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OTEC PHYSICAL AND CLIMATIC ENVIRONMENTAL IMPACTS 
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A b s t r a c t  

Assessment of Ocean Thermal Energy Conversion 
(OTEC) environmental  impacts  and r e s o u r c e  u t i l i z a -  

1 t i o n  r e q u i r e s  an  unders t and ing  of t h e  p h y s i c a l  
I processes  under ly ing  t h e  i n t e r a c t i o n s  between a n  

OTEC p l a n t  o r  p l a n t s  and t h e  ocean. Th i s  paper  
I p r e s e n t s  a n  overview of t h e  U.S. Department of 

i 
Energy program f o r  t h e  development and a p p l i c a t i o n  
of ana lyses  and models f o r  t h e  p r e d i c t i o n  of t h e  
p h y s i c a l  a s p e c t s  of OTEC impacts .  P r e d i c t i v e  t o o l s  
a r e  necessa ry  Lo a d d r e s s  problems a t  d i f f e r e n r  s i r e  
a r e a s ,  s c a l e s  of OTEC deployment,  and t ime hor i zons .  

The e f f e c t s  of i n t a k e l d i s c h a r g e  d e s i g n s  and of 
ambient ocean c o n d i t i o n s  on r e c i r c u l a t i o n  and near- 
f i e l d  e f f l u e n t  plume behavior  have been i n v e s t i g a t e d  
by means of p h y s i c a l  models. F u r t h e r  s tudy  of t h e  
i n t a k e  f low f i e l d s  may b e  necessa ry  t o  make e s t i m a t e s  
of i n t a k e  impingement and en t ra inment  e f f e c t s .  
Mathematical a n a l y s i s  of i n t e r m e d i a t e - f i e l d  mixing 
of p l a n t  e f f l u e n t s  h a s  shown t h a t  e f f l u e n t  plumes 
may have v e r t i c a l  dimensions on t h e  o r d e r  o f  me te r s  
and l a t e r a l  dimensions on t h e  o r d e r  of k i lomete r s .  
Models of ocean ic  r e g i o n a l  and i s l a n d  c o a s t a l  c i r c u -  
l a t i o n  a r e  r e q u i r e d  t o  i n v e s t i g a t e  f a r - f i e l d  e f f e c t s  
on t h e  s c a l e  of t e n s  of k i lomete r s .  Basin-wide 
re source  renewal and p h y s i c a l  environmental  e f f e c t s  
a r e  being s t u d i e d  by means of a  numerical  model of 
t h e  Gulf of Mexico wi th  d e t a i l e d  v e r t i c a l  r e s o l u t i o n .  
Concerns r ega rd ing  c l i m a t i c  impacts  p r e s e n t l y  a r e  
focused on a tmospher ic  C02 l o a d i n g  and m o d i f i c a t i o n  
of a i r - s e a  h e a t  exchange p rocesses  due t o  OTEC 
o p e r a t i o n .  

I n t r o d u c t i o n  

The assessment  o f  t h e  p h y s i c a l  a s p e c t s  of OTEC 
environmental  impacts  and r e s o u r c e  u t i l i z a t i o n  . i s  
an  i n t e g r a l  p a r t  of t h e  o v e r a l l  OTEC Environmental 
and Resource Assessment program. That broader  
program i n c l u d e s  t h e  b i o l o g i c a l  and chemical a s p e c t s  
of OTEC impingement on t h e  ocean environment and is  
managed f o r  DOE by t h e  Lawrence Berkeley Laboratory. '  
The purpose of t h e  Argonne program is t o  p rov ide  t h e  
development and a p p l i c a t i o n  of a n a l y s e s  and models 
necessa ry  f o r  t h e  assessment  of p o t e n t i a l  OTEC envi- 
ronmental and r e s o u r c e  u t i l i z a t i o n  problems. Physi- 
c a l  t r a n s p o r t  and mixing p rocesses  a r e  a t  t h e  base  
of e c o l o g i c a l  impact assessment ,  and p r e d i c t i v e  
means f o r  s i m u l a t i n g  t h e s e  p rocesses  a r e  r equ i red .  
P r e d i c t i v e  t o o l s  a r e  necessa ry  t o  a d d r e s s  environ-  
mental  and r e s o u r c e  q u e s t i o n s  f o r  a  v a r i e t y  of 
p o t e n t i a l  s i te  a r e a s ,  s c a l e s  b f  OTEC deployment,  and 
time hor izons .  That is, n o t  on ly  must q u e s t i o n s  
r ega rd ing  i n i t i a l  demonstra t ion p l a n t s  b e  addressed ,  
b u t  a l s o  q u e s t i o n s  r e g a r d i n g  f u t u r e  l a r g e - s c a l e  
deployments must b e  addressed i n  terms of environ- 
mental  impacts  and thermal  r e s o u r c e  u t i l i z a t i o n  and 
a v a i l a b i l i t y .  

The purpooe of t h i o  paper  13 t o  p r e s e n t  an ovcx- 
view of t h e  p h y s i c a l  impacts  program. The overview 
d e s c r i b e s  t h e  s t a t u s  of t h e  program o u t l i n e d  a t  t h e  
p rev ious  OTEC conference2 and emphasizes p rogress  
achieved and p r o j e c t s  i n i t i a t e d  w i t h i n  t h e  p a s t  year .  

The approach is  t o  i d e n t i f y  t h e  s p e c i f i c  problems 
being addressed ,  t o  summarize what we know about  
t h e i r  s o l u t i o n s  o r  what t o o l s  a r e  a v a i l a h l e  t o  
a d d r e s s  them, and t o  i n d i c a t e  t h o s e  problem a r e a s  
where we know l i t t l e  and need t o o l s  developed. The 
d e t a i l s  of model development,  a p p l i c a t i o n s ,  and 
r e s u l t s  w i l l  n o t  b e  d i s c u s s e d  i n  t h i s  overview paper ,  
and t h e  r e a d e r  i s  d i r e c t e d  t o  t h e  paper s  by ind iv id -  
u a l  i n v e s t i g a t o r s ,  c i t e d  below, where such informa- 
t i o n  can be  found. 

The d i s c u s s i o n  h e r e  is focused on t h r e e  g e n e r a l  
problem a r e a s :  thermal  r e s o u r c e  u t i l i z a t i o n ,  physi- 
c a l  environmental  impacts ,  and c l i m a t i c  impacts .  
The problems o f  thermal  r e s o u r c e  u t i l i z a t i o n  and 
p h y s i c a l  environmental  impacts  a r e  t r e a t e d  i n  terms 
of s i n g l e -  and m u l t i p l e - p l a n t  deployments and v a r i -  
ous  s p a t i a l  s c a l e s .  S e v e r a l  p h y s i c a l  p rocesses  
a f f e c t  b o t h  r e s o u r c e  u t i l i z a t i o n  and environmental  
impacts .  D i s t i n c t  s e p a r a t i o n  of t h e  t o o l s  t o  d e a l  
w i t h  such p rocesses ,  i n  t e r n s  of d i f f e r e n t  problems, 
is  n o t  p o s s i b l e ,  and,  i n  some c a s e s ,  t h e  same t o o l  
w i l l  b e  a p p l i c a b l e  t o  more than  one problem. 

Thermal Resource U t i l i z a t i o n  ( S i n g l e  P l a n t )  

The OTEC power c y c l e  i s  d r i v e n  by a  r e l a t i v e l y  
smal l  t empera tu re  d i f f e r e n c e  ( the rmal  r e source )  
compared. to  most o t h e r  power g e n e r a t i n g  schemes 
us ing  a  thermodynamic c y c l e  wi th  t y p i c a l  t empera tu re  
d i f f e r e n c e s  expected t o  b e  i n  t h e  18-24 C O  range.  
Due t o  t h e  f a c t  t h a t  about  25% of t h e  normal g r o s s  
e l e c t r i c  power genera ted  must b e  used t o  o p e r a t e  
t h e  p l a n t  and t h e  f a c t  t h a t  on ly  abou t  h a l f  of t h e  
t o t a l  t empera tu re  d i f f e r e n c e  e x i s t s  a c r o s s  t h e  power 
c y c l e ,  any f r a c t i o n a l  l o s s  i n  thermal  r e s o u r c e  is 
magnif ied by a  f a c t o r  of about  2.7 i n  terms of 
f r a c t i o n a l  l o s s  i n  g e n e r a t i n g  c a p a c i t y .  For example, 
a  1 C0 l o s s  i n  thermal  r e source  w i l l  reduce t h e  n e t  
o u t p u t  o f  a n  OTEC p l a n t  by about  12%. 

The t empera tu re  d i f f e r e n c e  a v a i l a b l e  t o  a n  OTEC 
p l a n t  depends bo th  on t h e  ambient ocean c o n d i t i o n s  
a t  t h e  s i t e  and on t h e  d e s i g n  of t h e  p l a n t  i t s e l f .  
The problem is t o  p r e d i c t  t h e  e f f e c t s  of p lan t -  
ocean i n t e r a c t i o n s  on a v a i l a b l e  thermal  r e s o u r c e  a s  
a f u n c t i o n  of p l a n t  d e s i g n  and ocean c o n d i t i o n s .  
Because t h e  t empera tu re  o f  t h e  deep,  co ld  wa te r  
r e s o u r c e  i s  expected t o  remain r e l a t i v e l y  c o n s t a n t ,  
t h e  a v a i l a b l e  t empera tu re  d i f f e r e n c e  depends p r i -  
m a r i l y  on t h e  warm s e a  wa te r  i n t a k e  temperature .  
Warm wate r  ( evapora to r )  i n t a k e s  w i l l  b e  l o c a t e d  i n  
t h e  upper mixed l a y e r ,  nea r  t h e  s u r f a c e ,  where 
ambient wa te r  t empera tu res  a r e  u s u a l l y  g r e a t e s t .  
Ambient wa te r  t empera tu res  i n  t h i s  r e g i o n  may 
e x h i b i t  v a r i a b i l i t y  w i t h  hour ly ,  d a i l y ,  and s e a s o n a l  
t ime s c a l e s  i n  r e sponse  t o  p e r t u r b a t i o n s  t o  t h e  h e a t  
ba lance  by t h e  passage of weather  f r o n t s  and ocean 
c i r c u l a t i o n  f e a t u r e s .  The wa te r  temperature  a v a i l -  
a b l e  a t  r h e  evaporator is a  f u n c t i o n  n o t  o n l y  of 
ambient ocean t empera tu re  v a r i a b i l i t y ,  b u t  of t h e  
i n t e r a c t i o n s  between t h e  f low f i e l d s  genera ted  by 
t h e  i n t a k e  and t h e  p l a n t  d i s c h a r g e s  w i t h  t h e  s u r f a c e  
water .  The e x t e n t  of t h e s e  i n t e r a c t i o n s  and t h e  



r e s u l t i n g  warm wate r  i n t a k e  temperature  w i l l  depend v a r i a b i l i t y .  Those d a t a  and a  more d e t a i l e d  under- 
on t h e  ambient t empera tu re ,  d e n s i t y ,  and c u r r e n t  . s t a n d i n g  of t h e  mechanics of t h e  i n t a k e  f low f i e l d s  
s t r u c t u r e s  i n  t h e  v i c i n i t y  of t h e  p l a n t  and on t h e  f o r  v a r i o u s  p l a n t  d e s i g n s  a r e  needed t o  a s s e s s  t h e  
l o c a t i o n  and c o n f i g u r a t i o n  o f  t h e  i n t a k e  and d i s -  p o t e n t i a l  f o r  shor t -pe r iod  v a r i a b i l i t y  o f  i n t a k e  
charge p o r t s .  The t h i c k n e s s  o f  t h e  mixed l a y e r ,  wa te r  t empera tu res .  
t h e  ambient c u r r e n t s  i n  t h e  mixed l a y e r ,  t h e  dep th  
of t h e  i n t a k e ,  t h e  o r i e n t a t i o n  of t h e  i n t a k e ,  t h e  
s e p a r a t i o n  o f  t h e  i n t a k e  and t h e  d i s c h a r g e s ,  and t h e  
o r i e n t a t i o n  o f  t h e  d i s c h a r g e s  a r e  a l l  important  i n  
determining t h e  r e s u l t i n g  f low f i e l d  and t h u s  t h e  
i n t a k e  temperature .  

The e f f e c t s  of i n t a k e  d e s i g n  and d i s c h a r g e  d e s i g n  
on warm water  i n t a k e  t empera tu re  may n o t  b e  indepen- 
d e n t .  However, i t  i s  convenient  t o  assume i n i t i a l l y  
t h a t  d i s c h a r g e  e f f e c t s  can  b e  minimized by prudent  
des ign  and t o  c o n s i d e r  s e p a r a t e l y  what is  known 
about  i n t a k e s .  A d i s c u s s i o n  of d i r e c t  r e c i r c u l a t i o n  
from d i s c h a r g e s  t o  i n t a k e s  w i l l  fo l low.  

Evaporator I n t a k e  Temperatures 

The v a r i a b i l i t y  of evapora to r  i n t a k e  wa te r  tem- 
p e r a t u r e s  depends bo th  on temporal changes i n  t h e  
ambient wa te r  t empera tu re  and t h e  mechanics of t h e  
i n t a k e  f lows.  I n  p h y s i c a l  model exper iments  t h e  
e f f e c t s  of t h e  u n s t e a d i n e s s  of t h e  water  tempera- 
t u r e  f i e l d  i n  t h e  v i c i n i t y  o f  a  p l a n t  were n e g l e c t e d ,  
and t h e  temperature  o f  wa te r  drawn i n t o  t h e  evapo- 
r a t o r  depended on t h e  i n t a k e  f low f i e l d s .  An i n t a k e  
i n  a  homogeneous (wi th  r e s p e c t  t o  d e n s i t y )  mixed 
l a y e r  w i l l  draw wa te r  from over  t h e  e n t i r e  v e r t i c a l  
e x t e n t  of t h e  mixed l a y e r .  Withdrawal o f  c o l d e r  
wa te r  from t h e  the rmoc l ine  r e g i o n  below t h e  mixed 
l a y e r  i s  p o s s i b l e  under  c e r t a i n  c o n d i t i o n s ,  b u t  
p h y s i c a l  model s t u d i e s 3  have i n d i c a t e d  t h a t  such  
withdrawals  would n o t  b e  l i k e l y  f o r  t y p i c a l  200-IIW 
OTEC p l a n t  d e s i g n s  u n t i l  t h e  i n t a k e  s t r u c t u r e  was 
w i t h i n  about  1 0  m of t h e  bottom of t h e  mixed l a y e r .  
I n  c a s e s  where t h e  mixed l a y e r  i s  s o  shal low t h a t  
t h e  evapora to r  i n t a k e  is  i n  t h e  the rmoc l ine  o r  where 
some v e r t i c a l  d e n s i t y  s t r a t i f i c a t i o n  e x i s t s  i n  t h e  
"mixed l a y e r , "  i n t a k e  wa te r  may b e  s e l e c t i v e l y  
withdrawn from over  l i m i t e d  v e r t i c a l  e x t e n t s .  While 
t h e  t h i c k n e s s  of such a  wi thdrawal  l a y e r  grows w i t h  
d i s t a n c e  away from t h e  p l a n t  and i s  n o t  e a s i l y  pre- 
d i c t e d ,  i t  is l i k e l y  t o  b e  on t h e  o r d e r  of t e n s  of 
meters  w i t h i n  a  k i lomete r  of t h e  p l a n t . 4  The i n t a k e  
temperature  is determined by t h e  d i s t r i b u t i o n  o f  
f low i n  t h e  wi thdrawal  l a y e r  and v e r t i c a l  ambient 
temperature  d i s t r i b u t i o n s .  Given r e l a t i v e l y  sym- 
m e t r i c  d i s t r i b u t i o n s  of bo th  f low and t empera tu re ,  
mean i n t a k e  t empera tu res  w i l l  b e  about  equa l  t o  
ambient temperatures  a t  t h e  e l e v a t i o n  of t h e  evapo- 
r a t o r  c e n t e r l i n e .  Limited o b s e r v a t i o n s  of i n t a k e  
temperatures  i n  p h y s i c a l  model exper iments  w i t h  
ambient s t r a t i f i c a t i o n  do n o t  c o n t r a d i c t  t h a t  sugges- 
t i ~ n . ~  The evapora to r  i n t a k e  f lows ,  then ,  a c t  t o  
i n t e g r a t e  s p a t i a l  v a r i a t i o n s  i n  wa te r  temperature .  

Temporal changes i n  i n t a k e  t empera tu re  depend on 
t h e  degree  t o  which temporal v a r i a t i o n s  i n  ambient 
wa te r  t empera tu res  are damped o u t  by t h e  i n t e g r a t i n g  
e f f e c t  of t h e  i n t a k e s .  C l e a r l y ,  t h e  u n s t e a d i n e s s  o f  
nea r - su r face  wa te r  t empera tu res  w i l l  n o t  b e  f e l t  i n  
i n t a k e  t empera tu res ,  i f  wa te r  t empera tu res  ove r  t h e  
b u l k  of t h e  mixed l a y e r  remain c o n s t a n t .  On t h e  
o t h e r  hand, i f  temporal v a r i a b i l i t y  e x i s t s  through- 
o u t  t h e  mixed l a y e r ,  i n t a k e  wa te r  t empera tu res  may 
r e f l e c t  it. P r e s e n t  o b s e r v a t i o n a l  programs f o r  
O T E C ~  a t  p o t e n t i a l  s i t e  a r e a s  i n c l u d e  t h e  u s e  of 
the rmis to r  cha ins  t h a t  r ecord  wa te r  t empera tu res  on 
a n  hour ly  b a s i s  a t  ten-meter i n t e r v a l s  i n  t h e  upper 
100 m of t h e  wa te r  column. Data from t h e  t h e r m i s t o r  
c h a i n s  w i l l  p rov ide  adequa te  s t a t i s t i c s  on r e l a -  
t i v e l y  shor t -pe r iod  ambient wa te r  temperature  

D i r e c t  R e c i r c u l a t i o n  o f  P l a n t  E f f l u e n t  t o  t h e  
Evaporator  

The temperature  of t h e  warm wate r  drawn i n  by a n  
OTEC p l a n t  can a l s o  b e  a f f e c t e d  by t h e  p resence  o f  
t h e  d i s c h a r g e s  from t h e  p l a n t ,  and some f r a c t i o n  o f  
t h e  d i s c h a r g e  e f f l u e n t  may r e c i r c u l a t e  d i r e c t l y  
i n t o  t h e  warm water  i n t a k e .  The mode of d i s c h a r g e  
( s e p a r a t e  evapora to r  and condenser d i s c h a r g e s  o r  a  
mixed d i s c h a r g e ) ,  t h e  v e r t i c a l  s e p a r a t i o n  of t h e  
evapora to r  i n t a k e  and d i s c h a r g e  p o r t s ,  t h e  dep th  o f  
t h e  d i s c h a r g e  wi th  r e s p e c t  t o  t h e  mixed-layer dep th ,  
t h e  a n g l e  of t h e  d i s c h a r g e  wi th  r e s p e c t  t o  t h e  hor i -  
z o n t a l  and t o  t h e  ambient c u r r e n t ,  and t h e  d i s c h a r g e  
and ambient c u r r e n t  v e l o c i t i e s  will a l l  a f f e c t  t h e  
n e a r - f i e l d  behavior  of t h e  d i s c h a r g e  j e t  and i ts  
i n t e r a c t i o n  wi th  t h e  evapora to r  i n t a k e  f low f i e l d .  
P r e d i c t i o n  o f  t h e  magnitude of t h e  e f f e c t s  of t h e  
d i s c h a r g e  on t h e  warm water  i n t a k e  t empera tu re  is  
necessa ry  so  t h a t  t h e  p o t e n t i a l  f o r  r e s o u r c e  degra- 
d a t i o n  through r e c i r c u l a t i o n  can be  g iven  proper  
c o n s i d e r a t i o n  i n  t h e  p rocess  of s e l e c t i n g  a  d i s -  
charge mode and des ign ing  t h e  d i s c h a r g e  p o r t s .  The 
complexi ty  of t h e  nea r -p lan t  f low f i e l d s  h a s  r e s u l t e d  
i n  t h e  use  of l a b o r a t o r y  p h y s i c a l  models t o  examine 
t h e s e  e f f e c t s .  

I n i t i a l  p h y s i c a l  model s t u d i e s  focused on h i g h l y  
schemat ic  v e r s i o n s  of OTEC p l a n t  i n t a k e s  and d i s -  
cha rges  and /o r  of t h e  ambient ocean. The d i r e c t  
r e c i r c u l a t i o n  from a  s i n g l e  round, non-buoyant j e t  
d i r e c t e d  h o r i z o n t a l l y  i n t o  a  uniform ambient c u r r e n t  
t o  a  h o r i z o n t a l ,  r a d i a l  i n t a k e  l o c a t e d  above t h e  
j e t  was s t u d i e d  by ~ ~ d r o n a u t i c s . '  Discharges  i n t o  
coun te r f lowing  (head-on), c ross f lowing ,  and coflow- 
i n g  c u r r e n t s  were examined, and s e p a r a t i o n  d i s t a n c e s  
between i n t a k e s  and d i s c h a r g e s  were v a r i e d  from 1-2 
d i s c h a r g e  p o r t  d i amete r s .  These s t u d i e s  showed 
t h a t  d i r e c t  r e c i r c u l a t i o n  v a r i e d  wi th  t h e  magnitude 
of t h e  ambient c u r r e n t  such t h a t  i t  inc reased  w i t h  
i n c r e a s e s  i n  ambient c u r r e n t  t o  some maximum ( a t  
ambient c u r r e n t s  250-70% d i s c h a r g e  v e l o c i t y )  and 
t h e n  dec reased  f o r  f u r t h e r  i n c r e a s e s  i n  ambient 
c u r r e n t .  The amount o f  d i r e c t  r e c i r c u l a t i o n  was a 
f u n c t i o n  of t h e  o r i e n t a t i o n  between t h e  d i s c h a r g e  
v e l o c i t y  and ambient c u r r e n t ,  and t h e  maximum r e c i r -  
c u l a t i o n  v a l u e s  observed,  f o r  t h e  r ange  of i n t a k e /  
d i s c h a r g e  s e p a r a t i o n s  cons ide red ,  were 30%, l o % ,  
and 3% f o r  coun te r f lowing ,  c ross f lowing ,  and coflow- 
i n g  c o n d i t i o n s ,  r e s p e c t i v e l y .  T e s t s  wi th  d i f f e r e n t  
i n t a k e  d e s i g n s  y ie lded  r e c i r c u l a t i o n  v a l u e s  of t h e  
same magnitude o r  l e s s .  I n c r e a s e s  i n  t h e  v e r t i c a l  
s e p a r a t i o n  d i s t a n c e  between i n t a k e  and d i s c h a r g e  
and making t h e  d i s c h a r g e  n e g a t i v e l y  buoyant a c t e d  t o  
d e c r e a s e  r e c i r c u l a t i o n  below t h e  v a l u e s  g iven  above. 

Add i t iona l  s t u d i e s 7  on t h e  i n h i b i t i o n  of r e c i r -  
c u l a t i o n  due t o  t h e  n e g a t i v e  buoyancy of t h e  e f f l u -  
e n t  r e l a t i v e  t o  mixed-layer wa te r  involved a n  i n t a k e  
p o r t  p o s i t i o n e d  0.5-2.0 p o r t  d i amete r s  above t h e  
i n t e r f a c e  w i t h  a  s t a g n a n t ,  dense r  l a y e r .  The in- 
h i b i t i n g  e f f e c t  of t h e  d e n s i t y  d i f f e r e n c e  was found 
t o  b e  s u b s t a n t i a l ,  and t h e  l a r g e s t  wi thdrawal  from 
t h e  lower l a y e r  was found t o  have occur red  f o r  t h e  
c a s e  of a  round i n t a k e , p o r t  drawing wa te r  v e r t i c a l l y  
upward. Even i n  t h i s  case ,  a  s e p a r a t i o n  e q u i v a l e n t  
t o  10-15 m was s u f f i c i e n t  t o  keep r e c i r c u l a t i o n  t o  
l e s s  than  10% f o r  an  i n t a k e  e q u i v a l e n t  t o  a  t y p i c a l  
200-MW OTEC p l a n t .  The u s e  of a  h o r i z o n t a l  r a d i a l  
i n t a k e  was found t o  reduce r e c i r c u l a t i o n  t o  l e s s  



t han  5% even w i t h  v e r t i c a l  s e p a r a t i o n s  of o n l y  1 0  m, 
and i n t a k e s  drawing flow frum t h e  s u r f a c e  v e r t i c a l l y  
downward were found t o  reduce r e c i r c u l a t i o n  even 
f u r t h e r  . 

To p u t  t h e s e  r e c i r c u l a t i o n  v a l u e s  i n t o  perspec- 
t i v e ,  i f  t h e  d i s c h a r g e  is 3 C0 c o o l e r  than  t h e  in- 
t a k e  t empera tu re  ( t y p i c a l  of t h e  evapora to r  d i s -  
charge)  and t h e  t o t a l  thermal  r e s o u r c e  is  22OC, a  
25-30% r e c i r c u l a t i o n  corresponds t o  a  12-16% l o s s  
i n  n e t  power. Th i s  corresponds t o  exper imen ta l  
r e s u l t s  f o r  e s s e n t i a l l y  a  wors t  c a s e  s i t u a t i o n  w i t h  
a  n e u t r a l l y  buoyant d i s c h a r g e  l o c a t e d  on ly  1-2 p o r t  
d i amete r s  below t h e  i n t a k e  and d i r e c t e d  i n t o  a 
s t r o n g  oncoming c u r r e n t .  A more t y p i c a l  s i t u a t i o n  
i s  t h e  one i n  which o n l y  p a r t  o f  t h e  d i s c h a r g e  w i l l  
b e  d i r e c t e d  i n t o  t h e  c u r r e n t  w h i l e  p a r t  of t h e  
e f f l u e n t  w i l l  b e  d i r e c t e d  pe rpend icu la r  t o  t h e  
c u r r e n t  and p a r t  of t h e  e f f l u e n t  i n  t h e  same d i r e c -  
t i o n  a s  t h e  c u r r e n t .  The maximum t o t a l  r e c i r c u l a -  
t i o n  would then  be 10-15% even f o r  an  i n t a k e /  
d i s c h a r g e  s e p a r a t i o n  of 1-2 p o r t  d i amete r s  and a  
n e u t r a l l y  buoyant e f f l u e n t .  The corresponding n e t  
power l o s s  is  o n l y  4-8%. 

Addi t iona l  schemat ic  p h y s i c a l  model ex e r imen t s  
were c a r r i e d  o u t  a t  MIT by J i r k a  e t  a l . 8 * 9  t o  s t u d y  
a  mixed d i s c h a r g e  from a n  OTEC p l a n t  d i scha rged  a t  
t h e  mixed-layer depth .  Ac tua l ly  o n l y  t h e  upper 
l a y e r  o f  a  two-layer ocean was s imula ted  i n  t h e  
model, and i t  was modeled i n  a n  i n v e r t e d  conf igura-  
t i o n  wi th  a  1:200 geometr ic  s c a l e  r educ t ion .  The 
model showed no measurable  r e c i r c u l a t i o n  f o r  a 
range o f  d i s c h a r g e  c o n d i t i o n s  f o r  r a d i a l  s l o t  and 
symmetric 4-port d i s c h a r g e  c o n f i g u r a t i o n s  w i t h  a n  
i n t a k e  drawing f low from t h e  s u r f a c e  v e r t i c a l l y  
downward. I n t a k e l d i s c h a r g e  s e p a r a t i o n s  ranged from 
8 t o  48 d i s c h a r g e  p o r t / s l o t  h e i g h t s ,  and ambient 
c u r r e n t s  were zero o r  sma l l .  J i r k a  e t  a l .  a l s o  
adapted e x i s t i n g  a n a l y t i c a l  model t echn iques  t o  t h e  
c o n f i g u r a t i o n s  s t u d i e d  i n  t h e  p h y s i c a l  model exper i -  
ments (mixed d i s c h a r g e  at  t h e  mixed-layer dep th  
wi th  no ambient c u r r e n t ) .  Based on t h e  p r e d i c t i o n s  
of t h e  a n a l y t i c a l  model and i n s i g h t s  gained from t h e  
p h y s i c a l  model r e s u l t s ,  an  approximate  c r i t e r i o n  
was developed t o  p r e d i c t  p o s s i b l e  o n s e t  of r e c i r -  
c u l a t i o n .  The c r i t e r i o n  i s  expressed i n  terms o f  
f low r a t e ,  d i s c h a r g e  v e l o c i t y ,  p l a n t  r a d i u s ,  d e n s i t y  
d i f f e r e n c e  of t h e  mixed d i s c h a r g e  wi th  r e s p e c t  t o  
t h e  mixed-layer d e n s i t y ,  and t h e  mixed-layer dep th .  
They concluded t h a t  f o r  a  r easonab le  p l a n t  d e s i g n  
and mixed-layer dep th  on t h e  o r d e r  of 50 m,  OTEC 
p l a n t s  w i t h  c a p a c i t i e s  up t o  200 MW ( n e t )  could 
o p e r a t e  us ing  mixed d i s c h a r g e s  w i t h  L i t t l e  o r  no 
r e c i r c u l a t i o n .  

The r e s u l t s  of t h e s e  r e c i r c u l a t i o n  s t u d i e s  sug- 
ges ted  t h a t ,  under t h e  c o n d i t i o n s  s t u d i e d ,  r e c i r c u -  
l a t i o n  could b e  minimized by a p p r o p r i a t e  v e r t i c a l  
s e p a r a t i o n  of t h e  i n t a k e  and d i scha rge .  More de- 
t a i l e d  examinat ions  of r e c i r c u l a t i o n  f o r  l a r g e  OTEC 
p l a n t s  i n  f lowing ocean environments wi th  r e a l i s t i c  
v e r t i c a l  t empera tu re  s t r a t i f i c a t i o n  were under taken 
t h i s  p a s t  yea r  a t  M I T . ~ ~  Completed exper iments  
involved bo th  evaporator-only  and mixed d i s c h a r g e s  
i n t o  s t a g n a n t ,  t e m p e r a t u r e - s t r a t i f i e d  r e c e i v i n g  
wa te r s .  Discharge f low r a t e s  corresponding t o  a  
n e t  c a p a c i t y  of 400 MW were used i n  most c a s e s ,  and 
r a d i a l  s l o t  and symmetric 4-por t  d i s c h a r g e s  were 
s t u d i e d .  R e a l i s t i c  s t r a t i f i c a t i o n s  were used w i t h  
mixed-layer dep ths  i n  t h e  range of 30-70 m, and 
i n t a k e l d i s c h a r g e  s e p a r a t i o n s  v a r i e d  from 30-91 m. 
R e c i r c u l a t i o n  was found t o  b e  smal l  i n  most c a s e s  
corresponding t o  changes i n  i n t a k e  t empera tu res  o f  
0.0-0.2 CO. Only i n  two exper iments  was s i g n i f i c a n t  
r e c i r c u l a t i o n  observed.  These two exper iments  

corresponded t o  a n  evaporator-only  d i s c h a r g e  d i -  
r e c t e d  21" upward above t h e  h o r i z o n t a l  and t o  a n  
evaporator-only  d i s c h a r g e  from a  600-MW p l a n t .  Ex- 
per iments  w i t h  a  r e a l i s t i c  ocean c u r r e n t  p r e s e n t ,  
a s  w e l l  a s  t empera tu re  s t r a t i f i c a t i o n ,  have been 
i n i t i a t e d  on ly  r e c e n t l y  and a r e  expected t o  p rov ide  
t h e  f i r s t  d a t a  on a  symmetric 4-port d i s c h a r g e  i n  
c u r r e n t s  of moderate  magnitude. Add i t iona l  labo-  
r a t o r y  s t u d i e s  a t  MIT concern t h e  nea r -p lan t  i n t e r -  
a c t i o n  of s e p a r a t e ,  b u t  c losely-spaced,  evapora to r  
and condenser d i s c h a r g e s .  I n t e r a c t i o n s  may r e s u l t  
i n  t h e  fo rmat ion  of e f f e c t i v e  mixed d i s c h a r g e s  
wi thou t  t h e  n e c e s s i t y  of mixing t h e  h e a t  exchanger 
e f f l u e n t s  i n s i d e  t h e  p l a n t  and wi th  t h e  apparen t  
advantage of reduced p r o b a b i l i t y  of r e c i r c u l a t i o n  
f o r  mixed d i s c h a r g e s .  

There a r e  a r e a s  r e l a t e d  t o  d i r e c t  r e c i r c u l a t i o n  
a t  i n d i v i d u a l  p l a n t s  t h a t  need f u r t h e r  i n v e s t i g a -  
t i o n .  The e f f e c t  of l a r g e  ambient c u r r e n t s  upon 
r e c i r c u l a t i o n  is  n o t  w e l l  unders tood.  There i s  
some evidence from t h e  Hydrona~~t i . c s  s t u d i e s 7  t h a t  
d i s c h a r g e  i n t o  an  oncoming c u r r e n t  o f  speeds  com- 
p a r a b l e  t o  t h e  d i s c h a r g e  v e l o c i t y  may r e s u l t  i n  
s u b s t a n t i a l  r e c i r c u l a t i o n  (on t h e  o r d e r  of 25-30%) 
f o r  c e r t a i n  i n t a k e  and d i s c h a r g e  c o n f i g u r a t i o n s .  
The exper iments  underway a t  MIT t h a t  invo lve  towing 
a n  OTEC model i n  a  s t r a t i f i e d  t ank  t o  s i m u l a t e  l a r g e  
ambient c u r r e n t s  w i l l  h e l p  q u a n t i f y  t h e  e x t e n t  of 
t h e  r e c i r c u l a t i o n  under  r e a l i s t i c  s t r a t i f i c a t i o n  
c o n d i t i o n s .  The p o s s i b i l i t y  of us ing  d i r e c t i o n a l  
d i s c h a r g e s  o r  v e r t i c a l l y  downward d i s c h a r g e s  t o  
avoid t h e  p o t e n t i a l  f o r  r e c i r c u l a t i o n ,  i f  i t  e x i s t s ,  
should a l s o  b e  i n v e s t i g a t e d .  P l a n t s  i n  t h e  50- t o  
100-MW s i z e  r ange  r e q u i r e  a d d i t i o n a l  s tudy.  While 
many of t h e  t r e n d s  i n d i c a t e d  i n  t h e  i n v e s t i g a t i o n s  
o f  l a r g e r  p l a n t s  a r e  l i k e l y  t o  hold  f o r  t h i s  r ange  
i n  p l a n t  s i z e ,  h y d r a u l i c  s c a l i n g  does  no t  a l low 
c o n s i s t e n t  scale-down of e x i s t i n g  r e s u l t s  f o r  
parameters  d e s c r i b i n g  bo th  t h e  p l a n t  and t h e  ambient 
environment.  Also, l i t t l e  is  known s p e c i f i c a l l y  
abou t  t h e  p o t e n t i a l  f o r  r e c i r c u l a t i o n  f o r  t h e  con- 
d i t i o n s  under which a  p l a n t  s h i p  would o p e r a t e .  
R e c i r c u l a t i o n  may n o t  b e  a  problem f o r  a  p l a n t  s h i p  
underway because i ts  d i s c h a r g e  plume would b e  l e f t  
behind by t h e  motion of t h e  s h i p  and t h e  i n t a k e  
could b e  p laced  forward of t h e  d i r e c t  i n f l u e n c e  o f  
t h e  d i scha rge .  However, f o r  t h e  smal l  headways 
expected t o  b e  mainta ined by OTEC p l a n t  s h i p s ,  
r e c i r c u l a t i o n  might s t i l l  occur  under c e r t a i n  condi- 
t i o n s .  The p o t e n t i a l  f o r  r e c i r c u l a t i o n  under p l a n t  
s h i p  c o n d i t i o n s  should b e  i n v e s t i g a t e d .  

I t  i s  n o t  adequa te  t o  d e s i g n  i n t a k e  and d i s c h a r g e  
systems on t h e  b a s i s  o f  r e c i r c u l a t i o n  avoidance 
a lone .  The impact on t h e  ocean environment must b e  
cons ide red  a s  w e l l .  

Thermal Resource U t i l i z a t i o n  (Many P l a n t s )  

It has  been proposed t h a t  e v e n t u a l l y  many OTEC 
p l a n t s  may b e  deployed r e l a t i v e l y  nea r  one ano the r  
t o  form a  power park.  This  type  of deployment might 
minimize undersea  power t r ansmiss ion  and shore- 
based power c o n d i t i o n i n g  c o s t s  by a l lowing  a  s i n g l e  
c a b l e  and s h o r e  f a c i l i t y  t o  s e r v i c e  many p l a n t s .  
However, t h e  concen t ra t ed  deployment of OTEC p l a n t s  
i n  a  power park r a i s e s  a d d i t i o n a l  q u e s t i o n s  concern- 
i n g  thermal  r e s o u r c e  u t i l i z a t i o n .  The spac ing  be- 
tween t h e  p l a n t s  must b e  s e l e c t e d  such t h a t  t h e  
e f f l u e n t  from one  p l a n t  does  n o t  degrade  t h e  thermal  
r e s o u r c e  f o r  o t h e r  nearby p l a n t s .  Also, wi th  l a r g e  
q u a n t i t i e s  of warm and co ld  wa te r  be ing  removed 
from nea r  t h e  s u r f a c e  and from a  dep th  of 500-1000 m 
and i n j e c t e d  a t  some i n t e r m e d i a t e  dep th ,  t h e  q u e s t i o n  
of r e s o u r c e  renewal a r i s e s .  



Spacing of P l a n t s  t o  Avoid Resource Degradation 

The e f f l u e n t  from one OTEC p l a n t  may reduce t h e  
thermal  r esource  a v a i l a b l e  t o  o t h e r  p l a n t s  w i t h i n  
a  power park e i t h e r  by d i r e c t l y  e n t e r i n g  t h e  warm 
water  i n t a k e  of a  p l a n t  downcurrent o r  by e f fec -  
t i v e l y  " thinning" t h e  mixed l a y e r  downcurrent and 
t h e r e f o r e  i n c r e a s i n g  t h e  l i k e l i h o o d  t h a t  coo le r  
water  nea r  t h e  bottom of t h e  mixed l a y e r  w i l l  be  
drawn up i n t o  t h e  i n t a k e  of neighboring p l a n t s .  

Jirkal l has  p resen ted  a  p re l iminary  a n a l y s i s  t h a t  
can be  used f o r  e s t i m a t i n g  t h e  minimum p l a n t  spac- 
ing t h a t  w i l l  p rec lude  t h e  e f f l u e n t  from one p l a n t  
from degrading t h e  e f f e c t i v e  thermal  r esources  
a v a i l a b l e  t o  neighboring p l a n t s .  I n  h i s  a n a l y s i s ,  
J i r k a  assumes t h a t  a  mixed-discharge mode i s  used 
and t h a t  t h e  ambient ocean can be  approximated by 
a  two-layer system. A f t e r  i n i t i a l  d i l u t i o n  due t o  
j e t  entra inment ,  t h e  mixed-discharge e f f l u e n t  is 
assumed t o  form a l a y e r  of i n t e r m e d i a t e  d e n s i t y  
between t h e  upper and lower l a y e r s  of t h e  ambient 
ocean. The e f f l u e n t  thcn  d r i f t s  w i t h  t h e  ambient 
c u r r e n t  and sp reads  l a t e r a l l y  due t o  buoyancy. The 
in te rmedia te  l a y e r  reduces  t h e  e f f e c t i v e  th ickness  
of t h e  mixed l a y e r  a t  neighboring p l a n t  s i t e s  and 
i n c r e a s e s  t h e  p o t e n t i a l  f o r  r e c i r c u l a t i o n .  Using 
t h e  aforementioned r e c i r c u l a t i o n  c r i t e r i o n  developed 
a t  MIT, t h e  maximum a l lowable  dec rease  i n  mixed- 
l a y e r  th ickness  b e f o r e  t h e  o n s e t  of r e c i r c u l a t i o n  
can be es t ima ted  and used t o  e s t i m a t e  minimum p l a n t  
spacing t h a t  w i l l  r e s u l t  i n  t h i s  maximum amount of 
mixed-layer th inn ing .  Th i s  a n a l y s i s  has  been 
app l i ed  by J i r k a  t o  two power pa rk  conf igura t ions .  
For a  row of p l a n t s  o r i e n t e d  o r thogona l  t o  t h e  
dominant c u r r e n t  d i r e c t i o n  and-an  ambient mixed- 
l a y e r  dep th  of  70 m, a  minimum l a t e r a l  spacing of 
480 m i s  p red ic ted  f o r  100-MW p l a n t s  and 36,000 m 
f o r  400-MW p l a n t s .  I n  t h e  c a s e  of a  r e c t a n g u l a r  
g r i d  of p l a n t s ,  t h e  minimum spacing depends on t h e  
ambient mixed-layer dep th ,  t h e  magnitude of  t h e  
ambient c u r r e n t ,  and t h e  number of  rows i n  t h e  g r i d .  
For t h e  c a s e  of a  mixed-layer dep th  of 70 m,  a n  
ambient c u r r e n t  of 0 .1  m / s ,  and f i v e  rows, a  mini- 
mum spacing of 5,570 m is pred ic ted  f o r  100-MW 
p l a n t s ,  and 160,000 m f o r  400-MW p l a n t s .  

The above a n a l y s i s  of p l a n t  spacing requirements  
is  a  r a t h e r  t e n t a t i v e  one because t h e  model f o r  
p l a n t  i n t e r a c t i o n s  i s  extremely s imple  and t h e  model 
f o r  buoyancy spreading i n  t h e  i n t e r m e d i a t e  f i e l d  
r e g i o n  downcurrent from t h e  p l a n t  i s  q u i t e  approxi- 
mate. Jirkar2 h a s  been developing a  two-dimensional 
a n a l y s i s  of t h e  buoyancy sp read ing  regime of i n t e r -  
mediate-scale  plume motions. That a n a l y s i s  d e a l s  
more d i r e c t l y  w i t h  t h e  problem of a  source  of 
buoyancy i n  a  c u r r e n t  than  e a r l i e r  ana lyses ,  and 
i n i t i a l  approximate r e s u l t s  sugges t  t h a t  l a t e r a l  
spacing requirements  may exceed t h o s e  i n d i c a t e d  
above. That is,  minimum l a t e r a l  spacing f o r  100-MW 
p l a n t s  may be  on t h e  o r d e r  of  2 lan r a t h e r  than  
0.5 lan. It is  necessa ry  t o  c a u t i o n  h e r e  t h a t  p l a n t  
spacing requirements  may no t  be  d r i v e n  s o l e l y  by 
thermal r esource  c o n s i d e r a t i o n s ,  and assessments  of 
downcurrent environmental impacts may p rov ide  o t h e r  
c o n s t r a i n t s  on p l a n t  spacing.  

Resource Renewal f o r  Large Deployments 

The p r e s e r v a t i o n  of  t h e  thermal  r esource  f o r  
u t i l i z a t i o n  by l a r g e  numbers of OTEC p l a n t s ,  whi le  
n o t  an i s s u e  f o r  early OTEC p l a n t  d c p l o p e n t s ,  re- 
q u i r e s  c o n s i d e r a t i o n  now i n  terms of assessment  of 
t h e  power p o t e n t i a l  of v a r i o u s  s i t e  a r e a s .  The term 
resource  renewal i s  meant t o  deno te  t h e  genera l  
a v a i l a b i l i t y ,  on an ocean-regional o r  b a s i n  s c a l e ,  

of t h e  warm s u r f a c e  and co ld  deep water .  I n  l a r g e  
measure t h e  q u e s t i o n  of r esource  renewal is  r e l a t e d  
t o  t h e  ocean ic  c i r c u l a t i o n  o r  water  mass t r a n s p o r t s  
r e s p o n s i b l e  f o r  replacement of  wa te r  i n  v a r i o u s  
r e g i o n s ,  a l though  s u r f a c e  water  temperatures  may be  
governed i n  p a r t  by l o c a l  a i r - s e a  exchange p rocesses  
t h a t  might be  modified by OTEC p l a n t  o p e r a t i o n s .  
Our unders tanding of t r a n s p o r t  p a t t e r n s  is  founded 
almost  e n t i r e l y  on o b s e r v a t i o n a l  d a t a ,  and i n  many 
p o t e n t i a l  OTEC s i t e  a r e a s  o b s e r v a t i o n a l  d a t a  on 
t r a n s p o r t  a r e  s p a r s e  -- a prime mot iva t ion  f o r  t h e  
c o l l e c t i o n  of  such d a t a  under OTEC a e g i s .  Of course ,  
long t ime-se r i es  and synop t ic  d a t a  s e t s  a r e  requ i red  
t o  provide d a t a  f o r  t h e  e v a l u a t i o n  of n e t  t r a n s p o r t  
q u a n t i t i e s .  Moreover, t h e  e f f e c t s  of  OTEC p l a n t s  
on n a t u r a l  r e s o u r c e  renewal p rocesses  a r e  l i k e l y  t o  
be  s u b t l e  and may be  ev iden t  on ly  a f t e r  long  times. 
Consequently, numerical  modeling of c i r c u l a t i o n  in -  
c lud ing  s imulated OTEC e f f e c t s  may p rov ide  some 
i n s i g h t  i n t o  t h e  resource  renewal ques t ion .  To 
d a t e  t h e  q u e s t i o n  of r esource  renewal a t  i s l a n d  
s i t e s  has  n o t  been addressed bu t  w i l l  r e c e i v e  some 
a t t e n t i o n  i n  r e l a t i o n  t o  modeling e f f o r t s  of l a rge -  
s c a l e  environmental p e r t u r b a t i o n s  a t  such s i t e s .  
The p a s t  a c t i v i t i e s  r e l a t e d  t o  resource  renewal 
have focused on t h e  Gulf of Mexico. 

The Gulf of  Mexico b a s i n ,  wi th  open boundaries  
a t  t h e  Yucatan S t r a i t s  and t h e  S t r a i t s  of F l o r i d a ,  
i s  l a r g e  w i t h  r e s p e c t  t o  even l a r g e - s c a l e  OTEC 
deployment. However, t h e  warm water  requirement  
f o r  product ion of 100 GW (1000 100-MW p l a n t s )  i n  
t h e  Gulf is on  t h e  o r d e r  of 3-6% of  t h e  eos t roph ic .  
t r a n s p o r t  ( r e l a t i v e  t o  500 m) es t imated1$ t o  e n t e r  
t h e  Gulf through t h e  Yucatan S t r a i t s .  Cold water  
n e i t h e r  e n t e r s  nor  l e a v e s  t h e  Gulf through t h e  
S t r a i t s  of F l o r i d a ,  and n e t  t r a n s p o r t s  of co ld  wa te r  
from t h e  Gulf through t h e  Yucatan S t r a i t s  have been 
es t ima ted  on occas ion  from obse rva t ions .  E s t i -  
mates13 of outward co ld  water  f lows have been a s  
l a r g e  a s  t h r e e  t imes t h e  co ld  wa te r  requirements  
f o r  100 GW of  OTEC product ion.  The long-term 
t r a n s p o r t s  of  co ld  water  t o  and from t h e  Gulf a r e  
n o t  known, and co ld  water  renewal f o r  OTEC opera- 
t i o n s  i s  a l s o  a  c o n s i d e r a t i o n  f o r  t h e  Gulf.  

A s imple  one-dimensional model of t h e  Gulf of 
Mexico (assuming l a t e r a l  homogeneity) by Mart in  and 
~ o b e r t s l ~  i n d i c a t e d  t h a t  1000 100-MW OTEC p l a n t s  
d i s t r i b u t e d  uniformly throughout t h e  Gulf might 
r e s u l t  i n  p e r t u r b a t i o n s  t o  n a t u r a l  ocean tempera- 
t u r e s  i n  t h e  wa te r  column of a s  much a s  1 C O .  The 
model r e s u l t s  a r e  v e r y  approximate because of  t h e  
s p a t i a l  averaging of t h e  e f f e c t s  of  t h e  Loop Current  
and a r e  s e n s i t i v e  t o  assumptions regard ing  exchanges 
through t h e  s t r a i t s .  While t h e  behavior  of t h e  Loop 
Current  and exchanges through t h e  s t r a i t s  a r e  n o t  
wel l -unders tood,  i t  is apparen t  t h a t  they may in-  
f l u e n c e  s i g n i f i c a n t l y  t h e  thermal r esource  renewal 
i n  t h e  Gulf .  

P r e d i c t i o n  of t h e  c i r c u l a t i o n  i n  t h e  Gulf ,  par- 
t i c u l a r l y  w i t h  regard  t o  i n t r u s i o n s  of t h e  Loop 
Current  i n t o  t h e  r e g i o n s  of i n t e r e s t  f o r  OTEC 
deployment, i s  a  formidable  numerical  modeling t a s k .  
However, q u e s t i o n s  r e l a t e d  t o  basin-wide environ- 
mental  impacts a l s o  r e q u i r e  s imula t ion  of t h e  t r ans -  
p o r t  f i e l d ,  and t h e s e  numerical modeling a c t i v i t i e s  
may p rov ide  i n s i g h t  i n t o  t h e  resource  renewal ques- 
t i o n  as wel l .  P rev ious  modeling e f f o r t s  by Thompson 
and ~ u r l b u r t l  5, l6 were d i r e c t e d  toward two-layer 
b a r o c l i n i c  models of t h e  Gulf d r i v e n  b ~ t h  by wind 
and f lows through t h e  Yucatan S t r a i t s .  C i r c u l a t i o n  
p a t t e r n s  s i m i l a r  t o  Loop Current  s t r u c t u r e s  were 
noted i n  p re l iminary  i n t e g r a t i o n s .  During t h e  p a s t  
yea r ,  a  numerical  model w i t h  t h e  c a p a b i l i t y  f o r  
g r e a t e r  s p a t i a l  r e s o l u t i o n  i n  t h e  v e r t i c a l  h a s  been 



r ead ied  f o r  a p p l i c a t i o n  t o  t h e  Gulf of Mexico by 
Dynalysis  of P r i n c e t o n ,  I n c . ,  a s  r e p o r t e d  by Mel lor  
and  lumber^.^^ Thi s  model u s e s  l a y e r s  of v a r i a b l e  
t h i c k n e s s  i n  t h e  v e r t i c a l  ( a  sigma c o o r d i n a t e  sys- 
tem) and w i l l  b e  r u n  w i t h  1 0  (and e v e n t u a l l y  20) 
l a y e r s .  While t h e  pr imary mot iva t ion  f o r  app l i ca -  , 

t i o n  of t h i s  model t o  t h e  Gulf is  assessment  of 
environmental  impacts  ( a s  d i scussed  below),  s e n s i -  
t i v i t y  s t u d i e s  r e g a r d i n g  exchanges through t h e  
Yucatan S t r a i t s  and s imula ted  OTEC power pa rk  
p e r t u r b a t i o n s  a r e  r e l e v a n t  t o  r e s o u r c e  renewal 
concerns .  

Environmental Impact ( S i n g l e  P l a n t )  

The environmental  concerns  a t t r i b u t a b l e  t o  t h e  
o p e r a t i o n  of a n  i n d i v i d u a l  OTEC p l a n t  have been 
grouped i n  f o u r  g e n e r a l  c a t e g o r i e s i 8 :  r e d i s t r i b u -  
t i o n  o f  o c e a n i c  p r o p e r t i e s ,  chemical p o l l u t i o n ,  
s t r u c t u r a l  e f f e c t s ,  and socio- legal /economic 
m a t t e r s .  S p e c i f i c  problem a r e a s  i n c l u d e  impiage- 
ment and en t ra inment  a s s o c i a t e d  w i t h  seawater  in -  
t a k e s ,  p a r t i c u l a r l y  t h e  evapora to r  i n t a k e ,  pe r tu rba -  
t i o n s  t o  t h e  ambient t empera tu re ,  s a l i n i t y  and 
n u t r i e n t  d i s t r i b u t i o n s  by t h e  d i s c h a r g e  plume t h a t  
e n t r a i n  ambient wa te r  a s  i t  s i n k s  o r  r i s e s  t o  some 
e q u i l i b r i u m  e l e v a t i o n ,  and d i s c h a r g e  plumes a s  
conveyers  of b i o c i d e s ,  c o r r o s i o n  p roduc t s ,  and work- 
i n g  f l u i d  (due t o  l e a k s )  i n t o  t h e  wa te r  column down- 
c u r r e n t  of t h e  p l a n t .  Many of t h e  p h y s i c a l  pro- 
c e s s e s  r e l a t e d  t o  t h e s e  problem a r e a s  a r e  t h e  same 
a s  t h e  p rocesses  governing r e s o u r c e  u t i l i z a t i o n .  

I n t a k e  Flows and ~ntrainment/Irnpingement 

The p h y s i c a l  problem a s s o c i a t e d  w i t h  i n t a k e s  and 
en t ra inment  and impingement e f f e c t s  is t h e  es t ima-  
t i o n  of t h e  mass f l u x  of b i o t a  i n t o  t h e  sea-water 
i n t a k e s .  I f  t h e  d i s t r i b u t i o n s  of b i o t a  of concern 
were uniform throughout  t h e  wa te r  column, t h e  mass 
f l u x  would b e  s imply t h e  product  of t h e  concentra-  
t i o n  and t h e  i n t a k e  f low r a t e .  However, because 
v e r t i c a l  d i s t r i b u t i o n s  of b i o t a  e x i s t ,  p a r t i c u l a r l y  
r e l a t i v e  t o  t h e  evapora to r  i n t a k e s ,  t h e  d i s t r i b u -  
t i o n  i n  t h e  wa te r  column of f low t o  t h e  i n t a k e  may 
b e  important  f o r  e s t i m a t e s  of impingernentlentrain- 
ment impacts .  Determinat ion of t h e  zone o f  i n f l u -  
ence o f  t h e  i n t a k e  f lows invo lves  t h e  same pro- 
c e s s e s  desc r ibed  above i n  t h e  d i s c u s s i o n  of evapor- 
a t o r  i n t a k e  wa te r  temperature .  Add i t iona l  work on 
i n t a k e  f low hydrodynamics i s  r e q u i r e d  a long  w i t h  
t h e  r e s u l t s  of b i o l o g i c a l  sampling t o  improve e s t i -  
mates  of mass f l u x e s  t o  i n t a k e s .  

Near-Plant Impacts o f  Discharges  

I n  o r d e r  t o  d e s i g n  a  d i s c h a r g e  system f o r  a n  
OTEC p l a n t  t h a t  w i l l  b e  environmental ly  a c c e p t a b l e ,  
one must f i r s t  b e  a b l e  t o  p r e d i c t  t h e  f a t e  o f  t h e  
e f f l u e n t  and t h e n  a s s e s s  i ts  impact on t h e  environ-  
ment. The immediate f a t e  of t h e  e f f l u e n t  depends 
on bo th  t h e  p l a n t  d i s c h a r g e  c o n f i g u r a t i o n  and t h e  
ambient ocean c o n d i t i o n s .  I n i t i a l l y  t h e  e f f l u e n t  
w i l l  behave a s  a  buoyant jet,  e n t r a i n i n g  ambient 
seawater  a s  it s i n k s  ( o r  r i s e s )  and e v e n t u a l l y  
becoming n e u t r a l l y  buoyant,  on t h e  ave rage ,  w i t h  
r e s p e c t  t o  t h e  su r round ing  ocean wa te r .  I n  t h i s  
n e a r - f i e l d  r e g i o n  o f  t h e  plume t h e  p h y s i c a l  impact 
of t h e  e f f l u e n t  plume can  b e  c h a r a c t e r i z e d  by t h e  
e q u i l i b r i u m  depth,  t h e  d i l u t i o n ,  t h e  plume wid th  
and t h i c k n e s s ,  and t h e  d i s t u r b a n c e s  t o  t h e  ambient 
t empera tu re  and s a l i n i t y  p r o f i l e s .  Determinat ion 
of t h e s e  plume c h a r a c t e r i s t i c s  has  been an  objec-  
t i v e  of n e a r - f i e l d  p h y s i c a l  model s t u d i e s .  Most o f  

t h e  exper iments  c a r r i e d  o u t  t o  i n v e s t i g a t e  d i r e c t  
r e c i r c u l a t i o n  p rov ide  t h e  a d d i t i o n a l  o p p o r t u n i t y  
f o r  measurements o f  g r o s s  plume c h a r a c t e r i s t i c s .  
A n a l y t i c a l  and numerical  model approaches  a r e  
d i f f i c u l t  i n  c a s e s  where i n t a k e  f lows and ambient 
c u r r e n t s  make e x t e r n a l  f low f i e l d s  complex, b u t  
they may p rov ide  some guidance f o r  t h e  s imple r  
c o n d i t i o n s .  

P h y s i c a l  model s t u d i e s  a t  MIT r e p o r t e d  by Adams 
e t  a1. 5 * i 0  included b o t h  evaporator-only  and mixed -- 
d i s c h a r g e s  i n t o  s t a g n a n t ,  s t r a t i f i e d  r e c e i v i n g  
wa te r s .  Rad ia l  d i s c h a r g e  p o r t s  and f low r a t e s  
corresponding t o  a  n e t  g e n e r a t i n g  c a p a c i t y  of 400 MW 
were used i n  most c a s e s .  R e a l i s t i c  s t r a t i f i c a t i o n s  
were used w i t h  mixed-layer dep ths  i n  t h e  30-70 m 
range.  I n  t h e  c a s e  o f  t h e  evaporator-only  d i s -  -.:. 
charges ,  t h e  n e a r - f i e l d  plume e q u i l i b r i u m  dep th  was 
10-15 m below t h e  mixed l a y e r  f o r  d i s c h a r g e  dep ths  
va ry ing  from 1 0  m above t h e  bottom of  t h e  mixed 
l a y e r  t o  40 m below. The t h i c k n e s s  o f  t h e  plume a t  
e q u i l i b r i u m  ranged from 15-50 m, w i t h  plume th ick -  
n e s s  i n c r e a s i n g  w i t h  i n c r e a s i n g  d i s t a n c e  between 
t h e  d i s c h a r g e  p o r t  and plume e q u i l i b r i u m  e l e v a t i o n s .  
The c e n t e r l i n e  d i l u t i o n  900 m from t h e  p o i n t  of d i s -  
charge (we l l  a f t e r  e q u i l i b r i u m  dep th  had been 
reached)  was measured us ing  dye t o  b e  5-10. I n  t h e  
mixed-discharge t e s t s ,  t h e  e q u i l i b r i u m  dep th  was 
found t o  b e  25-75 m deeper  than  f o r  t h e  co r re -  
sponding evaporator-only  d i s c h a r g e  t e s t s ,  and the .  
plume t h i c k n e s s  60% l a r g e r .  D i l u t i o n s  were typi-  
c a l l y  i n  t h e  same range  a s  observed i n  t h e  evapo- 
r a to r -on ly  d i s c h a r g e  t e s t s ,  t h a t  is,  5-10. A few . 
t e s t s  were  conducted w i t h  4-por t  d i s c h a r g e  conf ig-  
u r a t i o n s .  The l i m i t e d  r e s u l t s  s u g g e s t  t h a t  t h e  
r e s u l t i n g  plume behaves s i m i l a r l y  t o  t h e  plumes 
from t h e  axisymmetric r a d i a l  d i scha rge .  

I n t e g r a l - t y p e  j e t  a n a l y s e s  were a l s o  a p p l i e d  t o  
e s t i m a t e  d i s c h a r g e  plume behavior  f o r  v a r i o u s  
d i s c h a r g e  modes, d i s c h a r g e  d e p t h s ,  and d i s c h a r g e  
o r i e n t a t i o n s .  C a l c u l a t i o n s  were made us ing  a n  
a n a l y s i s 1 9  of a  submerged round buoyant j e t  i n t o  a  
s t a g n a n t  s t r a t i f i e d  r e c e i v i n g  wa te r  body f o r  a n  
ambient d e n s i t y  p r o f i l e  based on t h e  ave rage  
t empera tu re  p r o f i l e  f o r  t h e  month of September a t  
Keahole P o i n t ,  Hawaii. Discharge f low r a t e s  
corresponding t o  a  50-MW OTEC u n i t  and d i s c h a r g e  
v e l o c i t i e s  of 2  mbs were used. The plume e q u i l i b -  
rium d e p t h s  p r e d i c t e d  f o r  t h e  h o r i z o n t a l  d i s c h a r g e  
c a s e s  a r e  i n  g e n e r a l  agreement w i t h  t h e  r e c e n t  MIT 
p h y s i c a l  model r e s u l t s  f o r  b o t h  t h e  evaporator-only  
and mixed d i s c h a r g e  modes. The e q u i l i b r i u m  dep ths  
i n  t h e  mixed-discharge c a s e s  a r e  about  40 m deeper  
t h a n  f o r  t h e  evaporator-only  d i s c h a r g e  c a s e s .  
V e r t i c a l l y  downward d i s c h a r g e s  r e s u l t e d  i n  e q u i l i b -  
rium d e p t h s  t h a t  a r e  60 m deeper  f o r  t h e  evaporator-  
o n l y  c a s e s  and 80 m deeper  f o r  t h e  mixed d i s c h a r g e  
c a s e s  t h a n  found f o r  h o r i z o n t a l  d i s c h a r g e s .  The 
d i l u t i o n  a t  t h e  j e t  c e n t e r l i n e  when t h e  j e t  h a s  
l e v e l e d  o u t  a t  t h e  e q u i l i b r i u m  dep th  a r e  p r e d i c t e d  
t o  b e  i n  t h e  r ange  of 3-5 ( ave rage  d i l u t i o n  o f  
6-10), w i t h  h o r i z o n t a l  d i s c h a r g e s  producing s l i g h t l y  
l a r g e r  d i l u t i o n s  t h a n  v e r t i c a l  d i scha rges .  The 
d iamete r  o f  t h e  j e t  a t  t h i s  p o i n t  (de f ined  h e r e  
a r b i t r a r i l y  a s  t h e  d iamete r  of t h e  contour  co r re -  
sponding t o  a  d i l u t i o n  o f  20) is abou t  90 m f o r  t h e  
h o r i z o n t a l  evaporator-only  d i s c h a r g e  c a s e s  and 130 m 
f o r  t h e  h o r i z o n t a l  mixed d i s c h a r g e  c a s e s .  The j e t  
d i amete r  is  p r e d i c t e d  t o  b e  1.7-1.9 t imes l a r g e r  
i n  t h e  c a s e  of v e r t i c a l l y  downward d i s c h a r g e s .  

The fo l lowing  g e n e r a l  conc lus ions  can  b e  drawn 
from t h e  above p h y s i c a l  model and a n a l y t i c a l  model 
s t u d i e s .  Mixed d i s c h a r g e s  and v e r t i c a l l y  downward 
d i s c h a r g e s  produce s i g n i f i c a n t l y  deeper  (50-75 m) 
e q u i l i b r i u m  dep ths  and on ly  s l i g h t l y  s m a l l e r  



d i l u t i o n s  than s e p a r a t e  d i s c h a r g e s  (assuming no 
i n t e r f e r i n g  i n t e r a c t i o n )  and h o r i z o n t a l  d i scharges .  
Whether such d i f f e r e n c e s  a r e  important  i n  terms of 
p o t e n t i a l  b i o s t i m u l a t i o n  o r  b i o c i d e  d i s t r i b u t i o n s  
is n o t  known presen t ly .  The r e s u l t s  of b i o l o g i c a l  
sampling a t  OTEC s i t e s  and l a b o r a t o r y  s t u d i e s  on 

. b i o s t i m u l a t i o n  and t o x i c i t y  w i l l  b e  used w i t h  t h e  
plume p r e d i c t i o n s  t o  a s s e s s  p o t e n t i a l  e c o l o g i c a l  
impacts.  

The near - f i e ld  behavior  of t h e  d i s c h a r g e  plume 
w i l l  a l s o  be a f f e c t e d  by ambient ocean c u r r e n t s .  
Currents  may i n c r e a s e  d i l u t i o n s  by i n c r e a s i n g  t h e  
supply of ambient ocean wa te r ,  b u t  they  may a l s o  
cause t h e  plumes from i n d i v i d u a l  p o r t s  t o  i n t e r a c t  
w i t h  one ano ther  and e f f e c t i v e l y  block t h e  in f low 
of  d i l u t i o n  water.  Also,  ambient c u r r e n t s  may a c t  
t o  i n h i b i t  t h e  degree of v e r t i c a l  p e n e t r a t i o n  of 
t h e  plume t o  dep ths  l e s s  than  those  found f o r  
s t agnan t  environments.  Phys ica l  model exper iments  
p r e s e n t l y  underway a t  MIT w i l l  s tudy  t h e  e f f e c t  of 
c u r r e n t s  on t h e  e x t e r n a l  flow f i e l d  i n  a  s t r a t i f i e d  
cnvironmant. I f  nea r  s t a g n a n t  c o n d i t i o n s  e x i s t  f o r  
long p e r i o d s  of t ime, however, t h e r e  may b e  a  
bui ldup of t h e  e f f l u e n t  i n  t h e  v i c i n i t y  of t h e  
p l a n t .  This  may a l s o  occur  i n  t h e  presence of 
smal l  c u r r e n t s  which r e v e r s e  p e r i o d i c a l l y  and re-  
t u r n  t h e  e f f l u e n t  t o  t h e  immediate p l a n t  s i t e .  
Data on ambient ocean c o n d i t i o n s  and t h e  t ime s c a l e  
of changes i n  ambient ocean c o n d i t i o n s  a t  proposed 
OTEC deployment s i t e s  a r e  needed t o  p r e d i c t  t h e  
phys ica l  near-plant  behavior  of t h e  e f f l u e n t  and 
t h u s  a s s e s s  t h e  p o s s i b l e  environmental impacts.  

Downcurrent E f f e c t s  of Discharges 

When t h e  d i scharge  e f f l u e n t  from t h e  p l a n t  has  
reached i ts  equ i l ib r ium depth,  i t  has  l o s t  i ts  j e t -  
l i k e  c h a r a c t e r i s t i c s  and has  a v e l o c i t y  on ly  
s l i g h t l y  d i f f e r e n t  t h a n  t h e  ambient c u r r e n t .  I ts  
i n t r u s i o n  i n t o  t h e  s t r a t i f i e d  ocean r e s u l t s  i n  a  
c o l l a p s e  of t h e  plume i n  t h e  v e r t i c a l  d i r e c t i o n  and 
spreading l a t e r a l l y  due t o  g r a v i t y  f o r c e s .  The 
i n t e r a c t i o n  of t h e  spreading l a y e r  and t h e  ambient 
c u r r e n t  i n  t h e  i n t e r m e d i a t e  f i e l d  produces a  plume 
t h a t  extends upcur ren t  of t h e  p l a n t  and grows i n  
width downcurrent of t h e  p l a n t  due t o  g r a v i t y  
spreading u n t i l  g r a v i t y  f o r c e s  become smal l  and 
t u r b u l e n t  d i f f u s i o n  t a k e s  over  a s  t h e  dominant 
mixing process .  

J i r k a l *  has  been s tudy ing  t h e  spreading of  plumes 
from OTEC p l a n t s  i n  t h e  i n t e r m e d i a t e - f i e l d  reg ion .  
As i n d i c a t e d  above i n  t h e  d i s c u s s i o n  of  p l a n t  
spacing f o r  r esource  u t i l i z a t i o n  purposes ,  one- 
dimensional a n a l y s i s  provide e s t i m a t e s  of plume 
spreading downcurrent of  t h e  p l a n t .  For example, 
f o r  a  100-MW p l a n t  i n  a n  ambient c u r r e n t  of  
0.125 m / s ,  t h e  plume between t h e  l a y e r s  of  a two- 
l a y e r  ocean is pred ic ted  t o  be  about  1 5  km wide and 
4 m t h i c k  nea r  t h e  p l a n t  and about  30 lan wide and 
2  m t h i c k  1 0  km downcurrent. Even i n  t h e  c a s e  of 
a n  ambient c u r r e n t  a s  l a r g e  a s  0 .5  m / s ,  t h e  plume 
is pred ic ted  t o  b e  6 km wide 1 0  km downstream. 
Recent a n a l y s i s  by J i r k a l Z  of t h e  two-dimensional 
( l a t e r a l  and l o n g i t u d i n a l )  a s p e c t s  of  in te rmedia te -  
f i e l d  spreading a l lows  approximate s o l u f i o n s  f o r  t h e  
c a s e s  of  two-layer and l i n e a r l y - s t r a t i f i e d  environ- 
ments. I n i t i a l  r e s u l t s  i n d i c a t e  t h a t  t h e  l a t e r a l  
spreading i s  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  magnitude 
of t h e  ambient c u r r e n t  and t h a t  downcurrent plume 
widtho may exceed p r e d i c t i o n s  from t h e  one-dimen- 
s i o n a l  a n a l y s i s .  Laboratory exper iments  by Jirka, 
a t  Corne l l ,  a r e  being performed t o  e v a l u a t e  t h e  
approximate s o l u t i o n s  i n  t h e  v i c i n i t y  of t h e  p l a n t .  

Trans ien t  plume motions i n  t h e  i n t e r m e d i a t e  f i e l d  
a r e  being i n v e s t i g a t e d  by Jirka i n  a d d i t i o n  t o  t h e  
s t e a d y  c a s e s  d i scussed  above. L i t t l e  a d d i t i o n a l  
d i l u t i o n  of  t h e  p l a n t  e f f l u e n t  can be  expected i n  
t h e  i n t e r m e d i a t e  f i e l d ,  a l though t h e  plume w i l l  b e  
co l l apsed  t o  a t h i n ,  wide l a y e r .  P a s s i v e  t u r b u l e n t  
d i f f u s i o n  of t h a t  l a y e r  a t  d i s t a n c e s  downstream of 
t h e  i n t e r m e d i a t e  f i e l d  w i l l  r e s u l t  i n  a d d i t i o n a l  
r e d u c t i o n  i n  c o n s t i t u e n t  concen t ra t ions .  Such 
mixing p rocesses  are r a t h e r  slow and may n o t  r e s u l t  
i n  l a r g e  d i l u t i o n s ,  however, v e r t i c a l  th inn ing  due 
t o  g r a v i t y  sp read ing  may r e s u l t  i n  breakup of t h e  
d i s c r e t e  l a y e r  i n t o  pa tches  t h a t  i n  t u r n  might 
exper ience  enhanced mixing wi th  ambient wa te r s .  

Environmental Impacts (Many P l a n t s )  

P r e d i c t i o n  of t h e  l a r g e - s c a l e  e f f e c t s  o f  many 
i n t e r a c t i n g  p l a n t s  r e q u i r e s  a n  unders tanding of t h e  
i n t e r a c t i o n s  among i n d i v i d u a l  p l a n t s  and of  t h e  
t r a n s p o r t  c h a r a c t e r i s t i c s  of t h e  r e g i o n  i n  which 
t h e  p l a n t s  a r e  l o c a t e d .  The i n t e r a c t i o n s  among 
p l a n t  e f f l u e n t  plumes depend l a r g e l y  on t h e  i n t e r -  
media te - f i e ld  sp read ing  and p l a n t  spacing.  C r i t e r i a  
f o r  spacing from a n  environmental impact viewpoint  
r e q u i r e  some assessments  of  downcurrent b ios t imula -  
t i o n  p o t e n t i a l s  and/or  b i o c i d e  l e v e l s  and a r e  y e t  
t o  be  e s t a b l i s h e d .  However, t h e  p r e d i c t i v e  t o o l s  
f o r  t h e  p h y s i c a l  t r a n s p o r t  a r e  being developed 
p r e s e n t l y  and t h e  b i o l o g i c a l  sampling a c t i v i t i e s  
a r e  underway. The problem of r e g i o n a l  t r a n s p o r t  
pathways and r e g i o n a l  accumulation of  c e r t a i n  
e f f l u e n t  c o n s t i t u e n t s  is more d i f f i c u l t  t o  
address .  F i e l d  o b s e r v a t i o n s  of c u r r e n t s ,  bo th  
h i s t o r i c a l  and those  under taken f o r  t h e  OTEC pro- 
gram, w i l l  p rov ide  some i n s i g h t  i n t o  t h e  t r a n s p o r t  
p rocesses .  However, c o n s i d e r a t i o n  of long-term n e t  
t r a n s p o r t s ,  of  p a r t i c u l a r  i n t e r e s t  f o r  t h e  assess -  
ment of r e g i o n a l  e f f e c t s  a t  OTEC s i t e s ,  may r e q u i r e  
a  combination of o b s e r v a t i o n a l  d a t a  and numerical  
modeling. I s l a n d  s i t e  a r e a s ,  whi le  unbounded i n  
some s e n s e ,  may be  of  concern because of t h e  
proximity  t o  i s l a n d  c o a s t a l  wa te r s .  Thus, c i r c u l a -  
t i o n  around and i n  t h e  c o a s t a l  wa te r s  of  i s l a n d s  
w i l l  r e c e i v e  a t t e n t i o n  i n  t h e  nea r  f u t u r e .  

The Gulf of Mexico, because of i t s  bas in - l ike  
f e a t u r e s ,  r a i s e s  obvious ques t ions  about  r e s i d e n c e  
t imes and t r a n s p o r t  pathways f o r  e f f l u e n t s  i n  t h e  
i n s t a n c e  of l a r g e - s c a l e  OTEC opera t ion .  Prel imi-  
nary t r a n s p o r t  c a l c u l a t i o n s  f o r  marked t r a c e r s  i n  
t h e  two-layer Gulf of  Mexico model by Thompson and 
~ u r l b u r t  ' i n d i c a t e d  t h e  d i f f e r e n c e s  i n  t r a n s p o r t  
f e a t u r e s  f o r  s i t e s  i n  t h e  n o r t h e r n  Gulf o f f  New 
Orleans ,  i n  t h e  r a t h e r  q u i e t  c e n t r a l  Gulf ,  and i n  
t h e  a c t i v e  t r a n s p o r t  a r e a  i n  t h e  e a s t e r n  Gulf o f f  
Tampa. The focus  of  t h e  a p p l i c a t i o n  of t h e  more 
d e t a i l e d  c i r c u l a t i o n  model of t h e  Gulf of Mexico 
under development by Dynalysis  of P r ince ton ,  Inc .  ,17 
i s  t h e  examinat ion of  t h e  t r a n s p o r t  and mixing of  
e f f l u e n t s  from OTEC power parks  a t  s e v e r a l  l o c a t i o n s  
i n  t h e  Gulf.  The enhanced v e r t i c a l  r e s o l u t i o n  i n .  
t h e  20-layer Dynalysis  model w i l l  permit inves t iga -  
t i o n  of t h e  l a r g e - s c a l e  i m p l i c a t i o n s  of p l a n t  des igns  
t h a t  r e s u l t  i n  d i f f e r e n t  near-plant  e f f l u e n t  behavior  
(e.g.  evaporator-only vs .  mixed d i scharges ) .  The 
e f f e c t s  of park l o c a t i o n  and s i z e  on e f f l u e n t  t r ans -  
p o r t  pathways and r e s i d e n c e  t imes w i l l  be  i n v e s t i -  
ga ted  a s  we l l .  

C l imat ic  E f f e c t s  

Impacts on t h e  c l i m a t e  due t o  t h e  o p e r a t i o n  of a  
smal l  number of  OTEC p l a n t s  a r e  n o t  l i k e l y  t o  be  



measurable.  However, t h e  p o s s i b i l i t y  of l a rge -  
s c a l e  deployments of OTEC p l a n t s  i n  t h e  f u t u r e  
r e q u i r e s  t h a t  t h e  c l i m a t i c  consequences of such 
deployments b e  considered.  The p o s s i b l e  impacts 
of immediate concern a r e  a tmospheric  load ing  of C02 
and wea ther lc l ima te  modi f i ca t ion  due t o  modif ica-  
t i o n  of a i r - s e a  h e a t  exchange.processes .  

C02 Loading t o  t h e  Atmosphere 

Deep ocean water  is enr iched w i t h  inorgan ic  ca r -  
bon wi th  r e s p e c t  t o  t h e  s u r f a c e  wa te r s ,  and, be- 
cause of t h e  b u f f e r i n g  c a p a c i t y  of t h e  s u r f a c e  
wa te r ,  C02 may evolve from deep water  brought t o  t h e  
s u r f a c e  f o r  OTEC condensers .  The p o t e n t i a l  excess  
C02 i n  co ld  water  brought  t o  t h e  s u r f a c e  over  sur-  
f a c e  water  v a l u e s  is  on t h e  o r d e r  of 1.7 x kg 
C02/kg H20. I n  terms of a 200-MW OTEC p l a n t ,  t h e  
excess  f l u x  of  C02 a v a i l a b l e  t o  t h e  atmosphere 
would be  about  1 .2  x l o 6  kg/day.20 For comparison, 
t h e  amount of C02 r e l e a s e d  t o  t h e  atmosphere by a 
f o s s i l - f u e l - f i r e d  power p l a n t  of  t h e  saiue e l e c t r i -  
c a l  c a p a c i t y  is two t o  t h r e e  t imes a s  much.21 This  
a n a l y s i s  should y i e l d  a n  upper bound on p o t e n t i a l  
C02 a d d i t i o n s  t o  t h e  atmosphere, a l though  t h e  re-  
s u l t s  of s i t e - s p e c i f i c  measurements may i n d i c a t e  
s l i g h t l y  d i f f e r e n t  v a l u e s  of t h a t  upper bound. 
However, condenser e f f l u e n t s  from closed-cycle  
OTEC p l a n t s  could w e l l  be  discharged below t h e  I 

mixed l a y e r  ( a s  i n d i c a t e d  i n  e a r l i e r  s e c t i o n s ) ,  and 
t h e  t o t a l  evo lu t ion  of excess  carbon t o  C02 may n o t  
be  r e a l i z e d .  The f a t e  of t h e  deep-water carbon 
depends on bo th  t h e  complex ca rbona te  chemistry  of 
seawater  and t h e  p h y s i c a l  mixing of t h e  e f f l u e n t  
i n  t h e  ocean. Es t imates  of p h y s i c a l  mixing a r e  
a v a i l a b l e  from p h y s i c a l  model s t u d i e s  and mathemati- 
c a l  a n a l y s i s ,  bu t  p r e s e n t  l i m i t e d  unders tanding of 
oceanic  ca rbona te  systems p rec ludes  d e f e n s i b l e  
e s t i m a t e s  of t h e  f a t e  of carbon i n  t h e  water  
column. 

Air-Sea Heat Exchange Processes  

OTEC p l a n t s  remove h e a t  from t h e  s u r f a c e  l a y e r s  
of t h e  ocean and, consequent ly ,  may produce s e a  
s u r f a c e  temperature  depress ions .  The zeroth-order  
e s t i m a t e  of s e a  s u r f a c e  temperature  depress ions  
f o r  1000 100-MW OTEC p l a n t s  o p e r a t i n g  i n  t h e  Gulf 
of Mexico is  l e s s  than  1 C0.14 This  is  a smal l  
number, c e r t a i n l y  i n  t h e  n o i s e  of ambient ocean 
temperature  f l u c t u a t i o n s ,  b u t  t h e r e  a r e  sugges t ions  
t h a t  even smal l  temperature  changes may be  respon- 
s i b l e  f o r  c l i m a t i c  changes. Moreover, models f o r  
t h e  p r e d i c t i o n  of  c l i m a t i c  changes a r e  n o t  ade- 
qua te ly  developed t o  b e  s e n s i t i v e  t o  such smal l  
temperature  changes. 

The zeroth-order  e s t i m a t e s  of  sea-surface temper- 
a t u r e  depress ions  were found i n  a l a t e ra l ly -averaged  
model of t h e  Gulf of Mexico. Actual  three-dimen- 
s i o n a l  d i s t r i b u t i o n s  of water  temperature  per turba-  
t i o n s  may be  d i f f e r e n t .  That is,  l o c a l  depress ions  
i n  t h e  v i c i n i t y  of OTEC power pa rks  may have l a r g e r  
magnitudes and smal le r  s u r f a c e  a r e a s  a s s o c i a t e d  
wi th  them than  i n d i c a t e d  by l a te ra l ly -averaged  
models. Appl ica t ion  nf t h e  m u l t i l a y e r  c i r c u l a t i o n  
model of t h e  Gulf of Mexico by Dynalysis  t o  t h e  c a s e  
of l a rge -sca le  OTEC deployment w i l l  p rov ide  some 
e s t i m a t e s  of  sea-surface temperature  depress ions .  
These e s t i m a t e s  w i l l ,  of course ,  be  l i m i t e d  i n  t h a t  
t h e  Gulf of Mexico model w i l l  n o t  b e  a coupled 
ocean-atmosphere model and w i l l  n o t  p r e d i c t  atmo- 
s p h e r i c  impacts due t o  change i n  t h e  ocean. The 
r e s u l t s  of t h i s  s tudy  w i l l  c e r t a i n l y  n o t  overcome 

t h e  d i f f i c u l t i e s  of modeling c l i m a t i c  changes, b u t  
they  w i l l  p rov ide  bounds on t h e  ocean a r e a s  a f f e c t e d .  
The means of  a s s e s s i n g  t h e  c l i m a t i c  impact from such  
ocean temperature  p e r t u r b a t i o n s  remains t o  be  found.. 

Summary 

Phys ica l  model s t u d i e s  a r e  being employed t o  
p rov ide  answers t o  ques t ions  regard ing  resource  
u t i l i z a t i o n  and environmental impacts i n  t h e  near- 
p l a n t  r eg ion .  S t u d i e s  of  i n t a k e  flow f i e l d s  a r e  
requ i red  f o r  b e t t e r  d e f i n i t i o n  of t h e  magnitude of 
evapora to r  i n t a k e  water  temperature  v a r i a b i l i t y  and 
of impingement len t ra iment  impacts.  Mathematical 
modeling of  d e n s i t y  sp read ing  i n  t h e  i n t e r m e d i a t e  
f i e l d  of  e f f l u e n t  plumes is producing g u i d e l i n e s  
f o r  downcurrent impact assessment  and plant-spacing 
requircnier~ts .  Oceanic r e g i o n a l  and i s l a n d  c o a s t a l  
c i r c u l a t i o n  models a r e  necessa ry  f o r  t h e  assessment  
of f a r - f i e l d  e f f l u e n t  plume impacts and resource  
renewal.  A basin-wide numerical model i s  being 
a p p l i e d  t o  t h e  Gulf 01 Mexico t o  i n v e s t i g a t e  t h e  
t r a n s p o r t  pathways and r e s i d e n c e  t imes f o r  e f f l u e n t s .  
and resource  renewal c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  
l a r g e - s c a l e  deployments of  OTEC p l a n t s .  Determina- 
t i o n s  of c l i m a t i c  impacts a r e  p r e s e n t l y  l i m i t e d  t o  
e s t i m a t e s  of upper bounds f o r  C02 load ing  t o  t h e  
atmosphere and of s e a  s u r f a c e  temperature  depres- 
s i o n s  t h a t  d r i v e  a i r - s e a  h e a t  exchange p rocesses .  
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