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In t roduc t ion  

Lawrence Berkeley Laboratory (LBL) f i r s t  began working on seasona l  

thermal  energy s t o r a g e  i n  a q u i f e r s  i n  1976. I n i t i a l  s t u d i e s  have included 

comprehensive gene r i c  c a l c u l a t i o n s  based on a numerical  model t o  c a l c u l a t e  

t h e  coupled hea t  and f l u i d  flows i n  a three-dimensional,  complex-geometry 

a q u i f e r  system. Various s i t u a t i o n s  have been considered,  inc luding  hot  

o r  co ld  water s t o r a g e ,  s t o r a g e  f o r  d i f f e r e n t  pe r iods  of t i m e ,  inhomo- 

gene i ty  of t h e  s t o r a g e  a q u i f e r ,  t h e  presence of b a r r i e r s ,  r e g i o n a l  flow, 

and t h e  s i t u a t i o n  of a s t o r a g e  w e l l  p a r t i a l l y  o r  f u l l y  pene t r a t ing  t h e  

aqu i f e r .  Many of t h e  r e s u l t s  have been publ ished i n  a s e r i e s  of papers  

( f o r  example, References 1-3). 

I n  1978, LBL organized and hosted t h e  F i r s t  I n t e r n a t i o n a l  Workshop 

on Aquifer Thermal Energy Storage. Act ive workers from n ine  coun t r i e s  

p a r t i c i p a t e d  i n  t h i s  workshop a n d - t h e i r  c o n t r i b u t i o n s  were publ ished i n  

The Workshop Proceedings (Reference 4 ) .  Since t h e  Workshop, a p e r i o d i c  

Newslet ter  (Reference 5)  has  kept  r e sea rche r s  a b r e a s t  of t h e  c u r r e n t  

s t a t u s  of v a r i o u s  p r o j e c t s  worldwide. Many of t h e s e  p r o j e c t s  a r e  re- 

viewed i n  i n v i t e d  conference review papers  publ ished i n  1979 (References 

6 and 7) .  

During f i s c a l  year  1979 (October 1978 - September 1979) major LBL 

work involved the  numerical modeling of t h e  recently-completed ho t  water 

s t o r a g e  f i e l d  experiments a t  Auburn Universi ty .  This  work w a s  funded by 

t h e  U.S. Department of Energy, Energy Storage  Div is ion ,  through B a t t e l l e  

P a c i f i c  Northwest Laboratory and Oak Ridge Nat iona l  Laboratory. Work was 

a l s o  done, under s e p e r a t e  funding,  on t h e  b a s i c  understanding of thermal  

s t r a t i f i c a t i o n ,  d i spe r s ion ,  and buoyancy f low i n  an  a q u i f e r  used f o r  

ho t  o r  co ld  water s torage .  These ques t ions  are c r u c i a l  i n  determining 

t h e  e f f i c i e n c y  of a q u i f e r  energy s t o r a g e  and w i l l  b e  d iscussed  elsewhere 

(References 8 and 9) .  



The remainder of t h i s  paper w i l l  summarize t h e  r e s u l t s  of t h e  simu- 

l a t i o n  of Auburn f i e l d  experiments. Details of t h e  s imula t ion  w i l l  b e  

publ ished i n  a paper under prepara t ion .  

Simulat ion of Auburn F i e l d  Experiments 

The r ecen t  experiments by Auburn Univers i ty  involved two in j ec t ion -  

s torage-recovery cyc les .  D e t a i l s  may b e  found i n  a companion paper (Ref- 

e rence  10). The f i r s t  six month.injection-storage-production cyc le  

involved t h e  s t o r a g e  of 55000 m3 of water a t  about 55OC. The i n j e c t i o n  

took 79.2 days, a t  t h e  end of which t h e  ho t  water w a s  s t o r e d  f o r  52.5 

days. Product ion was then  s t a r t e d  at an average r a t e  of 245.6 gpm u n t i l  

t h e  recovered water temperature f e l l  t o  32.8OC. A t  t h a t  po in t  66% of t h e  

i n j e c t e d  energy was recovered. The second inject ion-storage-product ion 

cyc le  was c a r r i e d  out  i n  e s s e n t i a l l y  t h e  same manner, using 58,000 m3 of 

water  a t  an average temperature of 55.40C. When t h e  product ion temper- 

a t u r e  had dropped t o  33OC, a recovery of 76% of t he  i n j e c t e d  energy 

was r ea l i zed .  

The f i r s t  s t a g e  of t h e  s imula t ion  involved the  determinat ion of t h e  

hydrau l i c  parameters of t h e  a q u i f e r  ( t h e  t r a n s m i s s i v i t y  and s t o r a t i v i t y ) ,  

and t h e  l o c a t i o n  of a l i n e a r  hydrologic  b a r r i e r  through w e l l  test ana lys i s .  

Conventional w e l l  t e s t  type  curve a n a l y s i s  techniques r e q u i r e  a cons tan t  

o r  c a r e f u l l y  c o n t r o l l e d  flow r a t e .  To g e t  around t h i s  l i m i t a t i o n ,  LBL 

has  developed a computer-assisted a n a l y s i s  method, program ANALYZE 

(References 11 and 12)  t h a t  can handle a system of severa1 ,product ion  

and i n j e c t i o n  w e l l s ,  each flowing a t  an a r b i t r a r i l y  vary ing  flow r a t e .  

This  program was app l i ed  t o  t h e  Auburn case ,  t r e a t i n g  t h e  i n j e c t i o n  

per iod  a l s o  a s  a p a r t  of t h e  w e l l  test d a t a  (Reference 13). 

With parameters  t hus  obta ined ,  t h e  LBL three-dimensional,  complex 

geometry, s ingle-phase model, CCC, was used t o  make d e t a i l e d  modeling 

s tud ie s .  A r a d i a l l y  symmetric mesh was assumed. There is one major 

hydrologic  parameter t h a t  was no t  determined by w e l l  test ana lys i s .  

This  parameter,  t h e  r a t i o  of v e r t i c a l  t o  h o r i z o n t a l  permeabi l i ty ,  has  t o  

be  i n f e r r e d  from f i e l d  exper ience-and  parameter s tud ie s .  Af te r  making a 

pre l iminary  parameter s tudy ,  we decided t o  use a v a l u e  of 0.10 f o r  t h i s  

r a t i o .  The same r a t i o  was suggested by t h e  USGS (Reference 14). 



Because n e i t h e r  t h e  i n j e c t i o n  flow r a t e  nor temperature was held  

cons tant ,  i t  was necessary i n  our s imulat ions t o  break u p ~ b o t h  the  

i n j e c t i o n  (and production) periods i n t o  segments having average flow rate 

and temperature va lues ,  conserving in jec ted  mass and energy (Figure 1). 

Resul ts  of the  simulat ion inc lude  the  recovery f a c t o r ,  p l o t s  of production 

temperatures ve r sus  time, a s  w e l l  a s  temperature contour p l o t s  and 

temperature p r o f i l e s  a t  va r ious  t i m e s  during the  i n j e c t i o n ,  s torage ,  

and production periods. Both t h e  f i r s t  and second cycles have been 

successful ly  simulated. 

For the  f i r s t  cycle ,  t h e  simulated recovery f a c t o r  of 0.68 agrees 

we l l  with the  observed va lue  of 0.66. For the  second cycle  the  simulated 

value  is 0.78, and the  observed value  is 0.76. The d e t a i l s  of the  

comparison between simulated and observed energy recovery can be s tudied  

i n  production temperature versus  time p l o t s  (Figures 2 and 3).  For both 

cycles ,  the  i n i t i a l  simulated and observed temperatures agree (55OC). 

During the  e a r l y  p a r t  of the  production period,  t h e  observed temperatures 

decreases s l i g h t l y  f a s t e r  than the  simulated temperature. During the  

l a t t e r  p a r t ,  t he  simulated temperatures decreases f a s t e r  than t h e  observed 

temperature so  t h a t  by the  end of the  production period the  simulated and 

observed temperatures again agree (33OC). The descrepancy over the  

whole range is, a t  most, 1-2 degress. 

Temperature contour maps of v e r t i c a l  cross-sect ions of the  aqu i fe r  

a t  given times (e.g., Figure 4 )  show the  d e t a i l s  of buoyancy flow, heat  

l o s s  through the  upper and lower confining l aye r s ,  and the  r a d i a l  extent  

of the  hot water i n  the  aquf ier .  Buoyancy flow i s  important i n  t h i s  

r a t h e r  permeable system. Comparison with temperatures recorded i n  obser- 

va t ion  wel ls  throughout the  aqui fer  show t h a t  t h e  simulated temperature 

d i s t r i b u t i o n  agrees genera l ly  with observed temperatures. However, these  

discrepancies a r e  much l a rge r  than t h e  d i f fe rences  between ca lcula ted  

and observed production temperatures. Apparently the re  a r e  l o c a l  

v a r i a t i o n s  i n  the  aqu i fe r  which tend t o  average out. Temperatures 

versus  r a d i a l  d is tance  a t  given depths and t i m e s  a r e  a l s o  p lo t t ed  (e.g. 

Figures 5 and 6)  and, from these  p r o f i l e s ,  the  e f f e c t s  of thermal 

conductivi ty and d ispers ion  on t h e  shape of the  thermal f r o n t  can be 

studied.  



In  order t o  prove t h e  mesh-independence of these r e s u l t s ,  t h e  f i r s t  

cycle has been modeled again, using f i r s t  a coarser  mesh (doubling t h e  

r a d i a l  s t ep )  and then a f i n e r  mesh (half  t h e  r a d i a l  s tep) .  The coarse 

mesh recovery f a c t o r  is 0.65, t o  be compared with a value  of 0.66 using 

our f i r s t  mesh. In te res t ing ly ,  t h e  coarse mesh simulation y ie lds  a 

recovery f a c t o r  s l i g h t l y  c lose r  t o  t h e  observed value than does t h e  

o r i g i n a l  simulation, s o  t h e  increased numerical d ispers ion may be  more 

c lose ly  simulating thermal d ispers ion due t o  l o c a l  he terogenei t ies  i n  

the  aquifer .  Temperature a s  a function of r a d i a l  d is tance  (Figure 7 )  and 

the  production temperature a s  a function of time (Figure 8) show the  

i n s e n s i t i v i t y  of t h e  r e s u l t s  t o  the  mesh chosen. 

Plans f o r  Next Year 

In  the  coming year we have been asked by the  Department of Energy 

through B a t t e l l e  Pac i f i c  NorEhuest Laboratory t o  model the  Texas A and M 

Universi ty c h i l l e d  water s torage  experiment t h a t  was recent ly  completed. 

Further generic and parameter s t u d i e s  w i l l  be made, including ca lcu la t ions  

of e f f e c t s  of varying the  r a t i o  of v e r t i c a l  and hor izonta l  permeabi l i t ies ,  

t h e  s t o r a t i v i t y  parameter, t h e  s torage  temperatures and e f f e c t s  of t h e  

w e l l  p a r t i a l l y  o r  f u l l y  penetrat ing the  aqufier .  The Aquifer Thermal 

Energy Storage Newsletter ed i t ed  and published by Lawrence Berkeley 

Laboratory w i l l  a l s o  be continued. 
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Figure 1. Injection flowrate 
and temperature versus time, 
and the average segments 
used in the simulation. 
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Figure 3. Observed and simu- 
lated production temperature 
as a function of time for 
the second cycle. 
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Figure  4. Simulated temperature contours  i n  a v e r t i c a l  c r o s s  
s e c t i o n  of t h e  a q u i f e r  a t  t h e  end of  t h e  i n j e c t i o n  per iod  
of t h e  f i r s t  cyc le ,  observed temperatures  are a l s o  ind ica t ed .  
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Figure  5. Temperature ver- 
s u s  r a d i a l  d i s t a n c e  a t  
the  end of  i n j e c t i o n  
per iod  f o r  t h e  f i r s t  
cycle.  Shaded curve 
i n d i c a t e s  s imula ted  
va lues ,  boxes show ob- 
served  va lues .  
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Figure  6. Temperature ve r sus  radi-  
a l  d i s t a n c e  a t  t h e  end of  in jec-  
t i o n  pe r iod  f o r  t h e  second cycle .  
The broken curves shows t h e  sirnu- 
l a t e d  va lues  f o r  t h e  f i r s t  cyc l e ,  
f o r  comparison. 



MESH VARIATION 
TEMPERATURE VS. DISTANCE 
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Figure 7. Simulated tem- 
perature versus radial  
distance a t  the end o f  
the inject ion period 
for the coarse, normal, 
and f i n e  meshes. 
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Figure 8. Production temperature 
versus t i m e  f o r  the coarse and 
normal meshes. 


