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Table A-I. Concentration, density, and mole fraction of LiAICI4-SOCI2 
solutions at 25~ based on the experiment of Venkatasetty and 

Saathoff (5) 

Concentration Density 
(mol/liter) (g/cm ~) XLiAIC14 a 

0.00249 1.6438 0.00018 
0.00997 1.6443 0.00072 
0.03046 1.6451 0.00220 
0.04985 1.64599 0.00360 
0.0997 1.64820 0.00722 
0.200 1.6525 0.01450 
0.35 1.65903 0.02540 
0.50 1.66555 0.03633 
0.65 1.67206 0.04729 
0.75 1.6764 0.054395 
0.90 1.68293 0.06561 
1.00 1.68727 0.07296 
1.50 1,7090 0.109895 

aCalculated by iteration as explained in the text. 

Ib  Henr iksens  F o n d  are thanked  for p rov id ing  the  finan- 
cial basis of  this work.  

Manuscript submitted Nov. 30, 1987; revised manuscript 
received June 28, t988. 

Note  added  in proof: Recen t  measu remen t s  (16) agree 
wel l  wi th  our  measu remen t s  also at h igh  concentrat ions .  

A P P E N D I X  
To facili tate compar i sons  wi th  the  l i terature,  data  g iven  

by Venkatase t ty  and Saathoff  (5) for the  densi ty  of  the  
SOC12 solut ion vs. the  molar  LiA1C14 concen t ra t ion  have  
been  used  to es t imate  approx ima te  concentrat ions .  The  
calculat ions  were  based on their  data points  (see Table  
A-I), us ing  an i terat ive method.  We assumed  p grams of 
LiA1C14 per  mole  of  SOC12. Thus,  p = C .  175.732 (118.9894 + 
p)/1000 �9 p, where  C is the  molar  LiA1C14 concentra t ion,  p is 
the  density,  and the  number s  shown are the  molar  masses  
of  LiA1C14 and SOC12. F r o m  p values  calculated i teratively,  
the  molar  f ract ion of  LiA1Ch is easily obta ined  for each of  
the  g iven  concentrat ions.  Then  the  C and p data  were  
t rea ted  by regress ion v s .  XLiAIC] 4 to give l inear  de- 
pendenc ies  

(C • 0.0025) = (13.7007 • 0.0143) �9 XLiAlC14 (R ~ = 0.999987) 

and 

(p +_ 0.0001) = (0.594484 • 0.000934). XLjAlCI4 

+ (1.64388 --+ 0.00004) (R 2 = 0.99997) 

These  l ines are val id in the range 0 < XLIA~C14 < 0.11, 0 < C 
< 1.50 mol/l i ter  and 1.64 < p < 1.71 g/cm ~ and at 25~ At  
h igher  concent ra t ions  l inear  ext rapola t ion  cannot  be  done  
wi th  confidence.  Therefore  the concent ra t ions  in Table  II 
are shown wi th  few digits. 

I t  should  be  no ted  that  the  equa t ion  for the  dens i ty  does  
not  ext rapola te  to the  general ly accepted  room tempera-  
ture  va lue  1.629 g/cm 3 for SOC12 (17). 
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A Mathematical Model of a Lithium/Thionyl Chloride 
Primary Cell 

T. I. Evans,* T. V. Nguyen,* and R. E. Whi te**  

Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

A B S T R A C T  

A one-d imens iona l  ma themat ica l  mode l  for the  l i th ium/th ionyl  chloride, p r imary  cell has been  deve loped  to invest i-  
gate  me thods  of improv ing  its pe r fo rmance  and safety. The  mode l  includes  m a n y  of the  componen t s  of  a typical  l i th ium/  
th ionyl  chlor ide cell such as the porous  l i th ium chlor ide  film which  forms on the  l i th ium anode  surface. The  govern ing  
equa t ions  are formula ted  f rom fundamenta l  conserva t ion  laws us ing porous  e lec t rode  theory  and concen t ra ted  solut ion 
theory.  The  mode l  is used  to predic t  one-dimensional ,  t ime  d e p e n d e n t  profiles of  concentra t ion,  porosity,  current ,  and po- 
tent ia l  as wel l  as cell  t empera tu re  and voltage.  When a certain d ischarge  rate is required,  the  m o d e l  can be  used  to deter- 
mine  the  des ign criteria and opera t ing  var iables  which  yield h igh  cell  capacities.  Mode l  predic t ions  can be used  to estab- 
l ish operat ional  and design l imits  wi th in  wh ich  the  t he rma l  runaway  problem,  inhe ren t  in these  cells, can be  avoided.  

The  l i th ium/th ionyl  chlor ide (Li/SOC12) cell is an attrac- 
t ive  pr imary  energy source because  of  its h igh  energy  den- 
sity (1, 2). However ,  researchers  have  observed  that  the  
Li/SOCI~ cell  is a serious safety hazard under  certain con- 
di t ions (2). High discharge  rates and h igh  t empera tu res  
p r o m o t e  the rmal  runaway  which  can resul t  in the  ven t ing  

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

of  toxic  gases and explosion.  A mathemat ica l  mode l  of  this 
ba t te ry  has been deve loped  to invest igate  the  operat ional  
and des ign characteris t ics  which  can be adjus ted  to yield 
efficient, yet  acceptably  safe Li/SOC12 cells. 

Description of a Li/SOClz Cell 
The  mode l  descr ibes  the  Li/SOCI~ cell  i l lustrated in 

Fig. 1. The  four  cell  regions  are the  l i th ium chlor ide  (LiC1) 
film which  forms on the  anode surface, the  separa tor  (usu- 
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ally a glass matting),  the  e lect rolyte  reservoir ,  and the  po- 
rous  carbon  cathode.  The  anode  surface and ca thode  cur- 
rent  col lector  are the boundar ies  of  the  mode l  region. The  
e lec t ro ly te  consists  of  l i th ium te t rach lo roa lumina te  
(LiA1C14) in th ionyl  chlor ide (SOC12). The  Li/SOC12 cell  is a 
c o m p l e x  chemica l  and e lec t rochemica l  sys tem invo lv ing  
an u n k n o w n  n u m b e r  of react ions (2). The  overal l  react ions 
wh ich  seem mos t  impor tan t  to inc lude  in mode l ing  are: 
the  ox ida t ion  of  l i th ium at the  anode  

Li -+ Li + + e- [1] 

the  reduc t ion  of  SOC12 at the  ca thode  

2SOC12 + 4e- --+ 4C1- + S02 + S [2] 

and the  format ion  of  the LiC1 film on the  anode  and the  
prec ip i ta t ion  of  LiCI on the  pore  surfaces of  the  ca thode  
dur ing  d ischarge  by the  fol lowing react ion 

Li  + + C1- ~ LiCl(s) [3] 

Due  to the  low solubi l i ty  of t iC1 in the  SOCI~ + LiAIC14 sol- 
ven t  (3), react ion [3] is a s sumed  to occur  comple te ly  and in- 
s tantaneously .  Thus,  react ions [2] and [3] can be  combined  
to yield one  overall  react ion represen t ing  the processes  oc- 
cur r ing  wi th in  the  porous  ca thode  

4Li + + 4e- + 2SOC12-+ 4LiC1 + SO~ + S [4] 

Four  species are inc luded  in the  model :  Li  +, A1CI(,  SOC12, 
and LiC1. S ince  the chlor ide  ion, CI-, does  no t  appear  in re- 
act ion [4] it is not  inc luded  in the  model .  Later,  this species 
may  be  inc luded  because  of  its inf luence on species trans- 
por t  (4). In  addit ion,  SO2 and S are not  inc luded  in the  
m o d e l  for s implici ty.  It  is a s sumed  that  they  dissolve into 
the  e lec t ro lyte  due  to their  h igher  solubil i t ies (3). These  as- 
sumpt ions  are m a d e  to s implify the  mode l  deve lopmen t ;  
the  more  species considered,  the  more  complex  and cum- 
be r some  the  t ranspor t  equat ions  become.  The  species  S 
and SO~ m a y  be inc luded  at a later t ime  because  research-  
ers have  shown that  SO2 is the  major  c o m p o n e n t  in the  
vapor  phase  and that  S precipi ta tes  wi th  the  LiC1 in the  po- 
rous  ca thode  (5). 

Szpak  and Venka tse t ty  (6) state that  mode l ing  the  
Li/SOC12 cell  is difficult  due  to the  complex i ty  of  this phys-  
ical system. They  observe  that  as the  cell  discharges,  the  
t empera tu re  and pressure  of  the  cell  change,  the  v o l u m e  of 
e lec t ro lyte  decreases,  the  e lec t ro lyte  compos i t ion  varies,  
and n e w  phases  appear.  However ,  m u c h  can be learned  
f rom a t t empt ing  to descr ibe  these  p h e n o m e n a  th rough  
ma thema t i ca l  model ing.  

Models of the Li/SOCI2 Cell 
Prev ious  workers  have  p resen ted  ma themat i ca l  mode ls  

of  the  Li/SOCl~ cell (4, 7-14) as wel l  as ma thema t i ca l  mod-  
els of  s imilar  e lec t rochemica l  sys tems (15-19). The  
Li/SOC12 cell  m o d e l  deve loped  by Tsaur  and Pol lard  (7) is 
based  on conserva t ion  of  mass  and charge  and is used  to 
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Fig. 1. Schematic representation of a lithium/thionyl chloride cell 

de te rmine  the concent ra t ion  and react ion rate profiles in 
the  cell. Other  Li/SOC12 cell  mode ls  (10-14) are based on 
conserva t ion  of  energy  and are used  to de t e rmine  the  ther- 
mal  behav io r  of  the  cell. 

Tsaur  and Pol lard  (4, 7, 8) p resent  a one-d imens iona l  
m o d e l  of  the  Li/SOC12 cell. They use porous  e lec t rode  
theory  (20, 21) and concen t ra ted  solut ion theory  (22-24) to 
deve lop  this model ,  and then  use their  mode l  to predic t  
concen t ra t ion  profiles, react ion rate d is t r ibut ions  in the  
porous  electrode,  d is t r ibut ions  of  LiC1 precipi ta te  in the  
pores  of  the  porous  electrode,  and cell  uti l ization. How- 
ever,  in their  mode l  d e v e l o p m e n t  Tsaur  and Pol lard  (4, 7, 8) 
a s sume  that  the  reservoir  is a wel l  m i x e d  solut ion of  con- 
s tant  concentra t ion,  wh ich  may  not  be  a val id  a s sumpt ion  
as shown by Gu et al. (15). Also, they  t reat  the  LiC1 film in a 
s implif ied m a n n e r  by ending  their  finite d i f ference m e s h  
at the  LiC1 f i lm/separator  interface.  This work  shows the  
impor tance  of  inc lud ing  the  film region in the  mode l ing  as 
ev idenced  by  the  large concent ra t ion  gradients  in the  film 
and the  effect  of  film porosi ty  on cell per formance .  

Severa l  models  (10-14) have  been  presen ted  to descr ibe  
the  the rmal  behavior  of  Li/SOC12 cells. Parnel l  and Szpak  
(10) present  a the rmal  mode l  for the  Li/SOC12 cell  in one di- 
mens ion .  They  cons ider  hea t  genera t ion  due  to the  polar- 
ization of  the  e lectrodes  and internal  cell resistance.  The i r  
m o d e l  is used  to show that  as the  rate of  d ischarge  is in- 
creased,  the  t empera tu re  increase is propor t iona l  to the  in- 
crease in cell  current.  Szpak  et al. (11) p resen t  a the rmal  
model ,  s imilar  to the  mode l  by Parnel l  and Szpak  (10), 
wh ich  accounts  for catas t rophic  the rmal  runaway.  Their  
m o d e l  (11) is fo rmula ted  based on the  fact that  therm~il 
runaway  is associated wi th  igni t ion and burning,  via one  
or  more  cell  defects,  ra ther  than  explosion.  The  m o d e l  is 
used  to predic t  the  t ime  and posi t ion d e p e n d e n t  tempera-  
ture  and concent ra t ion  profiles. The  m o d e l  predic t ions  
compare  favorably to what  is physical ly  observed  which  
m a y  indicate  that  the  react ions caus ing  the rmal  runaway  
are ini t ia ted by localized heat  sources  deve loped  f rom de- 
fect ive  cells and/or cell  components .  Cho and Halper t  (12) 
have  p resen ted  a s imple  the rmal  m o d e l  for Li/SOC12 pri- 
m a r y  cells. Us ing  expe r imen ta l  data for a specific cell  dis- 
charge  to de te rmine  a hea t  genera t ion  rate term,  they  use  
thei r  mode l  to predic t  the  cell  t empera tu re  as it changes  
wi th  t ime. This  informat ion  can be  used  to de t e rmine  safe 
opera t ing  l imits  for a par t icular  cell. Cho and Halper t  (13) 
and Cho (14) have taken  the  mode l ing  one step fur ther  by 
deve lop ing  a means  to calculate  the  hea t  genera t ion  rate 
t e rm in thei r  mode l  (12) us ing  exper imenta l ly  de te rmined  
resistances.  These  the rmal  models  (10-14) are s imple  mod-  
els wh ich  descr ibe  the  cell  us ing  a small  set of  equat ions ,  
unknowns ,  and parameters .  These  mode ls  are l imi ted  as 
far as thei r  abil i ty to predic t  cell behavior  as a func t ion  of  
var ious  des ign criteria because  they  do not  inc lude  m a n y  
features  of  the  physical  system. For  example ,  the  mode ls  
do not  inc lude  the  effects of migra t ion  on species  trans- 
port,  the  effect  of  the  prec ip i ta t ing  LiC1 in the  porous  elec- 
t rode  on react ion kinetics,  and the  effects  of  current  and 
potent ia l  on the  e lec t rochemica l  react ion rates. These  
mode ls  cannot  be used to predic t  certain key des ign  cri- 
teria, such as the  porosi ty  d is t r ibut ion  in the  porous  ca- 
thode.  

Models  of  similar  e lec t rochemica l  systems,  such  as the  
mode ls  of  the  lead acid bat tery  (15-17) and the  l i th ium- 
a luminum/ i ron  sulfide bat tery (18, 19), were  found to be  
useful  in the  d e v e l o p m e n t  of  the  mode l  p resen ted  here. 
These  models ,  l ike Tsaur  and Pol la rd ' s  mode l  (7), are  
based  on conserva t ion  of  mass and charge  and emPloy  
concen t ra ted  solut ion theory  as well  as porous  e lec t rode  
theory.  S o m e  of the  mode l  equat ions  here  are s imilar  to 
those  p resen ted  by others;  however ,  those  presen ted  by 
o thers  cannot  be used  to mode l  the  Li/SOC12 cell  because  
they  do not  inc lude  all the  var ious  regions  in the  Li/SOC12 
cell  nor  do they  inc lude  certain physical  p h e n o m e n a  speci- 
fic to the  Li/SOC12 cell, such as the  LiCI film formed on the  
l i th ium anode  surface. 

Model Development 
The govern ing  equa t ions  presen ted  nex t  descr ibe  con- 

servat ion  of  mass  and current ,  species t ransport ,  and reac- 
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t ion kinet ics  in each region of  the  Li/SOC12 cell. The  equa-  
t ions for the  porous  e lec t rode  region are  p resen ted  first, 
fo l lowed by the  equa t ions  for the  reservoir,  separator,  and 
LiC1 film. The boundary  condi t ions  and initial condi t ions  
necessary  to comple te  the  equa t ion  set are p resen ted  after 
that. The  overall  energy  balance used  to de te rmine  the  cell  
t empera tu re  as it changes  wi th  t ime  is p resen ted  last. 

Porous electrode region.--In order  to deve lop  a useful  
and descr ip t ive  set of  govern ing  equat ions  for the  porous  
electrode,  its essent ial  features m u s t  be accounted  for 
wi thou t  cons ider ing  its r andom microscopic  geometry .  
The  macroscop ic  theory  for porous  e lect rodes  rev iewed  by 
N e w m a n  and T iedemann  (20), is used  for this purpose.  
Essential ly,  the  porous  region is t rea ted as a superpos i t ion  
o f  two cont inua,  the  ionical ly conduc t ing  e lec t ro lyte  (solu- 
tion) phase  and the e lectronical ly  conduc t ing  mat r ix  
(solid) phase.  That  is, the  porous  e lec t rode  is p ic tured  as 
one h o m o g e n e o u s  region which  can be descr ibed  by vari- 
ous d is t r ibuted quanti t ies .  These  quant i t ies  are cont inu-  
ous in space and t ime  and are averaged over  a differential  
v o l u m e  of the  porous  region which  is small  re lat ive to the  
overal l  d imens ions  of  the  e lec t rode  yet  large relat ive to the  
pore  structure.  This  v o l u m e  averaging procedure  has been  
used  to mode l  o ther  e lec t rochemica l  sys tems (15, 25) and is 
discussed_in detai l  by  Tra inham (21), Whitaker  (26), and 
D u n n i n g  (27). Example s  of  v o l u m e  averaged quant i t ies  are 
t he  faradaic current  in the  solut ion phase  and the  elec- 
t ronic cur ren t  in the mat r ix  phase  of  the  porous  electrode.  

The  cur ren t  in the  porous  region m u s t  be  conserved.  As- 
s u m i n g  that  the  double  layer at the pore  wall  is ex t r eme ly  
th in  re la t ive  to the pore  d imensions ,  the  e lec t ro lyte  wi th in  
the  pores  can be  cons idered  electr ical ly neutra l  and gov- 
e rned  by the  e lect roneutra l i ty  condi t ion  which  is 

Y~ z~ci = 0 [5] 
i 

Also, conserva t ion  of  charge requires  that  the  charge  en- 
te r ing  the  solut ion phase,  i2, m u s t  be  equa l  to the  charge  
leaving the  ma t r ix  phase,  i~, which  in one d imens ion  is ex- 
pressed  as follows 

' + ' = 0 [6 ]  
Ox Ox 

The total  current  t ransferred f rom the mat r ix  phase  to the  
solut ion phase,  -ai~.JOx or Oi~_JOx, is equal  to the  ne t  rate 
of  e lec t rochemica l  react ion per  uni t  v o l u m e  of e lect rode 

0i2.= OiL= 
j = a ~ i~ - - [7] 

k ~x Ox 

where  j is the  local t ransfer  current  in amperes  per  cubic  
cen t imete rs  and ik is the  rate of  e lec t rochemica l  react ion k 
per  uni t  area of  act ive  e lec t rode  surface area. 

The  mater ia l  balance equa t ion  for each species i in the  
solut ion phase  is 

0(eci) 
- - V . N i + R i  ( i = + , - , o )  [ 8 ]  

Ot 

where  

Si k a  
R i  = ~ ~k [9] 

T UkF 

The  subscr ipts  +, - ,  and o refer to Li  § A1C14-, and SOC12, 
respect ively .  In  Eq.  [8], �9 represents  the  fract ion of  the  po- 
rous  e lec t rode  v o l u m e  which  is void  of  the  mat r ix  phase  
and filled wi th  electrolyte,  ci is the  concent ra t ion  of  species 
i in the  solution,  Ni is the  flux of  species i averaged over  the  
cross sect ional  area of  the  porous  region, and R~ is the  pro- 
duc t ion  rate of  species i per  uni t  v o l u m e  of e lec t rode  due  
to chemica l  or  e lec t rochemica l  reaction.  Here,  react ion [4] 
is a s sumed  to be  the  only react ion occur r ing  wi th in  the  po- 
rous  region. In  Eq. [9], S~.k is the  s to ichiometr ic  coeff ic ient  
of  species  i in e lec t rochemica l  react ion k w h e n  wri t ten  in 
the  form (24) 

SLk M] zl ~ n k e -  [10] 
i 

Concent ra ted  solut ion theory  (22-24), in par t icular  the  
m u l t i c o m p o n e n t  diffusion equa t ion  (MDE), is used  to de- 
ve lop  the  equa t ions  descr ib ing the species transport .  This  
theory  is used  because  the  solvent,  SOC12, is involved  in an 
electrochemical react ion and is not  p resen t  in excess  
amount s  relat ive to the solute, LiAIC14. The  MDE for a 
g iven  species can be thought  of  as a force ba lance  which  
descr ibes  how the mot ion  of  that  species is affected by the  
mot ion  of  all the  o ther  species in the  electrolyte.  The  
M D E s  are inver ted  (22-24) to obtain  expl ic i t  express ions  
for the  species fluxes. The  resul t ing flux express ions  for a 
b inary  e lec t ro lyte  are 

i2ti I 
N i  = - D e f f V c i  q- - -  q- c iv  m (i = +, - )  [11] 

ziF 

No = -Deff~Tco q- Co v l  [12] 

In  Eq. [11] and [12] the  v o l u m e  average  veloci ty  is def ined 
(28) 

v I = ~ NiVi = ~ ci~Zivi (i = +, - ,  o) [13] 
i i 

and  the  effect ive  diffusivity,  D,ff, is def ined 

Deff= De ~1 [14] 

where  41 is chosen  to be 1.5; this va lue  is consis tent  wi th  
earl ier  w o r k  (7, 15). Equa t ion  [14] relates the  e lect rolyte  dif- 
fusivi ty  in the  porous  region, Deft, to that  in the  bu lk  solu- 
tion, D, by account ing  for the  effects  of porosi ty  and tor- 
tuosi ty  in the  porous  region (7, 15). 

Solvent and electrolyte material balances.--Equations [9], 
[11], [12], and [14] are in t roduced  into Eq. [8] to obtain  the  
fo l lowing mater ia l  balance express ions  for the  charged 
species  and for the  solvent  

a(eci) ( i2t," ) 
-- - V .  - D e ~ l V c i  q- 4- ei  v l  

Ot z~F 

__ S l , k a  
- > :  ~ _  ik ( i  = +, --) [ 1 5 ]  

n k F  

o(eCo) 
- -V  . (_De~IVc ~ + CoVl ) _ ~ So.ka ik [16] 

Ot k nkF 

Equa t ion  [15] is for the  two u n k n o w n s  c+ and c_ and can  be  
r educed  to one equa t ion  for one u n k n o w n  by in t roduc ing  
the  fol lowing re la t ionship 

C+ C -  
c - - [17] 

P+ V 

Equa t ion  [17] expresses  conserva t ion  of  mass  for a com- 
ple te ly  dissocia ted salt, here  LiA1C14, where  c is the  con- 
cent ra t ion  of  the  salt (or electrolyte).  In Eq. [17], v+ and v_ 
are the  n u m b e r  of  Li  + and A1Ch- ions fo rmed  f rom the  
comple te  dissociat ion of  one  molecu le  of  LiA1C14, respec-  
tively. Subs t i tu t ing  Eq. [17] into Eq.  [15] yields the  electro-  
lyte mater ia l  balance 

O(ec) ( i2t§ ) 
-- - V "  - D e ~  + cv a 

Ot z+v+F 

- ~  S+.ka ik [18] 
-k n k v + F  

Note  that  e i ther  relat ion in Eq. [17] can be subs t i tu ted  into 
the  cor responding  species balance,  Eq.  [15], to obtain  the  
same  result ,  Eq.  [18]. The  cation (i = +) mater ial  ba lance  
was chosen  here  to der ive  Eq.  [18]. 

Solid phase material balance.--Equation [8] for the  solid 
phases,  LiC1 here, is 
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C)E solid phases Si,kVi 

Ot -- E, 2, nkF 
- -  aik 

Equa t ion  [19] descr ibes  the  porosi ty  change  of  the  porous  
ca thode  as LiC1 precipi ta tes  in the  pores. 

Overall material  balance.---The three  mater ia l  ba lance  
equa t ions  are: Eq.  [16] for the  solvent,  Eq.  [18] for the  elec- 
trolyte,  and Eq. [19] for the  solid species. These  equa t ions  
con ta in  the  four  unknowns ,  c, co, e, and v ' .  The  u n k n o w n  co 
can  be  e l imina ted  f rom these  equat ions  via the  fo l lowing 
i n d e p e n d e n t  t h e r m o d y n a m i c  re la t ionship 

1 = cVe + coVo [20] 

where  the  part ial  molar  v o l u m e  of the  electrolyte,  V~, is de- 
f ined as 

V+ = v+V+ + v_~'_ [21] 

Equa t ion  [20] expresses  conserva t ion  of  v o l u m e  and can be 
t hough t  of  as a defini t ion for the  part ial  molar  v o l u m e s  Vi 
(29). When Eq. [15] and [16] are p remul t ip l i ed  by V+, V_, and 
Vo, respect ively ,  and the  three resul t ing equa t ions  are sub- 
s t i tu ted  into Eq. [19] an overal l  mater ia l  ba lance  is ob- 
tained.  This  is t rue  because  the  resul t ing  equa t ion  is a lin- 
ear  combina t ion  of  all the  species balances.  Equa t ion  [20] 
is used  to s impli fy  this ba lance  to yield the  fol lowing over- 
all mater ia l  balance express ion  

+ v .  + Si,k~Ti 

aik 
+ (~JoSo,k + Q~t-ms+,k + vj+ms-,k) nkF 

Only react ion [4] is a s sumed  to occur  wi th in  the  posi t ive  
e lectrode,  hence,  Eq. [7] can be subs t i tu ted  into Eq. [22]. 
The  resul t ing  equa t ion  can be in tegrated to yield an ex- 
pl ici t  express ion  for v= m in t e rms  of  i2.x. Based  on  the  fact 
tha t  the  cur ren t  is zero w h e n  the  ve loc i ty  is zero 

Vx" = i2,x = 0 [23] 

in tegra t ion  yields 

1 [ s~ 
Vx II = -- _ _  S i r~Ti 

n4F " ' 

- (PoSo,+ + Q+t_"s+,+ + P+t+"+_,+)/i== [24] 

Ohm's law for  the electrolyte.--The faradaic current  den- 
sity, i2, is a func t ion  of  the  chemica l  potential ,  i+~, and solu- 
t ion potential ,  +s (20, 24). This  relat ionship,  Ohm's  law for 
the  solut ion phase,  for a b inary  e lect rolyte  is (24) 

is vRT ( s+.4 + t+ m So,4C t 
- - V c P 2  - -  V l~  [25] 

Kef f -- ~ \n4v+ z+v+ n4Co/  

where  

v = v +  + v -  [26] 

and 

I~e = v+l~+ + v-I~- = v R T l n  (cfa ~ [27] 

In  Eq.  [25], the  s to ichiometr ic  coefficients  of  react ion [4] are 
used  because  this react ion is choseh  as the  reference  elec- 
t rode  reaction.  Also, the  effect ive  e lec t ro lyte  conduct ivi ty ,  
Keff, is def ined ana logous ly  to the  ef fec t ive  e lec t ro lyte  diffu- 
s i v i t y ,  Def t  

Kef f = KE ~1 [28] 

Equa t ions  [20], [27], and [28] can be  subs t i tu ted  into Eq.  [25], 
a s suming  f and a s are constants ,  to yield the  fo l lowing 
O h m ' s  law express ion  for the  e lec t ro lyte  

+ t+. is - -V@s - -  [29] 
Ke ~1 -- - - 7  \n4v+ z+v+ n4(1  -- c~Te)/ c 

331 

Ohm'  s law for the ma t r i x  phase.- -Ohm'  s law for the  mat r ix  
[19] phase  is (15, 20) 

it = -+effVcPl [30] 

where  
O'ef t = ~(1 - e~ ~1 [31] 

Equa t ion  [31] is used  to account  for the effect  of  the  mat r ix  
phase  tor tuos i ty  on the  conduc t iv i ty  of  the  solid material ,  
~r. The  init ial  porosi ty,  e ~ is used  in Eq.  [31] because  the  ma- 
t r ix  conduc t iv i ty  is a s sumed  to change  insignif icantly as 
LiC1 precipitates.  

Equa t ion  [6] can be used to e l iminate  il f rom Eq. [30]. In- 
tegra t ing  Eq. [6] wi th  respect  to x and apply ing  the  bound-  
ary condi t ions  

at x = O, il,x = in and is,= = 0 [32] 

resul ts  in the fol lowing re la t ionship 

i lz + i2,x = i ,  [33] 

Subs t i tu t ing  Eq. [33] into Eq. [30] yields 

Oqb 1 
in - i2.= = -(~eff [34] 

ax 

Electrode kinetics.--The e lec t rochemica l  react ion rates, ik, 
in Eq. [18] and [19] depend  upon  the  local concent ra t ions  of  
the  chemica l  species,  the  potent ia l  dr iv ing force for reac- 
t ion,  and tempera ture .  Analogous  to chemica l  kinetics,  
these  dependenc ie s  are not  descr ibed  by fundamenta l  
laws. The  But le r -Volmer  polarizat ion equa t ion  (15, 30) is 
used  here  

[22] 

ik=i~ ( ci Ip+'kexp(~ \ RT 

Ci i qi,k 

The potent ia l  dr iv ing force for e lec t rochemica l  react ion k 
i s  tic) 1 -- (I) 2 -- Uk,ref where  Uk.ref is the  equ i l ib r ium potent ia l  of  
react ion k measured  relat ive to the  reference  electrode.  
The  e lec t rokinet ie  parameters  io,k,ref, aa.k, and ac,k are  the  ex- 
change  cur ren t  density,  anodic  t ransfer  coefficient,  and ca- 
thodic  t ransfer  coefficient,  respect ively.  The  t ransfer  coef- 
ficients for a g iven react ion sum to the  total  n u m b e r  of  
e lec t rons  involved  in that  react ion 

c~,k + c~c.k = nk [36] 

The  rate of  react ion k per  uni t  v o l u m e  of  porous  elec- 
t rode  is aik where  a is the  avai lable act ive  surface area per  
uni t  v o l u m e  of  electrode.  The  var iable  a changes  as the  
LiC1 precipi ta tes  on the  pore  walls, according  to react ion 
[4], and can be descr ibed  by (27, 31) 

a = a O [ l _ ( e ~  \ - - - ~ /  J [37] 

where  ~ is an exper imen ta l ly  de te rmined  pa ramete r  used  
to descr ibe  the  morpho logy  of  the  precipitate.  In  wri t ing 
Eq. [37] it is a s sumed  that  all the  LiC1 p roduced  f rom reac- 
t ion [4] precipi ta tes  ins tan taneous ly  and passivates  the  sur- 
face it covers.  Large  values  of  ~ indicate  needle-shaped  de- 
posits  whereas  small  va lues  represen t  flat deposi ts  (31). 

Subs t i tu t ing  Eq. [35] and [37] into Eq. [7] yields the  fol- 
lowing  equa t ion  express ing  conserva t ion  of  current  

Ox \ +-~-/ J k \Ci.~fl 

Ci t qi,k / OCa+kF -- -- Ukref ) )  
|  ' - [!\ei,,.o,]-- 

( - +e'kF Uk ref)) ] exp  ~ -  (q~i - <P2 - . [38] 
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Altogether ,  six equat ions  and six u n k n o w n s  are used  to 
descr ibe  the  porous  e lec t rode  region. The  six equa t ions  
are the  e lect rolyte  mater ia l  balance,  Eq. [18]; the  solid spe- 
cies mater ia l  balance,  Eq. [19]; the  overall  mater ia l  balance,  
Eq.  [24]; Ohm's  law for the  electrolyte,  Eq. [29]; Ohm's  law 
for the  mat r ix  phase, Eq. [34]; and conserva t ion  of  current  
us ing  the  But le r -Volmer  equat ion,  Eq. [38]. The  six un- 
knowns  are the  e lect rolyte  concentra t ion,  c; the  porosity,  e; 
the  v o l u m e  average  velocity,  v=m; the  faradaic cur ren t  den- 
sity, i2,=; the  potent ia l  in the  mat r ix  phase,  (P,; and the  po- 
tent ia l  in the  solut ion phase, q~2. Simpl i f ied  forms of  Eq. 
[18], [19], [24], [29], [34], and [38] are used  to descr ibe  the  re- 
ma in ing  regions of  the  cell: the  reservoir ,  the  separator,  
and the  LiC1 film. 

R e s e r v o i r . - - T h e  reservoir ,  the  space be tween  the  separa- 
tor  and the  posi t ive  porous  electrode,  contains  e lect rolyte  
and serves to supply  SOC12 to the posi t ive  e lec t rode  as it is 
c o n s u m e d  via react ion [4]. The  solid mat r ix  phase  does  not  
exis t  in this region, therefore  the  u n k n o w n s  e, i~.=, and (P~ 
have  no meaning .  They are t reated as d u m m y  variables  
and their  va lues  are arbitrari ly set as follows 

�9 = 1 [39] 

(P~ = 0 [40]  

i~.= = 0 [41] 

Us ing  Eq. [41] in Eq. [33] yields 

i2,x = in [42] 

Equa t ions  [18] and [29] for the  porous  e lec t rode  can be  
s implif ied for the  reservoir  us ing  Eq. [39] and [42]. The  elec- 
t ro lyte  ba lance  becomes  

0C 
- DV2c - V - (cv m) [43] 

Ot 

and Ohm' s  law for the  e lect rolyte  becomes  

in v R T  [ S+,4 t+ m So.4C(Zo \ Vc 
- -VdP2 ~ -~ J - -  [44] 

K -- F - -  \ n 4 v +  z+v+ n4(1 - c~?~)/ c 

Note  that  effect ive proper t ies  are not  used  in Eq. [43] and 
[44] because  no ma t r ix  phase  exists.  Equa t ion  [24] is used  
to calculate  the  v o l u m e  average velocity.  In  summary ,  the  
six govern ing  equa t ions  for this region are Eq.  [24], [39], 
[40], [42], [43], and [44]. 

S e p a r a t o r . - - T h e  separator  is an inert,  porous  layer (usu- 
ally a glass mat t ing  material) which  p reven ts  the  nega t ive  
and posi t ive  e lect rodes  f rom touch ing  and thus  shor t ing  
the  cell. The  separator  porosi ty  (e~) is constant ,  hence  

�9 = �9 [45] 

The  solid phase  of  the  separator  is a nonconduc t i ng  mate-  
rial; gP~ does  not  exis t  and is set to zero as in Eq. [40]. All 
cur ren t  res ides  in the  electrolyte,  hence  Eq. [42] applies.  
Us ing  Eq. [42] and [45] to s implify Eq. [18] and [29], the  elec- 
t ro lyte  ba lance  for the  separa tor  is 

a c  
e ~ -  = D�9 - V .  ( c v  m) [46] 

Ot 

and Ohm's  law for the  e lect rolyte  is 

in v R T  ( s+.4 + t+ m s~176  -I Vc 
- - V g P ~  - -  [ 4 7 ]  

K�9 ~2 -- T \ n 4 v +  Z+v+ n4(1 - c~Z~)/ c 

Note  that  effect ive  proper t ies  have  been  used  in Eq. [46] 
and [47] to character ize the  t ranspor t  and conduc t iv i ty  in 
the  separator.  The  exponen t  ~2 is analogous to ~1 and its 
va lue  is .set to 1.5. The  overall  mater ia l  ba lance  is Eq. [24]. 
In  summary ,  the  six govern ing  equa t ions  for the  separator  
are Eq. [24], [40], [42], [45], [46], and [47]. 

L i t h i u m  c h l o r i d e  f i l m . - - T h e  stabil i ty of  the  l i th ium 
anode  is a t t r ibuted  to the  LiC1 film which  forms from the  
corros ion of  the  Li  by the  SOC12 on open  circui t  (32-35) 

4Li + 2SOC12 ~ 4LiC1 + SO2 + S [48] 

Researchers  (32-35) bel ieve that  the  film passivates  the  Li  
and inhibi ts  the  mass  t ranspor t  of  SOC12 to the  Li  surface. 
S o m e  workers  (34, 35) have  descr ibed  the  LiC1 film as con- 
sist ing of  two parts: a relat ively thin, nonporous  layer of  
LiC1 fo rmed  on top of  the  Li  anode surface called the  solid 
e lec t ro ly te  in te rphase  (SEI) and a m u c h  thicker,  porous  
layer  of  LiC1 fo rmed  on top of  the  SEI  called the secondary  
porous  layer. These  workers  have  p roposed  that  it is the  
SEI  which  passivates the  Li  surface because  the  secondary  
layer  has a coarse crystall ine,  porous  s t ructure  (32) which  
cannot  be  a s sumed  to have  the  res is tance proper t ies  nec- 
essary for comple te  pass ivat ion of  the Li. Pe led  (35) v iews  
the  secondary  porous  layer as a m e m b r a n e  which  inhibi ts  
the  flow of ions to and f rom the  SEI.  Here,  the  t ransi t ion 
be tween  the  SEI  and secondary  layer is a s sumed  to be  dis- 
t inct,  and the  layers are t rea ted separately.  The  SEI  surface 
is t rea ted here  as the  Li  anode  surface having  modif ied  
(passivation) kinet ics  and the  secondary  porous  LiC1 layer 
is t rea ted  here  l ike a separator.  

The  govern ing  equa t ions  for the  secondary,  porous  LiC1 
film are deve loped  in the  same manne r  as those  for the  sep- 
arator. The  equat ions  are: a cons tant  porosi ty  

�9 = ef [49] 

the  e lec t ro lyte  balance 

~C 
e f -  = Def~3V2c - V �9 ( c v  m) 

Ot 
[50] 

Ohm's  law for the  e lect rolyte  

in v R T  (s+,4  + t+" 
Ke[3 -- -Vr - ~ - - -  \n4v+ z+v+ 

. _ _  _ S o 4 C ~ o  ~ I vc [51] 
n4(1 - c f / e ) /  c 

and Eq. [24], [40], [42]. The  value  of  the e x p o n e n t  ~3 is set to 
1.5. 

The  secondary  porous  film grows as t ime  progresses  but  
its th ickness  is kep t  cons tant  here. F i lm growth  m a y  occur  
by react ion [3] where  the  C1- ions are a p roduc t  of  the  cath- 
ode reaction.  Tsaur  and Pol lard  (7) assume that  the  rate of  
react ion [48] governs  the  film growth.  However ,  react ion 
[48] is the  sum of the  two e lec t rochemica l  half-react ions [ 1] 
and [4] and does  not  occur  on d ischarge  because  the  lith- 
ium is anodical ly  protected.  The  secondary  porous  layer is 
not  of  un i fo rm th ickness  over  the  surface of  the  l i th ium 
(33), its morpho logy  depends  s t rongly on the  s torage tem-  
pera ture  (33), and mechan ica l  rup ture  may  occur  dur ing  
d ischarge  (32). Because  of  these  complicat ions ,  the  film 
th ickness  is kep t  cons tan t  and can be though t  of  as an 
average  va lue  of  the th ickness  wh ich  varies in space and 
t ime. The  m o d e l  will  be  used  to predic t  the  effects  of  the 
film th ickness  and porosi ty  on the  cell  per formance .  

B o u n d a r y  c o n d i t i o n s . - - T h e  boundar ies ,  f rom left  to 
r ight  in Fig. 1, are the  Li  anode  surface (taken as the  SEI  
surface here), the  LiC1 f i lm/separator  interface,  the separa- 
tor / reservoir  interface,  the  reservoir /porous  ca thode  inter- 
face, and the  ca thode  current  col lector  surface. The  gov- 
e rn ing  equa t ions  at each boundary  are g iven  next.  

S E I  s u r f a c e . - - T h e  SEI  is t rea ted as the  Li  anode  surface 
wi th  modif ied  kinetics.  The rate of  react ion [1] is calculated 
us ing  Eq. [35] wi th  kinet ic  parameters  represen t ing  the  
passivat ion.  L i th ium ions mus t  t ravel  f rom the  SEI  surface 
at the  same rate at which  they  are produced,  thus  the  flux 
of  this  species mus t  equal  its react ion rate 

i2t+ u s+,~ . 
N+ = -v+Def~3Vclf + + v+cv m = - h [52] 

z+F n lF  

The solvent  flux is zero at this boundary  

No = -Def~3Vcofr + CoV m = 0 [53] 

Us ing  Eq. [20], Eq.  [53] can be wr i t ten  

~3" No = Def VeVClf ~- (1 cfde)v m = 0 [54] 
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In  Eq. [52]-[54], and  in  equat ions  to follow, only  the  x com- 
p o n e n t  of  the  del operator  is in tended  and  the  vert ical  bar  
with a subscript ,  IJ, indicates  that  the quant i ty  is to be  eval- 
ua ted  at the interface of the  region j. At the film interface, 
all the  cur ren t  is t ransferred from the  anode  surface to the 
solut ion phase,  hence  i~.~ is zero and  Eq. [42] applies. Equa-  
t ion [7] for a flat plate electrode is 

in = Y~ ik [55] 
k 

where  Eq. [35] is used to calculate ik. The porosi ty is t reated 
as a d u m m y  variable  and  it is arbitrari ly set equal  to the 
LiC1 film porosity, Eq. [49]. At this b o u n d a r y  dpl is arbitra- 
rily set to zero, Eq. [40], to establish a reference point  from 
which  to calculate all other potentials.  The absolute  values  
of q), and  q)~ have no significance; only the value of the dif- 
ference �9 1 - r is meaningful .  The value of r given Eq. 
[40], is de t e rmined  from Eq. [55]. In  summary ,  the  bound-  
ary condi t ions  at the SEI b o u n d a r y  are Eq. [40], [42], [49], 
[52], [54], and  [55]. 

L i C l  f i lm~separa tor  i n t e r f a c e . - - A t  this b o u n d a r y  the flux 
of each species i is con t inuous  

Nilf = N~I~ [56]  

and  the velocity is con t inuous  

Vx=[~ = v~=[~ [57] 

Subs t i tu t ing  Eq. [11], [17], [20], and  [57] into Eq. [56] yields 
the  fol lowing equa t ion  express ing  cont inu i ty  of the elec- 
trolyte flux 

�9 f~3Vcff = �9 [58] 

Equa t ion  [47] for the separator  and  Eq. [51] for the LiC1 film 
are equated,  and  Eq. [58] is used, to yield the fol lowing 
equa t ion  which expresses cont inu i ty  of faradaic current  

�9 ~VcP2]f = e~2Vq)2l~ [59] 

As in  the film and  separator  regions, Eq. [40] and  [42] apply. 
The porosi ty is arbitrari ly set equal  to �9 Eq. [45]. In  sum- 
mary,  the  b o u n d a r y  condi t ions  at this b o u n d a r y  are Eq. 
[40], [42], [45], [57], [58], and  [59]. 

Separa tor~reservo i r  i n t e r f a c e . - - T h e  b o u n d a r y  condi t ions  
here  are analogous to those at the  LiC1 film/separator 
boundary .  These equat ions  are: con t inu i ty  of flux 

e~2Vc]~ = Vc]~ [60] 

con t inuous  velocity 

Vx% = V~"pr [61]  

con t inu i ty  of faradaic current  

e~2V~p2[~ = V~P2[r [62] 

and  Eq. [40], [42], and  [45]. 

Reservoir~porous  electrode i n t e r f a c e . - - T h e  bounda ry  con- 
di t ions  at this interface inc lude  con t inu i ty  of flux 

VC[r = �9 [63] 

con t inu i ty  of faradaic current  

V~P21~ = e~'vq~2]ne [64] 

and  Eq. [42]. This  b o u n d a r y  inc ludes  the porous electrode 
surface, hence  porosi ty will change as will the vo lume  
average velocity as descr ibed by Eq. [19] and  [24], respec- 
tively. Equa t ion  [34] is appl ied at this b o u n d a r y  as follows 

VcP,lp~ = 0 [65] 

Porous  electrode curren t  collector s u r f a c e . - - A  Li]SOC12 
bat tery  may  be p ic tured in  one d imens ion  as a series of 
cells sandwiched  together. The current  collector of the po- 
rous cathode separates the cathodes of two consecut ive  
cells. With this configurat ion in  mind,  the one-d imens iona l  
d i s t r ibu t ion  of the faradaic cur ren t  densi ty  will be  essen- 
tially zero at the  current  collector. That  is, it is a s sumed  

that  all of the current  has been  t ransferred from the solu- 
t ion phase  to the matr ix  phase at the cur ren t  collector, 
thus  

i2,x = 0 [66] 

Also, the vo lume  average velocity is a s sumed  to be essen- 
t ially zero at this bounda ry  

v= I = 0 [67] 

As at the  SEI  surface, the flux of each species m u s t  equal  
its react ion rate. The electrolyte flux is zero here 

i2t+ u 
N+ = -v+De~'Vclp~ +-  + v+cv u = 0 [68] 

z+F 

Using  Eq. [66] and  [67], Eq. [68] can be wri t ten  

VcIpe = 0 [69] 

Similarly,  Eq. [29] becomes  

Vr = 0 [70]  

The t ransfer  current  at this b o u n d a r y  is g iven by  

Oi2.= =J  [71] 
c]X pe 

where j is calculated us ing  Eq. [7], [35], and  [37]. The poros- 
ity change  is calculated us ing  Eq. [19]. 

I n i t i a l  c o n d i t i o n s . - - T o  complete  the equa t ion  set, the 
ini t ial  condi t ions  m u s t  be specified for those variables that  
depend  explici t ly on time, c and  e. These init ial  condi t ions  
are 

c = cinit (all x) [72] 

�9 = e ~ (porous electrode) [73] 

Cell  energy  b a l a n c e . - - A n  energy ba lance  is inc luded  in  
the model  to de te rmine  the cell t empera ture  as it changes 
with time. The energy balance follows from the first law of  
t he rmodynamics  

d u  dq d w  
- + - -  [ 7 4 ]  

d t  d t  d t  

where  u is the in terna l  energy of the cell. When cons tan t  
vo lume  condi t ions  are assumed  

d u  d T  
- C [ 7 5 ]  

dt  d t  

The change  in  the mechanica l  work, d w / d t ,  is zero; no me- 
chanical  work is done on or by  the cell w h e n  the vo lume  is 
constant .  The change in the heat  con ten t  of cell, dq/dt ,  is 
a t t r ibuted  to three sources (sinks): heat  t ransferred across 
the  cell boundar ies  (~t), heat  genera ted  by polarization @p), 
and  heat  generated by  en t ropy  effects (6) (36). The heat  
t ransfer  can be descr ibed by  

O~t = - h o ( T -  TA) [76] 

where  ho is the heat  t ransfer  coefficient characterizing the 
heat  flow from the cell to the sur roundings .  Here, the tem- 
pera ture  of the su r round ings  is a ssumed  to remain  con- 
s tant  at TA. The remain ing  two sources of heat  are given by  
(36) 

T dEoc~ 
~ + ~ = i  n Eoc - E - d T  / = in (Etn - E) [77] 

Etn in  Eq. [77], te rmed the the rmoneu t ra l  potential ,  is the 
theoret ical  open-circui t  potent ia l  of  the cell at absolute  
zero. Subs t i tu t ing  Eq. [75], [76], and  [77] into Eq. [74] yields 
the  overall energy ba lance  

d T  
C - -  = - h o ( T  - TA) + in (Etn - -  E) [78] 

d t  
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Table I. Parameter values used in model 

Physical properties 
Parameter Value Ref. Parameter Value Ref. 

v§ 1 v_ 1 
z+ 1 z -1 
t+" 0.5 t " 0.5 
V~ (cm3/mol) 77.97 (7, 38) ~ro (cm3/mol) 72.63 (45) 
~ZL,Cl (cm3/mo1) 20.5 (48) (~ (~-1 cm-b 45.5 (49) 
D (cm2/s) ~ K (~-1 em-l) t 
Etn (V) -3.723 (36) dEoc/dT (V/K) 2.28 x 1O -4 (36) 
C (J/cm2K) 0.2 (5, 7, 14) 

Li oxidation (reaction [1]) 
Kinetic parameters 

SOC12 reduction (reaction [4]) 
Parameter Value Ref. Parameter Value Ref. 

s+,l -1 s+.4 -2  
So.4 - 1 
SLiC1,4 2 

q+.l 1 q+,4 1 
qo,4 0.5 

io,l,~a (A/em 2) 5.0 x 10 4 a~ (A/em 3) 1.0 
0.05 

Ul.~ef (V) Et, + T dEoc/dT (36) U4.~f (V) 0.0 
~a,1 0.25 ~.4 
ar 0.75 ~,4 1 
nl 1 n4 2 

(31) 

tSee Appendix. 

Note  that  each t e rm in Eq. [78] is based on the  total  act ive 
surface  area in the  cell. The  initial condi t ion  for T here  is 

T = TA (all x) [79] 

Model Parameters 
The  pa ramete r  values  input  to the  mode l  are  l is ted in 

Table  I. The  part ial  molar  vo lumes  and t ransference  num-  
bers  were  a s sumed  to be  cons tant  t h roughou t  the  dis- 
charge  at the  values  l is ted in Table  I. The  kinet ic  parame-  
ters io,,,~f, aa,1, C~c,1, and a~ were  chosen  so that  the  
m o d e l  predic t ions  compared  favorably wi th  expe r imen ta l  
data  (32, 37-41). A t empera tu re  d e p e n d e n t  express ion  for 
the  diffusion coeff icient  and a t empera ture ,  concent ra t ion  
d e p e n d e n t  express ion  for the  conduc t iv i ty  are g iven  in the  
Append ix .  

The  i n d e p e n d e n t  adjus table  parameters  in this m o d e l  
d e v e l o p m e n t  are the  porous  e lec t rode  th ickness  (Spe), the  
init ial  porosi ty  o f  the  porous  e lec t rode  (e~ the  th ickness  o f  
the  e lec t ro lyte  reservoir  (St), the  th ickness  of  the  separator  
(Ss), the  poros i ty  of  the  separator  (es), the  LiC1 film thick- 
ness  (Sf), the  LiC1 film porosi ty  (el), the  initial e lect rolyte  
concen t ra t ion  (c~it), the  hea t  t ransfer  coeff icient  (ho), the  
cur ren t  dens i ty  (in), and the  t empera tu re  of  the  surround-  
ings (TA). One objec t ive  of  this w o r k  was to use the  mode l  
to de t e rmine  which  o f  these  i n d e p e n d e n t  adjus table  pa- 
rameters  affects cell  pe r fo rmance  the  most .  Table  II lists 
typical  va lues  for these  i ndependen t  adjus table  parame-  
ters (5). Unless  o therwise  noted,  these  base case values  are 
used  t h roughou t  the  w o r k  p resen ted  here. 

Method of Solution 
The  sys tem of coupled,  nonlinear ,  ordinary  different ial  

equa t ions  descr ib ing  the  Li/SOC12 cell, shown in Fig. i, is 
so lved  numer ica l ly  because  an analyt ical  solut ion is not  
possible.  The  spatial  der ivat ives  are app rox ima ted  us ing  
finite di f ferences  accurate  to O(hx) 2 where  hx  is the  largest  
step size in the  x direct ion.  Impl ic i t  s tepping,  accurate  to 
O(ht), is used  for the  t ime  derivat ives.  A Newton -Raphson  

Table II. Base case values of the independent adjustable parameters 

Parameter Value Parameter Value 

Spe (cm) 0.0335 e ~ 0.85 
Sr (cm) 0.01 
Ss (cm) 0.0127 e~ 0.7 
Sf (cm) 0.001 ef 0.1 
c~nit (]14) 1.5 ho (J/cm2Ks) 6.0 x 10 -~ 
in (A/cm 2) 0.03 TA (K) 298.15 

a lgor i thm using deBoor ' s  banded  mat r ix  solver  (42-43) is 
used  to solve the  sys tem of finite d i f ference equat ions .  The  
p rocedure  is i terat ive and requires  initial guesses  of  the  
unknowns .  S tep  sizes in both  space and t ime  were  r educed  
unt i l  p red ic ted  cell vol tages  were  reproduc ib le  to three  
signif icant  digits. 

Results and Discussion 
Figure  2 shows pred ic ted  e lec t ro lyte  concent ra t ion  pro- 

files and how they  change  wi th  time. Note  that  the  concen-  
t ra t ion profiles are relat ively flat in the  separator  and reser- 
voi r  regions indicat ing that  diffusion, migrat ion,  and 
convec t ion  of  species are essent ial ly un inh ib i t ed  in these  
regions.  Convec t ion  cont r ibutes  least  to the  species trans- 
port;  vx" is O(10 .5 cm/s) and the  convec t ion  t e rm is an 
order  of  magn i tude  less than  the  diffusion and migra t ion  
t e rms  in Eq. [18], [43], [46], and [50]. The  large concent ra t ion  
gradients  in the  film region are due  to the  small  poros i ty  of  
this region which  reduces  significantly the  effect ive diffu- 
sivity. Near  the  beg inn ing  of  d ischarge  t ranspor t  in the  po- 
rous e lec t rode  region is essent ial ly uninhibi ted .  As the  dis- 
charge  proceeds ,  LiC] begins  to fill the  pores  of  the  
e lec t rode  and t ranspor t  becomes  more  difficult  as evi- 
denced  by the  s teeper  concent ra t ion  gradients  at later 
t imes.  The  e lect rolyte  concent ra t ion  increases t h roughou t  
the  cell  as t ime  progresses  and the  solvent  concent ra t ion  
decreases  according  to Eq.  [20]. These  profiles show that  
t h roughou t  mos t  of  the  d ischarge  cell  pe r fo rmance  is dic- 
ta ted  by the  rate of  react ion [4] at the  cathode.  Tsaur  and 
Pol lard  (7) predic t  diffusion control  as ev idenced  by the  
large concent ra t ion  gradients  in the  separa tor  of  thei r  sim- 
u la ted  cell; they  assume a cons tant  reservoi r  concent ra t ion  
a pr ior i .  This difference,  react ion control  here  vs. diffusion 
control  (7), is due  to the  different  govern ing  equa t ions  and 
boundary  condi t ions  as wel l  as the  differ ing inpu t  parame-  
ters used  in their  mode l  and the  p resen t  model .  Specifi- 
cally, Tsaur  and Pol lard  use  different  e lec t rokinet ic  pa- 
rameters  and inves t igate  h igher  d ischarge  rates (e.g., 80 
m A / c m  2) than  are used here. As m e n t i o n e d  earlier, the i r  
ma thema t i ca l  descr ip t ion of  the  film and reservoi r  regions  
are different  f rom those  used  here;  they  a s sume  Li  corro- 
sion dur ing  the  discharge and treat  the  reservoi r  as a well- 
m i x e d  ~egion. In addit ion,  differ ing conduc t iv i ty  and dif- 
fus ion coefficient  express ions  are used. These  dif ferences  
all con t r ibu te  to the  differences in the  pred ic ted  quanti-  
ties. F r o m  Fig. 2 it can be  seen that  the  change  in the  con- 
cent ra t ion  across the  reservoir  is about  half  wha t  it  is in the  
separa tor  and,  unde r  condi t ions  of  diffusion control ,  this 
change  could  effect  the  resul ts  significantly. Higher  dis- 
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Fig. 2. Typical electrolyte concentration profiles 

c h a r g e  rates ,  l ower  t e m p e r a t u r e s ,  f as te r  p o r o u s  e l ec t rode  
r eac t i on  k ine t i c s  (i.e., l a rger  e x c h a n g e  c u r r e n t  dens i t i e s  for  
t h e  t h i o n y l  ch lo r ide  r e d u c t i o n  on  t h e  c a r b o n  e lect rode) ,  
l ower  in i t ia l  c o n c e n t r a t i o n s ,  a n d  smal l e r  poros i t i e s  all con-  
t r i b u t e  to  c h a n g i n g  t h e  r eac t i on  con t ro l l ed  c o n d i t i o n s  ob- 
s e r v e d  he re  to  d i f fus ion  con t ro l l ed  cond i t ions .  

F igu re s  3-5 i l lus t ra te  tt~e space - t ime  b e h a v i o r  of  t h e  po- 
rous  e l ec t rode  poros i ty ,  fa radaic  c u r r e n t  dens i ty ,  a n d  over-  
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Fig. 3. Typical porosity changes in the porous electrode during dis- 
charge. 
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Fig. 4. Typical profiles of the faradaic current density in the porous 

electrode. 

poten t ia l ,  respec t ive ly .  T h e s e  prof i les  s h o w  t h a t  t he  reac- 
t ion  ra te  d i s t r i b u t i o n  c h a n g e s  ve ry  l i t t le  as t i m e  
p rogresses .  The  r eac t ion  ra te  will  be  g rea t e s t  a t  t he  f ron t  of  
t he  p o r o u s  e l ec t rode  b e c a u s e  t he  m a t r i x  c o n d u c t i v i t y  (or) is 
m u c h  la rger  t h a n  t he  e lec t ro ly te  c o n d u c t i v i t y  (K) (7). T h a t  
is, a t  t h e  r e se rvo i r /po rous  e l ec t rode  in t e r f ace  all c u r r e n t  re- 
s ides  in  t he  so lu t ion  p h a s e  b u t  u p o n  e n t e r i n g  t he  p o r o u s  
e l ec t rode  t he  c u r r e n t  will  b e  t r a n s f e r r e d  r ap id ly  to t he  ma-  
t r ix  p h a s e  b e c a u s e  t he  m a t r i x  p h a s e  offers  less  r e s i s t a n c e  
to c u r r e n t  flow. H o w e v e r  as LiCI p rec ip i t a tes ,  fills t he  
po re s  as s h o w n  in Fig. 3, a n d  dec rea se s  t h e  ava i l ab le  ac t ive  
sur face  area,  a c c o r d i n g  to Eq.  [37], t he  r eac t ion  ra te  distr i -  
b u t i o n  b e c o m e s  m o r e  un i fo rm.  Th i s  c h a n g e  can  b e  s een  in 
Fig. 4 w h e r e  t he  i2.= d i s t r i b u t i o n  f la t tens  out;  t he  r eac t ion  
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Fig. 5. Typical overpotentiol profiles in the porous electrode 
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rate is the  slope of  the  i2.= v s .  x curve. F igure  5 shows that  
the  overpotent ia l ,  the  dr iving force for e lec t rochemica l  re- 
action, is h ighes t  at the  front  of  the e lec t rode  as expected .  
The  overpotent ia l  increases  wi th  t ime  indicat ing that  the  
e lec t rochemica l  react ion mus t  p roceed  at a faster rate to 
compensa te  for decreas ing avai lable act ive surface area. 

As the  end of  d ischarge  is approached,  the front  por t ion  
of  the  e lec t rode  becomes  clogged wi th  LiC1 precipi ta te  
(see Fig. 3). L i th ium ions are unable  to cross this barr ier  
hence  the  e lect rolyte  concent ra t ion  increases rapidly in 
the  film, separator,  and reservoir  as it is cont inual ly  pro- 
duced  at the  anode. At  this po in t  the  e lect rolyte  conta ined  
in the  pores  of  the  porous  e lect rode supplies  the  l i th ium 
ions c o n s u m e d  in reduc t ion  react ion [4]. The  e lect rolyte  
concen t ra t ion  drops in the  v ic in i ty  of  the  h ighes t  react ion 
rate (the front  of  the  electrode) and the  e lect rolyte  supply  
conta ined  in the  back  por t ion  of  the  e lec t rode  m u s t  diffuse 
to this react ion plane. This behavior  can be seen f rom 
Fig. 4 where  the  current  dens i ty  d is t r ibut ion  at t = 2160s 
falls back  f rom the  flatter profiles exhibi t  at earl ier  t imes.  
Eventual ly ,  the  f ront  of  the  e lec t rode  becomes  deple ted  of  
e lec t ro ly te  and is unable  to suppor t  fur ther  reaction,  hence  
cur ren t  flow, and the cell fails. This failure is indica ted  by 
the  m o d e l  w h e n  convergence  cannot  be achieved.  

The  mode l  can be used to demons t ra te  the  effects  of  the  
i n d e p e n d e n t  des ign criteria on cell per formance .  The  least  
influential  parameters ,  for the  react ion control led condi-  
t ions here,  were  found to be Sr and Ss. Fo r  example ,  de- 
creas ing e i ther  Sr or S~ by an order  of magn i tude  resul ted  
in changes  in the  discharge t ime  and cell vol tage of  less 
than  1%. The  mos t  influential  parameters  on cell  perform- 
ance  were  found to be Spe, e ~ and ci,~t. The  parameters  char- 
acter iz ing the  LiC1 film, ef and Sf, show small  to modera t e  
effects  on cell  performance.  

As shown in Fig. 6, beyond  a porous  e lec t rode  th ickness  
of  approx ima te ly  0.1 cm there  is l i t t le gain in cell l ifetime. 
Apparent ly ,  for th icknesses  beyond  0.1 cm the  advantages  
of  increased  active surface area and e lect rolyte  s torage are 
d imin i shed  by the  increase in cell  res is tance and hence  de- 
crease  in cell  l ifetime. I t  is difficult  to de te rmine  the  effect  
of  the  porous  e lec t rode  porosi ty  on cell  pe r fo rmance  be- 
cause w h e n  porosi ty  is changed  the  act ive surface area, a, 
is also changed.  Keep ing  a cons tant  here, the  cell  l i fe t ime 
is decreased  by 49 and 86% for e ~ decreased to 0.6 and 0.35, 
respect ively .  This  decrease  in l i fe t ime occurs  s imply  be- 

cause  there  exists  less void  v o l u m e  for the  prec ip i ta t ing  
LiC1 to fill. Changes  in Spe and e ~ have  very  little effect  on 
the  opera t ing  vol tage and tempera ture ;  the  vol tage and 
t empe ra tu r e  var ied  by less than  1% for the  cases s tudied 
here. 

F igure  7 shows the  predic ted  effect  of  initial e lectrolyte  
concen t ra t ion  on cell  l ifetime. Caut ion is needed  w h e n  
compar ing  cell  pe r fo rmance  for different  concent ra t ions  
because  the  average operat ing vol tage decreases  as initial 
e lec t ro ly te  concent ra t ion  decreases.  For  example ,  the  
average  opera t ing  vol tage for cl~it = 0.25M was about  8% 
lower  than that  for the  base case. This concent ra t ion  could  
not  be  inc luded  in Fig. 7 because  the  pred ic ted  vol tage 
t rans ient  fell be low the  cutoff  vol tage (2.9V) chosen  to de- 
t e rmine  cell  l ifetime. Beyond  a concent ra t ion  of  approxi-  
mate ly  2M there  is little increase in cell  l i fe t ime or average 
cell  voltage. At  concent ra t ions  be low 1M the  overpotent ia l  
r equ i red  to dr ive the  e lec t rochemica l  react ion at a fast 
e n o u g h  rate to suppor t  the  current  draw is necessar i ly  
high, especial ly  at the  front  of  the  porous  electrode.  This  
acce lera t ion  of  react ion rate causes  the  pores  to fill up  
qu ick ly  with  LiC1, and the  cell  fails rapidly  as shown  in 
Fig. 7. Also, for initial concent ra t ions  of about  0.5M and 
be low the  shape of the cell vol tage t ransient  changes;  cell  
vol tage  initially increases,  reaches  a m a x i m u m ,  and then  
decreases .  This initial increase in vol tage is a t t r ibuted to 
the  ra ther  large initial increase in conduc t iv i ty  as the  con- 
cent ra t ion  of  l i th ium ions increases.  La ter  the  vol tage de- 
creases  due  to the  decreas ing porosi ty  in the porous  elec- 
t rode  and the  resul t ing increase in resistivity.  

The  porosi ty  of  the  LiC1 film which  forms on the l i th ium 
anode  has a modera t e  effect  on cell per formance .  Poros i ty  
of  this film varies depend ing  on storage t empera tu re ;  
h igher  s torage t empera tu res  tend  to p roduce  larger  LiC1 
crystals and more  compac t  films (33). Severa l  observat ions  
can be m a d e  here  f rom the  mode l  predict ions.  F i lm poros-  
ities beyond  0.1 seem to have  lit t le to no effect  on cell life- 
t ime, voltage,  or tempera ture .  Be low a porosi ty  of 0.1, cell  
vol tage begins  to decrease  due  to the greater  h indrance  of  
species t ranspor t  in the film. For  example ,  for a poros i ty  of  
0.05, the  average cell  vol tage and cell l i fe t ime are reduced  
by 3% as compared  to the base  case. When porosi ty  is ex- 
t r emely  low (e .g . ,  0.005) the mode l  predicts  that  the  cell  will  
no t  operate  for the  30 m A / c m  2 drain cons idered  here. For  a 
film porosi ty  of  0.025, the  mode l  predic ts  h igher  cell  tem-  
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p e r a t u r e s  ( abou t  10~ h i g h e r  on  t he  average)  a n d  a n  aver-  
age  cell  vo l t age  a b o u t  11% lower  t h a n  t h a t  for t h e  ba se  be- 
cause  of  t he  i n c r e a s e d  cell r es i s tance .  T h e s e  r e su l t s  s h o w  
t h a t  i t  is a d v a n t a g e o u s  to m a i n t a i n  low t e m p e r a t u r e  stor-  
age  ( room t e m p e r a t u r e )  so t h a t  t h e  fi lm does  no t  b e c o m e  
too  compac t .  

The  film t h i c k n e s s  has  l i t t le  ef fec t  on  cell  p e r f o r m a n c e  
for  t he  c o n d i t i o n s  s t ud i ed  here.  C h a n g e s  in cell l i fe t ime  of  
less  t h a n  0.1% are p r e d i c t e d  w h e n  Sf is  d e c r e a s e d  to 0.5 ~ m  
or i n c r e a s e d  to 40 ~m. However ,  d e p e n d i n g  on  t he  fi lm po- 
rosi ty,  t h e  ave rage  cell vo l tage  can  be  d e c r e a s e d  signifi- 
can t ly  w h e n  t h e  fi lm is th ick .  F o r  t he  40 ~ m  fi lm t h i c k n e s s ,  
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Fig. 9. Comparison of predicted and experimental voltage transients 
for a 15 mA/cm 2 discharge. 

t h e  ave rage  cell vo l tage  was  d e c r e a s e d  b y  a b o u t  4% as 
c o m p a r e d  to t he  b a s e  case. 

T h e  ef fec t  of  d i s c h a r g e  ra te  on  cell  vo l t age  is s h o w n  in  
Fig. 8. As expec ted ,  cell  vol tage,  l i fet ime,  a n d  capac i ty  are  
i n c r e a s e d  w h e n  d i s c h a r g e  ra te  is dec reased .  T h e s e  c u r v e s  
c o m p a r e  f avorab ly  w i t h  e x p e r i m e n t a l  vo l t age - t ime  cu rves  
(37, 38, 41). E x p e r i m e n t a l  a n d  p r e d i c t e d  d i s c h a r g e  cu rves  
for a 15 m A / c m  2 d i s cha rge  are s h o w n  in  Fig. 9. A l t h o u g h  
o p e r a t i n g  vo l tages  a n d  cell  l i fe t imes  differ,  t h e  gene ra l  
s h a p e  of  e ach  cu rve  is s imilar ;  a re la t ive ly  c o n s t a n t  cell po- 
t en t i a l  t h r o u g h o u t  m o s t  of  t he  d i s cha rge  un t i l  t h e  e n d  of  
d i s c h a r g e  is a p p r o a c h e d  w h e r e  a r ap id  de t e r i o r a t i on  of  t he  
cell  vo l t age  occurs .  I t  is diff icul t  to  o b t a i n  c lose  a g r e e m e n t  
b e t w e e n  m o d e l  p r ed i c t i ons  a n d  e x p e r i m e n t a l  da ta  re- 
p o r t e d  in  t he  l i t e ra tu re  due  to t he  lack  of  cell  spec i f ica t ions  
(e.g., p o r o u s  e l ec t rode  poros i ty  a n d  t h i c k n e s s ,  a n d  separa-  
to r  poros i ty  a n d  th i cknes s )  a n d  d u e  to t he  d i f fe rences  in  
t he  e x p e r i m e n t a l  da ta  repor ted .  Fo r  example ,  Fig. 3 of  Ref. 
(38) a n d  Fig. 8 of  Ref. (41) s h o w  s u b s t a n t i a l l y  d i f fe ren t  dis- 
c h a r g e  cu rves  for  a d i s cha rge  c u r r e n t  d e n s i t y  of  15 m A / c m  2 
as s h o w n  in  Fig. 9. T h e s e  d i f fe rences  can  b e  a t t r i b u t e d  to 
t he  d i f f e ren t  e l ec t rode  mater ia l s ,  in i t ia l  e lec t ro ly te  concen -  
t ra t ions ,  a n d  cell  d i m e n s i o n s  used.  Mode l  p r ed i c t i ons  are  
in  a g r e e m e n t  w i th  th i s  obse rva t ion ;  as s h o w n  earlier,  t h e  
m o d e l  p r ed i c t i ons  s h o w  large  sens i t iv i ty  to severa l  of  
t h e s e  phys i ca l  p a r a m e t e r s  (e lec t rolyte  c o n c e n t r a t i o n ,  po- 
rous  e l ec t rode  th ickness ) .  

The  t e m p e r a t u r e - t i m e  cu rves  for va r ious  d i s cha rge  ra tes  
are  s h o w n  in Fig. 10. The  ini t ia l  r ise  in  t e m p e r a t u r e  i s  due  
to t he  po la r i za t ion  of  t he  e l ec t rodes  a n d  e n t r o p y  effects  as 
r e p r e s e n t e d  b y  t he  t e r m s  ~/, a n d  ~ in  Eq.  [77]. As t he  t em-  
p e r a t u r e  of  t h e  cell i nc reases  t he  ra te  of  h e a t  t r a n s f e r  to t he  
s u r r o u n d i n g s  inc reases  un t i l  a n  e q u i l i b r i u m  is a l m o s t  
r e a c h e d  w h e r e  t he  h e a t  t r a n s f e r  is a b o u t  equa l  to  t he  h e a t  
genera t ion .  T h e s e  equ i l ib r i a  are r e p r e s e n t e d  b y  t he  pla- 
t e aus  in  t he  cu rves  in  Fig. 10. At  h i g h e r  d i s c h a r g e  ra tes  
t h e s e  p l a t eaus  b e c o m e  less  d i s t i nc t  b e c a u s e  t h e  h e a t  t r ans -  
fer  c a n n o t  k e e p  pace  w i t h  t he  g rea te r  h e a t  g e n e r a t i o n  pro-  
d u c e d  b y  t he  m o r e  severe  e l ec t rode  po la r i za t ions  at  h i g h e r  
d i s c h a r g e  rates .  A t  t he  e n d  of  d i s c h a r g e  local ized r e a c t a n t  
d e p l e t i o n  causes  severe  po la r i za t ion  a n d  t he  cell  t e m p e r a -  
t u r e  is d r i v e n  u p w a r d  at a fas te r  ra te  as s h o w n  b y  t he  tail  
e n d s  of  t he  cu rves  in  Fig. 10. This  su rge  in cell  t e m p e r a t u r e  
at  t he  e n d  of  d i s cha rge  cou ld  lead to u n s a f e  b e h a v i o r  b y  
rap id ly  i n c r e a s i n g  t he  i n t e rna l  p r e s s u r e  or poss ib ly  trig- 
ge r ing  e x o t h e r m i c  r u n a w a y  r eac t i ons  (11). To avo id  th i s  
h a z a r d  t h e  cell  cou ld  be  o p e r a t e d  b e l o w  ce r t a in  d i s c h a r g e  
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Fig. 10. Dependence of cell temperature on discharge rate 
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rates and ambien t  t empera tu re  l imits  or it could  be used  
up to a l imi ted t ime  well  before  reaching  the  end of  dis- 
charge. These  t empera tu re  profiles exhib i t  the  same gen- 
eral pat tern  of  exper imenta l  t empera tu re - t ime  curves  (39). 
I m p r o v e d  heat  t ransfer  paths could be inves t iga ted  us ing 
the  mode l  by changing  the  energy  balance parameters ,  C 
and ho, or modi fy ing  the  energy  balance,  Eq. [78]. 

Model  predic t ions  are only as good as the  input  to the  
model .  The  results  p resen ted  here  are in good ag reemen t  
wi th  expe r imen ta l  data repor ted  in the  l i terature perhaps  
because  of  the  detai led theoret ical  d e v e l o p m e n t  and the 
trial and error  per turba t ion  of some of  the  kinet ic  parame-  
ters m e n t i o n e d  earlier. The  kinet ic  parameters  and physi-  
cal proper t ies  used in the  present  analysis may  change  sig- 
nif icant ly for different  appl icat ions which,  in turn, could 
signif icantly effect mode l  predict ions.  The  versat i l i ty  to 
change  m o d e l  inputs  to s imulate  different  appl icat ions is 
an impor tan t  aspect  of  this model .  

The  kinet ic  parameters ,  io.,,~ef, a~ ~., ,  ~o,~, ~,4, ~,4, 
and the  morpho logy  parameter  ~ which  is used  to calcu- 
late a, are the  least  k n o w n  because  these  parameters  can- 
not  be  de te rmined  easily by exper iment .  Also these  pa- 
rameters  are not  constant  values;  the  kinet ic  parameters  
for the  SOC12 reduc t ion  are specific to the  type  of  carbons  
used  for the  porous  electrode,  for example .  The  morphol -  
ogy paramete r  will  change  depend ing  on the  d ischarge  
rate and cell  tempera ture .  Expe r imen ta l  data  along wi th  
comple t e  cell  specifications ( including porosit ies) and 
phys ica l  p roper ty  data (such as diffusivi ty and conduct iv-  
ity) could  be used  in conjunc t ion  with  a pa ramete r  est ima- 
t ion t echn ique  to es t imate  these  kinet ic  parameters .  A de- 
ta i led sensi t ivi ty analysis of  the  mode l  predic t ions  to 
changes  in these  kinet ic  parameters  is beyond  the  scope of  
this w o r k  though  a few i tems are of  note. The  ox ida t ion  ex-  
change  cur ren t  density,  io,~,ref, can significantly effect  cell 
vol tage and l i fe t ime whereas  the  reduc t ion  exchange  cur- 
rent  density,  a~ seems to inf luence cell  l i fe t ime more  
than  cell  voltage.  For  example ,  increas ing a~ by an 
o rder  of  magn i tude  resul ts  in a 15% reduc t ion  in cell  life 
and a less than  1% increase in cell voltage. 

S o m e  of the  physical  proper t ies  used here  were  esti- 
ma ted  f rom the  available data in the  l i terature (6, 7, 37, 
44-46). An  approx ima te  express ion  for diffusivity,  as de- 
sc r ibed  in the  Append ix ,  was used  and cons tan t  trans- 
fe rence  n u m b e r s  were  assumed.  The sensi t ivi ty of  mode l  
predic t ions  to small  changes  in these  proper t ies  was 
briefly invest igated.  I f  D is halved,  cell  l i fe t ime decreases  
by only 6%. I f  t+" is decreased  to 0.25 there  is an 18% de- 
crease  in cell  l i fe t ime due  to the  resul t ing decrease  in spe- 
cies t ransport ,  Eq. [11], and the  increase in IR drop across 
the  cell  as indicated by Ohm's  law for the electrolyte.  
Changes  in D and t+" have  negl igible  effect  on cell vol tage 
and tempera ture .  Similarly,  changes  in conduc t iv i ty  will 
d i rect ly  effect  the IR  drop across the  cell  as d ic ta ted  by the  
Ohm' s  law express ion  for the  electrolyte.  Decreas ing  con- 
duct iv i ty  will  increase the  IR drop and decrease  cell  volt- 
age and lifetime. 

Conclusions and Recommendations 
A one-d imens iona l  mode l  of  a comple te  Li/SOC12 cell  

has  been  deve loped  and used to demons t ra t e  both  des ign 
and operat ional  changes  that  can be  made  to increase cell 
capaci ty  and life. A large n u m b e r  of  cases could  be s tudied 
us ing  the  m o d e l  to de te rmine  opt imal  and safe des igns  for 
var ious  cell  specif icat ions and discharge rates. This abil i ty 
to inves t igate  different  designs s imply  by changing  m o d e l  
inputs  is where  the  va lue  of  the  mode l  lies. In  addit ion,  the  
mode l  can be  used  along with a pa ramete r  es t imat ion  tech- 
n ique  to es t imate  kinet ic  parameters  for var ious  carbon  
mater ia ls  and e lect rolyte  chemistry .  

I m p r o v e m e n t s  in the mode l  wou ld  inc lude  account ing  
for the  growth  of the  LiC1 film as the  cell  discharges,  the  
addi t ion  of  the Cl-, SO2, and S species to de t e rmine  their  
effects  on cell  performance,  changing  the  energy  balance  
to account  for more  c o m p l e x  heat  t ransfer  paths, and the  
mode l ing  of  a s tack of cells represen t ing  the  cross sect ion 
of  an ent i re  Li/SOC12 battery. Also porous  e lec t rode  
swel l ing has been  shown to be an impor tan t  aspect  of  cell 

pe r fo rmance  dur ing high rate dischaTge (47) and should  be  
added  to the  model .  
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A P P E N D I X  
Physical Properties 

The  conduc t iv i ty  of  the  electrolyte,  K, is a funct ion  of  
concent ra t ion  and tempera ture .  Szpak and Venkatase t ty  
(2) sugges t  that  this funct ional i ty  should be inc luded  in the  
bat tery  mode l ing  because  of  the  large changes  in the  con- 
duc t iv i ty  as the  bat tery  discharges.  An  empir ica l  expres-  
sion, s imilar  in form to o ther  conduc t iv i ty  expres ions  (7, 
15, 16), descr ib ing this funct ional i ty  has been  deve loped  
f rom the  avai lable data (6, 37, 44-46) 

{~1c exp (B2c + ~3c 2) exp  (B4/T) (c < 1.SM) [80] 
K = ~5 exp  (~4/T (c -> 1.SM) 

where  ~1 = 135.45 ~-1 cm 1, ~2 = 399.09 cm3/mol, ~3 = 
-2.5055 • 10 -~ cm6/mol 2, ~4 = -711.69 K, and ~5 = 0.22244 
~-~ cm -~. The data  for LiA1C14 mix tu res  (equimolar  mix-  
tures  of  LiC1 and A1C13) are for one t empera tu re  only, 
298.15 K (37, 44). The  concent ra t ion  range of  this data is 
0.000313-2.0M. The dependence  of conduc t iv i ty  on tem- 
pera ture  and concent ra t ion  for concent ra t ions  above  2.0M 
was es t imated  f rom conduct iv i ty  data for a s imilar  electro- 
lyte, SOC12 conta in ing  S Q ,  S, and equ imola r  amount s  of  
LiC1 and A1C13 (45-46). Equa t ion  [80] can be used  to contin- 
uous  conduct iv i t ies  and der ivat ives  (with respect  to con- 
cent ra t ion  and tempera ture)  unl ike  a conduc t iv i ty  expres-  
s ion p resen ted  earl ier  (7). 

No data exis t  to per form a similar  analysis for the  diffu- 
s ion coefficient.  The  diffusivi ty was a s sumed  to be a func- 
t ion of  t empera tu re  and i ndependen t  of  concentra t ion.  
The  d e p e n d e n c e  of  diffusivi ty on t empera tu re  was as- 
s u m e d  to be ident ical  to the  dependence  of  conduc t iv i ty  
on t empera tu re  as was done  in previous  work  (7). The  ex- 
press ion  used here  is 

D = 1~6 exp  (~4/T) [81] 

where  ~6 = 1.0 • 10 4 cm~/s. 

LIST OF SYMBOLS 

a specific act ive surface area of  the  porous  material ,  
cm-1 

a ~ initial va lue  of  a, cm -1 
a ~ proper ty  express ing  secondary  reference  state of 

electrolyte,  cm3/mol 
c concent ra t ion  of  the  electrolyte,  moYcm ~ 
cl concent ra t ion  of  species i, mol /cm 3 
cl,ref re ference  concent ra t ion  of  species i, mol / cm 3 
C hea t  capaci ty  of  the  cell, J / c m  2 K 
D diffusion coefficient  of  the  b inary  electrolyte,  cm2/s 
Deff effect ive diffusion coefficient  of  electrolyte,  cm2/s 
E cell  voltage,  V 
Eoc open-ci rcui t  vol tage of the  cell, V 
Etn t he rmoneu t ra l  potent ia l  of  the  cell, V 
f mean  act ivi ty coefficient  of  e lect rolyte  
F Faraday ' s  constant ,  96,487 C/tool of  e lectrons 
ho hea t  t ransfer  coefficient,  W/cm 2 K 
ik react ion rate of  e lec t rochemica l  react ion k, A/cm 2 
in total  cell  cur ren t  density,  A/cm 2 
io,k,re~ exchange  current  densi ty  of react ion k at Cref, A/cm 2 
i, superficial  current  densi ty  in the  mat r ix  phase,  

A/cm 2 
i2 superficial  current  dens i ty  in the  solut ion phase,  

A/cm 2 
j current  t ransferred be tween  phases,  A/cm 3 
K,,1 fr ict ion coefficient  for in teract ion be tween  species i 

and 1, J s / cm ~ 
nk n u m b e r  of  e lectrons t ransferred in the  e lec t rochemi-  

cal react ion k 
Ni superficial  flux of species i, moYcm 2 s 
Pl,k anodic  react ion order  of  species i in react ion k 
qi,k ca thodic  react ion order  of species i in react ion k 
q ne t  heat  in cell, J / cm 3 
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C/ht 

q:p 
R 
Ri 

Sl  
S],k 
t 
tcell 
ti N 
T 
TA 
U 
Yk,ref 

Vi 
V m 
V, 
W 
X 

Zl 

energy change due to heat transfer between cell and 
surroundings, W/cm 3 
heat generated due to cell polarization, W/cm 2 
heat generated due to entropy effects, W/cm 2 
universal gas constant, 8.3143 J/tool K 
production rate of species i due to reaction, mol/cm 3 
s 
thickness of region l, cm 
stoichiometric coefficient of species i in reaction k 
time, s 
cell lifetime, h 
transference number  of species i relative to v" 
cell temperature, K 
ambient  temperature, K 
internal energy of the cell, J/cm 3 
potential of reaction k relative to the reference elec- 
trode, V 
superficial velocity of species i, cm/s 
superficial volume average velocity, cm/s 
partial molar volume of species i, cm3/mol 
net work done by or on the cell, J/cm 3 
normal direction from SEI surface to porous elec- 
trode, cm 
charge number  of species i 

Greek Symbols 
(~a.k transfer coefficient in the anodic direction of reac- 

tion k 
ac.k transfer coefficient in the cathodic direction of reac- 

tion k 
e porosity or void volume fraction of the porous elec- 

trode 
e ~ initial porosity of the porous electrode 
K conductivity of the solution, ~-1 cm-1 
Keff effective electrolyte conductivity, ~-1 cm-1 
~i chemical potential of species i, J/mol 
v§ number  of cations produce by dissociation of elec- 

trolyte 
v_ number  of anions produce by dissociation of elec- 

trolyte 
v total number  of ions into which one molecule of the 

salt dissociates 
conductivity of the solid, ~/cm 

~eff effective conductivity of the matrix phase, ~/cm 
(Pl potential in the matrix phase, V 
(I)~ potential in the electrolyte, V 

morphology parameter 
E1 exponential for calculating effective properties in 

the porous electrode region 
~2 exponent  for calculating effective properties in the 

separator 
~3 exponent  for calculating effective properties in the 

LiC1 film 

Subscripts 
e electrolyte 
f LiC1 film 
i species i 
init initial value 
k reaction k 
o solvent 
pe porous electrode 
r reservoir 
s separator 
+ cation 
- anion 
1 solid matrix phase 
2 electrolyte phase 
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