c c e r s ,  

F o r  c o n d i t i o n s  see T a b l e  3-4. 



3.4  RECYCLE OF NON-LIPID CARBON FROM EXTRACTION RESIDUES 

S i n c e  c a r b o n  i s  one o f  t h e  most e x p e n s i v e  i n p u t s  t o  t h e  system, and s i n c e  
o n l y  p a r t  o f  t h e  c a r b o n  i s  e x t r a c t e d  i n  l i p i d  p r o d u c t s ,  r e c y c l e  o f  t h e  ca rbon  
r e m a i n i n g  i n  t h e  u n e x t r a c t e d  r e s i d u e s  must be  c o n s i d e r e d .  An e f f e c t i v e  
method o f  p r o c e s s i n g  t h e  r e s i d u e s  i s  t o  a n a e r o b i c a l l y  d i g e s t  them, A c o v e r e d  
l a g o o n  i s  s p e c i f i e d  i n  t h e  l a r g e  s c a l e  d e s i g n  f o r  t h i s .  W i t h  60% of t h e  
a l g a l  b iomass as  l i p i d  and 90% o f  t h i s  e x t r a c t e d ,  t h e  r e s i d u e s  c o n t a i n  46% o f  
t h e  a l g a l  ca rbon .  65% o f  t h i s  w i l l  degrade i n  t h e  l agoon  t o  methane and 
C02 i n  a  r a t i o  o f  614. The o t h e r  35% w i l l  be  s p l i t  between t h e  two l i q u i d  
compar tments  o f  t h e  lagoon;  t h e  s l u d g e  and t h e  l a g o o n  wa te r .  B o t h  t h e  
gaseous comeponents and t h e  l a g o o n  wa te r  ( e f f l u e n t )  can be  r e c o v e r e d .  The 
d i g e s t e r  gas i s  combusted t o  o p e r a t e  an e n g i n e  g e n e r a t o r ,  The r e s u l t a n t  f l u e  
gas i s  abou t  14% C02, and c o n t a i n s  31X o f  t h e  o r i g i n a l  a l g a l  carbon.  
H i x i n g  t h i s  w i t h  t h e  p u r e  C02 i n p u t ,  i n  a r a t i o  ( b y  volume a t  STP) o f  7 : 1 ,  
y i e l d s  a  gas c o n t a i n i n g  35% COZ. I f  t h i s  i s  t h e n  i n j e c t e d  i n t o  t h e  ponds 
w i t h  a  90-95% e f f i c i e n c y ,  and t h e  d i s s o l v e d  c a r b o n  i n  t h e  d i g e s t e r  e f f l u e n t  
i s  r e c y c l e d  back t o  t h e  ponds,  t h e  r e s u l t  i s  a  dec rease  i n  o v e r a l l  C Q 2  
i n p u t  f r o m  2 .4  k g / k g  a l g a e  t o  1 .6  k g / k g  ( s e e  T a b l e  6-31. 

The 35% C02 gas phase can be i n t r o d u c e d  i n t o  t h e  ponds j u s t  as any o t h e r  
gas phase. Now, however,  an o v e r a l l  s t r i p p i n g  e f f i c i e n c y  o f  90% i s  assumed 
as  opposed t o  95% w i t h  p u r e  C02 s i n c e  b a c k p r e s s u r e  r e d u c e s  t h e  d r i v i n g  
f o r c e  nea r  t h e  t o p  o f  a  sump. Aga in ,  t h e  t r a n s f e r  r a t e  is n o t  c e r t a i n .  W i t h  
90X o v e r a l l  r emova l ,  t h e  sump wou ld  have t o  be  5 . 3  ITI deep i f  t h e  t r a n s f e r  
r a t e  i s  13X/s and 1 .3  m deep i f  t h e  r a t e  i s  25X/s,  f o r  l a t e r a l  f l o w  o f  t h e  
pond r e l a t i v e  t o  t h e  bubb les .  I f  t h e  gas  i s  i n j e c t e d  c o - c u r r e n t l y ,  more head 
can be  g a i n e d  t h a n  i n  t h e  p u r e  C02 case due t o  t h e  l a r g e r  g a r  vo luae .  Fo r  
t h e  two  t r a n s f e r  r a t e s ,  t h e  sump d e p t h s  r e q u i r e d  a r e  7-9 a and 2.3-3 r 
r e s p e c t i v e l y .  The l i f t s  o b t a i n e d  a r e  28-53 c a  amd 19-27 c a  r e s p e c t i v e l y .  
Thus t h e  l i f t  g a i n e d  by  c o - c u r r e n t  i n j e c t i o n  o f  a  m i x t u r e  o f  p u r e  and 
r e c y c l e d  d i g e s t e r  f l u e  gas matches t h e  m i x i n g  r e q u i r e m e n t s  o f  t h e  sys tem when 
modera te  t r a n s f e r  r a t e s  a r e  assumed. 

The r e c y c l e  o f  n o n - l i p i d  ca rbon  has  pe rhaps  t h e  g r e a t e s t  p o t e n t i a l  f o r  
r e d u c i n g  t h e  c o s t  o f  t h e  l i p i d s  p roduced  o f  any s i n g l e  f a c t o r .  T h i s  w i l l  be  
more f u l l y  d i s c u s s e d  i n  s e v e r a l  e n s u i n g  c h a p t e r s .  

3,s OXYGEN DESORPTION 

The d e s o r p t i o n  o f  oxygen,  and n i t r o g e n  t o  a  l e s s e r  e x t e n t ,  a f f e c t s  t h e  
e f f i c i e n c y  o f  C02 t r a n s f e r  i n  b o t h  sumps and under  c o v e r s .  The r a t i o  o f  
oxygen mass t r a n s f e r  t o  C02 t r a n s f e r  depends a p p r o x i m a t e l y  on t h e  r a t i o  o f  
d r i v i n g  f o r c e s ,  s i n c e  d i f f u s i o n  c o e f f i c i e n t s  a r e  s i m i l a r .  f i s s u r i n g  no  C02 
back  p r e s s u r e ,  wh ich  i s  v e r y  n e a r l y  t r u e  i n  t h e  p u r e  CD2 case  even w i t h  95% 
a b s o r p t i o n ,  and a  d i s s o l v e d  oxygen c o n c e n t r a t i o n  t h a t  i s  500Y. o f  s a t u r a t i o n ,  
t h e  d i l u t i o n  o f  C02 by  O2 under  a  c o v e r e d  a r e a  c a r b o n a t o r  i s  o n l y  abou t  



10%. That  i s ,  a t  s teady  s t a t e  t h e  gas phase under  t h e  cove r  would be  ove r  
90% C02 and t h e  b l e e d  r a t e  wauld b e  about  i O X .  I f  C02 moved b y  p l u g  f l o w  
a c r o s s  t h e  u r i p p l e "  cove red  channe l ,  t h e n  a t  t h e  end t h e  t r a n s f e r  r a t e  n o u l d  
b e  s lowed somewhat b y  oxygen d i l u t i o n ,  b u t  t h e  gas b l e d  o + f  would have a 
h i g h e r  oxygen c o n c e n t r a t i o n .  S i m i l a r l y ,  in sumps t h e  C02 t r a n s f e r  r a t e  
would dec rease  near  t h e  t o p  o f  t h e  sump n h e r e  t h e  d i l u t i o n  o f  t h e  gas phase 
n i t h  oxygen is g r e a t e s t .  T h i s  d i l u t i o n  would n o t  a f f e c t  t r a n s f e r  
s i g n i f i c a n t l y  i n  t h e  p u r e  C02 case, because ample d r i v i n g  f o r c e  o f  C D 2  
would r e m a i n  u n t i l  v e r y  nea r  t h e  t o p  o f  the  sump. S i n c e  f l u e  gas i s  a l r e a d y  
d i l u t e  i n  C02, f u r t h e r  d i l u t i o n  would a l s o  n o t  be  s i g n i f i c a n t  excep t  a t  t h e  
t a i l  e n d  o f  t r a n s f e r .  I t  s h o u l d  be  no ted ,  however,  t h a t  t h e  b a c k  p r e s s u r e  o f  
d i s l o l v e d  C02 may be s i g n i f i c a n t  when c a r b o n a t i n g  m o d e r a t e l y  a l k a l i n e  
w a t e r s  t o  nea r  n e u t r a l  pH when f l u e  gag i s  used, w i t h  o r  w i t h o u t  f u r t h e r  
d i l u t i o n  by  oxygen, 

P o t e n t i a l l y  more s e r i o u s '  i s  t h e  d e s a r p t i o n  o f  s u p e r s a t u r a t e d  oxygen i n  a 
sump due t o  n u c l e a t e d  b u b b l e  f o r m a t i o n ,  U s i n g  t h e  mass t r a n s f e r  c o e f f i c i e n t  
f o r  o u t g a s s i n g  t h r o u g h  t h e  s u r f a c e  o f  a 20 e m  deep pond mixed a t  20 c m h  and 
t h e  s u p e r s a t u r a t i a n  l e v e l  o f  500% found  b y  Weissman and Ooebel t 1 3  a b o u t  402 
o f  t h e  oxygen produced outgassed due t o  mass t r a n s f e r  through t h e  sur#ace o f  
t h e  pond. S i n c e  t h e s e  c o n d i t i o n s  e x i s t e d  f o r  p r o l o n g e d  p e r l o d e  o f  t i m e ,  60% 
can be e s t i m a t e d  t o  have desorbed due t o  n u c l e a t e d  b u b b l e  f o r m a t i o n .  I +  
oxygen l o s s  i n  a o u a p ,  f o r  example, reduced  s t e a d y  s t a t e  l e v e l s  t o  200% 
s u p e r s a t u r a t i o n ,  t h e  mass t r a n s f e r  1055 t h r o u g h  t h e  p ~ n d  s u r f a c e  wou ld  be  
o n l y  25X o f  t he  oxygen produced,  A t  t h e  l o w e r  DO nucleated b u b b l e  f a r m a t i o n  
would be s u b s t a n t i a l l y  reduced,  i m p l y i n g  t h a t  about  50X o f  t h e  oxygen 
produced would  need t o  be removed i n  t h e  sump t o  m a i n t a i n  such a  l ow  DO. The 
r e s t  o f  t h e  oxygen desorbs ,  due t o  n u c l e a t e d  b u b b l e  f o r m a t i o n ,  t h r o u g h  t h e  
pond s u r j a c e ,  The r a t e  o f  d e s a r p t i o n  t h r o u g h  t h e  s u r f a c e  by  b u b b l e  f o r m a t i o n  
(as d i s t i n g u i s h e d  f r o m  mass t r a n s f e r )  c a l c u l a t a d  + r o @  t h e  above c o n d i t i o n  
( 5 0 0 X )  i s  ,007 mH/s. I n  o r d e r  f o r  t h e  D O  t o  be dropped f r o m  500% t o  200% by 
s p a r q i n g  a i r  i n  a  sump w i t h  gas r e s i d e n c e  t i m e  o f  4 s, t h e  d e s o r p t i s n  r a t e  
would have t o  b e  25 t i a e s  as g r e a t .  A t  t h i s  p o i n t  no d a t a  e x i s t s  concerning 
t h e  d e s o r p t i o n  o f  s u p e r s a t u r a t e d  oxygen due t o  c a t b b n a t i o n  o r  a e r a t i o n .  
However i f  such a r e d u c t i o n  was a t t a i n e d  i t  would d i l u t e  t h e  gas volume o f  
p u r e  C02 by 30-BOX, depend ing on t h e  r a t i o  o f  i n p u t  gas  f l o w  r a t e  t o  t h e  
f l o w  r a t e  o f  pond l i q u i d  t h r o u g h  t h e  c a r b o n a t o r .  T h i s  would have impac t  on 
sump d e s i g n ,  i . e . ,  sump d e p t h  r e q u i r e d  f o r  a g i v e n  t r a n a f e r  e f f i c i e n c y ,  
especially i n  sumps w i t h  r e c y c l e .  The d e s o r p t i o n  o f  s u p e r s a t e r a t e d  oxygen 
and t h e  i m p a c t  on sump d e s i g n  w i l l  be  t e s t e d  i n  t h e  proposed e x p e r i m e n t a l  
system. O f  course ,  i f  v e r y  e + f i c i e n t  remova l  o f  oxygen were a t t a i n a b l e ,  a 
s e p a r a t e  sump j u s t  f o r  t h i s  pu rpose  would be c o n 3 t r u c t e d  ahead s f  t h e  
c a r b o n a t i o n  sump. I n  t h e  case o f  f l u e  gas c a r b o n a t i o n ,  t h e  d i l u t i o n  is 
5 - l o % ,  which wauld f u r t h e r  a g g r a v a t e  t h e  b a c k p r e s s u r e  p rob lem f a r  t r a n s f e r  
near t h e  t o p  25% o f  t h e  sump. 



The d e s o p r t i o n  i n  sumps by sparged gas w i l l  be  used t o  d e t e r m i n e  t h e  
p r a c t i c a l i t y  o f  u s i n g  a e r a t i o n  as a  means o f  p r e v e n t i n g  t h e  b u i l d - u p  o f  
oxygen t o  i n h i b i t o r y  l e v e l s ,  i . e . ,  t o  d e t e r m i n e  how many sumps wou ld  be 
r e q u i r e d  t o  m a i n t a i n  t h e  DO w i t h i n  s p e c i f i e d  l i m i t s .  

3.6 CHEMICAL ENHANCEMENT OF CARBON DIOXIDE TRANSFER 

A d e t a i l e d  d i s c u s s i o n  o f  t h e  c h e m i c a l  r e a c t i o n s  o f  C02 w i t h  o t h e r  d i s s o l v e d  
s p e c i e s ,  and t h e  e f f e c t  o f  t h i s  on t r a n s f e r  c o e f f i c i e n t s ,  i s  g i v e n  i n  
Appendix I. Even a t  t h e  h i g h e s t  a l k a l i n i t i e s  and pH imag ined  f o r  a l g a l  
ponds,  t h e  enhancement due t h e  r e a c t i o n  o f  C02 and h y d r o x y l  i o n s  i s  
n e g l i g i b l e .  The pH independen t ,  f i r s t  o r d e r  r e a c t i o n  o f  C02 and wa te r  t o  
f o rm b i c a r b o n a t e  i s  f a s t  enough t o  enhance t r a n s f e r  r a t e s  t h a t  have n o t  
a l r e a d y  been enhanced h y d r a u l i c a l l y  by i n c r e a s e d  s u r f a c e  r e n e w a l .  The t n o  
p r o c e s s e s  a r e  c o m p e t i t i v e ,  so t h a t  t h e  c h e m i c a l  enhancement i s  s t i l l  v e r y  
s m a l l  i n  sumps, where s u r f a c e  renewa l  r a t e s  a r e  on t h e  o r d e r  o f  100-150 p e r  
second. The c o v e r e d  a r e a  sys tems were des igned  so  t h a t  s u r f a c e  r e n e w a l  r a t e s  
were as h i g h  as p o s s i b l e  t o  i n c r e a s e  t r a n s f e r  r a t e s .  The renewa l  r a t e s  
d i s c u s s e d  above were on t h e  o r d e r  o f  . 2 5 / s  f o r  2% cove rage  and . 0 1 6 / s  f o r  
13% coverage.  Chemica l  enhancement due t o  a  f i r s t  o r d e r  r e a c t i o n  goes as t h e  
s q u a r e  r o o t  o f  1 + k / s  where k i s  t h e  r e a c t i o n  r a t e  c o n s t a n t  and s  i s  t h e  
s u r f a c e  r e n e w a l  r a t e .  k  i s  e q u a l  t o  abou t  . 0 2 / 5 .  Thus p h y s i c a l  t r a n s f e r  
r a t e s  wou ld  have t o  be  s m a l l ,  meaning h i g h  a r e a l  coverage,  f o r  c h e m i c a l  
enhancement t o  have much e f f e c t .  I t  say b e  o f  i n t e r e s t  t h a t  s e v e r a l  
c a t a l y s t s  wh ich  have s i g n i f i c a n t  e f f e c t  on t h e  f i r s t  o r d e r  r a t e  c o n s t a n t  may 
be p r e s e n t  i n  an a l g a l  system. These i n c l u d e  c a r b o n i c  anhyd rase  wh ich  i s  
o f t e n  s e c r e t e d  by  a l g a e  and phospha te  wh ich  i s  a  media component. 
Enhancement due t o  t h e s e  can be t e s t e d  by  compar ing  t r a n s f e r  i n  media n o t  
i n c l u d i n g  t h e s e  s p e c i e s  t o  t h a t  i n  a e d i a  wh ich  does c o n t a i n  them. 

3.7 LhRGE SCALE SYSTEM CARBONATOR DESIGN 

The Base Case d e s i g n  s p e c i f i c a t i o n  o f  t h e  c a r b o n a t i o n  sys tem f o r  t h e  l a r g e  
s c a l e  sys tem w i l l  be  t a k e n  as  a  1.5 m deep sump f o r  t h e  i n t r o d u c t i o n  o f  p u r e  
C02. Pu re  C02 mixed w i t h  a n a e r o b i e  d i g e s t e r  f l u e  gas s e r v e s  as a  case 
w i t h  s i g n i f i c a n t  c o s t  r e d u c t i o n  p o s s i b i l i t i e s .  The use  o f  u n p u r i f i e d  power 
p l a n t  f l u e  gas wou ld  most l i k e l y  r e q u i r e  deeper sumps. I n  a d d i t i o n ,  u n l e s s  
t h e  power p l a n t  i s  a c t u a l l y  w i t h i n  about  1 km f r o m  t h e  pond system, t h e  
t r a n s p o r t  o f  d i l u t e  C02 becomes t o o  e x p e n s i v e  121, Thus even i f  power 
p l a n t  d e r i v e d  gas i s  used t o  s e r v e  m u l t i p l e  l a r g e  pond sys tems 1 9 3 ,  i t  may 
w e l l  have t o  be  p u r i f i e d  f o r  t r a n s p o r t .  

The s h a l l o w  d e p t h  o f  t h e  sump i s  s t i l l  c o n s i d e r e d  adequate  due t o  t h e  
f l e x i b i l i t y  p r o v i d e d  by gas r e c y c l e .  The i n t r o d u c t i o n  o f  t h e  C02 w i l l  be  
c o n t r o l l e d  b y  pH on an o n / o f f  b a s i s .  Due t o  t h e  l a g  t i m e  f o r  r e t u r n  of t h e  
wa te r  t o  t h e  c a r b o n a t i o n  s t a t i o n ,  2.5 h o u r s  f o r  an e i g h t  h e c t a r e  pond, t h e  
l o w  l i m i t  pH s e t  p o i n t  must a l l o w  f o r  s t o r a g e  o f  enough C02 t o  meet t h e  
maximum demand f o r  two  t r a n s i t  t i m e s .  A t  l o w e r  demand t h e  upper  pH reached  
i n  t h e  pond n i l 1  n o t  be  a s  g r e a t  as  when t h e  demand i s  h i g h .  Thus t h e  f l o w  



r a t e  o f  C02 must  be  a b l e  t o  meet t h e  e x p e c t e d  a v e r a g a  h o u r l y  demand, ~ h i c h  
r a y  change o v e r  l o n g  time p e r i o d s  ( s e a s o n s ) .  An a l t e r n a t i v e  nay o f  
c o n t r o l l i n g  C02 i n p u t  is t o  c o n t r o l  t h e  f l o w  r a t e  o f  gas  so t h a t  a 
spec i f i ed  amount o f  c a r b o n  is s t o r e d .  T h i s  c o u l d  be a c c o m p l i s h e d  w i t h  a 
m i c r o c o m p u t e r  c o n t r o l l e r ,  programmed t o  c a l c u l a t e  o r  d e t e r m i n e  f r o m  a  t a b l e ,  
c a r b o n  s t o r a g e  as  a f u n c t i o n  o f  pH change.  One w o u l d  want t o  use such a 
sys tem i n  s i t u a t i o n s  where t h e  a l k a l i n i t y  is l ow ,  r e q u i r i n g  many c a r b o n a t i o n  
s t a t i o n s  p e r  u n i t  a rea .  Such a  scheme w o u l d  p r e c l u d e  i n s t a l l i n g  more 
s t a t i o n s  t h a n  needed t o  meet t h e  maximum h o u r l y  demand, i . e . ,  o n l y  enough 
c a r b o n  i s  needed f o r  one as opposed t o  t w o  t r a n s i t  times. 

3 . 8  EXPERIMENTAL SYSTEM DESIGNS hND TESTS 

The e x p e r i m e n t a l  sys tem is d e s i g n e d  t o  a l l o w  d e t e r m i n a t i o n  o f  t h e  c a r b o n a t i o n  
p a r a m e t e r s  and d e s i g n  s p e c i f i c a t i o n s  needed t o  remove most o f  t h e  u n c e r t a i n t y  
t h a t  now e x i s t s ,  I n  a d d i t i o n ,  s e v e r a l  o f  t h e  a l t e r n a t i v e  t y p e s  a t  
c a r b o n a t i o n  s y s t e m s  d e s c r i b e d  above w i l l  b e  c o n s t r u c t e d  and t e s t e d .  Ye t  t h e  
p r i m a r y  method is s t i l l  c o n s i d e r e d  t o  b e  s h a l l o w  rumps w i t h  p u r e  C02. 
T e s t s  w i l l  i n c l u d e  m e a ~ u r e m e n t  o f  o v e r a l l  t r a n s f e r  e d + i c i e n e y ,  i n  b o t h  
u n i n o c u l a t e d  medium and a l g a l  s u s p e n s i o n s ,  as a f u n c t i o n  o f  a p a r g e r  t y p e ,  gas 
f l o w  r a t e ,  gas t o  l i q u i d  f l o w r a t e  r a t . i o ,  sump d e p t h ,  and pond DO. DO remova l  
w i l l  a l s o  be aeasured. Covered  c a r b o n a t o r s  w i t h  smooth and r i p p l e d  sur faces  
w i l l  be  t e s t e d  f o r  t r a n s f e r  e f + i c i e n c y  as  a f u n c t i o n  af  c o v e r e d  a r e a , .  
h y d r a u l i c  s l o p e  under t h e  c o v e r ,  and b l e e d  r a t e .  I f  n e c e s s a r y  gas r e c y c l e  
w i l l  be  t e s t e d  i n  sumps as  w e l l .  



SECTION 4.0 

ANALYSIS OF MIXING SYSTEM 

4.1 OPEN CHQNNEL FLOW 

Some f o r m  o f  m i x i n g  i s  r e q u i r e d  t o  m a i n t a i n  c e l l s  i n  suspens ion ,  t o  p r e v e n t  
t h e r m a l  s t r a t i f i c a t i o n ,  and t o  d i s p e r s e  n u t r i e n t s .  The most w i d e l y  used 
f o r m u l a  f o r  open channe l  f l o w  i s  t h e  M a n n i n g ' s  f o r m u l a :  

where: V = v e l o c i t y ,  m e t e r s / s e c  
R h  = h y d r a u l i c  r a d i u s ,  m e t e r s  ( =  d e p t h  f o r  w ide  c h a n n e l s )  
S  = h y d r a u l i c  s l o p e  = head l o s s / u n i t  l e n g t h  
n  = M a n n i n g ' s  roughness,  sec me te rs '0a3  

For  a  g i v e n  v e l o c i t y  and channe l  l e n g t h ,  t h e  e q u a t i o n  can be r e a r r a n g e d  t o  
s o l v e  f o r  t h e  head l o s s :  

where: h ~  = head l o s s ,  m e t e r s  
L  = channe l  l e n g t h ,  m e t e r s  

T y p i c a l  v a l u e s  o f  n  a r e  0.010 f o r  v e r y  smooth s u r f a c e s ,  0.014 f o r  u n f i n i s h e d  
c o n c r e t e ,  0.017-0.025 f o r  s r o o t h  e a r t h  ( c a n a l s  and d i t c h e s ) ,  0.029 f o r  
g r a v e l .  A v a l u e  o f  0.018 was used i n  t h e  head l o s s  c a l c u l a t i o n s  f o r  t h e  
l a r g e  s c a l e  ponds, These ponds w i l l  be  l i n e d  w i t h  graded c r u s h e d  r o c k ,  
r o l l e d  t o  a smooth f i n i s h .  The m i x i n g  power r e q u i r e m e n t  i s  g i v e n  by: 

where: P = power,  w a t t s  
A = pond a rea ,  me te rs2  
e  = o v e r a l l  m i n i n g  sys tem e f f i c i e n c y  

N o t e  t h a t  t h e  power v a r i e s  as t h e  cube o f  t h e  m i x i n g  speed, and a c t u a l l y  
i n c r e a s e s  s l i g h t l y  a t  l o w e r  dep ths .  The e f f i c i e n c y  t e r m  i n c l u d e s  b o t h  t h e  
h y d r a u l i c  e f f i c i e n c y  o f  t h e  pumping d e v i c e  and t h a t  o f  t h e  d r i v e .  O v e r a l l  
e f f i c i e n c i e s  can be a h i g h  as  70% f o r  l a r g e  c e n t r i f u g a l  pumps, whereas 30-40% 
i s  more t y p i c a l  f o r  p a d d l e  whee ls  o r  a i r l i f t  pumps. 



4 . 2  PADDLE WHEELS 

P a d d l e  wheels have emerged a s  a preferred method for mixing high-rate ponds 
for the  following reasons: ( 1 )  They a re  well matched t o  the p u m p i n g  
requirements of high-rate ponds in that  they a re  high volume, low head 
devices ( i . e ,  h i g h  spec i f i c  speed);  ( 2 )  Their gent le  mixing action minimizes 
damage t o  colonial or f locculated algae,  which i n p r o v e s  harves tab i l i ty ;  
( 3 )  They a r e  mechanically aimpie ,  requiring a minimun o f  maintanence; ( 4 )  
Their drive t r a i n  can eas i ly  be designed t o  accamodate a wide range o f  speeds 
(high turn-down r a t i o )  without d r a s t i c  changes i n  efficiency; ( 5 )  They do not 
require an intake sump, b u t  simply a shallow depressien for maximum 
e+f ic iency ,  Some of t h e  disadvantages are: ( 1 )  The paddle wheel i t s e l +  must 
be custom designed; (2) They are large  r e l a t i v e  t o  other types of mixers, 
especia l ly  a t  higher heads; (3) They are  f a i r l y  expensive, though not 
par t i cu la r ly  so for a low shear type p u m p ,  ( 4 )  For pract ical  purposes, the 
maximum head i s  limited to  0 . 5  meters. T h i s  would only be a const ra int  in 
very large 0 2 0  hectares)  ponds. or a t  high 0 3 0  cm/sec) ve loc i t i e s  in 
moderate sized ponds, 

The two primary conpet i tors  for pond mixing are  a i r  l i f t  pumps and Arckemedes 
screw p u m p s ,  The a i r  l i f t  pump has a lower i n i t i a l  c o g t ,  b u t  i s  generally 
considered t o  be a  low eff ic iency dev ice ,  Actual e9f ic iencies  appear t o  be 
very design spec i f i c ,  although theoret ical  e f f i c i enc i e s  (see  Section 4 , s )  are  
comparable t o  paddle wheels. I n  pract ice ,  t h e  potent ia l  ebficiency o f  paddle 
wheels are  probably g r e a t e r .  about  IOX o f  t h e  losses in paddle wheel systems 
can be a t t r ibu ted  t o  the  var iable  speed u n i t ,  which may not b e  necessary i n  
t h s l o n g  run. Air l i f t  pumps  probably produce higher shear f o r c e r  than 
paddle wheels, which could i n t e r f e r e  w i t h  a u t ~ f l o c c u a l t i o n .  The hrchemedes 
screw pump has been s u c c e s s f u ~ l y  used f a r  high r a t e  pond m i x i n g ,  b u t  has a 
higher f i r s t  c a s t  and requires  an intake sump. A t  high heads. 0 0 . 5  meter) ,  
the screw pump may b e  more economical  than p a d d l e  wheels, 

Although paddle wheels are  chosen in the large  sca le  system d e s i g n ,  the  
experimental system will include one 50 m Z  p o n d  nixed w i t h  an a i r  l i f t .  
T h i s  will allow s tud ies  o f  combined mixing and carbonation a s  outl ined i n  t h e  
next sect ion.  The optimization o f  mixing systems,  although o f  i n t e r e s t ,  i s  
not a s  c r i t i c a l  a technical i ssue as  harvesting or a p e e i e s  control ,  

The actual design o f  the  pa f f l e  wheels i s  covered in Section 7.3. 



4.3 GAS L I F T  M I X I N G  

Gas l i f t  m i x i n g  i s  an a l t e r n a t i v e  t o  padd lewhee l  m i x i n g  wh ich  d o e s n ' t  r e q u i r e  
l a r g e .  cus tom f a b r i c a t e d  mechan ica l  p a r t s .  I t  i s  an i n t e r e s t i n g  o p t i o n  i n  
sys tems f o r  wh ich  ca rbon  i s  s u p p l i e d  v i a  an i n - p o n d  sump due t o  t h e  p o t e n t i a l  
f o r  c o m b i n i n g  t h e  c a r b o n a t i o n  and m i x i n g  systems. I n  t h i s  s e c t i o n ,  gas l i f t  
i s  a n a l y z e d  i n  i t s  own r i g h t ,  b u t  i s  a l s o  r e l a t e d  t o  t h e  c a r b o n  demand of t h e  
svstem. When f l u e  gas i s  used f o r  c a r b o n a t i o n  t h e  l i f t  mav be d e r i v a b l e  f r o m  
t h e  c a r b o n a t i o n  a l o n e  f o r  p a r t  o f  t h e  t i m e ,  b u t  most l i k e l v  an a i r  s u p p l y  
sys tem wou ld  need t o  be a v a i l a b l e  t o  s u b s t i t u t e  f o r  t h e  f l u e  gas when ca rbon  
demand i s  l o w  and d u r i n g  t h e  n i g h t t i n e .  When p u r e  C02 i s  used,  
supp lemen ta ry  a i r  wou ld  a l w a v s  be r e q u i r e d .  

The b a s i c  r e l a t i o n s  needed t o  a n a l y z e  gas l i f t  m i x i n g  a r e  d e r i v e d  i n  Appendix 
1 Two o f  them a r e  used i n  t h e  f o l l o w i n g  d i s c u s s i o n  and a r e  t h u s  
rep roduced ,  The e f f i c i e n c v  o f  t h e  gas l i f t  i s  g i v e n  by ,  f o r  a d i a b a t i c  
compress ion  o f  a i r :  

Cpe i s  an ave raqe  c o r r e c t i o n  f a c t o r  f o r  compress ion  o f  a i r  w i t h  d e p t h  
g  i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y ,  980 cm/s /s  
ho i s  t h e  d e p t h  o f  t h e  sump i n  em 
V L  i s  t h e  l i q u i d  v e l o c i t v  i n  t h e  sump i n  c m l s  
V B  i s  t h e  ave raqe  r i s e  o f  t h e  gas b u b b l e s  r e l a t i v e  t o  t h e  l i q u i d  i n  cm/s 
H i s  t h e  l i f t  i n  cm 
~ ~ ~ ~ ~ 1 2  i s  t h e  t o t a l  f r i c t i o n  l o s s  f o r  l i q u i d  e n t e r i n g ,  t r a v e r s i n g  and 

l e a v i n g  t h e  sump 
Em, i s  t h e  compressor motor  e f f i c i e n c y  

Ed i s  t h e  dynamic e f f i c i e n c y  wh ich  c o v e r s  l o s s e s  due t o  t h e  i r r e v e r s i b l e  
n a t u r e  o f  t h e  r e a l  compressor and i s  t a k e n  e q u a l  t o  . 7  

) (  i 5 t h e  t h e o r e t i c a l  a d i a b a t i c  work o f  compress ion  o f  t h e  gas~cm3 

K = C p / C v  = 1.4 f o r  a i r  

nTR = ( 1 , 2 1 0 x 1 0 ' ~  mol OK) ( 8 . 3 1 ~ 1 0 7  e r g / s o l  O K )  = 1 . 0 1 2 ~ 1 0 ~  f o r  1  
cm3 gas e n t e r i n g  t h e  compressor a t  1  atm a t  any tempera tu re .  



T h e  l i f t  i s  equa l  t o  t h e  a a s  hold-up t i m e s  t h e  s u m p  deo th  minus f l u i d  f low 

For sha l low sumps, ( 1 0  meter or s o ,  Table  4 - 1  shows t h a t  t h e  e f f i c i e n c v  
doesn ' t  change w i t h  sump dea th  f o r  c o n s t a n t  r a t i o  o +  qas  and l i ~ u i d  
v e l o c i t i e s .  For modera te  l i q u i d  v e l o c i t i e s ,  a i l  terms i n  e q u a t i o n  4-1 a r e  
n e a r l v  equa l  t o  u n i t y  e x c e p t  f o r  t h e  e f f i c i e n c y  f a c t o r s  and t h e  v e l o c i t v  
r a t i o  t e rm,  Thus t h e  e f f i c i e n c y  i s  q ~ v e r n e d  b y  t h e  v e l o c i t v  r a t l o .  Table  4-2  
shows t h e  o v e r a l l  e f f i c i e n c v  a s  a f u n c t i o n  o f  l i q u l d  v e l o c i t v .  Gas b u b b l e  
r i s e  v e l o c i t y  was t a k e n  a s  30 cm/s which i s  c o n s i s t e n t  f o r  a s i t u a t i o n  where 
t h e  f low r a t e  of g a s  i s  no t  expec ted  t o  b e  v e r v  low, The e f f i c i e n c v  i s  on ly  
25% a t  t h e  design l i q u i d  v e l o c i t v  o i  20 cmis.  I n c r e a s i n g  t h i s  t o  40 c m / s ,  bv 
narrowing t h e  sump t o  b a f f l e  d i s t a n c e  t o  10  cm, i n c r e a s e s  e f f i c i e n c v  t o  
34%. F u r t h e r  i n c r e a s e s  i n  e f f i c i e n c y  r e q u i r e  even h i q h e r  l i q u i d  v e l o c i t i e s  
( r e l a t i v e  t o  gas  b u b b l e  r i s e  r a t e ,  w h i c h  cou ld  be a t t a i n e d  b y  d i r e c t i n a  pond 
channel  f l o w  i n t o  a s h a l l o w  sump l e a d i n q  i n t a  a  s e t  o f  d r a f t  t u b e  e n t r a n c e s .  
The l i q u i d  v e l o c i t v  i n c r e a s e s  l i n e a r l y  w i t h  t h e  r a t i o  sf channe l  c r o s s  
s e c t i o n a l  a r e a  t o  t o t a l  d r a f t  t u b e  c r o s s  s e c t i o n a l  a r e a ,  I f  t h i s  o p t i o n  i s  
chosen t h e n  t h e  e f f i c i e n c y  can  be much h i q h e r ,  U s u a l l y ,  however,  l a r g e  
v e i o c l t i e s  a r e  used f o r  svotems with  v e r y  l a r g e  l i + t ,  because  t h e  v e l o c i t v  
head ,  which i s  s i g n i f i c a n t  a t  h igh  v e l o c i t y ,  i s  e a s i l y  l o s t  upon e x i t  +ram 
t h e  d r a f t  t u b e .  

The l i f t  i s  de te rmined  b y  t h e  r a t i o  of g a s  a n d  l i q u i d  +low r a t e s  th rough  t h e  
sump a s  well a s  t h e  r a t i o  of t h e  v e l o c i t i e s .  The two dependencies on 
v e l o c i t v  r a t i o  a c t  t o q e t h e r  i n  t h a t  d e t r e a s i n q  t h e  r a t i o  of qas t o  l i q u i d  
v e l o c i t i e s ,  i n c r e a s e s  both  t h e  e f f i c i e n c y  and t h e  l i f t ,  Tab le  4-3 g i v e s  t h e  
e f f i c i e n c y  i n  terms of l i q u i d  v e l o c i t y  and l i f t  f o r  a sys tem w i t h  t h r e e  d r a f t  
t u b e s .  The f l u i d  l o s s e s  a re  s i g n i f i c a n t  when t h e  l i q u i d  v e l o c i t y  exceeds  100 
r m / s .  



Tab le  4-1. E f f e c t  of  Sump Depth on Air L i f t  E f f i c i e n c y  

1 ,954 
1 .5  ,934 
3.0 ,966 
5 .0  ,816 
0.0 ,740 
10.0 ,699 
S O .  0 ,365 
100.0 .24S 

T a b l e  4-2. Gas L i f t  E f f i c i e n c y  as  a  F u n c t i o n  o f  L i q u i d  V e l o c i t y  .............................................................................. 

* A l l  o t h e r  e f f i c i e n c y  f a c t o r s  a ~ s u m e d  equal  t o  .9x.7. . 95  f o r  sha l low  
sumps. V e l o c i t y  head l o s s e s  n e g l e c t e d .  



Table  4-3. L i f t  and E f f i c i e n c y  o f  a Draft  Tube h i r  L i f t  System 

Area r a t i o  2 . 5  5 i 0 25 

P i p e  D, cm 120 85 bO 38 

L i f t ,  C(A 20 20 20 20 

Tube r i s e  l e n g t h ,  cm 130 120 100 95 

Efficiency. X 38-36 45-36 43-24 26-6 

F o r  t h r e e  d r a f t  tubes 
Ratio of gas to l i q u i d  flourate = . 3  
Ed€,, . 7 x . 9  = m63 

T h i s  assuaes a f l a r e d  entrance, one r e g r e n t e d  9a0 b e n d ,  smooth pipe, and a 
t o t a l  d r a f t  tuba l e n g t h  o f  about 200 em. 

The range i n  lasts and i n  efficiency corresponds t o  O X  o r  100% lass o f  t h e  
velocity head, 



The c o m b i n a t i o n  o f  gas l i f t  n i x i n g  and c a r b o n a t i o n  r e q u i r e s  m a t c h i n g  t h e  
m i x i n g  sys tem p e r f o r m a n c e  t o  t h e  c o n s t r a i n t s  s e t  by  t h e  c a r b o n a t i o n .  As 
shonn above, t h e  a i r  l i f t  e f f i c i e n c y  i n c r e a s e s  w i t h  i n c r e a s e s  i n  l i q u i d  
v e l o c i t y .  However, t h e  i n j e c t i o n  e f f i c i e n c y  o f  C02 i n c r e a s e s  o n l y  w i t h  gas 
b u b b l e  r i s e  t i m e  wh ich  dec reases  as  l i q u i d  v e l o c i t y  i n c r e a s e s  u n l e s s  t h e  
h e i g h t  o f  r i s e  i s  made g r e a t e r .  As an example c o n s i d e r  n a r r o w ,  l o n g  d r a f t  
t u b e s  i n t o  wh ich  t h e  channe l  f l o w  has  been d i r e c t e d .    he l i q u i d  f l o w  r a t e  
i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  a r e a  c o n t r a c t i o n  r a t i o .  T h i s  i n c r e a s e  l e a d s  
t o  a  s h o r t e n i n g  o f  t h e  t i m e  a  gas b u b b l e  s t a y s  i n  c o n t a c t  w i t h  t h e  l i q u i d  and 
t h u s  a  dec rease  i n  t h e  o v e r a l l  t r a n s f e r  e f f i c i e n c y ,  u n l e s s  t h e  t u b e  l e n g t h  i s  
a p p r o p r i a t l e y  l e n g t h e n e d .  The deg ree  o f  d i f f i c u l t y  e n c o u n t e r e d  i n  t r y i n g  t o  
o p t i m i z e  a  combined gas  l i f t  and c a r b o n a t i o n  system, depends on t h e  d i s t a n c e  
wh ich  must be  b r i d g e d  between t h e  i n i t i a l  c o n f i g u r a t i o n s  and r e q u i r e m e n t s  of 
each. W i t h  p u r e  C02 t h e  l i f t  a t t a i n a b l e  was much l o w e r  t h a n  r e q u i r e d  t o  
m i x  t h e  pond w h i l e  w i t h  f l u e  t h e  l i f t  was much g r e a t e r  t h a n  necessa ry .  When 
ca rbon  i s  r e c y c l e d  f r o m  d i g e s t e r  f l u e  gases mixed w i t h  p u r e  C02, a  good 
match i s  a c h i e v e d  between t r a n s f e r  and m i x i n g  needs d u r i n g  t i m e s  o f  maximal  
ca rbon  demand. 

When p u r i f i e d  C02 i s  used as t h e  gas f o r  m i x i n g ,  t h e  t o t a l  f l o w  r a t e  o f  gas 
i s  r e s t r i c t e d  t o  t h a t  r e q u i r e d  t o  c a r b o n a t e  t h e  pond. I t  was c o n c l u d e d  i n .  
S e c t i o n  3 . 0  t h a t  even f o r  an 0 h e c t a r e  pond w i t h  43m wide  c h a n n e l s ,  t h e  gas 
f l o w  r a t e  wou ld  be l o w  enough t o  a t t a i n  a  t r a n s f e r  r a t e  o f  2 5 % / s  and a  gas t o  
l i q u i d  f l o w r a t e  r a t i o  o f  about  . 0 2  f o r  sumps w i t h o u t  r e c y c l e  and ,056 f o r  
s h a l l o w e r  sumps w i t h  r e c y c l e .  The f o r m e r  sumps were 4 . 2  m deep t h e  l a t t e r  
o n l y  1.5 m deep. The l i f t  p r o v i d e d  by  t h e s e  c o n f i g u r a t i o n s  was o n l y  4 em. 
Only  by i n c r e a s i n g  t h e  pond s i z e  d r a a a t i c a l l y  (and a l s o  i n c r e a s i n g  t h e  ca rbon  
s t o r a g e  c a p a c i t y  o f  t h e  medium) can t h e  l i f t  a t t a i n a b l e  be  i n c r e a s e d  f a s t e r  
t h a n  t h e  l i f t  r e q u i r e d .  That  i s ,  i f  t h e  pond a r e a  i s  i n c r e a s e d  X f o l d ,  
m a i n t a i n i n g  t h e  same l e n g t h  t o  w i d t h  r a t i o ,  t h e  r a t i o  o f  gas  f l o w  t o  l i q u i d  
f l o w  i n c r e a s e s  by x l i 2 ,  T h i s  i n c r e a s e s  t h e  l i f t .  The l i f t  i s  a l s o  
i n c r e a s e d  b y  i n c r e a s i n g  t h e  l i q u i d  v e l o c i t y ,  accomp l i shed  by  a d j u s t i n g  t h e  
b a f f l e  p lacemen t .  Hany w o r k a b l e  c o n f i g u r a t i o n s  a r e  p o s s i b l e .  F o r  example, a  
40 h e c t a r e  h e c t a r e  pond c o u l d  b e  mixed a t  20 cm/s by  p u r e  C02 sparged i n t o  
a  5.5 r deep sump, when C02 demand i s  h i g h e s t .  A t  o t h e r  t i m e s ,  a i r  wou ld  
be needed t o  d i l u t e  t h e  C02. S i n c e  t h e  e f f i c i e n c y  o f  such a  s e t u p  wou ld  be 
35-40% and a i r  wou ld  be  r e q u i r e d  about  75% o f  t h e  t i m e ,  t h e  o v e r a l l  power 
r e q u i r e m e n t  wou ld  b e  about  t h e  same as w i t h  a padd lewhee l  m i x i n g  system. F o r  
s m a l l e r  pond s i z e s  t h e  mismatch between l i f t  needed and p u r e  C02 r e q u i r e d  
f o r  c a r b o n a t i o n  i s  t o o  g r e a t .  I f  l o n g  d r a f t  t u b e s  a r e  used, t h e  r i s e  t i m e  of 
t h e  b u b b l e s  s t i l l  needs t o  be 12 s  f o r  95% s t r i p p i n g  e f f i c i e n c y .  The t u b e s  
wou ld  need t o  be  20 m deep ( l o n g )  and have an a r e a  o f  one t e n t h  o f  t h e  
channe l  c r o s s  s e c t i o n  t o  p r o v i d e  a  l i f t  o f  20ca. 



Wi th  f l u e  gas, as w i t h  d i l u t i o n  o f  t h e  C02 by a i r ,  t h e  l i f t  i n c r e a s e s  due 
t o  t h e  i n c r e a s e d  f l o w .  I t  can b e  assumed t h a t  t h e  i n c r e a s e  i n  gas  f l o w  r a t e  
would l e a d  t o  an i n c r e a s e  i n  average b u b b l e  s i z e  and hence an i n c r e a s e  i n . t h e  
d e p t h  needed t o  r t r i p  C O p  e f f i c i e n t l y .  Fo r  f l u e  gas, a t  a maximal ave rage  
ca rbon  demand o f  0 gn/m2/hr ,  t h e  l i f t  a t t a i n a b l e  i n  a 6.2 a deep sump (00% 
i n j e c t i o n  e f f i c i e n c y )  i s  over  7 4  em. The gas f l o w  c o u l d  b e  lowered by 
c a r b o n a t i n g  18-24 h o u r s  a day i n t o  a medium c o n t a i n i n g  s u f f i c i e n t  a l k a l i n i t y  
t o  m i n i m i z e  pH f l u c t u a t i o n s  i n  t h e  upward d i r e c t i o n  d u r i n g  t h e  day and 
downward d u r i n g  the n i g h t .  This lowers t h e  l i f t  t o  39 em, about t w i c e  that 
needed, The most p r o m i s i n g  p o s s i b i l i t y  f o r  combined precesses would  be t o  
s u p p l y  t h e  ca rbon  as f l u e  gas  ove r  24 h o u r s  d u r i n g  t h e  h i g h  p r o d u c t i v i t y  
months b u t  o n l y  ove r  12 hours  when p r o d u c t i v i t y  i s  l o w e r ,  D u r i n g  t h e s e  t i m e s  
a i r  would s u b s t i t u t e  f o r  t h e  Clue gas a t  n i g h t ,  when m i x i n g  speeds c o u l d  be 
l o w e r ,  r e d u c i n g  t h e  power i n p u t .  S i n c e  t h e  c o s t  o+ t r a n s p o r t i n g  t h e  f l u e  gag 
t o  t h e  s i t e  i n c l u d e s  t h e  c a s t  o f  p r e s s u r i z a t i o n  s u f f i c i e n t  f o r  i n j e c t i o n  t h e  
o v e r a l l  power c a s t s  wou ld  be low. I n  o r d e r  t o  r e d u c e  t h e  l i f t  enough, t h e  
b a f f l i n g  would need t o  be a r r a n g e d  t o  l o w e r  t h e  l i q u i d  v e l o c i t y  i n  t h e  sump 
t o ,  say,  10 cm/s. Then, an e i g h t  h e c t a r e  pond c o u l d  be mixed a t  20 cm/s by 
f l u e  gas i n  a 5 m deep sump when demand f o r  CU2 i s  (ave raged  ave r  24 h o u r s )  
2 q a / n 2 / h r .  The a i r l i f t  e f f i c i e n c y  would be low, a b o u t  15-20% and t h e  deep 
sump r e q u i r e d  wou ld  be a  s u b s t a n t i a l  c a p i t a l  c o s t  and in increased 
maintenance c o s t ,  but nu a d d i t i o n a l  c o s t  would be i n c u r r e d  f o r  m i x i n g  p6wer. 
O f  course  t h e  power p l a n t  needs t o  be v e r y  c l o s e  t o  t h e  pond system t o  
t r a n s p o r t  i t  u n p u r i f i e d .  

G iven t h e  u n c e r t a i n t i e s  i n  t h e  pa ramete rs  +or b o t h  c a r b o n a t i o n  and gas l i f t  
t a k e n  a l o n e ,  d e s i g n  and c o s t  e s t i m a t i o n  o f  a combined system must a w a i t  t h e  
r e s u l t s  o f  t h e  e x p e r i m e n t s  proposed.  A c o n f i g u r a t i o n  wh ich  a l l o w s  economic 
use o f  C02 f o r  g a r  l i f t  nay be p o s s i b l e ,  b u t  i t  a u s t  be k e p t  in mind t h a t  
ca rbon  i s  t h e  most e x p e n s i v e  i n p u t  i n t o  an a l g a l  b i o m a s ~  p ~ o d u c t i a n  r y ~ t e m ,  
Any s y s t e n  f o r  comb in ing  a i r  l i f t  and c a r b o n a t i o n  r u s t  use t h e  C02 w i t h  t h e  
h i g h e s t  e f f i c i e n c y ,  e s s e n t i a l l y  as h i g h  an e f f i c i e n c y  as c a r b a n a t i o n  a l o n e  
~ o u l d  ach ieve .  

4.4 HIXING SYSTEH SPECIFICATION 

For  t h e  1000 a c r e  system, b o t h  padd lewheel  and a i r l i f t  m ix ing .  systems were 
des igned.  The f o r m e r  r e q u i r e s  t w i c e  t h e  c a p i t a l  t o  c o n s t r u c t  as t h e  l a t t e r ,  
b u t  t h e r e  i s  more e x p e r i e n c s  on n h i c h  t u  base i t s  e f f i c i e n c y ,  AB discussed 
i n  S e c t i o n  i1.0, t h e  impact o f  t h i s  e o s t  d i f f e r e n c e  on p r o d u c t i o n  c o s t s  is 
small, The a i r l i f t  sys tem i s  compr i sed  o f  t h r e e  d r a f t  t ubes ,  each 2 m l o n g ,  
as d e s c r i b e d  i n  T a b l e  4-3, The c a l c u l a t e d  e f f i c i e n c y  f o r  t h i s  c o n f i g u r a t i o n  
was t h e  same as f o r  t h e  padd lewheel  system, abou t  40%. However, c o n f i r m a t i o n  
o f  this e s t i m a t e ,  f r o m  t h e  e x p e r i m a n t a l  system, i s  necessary .  

No s p e c i f i c  d e s i g n  i s  s p e c i f i e d  f o r  a combined gas l i f t  m i x i n g -  c a r b o n a t i o n  
system. The gas t r a n s f e r  pa ramete rs  a r e  n o t  known w e l l  eneugh t o  f o r m u l a t e  a 
m e a n i n g f u l  d e s i g n  a t  t h i s  t i m e .  Again,  the impac t  o f  c a p i t a l  c o s t  s a v i n g s  i s  
m i n i m a l  , 



SECTION 5 . 0  

ANALYSIS OF HARVESTING SYSTEMS 

5.1 INTRODUCTION 

Harvestinq a l g a l  biomass from d i l u t e  suspension (.uS-.lX) i s  ususa l lv  a  two 
s t e p  process:  a  primary concen t r a t ion  s t e p  which reduces t h e  volume o+ water 
20-50 f o l d  and a  secondary s t e p ,  u sua l lv  c e n t r i f u o a t i o n ,  which f u r t h e r  reduces 
the  volume 5-10 f o l d .  The c a p i t a l  and opera t inq  c o s t s  ot  i n d u s t r i a l  
c e n t r i f u g e s  a r e  so high t h a t  i t  prec ludes  t h e i r  use without t h e  i n ~ t i a l  
concen t r a t inq  s t e p .  In spec i a l  c i rcumstances ,  a s  i n  t h e  ha rves t ina  of 
Selr~i~!g w i t h  s c r eens ,  only one s t e p  1s necessarv ,  This i s  due t o  t he  h l q h  
value of t h e  a lga l  biomass i n  t h i s  c a s e ,  a s  well a s  t o  t he  l a r a e  s i z e  o+ the  
f i l a m e n t s  and the  manner i n  whlch they pack on sc reens  whlch al lows h i q h  flow 
r a t e s  ot  water.  An i n c l i n e d  screen  or v ib ra r inq  screen 1 9  used. Genera l ly ,  
however, a  harves t ing  process  mus t  be a b l e  t o  concen t r a t e  var led  types  of 
c e l l s ,  e s p e c i a l l y  when t h e  ha rves t e r  e f f l u e n t s  a r e  t o  be re turned  t o  t h e  
qrowth ponds. Any organisms which t h e  harvesting process  fa115 t o  remove from 
t h e  r ecyc le  s t ream, wi l l  be qiven a  p o t e n t i a l l y  s i g n i f i c a n t  competitave 
advantaqe i n  t h e  growth pond C l l l .  Only i n  r a r e  circumstances a s  t h e  growth 
medium so s e l e c t i v e  f o r  a  chosen oraanism t h a t  t h i s  advantage wi l l  not r e s u l t  
i n  dominance of an unwanted s p e c i e s ,  T h u s ,  t h e  harves t ing  process  mus t  not 
onlv remove t h e  des i r ed  organism, b u t  a l s o  any p o t e n t i a l  contaminants.  

Four prlmary harves t ing  methods were examined: mic ros t r a in ing ,  b e l t  
f i l t e r i n g ,  f l o t a t i o n  with f l o a t  c o l l e c t i o n ,  and sedimentat ion i n  two s t ages .  
Each of t h e s e  methods d i s c r i m i n a t e s  on a  s i z e  and/or  dens i ty  b a s i s  i n  
performing t h e  biomass sepa ra t ion .  The s t r a i n e r  and +liter a r e ,  of course ,  
s l z e  d i s c r i m i n a t o r s ,  w i t h  performance characteristics t h a t  improve a s  t h e  
a l g a l  p a r t i c l e  s i z e  i nc reases .  However, t h e  f i l t e r  is  a l s o  more e f f i c i e n t  +o r  
oraganisms which form a  mat, t hus  decreas ing  the  e f f e c t i v e  pore s i z e .  
Sedimentation and flotation devices  c o l l e c t  biomass on t h e  b a s i s  of both s i z e  
and dens i ty .  Since t h e  opera t ion  of each of t h e s e  devices  becomes tenuous f o r  
small c e l l s  ( ( 6 - 8  microns ) ,  and s i n c e  t h e  ha rves t e r  must, i n  a  s t r i c t  sense be 
universa l  i n  i t s  removal c a p a b i l l t i y ,  some u n i v e r s a l l y  effective method i s  
requi red  t o  t ransform a l l  c e l l s  i n t o  a  form which can be removed b y  t h e  chosen 
c o l l e c t i o n  device.  As wi l l  be shown, t h e  maJor cos t  of a  harves t inq  system 
l i e s  i n  t h i s  t rans+ormat ion  process .  

5 . 2  C A P I T A L  COSTS OF P R I M A R Y  H A R V E S T I N G  D E V I C E S  

The four  types  of primary harves t inq  devices  vary cons iderably  i n  t h e i r  
i n s t a l l e d  c a p i t a l  c o s t s .  Conventional d i sso lved  qas  f l o t a t i o n  u n i t s  cos t  
about . 2 5  mi l l ion  d o l l a r s  per mi l l i on  pa l lons  per day ot  suspension.  The 
c o s t s  of m i c r o s t r a i n e r s ,  b e l t  f i l t e r s ,  and s e t t l i n g  ponds, on t h e  same b a s i s  
a r e  , 09 ,  . 1 2 ,  and . 0 5  mil l ion  d o l l a r s .  Never the less ,  i t  no pre t rea tment  of 
t h e  c e l l s  were requi red  t o  1) make each devlce  work e f f i c i , e n t l y .  and 2 )  make 



each work un~versally, the c a 0 1 t a 1  cost differences would n o t  tran5late to 
large d l + f  erences in annualized p r ~ d u c t l o n  cost. The most expensive device, 
the dissolved oas f l o t a t i o n  u n i t ,  would add 50% to t h e  capital costs o+ t h e  
s y s t e m ,  but these o n l y  contribute LO-25% of t h e  annual production, The 
important point i s  that none o f  the collectors functions either well or, more 
importantly, universailv on ~ t s  own. H rouqh calculation shows t h a t  I +  

conditioner is added to t h e  suspension prior to primary harvestinq, +or eacn 
c e n t  ot cond~tioner added per k g  o f  b ~ o m a s s  harvested, t h e  production cost 
increases b y  about 10%. The c o n c i u s ~ o n  is t h a t  while cost di#terences do 
exist amonq various p r l m a r v  harvesting devlces, t h e  impac t  a +  these  
di+terences is small compared to the potentla1 Impact o f  the co%t ot 
pretreating the biomass so that an; or a11 o f  the devices are, in fact, 
useable, 

5.3 PRETREATMENT OPTIONS 

There is ample  experience wrth chemical flocculation o +  suspended solids to 
imprave the separation characteristics. T.he thrust o+ recent work with 
chemical #locculants is to manu#acture new chemicals, or devise new 
c o m b i n a t i o n s  of known chemicals, which reduce the dose and cost of  t h e  
+iocculation s t e p ,  rhis subject will not be reviewed here, except t o  say that 
work on the use o+ flocculants i e  advancing due to the recently acqu ired  
c a p a b i  iity o f  manufacturing very  h i g h  molecular weiqht pslymers, I f  enough 
fl~cculant is added, the deslred characteristics can be induced. A t  present, 
the use ot standard c h e m i c a l s ,  like iron chloride, would require a b o u t  ,75- iwfl  
per gm biomass, or about 4-6 cents per k q  biomass. Thus an alternative t o  
conventional flocculants is required. 

One alternative 1s to condition the algae without addino flocculants. 
Nitrogen deprivation is generally recognized to enhance t h e  sedimenting 
characteristics of  alqae, a l t h o u g h  data in the literature is not applicable to 
the situation here. Sedimentation r a t e s  were generally not measured and t h e  
algae were usually starved for prolonged periods of times, well p a s t  a n v  
active growth. H report, b y  one o f  the.authors, an t h e  ,other hand presents 
data supportinq the hypothesis that normally non-settling, unicellular, 
flagellated organisms ( h f i a i i g L l a r  can be made t o  settle at rates h i q h  enough 
for collection in settlinq ponds, b y  short term nitrogen deprivation L4I. 
T h i s  process was found to work w i t h  a i l  but the smallest orqanisms (2 -5  
micron) and even with an ~ ~ ~ ~ h ~ ~ ~ ~ ~ , ~ e r  containing 60% lipid. But the 
question o f  universality of t h e  process still poses a proslea, 

Anuther alternative is to utilize the supersaturated oxygen to tloat t h e  cells 
to t h e  surface of the pond, to a foam collector. The a d v a n t a g e  o+ t n i s  over 
sedimentation lies in the f a s t  rate 04 rise due to the digsolved g a s  coming 
out o f  solution, However, the universal~ty of this approach is, agaln, open 
to question. 



P r e l i m i n a r v  e x p e r i m e n t s  have been pe r to rmed ,  a t  M i r r o b i a i  P r o d u c t s ,  I n c a ,  
u s i n q  h i o h  Charge d e n s t i y ,  h i g h  m o l e c u l a r  w e i q h t  p o l y m e r s  t o  f l o c c u l a t e  a  t e s t  
o rqan lsm i n  s a l i n e  medium, A C h i o r q l L g - g p ,  was used t o  d e m o n s t r a t e  t h a t  even 
s m a l l  c e l l s  (3 -5u1 can be c l a r i f i e d  bv  s i m p l e  s e d i m e n t a t i o n  when f i r s t  
p r e t r e a t e d  w i t h  t h e  po l vmer .  The media used t o  qrow t h e  a l q a ,  t o  a  d e n s i t v  o f  
500 pom o r a a n i c  d r y  w e i g h t ,  c o n t a i n e d  32 o p t  TDS,  m o s t l y  as NaCl, h l k a l i n i t v  
was 30 mH, pH was 8.45, and ha rdness  was 5mM. The c e l l s  were n l t r o q e n  
s u + f i c i e n t .  The dose o t  po l ymer  necessa rv  t o  e t f e c t  c o m p l e t e  c l a r i t i c a t i o n  
w l t h  an adequate  sedimentation r a t e  o i  t h e  f l o c s  0 5 0  c m l h r )  was lppm po lvmer  
Per 5uU ppm biomass.  t h i s  i s  t h e  b a s i s  t o r  t h e  d e s i a n  assumpt ion  used i n  t h i s  
r e p o r t .  The experiments were o t  a  v e r v  p r e l i m i n a r v  n a t u r e ,  and n o t  
n e c e s s a r i l v  o o t i m i z e d ,  However. no r  have t h e y  Peen v a l i d a t e d  on a  l a r o e  
s c a l e .  h a v i n q  Peen p e r t o r m e d  I n  j a r  t e s t s  w i t h  250 m i  o t  suspens ion .  The 
u n i v e r s a l l t v  o t  t h e  approacn has  a l s o  n o t  been demons t ra ted ,  b u t  t h e  t v p e  o t  
o roan ism Used p r o v i d e d  a  s t r i n q e n t  t e s t .  I t  1s  t h e  o p l n i o n  o f  t h e  a u t h o r s  
t h a t  such an aporoacn i s  h i q h l v  p r o m i s i n o ,  b u t  use on a l a r q e  s c a l e  must be 
accompanied by c o n t i n u a l  m o n i t o r i n q  o t  t h e  e S i e c t i v e n e s s  o t  t h e  t l o c c u l a t i o n  
as oond c o n d i t i o n s  chanpe, I h e  t y p e  and m l x t u r e s  o t  podvmer used mav nave t o  
be chanqed on an onao inq  b a s i s  t o  a v o i d  s e l e c t i n g  t o r  o rgan isms  whleh e l u d e  
en t rapmen t  by a  p a r t i c u l a r  + l o c c u l a n t .  

The p r i m a r v  method o f  h a r v e s t i n a  t h e  b iomass produced i n  t h e  l a r q e  s c a l e  and 
e x p e r i m e n t a l  sys tems i s  s p e c i f i e d  as  p r e t r e a t m e n t  w l t h  po l ymer  f o l l o w e d  bv 
s e d i m e n t a t i o n  i n  a  deep pond. l h e  n i t r o q e n  d e p l e t e d  condition o f  t h e  b iomass 
s h o u l d ,  i n  t h e  e x p e r i e n c e  o f  t h e  a u t h o r s ,  p romote  f l o c c u l a t i o n  and 
s e d i m e n t a t i o n .  The s l u r r y  t r o m  t h i s  pond i s  t h e n  f u r t h e r  c o n c e n t r a t e d  i n  
t h i c k e n i n p  t a n k s  o t  much reduced  volume. 

f he  budqet  + o r  t h e  p roposed  e x p e r i m e n t  has  Sundr s p e c i f i e a l l v  f o r  t a s t l n q  and 
m o n i t o r i n q  po l ymer  i n d u c e d  h a r v e s t i n g .  



SECTION B.0  

SUMHARY OF ANALYSIS AND I M P L I C A T I O N S  FOR SYSTEM DESIGN 

b . 1  WATER CHEMISTRY 

The c h a r a c t e r i s t i c s  which a r e  des i rable  i n  a wa te r  r e s o u r c e  are low h a r d n e s s ,  
an e x c e s s  of a l k a l i n i t y  over  h a r d n e s s ,  a n d  low TDS ( b u t  s t i l l  t o o  s a l t y  9er 
c o n v e n t i o n a l  a g r i c u l t u r e ) ,  Any h a r d n e s s  which c a n n o t  be removed b y  t h e  
a l r e a d y  p r e s e n t  a l k a l i n i t y  ( b y  e q u i l i b r a t i o n  w i t h  t h e  a tmosphere )  c a s t s  f . 0 0 5  
per  k g  a l g a e  produced per  100 ppm h a r d n e s s  t o  be removed. Lower TDS r e s u l t s  
i n  l o ~ e r  net wa te r  u s a g e ,  a l t h o u g h  t h e  d i f f e r e n c e  becomes l e s s  as t h e  
blowdown r a t i o  ( =  r e c i p r i c o l  0 4  s a l t s  c o n c e n t r a t i o n  f a e t o r )  d e c r e a s e s .  
C o n s i d e r i n g  a TDS o f  40 p p t  a s  t h e  p r a c t i c a l  upper l i m i t  f o r  p r o d u c t i v e  
c u l t i v a t i o n ,  a s e a w a t e r  system uses 4 .5  t i m e s  a s  much water  a s  a sys tem w i t h  
an i n p u t  water TDS o f  4 p p t ,  f o r  t h e  same r a t e  o f  e v a p e r a t i o n .  

The water  c h e m i s t r y  d e t e r m i n e s  t h e  c a r b o n a t i o n  s y s t e m  s p e c i f i c a t i o n s  a n d  the 
pH range o f  o p e r a t i o n s .  The lower l imit  of p H  i s  de te rmined  b y  o u t g a s s i n g  o f  
C02. S i n c e  C02 i s  t h e  s i n g l e  most c o ~ t l y  i n p u t  t o  t h e  sys tem,  o u t g a s s i n g  
must be minimized.  W i t h  low t o  modera te  mixing v e l a e i t i e s  113-20cm/s) and 
p r o p e r  s p e c i f i c a t i o n  of the  l o w  pH l im i t ,  o v e r a l l  l o s s  of ca rbon  d u e  t o  
o u t g a s s i n g  can be kep t  t o  l e s s  t h a n  5% o f  t h e  ca rbon  i n c o r p o r a t e d  i n t o  
b iof lass .  The upper l i m i t  of p H ,  f o r  p r o p e r l y  c o n d i t i o n e d  waters ,  i s  
de te rmined  by t h e  p h y s i o l o g i c a l  r e s p o n s e  of t h e  a l g a e  t o  d i s s o l v e d  Cap 
c o n c e n t r a t i o n .  T h i s  i s  unknown, b u t  a s a f e  l e v e l  ( o n e  t h a t  shauld no t  l e a d  
t o  s u b s t a n t i a l  loss o f  p r o d u c t i v i t y )  i s  3-b t i m e s  a i r  s a t u r a t i o n  o r  30-6QuM. 
The ca rbon  s t o r a g e  c a p a c i t y  of t h e  medium depends  on t h e  a l k a l i n i t y  a n d  t h e  
pH range  of o p e r a t i o n .  I t  d e t e r m i n e s  t h e  number of  c a r b o n a t i o n  s t a t i o n s  
r e q u i r e d  f o r  a pond o f  s p e c i f i e d  s i z e ,  d e p t h ,  and l i q u i d  velocity, o r  
a l t e r n a t i v e l y ,  t h e  mrximua pond s i r e  s e r v i c e a b l e  wi th  one C02  tati ion. t h e  
d e t a i l s  o f  interaction between a l k a l i n i t y ,  p H ,  and C02 c o n c e n t r a t i o n  a r e  
d i s c u s s e d  i n  S e c t i o n  2 , O .  

All of t h e s e  c o n s i d e r a t i o n s  combine t o  d e t e r m i n e  water  r e s o u r c e  r e q u i r e m e n t s  
and pH of o p e r a t i o n .  The combina t ion  used f o r  t h e  1000 acre  d e s i g n  a r e  the 
f o l l o w i n g :  water  r e s o u r c e  i s  Type IJ a t  4 p p t  TDS w i t h  e x c e s s  a l k a l i n i t y  04 

4 meq / l ,  nu wa te r  c o n d i t i o n i n g  chemical  c o s t s ,  and g i g h t  f o l d  e v a p o r a t i v e  
c o n c e n t r a t i o n  r e s u l t i n g  i n  a aedium w i t h  TDS = 32 p p t ,  a l k a l i n i t y  o f  32 
meq/ l ,  and a pH r a n g e  f o r  o p e r a t i o n  no t  t o  exceed 0 . 0 - 9 . 0 .  Water usage 
c a l c u l a t e s  t o  (assuming an a v e r a g e  e v a p o r a t i o n  r a t e  of .01m/n2/day)  11.5 
l i t e r s  / n 2 / d r y  or  16.5 x a 3 / 4 0 0  h a / y r .  When t h i s  wa te r  is  a b t a i n e d  
f rom wells o f  50 II pumping d e p t h ,  t h e  e l e c t r i c a l  ene rgy  c o s t  O,Ob5/KW-hr) i s  
$220,000 o r  S l b l a c r e - f t .  

I n  t h o  o p e r a t i o n  of the  e x p e r i m e n t a l  sys tem,  the l a r g e  s c a l e  water  
s p e e ' i f i c a t i o n  wil l  b e  s i m u l a t e d  b y  a  m i x t u r e  o f  t h e  two t y p e s  of w a t e r s  t h a t  
a r e  p l e n - t i f ' u l  on t h e  proposed s i t e :  5X S a l t o n  Sea w a t e r ,  p r e c o n d i t i o n e d  b y  



a d d i n q  sod ium c a r b o n a t e  a t  a  c o s t  o f  $300 p e r  a c r e  p e r  yea r  o r  $ 4 5 0 / a c r e - f t  
used and 95% w e l l  wa te r  a v a i l a b l e  a t  1700 qpm. The c e s p o s i t i o n  o f  t h e s e  
wa te r  r e s o u r c e s  i s  t a b u l a t e d  i n  S e c t i o n  10.0. 

6.2 CARBONATION 

The C02 r e q u i r e d  t o  p r o d u c e  a l g a l  b iomass w i t h  SOX l i p i d  i s  2 .2kg/kg  
b iomass.  Even a t  t h e  l o w e s t  e x t r a p o l a t e d  c o s t  o f  C02 E91, t h e  c o s t  o f  t h i s  
i n p u t  c o m p r i s e s  o v e r  50% o f  t h e  annua l  p r o d u c t i o n  c o s t .  Thus t h e  most 
i m p o r t a n t  a s p e c t  o f  t h e  d e s i g n  i s  t h e  e f f i c i e n t  use  o f  ca rbon .  I n  t h i s  
s u b s e c t i o n ,  t h e  methods o f  t r a n s f e r r i n q  C02 i n t o  t h e  ponds a r e  summarized. 
R e c y c l e  o f  c a r b o n  i n  p a r t i c u l a r ,  and a l l  n u t r i e n t s  i n  g e n e r a l ,  i s  d i s c u s s e d  
i n  s u b s e c t i o n  6.3 below. 

Tno typms o f  c a r b o n a t o r s  ~ m r m  ana lyzed8 cove red  aria c a r b o n a t o r s  and 
c a r b o n a t i o n  sumps, The f o r m e r  t y p e  may be  f e a s i b l e  when p u r e  C02 i s  used,  
t h e  l a t t e r  i s  f e a s i b l e  f o r  b o t h  p u r e  C02 and f l u e  gases. The p r a c t i c a l  
e f f i c i e n c y  approaches 93% f o r  s t r i p p i n g  a  p u r e  C02 l n p u t  gas and 80% f o r  a  
f l u e  gas i n p u t .  

G a s - l i q u i d  mass t r a n s f e r  was a n a l y z e d  f r o m  f i r s t  p r i n e i p l e s  and e v a l u a t e d  i n  
l i g h t  o f  t h e  l a r g e  body o f  b i o c h e m i c a l  e n g i n e e r i n g  d a t a  t h a t  has  been 
accumula ted.  N o n e t h e l e s s ,  a  g r e a t  u n c e r t a i n t y  r e m a i n s  i n  t h e  t r a n s 9 e r  r a t e  
t h a t  i s  t o  be  e x p e c t e d  i n  l a r g e  s c a l e  a l g a l  systems. I n  t h e  sump c a r b o n a t i o n  
p rob lem,  t h e  t r a n s f e r  r a t e s  were shown t o  depend on t h e  ave rage  r a t e  o f  r i s e  
o f  b u b b l e  swarms, wh ich  depends on t h e  d i s t r i b u t i o n  o f  b u b b l e  s i z e s .  T h i s  i s  
d e t e r m i n e d  by  s p a r g e r  o r i f i c e ,  gas f l o w  r a t e ,  and b u b b l e  c o a l e s c e n c e  f a c t o r s  
( s a l i n i t y ,  s u r f a c t a n t s ,  t u r b u l e n c e ) .  The r a t e  o f  remova l  p a r  u n i t  l e n g t h  o f  
sump d e p t h  can be much f a s t e r  t h a n  wou ld  be  e x p e c t e d  i f  t h e  b u b b l e  swarms 
t r a v e l  t h r o u g h  a  c o n s i d e r a b l e  p e r  c e n t  o f  t h e  sump d e p t h  b e f o r e  t h e  
e q u i l i b r i u m  s i z e  d i s t r i b u t i o n  i s  a t t a i n e d  a n d / o r  i f  t h e  e q u i l i b r i u m  b u b b l e  
s i z e  i s  s m a l l  due t o  a n t i - c o a l e s c e n c e  f a c t o r s .  A l t h o u g h  t h e  e m p i r i c a l  d a t a  
f r o m  C02 t r a n s f e r  i n t o  a l g a l  ponds i s  spa rse ,  and based en s m a l l  systems, 
i t  has  been found  g e n e r a l l y  t h a t  t r a n s f e r  i s  + a s t e r  t h a n  an e q u i l i b r i u m  
a n a l y s i s  wou ld  p r e d i c t  i n  t h e  absence o f  some o f  t h e  a c c e l e r a t i n g  f a c t o r s .  
The c o v e r e d  a r e a  c a r b o n a t o r  was a n a l y z e d  i n  t e r m s  o f  s u r f a c e  renewa l  t h e o r i e s  
o f  g a s - l i q u i d  t r a n s f e r  w i t h  p a r a m e t e r s  d e t e r m i n e d  u s i n g  e m p i r i c a l  
c o r r e l a t i o n s  deve loped  f o r  s t ream and channe l  a e r a t i o n .  Aga in ,  however, 
e x p e r i m e n t s  on t r a n s f e r  t h r o u g h  t h e  s u r f a c e  o f  a l g a l  ponds, y i e l d e d  r a t e s  
s i g n i f i c a n t l y  f a l t e r  t h a n  were p r e d i c t e d .  Thus w i t h  e i t h e r  c a r b o n a t i o n  
method, t h e  d e s i g n  s p e c i f i c a t i o n e  c a n n o t  be  f i x e d  w i t h  g r e a t  p r e c i s i o n  u n t i l  
r vasu l t s  f r o m  c a r e f u l l y  d e s i g n e d  e x p e r i m e n t s  a r e  o b t a i n e d .  A t  p r e s e n t  t h e  
f o l l o w i n g  o p t i o n s  a r e  s p e c i f i e d  f o r  t h e  1000 a c r e  system. 



1 " R i p p l e "  cove red  a r e a  c a r b o n a t o r  c o v e r i n g  2% o f  t h e  pond a r e a  f o r  p u r e  
C02,  90-952 e f f i c i e n c y .  
2. 1 . 5  m deep c a r b o n a t i o n  sump f o r  p u r e  C02, 95X e f f i c i e n c y .  
3. 2-3 m deep sump f o r  f l u e  gas, w i t h  c a r b o n a t o r  gas r e c y c l e  f l o w  of 
100-200%, BOX e f f i c i e n c y .  
4. 2-3 r deep sump f a r  t h e  m i x t u r e  o f  p u r e  C02 w i t h  d i g e s t e r  f l u e  gas, no 
r e c y c l e ,  90% e f f i c i e n c y .  
0p t . ion  2 i s  used i n  t h e  Base Case economic a n a l y s i s ,  b u t  o p t i o n  4 has t h e  
m s t  p o t e n t i a l  +or r e d u c i n g  l i p i d  p r o d u c t i o n  c o s t s .  

The e x p e r i m e n t a l  system w i l l  be  used t o  d e t e r m i n e  t h e  c a r b o n a t i o n  
parameters .  B o t h  cove red  and sump c a r b o n a t o r s  w i l l  b e  t e s t e d ,  I n  a d d i t i o n ,  
t h e  e f f e c t  o f  oxygen d e s o r p t i o n ,  d u r i n g  c a r b o n a t i o n ,  on t h e  e f f i c i e n c y  o f  
C02 i n p u t  w i l l  be  de te rm ined .  These t e s t 3  w i l l  a l s o  s e r v e  as t h e  b a a i r  f o r  
t h e  d e c i s i o n  as t o  whether i s  t s  f e a s i b l e  t o  remove d i s s o l v e d  oxygen f r o m  
s o l u t i o n ,  and t h e r e b y  r e l i e v e  i t s  p o t e n t i a l l y  i n h i b i t o r y  a f f e c t  on 
p h o t o s y n t h e s i s .  - 

6.3 NUTRIENT RECYCLE 

S i n c e  ca rbon  i s  such a s i g n i f i c a n t  i n p u t  i n t o  t h e  systcn,  r e c y c l e  a #  t h e  
ca rbon  l e f t  i n  t h e  r e s i d u e  f rom t h e  l i p i d  e x t r a c t i o n  p r o c e s s  was cons ide red ,  
I t  was conc luded  t h a t  a n a e r o b i c  d i g e s t i o n  o f  t h e s e  r e s i d u e s  i n  a cove red  
l a g o o n  would a l l o w  r e c y c l i n g  o f  34% o f  t h e  a l g a l  carbon,  r e d u c i n g  ca rbon  
~ n p u t  f r o m  2 . 2 k g / k g  a l g a l  b iomass produced t c  1 . 4 5 k g / k g .  T h i s  r e c y c l e d  
ca rbon  i s  c o n s i d e r e d  a v a i l a b l e  a t  no c a s t ,  i n  terms o f  o p e r a t i o n s ,  due t o  t he  
e l e c t r i c a l  energy  d e r i v e d  f r o n  t h e  inethane gas produced which  is used t o  
p r e s s u r i z e  t h r  r e c o v e r e d  C02 f o r  i n ~ e c t i o n  i n t o  t he  pondB. The c a p i t a l  
c a r t  o f  t h e  digmrtor-generator r y s t e a  i s  included i n  t h e  economie evaluation 
o f  t h i e  o p t i o n ,  The f l u e  gas o b t a i n e d  f r o m  t h e  c o a b u s t i o n  of t h e  d i g e s t e r  
gases i s  14% C O Z .  Wnen c o l b i n e d  i n  the r e q u i r e d  v o l u r c t r i c  p r o p o r t i o n  w i th  
p u r i f i e d  Cap, t h e  r e r u l t r n t  m i x t u r e  is 35% C02. Th i s  w i l l  be  more 
expens ive  t h a n  p u r r  CO2 t o  i n j e c t  i n t o  t h e  ponds b u t  leer  a x p ~ n s i v e  t h a n  
f l u e  gas. The e x t r a  expense comes as a c a p i t a l  c o s t  o f  c o n s t r u c t i n g  deeper 
c a r b o n a t i o n  sumps, and p o s s i b l y  use o f  r e c y c l e .  S i n c e  o p e r a t i n g  c o s t s ,  
e s p e c i a l l y  t h e  cost  o f  carbon,  w i l l  be shown t o  dominate  annua l  c o s t s ,  t h e s e  
i n c r e a s e d  c a p i t a l  e x p e n d i t u r e s  have l i t t l e  impac t  on p r o d u c t i o n  c o s t s .  The 
30% s a v i n g r  i n  C02 i n p u t  ha5 significant impact .  

I n  a d d i t i o n  t o  carbon,  much o f  t h e  n i t r o g e n  and phosphorus  r e m a i n i n g  i n  t h e  
e x t r a c t  r e s i d u e s  can be r e c y c l e d .  The p o t e n t i a l  f o r  r e c y c l e  is even g r e a t e r  
t h a n  f o r  carbon,  T a b l e  6-1 summarizes t h e  e l e m e n t a l  b a l a n c e  f o r  C ,  N ,  and P 
i n  t h e  a n a e r o b i c  d i g e s t i o n  process.  The p a r t i t i o n  o f  t h e  ,e lements  i n  the 
l i q u i d  p o r t i o n s  o f  t h e  d i g e s t e r  can o n l y  be r o u g h l y  e s t i a a t e d  a t  t h e  p r e s e n t  
t i m e ,  but  i t  is e v i d e n t  t h a t  t h e  p o t e n t i a l  e x i s t s  f o r  these e l e a e n t s  t o  be 
r e c o v e r e d  t o  a s i g n i f i c a n t  e x t e n t .  



Table 6-1. N u t r i e n t  P a r t i t i o n i n g  i n  an Anaerobic Lagoon 

.............................................................................. 
D iges te r  Compartment X o f  T o t a l  C X o f  T o t a l  M Y. o f  T o t a l  P .............................................................................. 
Gas Phase 6  5 0  0 

L i q u i d  E f f l u e n t  18 7 5 5  0 

Sludge 

I n  c o n s t r u c t i n g  Table  6-1, i t  i s  assured t h a t  65% o f  t h e  carbon e n t e r i n g  t h e  
d i g e s t e r  i s  g a s i f i e d  (39% t o  methane,26% t o  C 0 2 ) ,  t h a t  t h e  n i t r o g e n  i s  
p redom inan t l y  s o l u b o l i z e d  t o  ammonium, and t h a t  t h e  phosphorus p a r t i t i o n s  
even ly  between t h e  l i q u i d  and s ludge  f r a c t i o n s .  The gas and l i q u i d  e f f l u e n t  
f r a c t i o n s  a r e  r e c y c l a b l e .  Table  6-2 g i v e s  t h e  r e c y c l e d  n u t r i e n t s  as a  per 
c e n t ' o f  t h e  t o t a l ,  u s i n g  t h e  assumptions t h a t  t h e  a lgae  i s  60% carbon, l i p i d  
i s  70% carbon, s o l u b l e  n u t r i e n t s  a r e  r e c y c l e d  w i t h  100% e f f i c i e n c y  and t h e  
gaseous carbon i s  u t i l i z e d  w i t h  90% e f f i c i e n c y  due t o  l osses  upon i n j e c t i o n  
i n t o  t h e  pond. 

Table  6-2. Recyc le  o f  N u t r i e n t s  

.............................................................................. 
N u t r i e n t  Kg Recovered/Kg a l g .  Kg Los t /Kg  a l g .  Net I n p u t  Kg/kg 

Carbon ( . 2 5 ~ . 1 8 ) + ( . 2 5 ~ . 6 5 ~ . 9 ) r . 1 9  ( .25~.17+.35) / .9=.44 .44 

N i t r o g e n  ,04x, 750.03 .04x.25=.01 . 0 i  

Phosphorus .005x.S0=.0025 , 0 0 5 ~ .  5Q=. 0025 ,0025 

Recyc le  t h u s  l owe rs  t h e  n u t r i e n t  demand, per kg a l g a l  biomass produced, t o  
1.6 kg f o r  carbon ( f r om  2.4 k g ) ,  t o  .01 kg f o r  n i t r o g e n  ( f r om  .04 k g ) ,  and t o  
,0025 kg f o r  phosphurus ( f r o m  ,005 kg) .  

A covered lagoon d i g e s t e r  and eng ine  genera to r  i s  s p e c i f i e d  f o r  t h e  1000 ac re  
system. I f  budget c o n s t r a i n t s  a l l o w ,  a  t e s t  lagoon w i l l  be  c o n s t r u c t e d  f o r  
t h e  exper imenta l  system, b u t  w i t h o u t  combust ion o f  d i q e s t o r  gas, as eng ine  
gene ra to r s  a r e  d i s p r o p o r t i o n a t e l y  expens ive a t  such a  sma l l  sca le .  The 
r e c y c l e  o f  N  and P  w i l l  be determined and t h e  use o f  d i g e s t e r  f l u e  gas can be 
s imu la ted  by d i l u t i n g  pure  C02 w i t h  a i r .  



6.4 N U T R I E N T  LOSSES 

[he l o s s  o+  nutrients t r o m  t h e  svstem is a p o t e n t i a l l v  s i g n r f i c a n t  p r o b l e m  
u n l e s s  c a r e  i s  t a k e n  i n  t h e  d e s i c n  and operation a+ t h e  svs tem t o  p r e v e n t  sucn  
l o s s e s .  I h e  l o s s  o f  c a r b o n ,  p r i m a r i l y  as CU2 t o  t h e  a tmosphere ,  has been 
d i s c u s s e d  extensively i n  S e c t i o n s  d a U  and 3.0, I n  t h e  base Lase d e s i g n ,  t o  b e  
specitled I n  d e t a i l  i n  S e c t i o n  10.0, t h e  pond d e p t h  i s  20 cm and t h e  m i x i n q  
v e l a c i t v  i s  20 cmrs.  S h a l l o w e r  d e p t h  and h i g h e r  m i x i n o  v e l o c i t v  b o t h  a c t  t o  
a q g r a v s t e  o u t g a s s i n g ,  w h i c h  becomes a b o u t  2.5 t i m e s  q r e a t e r  i f  d e p t h  i s  
h a l v e d  and m i x i n q  v e l o c i t v  i n c r e a s e d  t o  50 cmfs .  I n  a d d i t i o n ,  c a r b o n  s t o r a q e  
i n  t h e  medium, on an a r e a l  b a s i s ,  d e c r e a s e s  w i t h  d e c r e a s e s  1.n d e p t h .  F o r  
med ia  o t  t h e  same a l k a l i n i t y  and t h e  same r a n q e  o f  d r s s o l v e d  COZ 
c o n c e n t r a t i o n ,  t h e  s h a l l o w e r ,  t a s t e r  m ixed  pond must be  o u e r a t e d  i n  a n a r r o w e r  
p H  r a n g e  t o  a c h i e v e  t h e  same e t f i c i e n c v  o t  u s e  o t  carbon.  I ' h i s  means t h a t  
mare c a r b o n a t i o n  s t a t i o n s  a r e  r e q u i r e d  p e r  u n i t  a r e a  o t  o r o w t h  pond.  

Ammanla IS a n o t h e r  v o l a t i l e  s p e c i e s  when p r e s e n t  i n  u n i o n i z e d  to rm.  in f r e s h  
w a t e r ,  t h e  pK o+ t h e  ammonium-ammonia a c i d - b a s e  ovs tem i s  9 . 5 ,  l 4 c t i v i t v  
c o e + f i c i e n t s  d e c r e a s e  as I o n i c  o f  t h e  medium i u n c r e a s e s .  I n  t h e  m ixed  a c r d i t v  
c o n s t a n t  c o n v e n t i o n  ( p r o t o n s  exp re5sed  i n  activity, o t h e r  saecleg e x p r e s s e d  i n  
c o n c e n t r a t l o n j  t h e  pK f o r  t h e  ~ o n i z a t i o n  o f  ammonium i n c r e a s e s .  I n  t h e  
a p p r o x i m a t i o n  t h a t  t h e  a c t i v i t v  c o e f f l c l e n t  + o r  ammonium i s  t h e  same a s  f o r  
b i c a r b o n a t e ,  t h e  pK i n  a medium w i t h  t h e  i o n i c  s t r e n g t h  o f  seawater  i s  9 . 8 5 .  
I +  a l l  o f  t h e  n i t r a o e n  demand o f  t h e  a l g a e  i s  i n t r o d u c e d  a5 ammonia a t  t h e  
b e g l n n n l n q  o+ each b a t c h  c y c l e  [ a  w o r s t  case s c e n a r i o )  t h e n  the c o n c e n t r a t i o n  
o f  t o t a l  ammon ia -n i t r ooen  wou ld  b e  a b o u t  2.5mM. fit pH 8 . 5  and 9,0, t h e  
t r a c t i o n  o f  t h i s  t o t a l  t h a t  i s  p r e s e n t  a 5  ammonra is, r e s p e c t i v e l y  " 0 4  and 
. 1 2 .  W i t h  a  mass t r a n s f e r  c o e f f i c i e t  o f  , 0 6  m/h r  t o r  t r a n s t e r  t h r o u q h  t h e  
s u r i a c e ,  t h e  l a s s  o+ ammonia i s ,  a t  t h e  two  p H ' s ,  ,03nM/L /h r  and .09mf l /L /h r .  
T h i s  1 s  l o w  c o m ~ a r e d  t u  t h e  r a t e  o f  n l t r o q e n  u p t a k e  b y  a l g a e ,  However. i+ 

a q a i n  t h e  pond d e p t h  i s  h a l v e d  and t h e  m i x i n q  v e l o c i t y  i s  i n c r e a s e d  t o  30 
cm/s ,  t h e  r a t e  o f  o u t a a s s i n p  i s  f i v e  t i m e s  a!! h i g h  ( t h e  v o l u m e t r i c  r a t e  o f  
u p t a k e  by  a l g a e  is a l s o  t w i c e  a s  q r e a t ) ,  SO t h e  o u t g a s s i n g  l o s s e s  o i  c a r b o n  
a t  l o w  pH combined w i t h  t h e  o u t g a s s i n q  l o s s e s  o f  ammonia a t  h i g h  pH a c t  t o  
squeeze t h e  pH o f  o p e r a t i ~ n  down, and more s e v e r l v  so w i t h  s h a l l o w e r ,  f a s t e r  
rnlxed pond d e s i g n s .  I n  t h e  Base Case, n i t r o g e n  l o s s e s  were s p e c i f i e d  a t  30%. 
wh ich  s h o u l d  be  amply c o n s e r v a t i v e  even when t h e  a u t g a s s i n q  d u r i n g  carbonation 
and a i r l i + t  is i n c l u d e d ,  

6.3 N I X I N G  SYSTEM 

t h r e e  o p t i o n s  were  a n a l y z e d  + o r  m i x i n q  t h e  ponds: p a d d l e w h e e l s ,  a i r l i + t ,  and 
combined c a r b o n a t i o n  and m i x i n g  i n  sumps. The o v e r a l l  e f f i c i e n c y  o f  t h e  t h r e e  
methods  a r e ,  r e s p e c t i v e l v  40%,40%, and 20%. The l o w e r  e f f i c i e n c y  o f  t h e  
combined s y s t e m  is due t o  t h e  need t o  o p t i m i z e  f o r  e f f i c i e n t  t r a n s h r  a+ 
C02. However, t h e  n e t  power consumed i n  t h i s  opt ion  i s  o n l y  35% h iqher  t h a n  
t h e  o t h e r  t w o  because t h e  C02 c o s t  i n c l u d e s  power f o r  compress ion ,  and a i r  
u s e  i's on1 y s u p p l e m e n t a r y ,  The padd lewhee l  sys tem is t w i c e - a s  c a p i t a l  
i n t e n s i v e  as t h e  a i r l i f t  svs tem,  The combined c a r b o n a t i o n - m i x l n g  svs te tn  c o s t s  



a lmos t  as much as t h e  paddlwwheei  svstem because t h e  sump used must be  deee t o  
i n s u r e  e f t i c i e n t  c a r b o n  u t i l i z a t i o n .  

The d e c i s i o n  on wh ich  svstem, padd lewhee ls  o r  a i r l i f t ,  i s  b e s t  s u i t e d  f o r  m l x i n q  
a l g a l  a r o w t h  ponds, must a w a i t  t h e  r e s u l t s  o t  e x p e r i m e n t s  i n  wh ich  an o p t i m a l  
d e s i o n  f o r  each has  been t e s t e d .  rhey a r e  n o t  a c t u a l l y  b e i n a  compared on an 
e q u a l  b a s i s  i n  t h i s  r e p o r t .  The p r a c t i c a l  e f t l c i e n c v  o f  t h e  padd lewnee l  system 
i s  much b e t t e r  known, i . e . ,  t h e  dvnamic l o s s e s  a r e  more e a s i l v  f a c t o r e d  i n t o  t h e  
a n a l y s i s .  Thus t h e  40% e f f i c i e n c y  i s  most l i k e l y  a c h i e v a b l @ .  The a l r l i t t  
svstem, on t h e  o t h e r  hand, was e v a l u a t e d  f rom f i r s t  p r l n c l p l e s ,  w l t h  an ac-hgc 
t a c t o r  i n s e r t e d  t o r  dynamic l o s s e s .  No a i r l i f t  has  been des laned ,  t o  t h e  
a u t h o r s '  knowledqe,  wh ich  b o t h  + i t s  t h e  a p p l ~ c a t i o n  h e r e  and i s  s c a l a b l e  t o  
l a r o e  sys tems,  The e n g i n e e r i n g  e x p e r i e n c e  w i t h  a i r l i f t s  1 s  based on much h i o h e r  
l i f t s  used i n  c o n j u n c t i o n  w i t h  d i f f i c u l t  t o  h a n d l e  m a t e r i a l s  o r  i n  a i r  i i f t  
f e r m e n t e r s .  The e f f i c i e n c y  a c h i e v a b l e  i n  a  p o n d l n ~  a p l l l c a t i o n  is v e t  t o  be 
de te rm ined .  

Based on t h e  l i t e r a t u r e ,  c o n s u l t a n t  i n p u t ,  and p r e v i o u s  experience, a  
padd lewhee l  sys tem t h o u a h t  t o  be s t r u c t u r a l l v  sound and e 9 f l c i e n t  has  been 
des iqned.  S e v e r a l  c o n f i q u r a t i o n s  o+ a i r l i f t ,  and combined q a s l t f t - c a r b o n a t o r s ,  
a r e  p r e s e n t e d  i n  S e c t i o n  4.0. These c o n f i q u r a t i o n s  a r e  m e r e l y  p l a u s i b l e  a t  t n i s  
p o i n t .  s i n c e  t h e  b e h a v i o r  o t  b u b b l e  swarms i n  r e l a t i v e l v  s h a l l o w  sumps i n  s a l i n e  
wa te r  wh ich  may c o n t a i n  s u r f a c t a n t s ,  needs t o  be e m p i r i c a l l v  d e t e r m i n e d .  Thus 
t h e  p roposed  e x p e r i m e n t a l  sys tem has  been des iqned  f o r  t h e  measurement o i  t n e  
r e l e v a n t  pa ramete rs .  

A n o v e l  t y p e  o f  m i x i n q  system, a p p l i c a b l e  t o  v e r y  l a r g e  systems, has  been 
a n a l y z e d  based on t h e  d e s i g n  specifications o f  a  hydraulic c o n s u l t a n t .  The f a n  
pump has p o t e n t i a l l y  v e r v  h i g h  e f f i c i e n c y  when pushang l a r q e  f l o w s ,  a t  l ow  
v e l o c i t y  a o a i n s t  r e l a t i v e l y  l o w  head ( a  meter  o r  more ) .  U l t h o u q h  t h i s  
a l t e r n a t i v e  has  n o t  been i n c l u d e d  i n  t h e  1000 a c r e  d e s l q n ,  n o r  t h e  e x p a r l m e n t a l  
system, i t  does open up t h e  p o ~ s i b i l i t v  o f  o p e r a t i n q  much l a r a e r  ponds t h a n  has  
been c o n s i d e r e d  p r a c t i c a l  up t o  now. 

6.6 M I X I N G  VELOCITY AND DEPTH 

The m i x i n q  v e l o c i t y  and d e p t h  s p e c i f i e d  f o r  t h e  1000 a c r e  d e s i g n  a r e  20 cm/s and 
20 cm. These a r e  c o n s i d e r e d  s u f t i c i e n t  t o  s e r v e  t h e  r e s p e c t i v e  pu rposes  o f  
k e e p i n g  a l g a l  s o l i d s  suspended and p r o v i d i n g  ca rbon  s t o r a g e  i n  t h e  medium. 
A l t h o u g h  t h e r e  i s  same e v i d e n c e  f o r  enhanced p r o d u e t i v i t v  a t  i n c r e a s e d  m i x i n g  
v e l o c i t y  and l o w e r  d e p t h  when d e v i c e s  a r e  i n s t a l l e d  an t h e  ponds t o  i n d u c e  
o r q a n i z e d  m i x i n q  r e g i m e s  t31,  t h e  e v i d e n c e  i s  n o t  c o n c l u s i v e .  T h i s  
s p e c i f i c a t i o n  i n c r e a s e s  c a p i t a l  c o s t s .  stemminq f r o m  m e n u f a c t u r i n q  t h e  a i r f o i l s  
used t o  e s t a b l i s h  t h e  o r g a n i z e d  m l x i n g  and t r o m  t h e  i n c r e a s e  I n  b o t h  maxinq 
sys tem c o s t s  (due t o  t h e  h i q h e r  r t i x i n q  v e l o c i t y )  and c a r b o n a t i o n  s t a t i o n  
r e q u i r e m e n t s  (due t o  t h e  l o w e r  a r e a l  ca rbon  s t o r a g e  c a p a c i t v ) .  I n  a d d i t i o n ,  t h e  
o p e r a t i n g  c o s t s  i n c r e a s e  due t o  t h e  i n c r e a s e d  power i n p u t  f o r  mlxsng,  wh ich  



~ n c r e a s e s  a s  t h e  v e l o c i t y  t o  t h e  2 .5 -3  p o w e r  a n d  d e p t h  t o  t h e  n e q a t i v e  l i 3  
p o w e r .  C U 2  u t l l l z a t i o n  e f f i c ~ e n c v  a l s o  can  b e  e x p e c t e d  t o  d e c r e a s e  a s  t h e  
mass t r a n s t e r  coef  f i c l e n t  f o r  o u t q a s s l n g  i n c r e a s e s  W I  t h  m i x i n a  v e l o c i  t v  
i n c r e m e n t s  a n d  d e p t h  d e c r e m e n t s  ( t h e  s u r f a c e  t u r n o v e r  r a t e  ~ n c r e a s e s ) ,  I h e  
p o t e n t i a l  ~ m p r a c t l c a l i t y  o f  t n s t a l l i n a  a i r f o l l s  a t  r e a s o n a b l e  c o s t  makes 
b a s l n o  t h e  e n t i r e  s y s t e m  d e s i g n  o n  t h l s  t e n u o u s .  

i h e  e x p e r i m e n t a l  s v s t e m  i s  a l s o  d e s i g n e d  f o r  20 cm d e p t h  a n d  20 cm/s m i x i n q  
v e l o c i t y ,  a l t h o u g h  t h e  s y s t e m  wi l l  b e  c o n s t r u c t e d  w i t h  t h e  f l e x i b i l i t y  t o  
v a r v  b o t h ,  

6 . 7  POND L I N I N G  

Yome f o r m  o f  p o n d  1 1 n i n q  1s r e q u i r e d  t o  e l l m ~ n a t e  l o s s  o f  w a t e r  d u e  t o  
p e r c o l a t ~ o n ,  I n  t h e  l a r q e  s c a l e  d a s i q n ,  t h e  l i n ~ n q  specified 1s c r u s h e d  r o c k  
o v e r  a c l a y  sea le r .  f h l s  c o m b i n a t i o n  1s ~ n e x p e n s i v e  when t h e  m a t e r i a l s  a r e  
n o t  t o o  d i s t a n t  + o r n  t h a  s i t e ,  T h e  major q u e s t ~ o n s  t o  be i n v e s t i a a t e d  d u r i n g  
t h e  p r o p o s e d  e x p e r i m e n t  a r e  t h e  d e q r e c  o f  s e a h n g  t h a t  1s a c h i e v a b l e  w l t h  
t h l ~  l i n l n ~  and t h e  e t f e c t  o n  m i x i n q  p o w e r  i n p u t  and C02 o u t g a s r e d .  B o t h  
a r e  e x p e c t e d  t o  b e  s o m e w h a t  qreater  t h a n  w i t h  a p l a e t l c  l i n e r  a u e  t o  t n e  
i n c r e a s e d  r o u g h n e s s  o f  t h e  pond b o t t o m .  S l n c e  t h e  r o c k  i s  qraded a n d  r o l l e d ,  
t h e  a n t i c i p a t e d  rouqhness c o e f i l c i e n t  i s  ,018  c o m p a r e d  t o  v e r v  s m o o t h l y  
a p p l i e d  p l a s t i c  l i n i n g  o f  r o u g h n e s s  ,012.  

P l a s t i c  l i n e r s  were c o n s i d e r e d  b u t  n o t  c h o s e n  a s  a p r i m a r v  d e s i g n  
s p e c i + i c a t i o n  d u e  t o  i n i t i a l  c o s t ,  i n s t a l l a t i o n  d i f f i c u l t v ,  m a i n t e n a n c e  
p r ~ b l e m s ,  a n d  q u e s t i o n s  a s  t o  w h e t h e r  l i n i n g s  w o u l d  p e r f o r m  a s  well a s  
e x p e c t e d .  The l e a s t  e x p e n s i v e  p l a s t i c  l i n i n g  w o u l d  c o s t  b e t w e e n  $ 1 . 3 - 2 . 0  p e r  
m 2  i n s t a l l e d .  H o w e v e r .  t h e s e  l i n e r s  w o u l d  n e e d  t o  b e  c o n s t a n t l y  u n d e r  
water t o  a v o i d  p h o t o d e a r a d a t i o n .  I n  a d d i t i o n ,  t h e  v e r v  s m a l l  thickness (10  
mil) p r e d i s p o s e s  s u c h  a l i n i n q  t o  d e v e l o p i n g  small  h a l e s  which  l e a k .  R o d e n t s  
may a l s o  wreak h a v o c  b v  c h e w i n o  t h r o u g h  t h e  l i n e r .  T h e  h i g h  q u a l i t y  p l a s t i c  
h n e r s  c o s t  $5.5 per n2. A l t h o u q h  p e r f o r m a n c e  g o a l s  w o u l d  b e  much  e a s i e r  
t o  a c h i e v e  w i t h  e x p e n s i v e  liners, p r o b l e m s  w i t h  r o d e n t  damage c o u l d  be 
s e r i o u s .  T h e  h i q h  c a p i t a l  c o s t  o f  these  l i n e r s ,  $23 m i l l i o n  p e r  1 0 0 0  acres ,  
makes t h e  economics o f  t h e i r  u s e  n a r q i n a l .  I t  d o u b l e s  t h e  d e p r e c i a b l e  
c a p i t a l  i n v e s t m e n t ,  b u t  DCI  o n l y  c o n t r i b u t e s  10-20% t o  t h e  a n n u a l i z e d  
p r o d u c t i o n  c o s t s .  I f  a p l a s t i c  l i n e r  w e r e  required, + e w  e x p e r t s  r e c o m m e n d  
t h e  c h e a p e r  l i n e r  o v e r  t h e  e x p e n s i v e  o n e .  

H i g h  q u a l i t y  p l a s t i c  l l n e r s  a r e  s p e c i f i e d  f o r  a l l  p o n d s  I n  t h e  p r o p o s e d  
e x p e r i m e n t a l  s v s t e m  e x c e p t  + o r  t h e  l a r q e s t  p o n d s .  I n  o n e  a+ t h e s e  . 4  h e c t a r e  
p o n d s ,  c l a y  sealer  w ~ t h  a c r u s h e d  r o c k  o v e r b u r d e n  will b e  t e s t e d ,  T h e  o t h e r  
will  be p l a s t i c  l i n e d  ( h v p a l o n ) ,  T h u s  t h e  p e r f o r m a n c e  o f  b o t h  o p t i o n s  wil l  
b e  e v a l u a t e d .  



6.8 HARVESTING SYSTEM 

P r i m a r v  h a r v e s t i n q  was e v a l u a t e d  i n  t e r m s  o f  d e v i c e s  f o r  c o n c e n t r a t i n q  t h e  
a l o a l  b iomass and i n  t e r m s  o f  t h e  r e l i a b i l i t v  and u n i v e r s a l i t v  o t  each method. 
f l i c r o s t r a i n i n q  and a i r  p l u s  DO f l o t a t i o n  p r o v e d  t o  be more e x p e n s i v e  t h a n  
u s i n a  a  b e l t  f i l t e r ,  wh ich  was a n a l v z e d  as  more e x p e n s i v e  t h a n  s i m p l e  
s e d i m e n t a t i o n .  I t was n o t e d ,  however,  t h a t  t h e  d i f f e r e n c e s  i n  c o s t s ,  b o t h  
c a p i t a l  and o p e r a t i n q ,  would n o t  t r a n s l a t e  i n t o  a l a r q e  d i f f e r e n c e  i n  t h e  
o v e r a l l  c o s t  o f  p r o d u c i n g  a l g a l  b i o a a s s ( s e e  S e c t i o n  1 1 . 0 ) .  The most i m p o r t a n t  
c o n c l u s i o n  i s  t h a t  none o f  t h e  d e v i c e s ,  i n  and o f  t hemse lves ,  c o u l d  be 
expec ted  t o  be  v e r y  r e l i a b l e  i n  t h e  l o n g t e r m .  Each d i s c r i m i n a t e s  on t h e  b a s i s  
o f  s i z e  a n d / o r  d e n s i t v ,  wh ich  wou ld  e v e n t u a l l y  l e a d  t o  a  situation where 
o rgan isms  t h a t  e l u d e d  t h e  p r i m a r y  c o l l e c t i o n  wou ld  be  g i v e n  a  c o m p e t i t i v e  
advantage i n  t h e  q r o w t h  ponds. 

I t  i s  n e c e s s a r v  t o  d e v e l o p  a  means o t  p r e t r e a t i n g  t h e  b iomass,  w i t h  
f l o c c u l a n t s ,  s o  t h a t  a l l  b iomass 1s c o l l e c t e d  bv whatever  d e v i c e  i s  used. 
Recent  work w i t h  v e r v  h i g h  m o l e c u l a r  w e i g h t ,  h i g h l y  cha rged  p o l y m e r s  appears  
t o  be a  p r o m i s i n g  method o f  a c c o m p l i s h i n g  t h i s .  W g i v e n  po l vmer  f l o c c u l a t e s  a 
w ide  v a r i e t y  o f  o rgan isms  f r o m  a  g i v e n  medium. I n  a d d i t i o n ,  a  r e p e t o i r e  B C  
s i m i l a r  po l vmer  can be  t a i l o r e d ,  on s i t e ,  t o  d e a l  w i t h  chanqes I n  pond f l o r a  
o r  s i m p l y  changes I n  c o n d i t i o n s  t h a t  r e s u l t  i n  d i f f e r e n t  f l o c c u l a n t  needs. 
The c o n c l u s r o n  IS t h a t  h a r v e s t i n a  m i c r o a l q a e  appears  f e a s i b l e  b u t  w i l l  r e q u i r e  
c o n s t a n t  m o n i t o r i n g .  Fhere does n o t  appear t o  be one s i n q l e  answer,  i n  t e rms  
o f  chemica l  a d d i t r v e s ,  u n l e s s  pond c o n d i t i o n s  a r e  e x t r e m e l y  c o n s t a n t .  

F i n a l  c o n c e n t r a t i o n  o f  t h e  b iomass i s  accomp l i shed  bv  c e n t r i f u o a t i o n .  The 
c o s t  o f  t h i s  s t e p  does depend on t h e  d e v i c e  used i n  t h e  p r i m a r y  c o n c e n t r a t i o n .  
F lows  f r o m  m i c r o s t r a i n e r s  a r e  expec ted  t o  be  f i v e  t i m e s  t h o s e  f r o m  s e t t l i n q  
ponds and f l o t a t i o n  c o l l e c t o r s .  A b e l t  f i l t e r  c o n c e n t r a t e s ,  o r  i s  expec ted  t o  
c o n c e n t r a t e  somewhat more t h a n  t h e  o t h e r  methods. 

6 . 9  PRODUCTIVITY ENHANCEMENT AND SPECIES CONTROL 

D i s s o l v e d  oxvgen accumu la tes  t o  h i q h  c o n c e n t r a t i o n  i n  modera te  t o  l a r q e  ponds 
d u r i n o  a c t i v e  g r o w t h  o f  a lgae .  Recent  e x p e r i m e n t s  C11 as w e l l  as a  w e a l t h  of 
l a b o r a t o r y  and l i m n o l o g i c a l  d a t a  i m p l i c a t e  oxyqen as an i n h i b i t o r  o f  
p h o t o s v n t h e s i s .  The d e s o r p t i o n  o f  oxyqen i s  a  p r o b l e m  wh ich  i s  n o t  amenable 
t o  a n a l y t i c  s o l u t i o n  i n  a l l  b u t  h i q h l v  s p e c i f i e d  cases.  It i s  a  
n o n - e q u i l i b r i u m ,  n u c l e a t i o n  p r o c e s s  wh ich  i s  s p e c i f i c  t o  b o t h  t h e  c h e m i c a l  and 
h y d r a u l i c  c h a r a c t e r i s t i c s  o f  each p a r t i c u l a r  s i t u a t i o n .  Thus t h e  f e a o i b a l i t y  
o f  i n t e n t i o n a l l y  r e s t r i c t i n g  DO l e v e l s  t o  w i t h i n  p r e s c r i b e d  l i m i t 2  w i l l  be 
t e s t e d  e m p i r i c a l l y  i n  t h e  p roposed  exper i tnent .  The r e s u l t s  w i l l  be  e v a l u a t e d  
so as t o  sugges t  l a r g e  s c a l e  approaches.  I t  w i l l  a l s o  be  n e c e s s a r y  t o  measure 
b iomass p r o d u c t i v i t v  as  a  f u n c t i o n  o f  DO i n  o r d e r  t o  d e t e r m i n e  t h e  need f o r  DO 
remova l  and t h e  c o s t  e f f e c t i v e n e s s  o f  l o w e r i n g  i t  t o  a  g i v e n  l e v e l .  



f ino ther  p o s s l b i e  p r o d u c t i v i t v  enhancement method ~ n v o l v e s  c r e a t l n q  c o n d i t i o n s  
o f  o r p a n r z e d  m i x i n s  i n  t h e  ponds, S e v e r a l  means o t  a c c a m p l l s h i n a  this were 
ana lyzed ,  i n c l u d i n q  c o n t a u r t n g  t h e  pond b o t t o m  t o  i n c l u d e  + l o w  o b s t a c l e s ,  
i a v i n a  rows  o f  o b s t a c l e s  on t h e  bo t tom,  and u s m a  a r r t m l s .  None were 
determined t o  be  a t t r a c t i v e  l n  t e r m s  o f  e f + e c t i v e n e s s  o f  p r o m o t i n g  t h e  d e s l r e d  
f l ~ w  p a t t e r n s  a n d / o r  i n  t e r m s  o f  c o s t .  U n t i l  e v i d e n c e  t o  t h e  c o n t r a r y  1s 
f i r m l y  e s t a b l i s h e d ,  t h e  assumpt ion  used i n  t h i s  r e p o r t  1s t h a t  p r o d u c t i v i t y  i s  
d e t e r m i n e d  b y  c l i m a t e ,  medium, and e s p e c i a l l y  s t r a i n  cultivated, C e r t a i n l y  
t h e  a + f e c t  o f  r e c v c l i n g  t h e  medium on l o n q t e r m  p r o d u c t i v i t v  w l l l  be m a n l t o r e d  
i n  t h e  e x p e r i m e n t .  

Lonqterm s p e c i e s  c o n t r o l  i s  r e l a t e d  t o  p r o d u c t i v i t y .  S t r a i n s  used must be 
h i g h l y  p r o d u c t i v e  and competitive as w e l l .  Up t o  now, e x c e p t  i n  ex t reme 
c o n d i t i o n s  o f  medium c o m p o s i t i o n  ( w h i c h  r e s u l t s  i n  l o w  p r o d u c t ~ v i t v )  n a t u r a l  
s t r a i n s  have dominated a l l  o u t d o o r  p o n d i n q  systems. One advantage o f  
p r o d u c i n g  c a r b o h y d r a t e s  i n s t e a d  o f  l i p i d s  i s  t h a t  a l l  o f  t h e s e  dominant  
o rgan isms  obse rved  t o  d a t e ,  accumu la te  t h e  t a r m e r  under  n i t r o q e n  l i m n t i n q  
c o n d i t i o n s .  /4 comprehens ive  s u r v e y  o t  s t r a i n s  wh ich  accumu la te  l i p i d  and a r e  
h i g h l y  c o m p e t i t i v e  as w e l l  i s ,  however,  just underway. 

6 . 1 0  EFFLUENT DISPOSAL 

O f  t h e  many t e c h n i c a l ,  r e s o u r c e ,  and l o g i s t i c  o b s t a c l e s  wh ich  must be overeome 
f o r  t h e  p roposed  p r o c e s s  t o  be s u c c e s s + u l ,  one has n e t  r e c e i v e d  enough 
a t t e n t i o n .  I h e  b low  down wa te r  r e p r e s e n t s  a s i g n i + i c a n t  d i s p o s a l  p rob lem.  
Wi th  t h e  s p e c i f i e d  blowdown r a t i o  o f  1 /8  o f  t h e  i n f l o w ,  or 1 / 7  o f  t h e  
e v a p o r a t i v e  l o s s e s ,  t h e  volume o f  wa te r  p e r  h e c t a r e  pe r  y e a r  i s  ove r  5000 
m3.  The mass o f  s a l t s  ( p r e d o m i n a n t l y  NaCI) i s  ove r  150 M t ,  or abou t  1.5 lit 
s a l t  p e r  H t  d r y  b iomass.  T h i s  wa te r  mass can be e v a p o r a t e d  i n  ponds w i t h  an 
a r e a  o+ A 4  h e c t a r e  p e r  h e c t a r e  o f  q r o w t h  ponds. These ponds need n o t  be 
l i n e d ,  s i n c e  t h e  p r e c i p i t a t e s  w i l l  q u i c k l y  s e a l  them, Even sa t h e y  must be 
dredqed,  + o r m i n q  s a l t  "moun ta ins "  i n  s h o r t  o r d e r .  E i t h e r  t h i s  s a l t  must be 
s t o r e d  as such i n d e f i n i t e l y ,  o r  i t  must be  t r a n s p o r t e d  t o  a d ~ s p a s a l  s i t e ,  
i . e . ,  t h e  n e a r e s t  g u l f  o r  ocean. Thus an o p e r a t i n g  c o s t  s h o u l d  be  i n c l u d e d  
f o r  t h e  t r a n s p o r t  o f  t h i s  m a t e r i a l .  The o n l v  wav t o  r e d u c e  t h e  amount o f  s a l t  
p roduced,  f r o m  open system5, i s  t o  u t i l i z e  l e s s  saline water  r e s o u r c e s  a n d / o r  
t o  dec rease  t h e  blowdown r a t i o .  Assuminq t h a t  seepage and p e r c o l a t i o n  losses  
a r e  n o t  p e r s i s t e n t ,  t h e  l ower  l i m i t  on b l o w  down is s e t  b y  t h e  secondary  
c o n c e n t r a t i o n .  I f  10-20% s o l i d s  i s  t h e  f l n a l  c o n c e n t r a t i o n  b e + o r c  p r o c e s s i n g ,  
and , 005 - -1% s o l i d s  a r e  i n  t h e  pond e f f l u e n t  t h e  minimum b l o w  down is 2% o f  
e v a p o r a t i o n ,  U n l e s s  f r e s h  wa te r  is used, t h i s  mintmum is u n r e a l i s t i c .  F o r  
p r a c t i c a l  pu rposes ,  i f  a wa te r  r e s a u r c e  c o n t a i n i n q  2 p p t  TDS is used and t h e  
blowdown r a t i o  is . 0 4 ,  t h e n  t h e  volume o f  wa te r  and mass o f  s a l t  coming o u t  s f  
t h e  sys tem p e r  h e c t a r e  pe r  y e a r  become 1600 e3 and 80 M t  o r  .75 H t / N t  
biomass. These a r e  s t 1 1 1  l a r g e  numbers. fi c o s t  o f  $ .0067 p e r  k q  o f  s a l t  i s  
assumed f o r  t h e  l a r g e  s c a l e  sys tem t o  t r a n s p o r t  t h e  salts t o  a disposa l  s l t e ,  

The o r q a n i c  m a t t e r  t h a t  i s  n o t  e i t h e r  a p r o d u c t  stream o r  r e c y c l e d  back t a  t h e  
g rowth  ponds, must be  dredged f r o m  t h e  b o t t o m  o f  t h e  a n a e r o b i c  l a a o o n  
p e r i o d i c a l l y .  T h i s  s l u d g e  can b e  d r i e d  and d i s p o s e d  o f  on s i t e .  



SECTION 7 . 0  

POND CONSTRUCTION 

T h i s  s e c t i o n  examines t h e  b a s i s  f o r  c h o o s i n g  a  p a r t i c u l a r  pond d e s i g n ,  and 
P r e s e n t s  s p e c i f i c  d e t a i l s  r e l a t i n g  t o  i t s  c o n s t r u c t i o n .  S e c t i o n  7 . 1  
d i s c u s s e s  t h e  v a r i o u s  f a c t o r s  wh ich  i n f l u e n c e  g r o w t h  pond s i z e  and geometry.  
S e c t i o n  7 . 2  s p e c i f i e s  t h e  p a r t i c u l a r  c o n f i g u r a t i o n  chosen, and l i s t s  t h e  
d e s i g n  p a r a m e t e r s  o f  i m p o r t a n c e  t o  pond c o n s t r u c t i o n .  S e c t i o n  7.3 p r e s e n t s  
t h e  s p e c i f i c  d e s i g n  o p t i o n s  and t h e i r  c o s t s  f o r  each ma jo r  e lemen t  o f  pond 
c o n s t r u c t i o n .  The h i g h - r a t e  pond concep t ,  c o n s i s t i n g  o f  open, s h a l l o w  
c h a n n e l s  i n  wh ich  t h e  c u l t u r e  c i r c u l a t e s ,  i s  used as  t h e  b a s i s  o f  pond d e s i g n  
i n  t h i s  r e p o r t .  T h i s  c h i o c e  i s  based on b o t h  e x p e r i e n c e  ( o f  t h e  a u t h o r s  and 
o t h e r s ) ,  and on an a n a l y s i s  o f  a l t e r n a t i v e  d e s i g n s  w i t h i n  t h e  c o n t e x t  o f  
f u e l s  p r o d u c t i o n ,  where t h e  c o s t  c o n s t r a i n t s  a r e  ex t reme.  I t  s h o u l d  be n o t e d  
t h a t  w i t h i n  t h e  b a s i c  h i g h - r a t e  pond f r a n e w o r k ,  t h e r e  i s  s t i l l  ample room f o r  
i n n o v a t i o n  and c o s t  o p t i m i z a t i o n ,  as  t h e  a n a l y s i s  i n  t h i s  s e c t i o n  w i l l  show. 

7 . 1  POND SIZE AND GEOMETRY 

The b a s i c  g e o m e t r i c  p a r a m e t e r s  i n  h i g h - r a t e  pond d e s i g n  a r e  pond s i z e ,  number 
o f  channe ls ,  and l e n g t h  t o  w i d t h  (L/W) r a t i o .  The l a t t e r  i s  d e f i n e d  i n  t h i s  
r e p o r t  as t h e  l e n t h  o f  t h e  c e n t e r  d i v i d e r  w a l l  ( i . e ,  t h e  l e n g t h  o f  a  s i n g l e  
channe l  w i t h o u t  bends)  d i v i d e d  by  t h e  s i n g l e  channe l  w id th .  I n  g e n e r a l ,  a  
s i n g l e  l o o p  ( t w o  c h a n n e l s )  i s  p r e f e r r e d  f r o m  a  h y d r a u l i c  s t a n d p o i n t .  If t h e  
pond i s  l a r g e  enough, t h i s  c o n f i g u r a t i o n  can t a k e  f u l l  advantage o f  a  p a d d l e  
wheel m i x e r  (123.  The c h o i c e  o f  pond s i z e  and shape i s  d r i v e n  by  economic 
f a c t o r s  and t h e  e f f e c t  on o t h e r  sys tem e lemen ts ,  such as  m i x i n g  and 
c a r b o n a t i o n .  A s i m p l e  g e o m e t r i c  o p t i m i z a t i o n  i n d i c a t e s  t h a t  a  l a r g e  pond 
w i t h  a  l o w  L/W r a t i o  g i v e s  t h e  most pond a r e a  f o r  t h e  l e a s t  w a l l  l e n g t h ,  as 
i l l u s t r a t e d  i n  F i g u r e  7-1, f o r  t h e  case o f  t w e l v e  ponds i n  r s i d e - b y - s i d e  
( s h a r e d  w a l l s )  c o n f i g u r a t i o n .  S i n c e  t h e  w a l l s  a r e  a  s i g n i f i c a n t  c o s t  i t e m ,  
and s i n c e  o t h e r  pond e lemen ts  a l s o  show economies o f  s c a l e ,  ponds need t o  be 
made as l a r g e  as  p r a c t i c a l .  The c h o i c e  o f  L/W r a t i o  must t a k e  i n t o  account  
t h e  t r a d e - o f f  between m i n i m i z i n g  w a l l  l e n g t h  and o t h e r  f a c t o r s  wh ich  a f f e c t  
c o s t s .  A t  l o w  L/W r a t i o s ,  t h e  channe l  w i d t h  i n c r e a s e s ,  as  does t h e  c o s t  o f  
t h o s e  e l e m e n t s  r e l a t e d  t o  channe l  w i d t h ,  such as  a i x i n g  s t a t i o n s ,  
c a r b o n a t i o n  sumps, e t c .  Once a  t e n t a t i v e  s i z e  and L/W r a t i o  i s  chosen,  t h e  
head l o s s  ( w h i c h  depends a l s o  on v e l o c i t y  and roughness )  can be c a l c u l a t e d  by 
M a n n i n g ' s  f o r m u l a ,  and e v a l u a t e d  r e l a t i v e  t o  t h e  p roposed  n i x i n g  system. The 
channe l  l e n g t h  may t h e n  need t o  be a d j u s t e d  t o  f u l l y  u t i l i z e  t h e  c a p a b i l i t i e s  
o f  t h e  m i x i n g  system. 

F i g u r e  7-2 shows t h e  c o s t  o f  t h e  g r o w t h  ponds as  a  f u n t i o n  o f  pond s i z e  f o r  
t h e  r a n g e  o f  2-10 h e c t a r e s .  F o r  each p o i n t ,  t h e  number o f  ponds i s  a d j u s t e d  
t o  m a i n t a i n  r t o t a l  sys tem a r e a  o f  about  200 h e c t a r e s ,  so t h e  economies o f  
s c a l e  i n d i c a t e d  i n  t h e  f i g u r e  a r e  a  r e s u l t  o f  g e o m e t r i c  f a c t o r s  r a t h e r  t h a n  



d e c l i n i n g  u n i t  c o s t s .  ( O n e  e x c e p t i o n  i s  f o r  l a s e r  g r a d i n g ,  w h i c h  has  a 
s l i g h t  s c a l e  e c o n o m y  b u i l t  i n t o  u n i t  c o s t  f u n c t i o n ,  s i n c e  t h e  c o s t  d e p e n d s  
s o m e w h a t  o n  t h e  c h a n n e l  w i d t h ) .  The f i g u r e  s h o w s  a  m a r k e d  i n c r e a s e  i n  c o s t  
b e l o w  4 h e c t a r e s ,  w i t h  d i m i n s h i n g  r e t u r n s  a b o v e  10 h e c t a r e s ,  B o t h  t h e  c o s t  
f i g u r e s  a n d  s h a p e  o f  t h e  c o s t  c u r v e  a r e  u n i q u e  t o  t h e  s p e c i f i c  d e s i g n  
p r e s e n t e d  i n  t h i s  s e c t i o n ,  and may n o t  a p p l y  t o  o t h e r  d e s i g n s .  A f u r t h e r  
p o i n t  w i t h  r e g a r d  t o  F i g u r e  7-2  i s  t h a t  i t  i n c l u d e s  o n l y  t h e  c o s t  o f  p o n d  
c o n s t r u c t i o n ,  m i x i n g ,  a n d  c a r b o n a t i o n ,  a n d  d o e s  n o t  i n c l u d e  h a r v e s t i n g ,  water 
or c a r b o n  s u p p l y ,  e n g i n e e r i n g ,  e t c .  

An a l t e r n a t i v e  t o  t h e  c o n v e n t i o n a l  " r a c e t r a c k H  c o n f i g u r a t i o n  d e s c r i b e d  above 
w a s  s u g g e s t e d  b y  Dr. James H a r d e r  o f  t h e  U.C.  B e r k e l e y ,  a s  a  m e t h o d  o f  
g e n e r a t i n g  c i r c u l a r  f l o w  p a t t e r n s  ( s e c o n d a r y  f l o w o ) ,  f o r  c y c l i n g  t h e  c u l t u r e  
i n  a n d  o u t  o f  t h e  l i g h t  w i t h  a  minimum af h e a d  l o s s .  fi l o w  a u u n d  w i t h  
s l o p i n g  s i d e s  w o u l d  be c a n s t r u c t e d  u s i n g  c o n v e n t i o n a l  e a r t h n o v i n g  e q u i p m e n t .  
The c h a n n e l  w o u l d  t h e n  be b u i l t  i n  a s p i r a l  p a t t e r n  on t h e  mound.  T h i s  w o u l d  
p r o d u c e  a c o n t i n u o u s l y  s l o p e d  b o t t o e ,  a s  r e q u i r e d  + o r  s h a l l a n ,  m i x e d  p o n d s .  
(Each channel would  be l a t e r  be g r a d e d  f l a t  a c r o r r  i t s  w i d t h  i f  n s c e r s r r y ) .  
T h e  i n n e r  a n d  o u t e r  c h a n n e l s  w o u l d  be j o i n e d  b y  a n  i n v e r t e d  s i p h o n ,  w i t h  the 
m i x i n g  h e a d  p r o v i d e d  b y  a n  l a r g e  d i a m e t e r ,  l o w  s p e e d  a x i a l  flow pump ( " f a n  
p u m p n ) ,  c u s t o m  d e s i g n e d  f o r  t h e  h e a d  r e q u i r e m e n t s  af  t h e  p o n d ,  The spiral 
c o n ! i g u r a t i o n  r a y  have  d i s t i n c t  a d v a n t a g e s  i n  t h e  c o n s t r u c t i o n  o f  v e r y  l a r g e  
p o n d s  0 2 0  h e c t a r e s ) ,  a l t h o u g h  t h e  s e c o n d a r y  flows a r e  r i n i m a l  a t  l a r g e  r a d i i  
o f  c u r v a t u r e .  I t  replaces t h e  a b r u p t  c h a n n e l  b e n d s  w i t h  a c o n t i n u o u s  g r a d u a l  
b e n d ,  e l i m i n a t i n g  t h e  n e e d  f o r  f l o w  d e f l e c t o r s ,  a n d  p r o v i d i n g  a  m o r e  u n i f o r m  
m i x i n g  r e g i m e ,  S ince   it^ o h a p e  is  m o r e  c o m p a c t  t h a n  a l o n g  n a r r o w  p o n d ,  i t  
n a y  b e t t e r  eonforn t o  a g i v e n  t e r r a i n  a n d  r e d u c e  t h e  i n i t i a l  r o u g h  g r a d i n g  
c o s t s .  ( H o w e v e r ,  t h e  f i n e  g r a d i n g  will l i k e l y  be m o r e  d i f f i c u l t  t h a n  w i t h  
s t r a i g h t  c h a n n e l s ) .  A l t h o u g h  t h e  s p i r a l  c o n f i g u r a t i o n  was n o t  e m p l o y e d  i n  
t h e  b a s e l i n e  d e s i g n ,  i t  d o e s  d e s e r v e  c o n s i d e r a t i o n ,  e s p e c i a l l y  i n  t h e  c o n t e x t  
o f  v e r y  l a r g e  p o n d s .  

7 . 2  P O N D  A N D  SYSTEM CONFIOURATIDN 

For t h e  l a r g e - s c a l e  system a p o n d  s i z e  o f  8 h e c t a r e s  (19 .8  a c r e s ) ,  w i t h  a L/W 
r a t i o  o f  2 0 / t  was c h o s e n .  Key d e s i g n  p a r a m e t e r s  a r e  l i s t e d  i n  T a b l e  7.1 f o r  
t h e  i n d i v i d u a l  p o n d ,  a n d  i n  T a b l e  7.2 f o r  t h e  192 h e c t a r e  p o n d  system, 
eonuioting o f  24 p o n d s  a s  shown i n  F i g u r e  7-3, F i g u r e  7-4 s h o w s  r p l a n  view 
o f  a s ing le  p o n d .  T h e  time r e q u i r e d  t o  c o m p l e t e  o n e  loop a r o u n d  t h e  p o n d  a t  
20 ca /sec  is  a b o u t  2.6 h o u r s .  A s i n g l e  c a r b o n a t i o n  s t a t i o n  wilt s a t i s f y  t h e  
c a r b o n  s t o r a g e  r e q u i r e m e n t s ,  g i v e n  t h e  a s s u m p t i o n s  a b o u t  w a t e r  c h e m i s t r y  
o u t l i n e d  i n  S e c t i o n  2. R e f e r r i n g  b a c k  t o  F i g u r e  -7-3,  t h e  8 h e c t a r e  p o n d  
t a k e s  f u l l  a d v a n t a g e  o f  t h e  e c o n o m i e s  o f  s c a l e ,  w i t h o u t  p u a h i n g  t h e  sire i n t o  
a r e g i o n  o f  d i m i e h i n g  r e t u r n s ,  some o f  w h i c h  a r e  n o t  r e a d i l y  q u a n t i f i a b l e  
le .g .  l o s s  o f  o p e r a t i o n a l  f l e w i b i l i t y ,  p r o b l e a r  o f  s o l i d s  d e p o s i t i o n ,  e t c l .  





T a b l e  7 - 1  Pond Des ign  C a l c u l a t i o n s  - S i n g l e  Pond 

DESCRIPTION 

Pond Area 
# o f  Channels 
t / W  R a t i o  
Depth  
Channel V e l o c i t y  
Manninas ' n '  
Padd le  E f f .  
D r i v e  E f f .  
PW Width/Chan Wid th  
E v a p o r a t i v e  R a t e  (max 
Blowdown Ra te  (maxl  
D e t e n t i o n  Time 
Wal l  H t .  (above g rade )  
Wa l l  H t .  ( be low  grade) 
Sump Depth  

DESCRIPTION 

Channel W id th  
P a d d l e  W id th  
C e n t e r w a l l  L e n g t h  
S i n g l e  Channel  L e n g t h  
T o t a l  Channel L e n g t h  
T o t a l  Wa l l  H e i g h t  
S lope  
T o t a l  Head Lass  
T o t a l  E f f i c i e n c y  
H y d r a u l  i c Power 
T o t a l  Power 
T o t a l  U n i t  Power 
V e l o c i t y  a t  P a d d l e  
Pond Volume 
Evap. F l o w r a t e  

( a l t e r n a t e  u n i t s )  
Blowdonn F l o w r a t e  

( a l t e r n a t e  u n i t s )  
H a r v e s t  F l o w r a t e  

l a l t s r n a t e  u n i t s )  

NAME ---- 
A R E A  
#CHAN 
L/W 
DEPTH 
VEL 
MANN I NG 
PW. EFf  
DR. EFF 
PAD/CHAN 
EVAP 
BLOWDOWN 
DET.TIME 
WALL.HT. CI 
WALL, HT* 0 
SUMP.DEPTH 

NAME ---- 
CHPIN. W I D  
PAD,WID 
CW. LEN 
CHAN, LEN 
TOT.CHAN.LEN 
TOT, WALL. HT 
SLOPE 
HEAD. LOSS 
T O T .  EFF 
HYD. PWR 
T O T .  PWR 
TOT.UNIT.PWR 
VEL. PPID 
VOLUME 
Q. EVAP 

VALUE 

0 . 0  h e c t a r e 5  
2 - 

20 - 
20 e m  
20 cm/sec 

0.010 sec/mA0.33 
0.6 - 
0.7 - 

0 . 7 5  - 
1.50  cm/day 
0 . 2 1  cm/day  
4.00 days 

40 c m  
10 c m  

1.5 m e t e r s  

S.I. UNITS 

43.06 me te rs  
32.30 m e t e r s  

861.25 m e t e r s  
928.89 m e t e r s  

1857.78 m e t e r s  
0250 mete rs  

1.107 x 10"-4 
20.98 cm 

42% 
3477 w a t t s  
8278 w a t t s  
0.10 w a t t s / s q  m 
26.7 cm/sec 

16000 cu m e t e r s  
1200 cu miday  
833 l i t e r s / m i n  
168 cu m/day 
117 l i t e r s h i n  

4000 cu m/day 
2770 l i  t e r s / m i n  

ENGLISH UNITS 

141.3 f e e t  
106.0 f e e t  

2825.6 f e e t  
3047.5 f e e t  
6095.0 f e e t  

1.107 x 10"-4 
8.26 inches 

42% 
4.66 hp 

11.10 hp 
0.10 w/sq m 
Ob87 + t h e e  

565035 cu f t  
42378  cu f t / d a y  

220 gpm 
5933 cu f t / d a y  

31 gPm 
i 4 1 2 5 9  cu f t / d a y  

734 gprn 



T a b l e  7-2 Pond Des ign  C a l c u l a t i o n s  - Pond Svstem 

Uses i n p u t  f r o m  t a b l e  above,  as w e l l  as  t h e  f o l l o w i n g :  

* INPUTS* 

DESCRIPTION NAME ------------ ---- 
# o f  A d j a c e n t  Ponds #CIDJ.PONDS 
S e t s  o f  Ad j .  Ponds #SETS 

VALUE 

*OUTPUTS* A l l  o u t p u t s  r e f e r  t o  t h e  e n t i r e  pond sys tem 

DESCRIPTION -.- NAME ----------- ---- 
T o t a l  # o f  Ponds #PONDS 
T o t a l  Pond System Area S.AREA 

( a l t e r n a t e  u n i t s )  
Cen te r  Wa l l  L e n g t h  S. CW. LEN 
T o t . S t r a i g h t  Wa l l  L e n g t h  S.STR.W.LEM 
Curved # a l l  L e n g t h  S.CUR. #. LEN 
T o t a l  Wa l l  L e n g t h  S.TOT.W.LEN 
T o t a l  Wa l l  Area S.TOT. W.AREA 
System Pond Volume S. VOLUME 
Evap. F l o w r a t e  S.Q.EVAP 

( a l t e r n a t e  u n i t s )  
Blowdown F l o w r a t e  S.Q.BLOWDOWN 

( a l t e r n a t e  u n i t s )  
H a r v e s t  F l o w r a t e  S.Q.HARVEST 

( a l t e r n a t e  u n i t s )  

S. I. UNITS ---------- 
2 4 

192 h e c t a r e s  
1920000 sq m e t e r s  

20670 m e t e r s  
43062 m e t e r s  

6494 mete rs  
49556 m e t e r s  
48695 5q m e t e r s  

384000 c u  m e t e r s  
28800 c u  mlday 
19999 l i t e r s l m i n  
4032 c u  m/day 
2800 l i t e r s / m i n  

96000 c u  mlday 
66662 l i t e r s / m i n  

ENGLISH UNITS ------------- 

474.4  a c r e s  
20666304 sq f t  

67814 f e e t  
141279 f e e t  
21304 f e e t  

162583 f e e t  
524149 sq f t  

13560845 c u  f t  
1016928 c u  f t l d a v  

5284 gpm 
142370 c u  f t l d a y  

740 gpm 
3389760 c u  f t l d a y  

17612 gpm 



Table 7-3 Growth Pond Cost Summary - 192 Hectare System 

INSTALLED COST FUR 192 HECTARE SYSTEM 
- - - - - - - 1 - - - - - - - - - - - - - - . - - - - - 1 - - - - - -  

24 PONDS 8 HECTARES EACH 

DESCRIPTION QUAN U N I T S  UNIT $ TOT $ $/HECTARE 
1----1--1---. --.I- ----- --...- ----. - - - = - - - m e  

GROWTH PONDS 
E a r t h w o r k s  

Rough Grading 474.4 a c r e  500 $237,21b $1,236 
L a z a r  L e v e l  1 i n g  4 7 4 . 4  a c r e  I ,  000 474 ,432  2 ,471 
F i n i s h  G r a d i n g *  474.4 a c r e  2 ,500 1 ,1861080  6 , 1 7 8  
Sump Excavat ion  19293 c u  yd 2 . 5  48 ,232  251 

Wa l ls  & S t r u c t u r a l  
S t r a i g h t  W a l l r  231761 sq f t  4 .0  927 ,044  
Curved w a l l s  34949 rq f t  3 . 0  174,744 
Flow D e f l e c t o r s  10485 sq f t  5 . 0  32,424 
Sump bottom 1956 cu yd  100 195,635 
Sump ends 104 cu yd  200 20,729 
R a i l s  8 P i e r s  13359 f t  12.0  162,713 
S o l i d s  Removers 61 ,000 

Mix ing  System 
Paddle Wheels 24 8 PW 35,790 858,960 4 ,474  
P.M. S t r u c t u r a l  24 # ponds 1,500 3 6 , 0 0 0  108 
P.W. Depression 331 cu yd  150 49,377 238 

Carbonat ion System 24 # Ponds 14,640 351,360 1,830 

I n s t r u a e n t a t i o n  

GROWTH PONDS TOTAL 

24 t Ponds 4 ,000 9 6 , 0 0 0  500 -.---- ------ 

* I n c l u d e s  crushed rock l i n e r  







7.3 POND DESIGN ALTERNATIVES AND COSTS 

T h i s  s e c t i o n  p resen t s  t h e  a c t u a l  des igns  o f  t h e  v a r i o u s  growth pond elements,  
a long  w i t h  an e s t i m a t e  of t h e i r  cos t s .  I n  some cases, a  b r i e f  a n a l y s i s  i s  
i nc l uded ,  and a l t e r n a t i v e  des igns  a re  exp lo red .  Sec t i ons  7 . 3 . 1  th rough  7 . 3 . 8  
t r e a t  ear thworks,  w a l l s  and d i v i d e r s ,  sumps, s o l i d s  r r r o v a l ,  ca rbona t i on ,  and 
m ix i ng  r e s p e c t i v e l y .  I n  s e c t i o n  7.3.9 a  summary o f  cos t s ,  based on t h e  chosen 
a1 te rna t i ve . s  i s  presented.  Ha rves t i ng  i s  t r e a t e d  i n  Sec t i on  8. 

- A s  a  p r e p a r a t i o n  f o r  l a s e r  l e v e l l i n g ,  t h e  pond grade i s  e s t a b l i s h e d  rouqh l y  
w i t h  conven t i ona l  ear thmoving equipment. The amount o f  rough g rad ing  w i l l  
va ry  from a lmost  n i l  on f l a t  t e r r a i n  t o  major q u a n t i t i e s  o f  c u t  and fill #here 
t h e  t e r r a i n  i s  rough o r  s l o p i n g ,  r e q u i r i n g  t e r r a c i n g  t o  e s t a b l i s h  t h e  pond 
grade. Compaction o f  f i l l s  i s  e s s e n t i a l  t o  p reven t  se t t l emen t  and can be a  
s i g n i f i c a n t  cos t .  Presence o f  rocks ,  r o o t s ,  and o the r  m a t e r i a l  can add 
app rec i ab l y  t o  rough g rad ing  cos ts .  D ikes  or  d r a i n s  t o  c o n t r o l  s u r f a c e  
d ra inage  may a l s o  be r e q u i r e d .  Ear thworks f o r  access reads, s t o rage  
r e s e r v o i r s ,  e t c . ,  i s  n o t  inc luded .  For f a v o r a b l e  t e r r a i n ,  rough g rad ing  c o s t s  
can vary  f rom 0  t o  94000lhectare.  A va l ue  o f  S1200lhectare i s  used i n  t h e  
c o s t  es t imate ,  

Laser l e v e l l i n g  i s  needed t o  ach ieve  t h e  t o l e r a n c e s  r e q u i r e d  f u r  sha l l ow  pond 
ope ra t i on ,  and t o  e s t a b l i s h  t h e  ve ry  f l a t  channel s lopes  t o  meet h y d r a u l i c  
requi rements .  I t  has become a  w ide l y  used techn ique  i n  a g r i c u l t u r e ,  where t h e  
c o s t  can be as low as $900 /hec ta re  f o r  l a r g e  f i e l d s .  For pond c o n s t r u c t i o n ,  
t h e  cos t  w i l l  be g r e a t e r ,  s i n c e  t h e  s l ope  must be s e t  sepa ra te l y  f o r  each 
channel ,  and t o l e r a n c e s  w i l l  be q u i t e  r i g o r o u s .  A va l ue  o f  t 2500 /hec ta re  i s  
used i n  t h e  c o s t  es t imate .  

The cos t  c o n s t r a i n t s  o f  f u e l  p r o d u c t i o n  may p r o h i b i t  t h e  use o f  s y n t h e t i c  pond 
l i n e r s ,  n h i c h  a l one  would c o s t  $38,000-50,00Q/hectare depending on t h e  q u a l i t y  
o f  l i n e r  used. I n  t h e  c o s t  es t ima te ,  i t  i s  assumed t h a t  t h e  ponds w i l l  be 
b u i l t  on t i g h t  s o i l ,  which i s  s u f f i c i e n t l y  impermeable t o  c o n t r o l  seepage. 
Seepage r a t e s  g e n e r a l l y  d e c l i n e  w i t h  t i m e  as a  r e s u l t  o f  c l o g g i n g  by o rgan i c  
ma t t e r  and i n o r g a n i c  p r e c i p i t a t e s .  I n  s o r e  cases, a  c l a y  l i n e r  (15-30 cin) 



say be necessa ry .  O f t e n ,  t h e  c l a y  i s  a v a i l a b l e  o n - s i t e ,  as i n  t he  case o f  . 
t h e  e x p e r i m e n t a l  f a c i l i t y  d e s c r i b e d  i n  S e c t i o n  12. I f  n o t ,  f i n i s h e d  g r a d i n g  
c o s t s  c o u l d  b e  s u b s t a n t i a l l y  h i g h e r ,  i f  l ong  hau l  d i s t a n c e s  were i n v o l v e d ,  
However ,  even a d o u b l i n g  o r  t r i p l i n g  o f  f i n i s h e d  g r a d i n g  c o s t s  would have a 
minor  a f f e c t  on o v e r a l l  pond c o n s t r u c t i o n  c o s t s .  F i n i s h  g r a d i n g  is u s u a l l y  
r e q u i r e d  on c l a y  s o i l s  due t o  l o s s  o f  grade  f r o m  c o n s t r u c t i o n  a c t i v i t e s  such 
as t r e n c h i n g ,  e t c .  The s o i l  w i l l  b e  o v e r l a i n  w i t h  a minimum t h i c k n e s s  
b l a n k e t  (3-9  crn) o f  c rushed  r o c k  o r  o t h e r  c o a r s e  g r a n u l a r  m a t e r i a l  t o  c o n t r o l  
suspens ion o f  fines, The p a r t i c l e  s i t e  d i s t r i b u t i o n  and degree  o f  compac t ion  
o f  t h i s  r o c k  ove rbu rden  w i l l  d e t e r m i n e  t h e  channe l  roughness.  T r a n s p o r t  
c o s t s  f o r  i m p o r t e d  g r a n u l a r  m a t e r i a l  can be a p p r e c i a b l e  i f  l o c a l  m a t e r i a l  i s  
u n a v a i l a b l e .  The t o t a l  c o s t  f o r  f i n i s h  g r a d i n g  and c rushed  r o c k  l i n e r  w i l l  
l i k e l y  c o s t  between $4000-B,OOO/hectare, A d e s i g n  v a l u e  o f  JbZOOlhsctare  i g  

used i n  t h e  c o s t  e s t i m a t e ,  

A v a r i e t y  o f  w a l l  c o n s t r u c t i o n  t e c h n i q u e s  a r e  c o n c e i v a b l e ,  r a n g i n g  f r o m  
e a r t h e n  berms t o  slipfurm c o n c r e t e .  T h i s  s e c t i o n  w i l l  examine f i v e  o p t i o n s ,  
c i t e  t h e i r  p r o s  and cons,  and g i v e  c o o t  e s t i m a t e s  f o r  each. Four o f  t h e s e  
o p t i o n s  a r e  i l l u s t r a t e d  i n  F i g u r e  7-5. I n  g e n e r a l ,  w a l l s  need t o  be about  
0.4 me te rs  h i g h ,  excep t  i n  a reas  where wave a c t i o n  n o u l d  r e q u i r e  more 
f r e e b o a r d  ( e . 9 .  downstream o f  p a d d l e  whee ls ) ,  o r  where wa te r  accumula tes  
under q u i e s c e n t  c o n d i t i o n s .  Very  l a r g e  ponds would  p r o b a b l y  r e q u i r e  h igher  
w a l l s  since l a r g e r  w ind i nduced  waves c o u l d  occur .  I n  g e n e r a l ,  t h e  c e n t e r  
w a l l  wh ich  d i v i d e s  t h e  two  channels  can b e  o f  i d e n t i c a l  c o n s t r u e t i o n  as t h e  
e x t e r i o r  w a l l s .  I n  s m a l l  ponds w i t h  l o w  head l o s s e s  i t  may be p o s s i b l e  t o  
uee a  less  e x p e n s i v e  method f o r  t h e  d i v i d e r s  (e ,g .  membrane d i v i d e r s ) .  

E a r t h  berms must be c o n s t r u c t e d  o f  compacted f i l l  by o v e r - b u i l d i n g ,  t r immed 
t o  g i v e  8maoth r i d e  s l o p e s ,  and t h e n  p r o t e c t e d  a g a i n a t  e r o s i o n .  A minimum 
t o p  w i d t h  before t r i m m i n g  i s  about  2 me te rs ,  f o r  c o n v e n t i o n a l  compact ion  
equipment.  Slape  p r o t e c t i o n  m a t e r i a l  would have t o  be s e v e r a l  t imes  t h e  
t h i c k n e s s  o f  t h e  b o t t o m  b l a n k e t ,  because o f  more d i f f i c u l t  c o n s t r u c t i o n  and 
g r e a t e r  e r o s i o n  p o t e n t i a l ,  Even so, t h e r e  i s  l i k e l y  t o  b e  h i g h  maintanence 
c o s t s  a s s o c i a t a d  w i t h  s l o p e  p r o t e c t i o n ,  E x t r a  p r o t e c t i o n ,  e.g. g u n n i t e ,  w i l l  
be r e q u i r e d  where wave a c t i o n  t e n d s  t o  c o n c e n t r a t e .  Weed g rowth  on t h e  top 
and s i d e s  o f  e a r t h  berms is a l s o  a p o t e n t i a l l y  c o s t l y  mai tanence p r o b l e a .  
More l a n d  is r e q u i r e d  as compared t o  narrow walls. A l t h o u g h  i t  may he 
p o s s i b l e  t o  c o n s t r u c t  berms f a r  a5 l i t t l e  ae $ l b l l i n e a r  meter  w i t h  s p e c i a l  
equ ipnent ,  t h e  O t f l  d i s a d v a n t a g e s  weigh h e a v i l y  a g a i n s t  e a r t h  berms. E a r t h  
berms say be a p p r o p r i a t e  f o r  t h o s e  w a l l s  wh ich  f o r m  t h e  p e r i m e t e r  o f  t h e  pond 
system, s i n c e  an access r o a d  w i l l  be needed around t h e  p e r i m e t e r ,  and 
d r a i n a g e  c o n s i d e t o t i o n s  may r e q u i r e  i t  t o  be elevated. 





A n o v e l  t e c h n i q u e ,  used b y  Dodd i n  S ingapore ,  employs c o r r u g a t e d  
asbestos-cement r o o f i n g  s h e e t s  embedded in a s h a l l o w  c o n c r e t e - f i l l e d  t r e n c h .  
The l h e e t s  a r e  c u t  and d r i l l e d  o # f - s i t e ,  t h e n  i n s t a l l e d  w i t h  the c o r r u g a t i o n s  
r u n n i n g  v e r t i c a l l y ,  A d j a c e n t  p i e c e s  a r e  c a u l k e d  and b o l t e d  t o g e t h e r ,  f o r m l n g  
a f r e e  s t a n d i n g ,  w a t e r p r o o f  w a l l  which can expand and c o n t r a c t  w i t h  changes 
i n  tempera tu re ,  H a t e r i a l  c o s t s  a r e  about  $9 /m@ter ,  w i t h  t o t a l  i n s t a l l e d  
c o s t s  estimated a t  abou t  $24,50/meter .  0&H c o s t s  a r e  l i k e l y  t o  ae q u i t e  low. 

The membrane w a l l  c o n s i s t s  o f  a  Hypa lon membrane s u p p o r t e d  on a + r a m w o r k  o f  
2 ' 9 2 "  redwood p o s t s  spaced 1 , 2  mete rs  ( 4  f e e t )  an c e n t e r .  The p o s t s  a r e  s e t  
i n  15 c m  ( 6  i n c h )  d i a m e t e r  h o l e s  f i t l a d  w i t h  c o n c r e t e  # o r  a n c h o r i n g  and 
s t a b i l i t y .  The t o p  o f  t h e  membrane i s  anchored between two r a i l i n g s  a g a i n  
made o f  2x2 redwood. The b o t t o m  o f  t h e  membrane is anchored i n  a 30 cm ( 1 2  
i n c h 1  deep t r e n c h  b a c k f i l l e d  w i t h  e a r t h  wh ich  a l s o  p r e v e n t s  seepage under t h e  
w a l l .  T h i s  e s t i m a t e d  c o s t  o f  t h i s  method i s  $18.07/meter  ( $ S . S l / f t ,  see 
Appendix 1 1 1 ) .  A l t h o u g h  t h i s  makes i t  one o+ t h e  l o w e s t  c o s t  o p t i o n s ,  i t  i s  
a l s o  t h e  l e a s t  d u r a b l e ,  so t h a t  O & M  c o s t s  would p r o b a b l y  o f f w i ? t  i n i t i a l  c o s t  
s a v i n g s ,  However, e x p e r i m e n t a l  ponds a r e  o f t e n  membrane- l ined,  so t h i s  
method, o r  some v a r i a t i o n ,  would be a p p r o p r i a t e ,  The experimental ponds a t  
V a c a v i l l e ,  C A  used g o l i d  wood w a l l s  and a membrane l i n e r .  

The c o n c r e t e  b l o c k  w a l l  c o n s i s t s  o f  a poured concrete f o o t i n g  15 c m  x 
30 c m  ( 6 "  n 1 2 " )  w i t h  2 c o u r s e s  o f  4nxB ' tn ibH  b l o c k s  g e t  on t o p ,  The b l o c k  
c e l l s  would be f i l l e d  w i t h  pea g r a v e l  c o n c r e t e  and a s i n g l e  t 4  r e i n f o r c i n g  
b a r  s e t  i n  the t o p  b l o c k  t o  g i v e  t h e  wall adequate  l o n g i t u d i n a l  8 t r e n g t h .  
The d o o t i n g  would b e  s e t  below grade f o r  s t a b i l i t y  and t e  p r e v e n t  seepage 
under  t h e  w a l l .  Thm e s t i m a t e d  c a r t  o+ t h i s  o p t i o n  i s  $23,35/m M7.12/6t). 

The poured  c o n c r e t e  d i v i d e r  wal l  i s  s e t  on a 15 cm x 30 cn f o o t i n g ,  i s  
10 c s  ( 4 ' )  t h i c k  and 40 cm ( 1 6 " )  h i g h .  Custom made s e u r u a b l e  forms are 
proposed t h a t  a r e  f r e e - s t a n d i n g  t o  reduce  i n s t a l l a t i o n  and r e l o c a t i o n  l a b o r .  
One 14 r e i n f o r c i n g  b a r  would be s e t  a l o n g  t h e  upper p a r t  o f  t h e  w a l l  t o  h o l d  
t h e  w a l l  t o g e t h e r  and m i n i m i z e  c r a c k i n g ,  C r a c k i n g  would be c o n t r a l l e d  b y  
j o i n t s  e v e r y  6.1 m e t e r s  (20 f t )  and s e a l e d  w i t h  silicon t o  tniniaize seepage 
t h r o u g h  c r a c k s  i n  t h e  c o n t r a 1  j o i n t s .  The c o s t  o f  t h i s  o p t i o n  i s  about 
217,50/meter ( $ S , 3 4 / f t ) .  Given t h e  l a r g e  q u a n t i t y  o f  w a l l s  t o  be c o n s t r u c t e d  
f o r  t h e  l a r g e  s c a l e  system, i t  s h o u l d  be  p o s s i b l e  t o  employ s l i p - f a r m i n g  
t e c h n i q u e s  a t  about  the same c o s t ,  The key  concern  w i t h  eoncrlete w a l l s  is 



seepage. Shr inkage c racks  w i l l  d e f i n i t e l y  occur ,  b u t  t h e r e  was a l a c k  of 
agreement among c o n s u l t a n t s  as t o  t h e i r  e f f e c t .  One 9 e l t  t h a t  t h e  c o n t r o l  
j o i n t s  p l u s  t h e  tendency f o r  c raeks  t o  c l o g  would m i t i g a t e  t h e  problem, w h i l e  
another  f e l t  t h a t  t h e  need t o  wake c o n t r o l  j o i n t s  wa te rp roo f  would g r e a t l y  
i n c r e a s e  t h e  c o s t  o f  conc re te  c o n 6 t r u c t i o n .  The a u t h o r ' s  exper ience  w i t h  
exper imenta l  (1000 m 2 )  h i g h  r a t e  ponds tends  t o  suppor t  t h e  fo rmer ,  b u t  t h e  
prob lem i s  c e r t a i n  t o  be more pronounced i n  l a r g e  ponds. A l though most 
seepage w i l l  be con ta i ned  w i t h i n  t h e  pond system by v i r t u e  of t h e  
s ide -by -s ide  l a y o u t ,  excess ive  seepage would r e s u l t  i n  s h o r t  c i r c u i t i n g  
w i t h i n  t h e  pond. I f  sempage i s  n o t  a  s e r i o u s  problem, then  t h e  conc re te  
w a l l s  a re  t h e  p r e f e r r e d  method o f  c o n s t r u c t i o n ,  p o s s i b l y  i n  comb ina t ion  w i t h  
co r ruga ted  w a l l s  f o r  t h e  curved p o r t i o n s .  Such a  c o a b i n a t i o n  was used i n  t h e  
c o s t  es t ima te .  The d i f f e r e n c e  i n  c o s t  between t h e  two a l t e r n a t i v e s  024 .JO/a  
f o r  t h e  co r ruga ted  vs $17.50/m f o r  t h e  conc re te )  i s  n o t  enough t o  have a  
major impact  on t h e  system c a p i t a l  cos t .  

The curved  f l o w  d e f l e c t o r s  a i d  i n  m i n i m i z i n g  t h e  e x t e n t  ob eddy f o r m a t i o n  and 
t h e  assoc ia ted  s tagnan t  zone downstream o f  t h e  bend. Again, t hese  can 
n o r m a l l y  be b u i l t  i n  t h e  same manner as t h e  s t r a i g h t  w a l l s ,  a l t hough  some o f  
t h e  w a l l  o p t i o n s  o u t l i n e d  above a re  more e a s i l y  adapted t o  cu rves  ( e .g .  
co r ruga ted  w a l l s ) .  The s i t u a t i o n  i s  improved i f  t h e  b r t f l e r  and end w a l l s  
a re  p l aced  e c c e n t r i c a l l y ,  and t h e  channel  w i d t h  decreased th rough  t h e  bend, 
as shonn i n  F i g u r e  7-5. The a c c e l e r a t i o n  o f  f l o w  i s  s u f f i c i e n t  t o  reduce 
eddy f o r m a t i o n  and e l i m i n a t e  most o f  t h e  s o l i d s  depos i t i on .  The channel  
c o n s t r i c t i o n  t echn ique  i s  a l s o  used a t  t h e  o the r  end o f  t h e  pond, which 
a l l o w s  access t o  t h e  padd le  wheel t121. An a l t e r n a t i v e  t o  curved d e f l e c t o r s  
a re  t u r n i n g  vanes, a l s o  shown i n  F i g u r e  7-5. Turn ing  vanes a r e  w i d e l y  used 
i n  analogous f l u i d  systems, (e.g. a i r  d u c t s ) ,  a l t hough  Dain ippon I n k  & 
Chemical, I nc .  appa ren t l y  h o l d s  an a p p l i c a t i o n  p a t e n t  f o r  t h e i r  use i n  a lgae  
p r o d u c t i o n  ponds. I f  c l o s e l y  spaced, ( i .e.  a t  i n t e r v a l s  equal  t o  t h e  pond 
dep th ) ,  t h e  vanes a re  q u i t e  e f f i c i e n t ,  and v i r t u a l l y  e l i m i n a t e  problems o f  
eddy f o r m a t i o n  and s o l i d s  d e p o s i t i o n .  They a l s o  a l l o ~  t h e  ends o f  t h e  pond 
t o  be square, which s i r p l i f i e s  c o n s t r u c t i o n .  The q u a n t i t y  o f  r a t e r i a l  
r e q u i r e d  f o r  b o t h  cu rved  d e f l e c t o r s  and vanes i s  about t h e  same, b u t  t h e  
l a t t e r  r e q u i r e  more e l a b a r a t e  suppor t  and would be more expens ive t o  
i n s t a l l .  Curved d e f l e c t o r s  were used i n  t h e  des ign,  p r i c e d  a t  $ 2 5 / r e t e r  
($273 /hec ta re ) .  Vanes would c o s t  about t w i c e  t h i s  amount. 

Sump8 a r e  neceseary i n  o rde r  t o  p r o v i d e  a  deepened area f o r  CO2 a d d i t i o n s  
so t h a t  h i g h  aboo rb t i on  i s  acheived, and t o  p r o v i d e  a c o l l e c t i o n  p o i n t  f o r  
d r a i n i n g  t h e  pond. The sump may a l s o  p r o v i d e  an area o f  retduced v e l o e i t y  
where i n e r t  s o l i d s  and s e t t l e a b l e  o rgan i c  ma t t e r  can accunu la te  and be 
removed. The a n a l y s i r  o f  C02 a b s o r p t i o n  p resen ted  i n  Sec t i on  3 . 0  concluded 



t h a t  f o r  an f o r  an 8 h e c t a r e  pond, a sump d e p t h  o f  abou t  1 .3  m e t e r s  w i l l  
r e s u l t  in 95% a b s o r p t i o n  o f  C o g ,  i f  t he  d i f f u s e r s  p r o d u c e  b u b b l e s  abou t  I 
me i n  d i a m e t e r ,  T h i s  depth i s  a l s o  s u f + i c i e n t  t o  p r e v e n t  v o r t e x l n g  a n d  a i r  
e n t r a i n m e n t  i n  t h e  d r a i n  p i p e ,  The sump c r o s s - s e c t i o n  is  shown i n  F i g u r e  
7-4.  I n  o r d e r  t o  f a c i l i t a t e  d r a i n a g e ,  i n s u r e  u n i f o r m  c a r b o n a t i o n ,  and 
e x p e d i t e  e x c a v a t i o n ,  a s i n g l e  suap i s  c o n s t r u c t e d  a c r o s s  t h e  e n t i r e  w i d t h  o f  
t h e  channe l .  The t r a n s i t i o n  i n t o  t h e  sump i s  g r a d u a l  t o  i n i n i a i t e  t u r b u l e n c e  
and a v o i d  t h e  need f o r  c o n c r e t e  fo rmwork ,  The l e n g t h  ( i n  t h e  d i r e c t i o n  o f  
f l o n )  i s  r e l a t e d  t o  the i s s u e  o f  s o l i d s  remova l ,  as d i s c u s s e d  i n  t h e  
f o l l o w i n g  s e c t i o n .  In t h e  b a s e l i n e  d e s i g n ,  the l e n g t h  is k e p t  t a  a m i n i m u m  
( 1  m e t e r ) .  The d i s t r i b u t i o n  p i p e  f a r  C02 i s  l o c a t e d  a t  t h e  downstream end 
o f  t h e  sump, so as n o t  t o  i n t e r f e r e  w i t h  any s o l i d s  deposition t h a t  nay 
o c c u r .  Cog s b m o r p t i o n  a c t u a l l y  t a k e s  p l r c r  i n  t h e  dcnnst ream t r a n s i t i o n  
s e c t i o n .  The h a r v e s t i n g / d r a i n  p i p i n g  o r i g i n a t e  f r o m  s m a l l  "sub-sumps" 
l o c a t e d  i n  t h e  bo t to in  o f  t h e  sump, so  t h a t  a submergence o f  1.9  m e t e r s  i s  
m a i n t a i n e d .  

The a c c u m u l a t i o n  o f  b o t h  i n e r t  and o r g a n i c  s o l i d s ,  wh ich  by  v i r t u e  a f  t h e i r  
d e n s i t y  o r  t endancy  t o  agg lomera te  i n t o  f l o c s  and s e t t l e ,  is i n e v i t a b l e  a f t e r  
a  p e r i o d  o f  pond o p e r a t i o n .  T h i s  m a t e r i a l  t e n d s  t o  settle in "dead s p o t s H  
W e .  s t a g n a n t  a r e a s )  w i t h i n  t h e  pond, and w i l l  e v e n t u a l l y  l ead  t o  
o p e r a t i o n a l  p rob lems.  S i n c e  a sump i s  t o  be  included f o r  t h e  reasons  
o u t l i n e d  above, the q u e s t i o n  a r i s e s  whether  i t  c o u l d  a l s o  s e r v e  as a 
s e d i m e n t a t i o n  b a s i n  f o r  remova l  o f  s e t t l e a b l e  s o l i d s .  I f ,  f o r  i n s t a n c e ,  t h e  
sump were made 5 m e t e r s  l o n g  ( b o t t o m  l e n g t h ) ,  t h e  d e t e n t i o n  t i m e  o f  f l u i d  
p a s s i n g  t h r o u g h  t h e  suap wou ld  b e  about  300 se tands .  A g e o m e t r i c  a n a l y s i s  
i n d i c r t r r  t h a t  o n l y  v e r y  r a p i d l y  s e t t l i n g  p a r t i c l e s  (Vp/30 c r l m i n )  w i l l  be 
removed c o m p l e t e l y ,  w i t h  t h e  remainder  b e i n g  removed i n  p r o p o r t i o n  t o  t h e i r  
s e t t l i n g  r a t e  d i v i d e d  by 30 cm/min .  S i n c e  most o f  t h e  s o l i d s  s e t t l e  a t  r a t e s  
w e l l  be low  t h i s ,  t he  e f f i c i e n c y  o f  t h e  sump f o r  solids remova l  is l i k e l y  t o  
be  q u i t e  low, A l t h o u g h  t h e  e f f i c i e n c y  c o u l d  b e  improved  by i n c r e a s i n g  t h e  
l e n g t h  o f  t h e  sump ( V p  v a r i e s  as f/L), t h e  m a r g i n a l  i n c r e a s e  i n  pe r fo rmance  
wou ld  n o t  j u s t i f y  t h e  expense,  The p r o b l e m  is t h a t  b a t h  l ow  v e l o c i t i e s  and 
l o n g  d e t e n t i o n  t i m e s  a r e  necessa ry ,  Thus i t  may b e  n e c e s s a r y  t o  d e s i g n  
s t a g n a n t  zones, s i m i l a r  t o  t h o s e  c r e a t e d  b y  an u n b o 9 f l e d  t u r n ,  i n  wh ich  
s o l i d s  can accumu la te  and b e  removed,  b u t  i n  such a way so as n o t  t o  d i s r u p t  
t h e  m i x i n g  reg ime  over a l a r g e  a r e a  o f  t h e  pond. I t  may b e  p o s s i b l e  t o  do 
t h i s  i n  a p o r t i o n  o f  t h e  c a r b o n a t i o n  sump, o r  p e r h a p s  i n  a s m a l l e r  sump r i q h t  
a f t e r  t h e  bend b e f o r e  t h e  p a d d l e  wheel.  The who le  i s s u e  of s o l i d s  
a c c u m u l a t i o n  needs t o  b e  assessed a t  t h e  pilot scale, s i n c e  most of  the  
c u r r e n t  i n f o r m a t i o n  comes f r o m  o b s e r v a t i o n s  o f  waste  t r e a t m e n t  p o n d s ,  which 
a r e  s u b j e c t e d  t o  h i g h  o r g a n i c  l o a d i n g s ,  and i n  which  a l a r g e  a c c u m u l a t i o n  o f  
s o l i d s  would be expected.  4 method f o r  remov ing  s o l i d s  f r o m  t h e  main sump, 
which  user a s u c t i o n  d e v i c e  mounted on a t r a v e l l i n g  b r i d g e ,  has been 
developed 1121, and i s  described i n  Appendix I I I .  F o r  an 8 h e c t a r e  pond, 
t h i s  method wou ld  c o s t  abou t  $1300 /hec ta re ,  most of  which  i s  f o r  t h e  p i e r s  



and r a i l s  on wh ich  t h e  b r i d q e  t r a v e l s ,  R e g a r d l e s s  o f  whether  t h e  sump w i l l  
a ccumu la te  s u f f i c i e n t  s o l i d s  t o  j u s t i f y  t h e  expense o f  t h e  t r a v e l l i n g  b r i d g e ,  
t h e  $ 1 3 0 0 / h e c t a r e  has  been i n c l u d e d  i n  t h e  c o s t  e s t i m a t e ,  s i n c e  i t  w i l l  a l l o w  
access  t o  t h e  sump f o r  s e r v i c i n g  t h e  c a r b o n a t i o n  sys tem and e f f l u e n t  d r a i n  
v a l v e s .  A l s o  d e s c r i b e d  i n  Appendix I 1 1  i s  a  mechan ica l  method f o r  d r e d g i n g  
t h e  pond c h a n n e l s ,  wh ich  i s  e s t i m a t e d  t o  c o s t  8 3 1 0 / h r e t a r e .  The f i n a l  
d e c i s i o n  on t h e  b e s t  approach t o  s o l i d s  remova l  must a w a i t  p i l o t  s c a l e  
s t u d i e s  wh ich  w i l l  d e f i n e  t h e  s e v e r i t y  o f  t h e  p rob lem and t h e  e f f e c t i v e n e s s  
o f  t h e  v a r i u o s  a l t e r n a t i v e s .  

The a n a l y s i s  i n  S e c t i o n  3 c o n c l u d e d  t h a t  a  s i n g l e  c a r b o n a t i o n  s t a t i o n  p e r  
pond would b e  s u f f i c i e n t  t o  m a i n t a i n  an adequate  l e v e l  o f  d i s s o l v e d  ca rbon  i n  
t h e  c u l t u r e .  The c a r b o n a t i o n  sys tem i s  des igned  t o  s u p p l y  t h e  peak demand o f  
7.2 gm ~ 0 ~ / m ~ l h r ,  wh ich  c o r r e s p o n d s  t o  abou t  4800 l i t e r s / m i n  (170 c f m i  a t  
t h e  assumed d e l i v e r y  t e m p e r a t u r e  o f  27OC (80°F) .  4 100 mm ( 4 " ) -  
d i s t r i b u t i o n  p i p e  spans t h e  channe l  on t h e  downstream s i d e  o f  t h e  sump, w i t h  
s p a r g e r s  spaced a l o n g  i t s  l e n g t h ,  The e f f e c t  o f  sump d e p t h  and b u b b l e  s i n e  
on C02 t r a n s f e r  e f f i c i e n c y  was a l s o  d e s c r i b e d  i n  S e c t i o n  3. The a n a l y s i s  
conc luded  t h a t  v e r y  f i n e  b u b b l e s  ( 1  m m )  were necessa ry  + o r  l a t e r a l  f l o w  
c a r b o n a t i o n  i n  s h a l l o w  sumps, and t h a t  t h e  sump d e p t h  i n c r e a s e d  r a p i d l y  f o r  
l a r g e r  bubb les .  W h i l e  i t  i s  a  f a i r l y  s i m p l e  m a t t e r  t o  g e n e r a t e  b u b b l e s  of 
2-3 mm d i a m e t e r  w i t h  p o r o u s  d i f f u s e r s ,  t o  p roduce  1  ms b u b b l e s  t h e  f l o w r a t e  
p e r  d i f f u s e r  must be q u i t e  l o w  ( b u b b l e  s i n e  i s  more s e n s i t i v e  t o  f l o w r a t e  
t h a n  t o  p o r e  s i z e ) .  The a a n u f a c t u r e r s  c o n t a c t e d  c o u l d  p r o v i d e  o n l y  c a u t i o u s  
e s t i m a t e s  o f  f l o w r a t e s  f o r  t h i s  a p p l i c a t i o n ,  so t h a t  t h e  a c t u a l  t y p e  and 
number o f  d i f f u s e r s  w i l l  have t o  be  d e t e r m i n e d  by  p i l o t  s c a l e  t e s t a .  Fo r  
pu rposes  o f  c o s t  e s t i m a t i o n ,  a  r e l a t i v e l y  c o n s e r v a t i v e  approach was t a k e n ,  
based on i n f o r m a t i o n  s u p p l i e d  b y  Cardox Co., a  m a n u f a c t u r e r  o f  p o r o u s  t u b e  
d i f f u s e r s .  The t o t a l  c o s t  o f  $10,800 ( $ 2 3 5 0 / h e e t a r e )  i n c l u d e s  t h e  pH 
c o n t r o l l e r ,  c o n t r o l  v a l v e ,  C02 f l o w m e t e r ,  and a s s o c i a t e d  p i p i n g .  S i n c e  
e x p e r i e n c e  h a s  shown t h a t  t h e  r a t e s  o f  C02 a b s o r p t i o n  a r e  o f t e n  b e t t e r  t h a n  
t h o s e  p r e d i c t e d  by  t h e  methods o f  S e c t i o n  3, s i g n i f i c a n t  c o s t  r e d u c t i o n s  a r e  
p o s s i b l e  i n  t h i s  c a t e g o r y .  

Fo r  an 8  h e c t a r e  pond mixed a t  20 cw laec ,  t h e  Mann ing ' s  f o r m u l a  p r e d i c t s  a 
head l o s s  o f  21  cm (8.3'1, f o r  an assumed roughness  f a c t o r  o f  n=0.018. The 
c o r r e s p o n d i n g  h y d r a u l i c  power i s  3480 w a t t s  (4.67 h p ) .  P a d d l e  whee ls  a r e  
chosen f o r  m i x i n g ,  f o r  r e a s o n s  o u t l i n e d  i n  s e c t i o n  4-2. The c o n s t r i c t i o n  i n  
channe l  w i d t h  ( see  S e c t i o n  7-3-51 a l l o w s  t h e  p a d d l e  wheel t o  be 25% s m a l l e r  
t h a n  t h e  channe l  w i d t h ,  and a l l o w s  access  t o  t h e  d r i v e .  Even so, t h e  w i d t h  
i s  32.3 m e t e r s  (106 f t ) ,  so  t h e  p a d d l e  wheel i s  b r o k e n  i n t o  t h r e e  s e c t i o n s ,  
s e p a r a t e d  b y  f l e x i b l e  c o u p l i n g s  t h a t  a l l o w  some v e r t i c a l  and a n g u l a r  
a i s a l l i g n m e n t .  Des ign  o f  t h e  p a d d l e  whee ls  i s  based on a  s t r e s s  and 



d e f l e c t i o n  a n a l y s i s  o f  t h e  p a d d l e s ,  t h e  d r i v e  t u b e ,  and o f  each  p a d d l e  wheel  
s e c t i o n .  A l t h o u g h  t h e  l o w  r o t a t i a n a l  speed means t h a t  t o r q u e s  a r e  v e r y  h i g h ,  
i t  is t h e  d e f l e c t i o n  o f  t h e  p a d d l e  wheel  unde r  i t s  own w e i g h t  ( and  t h a t  o f  
a t t a c h e d  g r o w t h ,  w h i c h  can  be  s i g n i f i c a n t )  t h a t  g o v e r n s  d e s i g n  o f  t h e  
tube .  The d e s i g n  is similar t o  t he  s m a l l  p a d d l e  w h e e l s  used i n  t h e  
V a c a v i l l e ,  C A  e x p e r i m e n t a l  ponds  shown i n  F i g u r e  7-6, w i t h  some n o t a b l e  
changes.  Many o f  t h e s e  changes  are based on  imp rovemen ts  made b y  Dodd i n  t h e  
c o u r s e  o f  d e s i g n i n g  s e v e r a l  " g e n e r a t i o n s "  o f  p a d d l e  whee ls .  The number o f  
b l a d e s  is i n c r e a s e d  f r o m  six t o  e i g h t ,  and a d j a c e n t  s e c t i o n s  a r e  o f f s e t  b y  
2 2 A 0 ,  b o t h  o f  which r e d u c e  p u l s a t i o n s  on t he  d r i v e  t r a i n  and i n  t h e  f l o w  
o f  t h e  w a t e r ,  R s o l i d  b a f f l e  be tween s e c t i o n s  a l s o  b l a c k s  f l o w  across t h e  
c h a n n e l .  A small c l e a r a n c e  be tween t h e  p a d d l e  t i p  and t h e  s h a l l o w  (5cm) 
c u r v e d  d e p r e s s i o n  b e l o w  i t  makes t h e  p a d d l e  wheel i n  e f f e c t  a l a r g e  p o s i t i v e  
d i s p l a c e m e n t  pump, w i t h  a minimum o f  b a c k f l o w ,  The d r i v e  s h a f t  i s  a  s t e e l  
p i p e  w i t h  solid s t a i n l e s s  s t e e l  s t u b  s h a f t s  a t  the b e a r i n g s .  The drive 
c o n s i s t s  o f  a 15 hp e l e c t r i c  m o t o r ,  a v a r i a b l e  speed u n i t ,  an i n - l i n e  speed 
r e d u c e r ,  and a t w o - s t a g e  c h a i n  and s p r o c k e t  r e d u c t i o n .  The + i n a l  d r i v e n  
s p r o c k e t  is inboard o+ the b e a r i n g ,  so t h a t  t h e  s t u b  s h a f t  m e r e l y  s u p p o r t s  
t h e  p a d d l e  wheel  w e i g h t ,  and does  n o t  t r a n s m i t  t h e  d r i v e  t o r q u e .  The v a r i a u s  
components (and  t h e i r  c o s t )  a r e  f i s t e d  i n  append i x  111. The d r i v e  t u b e  and 
hubs  a r e  epoxy  c o a t e d  s t e e l ,  w h i l e  t h e  spokes  and p a d d l e s  a r e  f i b e r g l a s s ,  + o r  
c o r r o s i o n  r e s i s t a n c e .  I n  o r d e r  t o  have  t h e  n e c e s s a r y  r i g i d i t y  i n  b e n d i n g ,  
t h e  p a d d l e s  must e i t h e r  b e  s u p p o r t e d  w i t h  a s t r u c t u r a l  member li+ f l a t ) ,  o r  
b e  f o rmed  into r s t r u c t u r a l  shape themse l ves .  The l a r g e  q u a n t i t y  o f  p a d d l e s  
r e q u i r e d  f o r  t h e  l a r g e  s c a l e  sys tem a l l o w s  t h e  u s e  o f  cus tam des igned  shapes, 
a t  v e r y  l i t t l e  c o s t  o v e r  t h a t  o f  f l a t  s h e e t s .  Thus a c u r v e d  shape p a d d l e  was 
d e s i g n e d  t h a t  h a s  s u f f i c i e n t  r i g i d i t y  t o  span t h e  2.43 me te rs  ( 8  f t )  be tween 
hubs  without s t r u c t u r a l  b a c k i n g ,  The paddle  i s  0.64 c m  t h i c k ,  57 cm h i g h ,  
and has  a 61  cm r a d i u s  o f  c u r v a t u r e .  (The p a d d l e  h e i g h t  must accomodate t h e  
n o m i n a l  d e p t h ,  l i f t ,  d e p r e s s i o n ,  and wave a c t i o n  g e n e r a t e d  by  t h e  p a d d l e  
wheel  i t s e l f ) .  The c u r v e d  shape a l s o  sheds  w a t e r  e f f i c i e n t l y  as i t  l e a v e s  
t h e  w a t e r ,  W i t h  each  p a i r  o f  ponds  l a i d  o u t  as a  m i r r o r  image, t h e  two  
d r i v e s  are close t o g e t h e r ,  m i n i m i z i n g  w i r i n g  c a s t s .  

The padd le  whee l s  a r e  a m a j o r  c o s t  component o f  t h e  g r o w t h  pond s y s t e a ,  each 
one c o s t i n g  a b o u t  $37,500, i n c l u d i n g  s t r u c t u r a l  s u p p o r t s ,  c o n c r e t e  
d e p r e s s i o n ,  and i n s t a l l a t i o n ,  T h i s  i s  a l m o s t  20% o f  t h e  g r o w t h  pond c o s t .  

I n s t r u m e n t a t i o n  t o  measure t e m p e r a t u r e  and d i s s o l v e d  oxygen will  be p r o v i d e d  
f o r  each pond,  and t h i s  i n f o r m a t i o n ,  a l o n g  w i t h  pH, CO2 f l o w r a t e ,  and 
make-up w a t e r  f l o w r a t e  w i l l  be  transflitted t o  a m ic rocompu te r -based  d a t a  
a c q u i s i t i o n  u n i t  which r e c o r d s  t h e  d a t a  and p r e p a r e s  summary r e p o r t s .  G i v e n  
t h e  r e l a t i v e l y  l ow  p r i c e  o f  such sys tems,  one w i l l  b e  i n s t a l l e d  a t  each 
h a r v e s t i n g  s t a t i o n ,  ( i . e .  f o r  each e i g h t  g r o w t h  p o n d s ) ,  e l i m i n a t i n g  t h e  l o n g  
d a t a  t r a n s m i s s i o n  l i n e s  t h a t  would be n e c e s s a r y  i n  a  t o t a l l y  c e n t r a l i z e d  
system. A l l o w i n g  $2000/pond f o r  t h e  m e a s u r i n g  and t r a n s m , i t t i n q  equ ipmen t ,  





and $16,000 p e r  h a r v e s t i n g  s t a t i o n  f o r  the  d a t a  a c q u i s i t i o n  syetem ( i n s t a l l e d  
c o s t s ) ,  t h e  o v e r a l l  c o s t  is $96,000, o r  SSOWhectare. i4 sys tem o f  t h i s  t y p e  
c o u l d  L a t e r  b e  expanded t o  automate  h a r v e s t i n g  a p e r a t i a n s ,  an o p t i o n  n o t  
p r o v i d e d  f o r  i n  t h e  c o s t  e s t i m a t e s .  

A summary o f  c o s t s  f o r  t h e  24  e i g h t  h e c t a r e  ponds  i s  g i v e n  i n  T a b l e  7 -3 ,  The 
t a b l e  was deve loped  on a sp readshee t ,  so t h a t  t h e  sensitivity t o  changes i n  
d e s i g n  o r  cos ts  could be examined w i t h  r e l a t i v e  ease. The quantity o f  
material  i n  each c a t e g o r y  is an e q u a t i o n  based on t h e  Pond Design 
C a l c u l a t i o n s ,  samples o f  wh ich  were l i s t e d  i n  T a b l e s  7-1 & 7-2. I n  mo5t 
cases t h e  u n i t  c o a t s  were f i x e d ,  a l though  i n  some cases (e.g. c a r b o n a t i o n ,  
m i ~ i n g ) ,  t h e y  were r e p r e s e n t e d  by  an e q u a t i o n ,  o r  r e f e r e n c e  t o  a look-up 
t a b l e .  For  t h i s  reason ,  t h e  range  o f  t h e  program i s  liaited t o  ponds o f  
about  2-10 h e c t a r e s ,  a l t h o u q h  t h e  q u a n t i t i e s  c o l u a n  is a c c u r a t e  ove r  a much 
w ide r  range,  The m i x i n g  system c o s t s  were generated a s e p a r a t e  program, 
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SECTION 8 .0  

HARVESTING SYSTEM DESIGN 

This section presents three alternative designs for harvesting, inluding ( 1 )  
Microstraining; ( 2 )  Belt Filtration; ( 3 )  Settling. (Air/DO floatation, 
mentioned in Sections S.and 12, is not analyzed in this section). In each of 
the three cases, further concentration is acheived through centrifugation, in 
order to bring the solids content of the slurry up t o  10% VS. However, the 
costs of centrifugation vary widely according to the level of concentration 
achieved in the primary harvesting step. The harvesting operations are based 
on the analysis of Section 6 ,  which concluded that an induction phase would be 
necessary to achievm high lipid levels in the cells, This in turn implies 
batch, as opposed to continuous, harvesting. The harvest flowrates are based 
on a four day (system average) detention time,although the growth/induction 
cycle will most likely be longer, especially in the winter months. 

8.1 NICROSTRAININQ 

Hicrostrainers are an attractive harvesting method because of their mechanical 
simplicity and availability in large unit sizes. The recent availability of 
very fine resh polyester screens has revived interest in their use for 
microalgae harvesting. Fabrics as fine as one micron (nominal) have been 
successfully employed for algae removal from lagoon effluents. However, 
attempts t o  harvest saall unicellular algae with the one micron fabric have 
yeilded disappointing results, in spite of the fact that the cells were larger 
than one micron in size 1131. (The lack of success in straining small algae 
with the one micron weave can be attributed t o  the fact that the actual 
openings in this fabric are rectangular, nith dimensions of approximately one 
by six microns). Subsequent studies concluded that it would be necessary to 
flocculate the cells prior to microstraining. Current research is aimed at 
determining the types and amounts of flocculant necessary for various 
species. The use of flocculants in harvesting can have a significant impact 
on operating costs, depending on the dose required. Under certain conditions, 
it may be possible to use microstrainers without adding flocculants, as in the 
case of large unicellular (e.g. Platymonas) or colonial algae, or with 
culturing techniques that induce uautoflocculation,n 

The design assumptions for t h e  microstrainer based harvesting system are 
listed in Table 8-1, and are discussed below. The critical deeign parameters 
are hydraulic loading (flonrate/net effective submerged area), solide removal 
efficiency ((influent TSS-effluent TSS)/influent TSS), and concentration ratio 
(concentrate TSS/influent TSS). Although accurate prediction of these 
parameters requires pilot scale tests nith the particular species, some 
reasonable estimates can be made from existing information. The hydraulic 
loading determines the size and number of microstrainers required, and so has 



T A B L E  8-1. Microstrainer-Based Harvest ing Svstem 

Design Parameters 

S i n g l e  g r o w t h  pond volume 

System pond  volume 

Detent ion ~ i n d  

System harves t  f low 
( a l t e r n a t e  u n i t s )  

Micros tra iner  i n f l u e n t  d e n s i t y  

Micros tra iner  hydraul i c  load ing  

Net e f f e c t i v e  submerged a r e a h n i t  

Flow per u n i t  

Number o f  u n i t s  required 

Concentrat ion Rat io  

Centr i fuge  i n f l u e n t  d e n s i t y  

Flowrate  t o  c e n t r i f u g e  

Centr i fuge  d e s i g n  load ing  

# of units required  

Concentrat ion r a t i a  

Centr i fuge  e f f l u e n t  d e n s i t y  

4 d a y s  

3 . 7  m d i a  X 4 . 9  m l o n g  

2 2 . 6  n2 

7345 l i t e r s h i n  

10: 1 

7500 m g / l  

6700 l i t e r s h i n  

15000-3800 l i t e r s / m i n  

2 

13: 1 

100 g / l  (10% Total  s o l i d s )  

h e  t e x t  

224 h r / d s y  b a s i s  . 

3 ~ n v i r e x  Model 



a  s t r o n g  i m p a c t  on c a p i t a l  c o s t s .  I t s  v a l u e  depends p r i m a r i l y  upon t h e  
i n f l u e n t  s o l i d s  c o n c e n t r a t i o n ,  t h e  s i z e  o f  t h e  s c r e e n i n g  media, and t h e  
c h a r a c t e r i s t i c  s i z e  o f  t h e  a lgae .  The "one m i c r o n "  sc reen  imposes t o o  s e v e r e  
a  p e n a l t y  on h y d r a u l i c  l o a d i n g  t o  be  a  p r a c t i c a l  a l t e r n a t i v e .  S i n c e  t h i s  
a n a l y s i s  p resupposes  l a r g e ,  c o l o n i a l ,  o r  d l o c c u l a t e d  a lgae ,  t h e  r e q u i r e d  mesh 
s i z e  w i l l  f a l l  i n  t h e  r a n g e  o f  s i x  t o  t w e n t y  m ic rons .  The h y d r a u l i c  l o a d i n g  
i s  assumed t o  be  329 l p r / m 2  ( 8  g p m / f t 2 ) ,  a  r e a s o n a b l e  v a l u e  f o r  t h e  mesh 
r a n g e  s p e c i f i e d .  The i m p o r t a n c e  o f  s o l i d s  remova l  e f f i c i e n c y  depends on t h e  
mode o f  o p e r a t i o n ,  r a n g i n g  f r o m  c r i t i c a l  f o r  "once - th rough"  sys tems (e.g. 
s e a w a t e r ) ,  t o  modera te  f o r  r e c y c l e  systems, w h e r e i n  u n h a r v e s t e d  c e l l s  a r e  
r e t u r n e d  t o  t h e  ponds i n  t h e  h a r v e s t  r e t u r n  s t ream.  On t h e  o t h e r  hand, t h e  
m i c r o s t r a i n e r  must p roduce  a  s i g n i f i c a n t  i n c r e a s e  i n  s o l i d s  d e n s i t y  t o  
j u s t i f y  i t s  r e l a t i v e l y  h i g h  c o s t .  F o r  l a g o o n  e f f l u e n t  p o l i s h i n g ,  a  
c o n c e n t r a t i o n  r a t i o  o f  6 : l  i s  t y p i c a l .  However, t h e s e  sys tems a r e  o p e r a t e d  
t o  p roduce  t h e  l o w e s t  p o s s i b l e  e f f l u e n t  d e n s i t y ,  n o t  t o  c o n c e n t r a t e  a lgae .  
When o p t i m i z e d  f o r  t h e  l a t t e r ,  a t e n f o l d  c o n c e n t r a t i o n  s h o u l d  be a t t a i n a b l e .  
T h i s  c o r r e s p o n d s  t o  a  t e n f o l d  r e d u c t i o n  i n  f l o w  t o  t h e  secondary  h a r v e s t e r .  
S i n c e  c e n t r i f u g e  c a p a c i t y  i s  l a r g l y  f l o w r a t e  dependent ,  t h e  c o n c e n t r a t i o n  
r a t i o  i s  o f  ma jo r  impor tance .  

I n  o r d e r  t o  r e d u c e  l a r g e  d i a m e t e r  p i p i n g  r u n s ,  t h e  p r i m a r y  h a r v e s t i n q  i s  
d e c e n t r a l i z e d  i n t o  t h r e e  h a r v e s t i n g  s t a t i o n s ,  each c o n t a i n i n g  t h r e e  
m i c r o s t r a i n e r s ,  and each s e r v i n g  e i g h t  g r o w t h  ponds. An a l t e r n a t i v e  wou ld  be 
t o  u s e  s l i g h t l y  s m a l l e r  m i c r o s t r a i n e r s  ( i n c r e a s i n g  t h e  number t o  t w e l v e )  and 
b u i l d i n q  s i x  s t a t i o n s ,  each s e r v i n g  f o u r  ponds. T h i s  wou ld  f u r t h e r  r e d u c e  
p i p i n g  r u n s ,  b u t  t h e  s a v i n g s  wou ld  b e  o f f s e t  by  h i g h e r  m i c r o s t r a i n e r  and 
f a c i l i t i e s  c o s t s .  T h i s  t r a d e - o f f  i s  n o t  c o n s i d e r e d  i n  t h e  c o s t  a n a l y s i s .  A 
schemat i c  o f  t h e  h a r v e s t i n g  sys tem i s  shown i n  F i g u r e  8-1. 4n e n t i r e  pond 
volume i s  h a r v e s t e d  on t h e  f i f t h  day o f  t h e  g r o w t h / i n d u c t i o n  e y c l e ,  s o  thsl 
sys tem ave rage  d e t e n t i o n  t i m e  i s  a c t u a l l y  f i v e  r a t h e r  t h a n  f o u r  days,  and 
h a r v e s t i n g  c o u l d  be sp read  a v e r  1.2 days  p e r  pond. However, a  one day p e r  
pond t i m e t a b l e  i s  more p r a c t i c a l  and a l l o w s  some f l e x i b i l i t y  i n  OIH. 

An u n f o r t u n a t e  consequence o f  b a t c h  h a r v e s t i n g  i s  t h e  need t o  s t o r e  t h e  
c l a r i f i e d  e f f l u e n t  u n t i l  h a r v e s t i n g  6s comple ted.  I n  a  c o n t i n u o u s  p r o c e s s ,  
i t  i s  r e t u r n e d  i m m e d i a t e l y  t o  t h e  pond, b u t  i n  a  b a t c h  p r o c e s s  t h i s  wou ld  
d i l u t e  t h e  c u l t u r e  a l o n g  an e x p o n e n t i a l  cu rve .  S i n c e  t h e  m i c r o s t r a i n e r s  a r e  
l i k e l y  t o  be l i m i t e d  by s o l i d s ,  r a t h e r  t h a n  h y d r a u l i c  l o a d i n g s ,  i t  may be 
p o s s i b l e  t o  r e t u r n  t h e  e f f l u e n t ,  w h i l e  g r a d u a l l y  i n c r e a s i n g  t h e  h a r v e s t  
f l o w r a t e  t o  compensate, O b v i o u s l y  t h e r e  a r e  p r a c t i c a l  l i m i t s  t o  t h i s ,  as  
f l o w r a t e s  wou ld  have t o  i n c r e a s e  i n d e f i n i t e l y  i n  o r d e r  t o  h a r v e s t  a l l  o f  t h e  
c e l l s ,  so i n  f a c t  some a l g a e  wou ld  a l w a y s  go unharves ted .  W i t h  c a r e f u l  
c o n t r o l s ,  t h e  c o r r e c t  aaount  o f  seed a l g a e  c o u l d  be  l e f t  i n  t h e  pond f o r  t h e  
n e x t  ba tch .  However, g i v e n  t h e  u n c e r t a i n t i e s  i n v o l v e d ,  i t  i s  p r u d e n t  t o  
i n c l u d e  s t o r a g e  ponds i n  t h e  d e s i g n ,  wh ich  h o l d  t h e  c l a r i f i e d  e f f l u e n t  u n t i l  
h a r v e s t i n g  i s  comple te .  I f  l o c a t e d  e n t i r e l y  above grade,  t h o  e f f l u e n t s  can 
be r e t u r n e d  t o  t h e  g r o w t h  pond by  g r a v i t y .  I f  h a r v e s t i n g  b e g i n s  a f t e r  d a r k  
on t h e  f o u r t h  day and i s  f i n i s h e d  24 h r s  l a t e r ,  t h e  e n t i r e  n i g h t  i s  a v a i l a b l e  
t o  d r a i n  t h e  e f f l u e n t s  f r o m  t h e  s t o r a g e  pond back i n t o  th,e g r o w t h  pond. 





The concen t ra ted  ha rves t  s t ream f r ow  a l l  m i c r o s t r a i n e r s  i s  pumped t o  a  
c e n t r a l i z e d  secondary h a r v e s t i n g  f a c i l i t y .  The t o t a l  f l o w r a t e  t o  t h i s  
f a c i l i t y ,  assuming 24 h r / day  ope ra t i on ,  i s  6670 l / n i n  (1760 gpa).  Three 
l a r g e  h o r i z o n t a l  s o l i d  bowl decanter  c e n t r i f u g e s ,  c o n s t r u c t e d  w i t h  corrosion 

r e s i s t a n t  m a t e r i a l s ,  a r e  r e q u i r e d .  These a r e  r a t e d  a t  1510-3960 l p r  
(400-1000 gpm) each, depending on feed  c h a r a c t e r i s t i c s ,  f l o c c u l a n t  dosage, 
and degree o f  c o n c e n t r a t i o n  r e q u i r e d .  A l though t h e  use o f  d i s k  nozz le  
c e n t r i f u g e s  migh t  reduce c a p i t a l  cos t s ,  t h e  sav ings  would most l i k e l y  be 
o f f s e t  by h i ghe r  o p e r a t i n g  c o s t s  E121. The c e n t r i f u g e s  concen t ra te  t h e  
s o l i d s  by a  f a c t o r  o f  10-13, p roduc ing  t h e  r e q u i r e d  10% s l u r r y .  The s o l i d s  
a re  d ischarged  c o n t i n u o u s l y  by neans o f  an i n t e r n a l  screw conveyor.  The 
c l a r i f i e d  e f f l u e n t  f rom t h e  c e n t r i f u g e s  i s  r e t u r n e d  t o  t h e  ponds v i a  t h e  
makeup water network,  e l i m i n a t i n g  t h e  need f o r  separa te  r e t u r n  p i p i n g .  

C a p i t a l  c o s t s  f o r  t h e  m i c r o s t r a i n e r - c e n t r i f u g e  h a r v e s t i n g  o p t i o n  a re  shown i n  
Table  8-2, The t o t a l  h a r v e s t i n g  c o s t  i s  t21,800/hectare.  I f  t h e  c e n t r i f u g e s  
cou ld  be operated a t  3700 lpm ( v e r y  c l o s e  t o  t h e i r  maximum r a t e d  c a p a c i t y ) ,  
then  o n l y  two u n i t s  a r e  r e q u i r e d ,  and t h e  t o t a l  h a r v e s t i n g  c o s t s  a re  reduced 
t o  $18,70O/hectare. Es t imated  annual o p e r a t i n g  c o s t s  a re  shown i n  Table  8-6, 
f o r  an assumed f l o c c u l a n t  c o s t  o f  $ .Ol /kg d r y  algae. The s e n s i t i v i t y  o f  
o p e r a t i n g  c o s t s  t o  f l o c c u l a n t  dose i s  d iscussed i n  Sec t i on  11. A l though one 
would i n t u i t i v e l y  expect  a t r a d e - o f f  between t h e  q u a n t i t y  ob f l o c c u l a n t  used 
and t h e  m i c r o s t r a i n e r  des ign  parameters  (which would e f f e c t  c a p i t a l  c o s t s ) ,  
t h e r e  i s  n o t  s u f f i c i e n t  da ta  a t  t h i s  t i m e  t o  eva lua te  t h i s  t r a d e - o f f ,  o t he r  
than  t o  say t h a t  c e r t a i n  spec ies  s imp l y  cannot be harves ted  w i t h o u t  
f l o c c u l a n t s .  

8.2 BELT FILTRATION 

A vaccuun b e l t  f i l t e r  f o r  a lgae  h a r v e s t i n g ,  developed by Dodd i n  1972, used a 
f i n e  mesh s t a i n l e s s  s t e e l  screen w i t h  a  paper p recoa t .  The concept was l a t e r  
r e f i n e d ,  w i t h  t h e  sreen and p recoa t  be ing  rep laced  by a  p o l y e s t e r  f a b r i c  
s i m i l a r  t o  those  used i n  m i c r o s t r a i n e r s .  A p i l o t  s c a l e  u n i t  operated i n  
Singapore was very  success fu l  i n  h a r v e s t i n g  H i c r a c t i n i u m  and o the r  l a r g e  
spec ies,  somewhat l e s s  so w i t h  sma l l  a lgae  such as C h l o r e l l a .  I n  genera l ,  
t h e  f l o c c u a n t  dose shou ld  be l e s s  than  i n  t h e  case o f  r i c r o s t r a i n e r s ,  s i n c e  
t h e  a lgae  e a t  a i d s  i n  f i l t r a t i o n .  A l though t h e  b e l t  f i l t e r  has a  r e l a t i v e l y  
h i g h  c a p i t a l  c o s t ,  i t  can concen t ra te  s o l i d s  much more e f f e c t i v e l y  t han  a  
m i c r o s t r a i n e r ,  by a  f a c t o r  o f  about 70a1 as opposed t o  10:l. S ince t h e  
p roduc t  i s  more concen t ra ted ,  f l o w  t o  t h e  secondary ha rves te r  i s  reduced 
s u b s t a n t i a l l y ,  r e s u l t i n g  i n  lower  secondary h a r v e s t i n g  c o s t  and reduced 
energy consumption. For  t h e  e n t i r e  192 h e c t a r e  system, t h e  secondary 
ha rves te r  f l o w  i s  about 950 l p a  (250 gpm). The l a y o u t  o f  a b e l t  f i l t e r  
sys tea  would be ve ry  s i m i l a r  t o  t h e  a i c r o s t r a i n e r  system shown i n  F i g u r e  
8-1. The c a p i t a l  c o s t  o f  t h e  b e l t  f i l t e r  o p t i o n  i s  shown i n  Tab le  8-3, based 
on e s t i m a t e s  s u p p l i e d  by Dodd. (The b e l t  f i l t e r  was assured t o  c o s t  SOX mora 
t h a n ' a  a i c r o s t r a i n e r  o f  equal  c a p a c i t y ) .  Storage ponds a re  aga in  necessary. 



TABLE 8-2. MICROSTRAINER BASED HARVESTING OPTION 

CAPITAL COSTS 

PRIMARY HARVESTING 

9 Micros t ra iners  (3 .7  m d i a  x 4.9 rn) 
s t a i n l e s s  steel const ruct ion,  inc ludes  
motor & c o n t r a l s  @ $160,000 ea. $1,440,000 

3 Housings, with concrete p i t  & sumps 
@ $50,000 150,000 

3 Pumps s t a t i o n s ,  inc luding a l l  valves & Piping 300,000 
6 Storage ponds 300,000 

TOTAL 

TOTAL /hec tare 

SECONDARY HARVESTING 

2 Sharples PM95000 cen t r i fuges ,  complete with 
motor 6 c o n t r o l  @ $650,000 

1 Housing & concre te  pad (4000 ft) 
1 Pumps & piping 

TOTAL 
~ ~ ~ A ~ / h e c t a r e  

TOTAL WVESTfNG 

TOTAL /HECTARE 



TABLE 8-3. BELT FILTER BASED HARVESTING OPTION 

CAPITAL COSTS 

PRIMARY HARVESTING 

Belt Filters (1.5 x Microstrainer Costs) 
3 Housing, with concrete pad & sumps 
6 Effluent Storage Ponds 
3 Pump Stations, including a-1 harvest/return 

piping, valves, etc. 

Total 

SECONDARY HARVESTING 

2 Sharples PM60000 Centrifuges @ $275,000 
1 Housing + concrete pad (2000 ft2) 
1 ~ump/piping system 

Total 
Totallhectare 

TOTAL HARVESTING 
TOTAL /HECTARE 



The c e n t r i f u g e  c o s t  i s  based on two u n i t s ,  each s m a l l e r  t h a n  t h o s e  used w i t h  
t h e  m i c r a s t r a i n e r s ,  The c h o i c e  o f  two  s m a l l e r ,  r a t h e r  t h a n  a s ing le  l a r g e r  
u n i t  r e f l e c t s  t h e  O&H r e a l i t i e s  o f  t h e  need f o r  more t h a n  a s i n g l e  
c e n t r i f u g e .  S i n c e  t h e  s o l i d s  c o n c e n t r a t i o n  g o i n g  i n t o  t h e  c e n t r i f u g e  i s  so 
much h i g h e r  t h a n  i n  t h e  case o f  t h e  e i c r o s t r a i n e r s ,  a B o r e  c o n m e r v a t i v o  
d e s i g n  f l o w r a t e  was used. The o v e r a l l  c o o t  i s  $17,8OO/hectare.  H a r v e s t i n g  
c o s t  i s  n o t  n e a r l y  as s e n s i t i v e  t o  c e n t r i f u g e  f l o w r a t e s  as i n  t h e  cases o f  
m i c r o s t r a i n e r s ,  O p e r a t i n g  c o s t  e s t i m a t e s  f o r  t h e  b e l t  f i l t e r  o p t i o n  a r e  
shown i n  T a b l e  8 -6 .  N o t e  t h e  s i g n i f i c a n t  r e d u c t i o n  i n  energy  c o s t  a s s o c i a t e d  
w i t h  t h i s  o p t i o n .  

A compar ison o# Tab les  8-2 and 8-3 shows t h a t  t h e  two o p t i o n 8  p r e s e n t e d  t h u s  
f a r  have c a p i t a l  c o s t s  v e r y  n e a r l y  t h e  same, i f  t h e  f a v o r a b l e  assumpt ion  
r e g a r d i n g  c e n t r i f u g e  f l o w r a t e  i s  made f o r  t h e  ~ i c r o s t r a i n e r  o p t i o n .  
O p e r a t i n g  c o s t s  f o r  t h e  b e l t  f i l t e r  o p t i o n  a r e  g i g n i f i c a n t l y  l e s s .  However, 
any compar ison s h o u l d  be made w i t h  some c a u t i o n ,  s i n c e  l a r g e  m i c r o s t r a i n e r s  
a r e  c o m m e r c i a l l y  a v a i l a b l e  and t h e i r  c o s t s  a r e  known, whereas t h e  b e l t  f i l t e r  
r e p r e s e n t s  a  new t e c h n o l o g y ,  f o r  wh ich  c a s t s  a r e  n e c e s s a r i l y  more u n c e r t a i n ,  

8 . 3  SETTLING 

The use o f  s e t t l i n g  f o r  n i c r o a l g a e  h a r v e s t i n g  i s  baaed en t h e  observation 
t h a t  n i t r o g e n - s t a r v e d  c u l t u r e s  w i l l  s e t t l e  a t  r a t e s  o f  30 cm/hr o r  g r e a t e r  
w i t h o u t  add ing  f l o c c u l a n t s .  (The a d d i t i o n  o f  s m a l l  amounts a9 po lymer  can 
i n c r e a s e  t h i s  r a t e  and p roduce  a more compact c o n c e n t r a t e ) .  The same 
phenomenon has been observed i n  n o n - n i t r o g e n  e t a r v e d  c u l t u r e s ,  b u t  i n  a l e s s  
c o n s i s t a n t ,  and more s p e c i e s  and media dependent f a s h i o n .  

A s e t t l i n g  r a t e  o f  30 cm/hr is s t i l l  r e l a t i v e l y  low,  and r e q u i r e s  l o n g  
d e t e n t i o n  t i m e s  i n  t h e  s e t t l i n g  d e v i c e ,  whether i t  be b a t c h  o r  c o n t i n u o u s ,  
The l a t t e r  would n o t  a p p l y  i n  t h i s  case, g i v e n  t h a t  t h e  g r o n t h / i n d u e t i o n  
p r o c e s s  i s  i n h e r e n t l y  ba tch .  The ma jo r  e n g i n e e r i n g  p rob lem i n  a l a r g e  sca le  
b a t c h  s e t t l i n g  p r o c e s s  i a  t o  d e v i s e  on e f f e c t i v e ,  i n e x p e n s i v e  s o l i d s  remova l  
scheme. The ma jo r  drawback o f  b a t c h  s e t t l i n g  is t h e  l a r g e  p i p i n g  systems 
t h a t  a r e  needed t o  t r a n s f e r  t h e  f l u i d s  i n  r e l a t i v e l y  s h o r t  p e r ~ o d g  oC t i m e ,  
so t h a t  more t i m e  i s  a v a i l a b l e  f o r  q u e s c i e n t  s e t t l i n g .  T h i s  i s  p a r t i a l l y  
overcome b y  t h e  use o f  shared s e t t l i n g   pond^ and pump s t a t i o n s ,  wh ish  s e r v i c e  
a number 04 ponds i n  sucesa ion.  Other  q u e s t i o n s  r a i s e d  i n  c o n n e c t i o n  w i t h  
l a r g e  s c a l e  s e t t l i n g  ponds i n c l u d e  t h e  e i f c c t  o f  w ind n i x i n g  on s e t t l i n g  
r a t e s  and t h e  p o s s i b l e  d e g r e d a t i o n  o f  t h e  l i p i d  f r a c t i o n  d u r i n g  t he  p r ~ c e s s ,  
The wind m i x l n g  p rob lem can be m i t i g a t e d  t h r o u g h  t h e  use o f  berms. 
D e g r e d a t i o n  is not l i k e l y  t o  be  a p rob lem i n  t h e  t i m e  p e r i o d  ( a p p r o x i m a t e l y  
24 h o u r s )  i n v o l v e d  i n  t h e  proposed des ign .  

The l a y o u t  o f  t h e  s e t t l i n g  pond sys tem is shown i n  F i g u r e  8.2. A two stage 
p r o c e s s  is proposed,  c o n s i s t i n g  o+ a l a r g e  (0 ,5  h e c t a r e )  s e t t l i n g  pond, wh ich  
c o n c e n t r a t e s  t h e  a l gae  by a f a c t o r  o f  20, f o l l u ~ e d  by  a second g r a v i t y  
t h i c - k r n i n g  stage, wh ich  c o n c e n t r a t e 5  by  an a d d i t i o n a l  t a c t o r  o f  2.5, f o r  an 





o v e r a l l  c o n c e n t r a t i o n  f a c t o r  o f  50. The c h o i c e  0 4  a two s t a g e  p r o c e s s  i s  
based on e x p e r i e n c e  i n  o p e r a t i n g  t h e  40,000 l i t e r  b a t c h  s e t t l i n g  pond i n  
V a c a v i l l e ,  C A .  T h i s  approach g r e a t l y  r e d u c e s  t h e  need f o r  p r e c i s e  
d i s c r i m i n a t i o n  between t h e  c o n c e n t r a t e d  b o t t o a  f r a c t i o n  and t h e  less 
c o n c e n t r a t e d  l a y e r  t h a t  f a r m  above i t ,  a l b i e t  a t  a g r e a t e r  c o s t .  The 
l a r g e  s e t t l i n g  pond is s i r e d  t o  h o l d  one pond volume (16,000 mete r3 )  i n  
a 3 meter  depth ,  The w o r k i n g  volume i s  a l l  be low grade,  so t h e  ponds can 
be  d r a i n e d  b y  g r a v i t y .  I t  i s  a c o n v e n t i o n a l  e l o p e d - s i d e w a l l  b a s i n ,  w i t h  
2 1 1  s i d e s l o p e a .  The d imens ions  a r e  shown i n  F i g u r e  8.3, a l o n g  w i t h  o t h e r  
r e l e v e n t  d e t a i l s .  The pond is l i n e d  u i t h  ~ ~ ~ a l o n l  o r  C P E ~ ,  The pond 
bo t to in  slopes t owards  a c e n t r a l  a l l e y  on a 2% grade.  Bo th  s u p e r n a t a n t  and 
c o n c e n t r a t e  p i p i n g  go t o  an e x t e r n a l  pumping s t a t i o n  t h a t  i s  sha red  b y  t w o  
s e t t l i n g  ponds. The f o l l o w i n g  sumsar i zes  t h e  h a r v e s t  sequence1 ( 1 )  The 
c o n t e n t s  o f  t h e  g rowth  pond a r e  d r a i n e d  t o  t h e  s e t t l i n g  pond. The d r a i n  
l i n e s  a r e  s i z e d  t o  comp le te  t h i s  i n  four  hours ,  ( 2 )  The c o n t e n t s  se t t l e  
f o r  a p e r i o d  o f  e i g h t  hours .  ( 3 )  The s u p e r n a t a n t  is decanted o f f  ove r  a 
p e r i o d  o f  t e n  hours ,  and is r e t u r n e d  t o  t h e  g r o w t h  pond (see  F i g u r e  0-3 
f a r  d raw-o f f  d e t a i l s ) .  S i n c e  l i q u i d  is removed f r o m  t h e  top  of  t h e  pond, 
s e t t l i n g  continuos i n  t h e  l o n e r  l ayers ,  When t h o  l i q u i d  level  reaches the 
break  i n  t h e  s l o p e ,  d e c a n t i n g  i s  comple te ,  A p p r o x i m a t e l y  5% o f  t h e  
c o n t e n t s  rema in  i n  t h e  a e t t l i n g  pond, ( 4 )  The r e m a i n i n g  c o n c e n t r a t e  i s  
pumped t o  t h e  secondary  t h i c k e n e r .  A t  v a r i o u s  i n t e r v a l s ,  t h e  c o n c e n t r a t e  
s t ream t o r  s t o r e d  secondary  s u p e r n a t a n t )  is d i v e r t e d  i n t o  t h e  f l u s h i n g  
system, washing dawn s o l i d s  t h a t  have have s e t t l e d  on t h e  b o t t o m  o f  t h e  
pond i n t o  t h e  c o l l e c t i o n  a l l e y ,  wh ich  I e a d a  t o  t h e  concentrate  sump. The 
c o n c e n t r a t e  remova l  p r o c e s s  t a k e s  about  two  hours .  The s e t t l i n g  pond is 
now a v a i l a b l e  f o r  t h e  nex t  g r o w t h  pond. ( 5 )  The c o n c e n t r a t e  r e a a i n s  i n  
t h e  t h i c k e n e r  f o r  abau t  e i g h t  hou rs .  The secondary  s u p e r n a t a n t  i s  
r e t u r n e d  t o  t h e  g r o ~ t h  ponds, w h i l e  t h e  secondary  c o n c e n t r a t e  is pumped t o  
a c e n t r a l i z e d  f a c i l i t y  f o r  c e n t r i f u g a t i o n  t o  10Z  s o l i d s ,  as  i n  t h e  o t h e r  
h a r v e s t i n g  schemes. 

The sequence as described above i s  based on a f o u r  day c y c l e  time, which 
i s  t h e  s h o r t e s t  c o n c e i v a b l e  p e r i o d  + o r  g rowth  and i n d u c t i o n .  A c t u a l  c y c l e  
t i m e s  w i l l  p r o b a b l y  be  f i v e  days  o r  l o n g e r ,  depend ing on t h e  t i m e  o f  t h e  
y e a r ,  so t h a t  s e t t l i n g  and decanting times way a c t u a l l y  be l o n g e r  t h a n  
d e s c r i b e d  above, The f l o w r a t e s  o f  t h e  v a r i o u s  f r a c t i o n s  a r e  l i s t e d  i n  
T a b l e  0-4, f o r  t h e  f o u r  day c y c l e .  A d d i t i a n a l  h a r v e s t i n g  d e t a i l s  a r e  
g i v e n  below, 

The pump s t a t i o n  i s  a wet p i t  des ign ,  and i s  d i v i d e d  i n t o  two s e c t i o n s  f o r  
s u p e r n a t a n t  and c o n c e n t r a t e ,  Three v e r t i c a l  mixed f l o w  pumps,  each s i z e d  
a t  50% o f  t h e  r e q u i r e d  f l o w r a t e ,  a r e  p r o v i d e d .  The pump s t a t i o n  o p e r a t e 8  

A s y n t h e t i c  r u b b e r  l i n e r  manu fac tu red  by  DuPont 
C h h r i n a t c d  p o l y e t h y l e n e  l i n e r  





a lmos t  c o n t i n u ~ u s l y  when t h e  c y c l e  t i m e  is f o u r  days. Two screw pumps a r e  
used t o  pump t h e  p r i m a r y  c o n c e n t r a t e  i n t o  t h e  secondary  t h i c k e n e r .  (LOW 
shear s o l i d s  h a n d l i n g  pumps are r e q u i r e d  f o r  h a n d l i n g  a l l  c o n c e n t r a t e  
f r a c t i o n s ) .  The f l u s h  sys tem is v e r y  s i m i l a r  t o  t h o s e  used i n  d a i r i e s  f o r  
manure c o l l e c t i o n ,  and i s  des igned  t o  p r o v i d e  f l u s h i n g  v e l o c i t i e s  o+ about  
1 m e t e r s / s e c  ( 3  f t / s e c ) ,  wh ich  s h o u l d  be s u f f i c i e n t  t o  resuspend and 
t r a n s p o r t  s o l i d s  accumuia ted on t h e  b o t t o m  o f  t h e  pond. The c h a n n e l s  a r e  
d i v i d e d  by  0 . 1 0  meter  ( 4  i n c h )  c o n c r e t e  c u r b s  wh ich  a r e  e i t h e r  pou red  
d i r e c t l y  on t h e  l i n e r  o r  p r e c a s t  and s e t  i n  p l a c e .  In t h e  f i g u r e ,  t h e  
c o n c e n t r a t e  i t s e l +  is d i v e r t e d  i n t o  t h e  f l u s h  ne twork ,  c o n s i s t i n g  o f  a 
d i s t r i b u t i o n  p i p e  wh ich  s e q u e n t i a l l y  feeds  t h e  f l u s h  water i n t o  16 
channe ls ,  0 on e i t h e r  s i d e  Q +  a c o n c r e t e  c o l l e c t i o n  a l l e y  ( s e e  d e t a i l s  i n  
F i g u r e  8 - 4 ) .  I t  may be  necessa ry  t o  d i v e r t  some a+  t h e  i n i t i a l  
c o n c e n t r a t e  (wh ich  w i l l  have t h e  l e a s t  amount o f  solids) i n t o  a s m a l l  
s t o r a g e  pond, and use t h i s  l i q u i d  f o r  f l u s h i n g ,  a r  b u i l d  two s m a l l e r  
secondary  t h i c k e n e r s  and f l u s h  w i t h  recyled secondary s u p e r n a t a n t .  S i n c e  
good d i s t r i b u t i o n  o f  t h e  f l u s h  wa te r  o v e r  t h e  w i d t h  o f  t h e  channe l  is 
e s s e n t i a l ,  o p t i m i z a t i o n  o f  t h e  geometry  may a l s o  be  n e c e s s a r y ,  t i n e .  a 
l a r g e r  number o f  channe ls ,  o r  a change i n  pond geomet ry  t o  l o n g e r ,  n a r r o w  
c h a n n e l s ) .  None o f  t h e s e  o p t i o n s  wou ld  have  a ma jo r  impac t  on c o s t 5 ,  
These and o t h e r  i s s u e s ,  such as  t h e  opt imal  d u r a t i o n  and f r e q u e n c y  o f  
f l u s h i n g ,  must be r e s o l v e d  i n  p i l o t  studles, 

A f t e r  s e t t l i n g  i n  t h e  secondary  t h i c k e n e r  f o r  about 8 hour%,  t h e  secondary  
s u p e r n a t a n t  i s  decan ted  i n  t h e  same f a s h i o n  as b e h r e ,  and pumped i n t o  t h e  
r e t u r n  f l o n  network .  Secondary c ~ n c e n t r a t e  i s  pumped t o  t h e  c e n t r a l  
f a c i l i t y  f o r  c e n t r i f u g a t i a n .  The average  f l a w r a t e  i s  402 g r e a t e r  t h a n  i n  

Tab le  0-4 S e t t l i n g  Pond System F l o w r a t e s  

SINBLE POND: 
Volume Time F l o u r a t r  

F r a c t i o n  m 3  ga t  l o n s  h r s .  1 P ~ R  gPfi 
- - - L - - L I I - - L I - - L I I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Pond Volume 16,000 4.23110bf 4 66700 17612 
lo Superna tan t  15,200 4.02(106) 10 25300 6690 
t o  C o n c e n t r a t e  800 2.11 ( l o 5 )  1 .2*  11 400 3000 
2 O  Superna tan t  400 1 . 2 7 1 1 0 ~ )  2 4000 1057 
2O C o n c e n t r a t e  320 8 . 4 5 ( 1 0 4 )  2 2670 905 

SYSTEM ( c e n t r i f u g e  f l o w r a t e ) ;  

2 O  C o n c e n t r a t e  320 a3 /4  days x 24  ponds 1330 352 

* T o t a l  remova l  t i m e  i s  l o n g e r  because o f  r e c y l e  t o  f l u s h  system. 





the c a s e  o f  the b e l t  f i l t e r ,  b u t  a f a c t o r  a f  f i v e  l e s s  t h a n  i n  t h e  case o f  
m i c r o s t r a i n e r s .  C a p i t a l  c o s t s  f o r  t h e  s e t t l i n g  o p t i o n  a r e  s h o w n  i n  T a b l e  
0-5. A t  511,26O/hectare ,  c o s t  o f  t h i s  o p t i o n  is s u b s t a n t i a l l y  1 9 9 4  than f o r  
e i t h e r  m i c r o s t r a i n e r s  ar b e l t  f i l t e r s .  E s t i m a t e d  o p e r a t i n g  c o s t s  a r e  shown 
in T a b l e  8 - 6 "  

Tab le  8.5 S e t t l i n g  Pond H a r v e s t i n g  O p t i o n  

Capital C o s t s  

P R I H A R Y  H R R V E S T I N O  ( 2  s t a g e )  

Each  h a r v e s t i n g  s t a t i o n  c o n s i s t s  o f  2 s e t t l i n g  panda (be low g r a d e ) ,  one 
pump s t a t i o n ,  and 1 seconda ry  t h i c k e n e r .  Each  s t a t i o n  s e r v e r  8 g r o w t h  ponds. 

S t a t i o n  System 
------.. ------ 

E x c a v a t i o n  & shap ing:  25,000 y d 3  @ $2.50/~d~ u 2 5125,000 1375,000 

L i n e r s :  71650 i t Z  $ 0 . 6 0 / f t 2  x 2 = 

P i p i n g ,  v a l v e s ,  sumps, pumps (see  T a b l e  A I V - 1 )  

Secondary t h i c k e n i n g  (see Tab le  A I V - 2 )  

P r i m a r y  H a r v e s t i n g  S u b t o t a l  
P r i m a r y  H a r v e s t i n g  S u b t o t a l / h e c t a r e  

SECONDARY HRRVESTING: 

2 S h a r p l e s  Pfl75000 c e n t r i f u g e s  @$330 ,000  

Hous ing & c o n c r e t e  pad 

Pumps & p i p i n g  

Secondary H a r v e s t i n g  S u b t o t a l  
S e c o n d a r y  H a r v e s t i n g  S u b t o t a l / h e c t a r e  

TOTAL H A R V E S T I N G  



Tab le  8-6 Es t ima ted  O p e r a t i n g  Cos ts  o f  Harves t  O p t i o n s  

MICROSTRAINER BELT FILTER SETTLING PONDS ------------- ----------- -------------- 
ELECTRICAL 

Pr imary ,  kwh/yr  174,000 348,000 343,000 
Secondary, kwh/yr  2,578,000 967,000 1,096,000 --------- ------- --------- 
T o t a l ,  kwh/yr  2,732,000 1,315,000 1,439,000 

T o t a l ,  $ / y r  $178,900 $85,500 $93,500 

FLOCCULANTS $216,000 $216,000 $216,000 

MBINTANENCE 

TOTAL 

Notes: 
Costs  a r e  f o r  192 h e c t a r e  system 
E l e c t r i c a l  c o s t  based on b,5c/kwh 
F l o c c u l a n t  c o s t  based on l .Oc/kg d r y  a l g a e  
Maintanence c o s t  B 3% o f  c a p i t a l  c o s t  i n c l u d e s  m a t e r i a l s  and o u t s i d e  

l a b o r  o n l y ,  n o t  o p e r a t i n g  l a b o r .  



S e c t i o n  9 

SYSTEM-WIDE COSTS 

System-wide c o s t s  i n c l u d e  t h e  w a t e r ,  carbon,  n u t r i e n t ,  power, and blowdown 
systems, as w e l l  as r o a d s  and b u i l d i n g s .  In t h e  case o f  ca rbon  and power,  t h e  
e ~ p h a e i s  i s  on t h e  d i s t r i b u t i o n  r a t h e r  than on t h e  source ,  s i n c e  S E R I  has has 
examined t h e  r e s o u r c e  i s s u e s  i n  f a r  g r e a t e r . d e p t h  t h a n  would be p o s g i b l e  i n  
t h i s  report .  hn e x c e p t i o n  is t h e  issue o f  n u t r i e n t  r e c y c l e  w i t h i n  t h e  system, 
which  is examined i n  S e c t i o n  6 ,  T a b l e  9-1 lists t h e  sys tem w i d e  c o s t s ,  and 
a l s o  summarizes t h e  t o t a l  c o s t  f o r  t h e  192 h e c t a r e  system. Tab le  9-2 Iists 
the e l e c t r i c a l  and main tanence c o s t s  f o r  t h e  system, Both  t a b l e s  a r e  based en 
t h e  use o f  s e t t l i n g  ponds + o r  h a r v e s t i n g ,  T o t a l  o p e r a t i n g  c a s t s  a r c  p r e s e n t e d  
i n  S e c t i o n  10. 

9 WATER SUPPLY AND DISTRlBUTION 

The c a p a c i t y  o f  t h e  w a t e r  s u p p l y  system is based on a maximum e v a p o r a t i v e  r a t e  
o f  1.5 cm/day and blowdown r a t e  o f  0.2 cm/day. H a ~ i n u w ,  r a t h e r  t h a n  t h e  
average r a t e s  must be used because such r a t e s  a r e  l i k e l y  t o  p e r s i s t  f o r  a 
p e r i o d  o f  months d u r i n g  t h e  summer, A d d i t i o n a l  n a t e r  i s  r e q u i r e d  f o r  i n i t i a l  
f i l l i n g  o f  ponds, b u t  t h i s  i s  assumed t o  t a k e  p l a c e  d u r i n g  t h e  nun-suamer 
months, when excess c a p a c i t y  i s  a v a i l a b l e ,  The r e q u i r e d  volumes and f 1 o w r a t e s  
were l i s t e d  i n  Tab le  7-2, On a c o n t i n u o u s  bas is ,  t h e  conb ined  f l o w r a t e  i s  
22,700 l p a  (6000 g p n ) .  B o t h  t h e  s u p p l y  and d i s t r i b u t i o n  sys tem w i l l  be s i t e d  
an t h i s  b a s i g ,  a l though puap ing  c o s t s  a r e  based on yearly averages o f  15,200 
Ipm 14000 gpm), which r e f l e c t s  b o t h  reduced  e v a p a r a t i o n  and some c o n t r i b u t i o n  
from r a i n f a l l ,  The a u t h o r s  b e l i e v e  t h a t  t h e  SERI  e e t i r a t e s  f o r  wa te r  
consumpt ion  were t o o  low,  w h i l e  e s t i m a t e s  f o r  t h e  c o s t / u n i t  d e l i v e r e d  werB 
h i g h .  Th is  a n a l y s i s  assumes a s e p a r a t e  w e l l  f i e l d  f o r  each 192 h e c t a r e  
module, wh ich  d i f f e r s  from t h e  approach t a k e n  i n  the S E R I  r e s o u r c e  s t u d i e s ,  

The w e l l  f i e l d  i s  assumed t o  be o f f - s i t e ,  t o  a v o i d  0&H i n t e r f e r e n c e  and 
p o s s i b l e  subs idence  prob lems,  E i g h t  30 em ( 1 2 " )  wells, each r a t e d  a t  2840 l p m  
(750 gpa) ,  a r e  se t  i n  a g r i d  p a t t e r n  w i t h  a  s p a c i n g  o f  1600 a e t e r s  ( 0 . 5  
r i l e ) .  The w e l l s  a r e  assumed t o  be 122 m e t e r s  1400 f t )  deep, w i t h  a s t a t i c  
l i f t  o f  46 me te rs  (150 f t ) .  A water  s t o r a g e  r e s e r v o i r  (16,000 m 3 )  i s  
i n c l u d e d  as p a r t  o f  t h e  s u p p l y  systea.  i f  necessa ry ,  water  c o n d i t i o n i n g  
f a c i l i t i e s  would be l o c a t e d  a t  t h e  r e s e r v o i r  ( see  S e c t i o n  2 ) .  

A c o s t  e s t i m a t e  o f  t h e  water  s u p p l y  sys tem is p r e s e n t e d  i n  Tab le  9-3, The 
c o a t  o f  w e l l s  i s  based on i n f o r m a t i o n  s u p p l i e d  by  w e l l  d r i l l e r s  i n  t h e  S a l t o n  
Sea area, The c o s t  o f  t h e  p i p i n g  n e t w o r k  i s  based on t he  assumpt ion  t h a t  
i n e x p e n s i v e  '1100 f t  headn PVC i s  used. W h i l e  h e a v i e r ,  more enpens ive  p i p e  i s  
a lways used i n  m u n i c i p a l  n a t e r  systems, t h e  100 f t  head p i p e  i s  w i d e l y  used i n  
law pressure a g r i c u l t u r a l  a p p l i c a t i o n s ,  e s p e c i a l l y  when large d i a m e t e r s  a r e  
r e q u i r e d .  A l l  l a r g e  d i a m e t e r  p i p e s  s p e c i f i e d  t h r o u g h o u t  t h i s  r e p o r t  a r e  o f  
t h i s ' t y p e ,  The u n i t  c o s t s  i n  a l l  cases i n c l u d e 9  i n s t a l l a t i o n ,  wh ich  r u n s  



Tab le  9-1  192 H e c t a r e  Svstem C a p i t a l  Cost  Summary 

Base Case: 112 m t  a l g a e l h a l y r  

TOTAL $ $/HECTARE 
GROWTH PONDS ------- --------- 

E a r t h w o r k s *  $1,945,960 S 10,135 
W a l l s  & S t r u c t u r a l  1,594,290 8,304 
M i x  i nq Svstem 944,537 4,919 
C a r b o n a t i o n  S y s t e r  351,360 1.830 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  e l s e w h e r e  96,000 509 

HARVESTING - S e t t l i n g  Pond O p t i o n  
P r i m a r y * *  1,436,000 7,479 
Secondary ( c e n t r i f u q a t i o n )  760,000 3,958 

SYSTEM-WIDE COSTS 
Water Supp ly  
Water D i s t r i b u t i o n  
C02 D i s t r i b u t i o n  # 

N u t r i e n t  Supp ly  System f 
Blondonn D i s p o s a l  System* 
B u i l d r n q s  ( h a r v .  b l d s .  n o t  i n c l u d e d )  
Roads & d r a i n a g e *  
E l e c t r i c a l  D r s t r i b u t r o n  (3% o f  above)  
E l e c t r i c a l  Supp ly  
Mach ine ry  

ENGINEERING (10% o f  above ) *  . 899,656 4,686 

CONTINGENCY (15% o f  above), 1,484,433 7,731 

LAND COSTS 0 1 2 5 0 / h e c t a r e ) +  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION $6,415,601 $33,415 

NON DEPRECIABLE PORTION $5,445,049 $28,360 

Notes: 

* n o n - d e p r e c i a b l e  i t e m  
*+ p a t r i a l l y  non-depr,  ($375,000) 
112 u t t / h a / y r  = 30 g/m2/day 
.Land a r e a  2 x q r o w t h  pond a r e a  



T a b l e  9 - 2  E l e c t r i c a l  & f l a in tanence  O p e r a t i n q  Cost  Summary - 192 H e c t a r e  S v s t e m  

GROWTH PONDS 
E a r t h w o r k s  
Walls & S t r u c t u r a l  
n i x i n g  S y s t e m  
C a r b o n a t i o n  System 

Electrical* Ha l  n t  anence* 
kwh/yr  S / y r  X c f C a p  S / y r  
- w w - - -  -1111- 1-111--- --m"  

HARVESTING - Settlina Pond O p t l o n  
Pr i rnary 543000 22,295 
Secondary  ( c e n t r i f u g a t i o n i  1096000 71 ,240  

S Y S T E M - W I D E  COSTS 
Water S u p p l y  1555000 101,075 
Water D i s t r i b u t i o n  121000 7,865 
C02 D i s t r t b u t i o n  
N u t r i e n t  Supp ly  Syatem 104000 6 760 
01 owdown Di  s p o e a l  System 
B u i l d i n g s  ( h a r v .  b l d s ,  n o t  200000 13,000 
Roads & d r a i n a g e  
E l e c t r i c a l  D i s t r i b u t t o n  
E l e c t r i c a l  Supp ly  
Machrnery 

TOTAL 

HECTARE 

* R s s u m e s  e l e c t r i c i t y  c o s t s  S o . 0 6 5  / kw-hr 
* #  Main tanence m a t e r i a l s  o n l y  



about $10-26lmeter ( $ 3 - 8 / f t ) ,  depending on s i ze ,  

The water d i s t r i b u t i o n  system i n c l u d e s  evey th i ng  beyond t h e  s to rage  r e s e r v o i r  
and water c o n d i t i o n i n g  system. Three v e r t i c a l  p r o p e l l e r  pumps feed i n t o  a  
p i p i n g  network t h a t  s u p p l i e s  makeup water t o  t h e  growth ponds. The system 
schematic i s  shown i n  F i g u r e  9-1, a long  w i t h  p i p e  s i zes ,  f l a w r a t e s ,  and 
p ressu re  losses .  The f l o w s  a r e  f o r  e v a p o r a t i v e  makeup o n l y ,  t h e  blowdown 
make-up i s  added when t h e  pond i s  r e f i l l e d  a f t e r  h a r v e s t i n g .  I n  a system 
u s i n g  s e t t l i n g  ponds, t h e  c e n t r a l  c o r r i d o r  i s  f a i r l y  wide, (about  110 me te r s ) ,  
so i t  i s  more p r a c t i c a l  two use t n o  d i s t r i b u t i o n  mains which r u n  down e i t h e r  
s i d e  of t h e  c e n t r a l  c o r r i d o r .  A puap s t a t i o n  i s  l o c a t e d  a t  t h e  s t o rage  
r e s e r v o i r .  P ressure  r equ i r emen ts  a re  assured t o  equal  t h e  dynamic (ma in l y  
p i p e  f r i c t i o n )  losses ,  s i n c e  some s t a t i c  head i s  a v a i l a b l e  a t  t h e  r e s e r v o i r .  
The water d i s t r i b u t i o n  system cou ld  conce i vab l y  ope ra te  by g r a v i t y  f l o w ,  bu t  
t h i s  assumption was n o t  made. 

Table  9-3 Water Supply System Cost 

P ipe  T o t a l  I n s t a l l e d  T o t a l  
S ize  D i  s tance  Cost Cost 

i nches  meters  f e e t  $ / f  t t ..................................................................... 
10' d i a .  4024 13200 $6.00 $73,200 
15" d i a .  005 2640 9.00 23,760 
20" d ia .  805 2640 15.00 36,600 
24H d ia .  500 1640 2  1.00 34,440 ------ 

TOTAL PIPING $177,000 

VALVES & FITTINGS 30 000 

DRILLING t CASINGS 8  x 400 f t  B % 5 0 / f t  160,000 

PUMPS, Submersible S.S. 8 x $10,000 
E l e c t r i c a l  equipment 
I n s t a l  l a t i o n  

HYDROLOGICAL STUDIES & TESTING 

* STORAGE RESERVOIR 





9.2 C02 SUPPLY AND DISTRIBUTION 

The source o f  C02 f o r  m ic roa lgae  p r o d u c t i o n  has been examined i n  some 
d e t a i l  C93. I t  was conc luded t h a t  C02 c o u l d  be acqu i r ed  f rom e x i s t i n g  o r  
proposed power p l a n t s  and t h e  c o m p e t i t i o n  f r o n  enhance o i l  recover  (EOR) 
would n o t  pose a  s e r i o u s  problem. The c o s t  o f  CD2 d e r i v e d  i n  t h i s  f a s h i o n  
depended on a  number o f  assumptions r e g a r d i n g  sca le ,  l o c a t i o n ,  ownership of 
t h e  power p l a n t ,  e tc . ,  and ranged from $0.07 - $0.21/m3. T h i s  r e p o r t  does 
n o t  a t tempt  t o  r e f i n e  t h e  SERf es t imates .  I ns tead ,  t h e  C02 c o s t  i s  t r e a t e d  
as a  v a r i a b l e ,  and sub jec ted  t o  a s e n s i t i v i t y  a n a l y s i s  i n  S e c t i o n  11. 

The des ign  of t h e  d i s t r i b u t i o n  system depends upon t h e  p ressu re  a t  which 
C02 i s  d e l i v e r e d  t o  t h e  s i t e ,  assuming t h a t  about 2.5 p s i  i s  r e q u i r e d  a t  
t h e  pond t o  s a t i s f y  t h e  s t a t i c  head and sparger  l osses  (1.5, 1  p s i  
r e s p e c t i v e l y ) .  I f  t h i s  p ressu re  i s  h i g h  0 5 0  p s i ) ,  then  t h e  d i s t r i b u t i o n  
network can c o n s i s t  o f  ve ry  sma l l  ( 6 "  and l e s s )  p i p e  s izes .  For medium 
pressures  (e.g. 10 p s i ) ,  p i p e  s i z e s  would range f r o n  8"  t o  3" .  For  ve r y  low 
p ressures  (3.5 p s i ,  o r  a  1 p s i  drop th rough  t h e  d i s t r i b u t i o n  system),  s i z e s  
would range f rom 12" t o  4 " .  The l a t t e r  m igh t  app l y  t o  a  system which 
recovered  u n p u r i f i e d  f l u e  gas a t  a tmospher ic  pressure.  I n  such a  case, a 
t r a d e - o f f  e x i s t 6  between compressing t o  medium p ressu re  ( lower  c a p i t a l  cos t ,  
h i ghe r  o p e r a t i n g  c o s t s )  ve rsus  low p ressu re  ( h i ghe r  c a p i t a l  c o s t ,  lower  
o p e r a t i n g  c o s t ) .  A h i g h  p ressu re  d i s t r i b u t i o n  system i s  n o t  p r a c t i c a l ,  s i n c e  
t h e  compressors r e q u i r e d  a r e  ve r y  expens ive compared t o  t h e  h i g h  vo luae  
t u rbob lowe rs  t h a t  would be used f o r  low o r  medium pressures.  The low ve. 
red ium p ressu re  t r a d e - o f f  war n o t  eva luated,  because t h e  impact on o v e r a l l  
c o s t s  i s  ve r y  sma l l .  The medium p ressu re  case was used t o  s i z e  t h e  C02 
d i s t r i b u t i o n  network.  The c o s t  o f  C02 i s  assured t o  i n c l u d e  d e l i v e r y  a t  10 
p % i ,  except  i n  t h e  n u t r i e n t  r e c y c l e  scenar io ,  where coapresa ion  c o s t s  f o r  t h e  
anaerob ic  lagoon f l u e  gas a r e  i n c l u d e d  (see Sec t i ons  B t 9 1 ) .  

Since  t h e  supp ly  c o s t s  a re  i n c l u d e d  i n  t h e  d e l i v e r e d  u n i t  CD2 cos t ,  and t h e  
f l o w  me te r i ng  and c o n t r o l  systems were i n c l u d e d  under growth pond ca rbona t i on  
( S e c t i o n  7.3.61,  t h e  c o s t s  shown i n  Table  9-1 c o n s i s t  s o l e l y  o f  t h o  p i p i n g  
network,  which i s  i t e m i z e d  i n  Tab le  9-4. Except f o r  t h e  p i p e  s ines ,  t h e  
network i s  i d e n t i c a l  t o  t h a t  o f  t h e  makeup water d i s t r i b u t i o n  system, and 
t h e r e f o r e  i s  n o t  shown. 

9.3 NUTRIENTS 

The t ypes  o f  n u t r i e n t  r e q u i r e d  and t h e i r  source i s  d iscussed  i n  Sec t i on  10. 
L i q u i d  ammonia i s  used f o r  n i t r o g e n  requi rements .  A11 o t h e r  n u t r i e n t s  a r e  
purchased as s a l t s .  S ince  a l l  o f  t h e  n u t r i e n t s  a t e  added a t  t h e  beg inn ing  o f  
t h e  ba tch ,  w i t h  t h e  p o s s i b l e  excep t i on  o f  soae a d d i t i o n a l  ammonia d u r i n g  t h e  
f i r s t  two days, t h e  f a c i l i t i e s  can be l o c a t e d  a t  t h e  h a r v e s t i n g  s t a t i o n s ,  
w i t h  n u t r i e n t s  b e i n g  added i n t o  t h e  r e t u r n  f l o w  network. I f  necessary,  an 
ammonia tank  can be l o c a t e d  a t  each s e t  o f  ponds f o r  supplemental  n i t r o g e n .  
I n  genera l ,  a  b a t c h  growth c y c l e  g r e a t l y  s i m p l i f i e s  t h e  p rocess  o f  n u t r i e n t  



additions. 

S i n c e  the  cos t  o f  adding n u t r i e n t s  ( o t h e r  t h a n  C O Z )  i s  minor,  r d e t a i l e d  
des ign  was n o t  performed. An e s t i m a t e  of $40,000 per h a r v e s t i n g  s t a t i o n  p l u s  
$2500 per s e t  o f  ponds,  f o r  a t o t a l  o f  $150,000 na5 i n c l u d e d  i n  Table  9-1. 

TLBLE 9-4  C02 D I S T R I B U T I O N  NETWORK CAPITAL COSTS 

P ipe  Tot a1 I n e t  a1 l e d  t o t a l  
S i z e  D i s t a n c e  Cost Cost 

inches m e t e r s  f e e t  $1  f t $ 
-,1-------11-----1---------------CL-I.*.r)--w--------w-------"--"-"---------9- 

8 134E1 4420 5,OO $ 2 2 , i 0 0  
b 603 2240 4.00 8 960 
4 372 1220 3m50 4 ,270  
3 k h  40) 366 1200 3.50 4 ,200 

- - C * - -  

PIPE T O T A L  39,500 

VALVES,  FITTINOS, n l s c .  

TOTAL 

9 . 4  BLOWDOWN DISPOSAL SYSTEM 

The i s s u e  o f  blowdonn was d i s c u s s e d  i n  S e c t i o n  2. A blowdown r a t e  e q u i v a l e n t  
t o  14% of the e v a p o r a t i v e  r a t e  is s p e c i f i e d .  For an average  e v a p o r a t i o n  of 1 
c d d a y ,  t h e  blowdown f l o a r a t r  is 2700m3/day (95,000 f t 3 / d a y ) .  The 
blondown i s  taken from t h e  centrifuge e f f l u e n t  stream, a n d  pumped t o  
e v a p o r a t i o n  ponds,  where i t  i s  c o n c e n t r a t e d  back  t o  s o l i d  form. U l t i m a t e  
d i s p o s a l  i s  b y  t r u c k i n g  t h e  a a l t  t o  a  s u i t a b l e  l a n d f i l l .  The e v a p o r a t i o n  
p o n d s  cover  27 h e c t a r e s  (14% o f  the growth pond a r e a ) ,  a n d  c o n s i g t  o f  
s h a l l o w ,  u n l i n e d  o e r t h e n  ponds. These ponds c a s t  about  $110,000 t o  
c o n s t r u c t ,  w i t h  a n o t h e r  $50,000 budgeted f o r  puaps, p i p i n g  and  misc . ,  f o r  a 
t o t a l  of 5160,000. A c o s t  o f  I c l k g  algae ( 0 . 6 7 c l k g  s a l t )  i s  included i n  t h e  
o p e r a t i n g  c o s t  f o r  u l t i m a t e  s a l t  d i s p o s a l ,  

B u i l d i n g s  i n c l u d e  an o f f i c e ,  l a b ,  shop, and s t o r a g e  sheds f o r  n u t r i e n t s  and 
machinery.  T h e  c o a t  o f  b u i l d i n g s  f o r  h a r v e s t i n g  machinery was i n c l u d e d  i n  
the h a r v e s t i n g  c o s t  e s t i m a t e s .  The o f f i c e s ,  l a b ,  and  c u l t u r e  rooms can be 
l a r g e  permanent t r a i l e r s .  The shop h a s  a c o n c r e t e  f l o o r  and u t i l i t i e s .  Tho 
s h e d s  have c o n c r e t e  f 1 o o r s ,  a r e  open on one a i d e ,  and have a  minimum of 



u t i l i t i e s .  A rough e s t ima te  of t h e  bu i ld ing  c o s t s  i s  given i n  Table 9 - 5 .  

Table 9-5 Building Cos ts  

Of f i ce s  ( t r a i l e r s ) :  1000 f t 2  C $ 3 0 / f t 2  130,000 

Lab, c u l t u r e r o o a s  ( t r a i l e r s ) :  1 0 0 0 f t 2 ~ $ 3 0 / f t 2  $30,000 

Shop: 2200 f t 2  Q f 1 s / f t 2  33,000 

Sheds; 2000 f t 2  Q $ 8 . 5 / f t 2  

TOThL 

9.6 ROADS A N D  DRAINAGE 

Roads and dra inage  a r e  d i f f i c u l t  t o  e s t i m a t e  i n  t h e  absence of a s p e c i f i c  
s i t e .  If t h e  perimeter  wa l l s  of t h e  pond s y s t e r  a r e  e a r t h  berms, then t h e  
c o s t  of upgrading them t o  roads  (unpaved) is minor, s i n c e  l a r g e  amounts of 
crushed rock is a l r eady  being imported f o r  p ~ n d  l i n i n g ,  D r a i n a g ~  would 
involve  c o n s t r u c t i o n  of d ive r s ion  channels  ( i f  n e c e s s a r y ) ,  p lac ing  of 
c u l v e r t s ,  e t c ,  and would be i n t e g r a t e d  i n t o  gron pond @arthworks. A f i g u r e  
of $100,000 is  assigned t o  roads  and dra inage .  

9 .7  ELECTRICAL SUPPLY A N D  DISTRIBUTION 

E l e c t r i c a l  d i s t r i b u t i o n  inc ludes  t h e  c o s t  of a l l  on - s i t e  power d i s t r i b u t i o n  
and wir ing ,  exc lus ive  of t h e  u t i l i t y  s e r v i c e ,  s u b s t a t i o n ,  and motor s t a r t e r s  
and control ler-s  Ith, l a t t e r  were included i n  t h e  ind iv idua l  c o s t  e s t i m a t e s ) .  
Power d i s t r i b u t i o n  systems a r e  normally es t imated  i n  terms of t o t a l  f a c i l i t y  
c o s t ,  t ak ing  both complexity and s c a l e  i n t o  account.  Given t h e  size and 
r e l a t i v e  s i m p l i c i t y  of t h o  s y s t e r ,  a  f a c t o r  of 3% i s  used. Considering t h a t  
so much of t h e  f a c i l i t i e s  c o s t  i a  f o r  ear thworks and pond wa l l s ,  which have 
no e l e c t r i c a l  power requirements ,  t h i s  e s t i m a t e  is  q u i t e  reasonable.  

In order  t o  a r r i v e  a t  a  f i g u r e  f o r  e l e c t r i c a l  supply,  i t  was a r b i t r a r i l y  
assumed t h a t  S  mi les  of t ransmiss ion  l i n e s  would be requi red .  fl r ecen t  
e s t i a a t e  f o r  from t h e  Imperial  I r r i g a t i o n  D i s t r i c t  af $ 3 / f t  ( e s s e n t i a l l y  
independent o f  l oad )  was used +or transrission l ine  cooto (980,000) a fin 
add i t i ona l  143,000 (aga in  IID e s t ima te )  was a l l o c a t e d  f o r  t h e  s u b s t a t i o n  c o s t  
(1000 k V A ) ,  f o r  a t o t a l  of $113,000 f o r  e l e c t r i c a l  supply, 



9 . 0  H4CH I NERY 

A budget  o f  980,000 i s  i n c l u d e d  f o r  v e h i c l e s  and mach inery .  T y p i c a l  
requirements would  be two  p i c k - u p  t r u c k s ,  one f l a t b e d  t r u c k ,  a 
bachhoe- loader ,  and misc.  shop mach inery ,  

9 . 9  OTHER COSTS SHOWN I N  T4BLE 9-1 

The remaining c o s t s  shown i n  Tab le  9-1 (engineering, c o n t i n g e n c y ,  l a n d ) ,  a r e  
t a k e n  f r o m  t h e  SERl econoa ic  r o d e l .  The l a n d  c o g t  is based on a t o t a l  l a n d  
r e q u i r e m e n t  o f  two  times t h e  g rowth  pond area.  A c t u a l  l a n d  r e q u i r e m e n t s  a r e  
q u i t e  s e n s i t i v h  t o  t h e  well spac ing ,  wh ich  is d i f f i c u l t  t o  estimate, 
However, t h e  c o n t r i b u t i o n  o f  l a n d  c o s t  t o  t o t a l  c o s t  i s  m i n o r ,  so t h a t  an 
e r r o r  w i l l  have v e r y  l i t t l e  e f h c t ,  especially on an annualized b a s i s .  



SECTION 10.0 

LARGE SCALE SYSTEM OPERATIONS AND OPERATING COSTS 

10.1 OPERATIONS OVERVIEW 

The o p e r a t i o n s  d e s c r i b e d  be low  f o r m  t h e  Base Case t h a t  s e r v e s  as  t h e  
r e f e r e n c e  f o r  c o s t  s e n s i t i t y  a n a l y s e s  i n  S e c t i o n  11.0. D e v i a t i o n s  f r o m  t h i s  
case  a r e  so  l a b e l e d .  

The b a s i c  o p e r a t i o n  o f  t h e  c o n c e p t u a l  l a r g e  s c a l e  sys tem c o n s i s t s  of b a t c h  
g r o w t h  f o l l o w e d  by  b a t c h  a c c u m u l a t i o n  o f  l i p i d s  ( t o  50% o f  t h e  ash f r e e  d r y  
w e i g h t )  i n d u c e d  by  n i t r o g e n  l i m i t a t i o n .  B o t h  p r o c e s s e s  a r e  i n v i s i o n e d  t o  
t a k e  p l a c e  i n  t h e  same pond. Recent  r e s u l t s  o f  Laws 131 i n d i c a t e  t h a t  h i g h  
p r o d u c t i v i t y  o f  n i t r o g e n  s u f f i c i e n t  b iomass i s  a t t a i n a b l e  i n  b a t c h  c u l t u r e .  
The b iomass p r o d u c t i v i t y  a f t e r  n i t r o g e n  depletion f r o m  t h e  medium, i n  b a t c h  
o p e r a t i o n ,  ha6 been shown t1,103 t o  be n e a r l y  e q u a l  t o  t h a t  o f  n i t r o g e n  
s u f f i c i e n t  b a t c h  g r o w t h  when c a r b o h y d r a t e  i s  accumula ted.  F o r  l i p i d  
a c c u m u l a t i o n ,  a  h i g h e r  h e a t i n g  v a l u e  must be  a s c r i b e d  t o  t h e  b iomass so t h a t ,  
on a  d r y  w e i g h t  b a s i s  some dec rease  i n  b iomass p r o d u c t i v i t y  must be  
expected.  There  i s  l i t t l e  o r  no e v i d e n c e  t h a t  a l g a e  have a  h i g h  enough l i p i d  
c o n t e n t  d u r i n g  a c t i v e  g rowth .  S i n c e  n i t r o g e n  s u f f i c i e n t  b a t c h  g r o w t h  appears  
t o  b e  p r o d u c t i v e ,  and l i p i d  a c c u m u l a t i o n  a u s t  be  done i n  b a t c h ,  t h e r e  i s  no 
r e a l  r e a s o n  t o  o p e r a t e  any o f  t h e  sys tem c o n t i n u o u s l y .  C e l l s  wou ld  
accumu la te  s t o r a g e  p r o d u c t s  under  n i t r o g e n  d e p l e t e d  c o n t i n u o u s  d i l u t i o n ,  b u t  
much o f  t h e  b iomass h a r v e s t e d  wou ld  n o t  b e  i nduced ,  o r  o n l y  p a r t i a l l y  so. 

The ave rage  p r o d u c t i v i t y  o f  t h e  sys tem i s  p o s t u l a t e d  t o  b e  30 gm/m2/day 
averaged o v e r  a  360 day y e a r .  T h i s  i s  e q u a l  t a  a  p h o t o s y n t h e t i c  e f f i c i e n c y  
o f  7.5% o f  v i s i b l e  l i g h t .  P r o d u c t i v i t y  i s  e x p e c t e d  t o  be l o w e r  d u r i n g  t h e  
l a t e  f a l l ,  w i n t e r ,  and e a r l y  s p r i n g  and h i g h e r  a t  o t h e r  t i m e s .  The d e n s i t y  
o f  c u l t u r e s  r e f l e c t s  t h i s ,  b e i n g  l o w e r  d u r i n g  c o o l e r ,  l e s s  sunny t i m e s  o f  t h e  
y e a r .  S i n c e  p r o d u c t i v i t y  i s  n o t  a  l i n e a r  f u n c t i o n  o f  t e m p e r a t u r e  and 
i n s o l a t i o n ,  b a t c h  d e n s i t y  wou ld  be  l o w e r  when p r o d u c t i v i t y  i s  l o w e r ,  even 
though  d e t e n t i o n  t i m e s  a r e  l o n g e r .  A t  t i m e s  o f  h i g h  p r o d u c t i v i t y ,  n i t r o g e n  
s u f f i c i e n t  b a t c h  g r o w t h  wou ld  l a s t  f r o m  1.5 t o  2 days f o l l o w e d  by  a 2-3 day 
i n d u c t i o n  p e r i o d .  A t  t i m e s  o f  l a w  t o  modera te  p r o d u c t i v i t y ,  t h e s e  p e r l o d s  
wou ld  be,  on average,  2-3 days  and 3-4 days. The d e n s i t y  a c h i e v e d  when 
n i t r o g e n  f i r s t  becomes d e p l e t e d  f r o m  t h e  medium a r e ,  f o r  t h e  two  eases 
r e s p e c t i v e l y ,  400-500 ppm and 250-300 ppm. T h i s  wou ld  i n c r e a s e  under  
i n d u c t i o n  c o n d i t i o n s  by a f a c t o r  o f  abou t  two  t o  800-1000 ppm and 500-600 ppm 



f o r  t h e  two ave rage  cases,  Thus, a t  t h e  t i m e  o f  h a r v e s t  t h e  d e n s i t y  o f  t h e  
c u l t u r e s  would  r a n g e  between 500 and 1000 ppm w i t h  a l i p i d  cun ten t  o f  abou t  
SOX and a n i t r o g e n  c o n t e n t  o f  abou t  4X,  w i t h  20-25 X p r o t e i n  15-207. 
c a r b o h y d r a t e  and a b a l a n c e  o f  i O X  o t h e r  chemica l s .  

The i n d u c e d  b iomasa i s  t o  be  h a r v e s t e d  e i t h e r  by  a two -s tage  s e t t l i n g  p r o c e s s  
o r  b y  f l o t a t i o n  f o l l o w e d  by  foam c o l l e c t i o n .  E i t h e r  p r o c e s s  wou ld  be 
f o l l o w e d  b y  c e n t r i f u g i n g  m a t e r i a l  c o n c e n t r a t e d  b y  a f a c t o r  of  50. The 
p r i m a r y  h a r v e s t i n g  processes a r e  no t  e x p e c t e d  t o  be 100% e f f i c i e n t .  T h i s  is 
n o t  a p r o b l e m  s i n c e  an i n o c u l u m  must be l e f t  f o r  s t a r t  o f  t h e  s u c c e e d i n g  
ba tch .  A h a r v e s t i n g  efficiency o f  90% is p o s t u l a t e d  f o r  t h e  Base Case. The 
c e n t r i f u g a t i o n  o f  t h e  205% s l u r r y  i n c r e a s e s  t h e  d e n s i t y  t o  10-20X ash f ree  
s o l i d s ,  

S i n c e  s u b s t a n t i a l  p e r f o r m a n c e  i s  b e i n g  expec ted  o f  t h e  p r i m a r y  h a r v e s t i n g  
p r o c e s s ,  i t  may become n e c e s s a r y  t o  use  c h e m i c a l  f l o c c u l a n t s  t o  a i d  
c l a r i f i c a t i o n  r a t e  and e f f i c i e n c y .  The dose o f  c h e m i c a l  i s  p o s t u l a t e d  t o  be 
l ow  (< t .OZ /kg  b i o m a s s ) .  I n  t h e  Base Case, t h e  c o s t  o f  po l ymer  a d d i t i o n  is 
s e t  a t  $ .O l / kg  h a r v e s t e d  biomass, 

The o r g a n i s m  r e q u i r e d  t~ f u n c t i o n  i n  t h i s  sys tem must possess s e v e r a l  
i m p o r t a n t  c h a r a c t e r i s t i c s .  I t  r u s t  be c o m p e t i t i v e ,  p r ~ d u c t i v e ,  i n d u c e  l i p i d  
p r o l i f i c a l l y ,  no t  be  s u b j e c t  t o  i n h i b i t i o n  by l i g h t ,  oxygen o r  f l u c t u a t i o n s  
i n  t e m p e r a t u r e ,  and i t  must be a b l e  t o  r e c o v e r  f r o m  d e p i g m e n t a t i o n  q u i e k l y  
and become h i g h l y  p r o d u c t i v e  soon a f t e r  n i t r o g e n  is r e p l e n i s h e d  i n  t h e  
medium, Each o f  these  c h a r a c t e r i s t i c s  has  been obse rved  i n  a t  l e a ~ t  s o r e  
organ ism,  b u t  n o t  a l l  i n  any one organ ism,  However, a  c o n c e r t e d  e f f o r t  t o  
f i n d  such an o r g a n i s m  has j u s t  r e c e n t l y  begun a t  SERI.  P r o b a b l y  t h e  most 
s e v e r e  c r i t e r i o n  o f  t h o s e  l i s t e d  i s  t h e  a b i l i t y  t o  s t o r e  l a r g e  amounts o f  
l i p i d  q u i c k l y .  A r e c e n t l y  i s o l a t e d  c h r y s o p h y t e ,  c a l l e d  ChryggmEI, i s  
t e n t a t i v e l y  chosen as a t e s t  o rgan ism,  I t  a e c u l u l a t e s  l i p i d s  p r o l i f i c a l l y  
( p e r s o n a l  communica t ion ,  0. B a r c l a y  o f  S E R I ) ,  has a b r o a d  s a l i n i t y  t o l e r a n c e ,  
b u t  must be t e s t e d  f a r  i t s  t o l e r a n c e  t o  h i g h  t e m p e r a t u r e .  The P1giyin"gn2,g2- 
grown i n  H a w a i i ,  a l t h o u g h  n o t  a l i p i d  p r o d u c e r ,  w i l l  be  used as a 
p r o d u c t i v i t y  s t a n d a r d ,  s i n c e  i t  i s ,  as o f  now, t h e  nost p r o d u c t i v e  o rgan ium 
grown i n  i n t e n s i v e ,  o u t d o o r  c u l t u r e .  



Carbon i s  t o  be s u p p l i e d  as p u r i f i e d  C O Z Y  i n t r o d u c e d  i n t o  t h e  ponds v i a  
sumps 1.5 m deep. The source of  carbon, a t  a  400 h e c t a r e  s c a l e  must e i t h e r  
be commercial o r ,  i n  t h e  b e s t  o f  c i r cumstances  a  C02 w e l l  near t h e  s i t e .  
Power p l a n t  carbon c o n t a i n i n g  gases a re  n o t  a  f e a s i b l e  source a t  t h i s  
r e l a t i v e l y  sma l l  sca le .  The a l g a l  biomass, a f t e r  e x t r a c t i o n  o f  t h e  l i p i d  
component, w i l l  be a n a e r o b i c a l l y  decomposed i n  a  covered lagoon from which 
t h e  l i b e r a t e d  gases a r e  recovered.  The methane energy i s  t o  be conve r t ed  t o  
hea t  and e l e c t r i c t y  w i t h  t h o  C02 r ema in i ng  r e c y c l e d  f o r  t h e  g rowth  o f  more 
a l g a l  biomass. 34% o f  t h e  carbon needed f o r  new growth can be p r o v i d e d  i n  
t h i s  manner, r e d u c i n g  t h e  demand o f  new carbon t o  a lgae  r a t i o  f r om  1:1.7 t o  
1:2.4.  The r e c y c l e  of n u t r i e n t s  from t h e  anaerob ic  d i g e s t e r  i s  n o t  i n c l u d e d  
i n  t h e  Base Case. 

The water r esou rce  s p e c i f i e d  f o r  use i m  t M s  system i s  s i m i l a r  t o  t h e  Type I 1  
n a t e r  desc r i bed  by SERI. T h i s  water has a  TDS o f  4 p p t ,  an a l k a l i n t y  o f  
13-15 r e q / l  and a  Ca c o n c e n t r a t i o n  o f  10 mH. The water needs t o  be 
c o n d i t i o n e d  by e q u i l i b r a t i o n ,  i n  h o l d i n g  ponds, w i t h  t h e  atmosphere t o  induce  
p r e c i p i t a t i o n  o f  t h e  ca l c i um  as ca l c i um  carbonate.  The p r e c i p i t a t e  w i l l  be 
removed by  alum o r  l rme  f l o c c u l a t i o n ,  i f  necessary ,  and sed imenta t ion .  The 
r e s u l t i n g  water i s  l ow  i n  ca l c i um  ( 1  rH i s  t h e  p r a c t i c a l  l ower  l i m i t )  and 
s t i l l  c o n t a i n s  about 4 r e q / l  a l k a l i n i t y .  fin e i q h t - f o l d  average c o n c e n t r a t i o n  
o f  s o l u t e s  i s  ach ieved when an average amount o f  water i s  blonndown which 
equa ls  1 / 7  o f  t h e  average evapora t ion .  S ince  t h e  system i s  t o  be operated i n  
batch,  t h e  s a l i n i t y  w i l l  f l u c t u a t e  soaewhat, b u t  t h i s  i s  a  secondary e f f e c t .  
Thus t h e  pond m e d i u ~  w i l l  avaraqe 32 p p t  TDS. 

The approx imate ly  1.5 m t  o f  s a l t s  produced pe r  m t  o f  a l g a l  biomass w i l l  be 
t r a n s p o r t e d  t o  a  l a r g e  body of s a l t  water,  o r  o t h e r  d i s p o s a l  s i t e ,  a t  a  eos t  
o f  .67 c e n t s  per  kg. The s ludge  f rom t h e  lagoon w i l l  be d r i e d  i n  s ludge  
d r y i n g  beds and plowed i n  on s i t e .  



10 .2  OPERIITIONAL COSTS OF A 1000 4CRE SYSTEH 

The parameters o f  t h e  Base Case d e s l q n  uf t h e  l r r ~ e  sca le  s y s t e m  a r e  
s u m m a r ~ t e d  i n  T a b l e  10-1. T h i s  des ign  i s  uaed i n  S e c t i o n  11.0 as  the  
r e t e r e n c e  case t o r  c o s t  sensitivitv a n a l y s i s ,  

T a b l e  10-1. Base Case Oesiqn Parameters 

Parameter  Spec1 f i c a t i o n  
- - - - - - - - o - - - - - I - - - - - - - - - - - - - - - - - - m - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - o - - - - - - - - - - - - -  

Pond s l z e ,  h e c t a r e s  
Ponds /  modul e 
M o d u l e  s i z e ,  h e c t a r e s  
Number 04 modules 
l a n d  required/lU00 a c r e s  

g r o w t h  ponds ,  a c r e s  
E v a p o r a t i o n  r a t e ,  

n /  d / y r  
Blow 'down r a t i o  
Water r e q u i r e m e n t ,  

m3/ y r  
Avcraqe  well d e p t h ,  m 
Pond d e p t h ,  m 
Pond volume, n3 
System v o l u m e .  a3 
TDS o f  w a t e r  resource ,  

P P ~  
O p e r a t i n g  TDS,  p p t  
S a l t  d i s p o s a l  m t / y r  
E r o w i n q  season, d a y s  
D a i l y  p r a d u c t ~ v i t y ,  

qm/m2/d 
T o t a l  p r o d u c t i o n ,  m t / y r  
L i p i d  c o n t e n t ,  X 
Pond channel  velocity, 

cnr ls  
Carbon source  
N i t r o g e n  source 
Phosphorus source  

20 
P u r i f i e d  C02 
fimrnon I a 
Superphosphate 



The o p e r a t i n q  c o s t s  o f  t h e  Base Case d e s i q n  a r e  5 u ~ m a r i Z e d  i n  T a b l e  10-2. f i l l  
c o s t s  a r e  g i v e n  on a p e r  h e c t a r e  p e r  vea r  b a s i s ,  a p e r  module (192 h a )  p e r  
Year b a s i s ,  and on a  t o t a l  c o s t  p e r  1000 a c r e  p e r  yea r .  F o r  t h e  c h e m i c a l  
i n p u t s ,  t h e  u n i t  r e q u i r e m e n t  and t h e  u n i t  c o s t  a r e  q i v e n  as w e l l .  Power u n i t  
c o s t  i s  t a k e n  a t  6.5 c e n t s  p e r  k i l w a t t  hou r .  D i s p o s a l  o f  s a l t s  c o n t a i n e d  i n  
t h e  blowdown ( e v a p o r a t e d  and t r a n s p o r t e d  t o  a  d i s p o s a l  s i t e )  i s  t a k e n  as . 6 7  
Cen ts  p e r  kg s a l t  p roduced.  The breakdown o f  t h e  ma in tanance  and l a b o r  c o s t s  
a r e  g i v e n  i n  T a b l e  9-2 and 10-3 r e s p e c t i v e l v .  

The ca rbon  s o u r c e  i s  p u r i f i e d  C02, a t  a  l o w  c o s t  o f  $35/mt.  T h i s  v a l u e  i s  
v a r i e d  i n  t h e  s e n s i t i v i t y  a n a l y s i s  p r e s e n t e d  l a t e r .  2.2 k q  C02 i s  r e q u i r e d  
t o  p roduce  a  kq  o f  a l q a l  b iomass a t  50% l i p i d .  Losses  a r e  assumed t o  be l e s s  
t h a n  5%. N i t r o q e n ,  a t  $250/mt i s  d e r i v e d  f r o m  ammonia, and used w i t h  a  75% 
e f f i c i e n c y  t o  c o v e r  l o s s e s .  The phosphorus ,  a t  t 9 0 0 l m t  as d e r i v e d  f r o m  
superphosphate .  I r o n  i s  added a s  f e r r o u s  s u l f a t e  and c o s t s  t 5 0 0 / m t  Fe. 411 
o t h e r  n u t r i e n t s  a r e  assumed t o  be p r e s e n t  i n  t h e  wa te r  r e s o u r c e ,  o r  as a  t r a c e  
c o n t a m i n a n t  o f  t h e  above n u t r i e n t s .  Even w i t h  t h e  l o w  p r i c e  o f  C02 assumed, 
t h i s  one i n p u t  a l o n e  domina tes  t h e  p r o d u c t i o n  p r i c e  o f  t h e  a l q a l  b iomass.  

A h i g h  m o l e c u l a r  w e i g h t  po l ymer  i s  i n c l u d e d  t o  f l o c c u l a t e  t h e  a l q a l  b iomass 
p r i o r  t o  p r i m a r y  c o n c e n t r a t i o n  i n  a  s e t t l i n g  pond. I t  i s  assumed t h a t  I ppm 
o f  po lvmer  i s  r e q u i r e d  f o r  each 500 ppm biomass.  The c o s t  o f  t h e  po l vmer  i s  
$5.00/ kg. 

The o n l y  o p e r a t i n g  c o s t  a s s o c i a t e d  w i t h  t h e  wa te r  r e s o u r c e  i s  t h e  c o s t  o f  
pumping f r o m  a  50 m deep w e l l  and t r a n s p o r t  t o  t h e  h o l d i n o  ponds. Water 
c o n d i t i o n i n g  i s  presumed t o  occu r  d u r i n q  t h e  e i q h t  day h o l d i n q  t i m e ,  and i s  
due t o  t h e  p r e c i p i t a t i o n  o f  c a l c i u m  c a r b o n a t e  by  t h e  a l k a l l n i t y  i n  t h e  wa te r  
upon e q u i l i b r a t i o n  w i t h  t h e  atmosphere.  Power c o s t s  a r e  i n c l u d e d  f o r  m i x i n g ,  
h a r v e s t i n g  (domina ted  by  c e n t r i f u g e  power ) ,  n u t r i e n t  s u p p l y  pumping, and 
b u i l d i n g  u t i l i t i e s .  

The ma in tenance  o p e r a t i n g  c o s t s  a r e  f o r  m a t e r i a l s  o n l y ,  as  d e t a i l e d  i n  T a b l e  
9-2 o f  S e c t i o n  9.0. The l a b o r  f o r  ma in tenance  i s  i n c l u d e d  i n  t h e  p e r s o n n e l  
breakdown l i s t e d  i n  T a b l e  10-3 E s t i m a t e s  a r e  based on f i v e  s h i f t s  p e r  week, 
360 days  p e r  o p e r a t i o n ,  and r o u g h  judqement o f  p e o p l e  needed en hand. 

Fo r  t h i s  base case, t h e  t o t a l ,  n o n - a n n u a l i z e d  o p e r a t i n g  c o s t s  a r e  $ 6 . 2  m i l l i o n  
f o r  t h e  45,450 m t  o f  a l g a l  b iomass produced.  f i t  50% l i p i d  and a  c o n v e r s i o n  o f  
7.14 b b l  l i p i d  p e r  m t  l i p i d ,  t h e  " l i p i d  o i l "  p roduced  e q u a l s  140,000 b b l / y r ,  
The c a p i t a l  c o s t  summary was g i v e n  i n  S e c t i o n  9.0. Toge the r  w i t h  t h e  
o p e r a t i n q  c o s t  summary T a b l e  10-2, t h e  t o t a l  a n n u a l i z e d  p r o d u c t i o n  c o s t  w i l l  
be  c a l c u l a t e d  i n  t h e  n e x t  s e c t i o n  u s i n g  t h e  SERL economic model. 



T a b l e  10-2 T o t a l  O p e r a t i n g  C o s t s  - Base Case 

QUPIN U N I T  I . L -  YEARLY C O S T ,  Thousands --- 
RED ' D COST 192 h a  t O O O  ac 

k g /  k q  $ / m t  S / h a / y r  
N U T R I E N T S  t 1 )  ----- ---- ------- 

C02 2 . 2  3 5  $ 8 . 6 5  
N ,  a s  NH3 0 .053  250 1 . 4 7  
P ,  a s  Superphosphate 0.005 900 0 . 5 1  
F e ,  a s  FeS04 0.005 500 0.28 ------ 
T o t a l  $ 1 0 . 9 1  

FLOCCULANT 

POWER 
M i x i n g  
1 Harvesting 
2 Harvesting 
Water S u p p l y  
Nutrient  S u p p l y  
Bui  ldings 

T o t a l  

SALT D I S P O S A L  

MAINTANENCE (matl's) 

L A B O R  

TOTAL 

( 1 )  k g / k g  k g  required / k g  a l g a e  produced 
(21 See T a b l e  9-2 
( 3 )  See T a b l e  10-3 
* 192 ha b a s i s  



[ a b l e  10-3. Labor Requ i red  f o r  1000 Acre  Svstem 

............................................................................... 
l i t l e  No. H r s / Y r  $ / H r  $ / Y r  ............................................................................... 
P l  a n t  Hanaqer 1 2080 2 5 52000 

S h i f t  Supervisors 4 2080 1 7  141,440 

Pond O p e r a t o r s  10 2080 10 166,400 

C e n t r i f u o e  O p e r a t o r s  5 2080 12 124.800 

L a b o r a t o r v  Hanaqer 1 2080 17 35 ,'360 

L a b o r a t o r y  r e c h n i c i a n s  2 2080 10 41 .600 

TOTAL 561,600 



SECTION 11.0 

ECONOMIC ANALYSIS OF A 1000 ACRE ALGAL PRODUCTION SYSTEH 

11.1 BkSE CASE 

fhe  capital cos t  o f  t h e  Base Case d e s i q n  was p r e s e n t e d  i n  T a b l e  9-1, t h e  
o p e r a t i n q  c o s t s  i n  T a b l e  10-2. hppend ix  V i  c o n t a l n s  t h e s e  t a b l e s  aqazn  as 
w e l l  as t h e  c a p l t a l  and o p e r a t i n g  c o s t s  f o r  a l l  o f  t h e  s e n s i t i v l t v  ana l yses ,  
I n  t h e  Base Case t h e  b iomass p r o d u c t i v i t y  i s  45.5 x l u 3  a t / v r  a t  a lipid 
c o n t e n t  a+ S O X .  T h i s  1 s  w e l l  i n  excess  o f  any c u r r e n t l y  achievable l i p i d  
p r o d u c t ~ v i t y .  The b iomass production v a l u e  has been achieved, on a y e a r  round  
b a s i s  C33, b u t  under  c o n d i t i o n s  a f  n u t r i e n t  s u + f i c i e n c v  and a t  IS-20% l i p i d  
c o n t e n t .  The p r i c e  o f  C U 2  used i n  t h e  Base Case i s  S 3 5 / m t  whlch i s  abou t  as 
much a 5  a v e r v  l a r g e  s c a l e  u s e r  would be cha rged  f o r  commerc ia l  LO2 i f  
t r a n s p o r t a t i o n  d ~ s t a n c e  were less t h a n  200 m i l e s .  The i n s t a l l e d  sys tem c o s t  
i s  $76,600 p e r  h e c t a r e  u s i n g  a low c o s t  system d e s i g n  and f a v o r a b l e  
assumpt ions  c o n c e r n i n g  t h e  s u i t a b i l i t y  o f  l a n d  and o t h e r  r e s o u r c e s  needed + o r  
sys tem c o n s t r u c t i o n .  The t o t a l  c a p i t a l  c o s t  o f  c o n s t r u c t i o n  i s  $25 m i l l i o n  
d o l l a r s ,  Thus t h e  Base Case must b e  c o n s i d e r e d  v e r v  o p t i m i s t i c  i n  te rms  o f  
l i p i d  p r o d u c t i v i t v ,  n u t r i e n t  c o s t s ,  and a t t a i n m e n t  o#  c a p i t a l  c o r t  g o a l s .  In 
t h i s  s e c t i o n .  t h e  s e n s i t i v i t y  o f  t h e  p r o d u c t i o n  c o s t  o f  a l g a l  bromass and 
l i p i d  a i l  ( u n e x t r a c t e d ) ,  t o  t h e s e  assumpt ions  w i l l  be  a n a l y z e d  t o  d e t e r m i n e  
where t h e  f u t u r e  work must be c o n c e n t r a t e d .  

Tab le  11-1 shows t h e  i n p u t  and o u t p u t  d a t a  o f  t h e  Base Case u s i n g  t h e  S E R I  
economic model.  The p a r a m e t e r s  o f  t h i s  model a r e  g i v e n  i n  T a b l e  11-2, II 
q u i c k  g l a n c e  a t  t h e  economic f i g u r e r  r e v e a l s  t h a t  even a t  f 3 5 / m t .  G O 2  c o s t s  
domina te  t h e  Base Case econamics.  H a l f  o f  t h e  a n n u a l l z e d  p r o d u c t ~ o n  c a s t s  
come f r o m  t h i s .  U n l e s s  t h e  p r l c e ,  o r  q u a n t i t y  o f  C02 i s  reduced, t h e  
economics a+  p r o d u c i n q  Low v a l u e  p r o d u c t s  f r o m  a l g a e  canno t  improve  
s i q n i f i c a n t l y ,  In a d d i t i o n ,  I n c r e a s e s  i n  p r o d u c t i v i t y  have r e l a t i v e l y  t i t t l e  
e f f e c t  on f i n a l  c o s t s  when CU2 i s  so dominant  a  f a c t o r .  Thus o n l y  some 
i n i t i a l  s e n s i t i v i t y  is p r e s e n t e d  w i t h  t h e  Base Case as t h e  r e + e r e n c e  l e v e l .  
The c o s t  o f  t h e  ca rbon  i n p u t  rs s i g n i f i c a n t l y  reduced  by  t h e  a d d i t i o n  o f  an 
a n a e r o b i c  laqoon,  i n  wh ich  e x t r a c t i o n  r e s l d u e s  c o n t a i n i n q  abou t  h a l f  o f  t h e  
a l g a l  ca rbon ,  a r e  degraded t o  v o l a t i l e  c a r b o n  gases wh ich  a r e  r e c y c l e d  t o  t h e  
q r o w t h  p o n d s .  The d e s i g n  o f  an e f f i c i e n t ,  l aw  c o s t  r e c v c l i n g  system, i s  an 
i m p o r t a n t  f e a t u r e  o+ t h e  l a r g e  s c a l e  d e s i g n  and experzrnenta l  sys tem t e s t s .  

11.2 SENSITIVITY OF BhSE CASE TO P R O D U C T I V I T Y  CHANGES 

T a b l e  11-3 shows t he  e f f e c t  o f  v a r y i n g  t h e  sys tem b iomass p r o d u c t i v i t y  on t h e  
a n n u a l i z e d  p r o d u c t i o n  c o s t s .  C a p i t a l  c o s t s  o f  s o r e  i t e m s ,  l i k e  c e n t r i f u g e s ,  
were i n c r e a s e d  u s i n g  a s c a l e  f a c t o r  o f  ,7.  However, no  i n c r e a s e s  i n  c a p i t a l  
c o s t s  were assumed n e c e s s a r y  t o  a c h i e v e  t h e  two and t h r e e . f o l d  i n c r e a s e s  i n  
p r o d u c t i v i t y  analyzed. The ma jo r  increases came i n  o p e r a t i n g  cos ts ,  
p a r t i c u l a r l y  i n  p r o p o r t i o n a l  i n c r e a s e s  i n  t h e  C O 2  r e q u i r e d .  O o u b l i n q  t h e  



Table 1 1 - 1  Base Case Economic Analysis 

INPUTS BASE CASE ............................................. 
Depreciable capital investment $13,940,000 
Non-Deprec capital investment 11,060,000 
Annual operating costs 6,180,000 
Annual maintenance costs 510,000 
System algal yield m t / v r  45450 
System Lipid yield bbls/yr 150000 
Carbohydrate yield m t / y r  910Q 
Protein yield mt/y r  9100 

CALCULATED VALUES ----------------- 
Cost of capital 0.0475 
Cap Recov Factor (book life) 0.0692 
Cap Recov Factor (depr life) 0.0943 
Fixed Charge Rate 0.0951 

PV of Capital Investment $17,349,560 
PV of NonDsprsc Invaatmrnt 13,765,150 
PV of Operating costs 123,965,000 
PV of Maintenance costs 10,930,980 

TOTAL PV OF FACILITY $166,010,700 

Annualized Cost Algae Plant $11,934,510 
LIPID only price $/bbl 79.56 
ALGAE prico $/ m t  262.59 

L i p i d  price b y  weight $/ m t  304.6r8 
Lipid price b y  value S/mt 284.56 
Protein price b y  weight $/mt  304.68 
Protein price by value $/mt 327.07 
Carbohyd price b y  weight $/mt 304.68 
Carbohyd price b y  value $/mt 327.87 

Annual i zed Capi tal Cost DCI $1,650,002 
Annualized Capital Cost NCDI 952,285 
Annualized Operating cost OPP 8,976 007 
Annualized Mainten. Cost HNT 756,215 
Annualized Cost Total A AP 11,934,508 

Annualized Capital Cost DCI 13.8% 
Annualized Capital Cost NCDI 9, 0% 
Annualized Operating cost OPP 71.9% 
Annualized Mainten. Cost NNT 6.3% 
Annualized Cost Total AAP 100. 0% 



Tab le  11-2 Economic Model I n p u t  Parameters  

FINRNCIAL PARAllETERS 

Base year  f o r  c o n s t a n t  d o l l a r s  
Year f o r  i n v e s t m e n t  o u t l a y  
Year f o r  c o s t  i n f o r m a t i o n  
Year f i r s t  commerc ia l  oper  
System oper  l i f e  (baok l i f e )  
f a x  l i f e  f o r  d e p r e c i a t i o n  
annua l  o t h e r  t axes  f n  o f  C I  
Annual i n s  premium f n  o f  G I  
E f f e c t i v e  income t a x  r a t e  
Inves tmen t  t a x  c r e d i t  
D e b t : t c t a l  c a p i t a l i z a t i o n  
Common S t k : t o t  c a p i t a l i z a t i o n  
P r e f e r  S t k : t o t  c a p i t a l i z a t i o n  
Ann rate  r e t u r n  on deb t  
hnn r a t e  r e t u r n  common stk 
Ann rate  r e t u r n  p r e f e r  stk 
Rate  o f  general i n f l a t i o n  
E s c a l a t i o n  c a p i t a l  c o s t s  
E s c a l a t i o n  o p e r a t i n g  c o s t s  
E s c a l a t i o n  main tenance c o s t s  
Cost c a p i t a l  [ o p t i o n a l )  
Cap Recovery F a c t o r  ( o p t i o n a l )  
F i x e d  Charge Rate  ( o p t i o n a l )  
L i p i d  c r e d i t  $ / s t  
P r o t e i n  c r e d i t  $ / n t  
Carbohydra te  credi t  t / m t  



p r o d u c t i v i t y  o n l y  dec reases  u n i t  p r o d u c t i o n  c o s t s  by  207.. ' [ r i p l i n g  
p r o d u c t i v i t y  o n l y  l e a d s  t o  a  f u r t h e r  dec rease  o f  l e s s  t h a n  5 % .  o r  23% 
r e d u c t i o n  f r o m  t h e  Base Case. Thus p r o d u c t i v i t y  enhancement w i l l  o n l y  be 
meaningful i f  t h e  amount o r  c o s t  o f  C02 i s  decreased.  The c o s t  was a l r e a d y  
assumed t o  be q u i t e  low. The r e c v c l i n g  o f  c a r b o n  w i l l  be  seen t o  d r a m a t i c a i l v  
a f f e c t  t h e  s e n s i t i v i t y  o f  p r o d u c t i o n  c o s t s  t o  p r o d u c t i v i t y  i n c r e a s e s .  

Tab le  11-3. Base Case: S e n s i t i v i t y  t o  P r o d u c t i v i t y  ............................................................................... 
Cost  BASE 2XPROD. 3XPROD. ............................................................................... 
L I P I D  o n l v  p r i ce .S .bb1  
ALGAE p r i c e  b / m t  

L i p i d  p r i c e  by  w e i g h t  t / m t  304.68  244 .28  235.60  
L i p i d  p r l c e  b y  v a l u e  f / m t  284.56 228.15 220.04 
P r o t e i n  p r i c e  by w e i g h t  $ / a t  304.68  244.28  235.60 
P r o t e i n  p r i c e  by  v a l u e  $ / a t  327.87  2 6 2 . 8 8  253.53  
CHO p r i c e  b y  w e i g h t  $ /mt  304.68  244.28 235 .60  
CHO p r i c e  by v a l u e  % / s t  327.87  262 .08  253.53  

D C I ,  X t o t a l  
N D C I ,  X t o t a l  
OPP, % t o t a l  
HNT, X t o t a l  
AAP, % 

11.3 SENSITIVITY OF THE BASE CASE TO CARBON RECYCLE 

The l o w  c o s t  a n a e r o b i c  d i q e s t e r  i s  a  ma jo r  p roposed  i n n o v a t i o n  i n  t h a t  
r e c o v e r y  o f  t h e  i n p u t  n u t r i e n t s  f o r  r e t u r n  t o  t h e  a l g a l  g r o w t h  ponds has  n o t  
been a t t e m p t e d  on l a r g e  s c a l e .  The e f f i c i e n c y  o f  t h e  r e c o v e r y  and r e u s e  o f  
n u t r i e n t s  f r o m  b iomass degraded i n  a  l o w  c o s t ,  c o v e r e d  l agoon  i s  a  f a c t o r  t h a t  
must be e m p i r i c a l l y  d e t e r m i n e d  i n  t h e  p roposed  e x p e r i m e n t a l  system. The 
l a g o o n  n o t  o n l y  a l l o w r  r e c y c l e  o f  ca rbon  ( 3 3 % )  b u t  a l s o  up t o  75% o f  t h e  
n i t r o g e n  and SOX o f  t h e  phosphorus.  I n  a d d i t i o n ,  t h e  methane p roduced  i s  
combusted t o  p roduce  e l e c t r i c a l  power, a t  abou t  25-302 e f f i c i e n c y .  T h i s  
e l e c t r i c i t y  can be used on s i t e ,  f o r  m i x i n g  power, e t c .  I n  some o f  t h e  cases 
ana lyzed ,  t h e  e l e c t r i c a l  o u t p u t  o f  t h e  d i g e s t i o n  sys tem exceeds t h e  needs o f  
t h e  system. I n  t h e s e  cases,  t h e  s u r p l u s  v a l u e  o f  t h e  power produced,  
c a l c u l a t e d  a t  6 . 5  cents /Kw.hr ,  i s  added as  a  n e g a t i v e  number t o  o p e r a t i n g  
c o s t s .  

The r e c y c l e  o f  ca rbon  r e d u c e s  t h e  demand o f  new i n p u t  carbon,  p e r  kg a l g a l  
b iomass,  f r o m  2.2kq t o  1 . 6  kg. T a b l e  11-4 shows t h e  e f f e c t  o f  t h e  s a v i n g s  i n  
C02 q u a n t i t i e s  on t h e  a n n u a l i z e d  p r o d u c t i o n  c o s t s  o f  b iomass and l i p i d .  The 
c a p l t a l  c o s t s  o f  t h e  Base Case were m o d i f i e d  t o  i n c l u d e  t h e  c o s t s  o f  t h e  
c o v e r e d  l a g o o n  and e n g i n e  g e n e r a t o r .  t l a i n t a n a n c e  c o s t s  i n c r e a s e d ,  b u t  
o p e r a t i n g  c o s t s  decreased due t o  t h e  l o w e r  q u a n t i t y  o f  C02 used and t h e  
power gene ra ted .  S i n c e  a l l  o f  t h e  u n e x t r a c t e d  b iomass goes i n t o  t h e  l agoon  



T a b l e  11-4 Economic  Analysis: Base Case + Recycle 

INPUTS BASE CASE RECYCLE 
- - - - - - - - - - - - - - - - - - - I I I I I I - - -L - "" - - -L * - . . ) "~"~ - - - I - - - - - - " " - " -  

Depreciable capital investment $13,940,000 $17,620,000 
Non-Deprec capital investment  11,060,OQO f1,430,000 
hnnual operat ing c o s t 6  6 ,100,000 3,640,000 
Annual maintenance c o s t s  510,000 800,000 
System algal yield m t / v r  45450 45430 
Sye tem L i p i d  yield bbls/yr 150000 150000 
Carbohydrate y r e l d  m t / y r  9100 
Protein yield mt/y r  9100 

CALCULATED VALUES ----------------- 
C o s t  o f  c a p i t a l  0.0475 0.0475 
Cap hecov Factor (book life) 0.0692 O.Ob92 
Cap Recov Factor (depr life) Q.0947  0.0947 
F i x e d  Charge Rate 0.0951 8.0951 

PV of Capital Investment $17,349,560 $21,?29,b50 
PV o f  NonDeprac Investment 13,763,150 14,225,640 
PV o f  Operating costs 123,965,000 73,014,990 
PV o f  Maintenance costs 10,930,980 17,14hf630 

TOTAL PV OF F A C I L I T Y  $166,0iQ,700 $125,316,900 

Annualized Cost Algae Plant $11,934,510 $9,307,186 
LIPID only p r i c e  W b b l  79.56 62.05 
ALGAE price $/ m t  262 .59  204.70 

L i p i d  price b y  weight  S/mt 304.68 443.82 
L i p i d  price b y  value S / m t  284.56 221.91 
P r o t e i n  p r i c e  b y  weight $ / m t  304.60 443.82 
Protein price b y  v a l u e  %/mt 327 . 87 
Carbohyd price b y  weight $ / m t  304 .68  443.82 
Carbohvd price b y  value $ / m t  327.87 

Annual ized Capital Cost DCI $1,650,002 $2,085,584 
Annualized C a p i t a l  Cast  NCDI 952,285 984,142 
Annualized Operating cost OPP 8,5769007 5,051,241 
Annualized Main tan .  Cost HNT 756,215 1,186,219 
Annualized Cost T o t a l  ARP 11,934,508 9,307,186 

Annualized C a p i t a l  C o s t  D C I  13.0% 22.4% 
Annualized Capital Coet NCDI 8.0X 10.6% 
Annualized Operating cost OPP 71,9Y, . 54.3% 
Annualized Mainten. Cost HNT 6.3% l 2 . 7 X  
Annualized Cost Total AAP 100, O X  100,OX 



f o r  d i g e s t i o n ,  t h e r e  a r e  no c a r b o h y d r a t e  o r  p r o t e i n  by p r o d u c t s .  h l t h o u q h  n e t  
i n c l u d e d  i n  t h e  model ,  t h e  l agoon  s l u d o e  i s  a  p o t e n t i a l  f e r t i i ~ z e r  p r o d u c t .  
The p r o d u c t i o n  c o s t  o f  b iomass d r o p s  22% compared t o  t h e  base case,  f r om 
0263/mt t o  6205/mt .  The l i p i d  o n l v  p r i c e  d r o p s  f r o m  $ 7 9 . b / b b l  t o  S b 2 l b b l .  
T h i s  i s  as much a  dec rease ,  r e l a t i v e  t o  t h e  Base Case, as t r i p l i n q  t h e  
p r o d u c t i v i t v  p r o v i d e d .  More i m p o r t a n t l v ,  i t  w i l l  be  shown be low t h a t  now 
p r o d u c t i v i t y  i n c r e a s e s  have much more i m p a c t  on f i n a l  c o s t  t h a n  t h e v  d ~ d  
w i t h o u t  ca rbon  r e c y c l e .  T h i s  i s  due t o  t h e  dec rease ,  i n  t e r m s  o f  p e r  c e n t  of 
t o t a l  a n n u a l i z e d  c o s t ,  o f  o p e r a t i n g  r e l a t i v e  t o  c a p i t a l  o u t l a v s .  I n  t h e  Base 
Case o p e r a t i n g  c o s t s  c o n t r i b u t e d  o v e r  70% o f  t h e  t o t a l ,  c a p i t a l  o n l v  22%. 
Wi th  n u t r i e n t  r e c y c l e  and power g e n e r a t i o n ,  o p e r a t i n g  d r o p s  t o  54% of  t h e  
t o t a l  and c a p i t a l  r i s e s  t o  one t h i r d .  

11.4 RECYCLE CASE: PRODUCTIVITY SENSITIVITY 

The r e s u l t s  o f  v a r i a t i o n s  i n  assumed b iomass p r o d u c t i v i t v ,  w i t h  50% l i p i d ,  on 
t h e  a n n u a l i z e d  p r o d u c t i o n  c o s t s ,  a r e  p r e s e n t e d  i n  Tab le  11-5.  The 1.0 x 
p r o d u c t i v i t v  case r e + e r s  t o  t h e  n u t r i e n t  r e c v c l e  case d i s c u s s e d  above. 
D o u b l i n g  p r o d u c t i v i t y  now r e d u c e s  p r o d u c t i o n  c a s t  3 0 % ,  whereas w i t h o u t  r e c y c l e  
t h e  r e d u c t i o n  was 20%. Biomass p r o d u c t i o n  c o s t  i s  S144/mt,  l i p i d  p r l c e  i s  
5 4 4 / b b l .  I f  p r o d u c t i v i t y  i s  o n l y  i n c r e a s e d  by 50%, a 20% s a v i n g s  i s  s t i l l  
a c h i e v e d  i n  p r o d u c t i o n  c o s t s .  When p r o c e s s i n g  o f  t h e  b iomass 1s i n c l u d e d ,  
i . e , ,  e x t r a c t i o n  and c o n v e r s i o n  t o  u s e a b l e  f u e l ,  t h e  impac t  09 p r o d u c t l v i t v  
i n c r e a s e s  i s  l i k e l v  t o  be reduced.  The p r o d u c t i o n  c o s t s  a r e  s e n s i t i v e  t o  
r e d u c t i o n s  i n  p r o d u c t i v i t v ,  w i t h  a  30% r e d u c t i o n  l e a d i n g  t o  a l m o s t  a  30% 
i n c r e a s e  i n  c o s t .  Thus, a  p r o d u c t i v i t y  o f  30 gm/m2/dav on ave rage  w l t h  a  
50% l i p i d  c o n t e n t ,  appears  t o  be  a  h i g h  b u t  e c o n o m i c a l l y  r e a s o n a b l e  g o a l .  
Decreases i n  p r o d u c t i v i t y  have s u b s t a n t i a l  impac t ,  b u t  i n c r e a s e s  above 1.5 
f o l d  b e g i n  t o  have d i m i n i s h i n g  r e t u r n s  as w e l l  as  b e i n g  u n r e a l i s t i c .  T h i s  i s  
shown i n  F i q u r e  11-1 as a  dec rease  i n  t h e  s l o p e  o f  t h e  g raph  o f  l i p i d  p r l e e  
v e r s u s  p r o d u c t i v i t y .  

11.5 RECYCLE CASE: SENSITIVITY T O  C02 PRICE 

A l t h o u q h  t h e  p r i c e  o f  C02 used i n  a l l  o f  t h e  p r e c e d i n g  a n a l v s e s  i s  n o t  
i n c o n s i s t e n t  w i t h  commerc ia l  C02 c o s t  under  f a v o r a b l e  c i r c u m s t a n c e s ,  t h e  
q u a n t i t i e s  needed f o r  v e r v  l a r g e  s c a l e  svstems, and t h e  remote  s i t i n g  04 t h e s e  
svstems, may p r e c l u d e  t h e  use o f  commerc ia l  C02. I n  t h i s  case,  t h e  b35/mt  
p r i c e  i s  a  l o w  one, as p u r i f i c a t i o n  o f  C02 f r o m  power p l a n t  s t a c k  qases i s  
more e x p e n s i v e  t h a n  f r o m  r e f i n e r y  o f f  gases. T O  d e m o n s t r a t e  t h e  s @ n s i t l v i t y  
o f  t h e  d e s i g n  t o  v a r i a t i o n  o f  t h e  assumed p r i c e  o f  C02, two  cases  were 
ana lyzed :  f r e e  C02 and $70/mt C O Z .  The r e s u l t s  a r e  shown i n  T a h l e  11-6. 
D o u b i i n g  t h e  c o s t  o f  ca rbon  i n c r e a s e s  a n n u a l i z e d  p r o d u c t i o n  c o s t s  abou t  40X. 
#hen C02 i s  f r e e  (an  e x c e p t i o n a l  case o n l v  a p p l i c a b l e  t o  s m a l l  svs tems 
l o c a t e d  n e a r  an e x i s t i n g  w e l l )  t h e  c o s t s  a r e  r e d u c @ d  40%. Thus a g a i n ,  t h e  
Base Case assumpt ion  on ca rbon  p r i c e  appears  t o  be  an e c o n o m ~ c a l l v  r e a s o n a b l e  
one t h a t  must be  ach ieved .  The a d d i t i o n  o f  n u t r i e n t  r e c v c l e  t o  t h i s  c o s t  i s  
one o f  t h e  most n e c e s s a r v  f e a t u r e s  t o  s u c c e s s f u l l y  deve ldp .  Carbon i s  t o o  
c o s t l y ,  i n  g e n e r a l ,  t o  a l l o w  h a l f  o f  i t  t o  escape f r o m  t h e  sys tem w i t h o u t  
b e i n q  i n c o r p o r a t e d  i n t o  p r o d u c t .  



Table 11-5 Recycle Case: P r o d u c t i v i t y  S e n s i t i v i t y  

I N P U T S  R ,  0.5xP R ,  0 .67xP R ,  1 . 0 ~ ~  ...................................................................... 
D e p r e c i a b l e  c a p i t a l  i n v e s t m e n t  $14,370,000 $15,290,000 217,620,000 
Non-Deprec c a p i t a l  i n v e s t m e n t  i0.820,000 11,030,000 11,430,000 
Annual o p e r a t i n g  c o s t s  2,650,000 2,990,000 3,640,000 
Annual main tenance c o s t s  bC10,OOO 690,000 000,000 
System a l g a l  y i e l d  m t / y r  22725 303 15 45450 
Svatam L i p i d  y i e l d  b b l s / y r  73000 100000 150000 
C a r b o h y d r a t e  y i e l d  m t / y r  
P r o t e i n  y i e l d  m t / y r  

CALCULATED VALUES 

Cos t  a f  c a p i t a l  
Cap Recov  F a c t o r  ( book  l i f e )  
Cap Reccv F a c t o r  ( d e p r  l i f e )  
F i x e d  Charge R a t e  

P V  o f  C a p i t a l  i nves tmen t .  
PV o f  NonDeprec I n v e s t m e n t  
PV o f  O p e r a t i n g  c o s t 3  
P V  o f  Ma in tenance  c a s t s  

TOTAL PV OF FACILITY 

A n n u a l i z e d  Cost  A lgae  P l a n t  
L I P I D  o n l y  p r i c e  W b b l  
ALGAE p r i c e  $ / m t  

L i p i d  p r i c e  by  w e i g h t  $ / m t  
L i p i d  p r i c e  by v a l u e  $ / a t  
P r o t e i n  p r i c e  by we igh t  S / m t  
P r o t e i n  p r i c e  by  v a l u e  S/mt  
Carbohyd p r i c e  b y  w e i g h t  S/mt 
C a r b ~ h y d  p r i c e  by  v a l u e  S/mt  

Annual i z e d  Capital Cost  DCI 51,724,572 $1,809,794 $2,085,584 
A n n u a l i z e d  C a p i t a l  Cost  NCDI 931,621 949,702 984,142 
A n n u a l i z e d  O p e r a t i n g  c o s t  QPP 3,477,414 4,149,233 5,051,241 
A n n u a l i z e d  Ma in ten .  Cos t  HNT 978,631 1,023,114 1,106,219 
A n n u a l i z e d  Cost T o t a l  A AP 7,312,237 7,931,843 9,307,186 

Annual i t ed  Capital Cost DCI 23.6% 22.81): 22.4% 
4nnualized C a p i t a l  Cost  N C D I  12.7X 12.0% 10.6% 
hnnualized O p e r a t i n g  c o s t  OPP 50.3% 52,3'/. 54.3X 
A n n u a l i z e d  Ma in ten ,  Cost  MNT 13.4X 12.7% 12.7X 
A n n u a l i z e d  Cost  T o t a l  RPlP 10O.OY. 100.03: 100.0% 



Tab le  11-5 R e c y c l e  Case: P r o d u c t i v i t v  S e n s i t i v i t y  ( c o n t i n u e d )  

INPUTS R,  1.5xP R,  2xP 
- - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

D e p r e c i a b l e  c a p i t a , l  i n v e s t m e n t  $19,640,000 $21,900,000 
Non-Deprec c a p i t a l  i n v e s t m e n t  12,000,000 12,550,000 
Annual  o p e r a t i n g  c o s t s  4,630,000 5,620,000 
Annual maintenance1 c o s t s  1,000,000 1,120,000 
System a l g a l  y i e l d  m t / y r  68 175 90900 
System L i p i d  y i e l d  b b l s / y r  225000 300000 
C a r b o h y d r a t e  y i e l d  m t / y r  
P r o t e i n  y i e l d  m t f y r  

CALCULATED VALUES ----------------- 
Cost  o f  c a p i t a l  
Cap Recov F a c t o r  (book l i f e )  
Cap Recov F a c t o r  ( d e p r  l i f e )  
F i x e d  Charge R a t e  

PV o f  C a p i t a l  Inve!stment  
PV o f  NonDeprec I n ~ v e s t m e n t  
PV o f  O p e r a t i n g  c o s t s  
PV o f  Ma in tenance  c o o t s  

TOTAL PV OF FACILITY 

A n n u a l i z e d  Cost  A l g a e  P l a n t  
L I P I D  o n l y  p r i c e  d:/bbl 
ALGAE p r i c e  % / a t  

L i p i d  p r i c e  by  w e i g h t  $ / m t  
L i p i d  p r i c e  by  v a l u e  $ / a t  
P r o t e i n  p r i c e  by w e i g h t  $ / m t  
P r o t e i n  p r i c e  by  v a l u e  $ / m t  
Carbohyd p r i c e  b y  w e i g h t  $ / e t  
Carbohyd p r i c e  by  v a l u e  $ / n t  

A n n u a l i z e d  C a p i t a l  Cost  D C I  
A n n u a l i z e d  C a p i t a l  Cost  NCDI 
A n n u a l i z e d  Opera t  i ng c o s t  OPP 
A n n u a l i z e d  H a i n t e n .  Cost  HNT 
Annual i zed Cost  T o t a l  A AP 

A n n u a l i z e d  C a p i t a l  Cost  DCI 
bnnua l  i z e d  C a p i t a l  Cost  NCDI 
A n n u a l i z e d  O p e r a t i n g  c o s t  OPP 
A n n u a l i z e d  H a i n t e n .  Cost  MNT 
A n n u a l i z e d  Cost  T o t a l  A AP 





Table  11-6 Recyc le  Case: S e n s i t i v i t y  t o  C02 P r i c e  

INPUTS R, F r e e  R, $33/mt R,  $70/mt ...................................................................... 
D e p r e c i a b l e  c a p i t a l  i nves tment  $17,300,000 $17,620,000 $17,300,000 
Nan-Deprec c a p i t a l  i nves tment  11,420,000 11,430,000 11,420,000 
Annual o p e r a t i n g  c o s t s  1,100,000 3,640,000 6,180,000 
Annual maintenance c o s t s  800,000 800,000 800,000 
System a l g a l  y i e l d  m t / y r  45450 45450 45450 
System L i p i d  y i e l d  b b l s / y r  150000 150000 150000 
Carbohydra te  y i e l d  m t / y r  
P r o t e i n  y i e l d  m t / y r  

CALCULATED VALUES ----------------- 
Cost o f  c a p i t a l  0.0473 0.0475 0.0475 
Cap Recov F a c t o r  (book l i f e )  0.0692 0.OQ92 0.0692 
Cap Recov F a c t o r  (depr  l i f e )  0.0947 0.0947 0.0947 
F i x e d  Charge Rate 0.0951 0,0931 0.0951 

PV o f  C a p i t a l  Inves tment  $21,531,380 $21,929,650 $21,531,380 
PV of NonDeprec Investment  14,213,200 14,229,840 14,213,200 
PV o f  O p e r a t i n g  c o s t s  22,064,970 73,014,990 123,965,000 
PV o f  Maintenance c o s t s  17,146,630 17,146,830 f79146,630 

TOTAL PV OF FACILITY $74,956,100 $126,316,900 $176,856,200 

Annua l i zed  Cost A lgae P l a n t  $5,743,601 $9,307,186 912,793,210 
L I P I D  o n l y  p r i c e  $ / b b l  30.29 62.05 05.29 
ALGAE p r i c e  $ / m t  126.37 204.78 281.48 

L i p i d  p r i c e  by we igh t  $/mt 273.89 443.02 610.06 
L i p i d  p r i c e  by v a l u e  S/mt 136.95 221.91 305.03 
P r o t e i n  p r i c e  by we igh t  $ / s t  273.09 443,82 610.06 
P r o t e i n  p r i c e  by v a l u e  $ /mt  
Carbohyd p r i c e  by we igh t  $ / a t  273.89 443.82 610.06 
Carbohyd p r i c e  by v a l u e  $ /mt  

Annua l i zed  C a p i t a l  Cost 
Annual i zed C a p i t a l  Cost 
Annua l i zed  O p e r a t i n g  c o s t  
Annua l i zed  Hain ten.  Cost 
Annua l i zed  Cost T o t a l  

Annua l i zed  C a p i t a l  Cost 
Annua l i zed  C a p i t a l  Cost 
Annua l i zed  O p e r a t i n g  c o s t  
Annua l i zed  t la in ten.  Cost 
Annua l i zed  Cost T o t a l  

DC I 
NCD I 

OPP 
HNT 
A AP 

DC I 
HCD I 

OPP 
MNT 
AAP 



, 11.6 RECYCLE CASE:  SENSITIVITY T O  LIPID CONTENT 

L i p i d  c o n t e n t  o f  t h e  b i o m a s s  p r o d u c e d  ( a t  30 gn/m2/d)  was v a r i e d  f r o m  2 O X  t o  
50% ( t h e  Base Case v a l u e )  t o  d e t e r m i n e  t h e  e f f e c t  on  l i p i d  p r i c e .  4s shown i n  
T a b l e  11-7, r e d u c e d  l i p i d  d r a m a t i c a l l y  i n c r e a s e s  l i p i d  p r i c e ,  Thus t h e  Base 
Case a s s u m p t i o n  o #  50% l i p i d  c o n t e n t  needs  t o  be a c h i e v e d  when l i p i d  a i l  is 
t h e  d e s i r e d  p r o d u c t .  R e c y c l e  o f  c a r b o n  was assumed i n  t h i s  a n a l y s i s  and had 
t h e  e f f e c t  o f  c a u s i n g  a d e c r e a s e  i n  b i omass  p r o d u c t i o n  c o s t  as l i p i d  c o n t e n t  
was decreased.  T h i s  a n a l y s i s  c o u l d  b e  adapted t o  t h e  case  o f  methane f u e l  
p r o d u c t i o n  i f  t h e  n o n - l i p i d  f r a c t i o n  i s  assumed a c c e s s i b l e  t o  d e q r a d a t i o n  and 
i f  t h e  amount o f  c a r b o n  r e c y c l e  i s  c o r r e c t e d  f o r  r e m o v a l  o f  c a r b o n  as t h e  
methane p r o d u c t .  No such  a n a l y s i s  was done i n  d e t a i l  as l i p l d  p r o d u c t i o n  is 
t h e  p r i m a r v  g o a l .  The svs tem wou ld  have  t o  p r o d u c e  b iomaes a t  975 /mt  t o  
p r o v i d e  methane a t  $S/ f lBTU.  The svs tem d e s i g n e d  i s  e f f e c t v e  I n  p r o d u c i n g  
methane gas  i f  t h e  c o v e r e d  l a g o o n  d i g e s t e r  p e r f o r m s  as  w e l l  as assumed, T h i s  
w i l l  be  s t u d i e d  i n  t h e  p r o p o s e d  e x p e r i m e n t a l  svs tem.  

1 . 7  RECYCLE CASE: S E N S I T l V I T Y  T O  DEPRECIABLE C A P I T A L  INVESTMENT 

The c a p i t a l  i n v e s t m e n t  does  n o t  appear  t o  s i g n i f i c a n t l y  a f f e c t  t h e  a n n u a l i z e d  
p r o d u c t i o n  c o s t s  u n t i l  i t  q e t s  l a r g e .  Th ree  v a r i a t i o n s  i n  D C I  were  a n a l y z e d  
f o r  t h e i r  i m p a c t .  The f i r s t ,  1.5 t i m e s  t h e  D C I  e+ t h e  r e c v c l e  case  wou ld  
a p p l y  i f  t h e  p r i m a r v  h a r v e s t i n g  d e v i c e  were much more e x p e n s i v e  t h a n  the 
p r o p o s e d  s e d i m e n t a t i o n  system. kn example o f  a  d e v i c e  t h a t  w o u l d  + a l l  i n t o  
t h i s  r a n g e  o f  DCI i n c r e a s e  i s  an e n q i n e e r e d  d i s s o l v e d  gas  f l o t a t i o n  r e a c t o r ,  
c o s t i n g  a b o u t  $12 m i l l i o n  p e r  1000 a c r e  system. The second change i n  DCX, t a  
t w i c e  t h e  b a s e l i n e  l e v e l ,  c o r r e s p o n d s  t o  l i n i n g  t h e  ponds  w i t h  a  h i q h  q u a l i t y  
s y n t h e t i c  m a t e r i a l  c o s t i n g  @ S S .  OO/mZ, o r  a b o u t  $22 m i l l  i o n  d o l l a r s  p e r  1000 
a c r e s  o f  q r o w t h  pond area.  T h i s  t y p e  o f  l i n e r  w o u l d  b e  used  i f  ponds  l i n e d  
w i t h  l e s s  e x p e n s i v e  e a r t h e n  m a t e r i a l s  p r o v e d  t o  lose t o o  much w a t e r .  The f i v e  
f o l d  i n c r e a s e  i n  D C I  w o u l d  c o r r e s p o n d  t a  l i n i n q  and c o v e r i n g  a pond svstem. 
T h i s  i s  v e r y  c o s t l y  and as y e t  t h e r e  is no e v i d e n c e  t h a t ,  en a l a r g e  $talc, 
t h i s  c o n c e p t  i s  a t  a l l  wo rkab le ,  As shown i n  T a b l e  11-0, t h e  S O X  i n c r e a s e  i n  
D C I  l e a d s  t o  a 15%' i n c r e a s e  i n  p r o d u c t  c o s t  w h i c h  implies t h a t  i t  i s  
a f f o r d a b l e  i f  i t  i s  n e c e s s a r y  f a r  gaod p e r f o r m a n c e  o f  t h e  h a r v e s t i n g  system. 
The 100% i n c r e a s e  i n  D C I ,  f o r  a l i n e r ,  i n c r e a s e s  c o s t  o f  l i p i d  p r o d u c t  b y  
SOX. T h i s  i s  a f f o r d a b l e  o n l y  i f  t h e  i n c r e a s e  i s  o f f s e t  b v  same o t h e r  savings 
o r  by  p r o d u c t i v i t y  i n c r e a s e s .  Thus use o f  a  f i n e r  i s  m a r g i n a l ,  The 400% 
i n c r e a s e ,  f o r  a c o v e r e d  sys tem,  r e s u l t s  i n  2.25 f o l d  i n c r e a s e  i n  p r o d u c t i o n  
c o s t s ,  w h i c h  i s  b v  a l l  means t o a  much even i f  t h e  c o v e r e d  sys tem somehow mad@ 
a l l  o t h e r  p e r f o r m a n c e  g o a l s  a c h i e v a b l e .  I t  must be k e p t  i n  mind  t h a t  
s y n t h e t ~ c  m a t e r i a l s  used  f o r  l i n i n q  and c o v e r i n g  w i l l  l i k e l y  i n f l a t e  w i t h  
c r u d e  o i l  p r i c e s ,  s o  t h a t  h o p i n g  f o r  d r a m a t i c  o i l  p r i c e  i n c r e a s e s  t o  make such  
systems a f f o r d a b l e  is n o t  w a r r a n t e d .  



Table 11-7 Recyc le  Case: S e n s i t i v i t y  t o  L i p i d  Content 

INPUTS R,20% L i p i d  ............................................. 
Dep rec iab le  c a p i t a l  i nves tment  $19,120,000 
Non-Deprec c a p i t a l  i nves tment  ' 11,850,000 
Annual o p e r a t i n g  c o s t s  1,910,000 
Annual aa in tenancs  c o s t s  1,000,000 
System a l g a l  y i e l d  m t / y r  45450 
System L i p i d  y i e l d  b b l s / y r  60000 
Carbohydrate  y i e l d  m t l y r  
P r o t e i n  y i e l d  m t / y r  

R,30% L i p i d  R,4O% L i p i d  
,------rr_------------------- 

$18,370,000 $17,910,000 
11,710,000 11,570,000 
2,440,000 3,040,000 

940,000 880,000 
45450 45450 
90000 120000 

CALCULATED VALUES ----------------- 
Cost o f  c a p i t a l  0.0499 0.0475 0.0473 
Cap Recov Fac to r  (book l i b e l  0.0692 0.0692 0.0692 
Cap Recov Fac to r  (depr  l i f e )  0.0947 0.0947 0.0949 
F i xed  Charge R a t e  or095 1 0.0951 Q.0931 

PV o f  C a p i t a l  Investment  $23,796,330 $22,863,090 $22,290,580 
PV o f  NonDeprec Investment  14,748,370 14,574,130 14,399,996 
PV o f  Opera t ing  c o s t s  38,312,810 48,944,110 60,979,550 
PV o f  Maintenance c o s t s  21,433,290 20,147,290 18,861,300 

TOTAL PV OF FACILITY $98,291,010 $106,528,600 $118,551,300 

Annua l i zed  Cost Algae P l a n t  $7,416,723 $7,962,412 $8,639,566 
L IP ID o n l y  p r i c e  $ / b b l  123.61 88.47 72.00 
ALBAE p r i c e  $/mt 163.18 175.19 190.09 

L i p i d  p r i c e  by weight  $ / a t  884.18 632.82 514.98 
L i p i d  p r i c e  by v a l u e  S / m t  442.10 316.42 257.50 
P r o t e i n  p r i c e  by weight  $ / m t  884.18 632.82 514.38 
P r o t e i n  p r i c e  by va l ue  $ / m t  
Carbohyd p r i c e  by n e i g h t  $ / w t  884.18 632.82 514.98 
Carbohyd p r i c e  by va l ue  $ / a t  

Annual ized C a p i t a l  Cost D C I  12,263,131 tZ9174,3S8 $2,119,910 
Annual i z e d  C a p i t a l  Cost NCDI 1,020,305. 1,008,251 996,197 
Annual ized Opera t ing  c o s t  OPP 2,650,514 3,385,996 4,218,618 
Annual ized Hainten.  Cost PINT 1,402,774 1,393,807 1,304,841 
Annual ized Cost T o t a l  A AP 7,416,723 7,962,412 8p639,566 

Annual i zed C a p i t a l  Cost D C I  30.5X 27.3% 24.5% 
Annua l i zed  C a p i t a l  Cost NCDI L3.8X 12.7% 11.52 
Annual ized Opera t ing  c o s t  OPP 35.7% 42.5% 48.8% 
Annual ized Hainten.  Cost HNT 20. OX 67.5% 15.1% 
Annual ized Cost T o t a l  A AP 100. 0 1  fOO.0X 100. 0% 



T a b l e  11-0 R e c y c l e  Case: S e n s i t i v i t y  t o  DCI 

INPUTS R, 1 .SxDCI: R,2xDCI R,5xDCI 
- - 

D e p r e c i a b l e  c a p i t a l  i n v e s t m e n t  $26,430,000 
Non-Deprec c a p i t a l  i n v e s t m e n t  11,430,000 
Annual o p e r a t i n g  c o s t s  3,640,000 
Annual maintenance c o s t s  1,060,000 
System a l g a l  y i e l d  m t / y r  45450 
Svstem L i p i d  y i e l d  b b l a / y r  150000 
Carbohydra te  y i e l d  m t l y r  
P r o t e i n  y i e l d  m t / y r  

CALCULATED VALUES 
-----------n----- 

Cost o f  c a p i t a l  0.0475 
Cap Recov F a c t o r  (book l i f e )  0.0692 
Cap Recuv F a c t o r  ( d e p r  l i f e )  0,0947 
F i x e d  Charge Rate  0.0951 

PV o f  C a p i t a l  I nves tmen t  $32,894,470 
PV o f  NonDeprec Inves tmen t  14,225,640 
PV o f  O p e r a t i n g  c o s t s  73,014,990 
PV o f  Main tenance c o s t s  22,719,290 

TOTAL P V  OF FACILITY $142,854,400 

A n n u a l i z e d  Cost A lgae P l a n t  $10,735,500 
L I P I D  o n l y  p r i c e  W b b l  71 .37  
ALGAE p r i c e  $ /mt  236.20 

L i p i d  p r i c e  by w e i g h t  S / m t  511 ,94  
L i p i d  p r i c e  by  v a l u e  W m t  255.97 
P r o t e i n  p r i c e  b y  w e i g h t  S / m t  511 .94  
P r o t e i n  p r i c e  b y  v a l u e  Wmt  
Carbohyd p r i c e  by  weight $ / m t  511.94 
Carbohyd price by  v a l u e  $ / m t  

A n n u a l i z e d  C a p i t a l  Cost  
A n n u a l i z e d  C a p i t a l  Cost  
A n n u a l i z e d  O p e r a t i n g  c o s t  
A n n u a l i z e d  Ha in ten .  Cost  
A n n u a l i z e d  Cost  T o t a l  

A n n u a l i z e d  C a p i t a l  Cos t  
A n n u a l i z e d  Cap.i t a l  Cost 
A n n u a l i z e d  O p e r a t i n g  c o s t  
f i n n u a t i z e d  Mainten. Cost 
Annualized C o s t  Total  

D C I  
NCD I 

OPP 
MNT 
A AP 

DC I 
NCDI 

OPP 
MNT 
AAP 



11.8 RECY C L E  CASE: SENSITIVITY TO COST OF CAPITAL 

All of t h e  modellnq done s o  + a r  rs based on assumpt ions  which l ead  t o  a  c o s t  
o t  c a p i t a l  of about  5Z. While this mav be r e a s o n a b l e  mn some c l r c u m s t a n c e s ,  
manv o r l v a t e  i n v e s t o r s  w l l l  want t o  s e e  a  g r e a t e r  r e t u r n  f o r  r l s k l n q  c a p l t a l  
or  t o r  i n v e s t i n a  I n  a  c a p i t a l  intensive b u s i n e s s .  Uslno t h e  r e c v c l e  c a s e .  
t h r e e  c o s t  o t  c a ~ l t a l  f a c t o r s  were used t o  t e s t  s e n s i t i v i t v  t o  t n l s  p a r a m e t e r ,  
each w i t h  t h e  o r i q i n a l  DCI and w i t h  t h e  100% I n c r e a s e d  D C I .  The r e s u l t s  a r e  
q!ven In  Tab les  11-9 and 11-10. 

A5 e x p e c t e d ,  t h e  c o s t  of c a p i t a l  has  q r e a t  impact on f i n a l  p roduc t  c o s t s  and 
th ls  impact I n c r e a s e s  a s  c a p i t a l  c o s t s  i n c r e a s e .  The contribution of 
a n n u a l i z e d  c a p i t a l  c o s t  t o  t o t a l  a n n u a l l z e d  c o s t  i n c r e a s e s  from 33% a t  t h e  
lowest  r a t e  and lowest  l e v e l  of c a p i t a l  r equ i rement  t o  60% a t  t h e  h i g h e s t  of 
each.  T h i s  means t h a t ,  excep t  a t  t h e  most f a v o r a b l e  borrowinq r a t e ,  t h e  
c a p l t a l  i n t e n s l t v  0 4  a  svstem 1s an impor tan t  f a c t o r .  Verv expens ive  svs tems 
must be j u s t i f i e d  i n  t e rms  of verv g r e a t  i n c r e a s e s  i n  p r o d u c t i v i t v ,  However 
p r o d u c t i v i t v  has  an upper l i m i t  which i s  l e s s  two than t i m e s  t h e  base  Case 
v a l u e ,  i . e . ,  i t  i s  d o u b t f u l  t h a t  a  l i p i d  accumulat ing a l g a  cou ld  ever  be 
expected t o  be 15% e f f i c i e n t  i n  c o n v e r t i n g  s o l a r  energv.  For t h e s e  r e a s o n s ,  
t h e  d e s i g n  c r i t e r i a  used i n  t h i s  r e p o r t ,  lowest  c o s t  w i t h  h i g h e s t  e f f e c t ,  
a p p e a r s  t o  be j u s t i f i e d .  

11.9 RECYCLE CASE: SENSlTIVITY TO POLYMER DOSE 

Harves t ing  is  one of t h e  s t e p s  i n  t h e  o v e r a l l  p r o c e s s  t h a t  must be h i q h l v  
r e l i a b l e .  In t h e  b a s i c  d e s i g n  of t h e  sys tem,  i t  was assumed t h a t  a  high 
molecular  weight polymer would have t o  be added t o  t h e  a l g a l  suspens ion  t o  a i d  
i n  f l o c c u l a t i n g  t h e  biomass p r i o r  t o  pr imary c o n c e n t r a t i o n .  The dose  of 
polymer used ,  1  ppm per  500 ppm of biomass,  i s  a  low one. The r e s u l t s  of t h e  
s e n s i t i v i t y  a n a l v s i s  shown i n  Table  11-11 i n d i c a t e  t h a t  t h i s  dose  could  be 
doubled wi thou t  i n c r e a s i n g  p roduc t  c o s t  more than 7 X ,  and even a f i v e  f o l d  
h igher  polymer dose  would on ly  l e a d  t o  a  20% i n c r e a s e .  A low dose ,  1-3 ppm/  
ppm, i s  becoming s t a t e  of t h e  a r t  due t o  t h e  c a p a b i l i t y  of t a i l o r i n q  polvmers 
t o  s p e c i f i c  a p p l i c a t i o n s .  

11.10 CONCLUSIONS 

The s e n s i t i v i t y  a n a l y s e s  performed conf i rm t h a t  t h e  o p t i m i s t i c  assumpt ions  
used i n  s e t t i n g  t h e  l a r q e  s c a l e  system performance s t a n d a r d s  a r e  n e c e s s a r y  t o  
produce f u e l  p r o d u c t s  from a l g a e  economical ly .  The a n a l y s e s  a l s o  i n d i c a t e  
t h a t  a  low c o s t ,  carbon e f f i c i e n t  sys tem has  t h e  b e s t  o p p o r t u n i t y  of a c k i e v l n g  
t h e s e  s t a n d a r d s .  P r o d u c t i v i t y  i n c r e a s e s ,  which appear  n e c e s s a r y  d e s p i t e  t h e  
h i g h  l i p i d  p r o d u c t i v i t y  assumed h e r e ,  wil l  have t h e  most impact on f i n a l  
p roduc t  c o s t  when ach ieved  w i t h i n  the framework of the system s p e c i f i e d  h e r e ,  
The q u e s t i o n s  of r e s o u r c e  a v a i l a b i l i t y  were n o t ,  a+ c o u r s e ,  s o l v e d  by t h e s e  
a n a l y s e s .  However, t h e  system des igned  i s  very e f f i c i e n t ,  i n  i t s  u t i l i z a t i o n  
o+ r e s o u r c e s .  



f a b l e  11-9 R e c y c l e  Case: S e n s i t i v i t y  t o  Cost  o f  C a p i t a l  ( k )  

INPUTS R,  kz.047 R ,  k=.07 R, k = . i O  --- ----------1-1-1-------I----........II-I-I------------~-------~----------~ 

D e p r e c i a b l e  c a p i t a l  i n v e s t m e n t  $17,620,000 $17,629,000 517,620,900 
Non-Deprec c a p i t a l  i n v e s t m e n t  11,430,000 11,430,000 11,430,000 
Annual o p e r a t i n g  c o s t s  3, b40,000 3,640,000 3,640,000 
Annual maintenance c o s t s  800,000 800,000 800,000 
System a l g a l  y i e l d  m t / y r  45450 45450 45450 
System L - i p i d  yield b b l s / y r  150000 150000 150000 
Carbohydra te  y i e l d  m t l y r  
P r o t e i n  y i e l d  m t / y r  

CALCULATED VALUES ---------....------ 
Cost o f  c a p i t a l  0.0475 0.0700 0. 1000 
Cap Recov F a r t o r . _  l book 1  i f el 0,0692 0.0858 0,1102 
Cap Recov F a c t o r  ( d e p r  l i f e )  0,0947 0,1098 0.1315 
F i x e d  Charge Rate  0.0951 0,1202 0.1581 

P V  o f  C a p i t a l  I n v e s t n e n t  $21,929,650 $23,373,740 $25,395,390 
PV o f  NonDeprec Inves tmen t  14,22!5,440 13,162,420 16,473,860 
PV o f  O p e r a t i n g  c c z t s  73,014,990 57,974,420 44,343,790 
PV o f  Main tenance c a s t s  17,146,630 13,572,460 10,342,760 

T O T A L  PV OF FACILITY $1261316q900 t11010839000 $96q5569090 

h n n u a l i z e d  Coat A lgae  P l a n t  $9,307,186 $10,250,610 $11,853,790 
L I P I D  o n l y  p r i c e  $ / b b l  62.05 68.34 79.03 
ALGAE p r i c e  C / m t  204.70 225.54 260.81 

L i p i d  p r i c e  by w e i g h t  S / m t  443.82 488.81 5 b 5 . 2 6  
L i p i d  price by v a l u e  $ / m t  221.91 244.41 2 8 2 . 6 3  
P r o t e i n  p r i c e  by w e i g h t  $ / s t  443.82 488.81 565.26 
P r o t e i n  p r i c e  b y  v a l u e  $ / m t  
C a r b o h y d  p r i c e  b y  w e i g h t  t / m t  443.82 488,81 563,26 
Carbohyd p r i c e  by  v a l u e  $ / w t  

Annual i zed 
A n n u a l i z e d  
Annual ired 
Annual i z ed  
CInnualized 

A n n u a l i z e d  
Annual i zed 
Annual i zed 
hnnua l  i z sd 
Annual i zed 

C a p i t a l  Cost  D C I  
C a p i t a l  Cost  NCDI 
O p e r a t i n g  c o s t  OPP 
Mainten. C o s t  MNT 
C ~ s t  T o t a l  CI AP 

C a p i t a l  C o s t  DCI 
C a p i t a l  Cost NCDI 
O p e r a t i n g  c o s t  OPP 
H a i n t e n ,  Cost  MNT 
Cost  T o t a l  AAP 



Table 11-10 Recyc le  Case: S e n s i t i v i t y  t o  Cost o f  C a p i t a l  a t  2x DCI 

INPUTS 
2x D C I  2x D C I  2x D C I  

R, k1.047 R, kz.07 R ,  k=. 10 

D e p r e c i a b l e  c a p i t a l  i nves tment  $35,240,000 $35,240,000 $35,240,000 
Non-Deprec c a p i t a l  i nves tment  11,430,000 11,430,000 11,430,000 
Annual o p e r a t i n g  c o s t s  3,640,000 3,640,000 3,640,000 
Annual maintenance c o s t s  1,320,000 1,320,000 1,320,000 
System a l g a l  y i e l d  m t / y r  45450 45450 45450 
System L i p i d  y i e l d  b b l s / y r  150000 150000 150000 
Carbohydrate  y i e l d  a t / y r  
P r o t e i n  y i e l d  m t / y r  

CALCULATED VALUES ----------------- 
Coet o f  c a p i t a l  0.0475 0.0700 0.1000 
Cap Recov F a c t o r  (book l i f e )  0 , 0692 0.0858 0.1102 
Cap Recov F a c t o r  (depr  l i f e )  0.0947 0.1098 0.1315 
F i x e d  Charge Rate 0.0951 0.1202 O.lS81 

PV o f  C a p i t a l  Inves tment  $43,859,290 $46,747,480 $50,790,780 
PV o f  NonDeprec Investment  . 14,223,640 15,162,420 16,473,860 
PV o f  O p e r a t i n g  c o s t s  73,014,990 57,974,420 44,343,990 
PV of Maintenance c o s t s  28,291,940 22,394,550 17,065,560 

-TOTAL PV OF FACILITY $159,391,900 $142,278,900 $128,674,200 

Annua l i zed  Cost Algae P l a n t  $12,163,810 $13,817,670 $16,608,590 
L I P I D  o n l y  p r i c e  $ / b b l  , 81.09 92.12 110.72 
ALGAE p r i c e  S/mt 267.63 304.02 365.43 

L i p i d  p r i c e  by we igh t  $ / a t  580.05 658.91 792.00 
L i p i d  p r i c e  by v a l u e  $ / m t  290.03 329.46 396.00 
P r o t e i n  p r i c e  by we igh t  t / m t  580.05 658.91 792.00 
P r o t e i n  p r i c e  by v a l u e  $/mt 
Carbohyd p r i c e  by we igh t  $ / a t  580.05 658.91 792.00 
Carbohyd p r i c e  by v a l u e  S/mt 

Annua l i zed  C a p i t a l  Cost 
Annua l i zed  C a p i t a l  Cost 
Annua l i zed  O p e r a t i n g  c o s t  
Annua l i zed  Ha in ten .  Cost 
Annua l i zed  Cost T o t a l  

h n n u a l i z e d  C a p i t a l  Cost 
Annua l i zed  C a p i t a l  Cost 
Annua l i zed  O p e r a t i n g  c o s t  
Annua l i zed  Hain ten.  Cost 
Annua l i zed  Cost T o t a l  

DC L 
NCD I 

OPP 
MNT 
AAP 

DCI 
NCDI 

OPP 
HNT 
A AP 



T a b l e  11-11 R e c y c l e  Case: S e n s i t i v i t y  t o  Polymer Dose 

I N P U T S  R ,  IX Polyn  R ,  2xPo ly .  R, 5 x P 0 1 ~ .  
----------------------------------------------------,---,--------------- 

O e p r e c i a b l e  c a p i t a l  i n v e s t m e n t  $17,620,000 $17,620,000 $17,620,000 
Non-Deprec c a p i t a l  i n v e s t m e n t  11,430,000 11,4301000 11,430,000 
Annual o p e r a t i n g  c o s t s  3,640,000 4,094,000 5,456,000 
Annual main tenance c o s t s  800,000 820 000 820,000 
System a l g a l  y i e l d  m t l y r  45450 45450 45450 
Svstem L i p i d  y i e l d  b b l s / y r  150000 150000 150000 
C a r b o h y d r a t e  y i e l d  mt/yr 
P r o t e i n  y i e l d  m t / y r  

CALCULATED VALUES 
- - - - - - - - - - - I - - - - -  

Cost  o f  c a p i t a l  0.0475 0.0475 0.0475 
Cap Recov F a c t o r  (book l i f e )  0,04172 0.0692 0 , 0 6 9 2  
Cap Recov F a c t o r  (dep r  l i f e )  0.0947 0.0947 0.0949 
F i x e d  Charge R a t e  0,0931 8,0951 0.0931 

P V  o f  C a p i t a l  I n v e s t m e n t  $21,929,690 $21,929,650 $21,929,650 
PV o f  NonDeprec I n v e s t m e n t  14,225,640 14,225,640 14,223,640 
P V  o f  O p e r a t i n g  c o s t s  73,014,990 82,121,800 109,442,200 
PV o f  Ma in tenance  c o s t s  17,146,630 17,575,300 17,575,300 

T O T A L  PV OF Ff lCILITY $126,316,900 $135,852,400 9163,172,800 

A n n u a l i z e d  Cost  A lgae  P l a n t  $9,307,186 $ 9 , 7 6 4 , 8 5 8  $11,856,910 
L I P I D  o n l y  p r i c e  S / b b l  62.05 66.45 9 9 . 6 5  
ALBAE p r i c e  t / m t  204.78 219.29 2 B B .  88 

L i p i d  p r i c e  by  m i g h t  $/mt 443.82 475.  28 565,41 
L i p i d  price b y  v a l u e  $/mt 221.91 237.64 282,71 
P r o t e i n  p r i c e  by  w e i g h t  $ / a t  443.82 475.20 565.41 
P r o t e i n  p r i c e  b y  v a l u e  S / m t  
Carbohyd p r i c e  b y  w e i g h t  $ / m t  443.82 475 ,20  565.41 
Carbohyd p r i c e  b y  v a l u e  $ / m t  

Annual  i zed C a p i t a l  Cost  D C I  
A n n u a l i z e d  C a p i t a l  Cast  NCDI 
A n n u a l i z e d  O p e r a t i n g  c o s t  OPP 
Qnnua l  i z e d  H a i n t e n .  Cost  HNT 
Annual ized Cost T o t a l  AAP 

A n n u a l i z e d  C a p i t a l  Cost  DCI 
A n n u a l i z e d  C a p i t a l  Cost  NCDI 
A n n u a l i z e d  O p e r a t i n g  c o s t  OPP 
A n n u a l i z e d  Main ten.  Cost MNT 
Annual  i z e d  Cos t  T o t a l  UAP 



SECTION 12.0 

EXPERIMENTAL SYSTEM DESIGN AND CONSTRUCTION COSTS 

12.1 SITE DESCRIPTION 

The s i t e  chosen f o r  t h e  e x p e r i m e n t a l  svs tem i s  i n  B raw lev .  C a l i f o r n i a  i n  t h e  
I m p e r i a l  V a l l e y  on a two thousand  a c r e  asparagus fa rm.  Over one thousand  
a c r e s  o f  l a n d  a r e  a t  p r e s e n t  n o t  c u l t i v a t e d .  The l o c a t i o n  o f  t h e  pond svstem 
i s  on l a n d  t h a t  b o r d e r s  t h e  sou thwes t  s i d e  o f  t h e  S a l t o n  Sea, makino t h a t  
wa te r  r e s o u r c e  a v a i l a b l e  bv p i p e l i n e  o r  s h a l l o w  w e l l .  The l a n d  i s  
s u b s t a n t i a l l y  f l a t .  w i t h  sandy and c l a y  s o i l s  and s p a r s e  v e g e t a t i o n .  F i q u r e s  
12-1 and 2 show t h e  q e n e r a l  l o c a t i o n  o f  t h e  s i t e  and t h e  s p e c i f i c  l o c a t i o n  o f  
t h e  pond c o n s t r u c t i o n  area,  

The c l i m a t e  i n  t h e  I m p e r i a l  V a l l e y  i s  r e p r e s e n t a t i v e  o+ t h e  warmer. d r i e r  
a r e a s  o f  t h e  f imer ican Southwest .  I h e  annua l  r a i n f a l l  averaoes 7cm. t n e  n e t  
pan l4 e v a p o r a t i o n  ave raqes  240cm, and t h e  mean i n s o l a t i o n  i s  480 L a n a l e v s / d a v  
t o t a l ,  T a b l e  12-1 summarizes t h e  mean m o n t h l v  and y e a r l y  c l i m a t i c  d a t a .  

Tab le  12-1. C l i m a t i c  C o n d i t i o n s  a t  t h e  Proposed E x p e r i m e n t a l  S i t e  .............................................................................. 
Month Ra in . c in t l 41  Evap. ,cmCl41Lanq/Cl51 Max T Min T Av T ,°C1151 ............................................................................... 

Januarv  
F e b r u a r y  
March 
Apr i 1 
May 
June 
Jul  Y 
Auqust  
September 
Oc tobe r  
November 
December 

T o t a l  7.3 244.4 Av 485 Av 22.5 

A l t h o u q h  t h e  pond l o c a t i o n  i s  a d j a c e n t  t o  a deve loped  fa rm,  i t  i s  e s s e n t i a l l v  
undeve loped.  The b e n e f i t s  f r o m  t h e  f a r m  w i l l  be made a v a i l a b l e  t o  t h e  
e x p e r i m e n t a l  sys tem t h r o u g h  a r e n t a l  agreement. These s h a l l  i n c l u d e :  access  
t o  wa te r  f r o m  t h e  1700 qpm w e l l .  access  t o  power l i n e s ,  l e a s e  o f  l a n d  
r e q u i r e d ,  o p t i o n  f o r  expans ion  o f  l a n d  r e q u i r e m e n t ,  and use o f  o f f i c e  space. 
The agreed r e n t  i s  $2000 p e r  month. 







[he characteristics of t h e  w e l l  w a t e r  and  o f  S a l t o n  Sea water  are q i v e n  i n  
T a b l e  12-2. Both  w a t e r s  are known t o  s u p p o r t  t h e  g rowth  o f  p h o t o s v n t h e t i c  
orqanlsms. The h i q h  c a l c i u m  l e v e l  i n  t h e  S a l t o n  Sea water  necessitates some 
f o r m  of water  c o n d i t i o n i n q .  A f t e r  c o n d i t i o n i n q ,  t h i s  wa te r  can be mixed w i t h  
t h e  w e l l  wa te r  t o  o b t a i n  a r e s o u r c e  w i t h  a lmos t  any s a l i n i t y .  The two  
s t a r t i n g  s a l i n i t i e s  o f  i n t e r e s t  a r e  4 and 8 p p t ,  a l l o w i n g  e x p e r i m e n t a l  
blowdown r a t i o s  o f  , 125  and . 2 5  r e s p e c t i v e l y ,  t o  a t t a i n  a aedium s a l i n i t y  a f  
32  p p t .  The m i x t u r e  r a t i o s  r e q u i r e d  t o  y i e l d  t h e  two s a l i n i t i e s  are ,  w e l l .  
water  t o  S a l t o n  Sea w a t e r ,  19 t o  1 and 4 t o  1. I n  a d d i t i o n ,  t h e  S a l t i o n  Sea 
water  can be used t o  a p p r o x i m a t e  ocean wa te r ,  

rable  12-2,  Chemical  Compos i t i on  o f  E ~ p e r i m e n t a l  S i t e  Water Resources 

S a l t o n  Seal163 Groundwater ------------------------------------------------------------------------------ 

12.2  EXPERIMENTAL SYSTEH DESCRIPTION 4ND JUSTIFICATION 

As ide  f r o m  l a b o r a t o r y  and o t h e r  suppor t  systems, t h e  e x p e r i m e n t a l  svstem 
c o n s i s t s  o f  six 1 .5  n2 ponds, t h r e e  50 m2 ponds, two 4000 a2 ponds (one 
a c r e  each)  and, i f  budget  a l l o w s ,  one 4 h e c t a r e  p o n d  (10  a c r e s ) ,  The q o a i  o f  
t h e  e x p e r i m e n t a l  system i s  t o  demons t ra te ,  on a s c a l e  t h a t  can be e x t r a p o l a t e d  
w i t h  a l a r g e  degree o f  c o n f i d e n c e  t o  a f u l l  s c a l e  system, t h e  desiqns and 
o p e r a t i o n a l  pe r fo rmance  g o a l s  o f  t h e  f u l l  s c a l e  system. The 4 h e c t a r e  pond i s  
t h e  minimum s i t e  t h a t  i s  s t i l l  c l o s e  enouqh t o  f u l l  module s i z e  t o  ailow a 
d i r e c t  t r a n s f e r  o f  r e s u l t s  t o  a l a r g e r  svstem. I n  t h a t  sense i t  i s  t h e  o p t i m a l  
c h o i c e  f o r  t h i s  p r o j e c t .  I t  i s ,  however, c o s t l y ,  Thus t h e  e x p e r i m e n t a l  
system, w i t h o u t  t h e  4 h e c t a r e  pand, has been des igned  t o  t e s t  a l l  o f  t h e  f u l l  
s c a l e  system parameters .  fi g r e a t e r  degree o f  e x t r a p o l a t i o n  is needed, o f  
course,  t o  t r a n s f e r  t h e  r e s u l t s .  E s p e c i a l l y  i n  t h e  cases o f  mixing and 
c a r b o n a t i o n ,  t h e  l a r g e r  pond i s  d e s i r a b l e .  However, t h e  . 4  h e c t a r e  ponds can 
be o p e r a t e d  t o  s i m u l a t e ,  i n  head l o s s  and ca rbon  s t o r a g e  t ime,  the l a r g e r  
ponds. A11 o+ t h e  f i n a l  e n g i n e e r i n g  r e s u l t s  must be o b t a i n e d  f r o m  t h e  . 4  o r  4 
h e c t a r e  ponds. 



I t  i s  no t  t h e  qoal  o f  t h i s  exper iment  t o  encompass t h e  a e t i v i t i e s  o f  t h e  o the r  
work c a r r i e d  on i n  t h e  ASP. Species sc reen ing  i n  genera l ,  b n o l o q ~ c a l  
a d a p t a t i o n  s t u d i e s ,  and development o f  r esou rce  ana lyses  a re  a l l  f u n c t i o n s  
t h a t  a re  bevond t h e  scope o f  t h ~ s  exper iment .  However, whenever an outdoor  
system i s  operated t h e r e  i s  an abundance o f  l a b o r a t o r v  c u l t u r e  work and sma l l  
s c a l e  t e s t  work t h a t  must accompany t h e  demons t ra t ion  exper iments .  Each s i t e  
has i t s  own env i ronmenta l  i n p u t  parameters  which must be s tud ied .  Each 
organism ob ta i ned  f rom a  sc reen ing  program responds d i f f e r e n t l y  t o  these  
s p e c i f i c  s i t e  i n p u t s .  The 1.5 a2 and 50 m2 ponds s p e c i f  l e d  a re  f o r  use i n  
these  suppor t  s t ud ies .  A l a r g e  number o f  t h e  former  a re  i n c l u d e d  because t hey  
a re  easy t o  ope ra te  and man ipu la te ,  and a l s o  inexpensive. Beinq ou tdoors  they  
a r e  more r e a l i s t i c  a  t e s t  svstem t h a t  l a b  c u l t u r e s .  The 50 mL ponds b r i d g e  
t h e  qop botween t h e  sma l l  ponds and t h e  r e a l  demons t ra t ion  ponds. Thev do t h i s  
l i t e r a l l y  by p r o v i d i n g  an i n t e r m e d i a t e  volume f o r  inocu ium bu i l d -up .  In 
a d d i t i o n ,  l e s s  expens ive mock-ups 04 eng inee r i nq  des igns  can be t e s t e d  i n  
these  ponds, y i e l d i n g  r e s u l t s  which se rve  i n  t h e  e v a l u a t i a n  o f  t h e  o v e r a l l  
f e a s i b i l i t y  o f  a  des iqn  and t h u s  i n p u t  i n t o  t h e  d e c i s i o n  whether t o  go ahead 
and t e s t  a t  t h e  l a r g e r  sca le .  Two o f  t h e  50m2 ponds a re  + o r  t e s t i n g  bas i c  
des iqn  parameters,  two be ing  t h e  minimum number r e q u i r e d  f a r  c o n t r o l l e d ,  
s imu l taneous  exper imenta t ion .  The t h i r d  i s  t~ be used t o  va ry  subsvstea 
des igns,  e.q., a i r l i f t  vs. paddlewheel mix ing.  More detail 1 5  given i n  
Sec t i on  13 on t h e  use o f  each o f  t h e  pond systems. 

12.3 ALTERNATIVE SITES 

Two back up s i t e s  have been i d e n t i f i e d  f o r  t h e  proposed exper iment .  N e i t h e r  
i s  as o p t i m a l ,  o v e r a l l ,  as t h e  p r ima ry  s i t e  i n  Brau ley !  Ca., b u t  each has 
e p e c i f i c  advantagas. One o f  t h e  s i t e s  i s  a l s o  l o c a t e d  i n  t h e  l a p e r l a 1  V a l l e y ,  
a t  S a l t o n  C i t v .  L t  bo rde rs  t h e  S a l t o n  Sea as w e l l ,  Tkr  advantages of t h i s  
s i t e  a r e  t h a t  i t  has more p r e s e n t l y  cons t ruc ted  l a b o r a t o r y  and shop space and, 
most i m p o r t a n t l y ,  an i nexpens i ve  source o f  C02 f rom a w e l l .  The 
d isadvantages a r e  t h a t  t h e  supp lv  o f  low TDS, water i s  s i g n i - f i c a n t l y  more 
expens ive and t h a t  t h e  enpansion p o t e n t i a l  i s  l i m i t e d  t o  under 0 hec ta res .  
M i c r o b i a l  Products ,  Inc ,  has an in- formal  o p t i o n  t o  use t h i s  s i t e .  The seeond 
back up s i t e  i s  l o c a t e d  i n  t h e  area o f  Roswel l ,  New Hexiso. No s p e c i f i c  s i t e  
has been se lec ted ,  however conve rsa t i ons  w i t h  personnel  a t  t h e  New Hexico 
So la r  Enerqy I n s t i t u t e  i n d i c a t e  t h a t  many s i t e s  a r e  a v a i l a b l e .  The I n s t i t u t e  
and o the r  s t a t e  agencies,  as w e l l  as p r i v a t e  eoncerns a r c  p o t e n t i a l l y  
i n t e r e s t e d  i n  co - fund ing  an a l gae  based exper imenta l  and/or demons t ra t ion  
svstea.  T h i s  i s  one o f  t h e  p r ima ry  advantages o f  t h i s  s i t e .  Water, o f  
v a r y i n q  s a l i n i t y  i s  p l e n t i f u l ,  l a b o r a t o r y  and c u l t u r e  f a c i l i t i e s  a re  a v a i l a b l e  
f o r  lease,  and C02 p i p e l i n e s  a r e  nearby. Thus t h i s  s i t e  would appear t o  be 
t h e  l e a s t  expens ive a t  which t o  c o n s t r u c t  a  - f a c i l i t y .  However, t h e  c l i m a t e  i s  
n o t  as warm, e s p e c i a l l y  i n  l a t e  f a l l  and e a r l y  s p r i n g ,  os t h e  I m p e r i a l  V ~ l l e y  
o+ C a l i f o r n i a .  Th i s  c o u l d  l i m i t  t h e  l e n g t h  o f  t h e  growing season. h l t houqh  
t h i s  may be  a  r e a l i s t i c  c o n d i t i o n  f o r  much o f  t h e  Southwest, an exper imenta l  
f a c i l i t y  produces d a t a  more c o s t - e f f e c t i v e l v  when t h e  growing season i s  long. 
Ln any case, t h e  d e ~ i q n  of t h e  proposed svstem c o u l d  be e a s i l y  adapted t o  
e i t h e r  o f  t h e  a l t e r n a t i v e  s i t e s .  



12.4 EXPERIf lENTAL SYSTEM DESIGN 

Since a p r i m a r y  goal  o f  t h e  e x p e r i m e n t a l  system i s  t o  v a l i d a t e  t h e  d e s i g n  
concep t8  o f  t h e  l a r g e  s c a l e  system, i t 5  design u i l l  c l o s e l y  p a r a l l e l  t h a t  o f  
t h e  ponds and h a r v e s t i n g  systems p r e s e n t e d  i n  S e c t i o n s  0 & 9. O b v i o u s l y ,  
o n l y  a  l i m i t e d  number o f  t h e  more p r o m i s i n g  and i m p o r t a n t  d e s i g n  o p t i o n s  
o u t l i n e d  i n  t h o s e  c h a p t e r s  w i l l  be c o n s t r u c t e d ,  and t h e  o p e r a t i o n  o f  t h e  
e x p e r i m e n t a l  sys tem w i l l  f o c u s  on r e s o l v i n g  t h e  most i m p o r t a n t  t e c h n i c a l  
issues. 

The proposed e x p e r i m e n t a l  s i t s  was d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  A n o r e  
d e t a i l e d  v iew  o f  t h e  a c t u a l  pond s i t e  i s  shown i n  F i g u r e  12-3. The l a r g e  
ponds ( 3  t 10 a c r e s )  shown a r e  f o r  r e f e r e n c e  o n l y ,  and a r e  n o t  i n c l u d e d  i n  
t h e  b a s e l i n e  e n p e r i m e n t a l  p r o p o s a l .  The proposed two 0.4 h e c t a r e  ponds would 
be l o c a t e d  i n  t h e  l o w e r  m i d d l e  p o r t i o n  o f  t h e  s i t e ,  a s  i n d i c a t e d  on t h e  
f i g u r e .  A s e c t i o n  v i e w  o f  t h e  s i t e  i s  shown i n  F i g u r e  12-4, w i t h  app rox ima te  
e l e v a t i o n s  above t h e  S a l t o n  Sea. 

I n  t h e  s u b - s e c t i o n s  wh ich  f o l l o w ,  each e lement  o f  t he  e x p e r i m e n t a l  system i s  
d e s c r i b e d ,  a l o n g  n i t h  its c o s t ,  s t a r t i n g  w i t h  t h e  two  0.4 h e c t a r e  g r o w t h  
ponds. I n  most cases, t h e  u n i t  c o s t s  a r e  s i g n i f i c a n t l y  h i g h e r  than i n  t h e  
192 h e c t a r e  system, r e f l e c t i n g  t h e  240 - f o l d  d i f f e r e n c e  i n  t o t a l  system s i z e .  
Design paramete rs  f o r  t h e  s i n g l e  pond and t h e  two  pond system a r e  l i s t e d  i n  
Tab les  12-3 L 12-4. 

Rough g r a d i n g  c o s t s  were e s t i m a t e d  c o n s e r v a t i v e l y  pend ing  a more d e t a i l e d  
gu rvey  o f  t h e  pond r i t e .  A l o c a l  e a r t h w o r k s  c o n t r a c t o r  quo ted  a p r i c e  o f  
$ . ~ 5 / ~ d ~  f o r  c u t t i n g  and f i l l i n g .  An a l l o w a n c a  was a l s o  made f o r  p o s s i b l e  
d i v e r s i o n  o f  t h e  s h a l l o w  g u l l e y  shown on t h e  b o t t o m  o f  F i g u r e  12-3, as w e l l  
as f o r  i n i t i a l  s i t e  c l e a r i n g .  fi t o t a l  o f  $5000 was budgeted f o r  t h i s  
c a t e g o r y .  T h i s  s h o u l d  a l s o  cover  t h e  a d d i t i o n a l  area r e q u i r e d  f o r  t h e  s i t e  
b u i l d i n g 3  and t h e  s e t t l i n g  pond. Lazar  l e v e l l i n g  w i l l  c o s t  about  $3000 
t o t a l .  The 52000 f i n i s h  g r a d i n g  c o s t  is a c t u a l l y  l e s r  t h a n  i n  t h e  l a r g e  
s c a l e  d e s i g n  because t h e  l i n e r  c o s t s  (one membrane l i n e d ,  one c rushed  r o c k )  
a r e  1 i s t e d  s e p a r a t e l y .  $900 i s  budgeted f o r  sump e x c a v a t i o n .  

The c r a c k i n g / s a e p a g e  i s s u e  d i s c u s s e d  i n  S e c t i o n  7.3.3. w i l l  be examined by 
b u i l d i n g  t h e  d i v i d e r  w a l l  and a p o r t i o n  o f  t h e  o u t s i d e  w a l l  i n  the  u n l i n e d  
pond o u t  o f  poured c o n c r e t e .  The o u t s i d e  w a l l ,  wh ich  has t h e  f u l l  20 c m  o f  
head ac ross ,  i t  i s  wore l i k e l y  t o  i n d i c a t e  a prab lem,  i f  any e x i s t s .  I f  so, 
r e a e i l i e s , a r e  a v a i l a b l e  (e.q.  c o v e r i n g  t h e  i n g i d e  o f  t h e  !a l l  n i t h  a me~lbrane)  







Table  12-3 0.4 H e c t a r e  Pond Des iqn  C a l c u l a t i o n s  

DESCRIPTION ------------ 
Pond Area 
# o f  Channels 
L/W R a t i o  
Depth 
Channel V e l o c i t y  
Mannings ' n '  
Padd le  E f f .  
D r i v e  E f f .  
PW WidthIChan Wid th  
E v a p o r a t i v e  Ra te  (max) 
Blowdown Rate  (ma%) 
D e t e n t i o n  Time 
Wal l  Ht. (above g rade )  
Wal l  Ht .  (be low g rade )  
Sump Depth 

DESCRIPTION ----------- 
Channel Wid th  
Padd le  Wid th  
C e n t e r w a l l  Leng th  
S i n g l e  Channel Leng th  
T o t a l  Channel Leng th  
T o t a l  Wa l l  H e i g h t  
S lope  
T o t a l  Head Loss  
T o t a l  E f f i c i e n c y  
H y d r a u l i c  Power 
T o t a l  Power 
T o t a l  U n i t  Power 
V e l o c i t y  a t  Padd le  
Pond Volume 
Evap. F l o w r a t e  

( a l t e r n a t e  u n i t s )  
Blowdown F l o w r a t e  

( a l t e r n a t e  u n i t s )  
Ha rves t  F l o w r a t e  

( a l t e r n a t e  u n i t s )  

NAME ---- 
AREA 
#CHBN 
L/W 
DEPTH 
VEL 
MANNING 
PW. EFF 
DR. EFF 
PADICHAN 
EV AP 
BLOWDDWN 
DET.TIME 
MALL. HP. A 
WALL.HT.B 
SUMP.DEPTH 

NAME ---- 
CHAN.WID 
PAD. WID 
CW.LEN 
CHAN. LEN 
Tt3T.CHAN.LEN 
T0T.WALL.HT 
SLOPE 
HEAD. LOSS 
TOT, EFF 
HY D. PWR 
TOT. PWR 
TOT.UNIT.PWR 
VEL. PAD 
VOLUME 
13. EVAP 

VALUE ----- 
0.4 h e c t a r e s  

2 - 
20 - 
20 r m  
30 cm/sec 

0.018 sec/mA0.33 
0.6 - 
0.7 - 

0.75 - 
1.50 cmlday 
0.21 cnrlday 
4.00 days 

40 c m  
10 em 

1.5 me te rs  

S.I. UNITS ---------- 
9.69 me te rs  
7.26 me te rs  

193.71 me te rs  
208.92 w a t e r s  
417.84 me te rs  

0.50 me te rs  
2.492 x loh-4  
11.33 cm 

42% 
594 w a t t s  

1413 w a t t s  
0.35 w a t t s / s q  m 
40.0 cm l rec  

809.4 c u  me te rs  
60.7 cu @/day 
42.2 l i t e t s / m i n  

8.5 c u  @/day 
5.9 l i t e r s l m i n  

202.4 cu mlday 
14Q.5 l i t @ r s / m i n  

ENGLISH UNITS ------------- 
31.78 f e e t  
23.83 f e e t  

635.52 f e e t  
685.43 f r e t  

1370.86 f e e t  

2.472 x l o A - 4  
4.44 i n c h e s  

42% 
0.796 hp 
1.894 hp 

0.35 w a t t s l s q  m 
1.31 f t l s e c  

28584 c u  f t  
2144 c u  f t l d a y  
1 i . a  gpm 
300 c u  f t l d a y  
1.6 gpm 

7146 cu f t l d a y  
37.1 gpm 



T a b l e  12-4 0 .8  H e c t a r e  Pond Sys tem Desiqn C a l c u l a t i o n s  

( u s e s  i n p u t  f r o m  above, as well as t h e  f o l l o w i n g )  

DESCRIPTION NAME VALUE 
----------.- .--- --.-- 
# o f  A d j a c e n t  Ponds #CIDJ.PONDS 2 
S e t s  o f  A d j .  Ponds #SETS 1 

*OUTPUTS* A l l  o u t p u t s  r e f e r  t o  t h e  ent i re  pond sys tem 

DESCRIPTION 
- - L I " I I " I " "  

T o t a l  # o f  Ponds #PONDS 
T o t a l  Pond System A rea  S. AREA 

( a l t e r n a t e  u n i t s )  
C e n t e r  W a l l  t e n q t h  S. CW. LEN 
T ~ t . S t r a i g h t  Wall L e n g t h  S.STRmW.LEN 
Curved W a l l  L e n g t h  S.  CUR. W.  LEN 
T o t a l  W a l l  L e n g t h  S,TOT.W,LEN 
T o t a l  W a l l  Area  S. TOT.  W.ARER 
System Pond Volume S. VOLUME 
Evap. F l  o w r a t e  8.0. EVBP 

( a l t e r n a t e  u n i t s )  
Blowdown F l o w r a t e  S ,  Q, BLOWDOWN 

( a l t e r n a t e  u n i t s )  
H a r v e s t  F l o w r a t e  5 ,  Q, HARVEST 

( a l t e r n a t e  u n i t s )  

S.I. UNITS ENGLISH U N I T S  
- - - - o w - - - -  ---.-------o- 

h e c t a r e s  
sq m e t e r s  
m e t e r s  
m e t e r s  
m e t e r s  
m e t e r s  
sq m e t e r s  
c u  m e t e r s  
cu m / d a y  
l i t e r s / m i n  
cu m/day 
l i t e r s / m i n  
cu m/day 
l i t e r s / m i n  

2.000027 a c r e s  
87121.38  sq f t  

1271 f e e t  
3178 f e e t  

399 f e e t  
3577 f e e t  
50ha sq f t  

57167 cu f t  
4288 cu f t / d a y  
22.3 gpm 

600 cu f t / d a y  
3 . 1  gpm 

14292 cu . f t / d a y  
74.2 gpm 



t o  keep t h e  pond o p e r a t i o n a l .  The i s s u e  i s  moot f o r  t h e  membrane l i n e d  pond 
s i n c e  t h e  meabrane w i l l  ex tend  up t o  t h e  t o p  o f  t h e  w a l l .  The curved  w a l l s  
w i l l  be b u i l t  u s i n g  Dodd's co r ruga ted  pane l  techn ique ,  Tho i s s u e  of e x i s t i n g  
p a t e n t s  on t h e  f l o w  d e f l e c t o r  vanes w i l l  be examined, and i f  f a v o r a b l y  
r eso l ved ,  vanes w i l l  be i n s t a l l e d  a t  one end o i  t h e  ponds. The t o t a l  c o s t  of 
w e l l s  and f l o w  d e f l e c t o r s  i s  $25,100. 

The sumps a r e  i d e n t i c a l  t o  those  desc r i bed  f o r  t h e  l a r g e  s c a l e  system i n  
s e c t i o n  7.3.4. R a i l s  and p i e r s  w i l l  be i n s t a l l e d  i n s t a l l e d  1%3400), and 
$5000 i s  budgeted f o r  s o l i d s  removal  equipment, which w i l l  n o t  be b u i l t  u n t i l  
t h e  s e v e r i t y  o f  t h e  problem i s  eva lua ted .  

Paddle wheels w i l l  be b u i l t ,  i n c o r p o r a t i n g  t h e  f e a t u r e s  d iscussed  i n  Sec t i on  
7.3.6. The padd le  wheel des ign  s p e c i f i c a t i o n s  and c o s t s  a re  i n c l u d e d  i n  
Appendix 111. S ince  these  a re  exper imenta l  ponds, t h e  des ign  i s  based on a  
maximum v e l o c i t y  o f  30 cw/sec. The c o s t  i s  $24,400 f o r  t h e  two m ix i ng  
systems. 

Carbonat ion e f f i c i e n c y  i s  a  key t e c h n i c a l  i s s u e  t o  be s t u d i e d  i n  t h e  
exper imenta l  system. The 0.4 h e c t a r e  ponds, w i t h  t h e i r  f u l l - s c a l e  s i z e d  
sumps, w i l l  p r o v i d e  da ta  which can be e x t r a p o l a t e d  t o  l a r g e r  ponds w i t h  
conf idence.  The c o s t  o f  t h o  two ca rbona t i on  systems i s  $7000, which i n c l u d e s  
t h e  pH c o n t r o l l e r  and aocociated,inatrumentation. 

One o f  t h e  ponds w i l l  be l i n e d  w i t h  a good q u a l i t y  membrane l i n e r  (Hypalon o r  
CPE),  w h i l e  t h e  o t h e r  u i l l  be l i n e d  w i t h  a  0.3 meter ( 1  f t )  c l a y  base topped 
w i t h  a  t h i n  l a y e r  o f  crushed rock ,  r o l l e d  t o  a  smooth f i n i s h .  The c l a y  is 
necessary  because o f  t h e  sandy s o i l  a t  t h e  pond s i t e ,  and i s  a v a i l a b l e  
o n - s i t e  f o r  t h e  c o s t  o f  hau l i ng .  The crushed rock  l i n e r  i s  an impo r tan t  cos t  
sav i ng  f e a t u r e  o f  t h e  l a r g e  s c a l e  system which needs t o  be eva lua ted .  The 
r e l a t i v e l y  l o n g  channels  w i l l  a l l o w  accu ra te  head l o s s  n e a ~ u r e e e n t s  t o  be 
aade, from which roughness c o e f f i c i e n t s  can be determined. 

A summary o f  t h e  c o n s t r u c t i o n  c o s t s  f o r  t h e  two 0.4 h e c t a r e  exper imenta l  
ponds i s  p resen ted  i n  Table  12-5. 



Table 12-5 0.8 Hectare Experimental System Pond Costs 

INSThLLED COST FOR 0.8 HECTARE SYSTEM 
- * " ~ C 1 1 1 w I - - - " 1 - - - " 3 L L L ~ - - 1 - w - - - * - 1 - - w I - - - - I -  

2 PONDS 0 . 4  HECTARES EACH 

OESCRIPTION QUAN U N I T S  U N I T  $ TOT $ 
--I---------- L--- I---- ---I-- ww-- -  

GROWTH PONDS 
E a r t h w o r k s  

Rough G r a d i n g *  2 .0  a c r e  $2,500 $5,000 
L a z a r  Leve l  1 l n a  2.0  acre 1 ,500 3 ,000  
F i n i s h  G r a d i n g  2 . 0  a c r e  i ,000 2 ,000  
Sump E x c a v a t i o n  362 cu yd 2 . 5  904 

Walls & S t r u c t u r a l  
S t r a i g h t  Walls 5213 sq  f t  4 . 0  20 ,851  
Curved w a l l s  b55  sq +t  5 . 0  3 , 2 7 5  
Flow D e f l e c t o r s  197 sq f t  5 .0  9 0 3  
Sump b o t t o m  3 h . 7  c u  v d  150 5,500 
Sump ends 8 . 6  c u  y d  250 2 9 1 5 9  
R a i l s  & P i e r s  254 f t  1 3 . 5  3 , 4 3 1  
Sol ids  Remover 5 ,000  

M i x ~ n q  System 
Paddle Wheels 2 # PW 10,700 21 ,400 
P a # ,  Structural  2 # ponds 900 1,800 
P.M. Depression 6 cu yd  200 1,239 

Carbona t ion  System 2 # P o n d s  3 ,500  7 ,000  

L i n i n g  (membrane) 
Channel s 43730 sq f t  0 ,55  24 ,051  
Ends 6865 sq f t  0 . 6 0  4,119 

L i n i n g  
Clay 1874 cu yd 0 ,75  1,405 
Cruehed Rock 319 cu  y d  7 . 0 0  2 867 

--I--- 

GROWTH PONDS TOTf4L 

* Includes d r a i n a g e  d i v e r s i o n  % s i t e  c l e a r i n g  



Three 50 m 2  experimental growth ponds wil l  be constructed f o r  biological  
and small s ca l e  engineering s tud ies .  TWO of these wil l  be mixed w i t h  paddle 
wheels, one w i t h  an a i r  l i f t .  All th ree  ponds wi l l  be l ined.  The cost  
breakdown for  these  pond6 i s  shown in Table 12-6. 

Table 12-6 SO e2 Pond Costs 

S i t e  Peparation ( l eve l l i ng ,  e t c ) :  

Walls: 430 f t  @ S e l f t  

Sumps: 3 x $500 

H i x i n g  Systems ( 2  P .M. ,  1  a i r  l i f t ) ;  

Carbonation: 3 x $2000 

Submersible Pumps: 2 x $300 

Drains, p i p i n g :  3 x $800 

Hisc.: 

T O T A L ,  3 Ponds 

I n  order t o  va l ida te  the s e t t l i n g  pond concept, a s e t t l i n g  pond sized f o r  the 
volume of a 0 . 4  hectare  qrowth pond wil l  be constructed. Rather than 
building a  scaled down version of the  large  s e t t l i n g  ponds of Section 8 ,  the  
experimental s e t t l i n g  pond will be an almost f u l l  sca le  version of one of  the  
channels i n  the larger  pond. The depth, w i d t h ,  and length wil l  be 
approximately 80X of f u l l  s i z e ,  An iden t ica l  2% bottom slope wil l  be used. 
T h i s  pond wil l  allow meaningful evaluation of s e t t l i n g  cha rac t e r i s t i c s  and 
proposed concentrate co l l ec t ion  system o f  t h e  la rge  pond. The s i d e  walls 
wil l  be made as  steep a s  possible (possibly lined w i t h  gunnite instead of a  
membrane) i n  order t u  reduce "edge e f fec t s . '  Two 20,000 l i t e r  tanks,  w i t h  
sloped bottoms, will be used fo r  secondary s e t t l i n g ,  f lush s torage,  and Cor 
primary s e t t l i n g  t e s t s  w i t h  the  50 r2 ponds. Figure 12-5 shows the 
proposed s e t t l i n g  pond system, while Table 12-7 l is ts  i ts  cost .  





Table 12-7 Experimental System S e t t l i n g  Pond Cost 

Excavation & shaping: 1000 y d 3  @ $4.00/yd 

Lininqr SO60 f t 2  4? $0.65/ f t  

Pumps  & acceso r i e s :  
Superna tan t ,  c o n t r i f u g a l  500 gpr 
Concent ra te ,  s o l i d s  handling 100 gpm 

Supernatant  decanter  ( f a b r i c a t e d )  

Flush s torage /secondary  s e t t l i n g  t anks  2 x 20,000 l i t e r s  

A11 piping & valves  

Ins t rumenta t ion  t misc.: 

TOTAL 

A t o t a l  of $30,000 has  been budgeted f o r  t h e  development of an a l t e r n a t i v e  
harves t ing  method, which would be e i t h e r  b e l t  f i l t r a t i o n  or  air/DO 
f l o a t a t i o n .  The b e l t  f i l t e r  was d iscussed  i n  Sec t ion  8. Although a p i l o t  
s c a l e  u n i t  would probably c o s t  more than $30,000, t h e r e  a  p o s s i b i l i t y  of 
purchasing t h e  u n i t  b u i l t  b y  Dodd i n  Singapore. The o ther  a l t e r n a t i v e  i s  t o  
develop a  air/DO f l o a t a t i o n  s e p a r a t o r ,  which ope ra t e s  i n  much t h e  same 
fash ion  a s  a  d i s so lved  a i r  f l o a t a t i o n ,  but uses  f i n e  bubble spa rge r s  i n  
conjunct ion w i t h  t h e  r e l e a s e  of d i s s o l v e  oxygen t o  f l o a t  t h e  a lgae  t o  t h e  
su r f ace .  L O W  doses of polymer a r e  used t o  enhance coagula t ion .  A budje t  of 
$30,000 should be s u f f i c i e n t  t o  develop a  reasonable  s i zed  experimental u n i t .  

Cnnirif use 

An a d d i t i o n a l  $30,000 is  budgeted f o r  t h e  purchase of p i l o t  s c a l e  c e n t r i f u g e ,  
s i n c e  c e n t r i f u g a t i o n  i s  l i k e l y  t o  fo l low any primary harves t ing  process .  A 
small ho r i zon ta l  s o l i d  bowl u n i t  can be purchased f o r  t h i s  amount, from whrch 
t h e  necessary scale-up d a t a  d a t a  can be compiled. A l t e r n a t i v e l y ,  a l a r g e r  
u n i t ,  many of which a r e  a v a i l a b l e  on the used equipment market, could be 
purchased. 



12.4.4 System-wide Cos ts  

An cove red  a n a e r o b i c  l a g o o n  w i l l  b e  c o n s t r u c t e d  t o  t e s t  t h e  f e a s i b i l i t y  o f  
n u t r i e n t  r e c y c l i n g ,  and t o  s t a b i l i z e  algal  s o l i d s  b e f o r e  d i s p o s a l .  The 
lagoon  w i l l  s i g n i f i c a n t l y  r e d u c e  t h e  q u a n t i t y  o f  s o l i d s  t o  b e  d r i e d  and 
d i s p o s e d  o f .  a l t h o u g h  t h e r e  a r e  no p l a n s  f o r  u t i l i z a t i o n  o f  t h e  methane 
produced ( s i n c e  s u i t a b l e  e n g i n e - g e n e r a t o r s  a t e  q u i t e  e x p e n s i v e ) ,  t h e  l a g o o n ' s  
pe r fo rmance  w i l l  be  m o n i t o r e d .  A r o u g h  e s t i m a t e  o f  $20,000 was p r o v i d e d  b y  
t h e  c o n s u l t a n t  who des igned  t h e  a n a e r o b i c  lagoon system f o r  t h e  l a r g e  s c a l e  
system, + o r  a l a g ~ o n  sized t o  h a n d l e  the t h i c k e n e d  e f + l u e n t  f r o m  t h e  0.4 
h e c t a r e  p ~ n d s .  

An e x i s t i n g  w e l l  a t  t h e  proposed s i t e  has  ample c a p a c i t y  t o  p r o v i d e  
groundwater  t o  t h e  pond system. The c o s t  o f  p i p i n g  t h i s  wa te r  f r o m  t h e  w e l l  
t o  t h e  pond s i t e  was e s t i m a t e d  a t  $23,508,  fin a d d i t i o n a l  510,000 i s  budgeted 
t o  c o n s t r u c t  a sha l low well near  the S a l t o n  Sea as a source  o+ h i g h l y  s a l i n e  
uater .  Wi th  t h e r e  two  sources,  a wide range  o f  s a l i n i t j e s  can b o  f o r m u l a t e d ,  

A l i n e d  water  s t o r a g e  pond w i l l  be  c o n s t r u c t e d  as p a r t  a #  t h e  water  s u p p l y  
sygtem. The pond w i l l  a l s o  s e r v e  as a s e t t l i n g  pond f o r  water  t r e a t m e n t ,  
The d e s i g n  and d imens ions  o f  t h e  water  s t o r a g e  pond is shown i n  Tab le  12-8. 

f los t  o f  t h e  p i p i n g  f o r  t h e  e x p e r i m e n t a l  system i s  c o n t a i n e d  w i t h i n  a s m a l l  
a r e a  a t  t h e  head o f  t h e  g rowth  ponds, $1500 i s  budgeted f o r  water  
d i s t r i b u t i o n  t o  t h e  e x p e r i m e n t a l  ponds and s e t t l i n g  pond. The C02 w i l l  
come f r o m  a  r e n t e d  s t o r a g e  t a n k .  The c a r b o n a t i o n  system i t s e l f  is i n c l u d e d  
i n  t h e  pond c o s t  ( T a b l e  12-51, Most n u t r i e n t s  a r e  added i n  s a l t  f o r m  
d i r e c t l y  i n t o  t h e  pends,  or in some cases, are d i s s o l v e d  in a s m a l l  mix t a n k  
and pumped. N i t r o g e n  w i l l  b e  added as aqua-ammonia #rom a s t o r a g e  t a n k  
( t h e s e  a r e  n o r m a l l y  r e n t e d ) .  A t o t a l  of  83500 is budgeted f o r  m l x  t anks ,  
p i p i n g  and v a l v e s  a s s o c i a t e d  w i t h  C02 d i s t r i b u t i o n  and n u t r i e n t  a d d i t i o n s .  

The o f f i c e s ,  l a b ,  and  culture rooms w i l l  be  l o c a t e d  i n  r a n t e d  t r a i l e r s ,  w i t h  
t h e  e x c e p t i o n  o f  a small ' l a b  annex",  wh ich  c o n t a i n s  b a l a n c e s  and a t h e r  



T a b l e  12-8 Exper imenta l  System Water S t o r a g e  Pond 

STORAGE POND DESIGN - Volume o f  Truncated Pr i sm 

Slope= 2.0 (RunIRise)  
Depth= 8  f t  (Do n o t  i n c l u d e  f r eeboa rd )  

Vol ume 
L 1  L2 R A 1 A 2 Am ( C U  f t )  ( g a l l o n s )  - - - - -- -- - - - - ------- --------- 
90 5 8  16 8100 3344 547b 4449 1  332790 

STORAGE POND DIMENSIONS - I n c l u d i n g  f r eeboa rd  

From t a b l e  abover A d d i t i o n a l  des ign  parameters:  - 
Slope= 2 ( r u n / r i s e )  Des i red  f r eeboa rd  1  f t  
Depth= 8 f t  Addl. l i n e r  beyond 
L1 = 90 f t  t o p  o f  berm I 2 f t  

Computations; 

Length a t  t o p  o f  berm I 

Length o f  bot tom a 

Area o f  bot tom (I 

Area o f  bot tom l i n e r  a 

Side  pane l  h e i g h t ,  t o  w a t e r l i n e  = 
S ide  panel  h e i g h t ,  t o  t o p  o f  berm = 
S ide  pane l  h e i g h t ,  t o t a l  a 

Side  pane l  area (based on t o t a l )  m 

Area o f  a l l  f o u r  s i d e  pane l s  I 

T o t a l  l i n e r  a rea  = 

SINGLE LINER ------..----- 
9 4  f t  
58 f t  

3364 sq f t  
3364 sq f t  

16 f t  
18 f t  
20 f t  

1520 s q f t  
6080 sq f t  
9444 sq f t  

COST: 

Excava t ion  & berms: 862 cu  yd B $ 3 1 ~ ~  yd = 

L i n e r s  . 9444 sq f t  @$,bOlsq f t  = 

Hisc.  a 

TOTAL 



i n s t r u m e n t s  t h a t  must be on more solid g round .  A d d i t i o n a l  b u i l d i n g s  i n c l u d e  
a shop and c e n t r i f u g e l c h e m i c a l  s t o r a g e  shed a t  t h e  pond s i t e .  The c o s t  o f  
b u i l d i n g s  is shown i n  T a b l e  12-9. 

T a b l e  12-9 E x p e r i m e n t a l  System B u i l d i n g s  Cos t  

Lab annex: c o n c r e t e  f l a o r ,  a i r  c o n d i t i o n e d ,  350 f t 2  @ 1 3 0 / f t 2  $10,500 

shop: c o n c r e t e  f l o o r ,  1000ft2 e $ 1 5 / i t 2  L S , O O O  

C e n t r i f u g e  shed, c o n c r e t e  f l o o r ,  one s i d e  open, 500 f t 2  @ $ 0 / f t 2  4,000 
----.I- 

TOTAL $ 2 9 , 5 0 0  

A s m a l l  amount ($25001 i s  b u d g e t e d  t o  e x t e n d  an e x i s t i n g  d i r t  road t o  t h e  
p r o p o s e d  pond s i t e .  

I n s t r u m e n t a t i o n  --------------- 
T h i s  c a t e g o r y  c o v e r s  t h e  c a s t  o f  i n s t r u m e n t a t i o n  n o t  a l r e a d y  i n c l u d e d  i n  
o t h e r  c a t e g o r i e s ,  (e.g. s o l a r  m o n i t o r ,  pond t e m p e r a t u r e  and l e v e l  sensors ,  
power m e a s u r i n g  equ ipmen t ,  e t c )  and f o r  a m ic rocompu te r -based  d a t a  a q u i s i t i a n  
system. U l t i m a t e l y ,  t h e  system c o u l d  be  used  t o  automate v a r i o u s  pond 
o p e r a t i o n s ,  as most o f  t h e  package  d a t a  a q u i s i t i o n  systems have  d i g i t a l  
o u t p u t  l i n e s  t h a t  can  be  used t o  open v a l v e s ,  t u r n  an p u m p s ,  e t c ,  4 t o t a l  o f  
$15,000 i s  b u d g e t e d  f o r  t h i s  c a t e g o r y .  

The c o s t  o f  e l e c t r i c a l  d i s t r i b u t i o n  and w i r i n g  i s  n o r m a l l y  e s t i m a t e d  a 5  a  
p e r c e n t a g e  o f  t o t a l  c a p i t a l  c o s t s .  F u r  a  r e l a t i v e l y  s m a l l  p r o j e c t  such  as 
t h e  p r o p o s e d  e x p e r i m e n t a l  sys tem,  5% i s  t y p i c a l .  

A t o t a l  o +  $15,000 i s  b u d g e t e d  f o r  m a c h i n e r y ,  t o  c o v e r  t h e  c o s t  o f  a p i c k - u p  
t r u c k ,  shop t o o l s  and equ ipment .  



The engineering budget, 5% of capital costs, or about $20,000 is to cover the 
cost of any outside engineering (e.g, surveying, drafting, soils analysis) 
required for the construction of the ponds. Most of the engineering will be 
done in-house, and is included in the operating cost budget in the folloning 
section. 

A 10% contingency is included to cover unforseen costs and unusual 
circumstances. 

A summary of all construction costs for the proposed experimental faeility is 
given in Table 12-10 The two 0.4 hectare growth ponds account for about 25% 
of the total, the small ponds about 72 ,  the harvesting systems about 202, 
system-wide costs about 33X, engineering 52, and contingency lo%, 



T a b l e  12-10 Experimental F a c i l i t y  Construction Cost Summary 

6ROWTH PONDS: 2 x 1 a c r e  
E a r t h w o r k s *  
W a l l s  & S t r u c t u r a l  
M i x i n g  System 
C a r b o n a t i o n  System 
L i n i n g  ( 1  membrane, 1 crushed r o c k )  

-. 

GROWTH PONDS - 3 x 50 sq m e t e r  
- 6 x 1 . 5  sq metar 

HARVESTING 
S e t t l i n g  Pond System 
Air/DO F l o a t a t i o n  
C e n t r i f u g e  

SY STEfl-W.IDE COSTS 

f l n a e r o b i c  Lagoon Sys tem 
Water S u p p l y  ( g r o u n d w a t e r  1 
Water Supply  ( S a l t o n  Sea w a t e r )  
Hater  Storage Pond 
Water  D i s t r i b u t i o n  
C02 & N u t r i e n t  S u p p l y  
Buildings 
Roads 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  elsewhere 
E l e c t r i c a l  D i s t r i b u t i o n  (5X o+ above)  
H a c h i n e r y  

ENGINEERING (5% o f  a b o v e )  

COMTINGENCY (10% o f  a b o v e )  

TOTAL $ 
--I---- 

$10 ,904  
41 ,199  
2 4 , 4 3 9  
7,000 

32,443 

TOTAL COST 



EXPERIMENTAL SYSTEM OPERATION AND COSTS 

13.1 INTRODUCTION 

The work p l a n  and work schedule  a r e  p resen ted  below f o r  t h e  c o n s t r u c t i o n  and 
o p e r a t i o n  o f  t h e  exper imenta l  system. The p l a n  is broken down i n t o  
i n d i v i d u a l  t asks ,  each d e s c r i b i n g  an e s s e n t i a l  aspect  o f  c o n s t r u c t i o n  o r  
ope ra t i on .  The schedule  f o l l o w s ,  w i t h  each t a s k  ass igned a t i m e  span f o r  
complet ion.  The c o s t  of l a b o r ,  equipment, supp l i es ,  and overhead i s  then  
d e l i n e a t e d .  The f i n a l  budget,  i n c l u d i n g  c o n s t r u c t i o n  and o p e r a t i n g  cos t s ,  
f o l l o w s  t h i s  s e c t i o n  

13.2 SYSTEM CONSTRUCTION 

The des ign,  and any changes made d u r i n g  t h e  rev i ew  process,  aus t  undergo a  
f i n a l  r ev i ew  f o r  i n s e r t i o n  o f  d e t a i l  and f i n a l i z a t i o n  o f  t h e  . cons t ruc t i on  
schedule.  T h i s  work would a c t u a l l y  be done p r i m a r i l y  b e f o r e  a c o n t r a c t  s t a r t  
da te  and c o n t i n u e  d u r i n g  t h e  f i r s t  month. 

Concurrent  w i t h  Task 1, d u r i n g  t h e  f i r s t  month o f  t h e  p r o j e c t ,  c o n s t r u e t i o n  
c o n t r a c t o r s  w i l l  be  sought and i n t e r v i ewed .  A f t e r  t h e  s o l i c i t a t i o n  o f  b i d s  
and n e g o t i a t i o n s ,  a  f i n a l  c o n s t r u c t i o n  schedulg    ill be drawn up and any 
v a r i a t i o n  f r om  t h e  i n i t i a l  budget reviewed. 

Con t inqen t  on t h e  weather, t h e  c o n s t r u c t i o n  o f  t h e  e n t i r e  proposed system 
would t a k e  f o u r  months. The a c q u i s i t i o n  o f  t r a i l o r s  f a r  o f f i c e  space, t h e  
c ~ n s t r u c t i o n  o f  s t o r a g e  and u t i l i t y  b u i l d i n g s ,  and ear thworks  w i l l  be done 
d u r i n g  t h e  f i r s t  o f  these  f o u r  months. A f t e r  l a y i n g  water and power l i n e s ,  
t h e  system i t s e l f  w i l l  b e  cons t ruc ted .  



During t h e  e i g h t e e n  month c o n t r a c t  p e r i o d ,  t h e  l a b o r a t o r y  w i l l  be s e t  u p  
p r i m a r i l y  i n  t r a i l o r s .  A c q u i s i t i o n  of t r a i l o r s  and i n s t a l l a t i o n  o f  
l a b o r a t o r y  equipment will b e g i n  once t h e  s i t e  u t i l i t i e s  a r a  i n  place and t h e  
ear thwork completed.  Same o f  t h e  l a b o r a t o r y  equipment will have t o  be haused 
i n  a smal l  p r e - f a b r i c a t e d  b u i l d i n g  on a c o n c r e t e  s l a b  f o r  s t a b i l i t y ,  As soon 
a s  p o s s i b l e  t h e r e a f t e r ,  a l a b o r a t o r y  t e c h n i c i a n  wil l  be h i r e d  t o  i n i t i a t e  t h e  
algal culture c o l l e c t i o n  and p r e p a r e  f o r  growth of inoculum. T h e  1.5 r2 
ponds w i l l  be o p e r a t i o n a l  a t  t h i s  t h e .  

13.3 EXPERIMENTAL PLAN 

The water  r e s o u r c e  i s  an impor tan t  parameter  of the  o v ~ r a l l  sys tem,  S ince  i t  
i s  yet  o f  r a t h e r  undef ined  compos i t ion ,  t h e  exper imenta l  sys tem must b e  
f l e x i b l e  enough t o  test  a n i d e  v a r i e t y  ob water resources. Thc two water  
r e s o u r c e s  a v a i l a b l e  a t  t h e  proposed s i t e  p r o v i d e  t h i %  f l e x i b i l i t y  #hen 
combined n i t h  water  c o n d i t i e n i n g ,  The S a l t o n  Sea provides t h e  sodaurn 
c h l o r i d e  needed t o  a c h i e v e  any  c o n c e i v a h l y  usefu l  TDSp I t  can be d i l u t e d  
w i t h  t h e  well water t o  a c h i e v e  any i n t e r m e d i a t e  s a l i n i t y  a l l o w i n g  t h e  s y s t m  
t o  b e  o p e r a t e d  a t  a lmost  any blow down r a t i o .  The ca lc ium c o n c e n t r a t i o n  is 
very high i n  t h e  S a l t o n  Sea, so  t h a t  some water  s o f t e n i n g  i s  r e q u i r e d ,  The 
magnesium l e v e l  i s  a l e o  h igh ,  C o n d i t i o n i n g  will be done w i t h  soda ash f a r  
ca lc ium removal ,  and n i t h  l i m e  and soda ash f o r  removal o f  b o t h ,  Inpu t  
s t r e a m  s p l i t t i n g  wi l l  a l low ad jus tment  o f  b o t h  t o  d i f f e r e n t  degrees.  S t i l l ,  
t h e  w a t e r s  composed i n  t h i s  manner r a y  o n l y  approximate  s p e c i f i e d  water 
r e s o u r c e  c h a r a c t e r i s t i c s .  I t  shou ld  be noted t h a t  t h e s e  s p e c i f i c a t i o n s  a r e  
on ly  a v e r a g e s  so  t h a t  p r e c i s e  d u p l i c a t i o n  i s  not  r e a l i s t i c ,  Hewever, t h e  
smal l  ponds,. 1.5 m 2 ,  and l a b o r a t o r y  c u l t u r e s  can be used t o  f o r m u l a t e  and 
t e s t  any g i v e n  water  c ~ s p a s i t i o n ,  hs of now, t h e  water resources  o+ interest 
are Type E I  c o n c e n t r a t e d  e i g h t  f o l d  and seawate r .  The f o l l o w i n q  e ~ p e r i a e n t s  
will be performed r e g a r d i n g  water  c h e m i s t r y  and a l g a l  gronth on t h e ~ e  
waters. 

A.  Water Condi t ion ing  
1. Cost o i  c o n d i t i o n i n g  v a  aaount removed and e + f i c i e n s y  
2. P r e c i p i t a t e  removal b y  settlng 
3, P r e c i p i t a t e  f o r m a t i o n ,  a f t e r  i n i t i a l  c o n d i t i o n i n g ,  upon a d d i t i o n a l  

c o n c e n t r a t i o n  



B e  Water Chemist ry  
1. I d e n t i f i c a t i o n  o f  spec ies  p r e c i p i t a t i n g  and rema in i ng  i o n  

compos i t i on ,  by o u t s i d e  a n a l y t i c  l a b o r a t o r y  
2. Approximate d e t e r m i n a t i o n  o f  i n o r g a n i c  carbon r e a c t i o n  e q u i l i b r i u m  

c o n s t a n t s  by i n f l e c t i o n  p o i n t s  i n  t i t r a t i o n s .  De te rm ina t i on  o f  carbon 
s to rage  c a p a c i t y  as a  f u n c t i o n  o f  pH change. 

C. C o n t r o l l e d  Tes ts  o f  A l q a l  Growth on Waters Used 
1. B o t t l e  t e s t s  i n  l a b o r a t o r y ,  w i t h  Type I 1  water as c o n t r o l  f o r  t h e  

growth o f  t h e  l i p i d  c o n t a i n i n  s t r a i n s  l i k e  ChrysoIF1 and Cheatoceros 9 2. Growth t e s t s  i n  1.5 m ponds w i t h  Type I 1  water as c o n t r o l  f o r  
Chryso/F1 ( o r  o the r  p rom is i ng  l i p i d  p roducer )  and seawater as c o n t r o l  f o r  
growth o f  Platymonas. 

D, Media Recyc le  
1. P r e l i m i n a r y  media r e c y c l e  exper iments  w i l l  be conducted i n  t h e  1.3 

sad 50 m 2  ponds t o  determine t h e  minimum blow down r a t i o  t h a t  i s  f e a s i b l e .  
These exper iments  w i l l  be done f o r  one month a t  a t i m e ,  which i s  s h o r t  i n  
terms o f  what must be a c t u a l l y  p r a c t i c e d  i n  a  r e a l  system, b u t  l o n g  enough 
assess f e a s i b i l i t y .  

2. A l l  exper iments  i n  p o n d s ' o f  . 4  h e c t a r e  s i t e  w i l l  be performed w i t h  
media r e c y c l i n g .  T h i s  i s  necessary  f o r  m i n i m i z i n g  t h e  o p e r a t i o n a l  c o s t  of 
t h e r e  exper iments  and c r u c i a l  f o r  assessment o f  t h e  u t i l i i z a t i o n  o f  s a l i n e  
groundwaters i n  any p r a c t i c a l  system which i s  t o  be opera ted  i n  t h e  a r i d  
areas o f  t h e  U.S. Southwest. P r o d u c t i v i t y  and spec ies  dominance as  a  
f u n c t i o n  o f  t h e  d u r a t i o n  o f  c u l t i v a t i o n  on r e c y c l e d  medium a r e  t h e  main 
f a c t o r s  t o  be analyzed. 

A l though  in-pond sumps were s p e c i f i e d  f o r  ca rbona t i on  i n  t h e  l a r g e  s c a l e  
des ign,  b o t h  sumps and covered area carbena to rs  w i l l  be t e s t e d  i n  t h e  
exper imenta l  system. Sumps, however, w i l l  be p rov i ded  i n  t h e  l a r g e r  
exper imenta l  ponds, be ing  t h e  p r ima ry  method. Covers w i l l  be added l a t e r  i f  
t h e  r e s u l t s  f rom 50 m2 ponds a r e  p o s i t i v e ,  The ca rbona t i on  t e s t s  w i l l  be 
e x t e n s i v e  and w i l l  be done p r i o r  t o  i n o c u l a t i o n  i n  bo th  f r eshwa te r  and 
media. The s p e c i f i c  t e s t s  f o l l o w .  

A. Sump Carbonat ion 
1,  S t r i p p i n g  r a t e  per u n i t  depth o f  sump 

a. ve rsus  sump l i q u i d  depth 
b. versus t h e  r a t i o  af gas f l o w r a t e  t o  l i q u i d  f l o w r a t e  
c. versus sparger  t y p e  ( i n i t i a l  bubb le  s i z e )  and gas f l o w r a t e  



2 .  Overa l l  t r a n s f e r  efficiency i n  1.5 m deep sunp 
a. versus sparger t y p e  
b .  f o r  c o - c u r r e n t ,  l a t e r a l ,  and c o u n t e r - c u r r a n t  f low 

3. Performance o f  gas r e c y c l e ,  i f  necessary 

8.  Covered a r e a  c a r b o n a t o r  
1. O v e r a l l  t r a n s f e r  e f f i c i e n c y  f o r  g iven  a r e a  o f  c o v e r  
2 .  E f f e c t  of water v e l o c i t y  under cover  
3. E f f i c i e n c y  of r i p p l e  cover 

C .  E f f e c t  of  a lgae  and supersaturated oxygen on t r a n s f e r  e+ficicncy 
1 .  Measure C02 t r a n s f e r  a n d  O 2  o u t  
2. Determine if a l g a e  e x c r e t i o n  p r o d u c t s  enhance t r a n s f e r  

Dissolved oxygen can be measured us ing  an Orion D O  prabe a n d  cheeked w i t h  the 
Winkler method. Carbon u p t a k e  c a n  be measured by  c a l c u l a t i n g  t h e  change i n  
t o t a l  i n o r g a n i c  earbon f rom pH change and the carbon equilibrium equatisns, 

Although many paddlewheel s y e t e a s  a r c  now used 58r mixing a l g a l  c u l t u r e s ,  
there i s  l i t t l e  d a t a  on the  a c t u a l  e f f i c i e n c y  o b t a i n e d  i n  l a r g e   pond^. Less 
d a t a  i s  a v a i l a b l e  concern ing  airli+t m i x i n g  systems f o r  law Raad, low 
v e l o c i t y  systems. Thus i t  will b e  important t o  de te rmine  j u t  how # e l f  t h e s e  
different o p t i o n s  per form.  Since t h e  prinary system t o  be i n s t a l l e d  i n  t h e  
exper imenta l  ponds i s  t h e  paddlewheel ,  a i r l i + t  m i x i n g  will be t e s t a d  
i n i t i a l l y  b y  s p a r g i n g  a i r  i n t o  t h e  e a r b o n a t i u n  sumps adapted f o r  t h e  purpose  
b y  i n s t a l l a t i o n  of  a b a f f l e .  Pteasurements w i l l  i n c l u d e  head less  and v a r i o u s  
power n u ~ b e r g  as a f u n c t i o n  of  a a t a r  v e l o c i t y .  In a d d i t i o n ,  C02 o u t g a s s i n g  
w i l l  be measured as a. f u n c t i o n  0 9  i n i ~ i n g  speed. I f  the pareneters det~rmined 
f o r  a i r l i f t  m i x i n g  are  f a v o r a b l e  a draft t u b e  system f o r  a i r l i f t  will be 2 designed and  i n s t a l l e d  i n  a 50 m pond f o r  testing, Scale-up t o  , 4  ha will 
d e p e n d  on the  e v a l u a t i o n  o f  r a s u l t s  and b u d g e t  c o n s t r a i n t s ,  

The p a r a m e t e r s  detarmined from t h e  c a r b o n a t i o n  t e s t s  a n d  t h e  airlift m i x i n g  
t e s t s  will be used t o  e v a l u a t e  and des ign  a combined g a s l i f t  a n d  c a r b o n a t i o n  
system, The c a l c u i a t i ~ n s  n i l 1  be performed +or- a 41ue g a s  5ystem t h i g h  gas 
f l o w  r a t e s ) ,  a d i l u t e d  CD2 gas phase ( 3 S X  Cog, a t  t h r e e  times the f law 
r a t e  o f  a pure  C 0 2  ryste.1,  and for pure t D 2  f l o w  g a s  f l a w  c a s e ) .  

Studies on t h e  rowth a n d  p r o d u c t i v i t y  o f  the a l g a e  wil l  b e  p e r f ~ r m e d  i n  t h e  S 1.5 m2 and 50 n ponds. Ths bes t  c o n d i t i o n s  will be s c a l e d  up t o  the . 4  
ha  pands f o r  v a l i d a t i o n  o f  t h e  f u l l  scale d e s i g n .  Both i n d o o r  bot t l e  
c u l t u r e s  and t h e  1 . 5  a2  c u l t u r e s  p r o v i d e  a  conven ien t  nesns t o  t e s t  q u i c k l y  
a moderate number o f  f a c t o r s  and v a l u e s .  I n i t i a l  work i n d o o r s  u s u a l l y  
i n d i c a t e s  whether a f a c t o r  i s  impor tan t  o r  n o t ,  encept f u r  those t h a t  d e p e n d  



on h i g h  l i g h t  i n t e n s i t y .  For these  the  outdoor small ponds work well .  Thus 
media opt imiza t ion  s t u d i e s  can be performed indoors,  while pH and DO work i s  
best  done outdoors. Since the  m i x i n g  regime i n  a  small pond does not 
s imula te  t h a t  in  a  l a r g e r  one, t h e  i n i t i a l  r e s u l t s  obtained a t  t h e  small 
s c a l e  need t o  be t e s t e d ,  i n  t h e  shor t  and long term, a t  t h e  50 m2 and . 4  
s i z e .  Factors  t o  be t e s t e d  f o r  a f f e c t  on p roduc t iv i ty  inc lude  pH, D O ,  
a l k a l i n i t y ,  temperature,  batch de ten t ion  time, continuous v s  batch ope ra t ion ,  
and ni trogen depleted product iv i ty  and s to rage  product accumulation. Routine 
measurements inc lude  pH, temperature,  D O ,  i n s o l a t i o n ,  G O 2  input  and biomass 
dens i ty ,  Chemical composition i s  measured a s  required t o  determine l i p i d  
p roduc t iv i ty .  Since c o r r e l a t i o n  of p roduc t iv i ty  with var ious  parameters i s  
of ten  a  useful  eva lua t ive  t o o l ,  much da ta  needs t o  be taken and s to red  i n  an 
organized manner. A computer automated da ta  a c q u i s i t i o n  system will be 
i n s t a l l e d  f o r  t h i s .  In a d d i t i o n ,  w i t h  t h i s  i n  p l ace ,  t h e  s t a t u s  of 
p roduc t iv i ty  i n  a  pond can be determined approximately on- l ine ,  without 
having t o  wait f o r  c e l l  dens i ty  measurements, b y  monitoring t h e  CO2 input 
and t h e  pH,  When correc ted  f o r  i n j e c t i o n  and outgassing losece ,  C02 input 
is propor t ional  t o  p roduc t iv i ty .  

Tno harves t ing  methods n i l l  be t e s t e d  in  t h e  operat ion of t h e  experimental 
system: f l o t a t i o n  followed b y  foam c o l l e c t i o n  and slow primary s e t t l i n g  i n  
l a r g e  s e t t l i n g  ponds followed b y  secondary s e t t l i n g  i n  small tanks.  Both 
aethods will be followed b y  cen t r i fuga t ion  t o  provide a  f i n a l  product a% 
10%-20% v o l a t i l e  s o l i d s .  The biomass t o  be separated wi l l  be ni trogen 
s tarved and f loccu la t ed  w i t h  small doses of h i g h  ao lecu la r  weight polymers. 
Polymer f l o c c u l a t i o n  i s  an inpor t an t  f e a t u r e  of t h e  harves t ing  process. On 
s i t e  polymer f l o c c u l a t i o n  t e s t s  will be conducted w i t h  t h e  a id  o+ 
consul tants .  The hypothesis  being t e s t e d  i s  t h a t  polymers can be t a i l o r e d  t o  
t h e  s p e c i f i c  needs, i . e . ,  chemical medium and a lga l  type ,  while s t i l l  
maintaining enough v e r s a t i l i t y  t o  funct ion  a s  a univera l ly  e f f e c t i v e  
f loccu lan t .  T h e  c o l l e c t i o n  method, sedrmentation or  f l o t a t i o n ,  wi l l  be 
evaluated i n  terms of f loccu lan t  type and dose required t o  achieve e f f i c i e n t  
and r e l i a b e  separation and concent ra t ran .  The dose of f loccu lan t  must not 
exceed t h e  equivalent  of s .02  per k g  dry biomass, and preferably  half t h a t .  
For gas f l o t a t i o n  s t u d i e s ,  some t e s t i n g  n i l l  be done r i g h t  i n  t he  ponds. The 
dens i ty  of biomass leaving t h e  f l o t a t i o n  s t a t i o n  wi l l  be used t o  c a l c u a l t e  
t h e  harves t ing  e f f i c i ency .  T h i s  will be measured a s  a  funct ion  of pond D O ,  
biomass dens i ty  ( s i n c e  severa l  passes through t h e  harves ter  wi l l  be made, 
each w i t h  lower incoming biomass d e n s i t y ) ,  G O 2  ~ n p u t ,  dura t ion  of nrtrogen 
depleted growth, and f loccu lan t  dose. 

Unharvested biomass wi l l  re -enter  the  ni trogen s u f f i c i e n t  growth phase. T h u s  
i t  will be necessary t o  t e s t  s t r a i n s  f o r  the  a b i l i t y  t o  quickly absorb newly 
introduced ni trogen and en te r  an a c t i v e  growth s t age .  



The sedimentation t e s t s  will be performed i n  two phases: c e l l  s e t t l i n g  and 
sedimented s lu r ry  removal. The s e t t l i n g  r a t e s  o f  t h e  biomass will be 
measured a s  deta i led previously I 1 1  in indoor t e s t s ,  with and without 
+ loccu lan t ,  When the velocity for most of the biomass exceeds 30 cm/hr, the  
pond wil l  be f e d  f locculant  a n d  pumped in to  the s e t t l i n g  b a s i n .  
Sedimentation time will  be determined on the b a s i s  of equivalency t o  s e t t l i n g  
3 m i n  10-15 hrs. After decanting the  supernatent ,  the s lu r ry  recovery 
system n i l l  be t e s t e d  for eff ic iency a n d  r a t e  af  s lu r ry  removal. Then the 
r a t e  o f  thickening in t a n k s  will be determined. 

Centrifugation t e s t s  are  important a t  t h l s  point t a  determine the  throughput 
and hence the size a n d  number of centr i fuges  needed a t  the  l a rge  scale .  
Centrifuge vendors a re  avai lable  t o  t e s t  the cha rac t e r i s t i c s  o f  the  biomass 
s lu r ry  and consult on centr i fuge se lect ion and operation. 

Once t h e  harvesting parameters have been deterained w i t h  bi~mass from 50 n2 
ponds,  the process will need t o  be validated u s i n g  t h e  large  growth a n d  
s e t t l i n g  ponds. The l a t t e r  have been designed t o  emulate d i r ec t l y  the  so l ids  
removal system s p e c i f i e d  f o r  t h e  f u l l  s c a l e  design. The experimental 
s e t t l i n g  p o n d  i s  a " s l i c e "  of the f u l l  s c a l e  s e t t l i n g  pond ,  having t h e  same 
cha rac t e r i s t i c  dimension for so l ids  f lushing.  

13 . 3 . 6  Qiqcatlqn-ef -B~~~~~I!-I~_~~-C!!Y~LE~,~C~~~!!-!!~-!!!~~~E~-RE~YEL~~~-I~!!~- - Task 10 --------- 
A 9111111, covered lagoon will be constructed t~ d iges t ,  anaerobiaclly,  t h e  
biomass harvested from the l a r g e  ponds. These t e s t s  will be somewhat 
a r t i f i c i a l  i n  t h a t  the  "pretreatment" d u e  t o  l i p i d  ext ract ion will be absent ,  
The r e s u l t s  will s t i l l  be extremely valuable i n  acertaining how the biomass 
components, that  do degrade, pa r t i t i on  i n  the  lagoon. This  information i s  
necessary t o  v a l i d a t e  t h e  assumption upon which t h e  extensive recycling o f  
carbon, nitrogen,  and phosphorus was based. The lagoon has  been sized t o  
accept t h e  t o t a l  biomass h a r v e s t  of a one acre pend,  The t e s t s  will provide 
the d a t a  necessary for  evaluating the  system's c a p a b i l i t y  o f  producing a 
methane f u e l  product. 

A s ign i f ican t  cap i ta l  cost savings incorporated i n to  t h e  large  sca le  des ign  
is  the use of clay sealer  and crushed rock overburden f a r  pond l in ing.  One 
o f  the  , 4  ha ponds, and the  4 ha pond i S  constructed,  will be l i n e d  i n  t h i s  
manner. The l i ne r  m u s t  be evaluated, over the longterm, bur water l a s s  and 
buildup o f  deleter ious  organic so l ids .  T h i s  must be done i n  a large  p o n d  i n  
which  t h e  hydraulics a re  s imilar  t o  a f u l l  s ca le  pond. The other . 4  ha pond 
n i l l  be l ined w i t h  a h i g h  qpal i ty  p l a s t i c  l i ne r  and s e r v e  a c o n t r o l ,  as  well 
a s  a t e s t  of the endurance of such a  l ine r  under f i e l d  conditions. 411 o# 
the 50  n2 ponds will be s imilar ly  l ined.  



13.4 OPERATIONS SUMMARY AND EXPERIMENTAL PRIORITIES 

The proposed system c o n s i s t s  o f  s i x  1.5 m2 ponds, t h r e e  502 ponds, and 
two . 4  h e c t a r e  ponds. A 4 h e c t a r e  pond would y i e l d  r e s u l t s  d i r e c t l y  
t r a n s f e r r a b l e  t o  l a r g e  systems, b u t  i t  i s  n o t  c o s t  e f f e c t i v e  r esea rch  a t  t h i s  
t ime.  The 1.5 a2 ponds a re  t o  used f o r  i n i t i a l  sc reen ing  o f  p rom is i ng  
a l g a l  spec ies  under outdoor  c o n d i t i o n s  o f  tempera tu re  and i r r a d i a n c e .  Media 
and growth parameters  w i l l  be determined i n  these  sma l l  ponds, The 50 m2 
ponds w i l l  be used t o  t e s t  t h e  v a r i o u s  subsystem des igns  ( ca rbona to r s ,  m i x i nq  
systems, a i r  f l o t a t i o n ,  sed imen ta t i on  systems) a t  a  s c a l e  which w i l l  i n d i c a t e  
f e a s i b l i l t y  a t  l owes t  exper imenta l  cos t .  These ponds w i l l  a l s o  be used f o r  
growth s t u d i e s  and t o  p r o v i d e  inocu lum f o r  t h e  . 4  ha ponds. The l a t t e r  w i l l  
se rve  as t h e  p r ima ry  t e s t i n g  f a c i l i t i y  f o r  v a l i d a t i ~ n  o f  t h e  l a r g e  s c a l e  
des ign  over l onq te rm  ope ra t i on .  As f a r  as v a l i d a t i o n  o f  t h e  l a r g e  s c a l e  
das iqn,  t h e  h i g h e s t  p r i o r i t y  exper iments  a re  those  which de te rmine  t h e  
u t i l i z a t i o n  e f f i c i e n c y  o f  C02, i n c l u d i n g  mass t r a n s f e r  c o e f f i c i e n t s  and 
l o ~ s e s  th roughou t  t h e  system; those  which t e s t  c o s t  e f f e c t i v e n e s s  of methods 
f o r  p r ima ry  c o n c e n t r a t i o n  o f  t h e  a l g a l  suspension, i n c l u d i n g  polymer 
f l o c c u l a t i o n  t e s t s  and e v a l u a t i o n  o f  c o l l e c t i o n  dev i ce  performance and c o s t  
( s e t t l i n g  ponds, f l o t a t i o n  dev i ces ) ;  use o f  an inexpens ive  anaerob ic  lagoon 
f o r  r e c y c l i n g  n u t r i e n t s  ( e s p e c i a l l y  carbon)  t h a t  would no t  be removed i n  t h e  
p roduc t  stream, i n c l u d i n g  t h e  p a r t i t i o n i n g  o f  these  n u t r i e n t s  i n  r ecove rab le  
f r a c t i o n s  o f  t h e  lagoon; e v a l u a t i o n  o f  t h e  pond l i n i n g  a l t e r n a t i v e s ,  most 
i m p o r t a n t l y  t h e  water l osses  when p l a s t i c  l i n e r s  a r e  n o t  used and t h e  
endurance o f  each o f  t h e  l i n e r s !  and t h e  e f f e c t  o f  l o n g t e r r  media r e c y c l i n g  
on system performance. 

The biomass and l i p i d  p r o d u c t i v i t y  g o a l s  w i l l  be evau la ted ,  b u t  a t t a i nmen t  o f  
these  g o a l s  i s  s u b s t a n t i a l l y  dependent upon p r o v i s i o n  o f  s t r a i n s  pre-screened 
f o r  t h e  a b i l i t y  t o  produce l i p i d .  A p r e l i m i n a r y  cho i ce  o f  s t r a i n s  i n c l u d e  
t h e  h i g h  l i p i d  p roduc ing  Chryso /F l ,  a  p r o d u c t i v e  and p o t e n t i a l l y  h i g h  l i p i d  
p roduc ing  s t r a i n  o f  Chaetoceros, and t h e  Hawai ian P la tyaonas  f o r  use as a 
biomass p r o d u c t i v i t y  s tandard.  The p o s s i b i l i t y  o f  removing 
p h o t o s y n t h e t i c a l l y  produced oxygen f rom t h e  pond medium w i l l  be examined--no 
de te rm ina t i onn  i s  p o s s i b l e  p r i o r  t o  exper imentat ion- -and t h e  e f f e c t s  o f  such 
removal on p r o d u c t i v i t y  w i l l  be s tud ied .  

Two impo r tan t  growth c h a r a c t e r i s t i c s  o f  t h e  organisms w i l l  be s c r u t i n i z e d  
d u r i n g  t h i s  exper iment.  F i r s t  i s  t h e  a b i l i t y  t o  recover  q u i c k l y  f rom 
n i t r o g e n  s t a r v a t i o n  a f t e r  a d d i t i o n  ~ f  new n i t r o g e n  i n t o  t h e  medium, T h i s  
i n v o l v e s  r e s i s t a n c e  t o  pho to -ox i da t i on  and pho to -b leach ing  i n  a l r eady  
depigaented c e l l s .  Second i s  t h e  a b i l i t y  t o  m a i n t a i n  h i g h  p r o d u c t i v i t y  i n  a 
medium t h a t  has undergone e x t e n s i v e  r e c y c l i n g .  T h i s  u s u a l l y  means t h a t  t h e  
organism must n o t  e x c r e t e  o rgan i cs  i n t o  t h e  medium i n  s i g n i f i c a n t  q u a n t i t y .  



1 3 . 5  EXPERIHENThL SCHEDULE 

F i g u r e  13-1 l i s t s  t h e  e l e v e n  t a s k s  described above and shows t h e  a n t i c i a p t e d  
s c h e d u l e  o f  c o m p l e t i o n .  Many o+ t h e  t a s k s  a r e  oS an onqo ing  n a t u r e ,  w i t h  
p e r i o d i c  e v a l u a t i o n .  Task 12, d a t a  e v a i u a t l o n  and r e p o r t i n q ,  i s  i n d i c a t e d  on 
t h e  + i g u r e .  

1 3 . b  BUDGET DESCRIPTION 

t'he como le te  budqet  I S  q i v e n  a t  t h e  c o n c l u s i o n  o t  t h l s  s e c t i o n ,  The e iemen ts  
o f  t h e  budge t  a r e  described i n  Tab les  13-f,2,3, and 4. T a b l e  13-1 g i v e s  t h e  
c a s t  c t  pond equ ipment ,  Fhese i t e m s  were i n c l u d e d  i n  t h e  t o t a l  pond 
c o n s t r u c t i o n  c o s t s  g i v e n  i n  S e c t i o n  9.0. The c o s t s  listed i n  l a b l e  13-2,  a r e  
t o r  l a b o r a t o r y  equ ipment .  Iwa c a s t  columns a r e  i n c l u d e d  i n  t h i s  t a b l e .  fhe 
t r r s t  g i v e s  t he  c o s t  a t  acquiring new equ ipment  as s p e c i f l e d ,  Those rtems 
whrch are owned b y  H i c r o b i a l  P r o d u c t s ,  I n c .  o r  a r e  qavernment owned b u t ,  a t  
p r e s e n t  a v a i l a b l e  f o r  use b v  M i c r o b i a l  P r o d u c t s ,  Inc, w i l l  b e  made a v a i l a b i e  
f o r  use  on t h i s  p r o j e c t ,  Thus t h e  s e c o n d ' c o l u n n  lists t h e  c o s t  o f  equ ipment  
wh ich  must be  pu rchased  f o r  t h i s  p r o j e c t .  The supplies and materials ( o t h e r  
t h a n  t h o s e  used i n  c o n s t r u c t i n g  t h e  pond s y s t e m )  are detailed i n  T a b l e  13-3 ,  
The c o s t s  shown a r e  based on vendor  quotes o r  on p r e v i o u s  e x p e r i e n c e ,  fit t h e  
e n p e r i m e n t a l  s c a l e ,  nutrient c o s t g  are h i g h  because q u a n t i t i e s  are r e l a t i v e i v  
small, The breakdown o f  d i r e c t  l a b o r  c o s t s  i s  g i v e n  i n  T a b l e  13-4. The t l m e  
a l o t m e n t s  a r e  i n  e q u i v a l e n t  f u l l  months o f  work,  n o t  by  schedu led  work t i m e .  
The b u d g e t  forfn t h a t  f o l l o w s  a t  t h e  end o f  t h i s  s e c t i o n  g i v e s  t h e  t o t a l  
p r o j e c t  c o s t  f o r  t h e  eighteen month e f f o r t ,  i n c l u d i n g  overhead and fee .  

Table  13-1, Experimental S y s t e m  - Pond Equipment 
~ ~ 1 - - ~ ~ 1 1 ~ 1 o ~ ~ ~ 1 o ~ " ~ I . r ~ o L L L L L I C I C I C ~ ~ I " ~ I ~ ~ ~ ~ ~ o ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ " ~ ~  

Item c o s t ,  r 
I ~ ~ ~ " I " I I I ~ I I I ~ ~ " " ~ ~ ~ L ~ o o o I ) ~ ~ ~ o * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ " ~ " ~ ~ ~ ~ ~  

Moto rs ,  speed r e d u c e r s  + o r  1 a c r e  ponds 4800 
pH c o n t r o l l e r s ,  2 2000 
F lowmete rs ,  5 1450 
M o t o r s ,  c a n t r o l l e r s ,  small ponds 1500 
Pumps, 5 8 100 
C c n t r l t u q e ,  h a r v e s t  30000 
&ir/DO, h a r v e s t  ( p a r t i a l )  es t .  5000 
Computer, i n t e r f a c e s  I5000 

T o t a l  



--------------------------------.----------------------------------------------- 
I'ask 1  2 3 4 5 6 7 d 9 10 11 12 13 14 15 16 17 18 
--------------------------------.----------------------------------------------- 
1. Desi  qn Hevi ew X  

3.Svstem Cons t ruc t .  X  X  X  X  

4.Lab. Set up X  X  

5.Water Res. E x p ' t .  
Water Cond. X X X  
Water Chem. X X X X  
Growth t e s t s  X X X X X X  
Media r e c v c l e  X X X X X X  X  ; I X  X X X  X X 

6.Carbonat ion Tes ts  
Sump 
Covered area 
Media E f f e c t s  

X  X  X X X  
X X  
X  X  X  X  X  

7 .H ix ing  l e s t s  
50m2 ponds X  X  
1  a c r e  ponds X  X X X  

--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

1  2 3 4  5 6 . 7  8 9 1 0 1 1  1 2 1 3  1 4 1 5  1 6 1 7  18 
-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

8.Growth S t u d i e s  X X X X X X X X  X  X X  X X X  X  X  

9. Ha rves t i ng  r e s t s  
Ja r  t e s t s  X X X X X X X X  X  X X  X X X  X  X  
50m2 X X  X  X X  
1 ac re  X X  X X  X X X  X  X  

16.Diqest ion-Recyc le  X X  X  X X  X X X  X  X 

11.Liner I n s p e c t i o n  1 X X 

12.Report ing 
Design r e v i e w  X  
Budget r e v i e w  X  
Cons t ruc t .p rogress  X 
Cons t ruc t . f i na1  X  
Semi-annual r s p o r t  X  
F i n a l  Repor t  

F i g u r e  13-1. Exper imenta l  Schedule 



F a b l e  13-2 .  L a b o r a t o r y  Equipment  

I t e m  l 4 v a i l a b i l i t v  f icqui  5 i  t i o n  C o a t  ,$ Budgeted  Cost  ,$ 
- - - - - - - - - - - - - - - - -L - - - - - * - - - " I )eee-e -e -33 .c - - - - - - - - - - - - - - - - - - - -~ - - - - - - - - - - - - - - - - - -  

Air c o n d i t i o n i n q  
C u l t u r e  room 
Bui l d i n o s  

C u l t u r i n q  e q u i p ,  
L l q h t  banks  
Gas m l x e r s  
Shaker  
f n o c .  hood 
Air compressor 
T a b l e s  

L a b o r a t o r v  equ ip .  
Fume hood 
C e n t r ~ f u q e  
l4utoc i  ave ,  used 
Steam q e n e r a t o r  
p H  m e t e r s ,  2 
Uven ,  d t v i n q  
F u r n a c e ,  mu+f le  
Bai ance 
M i c r o s c o p e  
Uven,  vacuum 
Cell d i s r u p t e r  
S p e c t ~ ~ p h o t o m e t e r  
F u r n i t u r e  

T o t a l  

P u r c h a s e  r e q u i r e d  
Owned b y  N i c r o b ~ a l  P r o d u c t s  
Government equipment 



T a b l e  13-3. O p e r a t i n g  M a t e r i a l s  and S u p p l i e s  

................................................................................ 
I t e m  B a s i s ,  $ T o t a l  Cos t ,  t 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - u - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

C u l t u r i n g  s u p p l i e s  
Lab. a n a l y s i s  
Water a n a l y s i s ,  

o u t s i d e  l a b .  
Po lymer  c o n s u l t a n t  
Pond Chemica l s  

co2 
C02 v e s s e l  r e n t  
Ammoni a  
Phosphate  
I r o n  
Sodium c a r b o n a t e  

Pond u t i l i t i e s  

500 M o n t h l y ,  16 mo. 
500 M o n t h l y ,  16 moo 

200-500/sample,  10-20 samples 
Quote 

0 5 / t o n ,  200 t o n s / y r , q u o t e  
30 t o n  c a p a c i t y ,  750/mo.,auote 
5 0 0 / t o n ,  20 t o n s / y r ,  l i s t  p r .  
2 0 0 0 / t o n ,  20 t o n s / y r  l i s t  p r .  
4500 / ton ,  20 t o n s / y r  l i s t  p r .  
3 0 0 / t o n ,  20 t o n / v r  l i s t  p r .  
500/mo., 18 mo. 

T o t a l  99500 

'Tab le  13-4. D i r e c t  Labor  
E i g h t e e n  Month P r o j e c t  

-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

T i t l e  E q u i v .  Months $/mo. T o t a l ,  $ 
--------------------------------.----------------------------------------------- 

Research S c i e n t i s t  7 3750 26250 
Research E n g i n e e r  1  8 3750 30000 
E n g i n e e r  3 3750 11250 
Lab. Tech.1 18 1667 30000 
Lab. Tech.2 6 1667 10000 
Pond O p e r a t o r  12 2083 25000 

T o t a l  132500 



BUDGET 

............................................................................... 

C A T E G O R Y  C O S T S ,  $ 
............................................................................... 

M a t e r i a l s  and S u p p l i e s  
Pond c o n s t r u c t i o n  (Table  12-9 minus $67.  850 f o r  equipment . . . . . . . . . . . . .  inc luded below 3 7 5 .  253 . . . . . . . . . . . . . . . . . . . .  Operating (Table  13-31 9 9 .  500 

S p e c i a l  Equipment 
. . . . . . . . . . . . . . . . .  Pond Equipment (Table  13-11 6 7 .  050 . . . . . . . . . . . . . . . . . . .  Laboratory ( T a b l e  13-21 6. 000 

. . . . . . . . . . . . . . . . . . . .  Direc t  Labor (Table  13-41 132.  500 

. . . . . . . . . . . . . . . . . . . . . . . .  Total  Direct Cost 681. 103 

. . . . . . . . . . . . . .  Indirect  Cost ( 1 . 3 1 8  x Direct  L a b o r )  1 7 4 .  635 

. . . . . . . . . . . . . . . . . . . .  Total  Direct p l u s  I n d i r e c t  855.  738 

. . . . . . . . . . . . . .  Fee ( 7 %  of t o t a l  d i r e c t  p l u s  i n d i r e c t )  5 9 .  901 

TOTAL P r o j e c t  Cost 
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~ P P E N D I X  I 

CARBON DIOXIDE TRANSFER 

4.1 INTRODUCTION 

Transfer r ing  carbon t o  algae ponds i s  a major design p r ~ b l e m .  Unlike typ ica l  
fermenta t ions ,  which may have volumetric production r a t e s  o f  15 g 
biomass/L-hr in deep, wei l - s t i r r ed  tanks ,  a l g a e  ponds have 200-1000 times 
lawer peak volumetric production r a t e s  i n  shallow, open ponds. Thus, la rge  
volumes of water rust be t ranspor ted  t o  carbonation s i t e s  where C02 i s  
in jec ted .  In the  plug-flow regime of h i g h  r a t e  p o n d s ,  enough C u p  must  b e  
i n j e c t e d ,  and subsequently s tored  in t h e  water t o  meet t he  carbon demand of 
t h e  a l g a e ,  a s  well a s  any C O 2  l a r s e r  due t o  outgassing as the water t r a v e l s  
between c a r b o n a t i o n  s t a t i o n s .  Storage capacity i s  a f u n c t i o n  04 depth,  
a l k a l i n i t y  and pH change. The a l k a l i n i t y  can be supplied b y  t h e  water 
source,  a n d  concentrated b y  water evaporation from t he  pond, t o  a level  
determined b y  t h e  blow-down r a t i o .  The allowable pH changes a r e  determined 
b y  biologica l  to le rance  o f  the desired @icroa lgae  population and water 
resource c h a r a c t c r i s t i c s .  flany inexpensive water  sources canta in  hardness 
which tends t o  p r e c i p i t a t e ,  The e x t e n t  of p r e c i p i t a t i o n  depends en pH and 
a l k a l i n i t y ,  i . e . ,  carbonate concentrat ion.  T h u s ,  the  va r i ab les  ef water 
chemistry, blowdawn r a t e ,  depth,  pH changes, and C s torage  po ten t i a l  a r e  a l l  
i n t e r r e l a t e d .  C02 lasses d u e  t o  outgassing depend on pH,  a l k a l i n i t y  and 
carbonator spaclng,  a s  well a s  m i x i n g  speed. 

2 PHYSICAL ABSORPTION OF C02 

Gas-liquid mass t r a n s f e r  i s  a subjec t  which has received much a t t e n t i o n  in 
the chemical and biochemical engineering l i t e r a t u r e .  Theories and 
experi.mental c a r r e l  a t i o n s  a r e  wel l devel aped. However, they g i v e  on1 y 
approximate and/or r e l a t i v e  e s t i m a t e s  of t r a n s i e r  r a t e s .  In the  f i n a l  
ana lys i s ,  r a t e s  mus t  be empir ica l ly  derived from prototypes and p i l o t s .  T h i s  
i s  e spec ia l lv  t r u e  o f  open channel carbonation,  where i r r e g u l a r  s u r f a c e  
deformations occur due t o  turbulence,  wind and bubbles. These dis turbances  
may well have s i g n i + i c a n t  e f f e c t  on gas  t r a n s f e r  i n  ponds, The following 
ana lys i s  q u a n t i f i e s  same o+ the  more pe r t inen t  a s p e c t s  09 a lga l  pond 
carbonation and eva lua tes ,  r e l a t i v e l y ,  the  s e n s i t i v i t s e s  t o  d e p t h  a n d  m i x i n g  
i n t e n s i t y ,  

The t h e o r i e s  o f  g a s - l i q u i d  tpansfer  i n t o  ag i t a t ed  l i q u i d s  a l l  involve some 
s impl i f ied  manner o f  incorporat ing t h e  hydrodynamics into t h e  bas ic  
d i f fus iona l  models. The r a t i o n a l e  i s  t h a t  a t  some s c a l e ,  c lose  t o  t h e  
gas- l iquid  i n t e r f a c e ,  t u rbu len t  eddy d i f fue ian  i s  damped t a  the extent  t h a t  
ro lecu ia r  d i f fus ion  i s  responsib le  f o r  t r a n s f e r .  I n  t he  t h i n  f i lm model f l ,  
21 f i lm thickness parameter,  d ,  incorpora tes  ( i n  a mostly unspecif ied manner) 
a l l  of t h e  hydrodynamics, y ie ld ing a t r a n s f e r  r a t e  equal . t o  (Did) (C*-Ca), 
ahere  D i s  t h e  molecular d i f fus ion  c o e f f i c i e n t  of  t h e  s o l u t e  gas in c n 2 / r ,  



C* i s  t he  molar concent ra t ion  of s o l u t e  gas t h a t  would be in equil ibr ium with 
the  p a r t i a l  pressure  of s o l u t e  i n  t he  gas phase, i n  mmoles/cm3 and Co i s  
the  molar concent ra t ion  of s o l u t e  gas in t h e  b u l k  l i q u i d .  The mass t r a n s f e r  
c o e f f i c i e n t ,  k L  i s  equal t o  D/d . k~ i s  defined from t h e  empi r i ca l lv  
observed r e l a t i o n s h i p  VdColdt = kLa (C*-Co). Here dCo/dt i s  t h e  t r a n s f e r  
r a t e ,  mmoles/cm3.sec, V i s  t h e  volume in cm3, a  i s  the  i n t e r f a c i a l  a rea  
in cm2, KL i s  in cm/sec. Ihe i n t e n s i t y  of turbulence  determines the  f i lm 
th ickness ,  but t h e  l a t t e r  i s  d i f f i c u l t  t o  i n f e r  t h e o r e t i c a l l y  a n d  hard t o  
measure. 

I n  other  models, t h e  l iqu id  turbulence  i s  viewed a s  causing replacement of 
small i n t e r f a c i a l  su r face  a reas  w i t h  l i q u i d  from t h e  uniformly mixed bulk, 
The type of d i s t r i b u t i o n  of su r face  ages assumed determines the  q u a n t i t a t i v e  
predic t ion  of these  models. Hiqbee's su r face  renewal model assumes a l l  
elements of area have a  uniform l i f e t i m e  C31. A convenient model, and the  
one used below, i s  Danckwert's renewal model t 4 1  in  which the  p robab i l i ty  of 
any element of su r face  being replaced i s  proport ional  t o  the  age of t h e  
su r face  element,  Then the  su r face  renewal i s  a  Poisson process ,  havlng manv 
c a l c u l a t i o n a l  conveniences. 

I n  t h i s  approximation, gas s i d e  r e s i s t a n c e  t o  d i f fus ion  i s  considered 
n e g l i g i b l e ,  so t h a t  a t  t he  gas l i q u i d  i n t e r f a c e  equil ibr ium does e x i s t  
between t h e  bulk gas p a r t i a l  pressure  of s o l u t e  and t h e  concent ra t ion  of 
s o l u t e  i n  t h e  l iqu id  a t  t h i s  i n t e r f a c e .  The r e l a t i o n s h i p  between gas s i d e  
p a r t i a l  pressure  and l iqu id  s i d e  concentrat ion i s  given b y  Henry's s o l u b i l i t y  
law, w i t h  Henry's constant  appropr ia te ly  decreased fo r  e levated  temperatures 
and ionic  s t r enq th  and composition of t h e  l iqu id .  Especia l ly  f o r  anything 
b u t  small gas phase p a r t i a l  pressures  of C02, where d i f fus ion  of s o l u t e  
molecules t o  t h e  i n t e r f a c e  a c t u a l l y  limit t r a n s f e r ,  t he  equil ibr ium 
r e l a t i o n s h i p  i s  va l id .  

Once an element has been "renewed," t r a n s f e r  i s  assumed t o  go a s  i n  an 
i n f i n i t e l y  deep, s tagnant  l i q u i d .  All t r a n s f e r  p r o p e r t i e s  a r e  determined a s  
averages over the  e n t i r e  i n t e r f a c i a l  a r e a ,  u s i n g  t h e  Poisson d i s t r i b u t i o n  as  
t h e  weighting funct ion .  Purely physical t r a n s f e r  (without chemical r e a c t i o n )  
goes as  i D S ) 1 / 2 ( ~ w - ~ o ) ,  where S i s  t h e  r a t e  of su r face  renewal, or 11s i s  
the  average age of any su r face  element a f t e r  formation. Several other  
models a r e  a v a i l a b l e ,  however, t he re  i s  l i t t l e  empirieal evidence f o r  any one 
i n  p a r t i c u l a r .  I n  most circumstances,  a l l  models give s i m i l a r  q u a n t i t a t i v e  
p red ic t ions  and, in add i t ion ,  r e l a t i v e  p red ic t ion  a s  t o  the  e f f e c t  of 
chemical r e a c t i o n s  on gas absorpt ion.  As alluded t o  above, i n  many 
ins t ances ,  t h e  model chosen f o r  use depends on ea leu la t iona l  ease  i n  t he  
s p e c i f i c  case.  

The renewal r a t e ,  S ,  embodies a l l  of the  e f f e c t s  09 turbulence  on gas-l iquid 
t r a n s f e r .  I t  i s  not poss ib le  t o  measure, d i r e c t l y ,  this  idea l i zed  parameter,  
but i t s  value can be in fe r red  from experiments. Flow of water i n  flumes, 



s t reams ,  and sewers i s  c l o s e l v  r e l a t e d  t o  t h a t  i n  open c h a n n e l s ,  The 
e m p i r i c a l  f o r m u l a  deve loped  f o r  k L  as a f u n c t i o n  o f  s l o p e ,  v e l o c i t y  a n d  
d e p t h  f rom sewer d a t a  ( 5 )  has been f o u n d  t o  c o r r e l a t e  ( 6 )  w i t h  numerous s e t s  
o+  d a t a  t a k e n  f o r  f l u m e s ,  s t reams  and open channe ls .  h s  indicated i n  Tab le  
A I - 1 ,  Danckwcr t  . s  m o d e l ,  i n  wh ich  k~ = ( 0 ~ 1 ~ ~ ~ .  was used t o  c a l c u l a t e  S , 

f r om k~ based on p u r e l y  p h y s i c a l  a b s o r p t i o n .  A l t h o u g h  t h e  o r i p i n a l  
c o r r e l a t i o n s  were made. f o r  a e r a t i o n ,  S i s  i ndependen t  o f  t h e  d i f f u s i o n  
p r o c e s s  and can t h u s  be  de te rm ined .  The p r o c e d u r e  is t o  t l )  choose a channe l  
roughness c o e f f i c i e n t  and use Mann ing ' s  f o r m u l a  t o  d e t e r m i n e  s l o p e  f r o m  g i v e n  
d e p t h  and v e l o c i t y  v a l u e s ,  ( 2 )  i n s e r t  t h e  d e p t h ,  v e l o c i t y ,  and s l o p e  v a l u e s  
i n t o  t h e  Parkhurs t -Pomeroy  ( 5 )  c o r r e l a t i o n  t o  d e t e r m i n e  k ~ ,  and 3 )  use 
D a n c k w e r t ' s  model t o  d e t e r m i n e  S f r o m  k L  and DO2. T a b l e  Q 1 - 2  shows 
v a l u e s  o f  k L  ( f o r  oxygen,  f o r  C02 m u l t i p l y  b y  ( 1 . 9 1 / 2 . 2 8 ) )  an.d renewal 
r a t e  c a l c u l a t e d  a c c o r d i n g  t o  t h i s  p r o c e d u r e  w i t h  n  = .02S0 

TfiBLE A I - 1 .  MASS TRANSFER COEFFICIENTS FOR FLOWING WATER 

B a s i s :  S 1  = ( 1 . 4 9 1 - ~ ( d ) - ~ / ~ ( n ~ ) ~  

Wherer S l  = elope 

d = dep th ,  f t .  

V = l i n e a r  f l o w  v e l o c i t y ,  9 t / s e c .  

g = g r a v i t a t i o n a l  a c c e l e r a t i o n ,  32.2 f t / s e c 2  

k L  = t r a n s f e r  c o e f f i c i e n t ,  cmlsec measured a t  20°C 

Do = d i f f u s i v i t y  o f  oxyqeo = 2.28 x 2 0 ' ~  cm2/sec a t  2 0 O ~  

S . average  r a t e  o f  s u r f  ace r e n e w a l ,  s e c - l  

The pu rpose  o f  t h i s  p r o c e d u r e  is t o  g e t  a p p r o x i m a t e  v a l u e s  o f  c a r b o n a t i o n  
c o e f f i c i e n t s  u s i n g  d a t a  +ram a e r a t i o n  e x p e r i m e n t s  and deve lop  a  means o f ,  in 
t h e o r y ,  d e t e r m i n i n g  t h e  e f f e c t  o f  c h e m i c a l  r e a c t i o n  on c a r b o n a t i o n  r e l a t i v e .  
t o  p u r e l y  p h y s i c a l  a b s o r p t i o n ,  The f i r s t  o b j e c t i v e  could b e  met w i t h o u t  
c a l c u l a t i n g  renewa l  r a t e s ,  The r e s u l t s  wou ld  again depend on t h e  p a r t i c u l a r  
model chosen s i n c e  k Dm where m is 1 o r  0 3 ,  o r  a v a l u e  i n  between. 
S i n c e  r e l a t i v e  m o l e c u l a r  d i f f u s i v i t i e s  a r e  n o t  s u b s t a n t i a , l l y  d i f h r e n t ,  



model d i s c r i m i n a t i o n  i s  n o t  p o s s i b l e  based on e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  rn 
( 7 ) .  However, t h i s  a l s o  means t h a t ,  f o r  an a p p r o x i m a t e  a n a l y s i s ,  t h e  r e s u l t  
i s  s u b s t a n t i a l l v  i ndependen t  o f  t h e  model b a s i s .  The second o b j e c t i v e  i s  
c o n v e n i e n t l y  a t t a i n e d  u s i n g  t h e  r e n e w a l  r a t e  when t h e  c h e m i c a l  r e a c t i o n  i s  
f i r s t - o r d e r  o r  c o n s i d e r e d  p s e u d o - f i r s t  o r d e r .  

A1.3 CHEMICAL ENHANCEMENT OF C02 ABSORPTION 

The c o n c e n t r a t i o n  g r a d i e n t  o f  a  gaseous s o l u t e  d i f f u s i n g  i n t o  a  l i q u i d  can be 
s t e e p e r  if t h e  s o l u t e  r e a c t s  w i t h  components o f  t h e  l i q u i d  phase. The 
magn i tude  o f  t h i s  e f f e c t  depends on t h e  p h y s i c a l  a b s o r p t i o n  t i m e  c o n s t a n t ,  
t h e  r e a c t i o n  r a t e  c o n s t a n t s ,  and t h e  c o n c e n t r a t i o n s  o f  r e a c t a n t s .  h b s o r p t i o n  
of C02 i n t o  a l k a l i n e  w a t e r s  may be a c c e l e r a t e d  by  one o f  two ma jo r  
u n c a t a l v z e d  r e a c t i o n  p a t h s ,  t h e  h y d r a t i o n  of '  C02 and subsequent  a c i d - b a s e  
r e a c t i o n  t o  f o r m  b i c a r b o n a t e  i o n  and t h e  d i r e c t  r e a c t i o n  o f  C02 w i t h  t h e  
h y d r o x y l  i o n  t o  f o r m  b i c a r b o n a t e .  The r a t e  o f  t h e  f o r m e r  r e a c t i o n  i s  f a s t e r  
a t  pH v a l u e s  be low  8, w h i l e  t h e  second domina tes  above pH 10. Between 8  and 
10 b o t h  can be i m p o r t a n t .  S e v e r a l  i n v e s t i g a t o r s  (7) have c a l c u l a t e d  t h e  
magn i tude  o f  t h e  enhancement o f  C02 a b s o r p t i o n  r a t e s  caused by  t h e s e  
c h e n l c a l  r e a c t i o n s .  B a n c k u e r t ' s  renewa l  model i s  p a r t i c u l a r l y  c o n v e n i e n t  
when t h e  r e a c t i o n  i s  f i r s t  o r d e r  o r  p s e u d o - f i r s t  o r d e r .  A l t h o u g h  t h e  
r e a c t i o n  o f  C02 and OH i o n  i s ,  i n  g e n e r a l ,  second o r d e r ,  under  some 
c i r c u m s t a n c e s  t h e  OH i o n  c o n c e n t r a t i o n  mav be  c o n s i d e r e d  c o n s t a n t  d u r i n g  t h a t  
t i m e  i n t e r v a l  between renewa l  o f  a  s u r f a c e  e lemen t ,  when s t a g n a n t  d i f f u s i o n  
c o n d i t i o n s  a r e  assumed t o  p r e v a i l .  Thus i f  t h e  r a t e  o f  s u r f a c e  renewa l  i s  
h i g h  enough, r e l a t i v e  t o  t h e  i n f l u x  o f  C02 and subsequent  d e p l e t i o n  o f  OH 
i n  t h e  s u r f a c e  l a y e r ,  so  t h a t  OH i s  n o t  s i g n i f i c a n t l y  d e p l e t e d ,  t h e  
p s e u d o - f i r s t  o r d e r  c o n d i t i o n s  p r e v a i l .  

When t h e  renewa l  t i m e  i s  l o n g ,  t h e  a b s o r p t i o n  r a t e  o f  LO2 i s  h i g h  a n d / o r  
t h e  c o n c e n t r a t i o n  o f  OH i s  l o w  t h e  r e a c t i o n  p roceeds  q u i c k l y ,  d e p l e t i n g  t h e  
OH c o n c e n t r a t i o n  j u s t  be low  t h e  i n t e r f a c e .  When t h e s e  c o n d i t i o n s  p r e v a i l ,  
t h e  r a t e  o f  a b s o r p t i o n  i s  n e a r l y  t h e  same a s  i f  t h e  r e a c t i o n  were 
i n s t a n t a n e o u s .  The i n s t a n t a n e o u s  r e a c t i o n  g i v e s  t h e  maximal  enhancement f o r  
t h e  q i v e n  c o n d i t i o n s .  The enhancement f a c t o r s  a r e  pH dependent  because t h e  
c o n c e n t r a t i o n  o f  r e a c t a n t ,  OH, depends on pH. The a l k a l i n i t y  a f f e c t s  OH 
c o n c e n t r a t i o n  by b u f f e r i n g  pH changes upon a b s o r p t i o n  o f  C02. Thus, 
a l t h o u g h  t h e  r e a c t i o n  r a t e  i s  governed b y  t h e  d i f f u s i o n  o f  C02 down f r o m  
t h e  i n t e r f a c e  and d i f f u s i o n  o f  d i s s o l v e d  OH f r o m  t h e  b u l k  l i q u i d ,  i n  c e r t a i n  
pH r a n g e s  t h e  d i f f u s i o n  o f  many more m o l e c u l e s  o f  C02 ( f r o m  t h e  s a t u r a t e d  
i n t e r f a c e )  i s  needed t h a n  o f  OH f r o m  t h e  b u l k ,  due t o  t h e  b u f f e r  a c t i o n .  F o r  
example, a t  pH 9, o v e r  100 m o l e c u l e s  o f  C02 must d i f f u s e  downward f o r  each 
m o l e c u l e  o f  OH a c t u a l l y  d e p l e t e d  f r o m  t h e  r e a c t i o n  zone. 



ThBLE AI-2. C02 MASS TRANSFER COEFFICIENTS AS A F U N C T I O N  
OF POND HYDRAULICS 

Velocity 
D e p t h  ft/s ( c m / s )  S l o p e  k L  cm/sec S ,  sec-I t , sec 
-----1----------1-------------------------.-------"-"-.-------"--.1----------- 

-a164 + t  ,16 ( 5 )  8.2 x lom5 2.5 x loe4 2.7 x loa3 370 

* For  C02 a t  20°C th is  o v e r e s t i m a t e s  k~ b y  I O X .  However, since 
diffusion coefficients are significantly greater a t  h i g h e r  temperatures more 
a c c u r a t e  estimation is n o t  c a l l e d  f o r .  



The h v d r a t i o n  r e a c t i o n ,  on t h e  o t h e r  hand,  d i f f e r s  i n  t h a t  i t  i s  n o t  pH 
dependent  a t  t h e  s u r f a c e  ( b e l o w  t h e  s u r f a c e  i t  i s ,  wh ich  l i m i t s  t h e  r e v e r s e  
r e a c t i o n ) ,  and i t  i s  f i r s t  o r d e r  i n  C02. Thus, enhancement due t o  t h i s  
r e a c t i o n  i s  e s s e n t i a l l v  t h e  same a t  a l l  pH v a l u e s  between 7 and 11. T a b l e  
A I - 3  q i v e s  t h e  f o r w a r d  and r e v e r s e  r e a c t i o n  r a t e s ,  and T a b l e  41-4 t h e  
c o n c e n t r a t i o n s  o f  r e a c t a n t ,  a t  t h e  s u r f a c e  and i n  t h e  b u l k  a t  pH 7.5 and 
10.3. A l l  r a t e  c o n s t a n t s  a r e  f o r  20°C and i n f i n i t e  d i l u t i o n ,  g i v i n g  l o w e r  
l i m i t s  t o  enhancement. Reverse r e a c t i o n s  a r e  n e g l i g i b l e .  

TABLE AI-3.  CHEHICAL ENHANCEMENT FACTORS ( 9 )  AND REACTION 
RhTE CONSTANTS .............................................................................. 

Enhancement o f  F i r s t  Order  R e a c t i o n s :  ( 1  + ~IS) lI2 

Enhancement o f  I n s t a n t a n e o u s  Second 
Order  R e a c t i o n :  1  + D ~ ~ ( o H ) ~ I ~ D ~ ~ ~ ~ c o ~ )  * 

k  1  f a s t  
Reac t i on%:  H20 + GO2 - H ~ C O ~ - H +  + HC03- 

v 
k  2  
7 

k - 1 s t  o r d e r  r e a c t i o n  r a t e  c o n s t a n t  o r  pseudo f i r s t  o r d e r  c o n s t a n t  

B  - B u l k  l i q u i d  c o n c e n t r a t i o n  

* - S a t u r a t e d  s u r f a c e  c o n c e n t r a t i o n  

Z - E f f e c t i v e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  

Cons tan ts :  kl 0.02 5 e c - l  

- k2  = 20 s e c - l  

k 3  = 104 L mole  - 1  sec-1 

A l l  20°C, i n f i n i t e  d i l u t i o n  



C o n s i d e r i n g  t h e  second o r d e r  r e a c t i a n  o f  C02 and OH a t  pH 10.3, t h e  
pa ramete rs  wh lch  determine whlch reg ime  i s  a p p r o p t i a t a e  ( p s e u d o - f i r s t  o r d e r  
o r  i n s t a n t a n e o u s , ,  a r e  ( 1 )  t h e  r a t e  o f  C02 a b s o r p t i o n ,  ( 2 )  t h e  r a t i o  o f  OH 
t o  d i s s o l v e d  C02 a t  t h e  s u r f a c e ,  and ( 3 )  t h e  r a t i o  0 4  t h e  t i m e  any e lement  
o t  + h i d  rema ins  a t  t h e  s u r f a c e  ( t h e  t u r n o v e r  t i m e  = i n v e r s e  a f  t h e  renewa l  
r a t e )  t o  t h e  maximal r a t e  o f  t h e  p s e u d o - f i r s t  o r d e r  r e a c t i o n ,  k S ( O H ) .  W i t h  
1 atm C02- in  t h e  gas phase, t h e  p h y s l c a l  a b s o r p t i o n  r a t e  i s  .01 x 
nmules /cm2/sec. ,  o r  a f t e r  200 sec.  o f  qu iescence  o f  an e lement  o f  f l u i d  .1  
c r  deep. 20 mmales C02/L is absorbed. Th i s  amount o f  a b s o r p t i o n  overwhelms 
t h e  b u f f e t ,  c a u s i n g  a d r o p  I n  OH c o n c e n t r a t i o n s .  Thus, t h e  p s e u d o - f i r s t  
o r d e r  a p p r o x i m a t i o n  does n o t  app ly .  Similar c a l c u l a t i o n s  f o r  o t h e r  pH ranges  
Tab le  Ai-4) c o n f i r m  t h i s  o v e r  t h e  e n t i r e  pH r a n g e  o f  i n t e r e s t .  

The e f f e c t i v e  s t o i c h i o n e t r y  o f  t h e  r e a c t i o n  i s  pH dependent,  as shown i n  
[ a b l e  QI-4. T h i s  s t o i c h i o m e t r y ,  a l o n g  w i t h  t h e  b u l k  c o n c e n t r a t i o n  a f  QH and 
t h e  s a t u r a t e d  l e v e l  o f  C02 d e t e r m i n e s  t h e  max ima l  enhancement o f  an 
i n s t a n t a n e o u s  r e a c t i o n  reg ime.  Even though  t h e  s t o i e h i o m e t r y  can become 
q u i t e  h i g h ,  t h e  c o n c u r r e n t l y  f a l l i n g  OH con cent ratio^ keeps t h e  maximal 
enhancement f r o m  g o i n g  above 1 * 0 S .  Even this is n o t  a c h i e v e d  due t o  t h e  
t i n i t e  r e a c t i o n  r a t e  c o n s t a n t  o f  l o 4  L/male-sec. Thus t h e  d i r e c t  r e a c t i o n  
o f  C o p  and OH does n o t  s e r v e  t o  enhance t h e  r e a c t i o n  when t h e  t u r n o v e r  t i m e  
is on the  o r d e r  o f  200 sec.  

Even when t h e  t u r n o v e r  t i m e  i s  o n l y  6 sec., there is no a p p r e c i a b I e  chemica l  
enhancement. M o u n d  pH 9 . 5  t h e  r e a c t i o n  i s  c l o s e  t o  f i r s t  o r d e r  because t h e  
anount  o f  Cog absorbed during hart c o n t a c t  t i m e  can be b u f f e r e d  by t h e  
s o l u t i o n ,  keep ing  t h e  PH c o n c e n t r a t i o n  r e l a t i v e l y  c o n s t a n t .  However, t h i s  
c o n c e n t r a t i o n  i s  low, keep ing  t h e  r e a c t i o n  r a t e  l o w  r e l a t i v e  t o  t h e  r a t e  o f  
p h y s i c a l  a b s o r p t i o n .  I n c r e a s e s  i n  a b s o r p t i o n  r a t e s  under t h e s e  c o n d i t i o n s  i s  
due a lmos t  e n t i r e l y  t o  t h e  hydrodynamic  enhancement d i s c u s s e d  p r e v i o u s l y .  

The o t h e r  r e a c t i o n  p a t h ,  t h e  h y d r a t i o n  o f  d i s s o l v e d  G O Z ,  i s  a f i r s t  o r d e r  
r e a c t i o n  wh ich  can neve r  be c o n s i d e r e d  i n s t a n t a n e o u s .  R c c o r d i n q  t o  any o f  
t h e  models t h e  enhancement f a c t o r  i s  2-3. Again  i f  h y d r u a l i c  c o n d i t i o n s  a r e  
chosen t o  i n c r a s e  t h e  renewa l  r a t e ,  and hence t h e  p h y s i c a l  a b s o r p t i o n  r a t e ,  
then  chemica l  enhancement i s  reduced.  For  example, w i t h  a 6 sec vs. a 200 
sec t u r n o v e r  t i m e ,  p h y s i c a l  a b s o r p t i o n  r a t e s  i n c r e a s e  6 - f o l d ,  b u t  chemica l  
enhancement decreases by  a lmos t  t h e  same f a c t o r ,  q i v i n q  o v e r a l l  o n l y  a 12% 
i n c r e a s e  i n  a b s o r p t i o n  r a t e s ,  T h i s  i s  a consequence o f  t h e  l ow  v a l u e  o f  t h e  
r e a c t i o n  r a t e  c o n s t a n t ,  0.02 s e c - l .  The enhancement v a r i e s  as 
( 1  + k / 9 )  so a t  h i g h e r  v a l u e s  o f  S, t h e  r e a c t i o n  c o n p e t e r  p o o r l y  w i t h  
t u r n o v e r  i n  a b s o r b i n g  Cog. 

S i n c e  even w i t h  30 meq/L ~f a l k a l i n i t y  t h e  b u f f e r  c a p a c i t y  i s  n o t  g r e a t  
enough t o  enhance t h e  a b s o r p t i o n  r a t e s ,  the net  e f f e c t  o f  chemica l  r e a c t i o n s  
i s  t h e  same f ~ r  t h e  l o w  pH, l ow  a l k a l i n i t y  case. Here aga in ,  due t o  t h e  
f i r s t  o r d e r  r e a c t i o n  o f  CQ2 and wa te r ,  r a t e s  a r e  enhanced-2-3 f o l d  a t  a 
s l o w - t u r n o v e r  r a t e  ( c o r r e s p o n d i n g  t o  a 1 f o o t  deep pond mixed a t  0.5 f p r )  and 
about  12X a t  h i g h  t u r n o v e r  r a t e s  ( a  pond d e p t h  o f  1 / 3  #t: and l i n e a r  v e l o c i t y  
o f  1.5 f p s  under t h e  c o v e r ) .  





C h e m i c a l  enhancement can  t h e r e f o r e  b e  e x p e c t e d  t o  l o w e r  a r e a l  c a r b o n a t o r  
c o v e r a g e  b v  50967% when t h a t  c o v e r a g e  was i n i t i a l l y  c a l c u l a t e d  t o  be h r g h .  
I f  measures a r e  taken  t o  i n c r e a s e  p h y s i c a l  a b s o r p t i o n  r a t e s  u n d e r  a c o v e r ,  
t h e n  the  80% r e d u c t i o n  i n  c o v e r a g e  t h e r e b y  g a i n e d  w i l l  n o t  be much more 
a f f e c t e d  b y  c h e m i c a l  r e a c t i o n s ,  I n  sumps chemica l  enhancement i s  a l s o  n o t  
e f f e c t i v e  under  pond  c o n d i t i o n s ,  unless t h e  r e a c t i o n s  a r e  c a t a l y z e d .  
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APPENDIX A11 

b y  D .  C.  Augenstein 

GASLIFT PUMPS FOR COMBINED PUMPING A N D  
GAS C O N T A C T I N G  IN ALGAL P R O D U C T I O N  SYSTEMS 

A I I . 1  I N T R O D U C T I O N  

G a s l i f t  pumps  have been proposed t o  f u l f i l l  t h e  simultaneous needs fo r  
pumping and gas t r a n s f e r  i n  microalgal growth systems. T h i s  t reatment  
examines, f i r s t ,  t he  f a c t o r s  governing p u m p i n g  e f f i c i e n c y ,  then f a c t o r s  
governing t h e  gas t r a n s f e r  func t ion .  Gas t r a n s f e r  requirements d i c t a t e  the  
most important design parameters.  Likely performance of a  g a s l i f t  meeting 
both p u m p i n g  and gas t r a n s f e r  requirements i s  then examined. 

Pr ior  t o  present ing  d e t a i l ,  some important conclusions can be summarlzed 
here. With a  conf igura t ion  guaranteeing adequate (>80%)  f r a c t i o n a l  t r a n s f e r  
of C02 from s tack  gas ,  energy a v a i l a b l e  t o  pump l iqu id  meets or exceeds 
p u m p i n g  needs an t i c ipa ted  fo r  high r a t e  pond systems w i t h  channel v e l o c i t i e s  
i n  t h e  15-30 cm/sec range. A good match between pumping capaci ty  and system 
needs seems poss ib le  w i t h  severa l  p l a u s i b l e  combinations of other  
parameters. When C02 containinq s tack  gas i s  sparged t o  supply C02 
needs, i t  seems t h a t  energy requirements wil l  be h i g h  b u t  probably t o l e r a b l e  
funct ion - 5  t o  25% - of system output .  However, when t r a n s f e r  of pure C02 
i s  considered,  a  g a s l i f t  conf igura t ion  guaranteeing adequate (>90%)  
f r a c t i o n a l  C02 t r a n s f e r  seems unable t o  meet p u m p i n g  needs. Energy demand 
f o r  pure C02 sparqing would be l e s s  than 3% o f  system output .  
Representat ive p u m p i n g  e i f i c i e n c i e s  a r e  i n  t h e  range of 20-50% and optimum 
sump depths range between 5-20 meters. I t  appears t h a t  i f  power p lant  s tack  
gas i s  t o  be considered bar C02 source,  more energy e f f i c i e n t  t r a n s f e r  
methods through q a s l i f t s  m i g h t  be considered. Major remaining u n c e r t a i n t i e s  
a f f e c t i n g  t h i s  t reatment  concern the  channel roughness, n ,  which wil l  
aca tua l lv  be encountered, and t h e  absorpt ion c o e f f i c i e n t ,  Kg,  f o r  CO2 in 
the  pond l i q u i d .  Other d e t a i l s  a r e  presented in the  r e p o r t ,  which fol lows.  

AI1.2 GENERAL DESCRIPTION OF AIRLIFT C O N T A C T O R / P U M P  

The schematic of an a i r l i f t  system of t h e  type envisioned f o r  app l i ca t ion  i n  
an a lga l  growth system i s  shown i n  Figure 411-1. In t h e  f i g u r e ,  a  ductinq 
system ( A )  b r ings  l iqu id  t o  the  base of t h e  u n i t .  There, a t  t h e  base 04 t h e  
v e r t i c a l  d r a f t  tube ( 0 )  gas i s  introduced through a  sparger t o  c r e a t e  a  
d ispers ion  of gas i n  l i q u i d .  Because of t h e  lower e f f e c t i v e  dens i ty  of the  
gas / l iqu id  d ispers ion  r e l a t i v e  t o  t h e  l i q u i d ,  i t  r i s e s  through t h e  v e r t i c a l  
Section B a s  shown and i s  discharged a t  an e levated  head ( t h e  p u m p i n g  head) 
r e l a t i v e  t o  t h e  i n l e t .  Necessary gas- l iquid  contac t ing  ( t o  be discussed 
l a t e r )  i s  a l s o  accomplished in the  v e r t i c a l  s ec t ion  0. In p r a c t i c e ,  i n . a n  
a lga l  growth system w i t h  wide channels ,  t he  g a s l i f t  conf igura t ion  would be 





one i n  wh ich  t h e  n e c e s s a r y  number o f  a i r l i f t  u n i t s ,  s i d e  by  s i d e ,  span t h e  
c h a n n e l ,  o r  a  u n i t  w i t h  c r o s s  s e c t i o n  o f  F i g u r e  A I I - 1  ( r e c t a n g u l a r )  spann ing  
t h e  channe l ,  o r  even, j u s t  one d r a f t  t u b e ,  Ana lyses  t o  f o l l o w  a r e  g e n e r a l  t o  
a l l  t h e s e  p o s s i b l e  c o n f i g u r a t i o n s .  The advantage c l a i m e d  f o r  a i r l i f t  use  - 
r e l a t i v e  t o  i n d e p e n d e n t l y  pumping a t  one l o c a t i o n  i n  t h e  sys tem and s p a r g i n g  
gas i n  a t  a n o t h e r  - i s  t h a t  i t  p r o v i d e s  b o t h  pumping and gas c o n t a c t i n g  
f u n c t i o n s  i n  one u n i t  o p e r a t i o n .  

A11.3 GENERAL BACKGROUND 

Recent  c h e m i c a l  a b s t r a c t s  (1980-83) c o n t a i n e d  no r e l e v e n t  r e f e r e n c e s  on 
g a s l i f t  use  s o l e l y  f o r  pumping l i q u i d s .  F u r t h e r  commun ica t i ons  w i t h  D r .  R. 
T. Ha tch  (who has  e x t e n s i v e l y  r e s e a r c h e d  and p u b l i s h e d  on a i r l i f t  f e r m e n t e r s )  
r e s u l t e d  i n  t h e  f i n d i n g  t h a t  t h e  o n l y  r e c e n t  use o f  g a s l i f t s  known t o  h im  has 
been i n  h a n d l i n g  o f  l i q u i d  r a d i o a c t i v e  wastes  i n  n u c l e a r  f u e l  p r o c e s s i n g  
p l a n t s ,  and i n  c o l l e c t i n g  ( " v a c u u m i n g " )  manganese n o d u l e s  f r o m  t h e  sea 
f l o o r .  I n  essence,  g a s l i f t  pumping has  been used r e c e n t l y  o n l y  when e i t h e r  
i t s  h i g h  r e l i a b i l i t y  (due t o  no  moving p a r t s )  and /o r  i t s  a b i l i t y  t o  h a n d l e ,  
u n a t t e n d e d  and r e m o t e l y ,  v e r y  a b r a s i v e  s l u r r i e s  such as  manganese n o d u l e s  a t  
g r e a t  d e p t h s  i s  r e q u i r e d .  It seems - a l t h o u g h  no  r i g o r o u s  a n a l y s i s  i s  done 
h e r e  - t h a t  a l t e r n a t i v e  pumping methods a r e  i n  most cases r e l i a b l e  enough and 
more e f f i c i e n t  and economica l  t h a n  t h e  combined c o s t  o f  t h e  c o m p r e s s o r / d r a f t  
t u b e  r e q u i r e d  f o r  t h e  g a s l i f t  approach.  I t  i s  w o r t h  commenting, however,  
t h a t  b e f o r e  t h e  deve lopment  o f  improved  m a t e r i a l s  and pumps, a i r l i f t s  were 
used e x t e n s i v e l y  i n  a p p l i c a t i o n s  such as  p r i m a r y  sewage, o i l w e l l ,  and c o a l  
mine ( a c i d  w a t e r )  pumping. R e f e r e n c e s  t o  t h e s e  a p p l i c a t i o n s  d a t e  t o  t h e  
e a r l y  1 9 0 0 ' s  C2,31. Fo r  r e a s o n s  s t a t e d ,  and a l s o  because o p t i m i z i n g  gas 
t r a n s f e r  ( t r e a t e d  l a t e r )  g i v e s  o p e r a t i n g  c o n d i t i o n s  o u t s i d e  t h e  r a n g e  f o r  
e x i s t i n g  c o r r e l a t i o n s  t4 ,51  i t  w i l l  be necessa ry  l a t e r  t o  t r e a t  a i r l i f t  
pumping based on f i r s t  p r i n c i p l e s .  

411.4 GENERAL ASPECTS OF PAST INVESTIGATIONS: PUMPING AND CONTACTING 

Because o f  e x t e n s i v e  p i l o t  and commerc ia l  a p p l i c a t i o n  o f  a i r l i f t  f e r m e n t e r s ,  
numerous a r t i c l e s  a r e  a v a i l a b l e  d i s c u s s i n g  a s p e c t s  o f  t h e i r  o p e r a t i o n  - f o r  
example r e f e r e n c e s  6-12. Pumping e f f i c i e n c y  i n  a i r l i f t  f e r m e n t e r s  - wh ich  
d e t e r m i n e  c y c l e  t i m e  around t h e  f l o w  l o o p  c o n s i s t i n g  o f  t h e  a n n u l u s  and d r a f t  
t u b e  i n  such f e r m e n t e r s  - i s  a l m o s t  a lways  adequate  and hence pumping has  n o t  
been a  concern .  I t i s ,  however,  addressed i n  r e f e r e n c e  8. A ma jo r  t o p i c  f o r  
a n a l y s i s  i n  t h e  c i t e d  r e f e r e n c e s  6-13 h a s  been t h e  a b i l i t y  o f  t h e  u n i t  t o  
t r a n s f e r  oxygen e f f i c i e n t l y .  T h i s  t r a n s f e r  c a p a c i t y  r e l a t e s  d i r e c t l y  t o  t h e  
a b i l i t y  o f  t h e  u n i t  t o  t r a n s f e r  C02, wh ich  i s  t h e  conce rn  w i t h  a l g a l  g r o w t h  
systems. C e n t r a l  t o  b o t h  gas t r a n s f e r  and pumping i s  t h e  b e h a v i o r  o f  t h e  
g a s - l i q u i d  d i s p e r s i o n  i n  t h e  u p d r a f t  s e c t i o n ,  and, i n  p a r t i c u l a r ,  t h e  
b e h a v i o r  o f  t h e  b u b b l e  swarm g e n e r a t e d  w i t h i n  t h e  u p f l o w  s e c t i o n .  As b u b b l e  
b e h a v i o r  i s  c r i t i c a l  i n  b o t h  t h e s e  r e s p e c t s ,  t h i s  t o p i c  i s  addressed f i r s t .  



1 . 5  B E H A V I O R  OF BUBBLE SW4RMS I N  GAS-LIQUID DISPERSIONS 

A number o f  c o r r e l a t i o n s  have been developed t o  desc r ibe  t h e  behavior sf 
swarms o f  bubbles which r e s u l t  from sparging 09 gas  i n t o  l i q u i d .  The 
treatment  t o  follow uses some s impl i fy ing  assumptions which a re  va l id  fo r  
aqueous systems with low s u r f a c t a n t  l e v e l s .  S u c h  low s u r f a c t a n t  condi t ions  
a re  expected t o  exist in most a lga l  growth systems, 

Sparging of gas i n t o  l i q u i d  r e s u l t s  in swarms of indiv idual  gas bubbles w h i c h  
r i s e  away from t h e  sparger .  The s i z e  d i s t r i b u t i o n  u+ t he  bubbles leaving t h e  
sparger  may i n i t i a l l y  be a  s t rong funct ion  of the sparging method, However, 
a s  bubbles of d i f f e r i n g  site r i s e  through the  f l u i d  a t  d i f f e r i n g  velocities, 
coalescence of t h e  smaller  bubbles occurs;  on the  other  hand, bubbles above a 
c e r t a i n  c r i t i c a l  diameter ,  about 0 . 5  cm in water ,  wi l l  b e  broken u p  b y  f l u i d  
fo rces .  The net  r e s u l t  of t h i s  coalescence of smaller  bubbles and breakup o f  
l a rge r  ones i s  t h a t  a  s t e a d y - s t a t e  bubble s i z e  d i s t r i b u t i o n  i s  a t t a i n e d  once  
gas  has r i s e n  a c e r t a i n  d i s t a n c e  above the  sparger .  Coalescence (and  hence 
t h e  height  above t h e  sparger  a t  which equil ibr ium s i z e  d i s t r i b u t i o n  i s  
a t t a i n e d )  depends s t r ang ly  on f l u i d  p r o p e r t i e s ,  b u t  f o r  f l u i d s  s i m i l a r  t o  
water ,  a t  gas holdups e>.01 ,  equil ibr ium would appear t o  be a t t a i n e d  b v  t h e  
time gas  had r i s e n  above 1 meter C131. This can b e  i n t u i t i v e l y  understood b y  
considering v e l o c i t i e s  of bubbles of var ious  s i z e s .  ( f o r  bubble diameter 
DB ( 0 . 2  cm, t h e  S t o k e ' s  range,  the  bubble ve loc i ty  V B  I I B 2 )  and t h e  
f a c t  t h a t  a l a rge r  bubble sweeps out a c y l i n d r i c a l  locus exceeding i t s  own 
diameter (DE), Within t h a t  cy l inder  i t  wil l  catch up and coalesce w i t h  a 
sma l l e r ,  slower bubble above i t .  

The outcome of an example ca lcu la t ion  can i l l u s t r a t e  the  coalescence 
process,  Consider an i n i t i a l  case of two bubbles with a diameter r a t i o  o f  2 
(DO,l = 0 . 2  cm and DO,t = 0 .1  cm, both i n  Stokes l a w  range) and an 
i n i t i a l  v e r t i c a l  separa t ion  0 9  15 cm, w i t h  t h e  smaller  bubble above t h e  
l a r g e r ,  ( T h i s  circumstance wi l l  e x i s t  en t h e  average i n  t he  case where e  = 
0 . 0 1 ) .  The l a r g e r  bubble wi l l  catch up a n d  coalesce  w i t h  the  smaller b u b b l e  
a f t e r  only a 25 em r i s e .  (Note though t h a t  higher l e v e l s  of s u r f a c t a n t s  and 
e l e c t r o l y t e s  can hinder the  coatescence process,  and t h e  a n a l y s i s  i s  done 
o n l y  fo r  f l u i d s  with p r o p e r t i e s  near water ,  fo r  example low TDS a lga l  growth 
systems.) Power d i s s i p a t i o n  can a f f e c t  the  equil ibr ium bubble s i z e ,  b u t  f o r  
power d i s s i p a t i o n s  expected i n  a i r l i f t  operat ion t h i s  a f f e c t  has .been shawn 
( a l b e i t  i n  other  types of fermentat ions systems) t o  be n e g l i g i b l e  L663. Gas 
holdup, e ,  may vary with pressure  b u t  a n y  e f f e c t  on bubble diameter from t h i s  
i s  a l so  expected to be n e g l i g i b l e ,  both a s  pressure  e f f e c t s  a r e  n e g l i g i b l e  
and a s  the  coalescence d ispers ion  process tends t o  maintain t h e  
c h a r a c t e r i s t i c  s i z e  d i s t r i b u t i o n .  

Rise v e l o c i t i e s  o f  bubbles have been es t ab l i shed  as  a funct ion of bubble 
diameter C151. B u b b l e s  may be c l a s s i f i e d  i n t o  two c a t e g o r i e s ,  " r i g i d  sphere"  
u p  t o  D0 0 .2  cn which r i s e  according t o  Stokes '  law, a t  v e l o c i t i e s  u p  t o  30 
cm/s - fo r  D0 = 0 . 2  cm, and l a rge r  bubb les  whose g a s i l i q u i d  i n t e r f a c e  i s  
f l u i d  and which - over a wide range o f  sizes, D 0  0.25 t o  2.0'cm - r i s e  a t  
about 25-32 cm/sec ti51. A t  an equil ibr ium b u b b l e  size d i s t r i b u t i o n  
discussed nos t  gas ,  9 3 + X ,  i s  i n  bubbles with Dg N.25 cm a n d  a  very 
important consequence of this i s  t h a t  the  averaqe r i s e  ve loc i ty  of gas 



through l i q u i d ,  a t  l e a s t  a t  gas holdups u p  t o  E = 0.25, i s  about 28-32 
cmlsec. An average bubble r i s e  ve loc i ty  of 30 cm/sec r e l a t i v e  t o  t h e  l i q u i d  
wi l l  be assumed fo r  a n a l y s i s  t o  follow. finother assumption i s  t h a t  c r o s s  
sec t ion  of flowing l i q u i d  i n  t he  g a s l i f t  - hence the  average l i q u i d  ve loc i ty  
- i s  cons tant .  This assumption i s  t o  some extent  a r t i f i c i a l  b u t  in t roduces  
l i t t l e  e r r o r  and s i m u l i f i e s  t h e  mathematics. 

Given a  net r i s e  ve loc i ty  of 30 cmlsec of gas r e l a t i v e  t o  l i q u i d ,  a  constant  
l i q u i d  ve loc i ty  V L  and a  flow r a t e  r a t i o  of gas t o  l i qu id  of Q q c / Q L  
(where Qgc  i s  the  gas flow correc ted  f o r  p res su re ,  temperature and moisture 
e f f e c t s  - t hese  c o r r e c t i o n s  a r e  t r e a t e d  l a t e r ) ,  t h e  following r e l a t i o n s  hold: 

where A L  and A g C  a r e  t h e  flowinq c ross  sec t ion  of l i qu id  and gas,  
r e spec t ive ly .  Gas holdup, e ,  which can a l t e r n a t i v e l y  be defined a s  t h e  void 
f r a c t i o n  of gas i n  t h e  gas- l iquid  d i spe r s ion ,  i s  given b y  

and, making t h e  necessary s u b s t i t u t i o n s ,  average holdup can be derived i n  
terms of Q g / Q L r  and V L  a s  

where Qg i s  t h e  gas flow, a t  STP,  i n t o  t h e  sparqer  and t h e  term Cpe i s  a  
pressure  co r rec t ion  f a c t o r .  Expression ( 4 )  wil l  be r e fe r red  t o  l a t e r .  

A11.6 C O R R E C T I O N  FOR P R E S S U R E  

As noted, pressure  must be compensated f o r  i n  determining. gas holdup. If gas 
flow through t h e  l i q u i d  i s  expressed a t  1  atmosphere, then t h e  r a t i o  of 
ac tua l  gas volume and volumetric flow t o  these  va lues  a t  one atmosphere can 



b e  e a s i l v  computed a s  a f u n c t i o n  of a r e s s u r e  and l i a u i d  head.  An a v e r a g e  
c o r r e c t i o n  f a c t o r ,  termed Cpe h e r e ,  can a l s o  be computed f o r  t h e  g a s  s t r e a m  
between t h e  s o a r g e r  and s u r f a c e  i n  t h e  d r a f t  t u b e  s e c t i a n .  T h i s  f a c t o r ,  Cpe, 
can  be e x p r e s s e d  e i t h e r  i n  terms o f  p r e s s u r e  or a l t e r n a t i v e l y  i n  t e r m s  o f  
h i  and d o  ( r e f e r  t o  F i q u r e  1911-1). T h i s  c o r r e c t i o n  has been compi led  
q r a p h i c a l l y  w i t h  r e s u l t s  shown i n  T a b l e  411-1, Another a s sumpt ion  i s  t h a t  
wate r  vapor a n d  t e m p e r a t u r e  c o r r e c t i o n s  ( ( 5 %  t o t a l )  can be n e g l e c t e d .  No 
c o r r e c t i o n s  a r e  i n  f a c t  n e c e s s a r y  i f  both  1) t h e  t e m p e r a t u r e  of t h e  q a s l i f t  
f l u i d  e q u a l s  compressor i n l e t  t e m p e r a t u r e ,  and i f  2 )  i n l e t  a i r  t o  t h e  
compressor  h a s  t h e  same weight  r a t i o  o f  water  t o  g a s  a s  t h e  s a t u r a t e d  g a s  
r i s i n g  t h r o u g h  t h e  d r a f t  t u b e .  

411.7 P U M P I N G  BY GASLIFT PUMPS 

R e f e r i n g  t o  Figure AII-1 i t  i s  e v i d e n t  t h a t  a f low e q u a t i o n  can be deve loped :  

where 

h i  = i n l e t  l i q u i d  s u r f a c e  e l e v a t i o n  above s p a r g e r  
h o  o u t l e t  (and hi  - h i  = p u m p i n g  h e a d )  
p~ f l i q u i d  dens i ty  

g = 980 cm/su2 
e holdup ( =  eoCp,) 

K C  = c o n t r a c t i o n  c o e f f i c i e n t  o f  l i q u i d  on e n t e r i n g  g a s l i f t  i n l e t  
d u c t  

K g  = F r i c t i o n a l  loss c o e f f i c i e n t  o f  l i q u i d  i n  i n l e t  d u c t - d r a f t  t u b e  
t u r n  

K E  = e x i t  c o e f f i c i e n t  
f = f r i c t i a n  f a c t o r  ( d i m e n s i o n l e s s )  
L = l e n g t h  of f l u i d  f l o w  pa th  i n  g a s l i f t  ( i n l e t  c o n d u i t  and d r a f t  

t u b e )  
D = h y d r a u l i c  d i a m e t e r  ( =  21  w i d t h  f o r  l ong  r e c t a n g u l a r  crmss 

section) 

V L  = F l u i d  v e l o c i t y  i n  a i r l i f t  (assumed equal  t o  channel  v e l o c i t v )  

I t  i s  c o n v e n i e n t  t o  d e f i n e  t h e  o v e r a l l  f r i c t i o n  c o e f f i c i e n t ,  a s  KF = ( K L  + 
K B  + K C  + 4 f L I D ) .  Then e q u a t i o n  5 becomes 



TABLE A I I - 1 .  Computed Va lues  o f  CpE vs. Depth*  

Dep th ,  cm C~~ 

100 . 9 6  

200 . 9 2  

300 . 8 9  

400 . 8 6  

500 ,823 

600 . 803  

700 , 775  

800 , 752  

1000 ,712  

1200 ,676  

1400 ,645  

1600 ,619  

*Gas volume c o r r e c t i o n  f a c t o r  f o r  dep th  and p r e s s u r e .  See T e x t .  



I t  1s evident  t h a t  w i t h  values fo r  CpE a v a i l a b l e  equation b can b e  used for  
v a r i o u s  p r e d i c t i v e  purposes.  Discussion o f  t h e  use o i  equation 6 w i l l  come 
l a t e r  a f t e r  i t  i s  demonstrated how gas t r a n s j e r  and pumping requirements f i x  
some o f  t h e  independent v a r i a b l e s ,  

Before going on, i t  i s  i n t e r e s t i n g  t o  consider  l i k e l y  magnitudes of  
f r i c t i o n a l  l o s s  terms within t h e  g a s l i f t  due  t o  f l u i d  flow, i f  g a s l i f t s  a r e  
applied t o  a l g a l  growth systems channel flow. Ve loc i t i e s  proposed f o r  
h igh-ra te  pond systems range from 10-30 cm/sec C173. The f l u i d  head 
increment a t  an a i r l i f t  pumping s t a t i o n  i s  l i k e l l y  t o  b e  in  the  order of 30 
t o  100 cm, or even more, t o  provide economical pumping s t a t i o n  spacing C171. 
I t  i s  i n t e r e s t i n g  t o  note t h a t  a  30 cm pumping head i s  equivalent  t o  65 
ve loc i tv  h e a d s  ( =  p v 2 / 2 ) .  I t  c a n  b e  r ead i lv  ca lcu la t ed  t h a t  i f  f l u i d  flow 
in the  g a s l i f t  i s  30 cm/sec, and t h a t  if  ( f o r  one "bad case"  example) j l u i d  
i s  both drawn from and e x i s t i n g  i n t o  s tagnant  l i q u i d ,  i n  which c a s e  b y  
Reference 20 K C  = 0.43 and KL = 1 . 0  - t h a t  t he  f r i c t i o n a l  ent rance  a n d  
e x i t  l o s s e s  a r e  anlv about 2,4% of  t he  work expended t o  pumpinq l iqu id  
through the  pumping head. The balance o f  expected f r i c t i o n a l  l o s s e s ,  from a  
( p o s s i b l e )  180° bend between g a s l i f t  i n l e t  duct a n d  d r a f t  tube ,  and t h e  
t o t a l  f r i c t i o n a l  l o s s  from channel flow a t  LID = 2 0 ,  wi l l  t o t a l  l e s s  than 3% 
of t h e  pumping work. T h u s  fo r  this example t o t a l  f r i c t i o n a l  lo s ses  in  the  
a i r l i f t  pump a r e  sma l l ,  abcut 9%. Because VL and V c h  can be equal ,  and a  
bend conf igura t ion  can be chosen t o  minimize f r i c t i o n a l  l o s s ,  f r i c t i o n a l  
lo s ses  due t o  f l u i d  flow should i n  f a c t  be in  the  range of 1% of the  pumping 
work expended fo r  cases of i n t e r e s t .  

While f r i c t i o n a l  l o s s e s  a re  minor, r e l a t i v e  t o  useful  work done in p u m p i n g ,  
o ther  i n e f f i c i e n c i e s  e x i s t .  Dne of these,  which i s  major, can be understood 
i n t u i t i v e l y  a s  due t o  t h e  30 cm/sec s l ip  ve loc i ty  of qas r e l a t i v e  t o  l iqu id  
discussed e a r l i e r ,  T h i s  and other  f a c t o r s  r e l a t i n g  t o  e f f i c i e n c y  a r e  
di scussed next . 

A11.8 E F F I C I E N C Y  C A L C U L A T I O N S  

The work done b y  an element of g a s  on t h e  l i q u i d  can  be s t a t e d  a s  ( f o r c e  
exerted b y  gas on l i q u i d )  X ( d i s t a n c e  moved b y  l i qu id  during time f a r c e  i s  
exe r t ed ) .  Note t h a t  t h e  d i s t ance  i s  g p t  the  t o t a l  moved by  t h e  g a s  element,  
a s  the  forcexdis tance  product of the  30 cm/sec gas movement through t h e  
l i q u i d  i .5  l o s t ,  i . e . ,  d i s s ipa ted  a s  heat .  (Also note here t h a t  t h e  following 
a n a l y s i s  i s  i n  C . G . S .  u n i t s .  and based on 1  c n 3  gas o r  viewed by t he  
compressor.) 

The average fo rce  exertad b v  1 cn3  gas on the  l iqu id  i r  gCpp A 4  , w i t h  
Cpe a s  ca l cu la t ed  e a r l i l e r r  f o r  t h e  time t h e  gas i s  in  the  l iqu id .  If gas 
r i s e s  from t h e  sparger  t o  t h e  s u r f a c e ,  t h e  time qas i s  i n  contact  with the  
l i q u i d  i s  h,/(V' + ' 3 0 ) .  Thus t h e  work done b y  t he  1 cm3 g a s  element on 
t h e  l i q u i d ,  w g ~  d u r i n g  the  r i s e  o f  the  gas element, i s  



q a s l i f t  temperature T g l  i s  d i f f e r e n t  from compressor i n l e t  temperature 
, t h e  term Tql/TC compensates fo r  this.  The term Ap i s  assumed t o  

1 qm/cm3 and so i s  omitted i n  7.  Other terms were defined e a r l i e r .  

For low head compression, which i s  t h e  case fo r  a l g a l  growth systems, s i n g l e  
s t aqe  i s e n t r o p i c  compression wi l l  be app l i ed ,  and the  expression fo r  t h e  work 
done t o  pump 1 cm3 gas,  U g c ,  i s  given b y  

where 

n = mols gas in 1 cmJ a t  compressor i n l e t  temperature 
T C  = gas temperature enter ing  compressor, OK 

k = Cp/CV of gas,  = 1.4 f o r  a i r  
P I  = compressor i n l e t  p res su re ,  "I  atm (o r  loh  dyne/cm2) 
P Z  = compressor o u t l e t  pressure  

X = polyt ropic  compression f a c t o r ,  3.5 (dimensionless)  

I n  CGS u n i t s ,  R = 8.31 X l a 7  erg/mall0K. For 1 cm3 gas en te r ing  t h e  
compressor a t  one atmosphere t h e  product n T C  i s  constant  (whatever the  
temperature)  a t  1.218 X k 1 0 ' ~  a01 O K ,  and w i t h  t h i s  value (8) becomes, in 
e rgs  expended t o  pump 1 em3 (compressor i n l e t  cond i t ions )  

I sent  
p o r t i  
i s  in 

r opic 
on of 
t e r e s  

compression i s  l e s s  e f f i c i e n t  than isothermal compression s ince  a 
t h e  i s e n t r o p i c  compression work appears a s  unusable hea t ,  but i t  

t i n g  t h a t  e f f i c i ency  of i s e n t r o p i c  compression i s  s t i l l  h i g h  
r e l a t i v e  t o  isothermal a t  pressures  l i k e l y  t o  be needed. For example, a t  a 
compression r a t i o  of 2/1 (o r  ca 10M depth f o r  h i ) ,  i s e n t r o p i c  compression 
i s  91% a s  e f f i c i e n t  a s  isothermal .  



The work done b v  an element of g a s  on t h e  l i q u i d  has been given previously a s  
e q u a t i o n  ( 7 1 ,  Given equation ( 6 )  and i f  i t  i s  assumed for  the  moment t h a t  
channel and g a s l i f t  flow v e l o c i t i e s  a re  equal  then t h i s  energy expenditure 
d iv ides  between pumping head and f l u i d  f r i c t i o n a l  l o s s e s  in t h e  r a t i o  

The expression f a r  e f f i c i e n c y ,  Eg/p ,  defined a s  t he  r a t i o  of p u m p i n g  work 
accomplished t o  gas compression work requirement then becomes 

The remaining f a c t o r  t o  be considered i s  t h e  motor/compressor e f f i c i e n c y  
b y  which I 1  i 5  mul t ip l ied  t o  give E,, t h e  overa l l  c x p r ~ r s i o n  for  
e f f i c i e n c y :  

I t  i s  of i n t e r e s t  t o  note t h a t  ove ra l l  puaping e f f i c i ency  E, should range 
b y  equation ( 1 2 )  between about  25% and 50%. One set  of typ ica l  opera t ing  
condi t ions  (based on 80% COg t r a n s f e r  need, computations presented l a t e r )  
m i g h t  c o n s i s t  of a f l u i d  gaslift and channel flow ve loc i ty  o f  15 c e / s e c ,  
d r a $ t  tube height  = 5 .4  meters,  and a p u m p i n g  head o f  14 .5  cm. E f f i c i e n c y  
under these circumstances a t  Em, = 0.8 would be about 2 9 . 5 2 .  If C O p  
t r a n s f e r  e f f i c i e n c y  r i s e s  t o  9 5 X ,  and f l u i d  flow ve loc i ty  i s  increased t o  30 
cmfsec, t h e  pump head needed wi l l  i n c r e a s e  t o  1.lb m . W i t h  other  parameters 
kept t h e  same, the d r a f t  tube height  mus t  increase  t o  13.5 a e t e r s  and o v e r a l l  
e f f i c i e n c y  would increase  somewhat, t o  40.8%. Higher e f f i c i e n c i e s  a re  
obta inable  w i t h  higher channel and g a s l i f t  f l o w  v e l o c i t i e s ;  however, such 
higher v e l o c i t i e s  can resul t  in  energy consumption w h i c h  i s  a l a r g e  f r a c t i o n ,  
e a s i l y  around S O X ,  of t o t a l  expected system output ( s e e  l a t e r  d iscuss ion)  and 
i n  add i t ion ,  there i s  no evidence t h a t  such f l o w  v e l o c i t i e s  a r e  required.  
Such v e l o c i t i e s  m i g h t  i n  f?ct be d e l e t e r i o u s  in t e r n s  of suspending s o l i d s  i n  
the types af  unlined channel systems which a r e  l i k e l y  t o  be af fordable .  



The pumping needs o f  a  channe l  g r o w t h  sys tem c o u l d  be met w i t h  any s u i t a b l e  
c o m b i n a t i o n  o f  g a s l l i q u i d  f l o w  r a t i o s  f ( =  Q g / Q L ) ,  and g a s l i f t  d r a f t  t u b e  
h e i g h t  and area.  However, c o n f i g u r a t i o n s  must a l s o  be a b l e  t o  meet CO2 
t r a n s f e r  needs. Because o f  t h e  i m p o r t a n c e  o f  gas (C02) t r a n s f e r  and d e s i g n  
c o n s t r a i n t s  posed by  g a s  t r a n s f e r ,  t h i s  t o p i c  i s  addressed n e x t .  

A11.9 GAS TRANSFER FROM BUBBLE SWARMS TO L IQUID  

Oxygen t r a n s f e r  i s  an i m p o r t a n t  u n i t  o p e r a t i o n  i n  f e r m e n t a t i o n  and waste  
t r e a t m e n t .  I t  has  been e s t a b l i s h e d  t h a t  t h e  o v e r a l l  t r a n s f e r  c o e f f i c i e n t ,  
KL,  i s  i n  one r a n g e  f o r  s m a l l  r i g i d  s p h e r e  b u b b l e s  DBL ( 2  mm, and i n  
a n o t h e r  r a n g e  - abou t  t w i c e  as h i g h ,  f o r  l a r g e r  b u b b l e s  DB >2 mm. A number 
of c o r r e l a t i o n s  ( f o r  example as  d i s c u s s e d  i n  21)  have e v o l v e d  f o r  t h e s e  
b u b b l e s  o f  v a r i o u s  s i z e  ranges ,  T h i s  wou ld  seem on t h e  s u r f a c e  t o  i m p l v  a  
d i f f i c u l t  a n a l y t i c a l  s i t u a t i o n .  However, even w i t h  t h i s  d i s p a r i t y  o f  
t r a n s f e r  c o e f f i c i e n t  w i t h  b u b b l e  s i z e  i t  f o r t u n a t e l y  t r a n s p i r e s  t h a t  t h e  
c o a l e s c e n c e  and r e d i s p e r s i o n  o f  b u b b l e s  i n  a  r i s i n g  swarm l e a d s  t o  a  s t e a d y  
s t a t e  s i z e  d i s t r i b u t i o n  a  s h o r t  d i s t a n c e  above t h e  s p a r g e r  as d i s c u s s e d  
e a r l i e r  (and  as  i n t u i t i o n  wou ld  s u g g e s t ) .  I n  t h i s  s t e a d y  s t a t e  t h e  r a t i o  of 
KLaT t h e  combined mass t r a n s f e r  c o e f f i c i e n t  (whose u n i t s  can be h,-I o r  
nmol /L .hr .a tm)  t o  volume o f  t h e  r i s i n g  gas, i s  c o n s t a n t .  A l so ,  gas p r e s s u r e  
(hence s o l u b i l i t y )  and a r e a  t e r m s  c a n c e l .  A v e r y  i m p o r t a n t  i m p l i c a t i o n  o f  
t h i s  i s  t h a t  t h e  f r a c t i o n a l  approach t o  l i q u i d  e q u i l i b r i u m  a c t i v i t y  o f  a  
g i v e n  gas component i n  t h e  gas phase i s  c o n s t a n t  p e r  u n i t  t i m e .  ( I t  has been 
e s t a b l i s h e d  t h a t  power d i s s i p a t i o n  i n  t h e  l i q u i d  does n o t  a f f e c t  KL.) If 
thermodvnamic a c t i v i t y  o f  gas d i s s o l v e d  i n  t h e  l i q u i d  phase s t a y s  c o n s t a n t  
r e l a t i v e  t o  gas phase a c a t i v i t y ,  t h e n  t h e  f r a c t i o n  o f  gas phase component 
wh ich  i s  l o s t  f r o m  t h e  gas  i s  c o n s t a n t  p e r  u n i t  t i m e .  Thus, 

where 

Pg = a c t i v i t y  o f  s p e c i e s  i n  gas phase, atm 
PL = a c t i v i t y  o f  s p e c i e s  i n  l i q u i d  phase, atm 

Kg t r a n s f e r  c o e f f i c i e n t  based on gas a c t i v i t y  

more s p e c i f i c a l l y  t h e  t r a n s f e r  c o e f f i c i e n t  can be  exp ressed  as  

Atmospheres gas  l o s t / u n i t  t i r e  
K, =-------------------------------- . 

Ataosphere  gas d r i v i n g  f o r c e  



The c o n s t a n t  f r a c t i ~ n a l  s t r i p p i n g  o+ ~f oxygen p e r  u n i t  h e i g h t  h a s  been 
e s t a b l i s h e d  i n  p a r t i c u l a r  f o r  r e f e r e n c e  8 ( H a t c h )  and i n  r e f e r e n c e  13 i n  t h e  
deep t a n k  work o f  Schmid t  and Redmond, 

F o r  o x v q e n ,  t h e  f r a c t i o n a l  a b s o r p t i o n  p e r  u n i t  t i m e  f r o m  t h e  gas phase  i s  
.0065 - .0075 s e t o 1  a t  20°C ( 0 .  1 3 ) .  A v a l u e  o f  0.007 w i l l  be used  i n  
t h i s  a n a l y s i s .  However, t h e  c r i t i c a l  p r o b l e m  f o r  a l g a l  g r o w t h  sys tems  i s  n o t  
oxygen t r a n s f e r ,  b u t  C U 2  t r a n s f e r .  Though no  l i t e r a t u r e  was f o u n d  
d i r e c t l l v  a p p l i c a b l e  t o  Cog t r a n s f e r  i n  t h e  s i t u a t i o n  e n v i s i o n e d  f o r  t h e  
a l g a l  g r o w t h  sys tem,  a  w e l l  e s t a b l i s h e d  mas5 t r a n s f e r  c o r r e l a t i o n  may be used 
t o  compare t h e  Kg f o r  C02 t r a n s f e r  f r o m  t h a t  o f  02 t 7 ,  131. 
S p e c i f i c a l l y ,  a t  a q i v e n  g a s  phase p a r t i a l  p r e s s u r e  the l i q u i d  o i d e  mass 
t r a n s f e r  c o e f f i c i e n t  p e r  u n i t  a r e a ,  w h i c h  c o n t r o l s  K L ,  i s  p r o p o r t i o n a l  t o  
D ~ ~ * ~ ~  (whe re  D = gas d i f f u s i v i t y  i n  l i q u i d ) .  K q  is i n  t u r n  
p r o p o r t i o n a l  t o  K t i m e s  s a l u b i l i t v .  Thus 

and Kg f o r  C02 can  b e  computed t o  b e  a b o u t  0.125 sec ' l  ( t h o u g h  a 
c a u t i o n a r y  n o t e  i s  t h a t  s m a l l e r  b u b b l e  s i ze  w i t h  s u r f a c t a n t  p r e s e n t  c o u l d  
g i v e  a much h i ghe r  K g ) .  W i t h  t h i s  Kg, a swarm o f  gas  b u b b l e s  r i s i n g  t h r o u g h  
q a s - f r e e  l i q u i d  wou ld  l o s e  a b o u t  13X o f  t h e i r  r e m a i n i n g  CB2 each second.  
( I n  d e r i v i n g  CQ2 t r a n s f e r  d a t a  f r o m  U2 d a t a ,  n o t e  h e r e  t h a t  i t  h a s  been 
e s t a b l i s h e d  t h a t  t h e r e  i s  n e g l i g i b l e  c h e m i c a l  a c c e l e r a t i o n  o f  CO2 u p t a k e  - 
see R e f .  1 7 ) .  

A 1 1 , l O  COMPUTATION OF TIME AND HEIGHT NEEDED FOR TRhNSFER 

The l i m i t i n g  case  w i l l  somet imes e x i s t  where back  p r e s s u r e  o f  C02 i s  
n e g l i g i b l e .  T h i s  w l l l  be  t r u e  i n  p a r t i c u l a r  when t h e  sys tem is o p e r a t e d  a t  
l o w  CQ2 and h i g h  a l k a l i n i t y  t o  p r e v e n t  C O 2  escape t o  t h e  a tmosphere  
E171. In t h i s  c a s e  c o m p u t a t i o n  o f  t h e  r e q u i r e d  c o n t a c t  t i m e  is 
s t r a i g h t f o r w a r d  f r o m  e q u a t i o n  ( 1 3 )  and Kg = 0.125 s e c - l .  R e q u i r e d  c o n t a c t  
t i n e s  f o r  B O X  and 95% a b s o r p t i o n  o f  C 0 2 ,  f o r  b o t h  15 c a / s e c  and 30 c n / s e c  
d r a f t  t u b e  v e l o c i t i e s  i n  each case ,  a r e  shown i n  T a b l e  411-2. These v a l u e s  
o f  d r a f t  t u b e  h e i g h t  and + l o w  v e l o c i t y  a r e  t h o s e  w h i c h  were used e a r l i e r  t o  
compute r e p r e s e n t i v e  e f f i c i e n c i e s .  

I n  t h e  m a j o r i t y  o f  c a s e s  CO2 t r a n s f e r  w i l l  t a k e  p l a c e  where b a c k p r e s s u r e  i s  
n o t  z e r o .  The p a r t i a l  p r e s s u r e  o f  C02 ( P L  i n  e q u a t i o n  1 3 )  i s  needed and 
can be d e r i v e d  a s  a f u n c t i o n  o f  any ~f s e v e r a l  i n t e r r e l a t e d  paramet.ers. One 
c o n v e n i e n t  d e r i v a t i o n  i s  a5 a  f u n c t i o n  o f  pH ( o r  ti+ c o n c e ' n t r a t i o n )  and 
a l k a l i n i t y ,  A. He re ,  a l k a l i n i t y  i s  d e f i n e d  as  n i l l i e q u i i a l e n t s  p e r  l i t e r  
excess  o f  c a t i o n s  o v e r  a l l  a n i o n s  o t h e r  than  c a r b o n a t e  s p e c i e s .  I t  i s  a l s o  



assumed a s  a s imp l i fv ing  measure in  t h i s  a n a l y s i s  t h a t  no b u f f e r s  o the r  than 
carbonate  a r e  p re sen t .  The s i m p l i f i c a t i o n  can a l s o  be made f o r  pH values  of 
i n t e r e s t  ( 5 - 1 1 )  t h a t  H' and OH' a r e  n e g l i g i b l e  r e l a t i v e  t o  carbonate  
spec i e s .  Data in  t h e  a n a l y s i s  t o  fol low i s  from re fe rence  18 and 19.  The 
term C C02 i s  used t o  d e f i n e  t h e  sum of C02 and H2C03 i n  s o l u t i o n .  

A = meq/L a l k a l i n i t v  = HC03' + 2C03 = 

(H') (C03= 
given t h a t  --------------- - = 4 . 4  X 1 0 - l 1  Refs. 18 ,  19 

HC03- 

and 

Also, given t h a t  

(H') (HC03-1 /CCO2 = 4 m 3 1  

p -------- -------------- 
and Cc02 

4 . 3 ~ 1 0 ' ~  H+ + 8 . 8 ~ 1 0 ' ~ ~  



l e t t i n g  K1 4 .31  X l o e 7  and K 2  = 4 .4  X 10-11, 

t o t a l  c a r b o n  i n  s o l u t i o n ,  T C ,  i s  g i v e n  b y  

As s o l u b i l i t y  o f  C O T  i s  29 mmol /L . a tm  (20°C) t h e  t e r m  PI f o r  use  i n  
e q u a t i o n  (13) would-be  1129.1 a t r  X C C02 o r  0.034 CCU2 k t  200. 
O t h e r  t e m p e r a t u r e s  can be  t r e a t e d  i n  t h e  sane way u s i n g  t h e  C02 s o l u b i l i t y  
+ o r  t h o s e  t e m p e r a t u r e s ,  

A l l . 1 1  COMPUTATION OF REQUIRED RESIDENCE T IME IN DRAFT T U B E  

The e n t i r e  p r o a c e d u r e  f o r  c o m p u t i n q  t r a n s f e r  t i m e  ( o r  h e i g h t )  is complex and 
o n l y  t h e  b r i e f e s t  p o s s i b l e  d e s c r i p t i o n  w i l l  be  g i v e n  he re ,  G i ven  e q u a t i o n  
I ?  and 20 a g r a p h  can  b e  c o n s t r u c t e d  show ing  t o t a l  c a r b o n a t e  s p e c i e s  I i . e .  
n m o l / L  C i n  l i q u i d )  and PC02 as a  f u n c t i o n  o f  pH. I t  i s  assumed h e r e  t h a t  
gas  and l i q u i d  f l o w s  are known, and t h a t  t h e  s t a r t i n g  c o m p o s i t i o n s  o f  b o t h  
t h e  gas  and l i q u i d  phases  ( a t  t h e  s p a r g e r  i n  t h e  d r a f t  t u b e )  a r e  known. Thus 
a p o i n t  can  b e  d rawn above t h e  i n l e t  l i q u i d  c o m p o s i t i o n / p H  p o i n t  show ing  
pC02 o f  t h e  i n l e t  gas  and l i q u i d .  Gas and l i q u i d  f l o w s  w i l l  b e  c o n c u r r e n t  
where t h e  g a s l i f t  i s  used  f o r  pumping as w e l l  as C02 t r a n s f e r ;  t h u s  t h e  sun 
o f  gas and l i q u i d  f l u x e s  upward  i s  c o n s t a n t .  S p e c i f i c a l l y ,  

where B g  and QL a r e  f l o w  r a t e s  o f  gas (S.T.P.) and l i q u i d ,  The m a t e r i a l  
b a l a n c e  o f  e q u a t i o n  21  can  b e  used t o  c o n s t r u c t  a  PC02 f o r  t h e  gas phase 
c o r r e s p o n d i n g  t o  each PC02 o f  t h e  l i q u i d  phase.  The t i m e  needed f o r  
t r a n s f e r  can  t h e n  be computed t h r o u g h  t h e  f o l l o w i n g  i t e r a t i o n :  

1 )  S t a r t i n g  w i t h  i n i t i a l  PCO2 o f  gas  and l i q u i d  e l e m e n t s ,  choose a 
P C O 2  i n c r e m e n t  f o r  each ( n e p a t i v e  f o r  gas, p o s i t i v e  f o r  l i q u i d )  b y  
e q u a t i o n  21 small enough t h a t  u s e  o f  a v e r a g e s  f o r  PL a n d  P g  g i v e s  
a c c e p t a b l e  e r r o r ,  Then t h e  a v e r a g e  d r i v i n g  f o r c e  f o r  t r a n s f e r  i s  
( P C 0 2 g I  + PCO2qF) - (PCO2I.I + PCO2LF) = PC02 ave rage .  The 
s u b s c r i p t s  g ,  L, I, and F a r e  gas,  l i q u i d ,  i n i t i a l ,  f i n a l  
r e s p e c t i v e l y ,  



2 )  Compute t ime  n e c e s s a r v  f o r  t r a n s f e r  a s  

3 )  Repeat p rocedure  f o r  t h e  nex t  chosen increment  of g a s  and l i q u i d  
PC02. 

The p rocedure  i s  con t inued  u n t i l  t h e  f i n a l  d e s i r e d  P ~ 0 2  gas 
and l i q u i d  a r e  a t t a i n e d .  The h e i g h t  needed f o r  t r a n s f e r  i s  e a s i l v  d e r i v e d  
from th is  t ime  and t h e  g a s  v e l o c i t y  ( V L  + 30). 

There c e r t a i n l v  e x i s t s  a  r i g o r o u s  a n a l y t i c a l  s o l u t i o n  f o r  t h e  h e i g h t  
c a l c u l a t i o n ,  b u t  i t  i s  a lmost  c e r t a i n l y  t o o  messy t o  be u s e f u l .  The 
preced ing  computat ion s h o u l d ,  however, be easv t o  a c c o m ~ l i s h  w i t h  an 
a p p r o p r i a t e  computer program. 

411.12 COMBINED PUMPING A N D  GAS TRANSFER 

To t h i s  p o i n t  i n  t h e  a n a l y s i s  e x p r e s s i o n s  have been developed f o r  g a s  f low 
r e q u i r e d  f o r  t h e  pumping f u n c t i o n ,  and f o r  t h e  d r a f t  t u b e  h e i g h t  needed f o r  
C02 t r a n s f e r .  Regarding which independent  v a r i a b l e s  a r e  t o  be f i x e d ,  two 
s e t s  of c i r c u m s t a n c e s  a r e  of i n t e r e s t :  one s i t u a t i o n  i s  where t h e  d r a f t  t u b e  
h e i g h t  i s  s u f f i c i e n t  on ly  t o  accomplish needed C02 t r a n s f e r ,  w i t h  t h e  
b a l a n c e  of pumping - i f  needed - accomplished b y  o t h e r  means. The o t h e r  
s i t u a t i o n  i s  where t r a n s f e r  r e q u i r e m e n t s  a r e  met and gas  does  a l l  of t h e  
pumping work a s  w e l l .  

In a  t y p i c a l  channel  f low sys tem,  depth  and flow v e l o c i t y  w i l l  be f i x e d  on 
t h e  b a s i s  of v a r i o u s  c r i t e r i a  such a s  1 )  s u f f i c i e n c y  t o  m i x  a l g a e ,  2 )  
avoidance off e r o s i o n  and sediment t r a n s p o r t  i n  u n l i n e d  pond s y s s t e m s ,  3 )  
s p a c i n g  of g a s  t r a n s f e r  and mixing s t a t i o n s ,  and o t h e r  f a c t o r s  (more 
d i s c u s s i o n  i s  p r e s e n t e d  i n  r e f e r e n c e  1 7 ) .  Choice of depth  and channel  f low 
v e l o c i t y  d i c t a t e  pumping energy r e q u i r e m e n t s  and g r a d e ,  o r  l i q u i d  s u r f a c e  
s l o p e  i n  t h e  d i r e c t i o n  of f low. Grade i n  t u r n  d e t e r m i n e s  pumping head ( =  

grade  X l e n g t h  of f low p a t h ) .  Carbon d i o x i d e  a d d i t i o n  m u s t  be s u f f i c i e n t  t o  
meet t h e  needs  of p h o t o s y n t h e s i s  by t h e  a l g a e .  The assumption h e r e  i s  t h a t  
a l g a l  p r o d u c t i v i t y  w i l l  average  75 m e t r i c  t o n s / h e c t a r e  y r . ,  w i t h  a  maximum 
p r o d u c t i v i t y  of 20 gm/m2.dav and t h a t  2  qms of C02 must be t r a n s f e r r e d  t o  
t h e  sys tem per gram of a l g a e  which i s  grown C171. I t  i s  assumed t h a a t  C02 
l o s s  from the  l i q u i d  s u r f a c e  - o r  i n  a l t e r n a t e  t e r m s ,  back d i f f u s i o n  t o  t h e  
a tmosphere  - i s  minimal s o  t h a t  t h e  C02-containing g a s  s t ream can be 
i n t r o d u c e d  i n t o  t h e  sys tem,  and mixing can be c a r r i e d  o u t ,  24 h r / d a y .  T h i s  
i s  an o p e r a t i n g  c h a r a c t e r i s t i c  impor tan t  f o r  system economics. For purposes  
of i l l u s t r a t i o n  and a n a l y s i s ,  model sys tems  w i l l  be a s s u r e d  w i t h  
c h a r a c a t e r i s t i c s  shown i n  Table  AII-2. 



TABLE AII-2 

SYSTEM C H A R A A C T E R I S T I C S  USED FOR ILLUSTRATIONS (See T e x t )  

A ,  S t a c k  gas use 

I. Channe l  f l o w  v e l o c i t y  = 15 cm/sec 
Channel Dep th  = 30 cm 
Pumping head = 7 .2  cm (From Mann ing  e q u a t i o n ,  n = . 0 2 ,  pumpinq  

s t a t i o n  = 3240 m, 6 h r  c i r c u l a t i o n  t i m e )  
A l g a l  P r ~ d u c t i v i t v  = 20 g r l m 2 . d a v  
Cog r e q u i r e m e n t  = 40 gn/n2.dav 
80% a b g o r p t i o n  o f  C02 f r o m  qas s t r e a m  
R e q u i r e d  Q 9 / Q L  = 0 .155  (Qg e x p r e s s e d  a t  25OC. 1  a t m ,  15% 

C o p )  
R e q u i r e d  hL f o r  80% a b s o r p t i o n  = 5.4 M 

11. 4s above,  e x c e p t  

Channel  F l o w  Velucity = 30 c a / s e c  
Pumping station s p a c i n g  = 6480 m e t e r s  
Pumping head = 58 cm ( 6  h r  c i r c u l a t i o n  t i m e )  
Q g / O L  = 0.139 ( Q g  a t  25OC 1 at., gas has I S X  C O 2  b y  

vo lume)  
Required hL f o r  90X a b s o r p t i o n  = 13.4 m e t e r s  

0 .  P u r e  C02 use 

W i t h  p u r e  C02 ( o t h e r  a s s u m p t i o n s  abave h o l d ) :  

See t e x t  f o r  f u r t h e r  d i s c u s s i o n  o f  p u r e  C02 case. 



A11.13 COMPARISON OF GASLIFT PUMPING ChPACITY WITH CHANNEL GRQWTH SYSTEM 
NEEDS 

The c h o i c e s  f o r  C02 c o n t e n t  o f  t h e  suarged gas, i n  c o m b i n a t i o n  w i t h  d e s i r e d  
f r a c t i o n a l  C02 s t r i p p i n g  and d e s i r e d  f l u i d  f l o w  v e l o c i t y  i n  t h e  q a s l i f t  
d r a f t  t u b e  f i x  t h e  g a s l i f t  d r a f t  t u b e  h e i g h t .  ( C a l c u l a t e d  h e i g h t s  f o r  t h e  
examples a r e  shown i n  T a b l e  A I I - 2 . )  Va lues  chosen f o r  t h e s e  p a r a m e t e r s  a l s o  
f i x  t h e  qas h o l d u p  i n  t h e  system, and power i n p u t  wh ich  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  gas ho ldup .  Holdup needed t o  p r o v i d e  a g i v e n  pumping head, 
f r o m  e q u a t i o n  6, can be compared t o  t h e  a c t u a l  h o l d u p  f r o m  chosen p a r a m e t e r s  
by e q u a t i o n  4. I f  h o l d u p  by e q u a t i o n  4 )  i s  l e s s  t h a n  needed f r o m  e q u a t i o n  4 )  
t h e n  a u x i l l i a r y  oumping power must be p r o v i d e d .  

Ho ldups  c a l c u l a t e d  by e q u a t i o n  4 f o r  case A 1  and A I I  a r e  0.0406 and 0.045 
r e s p e c t i v e l y .  I f  t h e  pumping head needs f o r  t h e  two systems a r e  7 .2  and 58  
cm, r e s p e c t i v e l y ,  t h e n  pumping power a v a i l a b i l i t y  i s  a f a c t o r  o f  above t h r e e  
t i m e s  need f o r  case 01, b u t  i s  i n  a lmos t  p e r f e c t  b a l a n c e  ( h o l d u p  computed a t  
1.04 t i m e s  need) f o r  t h e  assumpt ions  o f  case A I I .  As t h e r e  a r e  u n c e r t a i n t i e s  
( d i s c u s s e d  under  " u n c e r t a i n t i e s "  l a t e r )  t h i s  must be c o n s i d e r e d  a p e r f e c t  
match w i t h i n  c o m p u t a t i o n a i  p r e c i s i o n .  

F o r  t h e  p u r e  C02 t r a n s f e r  case,  i t  is necessa ry  t o  t a k e  i n t o  accoun t  t h e  
v o l u m e t r i c  change as C02 i s  absorbed d u r i n g  b u b b l e  r i s e .  The s i t u a t i o n  is 
c o m p l i c a t e d  by back d i f f u s i o n  o f  oxygen i n t o  t h e  bubb les .  Tho assumpt ion  
made h e r e  i s  t h a t  t h e  C02 volume o f  t h e  r i s i n g  gas dec reases  e x p o n e n t i a l l y  
w i t h  h e i g h t  ( a s  wou ld  o c c u r  w i t h  t h e  c o n s t a n t  b u b b l e  s i z e  d i s t r i b u t i o n  
d i s c u s s e d  e a r l i e r )  b u t  t h a t  back d i f f u s i o n  o f  oxygen i e  e o u a l  t o  25% o f  t h e  
C02 wh ich  d i f f u s e s  o u t .  Fo r  t h e  80% C02 a b s o r p t i o n  case,  t h i s  l e a d s  t o  a 
f i n a l  gas volume o f  40% o f  t h e  i n i t i a l ,  and f o r  t h e  75% a b s o r p t i o n  case,  a 
vo lume wh ich  i s  29% o f  t h e  i n i t i a l .  The average gas f l o w  (STP) used i n  
compu t inq  h o l d u p  i s  c o n s i d e r e d  t o  be t h e  l o g  mean o f  i n l e t  and o u t l e t ,  t i m e s  
a p r e s s u r e  c o r r e c t i o n  f a c t o r ,  P1/P2, f o r  a d e p t h  o f  2 / 3  o f  hL (3 .6  M 
f o r  case B I ,  9fl f o r  011 )  t o  accoun t  f o r  t h e  f a c t  t h a t  t h e  m a j o r i t y  04 gas i s  
a t  l o w e r  t h a n  mean dep th .  ( T h i s  c o r r e c t i o n  f a c t o r  i s  t a  be d i s t i n g u i s h e d  
f r o m  t h e  t e r m  CpE used e a r l i e r ) .  W i t h  t h e s e  assumpt ion ,  t h e  h o l d u p s  f o r  
cases 01 and B I I  a r e  0.0035 and 0.00304. These v a l u e s  a r e  o n l y  15% and 5% o f  
need, r e s p e c t i v e l l y ,  f o r  15 and 30 cm/sec channe l  f l o w  v e l o c i t i e s ,  50 t h a t  an 
a u x i l l i a r y  pumping p r o c e s s  wou ld  be needed where p u r e  C02 i s  used t o  s u p p l y  
ca rbon  needs. 

The above c a l c u l a t i o n s  a r e  o n l y  i l l u s t r a t i o n s ,  b u t  i t  i s  e v i d e n t  t h a t  when 
CQ2 is s u p p l i e d  by  s t o c k  gas w i t h  p l a u s i b l e  r e q u i r e m e n t s  f o r  m i x i n g  
v e l o c i t y  and f r a c t i o n a l  s t r i p p i n g ,  t h a t  g a s l i f t  p u n p i n q  c a p a c i t y  can be  
c a p a b l e  o f  m e e t i n g  t o t a l  sys tem needs. I t  i s  w o r t h  n o t i n g  t h a t  a v a l u e  o f  
0.02. was used f o r  t h e  Manning e q u a t i o n  roughness,  n (See 22 f o r  d i s c u s s i o n ) .  
A v a l u e  o f  n = 0.01 c o u l d  e q u a l l y  w e l l  b e  encoun te red  w i t h  a smooth channe l  
bo t tom,  wh ich  wou ld  mean f o r  even channe l  f l o w  v e l o c i t i e s  o f  30 cm/sec t h a t  
pumping power o f  t h e  s t a c k  gas t r a n s f e r  sys tem c o u l d  be  w e l l  i n  excess  of 
needs. A t  n  = 0.01, power a v a i l a b i l i t y '  f o r  t h e  p u r e  ~ O ~ , ' c a s @  c o u l d  s u p p l y  
a l a r g e  f u n c t i o n ,  o r  p o s s i b l y  a l l  pumping needs,  i f  channe l  



velocities o f  5-10 cm/sec c o u l d  be t o l e r a t e d .  U n c e r t a i n t i e s  w h i c h  a t t e n d  t h e  
e s t i m a t e s  a r e  d i s c u s s e d  l a t e r ,  b u t  a good ma tch  be tween g a s l i f t  pumping  power 
and needs  seems p o s s i b l e  w i t h  r e a s o n a b l e  assump t i ons .  

A f u r t h e r  i m p o r t a n t  c o n s i d e r a t i o n  i s  t h a t  t h e  sys tem must  a l s o  be  e n e r g y  
e f f i c i e n t ,  which i s  t o  say t h a t  t h e  C o p  t r a n s f e r / p u m p i n p  f u n c t i o n s  s h o u l d  
not consume a l a r g e  f u n c t i o n  o f  system energy output .  Not  energetics a r e  
examined n e x t  . 

A11.14 NET ENERGETICS; GASLIFT ENERGY CONSUMPTION AS 4 FRACTION OF TOTAL 
GROWTH SYSTEM OUTPUT 

I n  a d d i t i o n  t o  c h o i c e s  made e a r l i e r ,  t w a  a d d i t i o n a l  p a r a m e t e r s  must b e  
assumed i n  o r d e r  t o  c a l c u l a t e  e n e r g y  demand o f  t h e  g a s l i f t  s ys tem as a  
f u n c t i o n  o f  system o u t p u t .  These a r e  f )  t h e  g r o s s  sys tem e n e r g y  o u t p u t  per 
u n i t  a r e a  p e r  day,  and 2 )  t h e  t h e r m a l  t o  m e c h a n i c a l  c o n v e r s i o n  e f f i c i e n c y  
wh i ch  i s  o b t a i n e d  when c o n v e r t i n g  t h e  q r o a a  energy  o u t p u t ,  i n  t h e  f o r m  o f  
d i l u t e  a l g a e ,  t o  m e c h a n i c a l  ene rgy .  The w o r k i n g  a s s u m p t i o n  h e r e  f o r  1 )  i s  
t h a t  t h e  20 g m / m 2  day o f  a l g a e  have  a  g r o s s  heating v a l u e  o f  5000 c a l / g n  ( =  

9000 B T U / l b )  s o  t h a t  sys tem g r o s s  e n e r g y  o u t p u t  i s  100 ~ c a l / i n * . d a v .  A 
second assump t i on ,  w i t h o u t  s p e c i f y i n g  mechanism, i s  t h a t  t h i s  g r o s s  e n e r g y  
can  be c o n v e r t e d  t o  m e c h a n i c a l  e n e r g y  a t  a t h e r m a l  - t o  m e c h a n i c a l  c o n v e r s i o n  
f a t i o ,  o r  e f + i c i e n c y ,  o f  30X.  A v a i l a b l e  m e c h a n i c a l  e n e r g y ,  f r o m  w h i c h  e n e r g y  
f o r  g r s l i f t  o p e r a t i o n  must come, is w i t h  t h i s  a s s u m p t i o n  1.26 X lo2 
e rg /n2 .day .  U s i n g  e q u a t i o n  ( 8 )  and a v a l u e  o f  EnL = 0.8, t h e  f r a c t i o n  o f  
t o t a l  sys tem energy  r e q u i r e m e n t  f o r  sample  case  A I  o f  T a b l e  2 is 7 . 9 %  and f o r  
A H ,  pumping t h r o u g h  13.4 M, i t  i s  t 5 . 2 X .  These a r e  f a i r l y  major, b u t  n o t  
i n t o l e r a b l e ,  l e v e l s  o f  e n e r g y  cunsump t i on .  For  c a s e s  B I  and B I I ,  where  C02 
is pumped t g h r o u g h  t h e  same heads, w i t h  o t h e r  a s s u m p t i o n  as p r e s e n t e d  
e a r l i e r ,  c o n s u m p t i o n s  a r e  1.2% and 2.2% o f  t o t a l  sys tem o u t p u t .  Carbon 
d i o x i d e  f r o m  some s o u r c e s  ( e . g .  g e o l o g i c a l  r e s e r v o i r s )  may b e  p r e s s u r i z e d .  
No e n e r g y  a t  a l l  wou ld  be  r e q u i r e d  t o  s p a r q e  t h i s  C02 i f  i t  i s  a v a i l a b l e  on 
s i t e  a t  more t h a n  a b o u t  2 a tmospheres .  

A11.15 UNCERTAINTIES 

U number of u n c e r t a i n t i e s  e x i s t  i n  t h e  p r e c e d i n g  c a l c u l a t i o n s  r e g a r d i n g  
e f f i c i e n c y  o f  gas t r a n s f e r  and n e t  e n e r g y  c o n s u m p t i o n  by  t h e  g a s l i f t .  H a n ~  
o f  t h e s e  have  a l r e a d y  been men t i oned ,  b u t  i t  is w o r t h w h i l e  t o  r e v i e w  t h e  
p o s s i b l e  s o u r c e s  o f  e r r o r  a n d - u n c e r t a i n t y  h e r e .  Some s o u r c e s  o f  e r r o r  a n d  
t h e i r  m a g n i t u d e  a r e  d i s c u s s e d  be low.  

A v a l u e  o f  0.125 s e c - l  for  K q  was d e r i v e d  based on t h e  p r e m i s e  t h a t  gas 
b u b b l e s  i n  a l g a l  systems w i l l  behave as  a i r  bubb les  d o  i n ' s t e a d y - s t a t e  d i l u t e  
aqueous sys tems.  There is major u n c e r t a i n t y  i n  t h e  assump t i on ,  b u t  r 



r a n g e  c a n n o t  be g i v e n  t o  t h e  u n c e r t a i n t y  a t  t h i s  t i m e .  E x p e r i m e n t a l  v a l u e s  
f o r  Kg a r e  b e i n g  obse rved  a t  2-5 t i m e s  t h e  0.125 sec-i  assumed h e r e  C221. 
T h i s  may i n d i c a t e  h i g h  f r a c t i o n a l  C02 s t r i p p i n g  f r o m  s m a l l  b u b b l e s  n e a r  t h e  
s p a r g e r  b e f o r e  c o a l e s c e n c e / d i s p e r s i o n  e s t a b l i s h e s  a  s t e a d y  s t a t e ,  o r  e l s e ,  
p r e v e n t i o n  o f  c o a l e s c e n c e  (hence ma in tenance  o f  s m a l l e r  C02 b u b b l e s  and 
h i g h e r  Kg) by  s u r f a c t a n t s  i n  a l g a l  g r o w t h  systems. E x p e r i m e n t a t i o n  w i l l  be  
r e q u i r e d  t o  g i v e  some answers i n  t h i s  a rea.  T h i s  t o p i c  i s  q u i t e  i m p o r t a n t  as 
b o t h  ene rgy  consumpt ion  ( b u t  a l s o  a v a i l a b l e  pumping c a p a c i t y )  a r e  i n v e r s e l y  
p r o p o r t i o n a l  t o  Kg. 

Va lues  f o r  n ,  t h e  channe l  w a l l  and b o t t o m  roughness ,  c a u l d  e a s i l y  v a r y  by  a  
f a c t o r  o f  3, wh ich  c o u l d  change power r e q u i r e m e n t s  by an e q u a l  f a c t o r .  
E s t a b l i s h m e n t  o f  t h e  v a l u e  f o r  n  ( i f  n o t  0 .02  as assumed) w i l l  r e q u i r e  
c o n s i d e r a b l y  more a n a l y s i s  and i s  beyond t h e  scope o f  t h i s  t r e a t m e n t .  

I n  compu t ing  ene rgy  consumpt ion  by  t h e  compressor ,  and buoyancy e f f e c t  o f  
sparged gas, accoun t  must be  t a k e n  o f  t e m p e r a t u r e  d i f f e r e n c e s  between t h e  
compressor i n l e t  and i n  t h e  r i s i n g  column o f  b u b b l e s  i n  t h e  d r a f t  t u b e .  
C o r r e c t i o n s  s h o u l d  a l s o  b e  made f o r  v a r i a t i o n s  i n  water  vapor  c o n t e n t  between 
t h e  two p o i n t s .  However, t h e s e  c o r r e c t i o n s  a r e  s m a l l  w i t h  minimum t o t a l  
e r r o r  a t  l e s s  t h a n  5%. 

The c a l c u l a t i o n  o f  pumping work done on t h e  l i q u i d  by  r i s i n g  gas b u b b l e s  was 
p r e d i c a t e d  on l i q u i d  " p l u g  f l a w , "  i . e .  t h a t  a l l  l i q u i d  e l e m e n t s  i n  t h e  d r a f t  
t u b e  had t h e  same v e l o c i t y .  O b v i o u e l y ,  t h e y  do n o t ,  and t h e r e  w i l l  be  an 
e f f i c i e n c y  l o s s  r e l a t i v e  t o  t h a t  c a l c u l a t e d  e a r l i e r  i f  f l u i d  has  a  v e l o c i t y  
d i s t r i b u t i o n  c h a r a c t e r i s t i c  o f  t u r b u l e n t  f l o w  1213 even when gas b u b b l e s  a r e  
u n i f o r m l y  d i s t r i b u t e d  o v e r  t h i s  a rea.  T h i s  e r r o r  i n  pumping e f f i c i e n c y  
c a l c u l a t i n g  has  been worked o u t  C23; d e t a i l  n o t  shown1 and i s ,  s u r p r i s i n g l y ,  
l e s s  t h a n  2%. T h i s  e r r o r  i s  s m a l l  because t h e  t u r b u l e n t  f l o w  v e l o c i t y  
p r o f i l e  i s  r a t h e r  f l a t ,  t hough  i t  does v a r y .  I f  gas " channe ls , "  o r  i s  
u n e q u a l l y  d i s t r i b u t e d  i n  t h e  c r o s s  s e c t i o n ,  o r  t r a v e l s  i n  f l u i d  e lemen ts  
h a v i n g  much g r e a t e r  t h a n  ave rage  v e l o c i t y ,  t h e n  pumping e f f i c i e n c y  l o s s e s  
c o u l d  be l a r g e .  I t  i s  n o t  p o s s i b l e  t o  s t a t e  what t h e  e f f i c i e n c v  decrement 
m i g h t  be, b u t  i n  any e v e n t  t h i s  s i t u a t i o n  can be a v o i d e d  by  s p a r g i n g  so  a s  t o  
i n t r o d u c e  gas u n i f o r m l y  o v e r  t h e  d r a f t  t u b e  c r o s s  s e c t i o n .  

Power i n p u t  and e f f i c i e n c y  were computed e a r l i e r  f o r  s t a c k  gas (15% C02) 
s p a r g l n q  on t h e  b a s i s  o f  unchang ing  gas  volume. However, t h e  a c t u a l  s t r e a m  
f l o w - c o u l d  a c t u a l l y  change by a s  much a s  15%. T h i s  15% seems t o  be t h e  
l i k e l v  maximum e r r o r  f r o m  t h i s  source .  Back d i f f u s i o n  o+ 02, and t h e  f a c t  
t h a t  some C02 r e m a i n s  w i t h  t h e  gas s t r e a m  d u r i n g  i t s  r i s e ,  w i l l  p r o b a b l y  



keep t h i s  e r r o r  t o  10X o r  less, w i t h  s t a c k  gas. For  pure C o g  s u a r q i n g ,  t he  
gas  a b s o r p t i o n  c o r r e c t i o n  is o b v i o u s l y  m a j o r ,  b u t  C o p  pumping i s  not a 
ma jo r  e n e r g e t i c  d r a i n  ( i f  any energetic d r a i n  a t  a l l )  and p u r e  CQ2 s p a r g i n g  
does n o t  appear t o  s u p p l y  enough pumping power i n  most l i k e l y  cases,  t o  meet 
system needs. Thus mode l i ng  gaslift pumping b y  p u r e  C02 s t reams  does n o t  
seem t o  b e  a p r e s s i n g  need. 

There  are l i k e l y  t o  be o t h e r  sou rces  o f  e r r o r  which have n o t  been 
c o n s i d e r e d .  However, i t  seems t h a t  t h e  s u r f a c e  roughness and CD2 
a b s o r p t i o n  Kg u n c e r t a i n t i e s  a r e  dominant .  Thus in summary, t h e  c o n c l u s i o n  
must rema in  t h a t  a g a s l i f t  system c a p a b l e  o f  t r a n s f e r r i n g  s t o c k  gas  shou ld  b e  
c a p a b l e  o f  p r o v i d i n g  enough o r  more t h a n  enough pumpinq c a p a c i t y  t o  meet t h e  
needs o f  a h i g h  r a t e  pond system w i t h  channe l  f l o w  v e l o c i t i e s  o f  15-30 
cm/sec. Energy  consumpt ion  f o r  t h i s  approach s h o u l d  be  a h i g h  ( 5 2 5 % )  but 
t o l e r a b l e  f u n c t i o n  o f  system o u t p u t .  
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R I I I - 1  TRAVELLING SOLIDS REMOVER FOR POND SUMPS 

(By Joseph C. Dodd, C o n s u l t i n g  Eng ineer )  

Cont inuous r a i l s  a re  p rov i ded  so t h a t  a  s i n g l e  s o l i d s  remover say s e r v i c e  a  
number of pond sumps where t h e  ponds a r e  ar ranged t o  a l l o w  t h i s .  The r a i l s  
a r e  suppor ted  on p i e r s  and pond n a l l s ,  n i t h  spac ing  t o  a l l o w  use o f  l i g h t  
r o l l e d  berms such as 6 "  o r  8"  WF o r  B s e c t i o n s  (span 15-20 f t . ) .  S t e e l  
s e c t i o n s  a t  about 1 5 # / f t  n i t h  a  h i g h  q u a l i t y  p r o t e c i v e  c o a t i n g  i s  p r e f e r r e d ,  
a l though  f i b e r g l a s s  s e c t i o n s  a r e  a v a i l a b l e  b u t  more expensive.  The p i e r  
spac ing must be coo rd i na ted  w i t h  t h e  walkway suppor t  requ i rements ,  which may 
be more c r i t i c a l  if t imber  i s  used ( 2 "  x 10" s t r i n g e r s  w i t h  15' span 
p r e v i o u s l y  used) .  tlinimum p i e r  t h i c k n e s s  i s  4" f o r  r eba r  cover .  

The t r a v e l l i n g  s o l i d s  remover i s  f a b r i c a t e d  f rom 6' Cs, r o l l i n g  on 6 "  s t e e l  
nhee l s  w i t h  rubber  t r e a d s  ( t o  p r o t e c t  c o a t i n g s ) .  Two wheels a r e  d r i v e n  by a 
hand crank t o  move t h e  c o l l e c t o r  a t  t h e  speed which j u s t  p i c k s  up t h e  b l a n k e t  
o f  s o l i d s .  A s i g h t  g l a s s  on t h e  s u c t i o n  hose r a y  be used t o  e s t i m a t e  t h e  
r a t e  o f  t r a v e l .  The c o l l e c t o r  i s  a s t a i n l e s s  s t e e l  p i p e  a r a  w i t h  p e r f o r a t e d  
t e e  p i p e  hav ing  r o l l e r s  t o  m a i n t a i n  t h e  d e s i r e d  bot tom c learance .  The arm 1s  
p i v o t e d  up t o  c l e a r  t h e  w a l l s  when t r a n s f e r r i n g  t o  another  pond. I t  may a l s o  
be moved a l ong  t h e  s o l i d s  remover r a i l  t o  sweep seve ra l  s t r i p s  a long  t h e  
bot tom t o  remove as much s e t t l e d  s o l i d s  as p o s s i b l e .  The s o l i d s  a r e  pumped 
by a  s e l f - p r i m i n g  pump (e.g, p r o g r e s s i n g  c a v i t y ) .  

Power supp ly  t o  t h e  pump and s o l i d s  d i scha rge  hose a r e  draped between a f i x e d  
n a s t  a t  t h e  cen te r  o f  t h e  sump and a  mast on t h e  s o l i d s  remover. Q u i c k  
connect c o u p l i n g s  a l l o w  t r a n s f e r  f rom one pond t o  t h e  next .  The d i scha rge  o f  
s o l i d s  i s  conveyed i n  a  p i p e  suppor ted a long  t h e  walkway o r  r a i l ,  e i t h e r  t o  
d i s p o s a l ,  o r  t o  a  s e t t l i n g  t a n k ( s )  f o r  t h i c k e n i n g  and r e t u r n  o f  superna tan t  
t o  t h e  pond. The l a t t e r  method reduces s a l t  l o s s  and d i sposa l  requ i rements  
b u t  adds t o  f a c i l i t i e s  c o s t  and o p e r a t i o n a l  comp lex i t y .  

Cnef 12 o r - l 9 2 , H e ~ t ~ c e ~ 1 4 Z 9 ~ s ? c _ r e L - S ~ s t e ~  

For  s a l i n e  systems, f requency o f  c l e a n i n g  i s  l e s s  than  w i t h  wastewater 
systems, so two removers can p robab l y  hand le  12 ponds, o r  a  t o t a l  o f  4 
removers f o r  t h e  192 h e c t a r e  systen.  A 2" o r  3"  pump shou ld  be used, 
operated a t  a  reduced speed (say 500 - 800 r p r )  due t o  a b r a s i v e  n a t u r e  o f  
s o l i d s .  S e t t l i n g  t anks  (if used) shou ld  be designed f o r  50 gpa o v e r f l o w  r a t e  
o f  3000 g p d / f t 2 .  Need 24 f t 2  o r  approx. b f t .  d iamete r ,  n i t h  hopper 
bottom. 



Rough e s t i m a t i n g  c o s t s :  

R a i l s  @ 612/ft. i n c l u d l n p  coatings, s p e c i a l s ,  
anchor b o l t s ,  installation, 

P t e r  concrete (assume 10 per pond) 
0 . 5 '  X 1 . 5 '  x 4 . 5 '  . 33.8/27 = 1 . 2 5  yd3/pond 

1.25 x 24 pondr B $ 2 0 0 / ~ d ~  $ 6 . 0 0 0  

Solids remover ( e a ) .  

Complete e x c e p t  f a r  pump, elec. & p i p i n g  10,000 

Pump, e l e c ,  & p i p i n g  ( t o  f i x e d  r a e t )  5 , 000 ------ 
T o t a l  $15,000 

hssume p i p i n g  & electrical on p o n d  s t r u c t u r e  is included i n  other estimates 
(7. o f  p r o j e c t  c o s t s ) .  

Total for  475 a c r e  module: 

Rails  ( 4  r a i l s  x 3400'  = 13,600 8 $ 1 2 / f t , )  

Piers  

Solids removers 4 x lSaOOO 

T o t a l  w i thout  t a n k s  

With t a n k s ,  add 4 @ $5,000 





Appendix AIII-2  

SLUDGE RECMOVAL FROM SHALLOW GROWTH PONDS 

(by Lloyd Bracewell, Consulting Engineer) 

Shallow high r a t e  a l g a l  growth ponds wi th  mixing low v e l o c i t i e s  w i l l  eventual ly  
experience some s e t t l i n g  out  of organic  and inorganic  ma te r i a l s  t o  form a 
sludge l a y e r  over t h e  pond bottom. Since t h e  growth ponds have only about 20 
cm of depth,  any s i g n i f i c a n t  l a y e r  of s ludge would i n t e r f e r e  i n  t h e  pond's 
opera t ion .  It is t h e r e f o r e  necessary t o  provide f o r  the removal of s ludges 
from t h e  bottom of t h e  growth ponds once t h e  depth reaches about 15 percent  
of t h e  water depth o r  3 cm. The proposed method of cons t ruc t ion  of t h e  growth 
ponds and t h e i r  layout  c r e a t e  severe  c o n s t r i n t s  on t h e  methods t h a t  can be 
used cos t -e f fec t ive ly  f o r  s ludge removal. I n  p a r t i c u l a r ,  access  i s  l imi ted  
t o  t h e  ends and t h e  pond bottoms w i l l  be  of ear then const ruct ion .  

A form of hydraul ic  removal of s ludge would t h e r e f o r e  be most appropr ia t e  
i f  requi red  on a f requent  b a s i s .  I f  t h e  pond mixing v e l o c i t y  is  increased 
severa l - fo ld  then t h e  sludge would be resuspended i n  t h e  water column and t h e  
water could be withdrawn f o r  s e t t l i n g  i n  another  bas in  with adequate de tent ion  
t i m e  f o r  s o l i d s  removal. This  approach would r e q u i r e  s i z i n g  t h e  mixer d r i v e  
motors much l a r g e r  than  necessary f o r  normal mixing purposes. One poss ib le  
s o l u t i o n  t o  keep t h e  i n s t a l l e d  s i z e  of t h e  motors t o  a minimum would be t o  
design t h e  mixing systm t o  inc lude  a power take-off s o  a s  t o  accommodate t h e  
i n s t a l l a t i o n - o f  a  supplemental d r i v e r  only when sludge removal was needed* 

The sludge removal approach proposed whenever thorough pond c leaning i s  required ,  
such a s  annually,  i s  t o  decant t h e  pond water ,  i n s t a l l  a  boom and sludge 
pump arrangement, operated by a winch and by a combination of dragging and 
pumping, move t h e  sludge t o  smal l  s m p s  a t  each end of each pond. The boom 
would be t h e  width of t h e  pond and dragged by s e v e r a l  cab les  connected to 
winches i n s t a l l e d  on mounts f o r  t h a t  purpose when needed t o  remove sludge. 
Small sludge pumps would be mounted on t h e  boom wi th  100 f t  d ischarge  p ipes  
suspended along t h e  p u l l i n g  cables  t o  keep excess ive  amounts of s ludge from 
accumulating i n  f r o n t  of t h e  boom a s  it i s  dragged along t h e  pond bottom 
toward a sludge sump. This  reduces t h e  load on t h e  cab les  and boom a s  t h e  sludge 
i s  gradual ly  moved t o  t h e  end of t h e  pond. The sludge c o l l e c t e d  i n  t h e  end 
slumps would be pumped t o  a  s to rage  pond f o r  later disposal .  The boom would be 
constructed of 12 by 12 inch wooden beams 20 f e e t  long and hinged a t  each con- 
nect ing  j o i n t  f o r  t h e  width of t h e  pond. A p u l l i n g  cab le  would b e  a t tached 
a t  each of t h e  connecting j o i n t s  and a t tached t o  ind iv idua l  winches. A 
3 horsepower sludge pump would be mounted on each s e c t i o n  of t h e  boom with i ts  
suc t ion  manifold set along t h e  f r o n t  of t h a t  s e c t i o n  of t h e  boom t o  pump 
sludge a s  it accu la tes  i n  f r o n t  of t h e  boom. The  pump discharge hose would 
be extended along t h e  p u l l i n g  cab le  approximately 100 f e e t  t o  keep t h e  pumped 
sludge ahead of t h e  boom a s  i t  t r a v e l s  t h e  length  of the  pond. The sludge a s  
it  was pumped would tend t o  flow, a l b e i t  slowly, toward t h e  end of t h e  pond 
s i n c e  t h e  dragging would be done i n  t h e  d i r e c t i o n  of t h e  pond gradient .  

The est imated c o s t  f o r  a sludge removal system of t h i s  type is  about $60,000. 
A s i n g l e  system would be shared among a l l  t h e  ponds. 



Appendix AIII-3 

DIVIDER WALL COST ESTIMATES# 

METHOD ----- MATERIALS ------ -------- LABOR -------- 
QTY UNIT TOTAL HOURS HOURLY TOTAL SUBTOTAL 

PER FT COST RATE 

1. HYPALON MEMBRANE 

POSTS 0.250 $1.65 $0.41 0.025 $35.00 $0.88 $1.29 
CONCRETE 0.004 $5 1.50 $0.19 0.004 $16.35 $0.06 $6.25 
MEMBRANE 2.000 $0.50 $1.00 0.100 $16.35 $1.64 $2.64 
RAILINGS 1.000 $1.00 $1.00 0.020 $16.35 $0.33 $1.33 
TRENCHING 0.019 $1.00 $0.02 $0.02 ------ 

TOTAL $5.51 

2. CONCRETE BLOCK 

BLOCKS 1.780 $0.66 $1.17 0.130 $16.35 $2.12 $3.30 
MORTAR 0. 080 $2. 60 $0. 21 $0.21 
GROUT 0.244 $2.25 $0.55 0.067 $16.35 61.09 $1.64 
STEEL 1.000 $0.23 $0.23 0.008 $16.35 $0. 13 $0.36 
FOOTINGEXC0.019 $1.00 $0.02 $0.02 
CONCRETE 0.0 19 $50.00 $0.93 0.04 1 $16.35 $0.67 $1.60 ----- 

TOTAL $7.12 

3. POURED CONCRETE 

CONCRETE 0.035 $51.50 $ 1 , 8 0 '  0.061 $14.40 $0.88 $2.68 
STEEL 1.OClQ $0.23 $0.23 0.008 $16.35 $0.13 $6.36 
FORMWORK 2.670 $0.10 $0.27 0.116 $17.35 $2.01 $2.28 
FOOTINGEXC0.019 $1.00 $0.02 $0.02 ------ 

TOTAL $5.34 

PIPE 1.000 $6.77 $4.41 0.012 $94.00 $1.13 $5.54 
FOOT I NG 0.025 $50.00 $1.23 0.055 $16.35 $0.90 $2.13 ----- 

TOTAL $7.67 

S S ~ l p p l  i ed by L loyd  E r a c e w e l l ,  c o n s u l  t i  n g  e n g i n e e r  
S t  Not described i n  t e x t  



Appendix AIII-5 

Large Scale System Paddle Wheel Costs 

DESCRIPTION 

Drive Tube 
Hubs 
F l  anqes 
Spokes t f -gl ass) 
Paddles I ' 1 
Fasteners 
Drive motor 
notar Starter 
Hot or lase 
Var. Speed U n i t  
Speed Reducer 
5R Base 
SR Sprocket 
Jackshaf t 
JS 0earinqs 
JS Spr. t1 
JS Spr, t2 
PY Sol id  Shrfto 
PW Drive Spr a 

Dr. Chain #I 
Dr. Chain I 2  
Chain Guard9 

PU Beilrinqs 
PU Coupling 
Torque l i r i t e r  
Hisc, 

-- -LC---"L..II-I------........ 
PADDLE WHEEL COST BREAKDOWN 8 -- ..-.."1-1-...1.-..-.--....- 

8.0 Hectare l a s i s  

0-0 I------ flATERIhLS-------------- 
RUAN UNITS UNIT $ COST ---- ----- ------ ---- 

46% l b  0.55 2,361 
498 l b  0.55 274 
869 l b  1.00 863 
431 f t  2'73 1,103 

1473 sq f t b.00 0,836 
353 

1 900 900 
1 450 450 
1 
I 2,700 2 q 700 
1 1,400 1 T400 

------- 
TOTAL 24 799 
IHSTbLLATION (not incl structural 1 

COST 

1,280 
411 
0 

59 2 
inc l .  

TOTAL 
COST ----- 

3,841 
685 
869 

1,777 
8,836 

333 
900 
450 
277 

2,700 
1 400 

27 5 
25 

648 
200 
75 
SO 

1,344 
100 
25 
50 

200 
1,500 
1,700 

350 

COHNEff T ------- 
16' 150 p s i  steel 

Fi berqlas 2 ~ 2 ~ 0 . 2 5  
Fiberglas 0.30' thk 

15 hp, Severe Duty 
NERA size 2,  type 4 
Base oniv, not struc, 
Boi er 15ACY, 29: 1 
Cyclo 1870 
Bdse on ly ,  nat structral lupport 

3.38' dir S,S,, 24'lonp, n/ keyways 

3,s' dir S,S, ,  12' long, one keyway 

Rol ler bearing, split housing 
Fa1 k 120T t l ~ t )  a lOOT(2nd) 

TOTbL IHSTALLED COST 



Appendix AIII-6 

Experimental System Paddle Wheel Costs 

DESCRIPTION ------------ 
Drive Tube 
Hubs 
Flanges 
Spokes ( f  -qlass) 
Paddles ( ' 
Fasteners 
Drive ro to r  
notor Star ter  
Hot or Base 
Var, Speed Unit  
Speed Reducer 
SR Base 
SR Sprocket 
Jackshaf t 
35 Bearings 
JS Spr, #I 
JS Spr, 12 
PW Sol id Shafts 
PW Drive Spr . 
Dr. Chain #I  
Dr. Chain I 2  
Chain Guards 
PW Bearings 
PW Coupling 
Torque L i r i  t e r  
Misc. 

------------------------- 
+ PhDDLE YHEEL C0iT BREAKDOWN + ........................... 

0.4 Hectare Basis 

---------- MATERIALS---- 
PUAN UNITS UNIT $ ---- ---- ------ 
819 l b  0,bO 
139 l b  0.60 
195 l b  1.00 
140 f t  3.00 
331 sq f t  6.00 

-me------ FAB. 
COST COST ---- ---- 
492 246 
84 125 
195 0 
420 210 

1,987 inc l .  
79 
350 
200 

TOTAL 
COST ----- 
737 
209 
195 
630 

1,987 
79 
350 
200 
47 
750 
700 
275 
25 
196 
100 
50 
25 
140 
7s 
2s 
30 
200 
300 
0 

300 
250 

--- --- 
TOTAL 6,826 7,897 
INSTPilLATIOl (not i n c l  r t r u c t u r a l )  2,764 

TOTAL IN8TUED COST 
(un i t  pr ices have bem ad justed fo r  quanti ty) 

COHHENT ------- 
8' sch 40 steel  

Fi berglas 2~2~0.25 
Fiberqlac 0.23' thk 

2 hp, Severe Duty 
Ef lA sire 0, type 4 
Base only, net struc. 
Bei er ZACY, 29: 1 
Cyclo 1870 
Base only, not s t ruc t ra l  support 

1.63' d ia  S.S., 24"lonj, w/ keyways 

1.75' d i r  S.i., 12' long, one keyway 

Rol ler bearing, s p l i t  housing 



TABLE 6-1V-1 SETTLING POND HARVEST O P T I O N  
1 s t  Staqe  Pumps and P i p i n g  Cos ts  

For  one h a r v e s t i n g  s t a t i o n  s e r v i n g  8 g r o w t h  ponds (64  h e c t a r e s ) .  
I n c l u d e s  2 s e t t l i n g  ponds, one pump s t a t i o n  + p i p i n g .  
Does n o t  i n c l u d e  secondary t h i c k e n i n g  (see A - f V - 2 ) .  

P I P E :  A11 p i p e  i s  " f Q O  f t .  head" PVC, includes i n s t a l l a t i o n  

Pond d r a i n  l i n e s  
22"  d i a  X 2300 f t  @ $ 2 0 / f t  $46,000 

E f f l u e n t  r e t u r n  l i n e s  
22" d i a  X 1100 f t  4 $ Z O / f t  = 22,000 

Settling pond s u p e r n a t a n t  d r a i n  system 
16" d i a  X 200 f t  @ 5 1 2 / f t  = 2,400 

-- 

VALVES: A l l  v a l v e s  a r e  low head t y p e  w i t h  epoxy coa ted  c a s t  i r o n  
b o d i e s ,  s t a i n l e s s  s tee l  s t r u c t u r a l s ,  i n s t a l l e d  

Pond D r a i n  ( 2  p e r  pond) 
16 X 22' c a n a l  g a t e  @ 91200 = 19,200 

E f f l u e n t  R e t u r n  
8 X 22" c a n a l  g a t e  @ 51200 9 , 6 0 0  
4 X 18" a d a p t - t o - l i n e  g a t e s  @ 51500 = 6,000 

Check v a l v e s  a t  pumps 3 @ $600 = 1,800 
Air r e l e a s e  v a l v e s  10 @ $250 = 2,500 

PUMPS: P r i m a r y  s u p e r n a t a n t ,  includes 
motor ,  starter and i n s t a l l a t i o n  
3 X 12"  v e r t i c a l  m i x e d  f l o w  pumps I $ 9 , 0 0 0  = 27,000 

SUMP, w i t h  pump s u p p o r t  7,000 

FITTINGS and M I S C .  

TOTAL COST/HARVESTINO S T A T I O N  

TOTAL COST/HECTARE 



TABLE A-IV-2. SETTLING POND HARVESTING OPTION 
Secondary Th icken ing  Cost Breakdown 

EXCAVATION: 1200 yd3 I $3.00/yd3 

CONCRETE ( o r  g u n n i t e )  TANK 
S t r u c t u r a l  36 yd3 $300/yd3 
Slab bot tom 38 yd3 @ $100/yd3 

CONCRETE ALLEY i n  SETTLING POND 

PIPING & VALVES ( i n s t a l l e d )  
S e t t l i n g  pond concen t ra te  l i n e s  

22" d i a .  X 00 f t  $ 1 8 / f t  
Concent ra te  v a l v e  a t  sump (2 )  
F l ush  system p i p i n g  

18' d i a  X 1200' @ $ 1 4 / f t  
F l ush  system v a l v e s  

32 X 15" mud va l ves  w i t h  h .yd rau l i c  a c t u a t o r s  
Th ickener  i n f l u e n t / e f f l u e n t  p i p i n g  
Supernatant  decanter  and r e t u r n  p i p i n g  
Concen t ra te  p i p i n g  t o  c e n t r a l  p rocess ing  

6" d i a  X 1000' (ave)  @ $ 4 . 0 0 / f t  
F l ush  d i v e r t e r  va l ves  

PUflPS ( i n s t a l l e d  on s l a b )  . 
2O superna tan t ,  2 c e n t r i f u g a l s ,  500 gpa each 
Z0 concen t ra te ,  2  s o l i d s  hand l i ng ,  300 gpn each 
lo concen t ra te ,  2 screw pumps, 1500 'gpa each 

FLUSH SYSTEII CONTROLS 
Sequencer and so leno ids ,  h y d r a u l i c  l i n e s  

HISC. 

TOTAL COST/HARVEST STATION 



MPENDIX V 
CS COVERED LAGOON BIOGAS SYSTEM 

FOR ALGAE PROCESSING WASTES 

J e f f  Chandler 
Jef f  Chandler + Associates 

1114 21st Street 
Sacramento, California 

(916) 456-0126 

The covered lagoon biogas system approach has been Cound wel l- 
suited for a v a r i e t y  of liquid wastes. For over 13 years laqoone 
have been covered far ador control or p o t a b l e  water protection. 
Biaqas produced by these first facilities w a s  o f t en  viewed as a 
process byproduct requiring flaring. However in April o+ 1982, 
the first covered lagoon system designed specifically far 
biogas collection and utilization was p laced  into operation at a 
hog farm in C a l  i f  ornia (Chandler et a1 . 1983)- For the p a s t  
t h r e e  years t h i s  system has demonstrated itself as being 
efficient, law cost and easy ta maintain system. Recently a 
similar system has been a p p l i e d  t o  distillery w a s t e s .  Thus the 
covered lagoan approach appears amendable t o  a l a r g e  variety o f  
agr-i cc11 t u r a l  and i n d u s t r i  a1 l i quid wastes. 

Covered lagoons are typicaLly large unheated basins using 
floating rubber-like membrane covers.  They have been iound to b e  
very efficient at converting wastes to b i o g a s  at temperatures as 
low as 36:) degrees fahuenheit.  Covered lagoons are s t t i t a b l e  f o r  
ambient temperature waste streams in mild climate regions at the  
U.S.. Since algae production facilities m u s t  also b e  l o c a t e d  in 
w a r m  regions, it appears that converting algae processing wastes 
to biogas using the covered lagoon approach holds promise. 

In this repart  a covered lagoon biogas system for processing 
~ a ~ a s t e s  from a 1000 acre algae production facility is examined. 
'l"t-\i s d c s i .  qn uses t h e  m a s t  current i n - f c r m a t i o n  and e:-:peri e n c e  
t r o m  other waste streams. This is a preliminary analysis and 
f c t r t h e r  wor l : :  1s necessary to verify the  feasibility of  the 
proposed desi gn. 

DESIGN PARAMETERS 

T h e  proposed 1OOO acre facility is expected to produce 24,Y90 
tons -o f  processing waste volatile solids (VS)  annually. The 
waste stream as-produced is 13 to 20 percent  total sol ids ITS! of 
w h i c h  83 percent  are  VS. I t  h a s  been assumed t h a t  5,124 tons o f  
V S  are produced each month during a 6 month s u m m e r  per-iod (1.5 
times! annual monthly averaqe)  and 1,041 tans of VS a r e  produced 



l oad du r ing  t he  summer months w h i l e  ?n l y  une u n i t  w i l l  be 
@per-at ional  du r ing  t h e  wint.er. Each u n i t  w i l l  be equipped w i t h  a  
act.towla.tic t r a c k i n s  dev ice  which w i  11 match gen-set ocltput t o  
bioqas a v a i l a b i l i t y .  These u n i t s  a re  in tended t o  be operated 
under lean burn cond i t i ons  i a i r ; f u e l  = - i O / l )  i no rde r  t h a t  a i r  
emission standards can be  rnet w i thou t  c a t a l y t i c  conver te rs .  Each 
u n i t  w i l l  have i t s  own heat r e j e c t i o n  system. Both gen-set and 
heat r e j e c t i o n  system w i l l  be t r a i l e r  mounted by t h e  system 
designer and de l i ve red  t o  t h e  s i t e  as a  tu rnkey  system. A l l  
t h ree  gen-sets w i l l  feed power- t o  a  s i n g l e  subs ta t ion .  

DESIGN COS'T' 

Table 5 pr-esents t h e  est imated i n s t a l l e d  cos t  o f  t h e  covered 
lagoon system. The p repara t ion  and s torage bas in  in tended t o  
have nea r - ve r t i ca l  g u n i t e  w a l l s  i no rde r  t o  minimize t h e  use o f  
poured-i n-pl  ace concrete.  The covered 1  agoons rvere assumed no t  
t o  need a bottom l i n e r .  Standard 45 m i l  5 p l y  Hvpalon i s  
s p e c i f i e d  f o r  t h ~  f l . oa t i nq  c@vers. 'The t o t a l  i n s t a l l e d  cos t  f o r  
t h e  co.k,cred 1  agoon system i n c l  ud i  nq 15 percent- cont ingency and 2(.! 
percent enqineeirinq .fee i s  .614,C!OC!. 

Table b shows. tt-te turnl::e\,?' =.yst~.rn cos ts  f o r  the  Z; MW gen-set 
system. 'lhese cos ts  were quoted by a colnmercial system 
+&br.icat.or. w i  t t . )  p rev ious  e:.:perience packaging megawatt-size qen- 
set: systems. 'f'he t o t a l  t.urnl::ey cos t  i ~ .  $8,20r:),<i)00',, 

DESlGN ECONOMICS 

Fable 7 presents a  economic surlimary f o r  t he  3 MW covered lagoon 
bioqas e,ystem. The t o t a l  c a p i t a l  c c ~ s t  has been est imated a t  
.f3,814,(3OC!. Gross e1ect . r - i c i t v  revenue has been est imated t o  
exceed 81,00i?,(:)00 annual lv.  Net e l e c t r i c i t y  revenue i s  e:.:pected 
tln c:.:ceed $745,0i:)C) and rrst..!l t i n  l e s s  than a  5 year pavbacl::. 

It should be again noted t h a t  t h e  system descr ibed was s i r e d  t o  
accornodate t:.he ma:.: j. ml-tm' sunirner processi  nq waste p roduc t ion  1  eve1 . 
This t o  sotne de~ r -ee  has ad\:,erselv a.ff@ct.ed system economics 
Gei:a~.tse o f  t he  d r a s t i c  se3.cc1nal v a r i  a t l o r i  i n  p r o c e s ~ i n q  wac.te 
prc:lcl~-rctian. F r ~ r  example., t he  '3 MW system h a g  a very low 
inc5tal l e d  cost. o t  :f 1 ,2?ii.il::!r.j. l t  rA$a.ate prodc!ction cou ld  o f  been 
ma].  ntiai ned a t  scrmtrrer cortdi t i on 1 e.*el s year- r-crund, t h e  svstem 
wn!-rlcl p ~ s c i b l y  pay t o r  i t c ~ l t  1.n less than 3 %,!ears. 

l ' h i c  s imple ana lys i c  accn i~n ts  on i y  f o r  t.he e l e c t r i c i t v  der ived 
revent..!c pr-c~dr.~.ced by t h e  cystem. i)b..v:iously t he  e,\;r;tem 
accompl i shes some wastc tr-eatment and d i  sposal  benef i t . I t  was 
?.scucr~cd t h a t  tt-tc tnarl:et ,./ali.te o f  s o l i  d5 removed trom t h e  lagoon= 
a.nd d r i e d  on l y  equal the i r -  hand l ing  costs .  Furthermore no c r e d i t  
t~ac  b c ~ r i  +:alien tor- t h e  geri-set. t- ecovcrabl  e w a 5 t . e  heat. 'Thus t h e  

' deccr i  bed Co\cered laqoon bioqac svst.em cov.ld b c  b e n e f i c i a l  i n  
sever-al ways t o  t .1 .1~  li)(X) acre  al.sae product ior i  f ac i  1  i t v .  



each month d t . { r ing  t h e  6 month winter period 0'').9 t i m e s  a n n u a l  
monthly a v e r a g e i .  T h i s  results i n  a three-fold seasonal 
variation in waste stream product ion .  It was assumed .for th i s  
d e s i g n  that conv;rsion and t rea tment  of  a1 1 of  t h e  processing 
wastes y e a r  round  i s  desirable thus lagoons and e n g i n e  g e n e r a t o r s  
(qen-sets) were s i r e d  t o  accomadate summer production l eve1 s. 

Table 1 .presents impor tant  design parameters f o r  s i z i n g  t h e  
covered lagoons. It has b e e n  assumed t h a t  t h e  p r o c e s s i n g  waste 
stream w i l l  r e q u i r e  dilution to  7 percent T S  p r i m a r i l y  d u e  t o  
i t ' s  h i g h  s a l t  content,  A t ~ i q h  loading r a t e  0.f 70 ltts/l00(:) cu f t  
- d a y  w a s  assumed. T h i s  loading r a t e  has been employed w i t h  
d i s t i l l e r y  wastes with l o w  pH ( 4  or below). This i s  c o n s i d e r e d  
satisfactory given t h e  long resultins hvdraulic r e t e n t i o n  t i m e  
(HWT'? of 50 days and t h e  n e a r  n u e t r a l  pH oS t h r  waste stream. I n  
total , over  23 m i  l l i o n  gal 1013s o f  c o v r r e d  1 agoon v o l  u m r  i s 
r e q u i r e d .  

Table 2 presents the e s t i m a t e d  methane and biogas y i e l d  f r o m  
algae p r a c ~ s s i n g  wastes., I t  has been assumed tha t  algae 
p r o c e s s i n g  w i l l  p r o d u c e  a r e a d i  l v  d e g r a d a b l e  waste stream. k 
v o l z t t i  le sol ids destruction e f . + i c i e n c y  of  65 percent has been 
as~umed. The h i g h  methane  and b i o q a s  yields shown a r e  assumed t o  
be  a c h i e v a b l e  year  round. Any reduction i n  biogas prcsdcrction d u e  
to  decreased w i n t e r  lagoan temperatures should mare t h a n  b e  
compensated by v e r y  l o n g  w i n t e r  HRT's of  o v e r  150 days. 

'Table 3 shows the estimated s u m m e r  and w i n t e r  average daily - 
b i a q a s  and e l e c t r i c i t y  product ion .  O v e r  1.6 m i l l i - o n  s t a n d a r d  
c t ~ b i c  feet  (SCF)  of biogas will b e  produced d u r i n g  summer month.; 
w h i l a  only r:).5 million SCF is w p e c t e d  d u r i n q  w i n t e r  months. 
Summer- and w i n t e r  e l e c t r i c i t y  p r o d u c t i o n  capacities are 297-(3 and 
990 I z W  r e s p e c t i v c l  y .  

T a b l e  4 p r e s e n t s  a annual energy p r o d u c t i o n  s u m m a r y  + o r  t h e  
covered lagoon systcm. almost 373 million SCF o f  b iagas 
e q u i v a l e n t  to 2.2 million therms o f  natural gas w i l l  b e  p r a d u c ~ d  
anncral ly.  A t o t a l  o.f 15.9 million kwh is expected t o  b e  prodttce. 
t 3 e c o v e r a b l e  waste heat f rorn t h e  qen-sets c a n  ranqe f.ran~ brJ,5(:)t:) to 
103 , 1 r:)O mrrrtiT!J annua l  l y . 

F i c j c r r ~ !  1 present.; a bloci:: diaqram o f  the  3 MW r a p a c i t y  covered 
l a g o o n  biogas system. 'The systern c=anr=, is ts  of a I lC),!:)OC) g a l  I o n  
waste p r e p a r a t i o n  and storage basin w h e r e  the as-recieved 
p r o c e s s i n g  waste i s  diluted t o  7 percent T S .  The diluted waste 
is then pumped to thr-ee B million gallon c a p a c i t y  lagaans 
o p e r a t e d  i n  parallel. Each l a g o o n  has a p p r o , : i m a t e l . y  50,00C) sq t b  
of. :Liquid scrrface area. Liquid lagoon effluent is t o  b e  r-etcrrned 
ta t h e  a l q a e  p r o d u c t i o n  ponds a s  a n u t r i e n t  suppiement w h i l e  
solids will p e r i o d i c a l l y  b e  pumped f r o m  t h e  bot.tom o f  each lagoon 
arrd under-ga fu r ther  1 i q u i d  sol  i d s  separation i n  sand d r y i  ng beds. 
Assuminq less than 12 percent of i n f l o w  TS will reach the bottom 
and us ing  a s t a n d a r d  l o a d i n g  r a t e  uf 22 l b / s q  f . t - y r  (U.S.E.P.A., 
1974?,  8 acres  uf s a n d  d r y i n g  beds have b e e n  s p e c i f i e d .  

T h e  biogas p r o d u c e d  will be r-emovsd from t h e  l a g o o n s  by  s u c t i o n  
b l o ~ . ~ - r  and ~"tsed t o  d i r - e c t l y  t c . t r l  3 - 1 MW t u r b o c h a r g e d  gen-set.;.  
I t .  i s  a n t i c i p a t e d  t.hat all t h r e e  u n i t s  will b e  operated near- f u l l  



T A B L E  1  

COVERED LAGOON S Y S T E M  D E S I G N  F'AHAMETERS 
BASED ON SUMMER PRODUCTION L E V E L S  

D a i l y  TS P r o d u c t i o n :  

D a i l y  US P r o d u c t i o n :  

I n f l u e n t  T S  C o n t e n t :  

D a i l y  F low:  

L o a d i n g  Hate: 

T o t a l  Lagoon Volume R e q u i r e d :  

H y d r a u l i c  R e t e n t i o n  Time: 

251,000 l b  

2t:)a,250 i b  

7% 

432,000 g a l  

70 l b  vs/l(:)t:)i) c u  f t - d a y  

C.T ~. - , .9  m i l l i o n  g a l  

52 d a y s  

T A B L E  2 

ALGAE P O R C E S S I N G  WAS'TE METHANE ANE BIOGAS Y I E L D  

VS D e s t r u c t i o n :  

COD/VS ( 1 )  : 

Methane  C o n t e n t  (1 )  : 

Metilane Y i e l d :  

E i o g a s  Y i e l d :  

652 

1.25 

60% 

4.83 SCF' i lb  VS added  

8 .04  S L F f l  b  V S  a d d e d  

1 .  Adapted  f r o m :  J e w e l 1  and S c h r a a .  1981 



SCIMMEF;: CANU Ill I N'I Eb: 4AVF:AGE. DA I L Y  E( I OGAS 
ANi j  ELEC'TF: I C I 'I"''/ PHODUC'T I ON 

Win te r  
------ 

--. 
E1ec. Prod.  (C::Llh.!'ht-3 (1 : ' :  ../ f. , 2 5 (1) A T -7 .-v , ;j z, [I) 

A v e .  Capacity ( P : W . / ' h r ) :  97!:1 Q g (:! 

1 :  23.5 SCF/kWh average c o n v e r s i o n  efficiency assurncd 

1: 334 da-;+~s/yr production 
L: "F'at-a1 Ul l !  t;'rodtrct.ior-I 
.7 .:, : $.+s, 5 5 .l+<:,ic-l(l~ 7 t.1 1.:: b.1t.j 
dl, : f 2 ~ .  ci t.l.iTit3 5 bkf\;:Q? l.j f'!..) ,I' I:: bll-\ 



'TABLE 5 

EST' IMA'1 ED COVERED LAGOON SYSTEM INSTALLED COST 

I. Prepara t ion  S( Storage P i t  
I .  11(:),0(:)(:! qa l  Guni te  Basin (3 $(:).3'.;5iqal: 38 , 5(:!0 -. Pump System: 17 , ~QI.! 

3. Plumbing 8< Contro ls :  2 5 , (1) (1) i:) 
4. Misc. 1 2 , c:! i:) I:! 

------- 
Scl.btota1 : =i 3 , I:) C) 

5. Contingency i 15%) : 

'Total F i :  

11. Covered Lagoons 
1. 3 - = -  ,..l!-),<-)c;ri:! sq +t covers @ $2.35/c,q 
2 .  E;.:ca.,-~at i on 85,875 y d s  @ $2 .  2 5 j y d :  
3. Compaction 21,s(;)(:! yds @ $3.(;)(:)/yd: 
4. Lagoon So l i ds  Plumbing: 
5. So l i ds  Dry ing  8 ac @ 621,750iac: 
6. Gas 'rake-of f s and Seals: 
7. Gas Handl ing ZC, Scrcrbbinq: 
8. Misc.: 

4. Contingency (15%! : 

Total tc: 

'Total C?r+B: 

111. E17~gi1-1eerinq <2<:!X!: 

I ' o ta l  I n s t - a l l  ed i .oc t  :: 

st: 7 c -',a c - - 
.-t d- , .J (-) t-) 
193 2(:,rI) 
6 3 , 9 (I! r:) 
77 
-8 .L , 4(:)!:) 

174 , Oi!i:! 
2 1 , [:!t:!!:l 

1 5 (3 , (I! (I! 1;) 

9{:! , t::!<:it:j 

--------- 
1 , <I! :? 7 , i.) !I! I:! 



13 Mbtl GEN-SE'I' TCfRNk::EY SYSTEM CDS'T'S 

3 -- 1 MW Turbocharqed G e n - s e t s  

trai  l cr -mounted:  

3 - Heat Rejection Systems: 225 , 1:33!:) 

i - Subs ta t i on :  175, tjol:,, 

1 - U t i l i t v  Wetering Package: 

'l o t a l  : 

1 : C'jssumec Lamb i r'tcd I - . roduct  i on P,: L'apac i t y Ca 3.C'- (:~65/' k14t-1 
2 :  C3 & P( E s t i m a t e d  @ $t).c)18.iC:Wh 
2 :  i4scurncc I@,!:.'. I l ' L  tat::cri and s u b t r a c t e d  f r o m  installed c o s t  





2 .  C:hand:L~~~- d .  i ' , . ? 5 .  3 .  Her-me=, I.::. D. S m i t h  " A  L o w  C o s t  75i::N 
t?o\ietr-ed Lagoon Hi ogas S y s t e m "  Faper presented at ENEF:G"< FROPI 
fillZlMfiSS AtJ1.j WhS-IES '911, La!::@ Buana  '$istea,  F . l o r . i d a  J a n ~ t a r y  ,?f 148:: 

2 .  1 i . : Schraa "Microalqac Sepa ra t i on ,  C c s r ~ c e n t r a . t i o r i ,  
(2nd Convpr-(==,iar.l 1 ~ t  :I=uel M i t t 1  Ar i  Cinacrub ic  E:.:parrded B e d  F;:eactclr" 
[JSpaE F i n a l  f ieport  #,~i3-9-l2--b:.-l-.3 J u l  yi; 14131 



T a b l e  A V I - l a  C a p i t a l  Cost  Summary - Base Case 

B a s i s :  112 m t  a l g a e / h o / y r  

1000 a c r e s  
TOTAL $ $/HECTARE 

GROWTH PONDS ------- --------- 
E a r t h w o r k s *  $4,102,083 $21,365 
W a l l s  & S t r u c t u r a l  3,360,763 17,504 
N i x i n g  System 1,991,083 10,370 
C a r b o n a t i o n  System 740,667 3,858 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  e l s e w h e r e  202,368 1,054 

HARVESTING - S e t t l i n g  Pond O p t i o n  
P r i m a r y * *  3,027,088 15,766 
Secondary ( c e n t r i f u g a t i o n )  1,602,080 8,344 

SYSTEM-WIDE COSTS 
Water Supp ly  
Water D i s t r i b u t i o n  
C02 D i s t r i b u t i o n  
N u t r i e n t  Supp ly  System 
B londonn D i s p o s a r  System* 
B u i l d i n g s  ( h a r v .  b l d r .  n o t  i n c l u d e d )  
Roads b d r a i n a g e *  
E l e c t r i c a l  D i s t r i b u t i o n  (3% o f  above) 
E l e c t r i c a l  Supp ly  
Mach ine ry  

ENGINEERING (10% o f  above ) *  1,896,475 9,877 

CONTINGENCY ( 15X o f  above) * 3,129,104 16,298 

LAND COSTS ( $ 1 2 5 0 / h e c t a r e I *  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION $13,939,587 $72,602 

NON DEPRECIABLE PORTION $11,062,662 $57,618 

Notesr  

* n o n - d e p r e c i a b l e  i t e m  
** p a r t i a l l y  non-depr,  ($373,000) 
112 r t / h a / y r  = 30 g/m2/day 
Land a r e a  = 2 x g r o w t h  pond a r e a  



Table AVI-lb Operating Costs - Base Case 

Basi s: 112.3 m t  algae/ha/yr 
(30 gm/sq m/day) 

UNIT YEARLY COST, Thousands 
COST 

kg/kg 
NUTRIENTS ( 1 )  ----- 

4202 2.2 
N, as NH3 0.053 
P, as Superphosphate 0.005 
Fe, as FeSO4 0,005 

T o t a l  

FLOCCULCINT 

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Suppl y 
Nutrient Supply 
Bui 1 dings 

SALT DISPOSfiL 

MAINTANENCE ( m a t l r s )  

TOTAL 

( 1 )  kg/kg = kg required / kg algae produced 



T a b l e  AVI-2a C a p i t a l  Cost  Summary - Base Case + N u t r i e n t  R e c y c l e  

B a s i s :  112 m t  a l g a e / h a / y r  

1000 a c r e s  
TOTAL S 

GROWTH PONDS ------- 
E a r t h w o r k s  ( 1 )  $4,102,083 
W a l l s  k S t r u c t u r a l  3,360,763 
M i x i n g  System 1,991,083 
C a r b o n a t i o n  System 740,667 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  e l s e w h e r e  202,368 

HARVESTING - S e t t l i n g  Pond O p t i o n  
P r i m a r y  ( 2 )  3,027,088 
Secondary ( c e n t r i f u g a t i o n )  1,602 , 080 

ANAEROBIC LAGOON SYSTEM 
D e p r e c i a b l e  C a p i t a l  
N o n - d e p r e c i a b l e  C a p i t a l  

SYSTEM-WIDE COSTS 
Water Supp ly  
Water D i s t r i b u t i o n  
C02 D i s t r i b u t i o n  
N u t r i e n t  S u p p l y  System 
Blowdown D i s p o s a l  System ( 1 )  
B u i l d i n g s  ( h a r v .  b l d s ,  n o t  i n c l u d e d )  
Roads b d r a i n a g e  ( 1 )  
E l e c t r i c a l  D i s t r i b u t i o n  (3% o f  above) 
E l e c t r i c a l  Supp ly  
Mach ine ry  

ENGINEERING (10% o f  above) ( 1 )  2,016,985 

CONTINGENCY (15% o f  above) ( 1 )  3,328,023 

LAND COSTS ($12 !50 /hec ta re )  ( 1 )  1,011,840 

ELECTRICAL GENERATOR ( 3 )  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION 

NON DEPRECIABLE PORTION $11,427,334 $39,517 

('1) n o n - d e p r e c i a b l e  i tern 
( 2 )  p a t r i a l l y  non-depr,  ($373,000) 
( 3 )  f i r s  b i d  f o r  t u r n k e y  e y s t e a  - enqr .  & c o n t i n g e n c y  n o t  r e q u i r e d  
112 m t / h a / y r  = 30  g/mZ/day 
Land a r e a  = 2 x g r o w t h  pond a r e a  





Table AVI-3a Capital Cost Summary - 0.5 x Prod. + Recycle 

Basis: 56.2 m t  algae/ha/yr 

1000 acres 
TOTAL $ $/HECTARE 

GROWTH PONDS ------- --------- 
Earthworks ( 1 )  $4,102,003 $21,365 
Walls & Structural 3,360,763 17,504 
M i x i n g  System 1,991,083 10,370 
Carbonation System 457,073 2,381 
Instrumentation not included elsewhere 202,360 1,054 

HARVESTINO - Settling Pond Option 
Primary (2) 3,027,008 15,766 
Secondary (centrifugation) 988,660 5,149 

ANAEROBIC LAGOON SYSTEM 
Depreciable Capital 
Non-depreciable Capital 

SYSTEM-WIDE COSTS 
Water Supply 1,391,200 
Water Distribution 398,412 
CO2 Distribution 65,043 
Nutrient Supply System 316,200 
Blowdown Disposal System ( 1 )  337,200 
Buildings (harv, blds, not included) 23 1,880 
Roads & drainage ( 1 )  210,000 
Electrical Distribution (3% of above) 529,950 
Electrical Supply 230,204 
Machinery 168,640 

ENGINEERING (10% of above) ( 1 )  1,860,101 9,680 

CONTINGENCY (15% of above) ( 1 )  3,069,299 15,986 

LAND COSTS ($1250/hectare) ( 1  1,011,040 5,270 

ELECTRICAL GENERATOR (3) 

TOTAL CAPITAL COST 

DEPRECIABLE PORTION $14,566,771 $75,869 

NON DEPRECIABLE PORTION $10,820,503 $56,357 

( 1 )  non-depreciable item 
(2) patrially non-depr. ($375,000) 
( 3 )  firm b i d  for turnkey system - engr, & contingency not required 
112 mtlhalyr = 30 g/m2/day 
Land area = 2 x growth pond area 



Table AVI-3b Operating Costs - .SxProd. + Recycle 

Basis: 

UNIT YEARLY COST, Thousands 
COST 

1000 ac 
$ / m t  $/ha/yr 8 / y r  

QUAN 
REQ' D 

kg / kg 
NUTRIENTS (1) ----- 

C02 1.6 
N, as NH3 0.013 
P, as Superphosphate 0,0025 
Fe, as FeSO4 0.005 

T o t a l  

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Supply 
Nutrient Supply 
Bui 1 dings 

T o t a l  
Elect .  Produced 

SALT DISPOSAL 

MAINTANENCE (matl's) 

LABOR 

TOTAL 

(1) kg/kg = kg required / kg algae produced 

199 



Table  AVI-4a C a p i t a l  Cost Summary - 0.67 x Prod. + Recyc le  

Bas i  s: 75 m t  a l g a e / h a / y r  

1000 a c r e s  
TOTAL $ $/HECTARE 

GROWTH PONDS ------- --------- 
Ear thworks  ( 1 )  $4,102,083 $21,365 
W a l l s  & S t r u c t u r a l  3,360,763 17,504 
M i x i n g  System 1,991,083 10,370 
Carbona t ion  System 560,646 2,920 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  a l ~ e w h e r e  202,368 1,054 

HARVESTING - S e t t l i n g  Pond O p t i o n  
P r i m a r y  ( 2 )  3,027,088 15,766 
Secondary ( c e n t r i f u g a t i o n )  1,212,690 6,316 

ANAEROBIC LAGOON SYSTEM 
D e p r e c i a b l e  C a p i t a l  527,558 2,748 
Non-deprec iab le  C a p i t a l  256,342 1,335 

SYSTEH-WIDE COSTS 
Water Supply 1,391,280 
Water D i s t r i b u t i o n  398,412 
C02 D i s t r i b u t i o n  79,782 
N u t r i e n t  Supply  System 316,200 
Blondown D i  spoeal  System ( 1  337,280 
B u i l d i n g s  (ha rv .  b lds ,  n o t  i n c l u d e d )  231,880 
Roads & d r a i n a g e  ( 1 )  210,800 
E l e c t r i c a l  D i s t r i b u t i o n  (3% o f  above) 546,188 
E l e c t r i c a l  Supply 238,204 
Machinery 168,640 

ENGINEERING (10% o f  above) ( 1 )  1,915,929 9,979 

CONTINGENCY (15% o f  above) ( 1 )  3,161,283 16,465 

LAND COSTS ($125O/hectare)  ( 1 )  1,011,040 5,270 

ELECTRICAL GENERATOR ( 3 )  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION $15,293,753 $79,655 

NON DEPRECIABLE PORTION $11,033,277 $57,465 

( 1 )  non-deprec iab le  i t e m  
( 2 )  p a t r i a l l y  non-depr, ($375,000) 
( 3 )  f i rm  b i d  f o r  t u r n k e y  system - engr.  & con t ingency  n o t  r e q u i r e d  
112 m t / h a / y r  30 g/m2/day 
Land area = 2 x g rowth  pond a rea  



Table AVI-4b Operat ing Casts - .&7xProd. + Recycle 

Basi s: 75 rn t  algae/ha/yr 
(20  gm/sq m/day) 

kg/kg 
NUTRIENTS ( 1 > ----- 

C02 1.6 
N, as N H 3  0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0.005 

Total 

UNIT 
COST 

YEARLY COST, Thausands 

FLOCCULANT 0,002 5000 $0.75 303 

POWER 
Mixing 
1 Harvesting 
2 Harvest ing  
Water Supply 
Nutrient Supply 
Bui 1 dings 

T o t a l  
E lect .  Produced 

SALT DISPOSAL 

MAINTANENCE (matl 's) 

LABOR 

TOTAL 

(1) kg/kg = kg required / kg algae produced 

201 



T a b l e  AVI-5a C a p i t a l  Cost  Summary - 1.5 x Prod.  + R e c y c l e  

B a s i s :  168 m t  a l g a e / h a / y r  

1000 a c r e s  
TOTAL $/HECTARE 

GROWTH PONDS ------- --------- 
E a r t h w o r k s  ( 1 )  $4,102,083 $21,365 
W a l l s  81 S t r u c t u r a l  3,360,763 17,504 
H i  x i  ng System 1,991,083 10,370 
C a r b o n a t i o n  System 985,590 5,133 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  e l s e w h e r e  202,360 1,054 

HARVESTING - S e t t l i n g  Pond O p t i o n  
P r i m a r y  ( 2 )  3,027,088 15,766 
Secondary ( c e n t r i f u g a t i o n )  2,131,873 11,104 

ANAEROBIC LAGOON SYSTEM 
D e p r e c i a b l e  C a p i t a l  
N o n - d e p r e c i a b l e  C a p i t a l  

SYSTEM-#IDE COSTS 
Water Supp ly  
Water D i s t r i b u t i o n  
C02 D i s t r i b u t i o n  
N u t r i e n t  Supp ly  System 
B l  owdown D i s p o s a l  System ( 1 )  
B u i l d i n g s  ( h a r v .  b l d s .  n o t  i n c l u d e d )  
Roads & d r a i n a g e  ( 1 )  
E l e c t r i c a l  D i s t r i b u t i o n  (3% o f  above)  
E l e c t r i c a l  Supp ly  
Mach ine ry  

ENGINEERING 110% o f  above) ( 1 )  2,160,627 11,253 

CONTINGENCY (15% o f  above) ( 1 )  3,565,034 18,560 

LAND COSTS ( $ 1 2 5 0 / h e c t a r e )  ( 1 )  1,011,040 5,270 

ELECTRICAL GENERATOR ( 3 )  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION $19,644,484 $102,315 

NON DEPRECIABLE PORTION $11,999,204 $b2,496 

(1 )  , n o n - d e p r e c i a b l e  i t e m  
(-2) p a t r i a l l y  non-depr.  ($375,000) 
( 3 )  f i rm b i d  f o r  t u r n k e y  sys tem - enpr .  & c o n t i n g e n c y  n o t  r e q u i r e d  
112 m t / h a / y r  1 30 g/m2/day 
Land a r e a  = 2 x g r o w t h  pond a r e a  



Table AVI-Sb Operating Casts - 1.SxProd. + Recycle 

Basis: 168.4 m t  a1 gae/ha/yr 
(45 gm/sq m/day) 

UNIT 
COST 

YEARLY COST, Thousands 

kg/kg 
NUTRIENTS (1)  ----- 

C02 1.b 
N, as NH3 0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0.005 

Total 

FLOCCULANT 0. Qb2 5000 $1.68 680 

POWER 
Mixing 
i Harvesting 
2 Harvesting 
Water Supply 
Nutrient Supply 
Bui 1 dings 

Total 
Elec t ,  Produced 

SALT DISPOSAL 

MAINTANENCE (matl's) 

LABOR 

(1) kg/kg = kg required / kg algae produced 



Tab le  AVI-6a C a p i t a l  Cost Summary - 2.0 x Prod. + Recyc le  

Bas is :  225 a t  a l g a e / h a / y r  

1000 a c r e s  
TOTAL $ $/HECTARE 

GROWTH PONDS ------- --------- 
Ear thworks  ( 1 )  $4,102,083 $21,365 
W a l l s  & S t r u c t u r a l  3,360,763 17,904 
M i x i n g  System 1,991,083 10,370 
Carbona t ion  System 1,205,472 6,279 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  e lsewhere 202,368 1,054 

HARVESTING - S e t t l i n g  Pond O p t i o n  
Pr imary  ( 2 )  3,027,088 15,766 
Sacondary ( c e n t r i f u g a t i o n )  2,607,465 13,581 

ANAEROBIC LAGOON SYSTEM 
D e p r e c i a b l e  C a p i t a l  
Non-deprec iab le  C a p i t a l  

SYSTEM-WIDE COSTS 
Water Supply 
Water D i s t r i b u t i o n  
C02 D i s t r i b u t i o n  
N u t r i e n t  Supply  System 
B l  owdown D i s p o s a l  System ( 1)  
B u i l d i n g s  (ha rv .  b l d s .  n o t  i n c l u d e d )  
Roads & d r a i n a g e  ( 1 )  
E l e c t r i c a l  D i s t r i b u t i o n  (3% o f  above) 
E l e c t r i c a l  Supply 
Machinery  

ENGINEERING (10% o f  above) ( 1 )  2 , 295 , 737 11,957 

CONTINGENCY (19% o f  above) ( 1 )  3,787,967 19,729 

LAND COSTS ($1250 /hec ta re )  ( 1 )  1,011,840 5,270 

ELECTRICAL BENERATOR ( 3 )  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION $21,904,291 $114,085 

NON DEPRECIABLE PORTION $12,548,620 $65,357 

(1) non-deprec iab le  i t e m  
( 2 )  p a t t i a l l y  non-depr, ($375,000) 
(3)  f i r m  b i d  f o r  t u r n k e y  system - engr.  & con t ingency  n o t  r e q u i r e d  
112 m t l h a l y r  = 30 g/m2/day 
Land a rea  2 x growth  pond area 



Table AVI-6b Operating Costs - 2xProd. + Recycle 

Basi s: 224.6 m t  a1 gae/ha/yr 
(60 gm/sq m/day) 

WAN 
REQ' D 

UNIT 
COST 

YEARLY COST, Thousands 

kg/kg 
NUTRIENTS ( 1 ) ----- 

COZ 1.6 
N, as NH3 0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0,005 

Total  

FLOCCULANT 0.002 SO00 $2.25 907 

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Suppl y 
Nutr ient  Supply 
Bui 1 dings 

T o t a l  
E lec t .  Produced 

SALT DISPOSAL 

MAINTANENCE (matl's) 

LABOR 

(1) kg/kg = kg r e q u i r e d  / kg algae produced 
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Tab le  AVI-7a C a p i t a l  Cost Summary - F r e e  C02 + Recyc le  

Bas is ;  112 s t  a l g a e / h a / y r  

1000 ac res  
TOTAL $ 

GROWTH PONDS ------- 
Ear thworks  ( 1 )  $4,102,083 
W a l l s  & S t r u c t u r a l  3,360,763 
M i x i n g  System 1,991,083 
Carbona t ion  System 742,055 
I n s t r u m e n t a t i o n  n o t  i n c l u d e d  e lsewhere 202 , 368 

HARVESTING - S e t t l i n g  Pond O p t i o n  
P r i m a r y  ( 2 )  3,027,088 
Secondary ( c e n t r i f u g a t i o n )  1,605,083 

ANAEROBIC LAGOON SYSTEM 
D e p r e c i a b l e  C a p i t a l  
Non-deprec iab le  C a p i t a l  

SYSTEH-WIDE COSTS 
Water Supply 1,391,280 
Water D i s t r i b u t i o n  398,412 
C02 D i s t r i b u t i o n  105,598 
N u t r i e n t  Supply System 316,200 
B l  owdown D i s p o s a l  System ( 1)  337,280 
B u i l d i n g s  (ha rv ,  b l d s .  n o t  i n c l u d e d )  231,880 
Roads & d r a i n a g e  ( 1 )  210,800 
E l e c t r i c a l  D i s t r i b u t i o n  (3% o f  above) 575,759 
E l e c t r i c a l  Supply 238,204 
Machinery  168,640 

ENGINEERING (10% o f  above) ( 1 )  2,017,458 

CONTINGENCY (15% o f  above) ( 1 )  3,328,805 

LAND COSTS ($1250 /hec ta re )  ( 1 )  1,011,840 

ELECTRICAL GENERATOR ( 3 )  

TOTAL CAPITAL COST $28,732,600 $149,649 

DEPRECIABLE PORTION $17,304,093 $90,125 

NON DEPRECIABLE PORTION $11,428,586 $59,524 

C l )  non -deprec iab le  i t e r  
( 2 )  p a t r i a l l y  non-depr. ($375,000) 
( 3 )  f i rm b i d  f o r  t u r n k e y  system - enqr.  b c o n t i n g e n c y  n o t  r e q u i r e d  
112 n t / h a / y r  = 30 g lm2lday 
Land a rea  = 2 x growth  pond area 



Table AVI-7C Operating Costs - Free C02 + Recycle 

Basis: 112.5 mt algae/ha/yr 
(30 grn/sq m/day) 

QUAN UNIT YEARLY COST, Thousands 
REQ' D COST 

lOOCI at 
kg/kg $ / m t  $/ha/yr  $ / y r  

NUTRIENTS ( 1 ) dm--- ---- ------- ------- 
COT! 1.6 0 $0.00 $0 
N, as NH3 0.013 250 0.37 151 
P, as Superphosphate 0.0025 900 0.25 102 
Fe, as FeS04 0.005 500 0.28 113 ------ --------- 
Total $0.91 $366 

FLOCCULANT 

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Supply 
Nutrient Supply 
Bui 1 dings 

Total 
Elect. Produced 

SALT DISPOSAL 

MAINTANENCE (matl's) 

LABOR 

TOTAL 

c/ kwh 
em--- 

6 . 5  
6.5 
6.5 
6 .5  
t r .  5 
6 .5  

(1) kg/kq = kg required / kg algae produced 



Table AVI+b Operating Costs - $70/mt C02 + Recycle 

Basis: 112.3 m t  a1 gae/ha/yr 
(30 gm/sq m/day) 

WAN 
REQ'D - 

kg/kg 
NUTRIENTS ( 1 ----- 

C02 1.6 
N, as NH3 0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0.005 

Total  

UNIT YEARLY COST, Thousands 
COST 

1000 ac 
$ / m t  $/ha/yr $ /y r  ---- ------- ------- 

70 $12.58 65,08 1 
250 0.37 15 1 
900 0.25 102 
500 0.28 113 ------ --------- 

$13.48 65,448 

FLOCCULCINT 0.002 5000 $1.12 454 

10 kwh/yr 
POWER --------- 

Mixing 4.34 
1 Harvesting 0.72 
2 Harvesting 2.31 
Water Supply 3.53 
Nut r ien t  Supply 0.22 
Bui 1 dings 0.42 ----- 
Tota l  11.55 
E l  ec t . Produced -15.87 6.5 ----- 

-4.32 

kg/kg c/kg 
SALT DISPOSAL ----- ---- 

1.5 0.67 

MAINTANENCE (matl 's) 

LABOR 

1 OTAL 

(1) kg/kg = kg requ i red / kg algae produced 
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T a b l e  A V I -  9a Capitai Cost Summary - 20X L i p i d  C ontent + Recycle 

Basis: 112 mt algae/ha/yr 

1000 acres 
TOTPlL $ 

GROWTH PONDS __-I__- 

Earthworks ( 1 )  $ 4 , 1 0 2 9 0 8 3  
Walls & Structural 3,360,763 
Hi x i n g  System 1,991,083 
Carbonation System 742,055 
Instrumentation not included elsewhere 202,360 

H A R V E S T I N G  - Settling Pond Option 
Primary ( 2 )  3,027,088 
Secondary (centrifugation) 1,605,083 

4NAEROBIC LAGOON SYSTEM 
Depreciable Capital 
Nan-deprec iab le  Capital 

SYSTEM-WIDE COSTS 
Water S u p p l y  
Water Distribution 
C02 Distribution 
Nutrient Supply System 
01 andown Di s p u s a l  System ( 1  
Buildings (harv, blds. not included) 
Roads & d r a i n a g e  ( 1 )  
Electrical Distribution (3X o f  above)  
Electrical Supply 
Machinery 

ENGINEERING (10X o+ above) (1)  2 ,089 ,764  

CONTINGENCY 115% o f  above) ( 1 )  3,448,110 

LA N D  COSTS ($1250/hectare) (11  1 ,011 ,840  

ELECTRICAL GENERhTOR ( 3 )  

T O T A L  C A P I T A L  C O S T  
- 

DEPRECIABLE PORTION 519,117,593 

NON DEPRECIABLE PORTION $11,049,757 

( . I )  n o n - d e p r e c i a b l e  item 
( 2 )  patrially non-depr.  ($375,000) 
13) firm b i d  for turnkey rystea - engr. & contingency n0.t r e q u i r e d  
112 mt/ha/yr 3 30 g/m2/day 
Land area 1 2 x grawth pond area 



Table AVI-9b Operating Costs - 20X L i p i d  Content + Recycle 

Basis: 

QU AN 
REQ' D 

NUTR IENTS ( 1 1 ----- 
C02 0.9 
N, as NH3 0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0.005 

UNIT YEARLY COST, 
COST 

Total 

Thousands 

FLOCCULANT 0.002 5000 $1.12 454 

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Supply 
Nutr ient  Supply 
Bui 1 dings 

Total 
Elect. Produced 

SALT DISPOSAL 

MAINTANENCE (matl's) 

LABOR 

TOTAL 

(1) kg/kg = kg required / kg algae produced 
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T a b l e  IVI-101 C a p i t a l  Cost Summary - 30% L i p i d  Content + R e c y c l e  

Basi  s: 112 w t  algae/ha/yr 

1000 acres 
TOTAL $ S/HECTPIRE 

GROWTH PONDS -I.(ll--= -----...--- 
E a r t h w o r k s  (1)  $4,102,083 $21 ,365  
W a l l s  & Structural 3 , 360,763 17,504 
Mixing System 1,991,083 10,370 
Carbonation System 742,055 3,869 
Instrumentation not i n c l u d e d  elsewhere 202,368 1,054  

HARVESTING - Settling Pond Option 
Primary ( 2 )  3 , 0 2 7 , 0 8 8  15,766 
Secondary (centrifugation) 1,605,083 8,360 

ANAEROBIC LAGOON SYSTEM 
Depreciable C a p i t a l  
Non-depreciable Capital 

SYSTEM-WIDE COSTS 
Water Supply 
Water Distribution 
C02 Di str i but i on 
Nutrient Supply System 
01 owdawn Disposal System ( 1 )  
Buildings (harv .  b l d s ,  not included) 
Roads & drainage ( 1 )  
Electr ica l  Distribution ( 3 %  o f  above)  
E l e c t r i c a l  S u p p l y  
Machinery  

ENGINEERING (10% of above)  ( 1 )  

CONTINGENCY (13% o f  above)  ( 1 )  3,408,342 17,752 

LAND COSTS ($1250/hectare) ( 1 )  1,011,840 5 , 2 7 0  

ELECTRICAL GENERATOR ( 3 )  

TOTAL CAPITAL COST 

DEPRECIABLE PORTION 

NON DEPRECIABLE P O R T I O N  $11,709,367 $60 ,906  

(-1 non-depreciable  i tern 
( 2 )  patrially non-depr. ($373,000) 
( 3 )  firm b i d  for turnkey s y g t e m  - engr.  & contingency not required 
112 mt /ha /y r  = 30 g l m 2 l d a y  
Land a r e a  = 2 x growth pond area 



Table AVI-lob Operating Costs - 30% L i p i d  Content + Recycle 

Basis: 112.3 m t  algae/ha/yr 
(30 gm/sq m/day) 

QUClN 
REQ' D 

kg/kg 
NUTRIENTS (1) ----- 

C02 1.1 
N, as NH3 0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0.005 

Tota l  

UNIT YEARLY COST, 
COST 

Thousands 

FLOCCULANT 0.002 5000 81.12 454 

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Supply 
Nu t r ien t  Supply 
Bui 1 dings 

Tota l  
~l ec t  . Produced 

SALT DISPOSAL 

MA INTANENCE (mat 1 ' s 2.32 939 

LABOR 

TOTAL 

(1) kg/kg = kg requ i red / kg algae produced 



T a b l e  AVI - l l a  C a p i t a l  Cost Summary - 40% L i p i d  C o n t e n t  + R e c y c l e  

Basis: 112 mt a l g a e / h a / y r  

1000 a c r e s  
T O T A L  O 

GROWTH PONDS I--..)--- 

Earthworks (1)  $4 ,102 ,083  
Walls & S t r u c t u r a l  3 , 360 , 763 
M i x i n g  System 1 , 9 9 1 , 0 0 3  
C a r b o n a t i o n  System 742 ,055  
I n s t r u m e n t a t i o n  n o t  inc luded  elsewhere 202,368 

HARVESTING - Settling Pond O p t i o n  
P r i m a r y  ( 2 )  3,027,088 
Secondary  (centrifugation) 1 ,605 ,085  

ANAEROBIC L A G O O N  SYSTEM 
Depreciable Capital 944,800 
Non-depreciable C a p i t a l  4 5 9 , 1 2 0  

SYSTEM-WIDE COSTS 
Water S u p p l y  
Water  Distribution 
C02 Distribution 
Nutrient S u p p l y  System 
B l  owdown Disposal System ( 1  1 
Buildings ( h a r v .  blds. n o t  included) 
R ~ a d s  & d r a i n a g e  (1)  
Electrical Distribution (3% o f  above)  
Electrical Supply 
Mach inery  

ENGINEERING ( 1 0 %  o f  a b o v e )  ( 1 )  2 , 0 4 1 , 5 6 0  

CONTINGENCY (15% o f  a b o v e )  (1)  3 , 3 6 8 , 5 7 3  

L 4 N D  COSTS ( $ 1 2 5 0 / h e c t a r e )  ( 1 1  1 101 1 ,840 

ELECTRICAL GENERATOR ( 3 )  

TOThL CAPITAL COST 

DEPREClbBLE PORTION 

$1 HECTARE 
--..l--.---- 

NON DEPRECIABLE PORTION $11 ,560 ,977  $60,253 

. ( 1 )  non-depreciable item 
( 2 )  patrially non-depr. ($375,0001 
13) f i rm b i d  for turnkey system - enqr, & contingency. n o t  r e q u i r e d  
112 m t / h a / y r  = 30 g/m2/day 
L a n d '  a r e a  = 2 x g r o w t h  pond area 



Table AVI-1lb Operating Costs - 40% L i p i d  Content + Recycle 

Basis: 

kg/kg 
NUTRIENTS ( 1 ----- 

C02 1-35 
N, as NH3 0.013 
P, as Superphosphate 0.0025 
Fe, as FeS04 0.005 

Total  

FLOCCULANT 

POWER 
Mixing 
1 Harvesting 
2 Harvesting 
Water Supply 
Nu t r ien t  Supply 
Bui 1 dings 

Tota l  
E l  ec t  . Produced 

SALT DISPOSAL 

MAINTANENCE (mat 1 ' s)  

LABOR 

TOTAL 

UNIT 
COST 

$ / m t  ---- 
35 

250 
900 
500 

YEARLY COST, Thousands 

(1) kg/kg = kg requ i red / kg algae produced 
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