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Abstract  

The influence of operating temperature on the performance of molten-carbonate fuel 
cells performance is investigated by using experimental cells and other investigative 
analysis. The results indicate that the operating temperature should be kept within the 
range of 650 to 700 °C from the viewpoint of the cell voltage. A temperature of 675 
°C is found to yield optimum cell life. Loss of electrolyte severely accelerated degradation 
of the cells. 

Introduction 

Fuel  cells, espec ia l ly  m o l t e n - c a r b o n a t e  fuel cel ls  (MCFCs),  a re  p r o m i s i n g  
a l te rna t ives  to conven t iona l  p o w e r - g e n e r a t i o n  s y s t e m s  b e c a u s e  o f  thei r  high 
efficiency, exce l len t  e n v i r o n m e n t a l  fea tures ,  and  the  poss ib i l i ty  of  cogenera t ion .  
Usually,  MCFCs are  o p e r a t e d  and  a roun d  650  °C, a t  which  t e m p e r a t u r e  the  
e lec t ro ly te  is m o l t e n  and  s e rve s  as  a g o o d  ionic conduc to r .  The  la t ter  p r o p e r t y  
c a n n o t  be  ach i eved  a t  l ower  t e m p e r a t u r e s .  On the  o t h e r  hand ,  co r ro s ion  of  
cell c o m p o n e n t s  is a c c e l e r a t e d  in the  p r e s e n c e  of  m o l t e n  c a r b o n a t e  a t  h igher  
t e m p e r a t u r e s .  In addi t ion  to  th is  d i sadvan tage ,  a loss  of  mo l t en  c a r b o n a t e  
can  easily o c c u r  b e c a u s e  o f  i ts  i n c r e a s e d  v a p o u r  p r e s s u r e  a t  h igher  t em-  
p e r a t u r e s  [1 ]. There fo re ,  it is i m p o r t a n t  for  MCFC s y s t e m s  to  o v e r c o m e  the  
ef fec t  o f  ope ra t i ng  t e m p e r a t u r e  on  cell p e r f o r m a n c e .  

Pract ica l  MCFCs take  the  f o r m  o f  a s t ack  c o m p o s e d  of  severa l  cells. 
Such  s t acks  m a y  exhibi t  a ce r t a in  deg r ee  of  t e m p e r a t u r e  va r ia t ion  [2]. It  is 
i m p o r t a n t  to  ach i eve  a u n i f o r m  t e m p e r a t u r e  d is t r ibu t ion  in b o t h  the  ver t ica l  
and  the  hor izonta l  d i rect ions .  As a resu l t  o f  r e s i s t ance  (IR) effects ,  a t e m p e r a t u r e  
d is t r ibut ion of  o v e r  100 °C c a n  be  e x p e r i e n c e d  in cells [2, 3]. In o rde r  to  
ach ieve  un i formi ty  in t e m p e r a t u r e ,  the  f low of  ox idan t  gas  is con t ro l l ed  dur ing  
s t ack  opera t ion .  F o r  e x a m p l e ,  hea t  (which  is g e n e r a t e d  by  fuel  cell r eac t ion)  
is usual ly  r e m o v e d  by  ox i dan t  g a s  cooling.  The  o p t i m u m  o p e r a t i n g  t e m p e r a t u r e  
should  be  d e t e r m i n e d  in o r d e r  to ob ta in  m a x i m u m  cell p e r f o r m a n c e .  
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In this paper, an investigation is made on the effects of operating 
temperature  on both the initial performance and the long-term operating 
characteristics of a MCFC system. 

Experimental 

Test cells (surface area of 25 cm 2) were assembled as follows. The 
cathode consisted of  a sintered nickel plate with a thickness of 0.76 mm. 
Using a model 9310 porosimeter  (Shimadzu Seisakusho Co. Ltd.), the porosity 
was found to be 70 to 75%. The anode was made from nickel-aluminum 
alloy powder  (Mitubishi Materials Co. Ltd.). This electrode had a thickness 
of 0.76 mm and a porosity of  50 to 55%. 

The Li2CO3 and K2CO3 powder comprising the electrolyte were guaranteed 
chemicals (Foote Minerals Co. Ltd). The eutectic propor t ions  of Li:K were 
62:38 by atomic ratio. The electrolyte support ing plate consisted of LiAlO2 
powder  (H-14, Foote  Minerals Co. Ltd.) and was fabricated by the tape- 
casting method. The thickness was 0.5 mm and the porosi ty was 50%. The 
eutectic electrolyte was maintained at the required atomic ratio and was 
soaked into both electrodes when the cell temperature  reached 650 °C. 

The cell construction is shown in Fig. 1. The cell frame and gas pipes 
were made with 316L stainless steel. Perforated nickel served as the current  
collector for the anode and 316L stainless steel was used for the cathode. 

Cells were operated between 550 and 750 °C by controlling the output 
of  heaters that were located at the side of the cell frames. The composit ion 
of the fuel and oxidant gases was 56% H2/14% CO2/30% H20 and 70% air/ 
30% C02, respectively. The gases were preheated to around 650 °C before 
entering the cells. The gas utilization, Uf/Uox, was 40%/40% at 150 mA cm -2 
in the initial cell performance measurement ,  and 14%/13% during the en- 
durance test. The N2 cross-over was measured every 500 h under  the condition 
of  Uf/Uo,: = 40%/40% by gas chromatography (GP-3, Shimazu Seisakusho Co. 
Ltd.). 

Cell resistance was checked with four-probe a.c. impedance meters (4328 
A, Yokogawa Ltd.). The cells were disassembled after  testing. Each cell 
component  was analyzed using the techniques of  X-ray diffractometry 
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Fig. 1. Cell construction. 



71 

(RAD-C,  R i g a k u  D e n k i  Co.  L td . )  a n d  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( D S - 1 3 0 ,  

A G T  Co. Ltd.) .  T h e  m o l t e n  c a r b o n a t e  c o n t e n t s  in e a c h  c o m p o n e n t  w e r e  

c a l c u l a t e d  as  t h e  w e i g h t  l o s s  by  e x t r a c t i n g  c a r b o n a t e  w i t h  a m i x t u r e  o f  7 0 %  

a c e t i c  a c i d  and  3 0 %  a n h y d r o u s  a c e t i c  ac id .  

R e s u l t s  a n d  d i s c u s s i o n  

Both  the open-c i rcu i t  (OCV) and  c losed-c i rcu i t  (CCV) vo l t age s  we re  
c o m p a r e d  at 150 mA c m  -2 fo r  va r ious  ope ra t ing  t e m p e r a t u r e s  b e t w e e n  550  
and  750 °C. The  resu l t s  a re  s h o w n  in Fig. 2. The  o b s e r v e d  OCVs were  a l m o s t  
the  s ame  as those  ca lcu la ted  f r o m  the  Nerns t  equat ion .  As s h o w n  in Tab le  
1, the re  is a s ignif icant  d e p e n d e n c e  of  the  CCV on the  ope ra t i ng  t e m p e r a t u r e  
in the  lower  t e m p e r a t u r e  r a n g e  [4]. By cont ras t ,  the  inf luence on the  CCV 
in the high t e m p e r a t u r e  r ange  b e t w e e n  700 and  750 °C was  ve ry  smal l  so  
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Fig. 2. Re la t ionsh ip  be tween  cel l  vo l t age  and ope ra t i ng  t empera tu re .  
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TABLE 1 

Dependence of cell voltage on operating temperature 

Temperature (°C) Terminal voltage (mVFC) IR-free voltage (mVfC) 

550 ~ 600 3.5 3.0 
600 ~ 650 1.0 0.8 
650 ~ 700 0.2 0 
700 ~ 750 0 - 0.2 
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tha t  cel ls  exhib i ted  a l m o s t  the s a m e  p e r f o r m a n c e .  Vol tage  i m p r o v e m e n t  is 
no t  e x p e c t e d  above  700 °C. The Vm-free be tween  650 and  700 °C was  0 mV/ 
deg.,  i.e., the  e l ec t rode  activi ty was  cons t an t  a b o v e  650  °C. These  findings 
sugges t  tha t  a t e m p e r a t u r e  range  be t wee n  650  and  700 °C, p rov ide s  o p t i m u m  
cell p e r f o r m a n c e .  

The  e n d u r a n c e  tes t  was  carr ied  out  for  1000 h; the  resu l t s  are  given 
in Fig. 3. The  cell o p e r a t e d  a t  550  °C was  d i scha rged  at  100 mA c m - 2  f rom 
the  s t a r t  of  test ing.  The  cell ope r a t ed  a t  750 °C was  d i s cha rged  a t  150 mA 
c m  -2 for  300  h and  w a s  then  d i scha rged  a t  100 mA c m  -2 b e c a u s e  its 
po la r iza t ion  was  high. The remain ing  cells we re  d i scha rged  a t  150 m A c m -  2. 
The deg rada t i on  ra tes  of  the cells a re  s u m m a r i z e d  in Tab le  2. It  can  be  seen  
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Fig. 3. Dependence o f  cel l  vol tage on operat ing temperature.  
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TABLE 2 

Degradation rates of cells a 

Temperature (°C) Degradation rate (mV/1000 h) Remarks 

550 1 CD= 100 mA cm -2 
600 30 
650 20 
675 30 
700 270 (60 mV/500 h) 
750 330 mV/300 h s topped the discharging at 500 h 

aFuel: 56% H2/14% C02/30% H20; oxidant: 70% air/30% C02; UJUo,:: 14%/13% at 150 mA 
em -2. 
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tha t  opera t ing  t e m p e r a t u r e s  be low 675  °C did no t  exe r t  any signif icant  effect  
on  the cell degrada t ion  ra te  [5]; the  value  was abou t  30 mV/1000  h,  Above 
700  °C, however ,  a ma rked  acce le ra t ion  in cell degrada t ion  was  observed .  

Changes  in cell res i s tance  and  N2 cross-over  in the anode  exhaus t  gas 
were  m e a s u r e d  in o rde r  to ver i fy  the  above  phenomena .  F igure  4 shows the 
d e p e n d e n c e  o f  the cell r es i s tance  upon  the opera t ing  t empera tu re ;  the  
res i s tance  was m e a s u r e d  at  the  OCV. The  data  show tha t  the  res i s tance  at  
700  and 750 °C gradual ly  inc reased  dur ing cell opera t ion .  By cont ras t ,  the  
o the r  cells exhib i ted  s table pe r fo rmance .  This behav iour  is s imilar  to  tha t  
shown  previous ly  in Fig. 3. The  var ia t ion  in Ne cross-over ,  g iven in Fig. 5, 
is in a c c o r d a n c e  with the  cel l - res is tance charac ter i s t ics  (Fig. 4). The  resul ts  
of  Figs. 4 and 5 suppor t  the  fac t  tha t  loss of  e lec t ro ly te  was  respons ib le  
fo r  cell degrada t ion  when  the  opera t iona l  t e m p e r a t u r e  was above  700 °C. 
Overall,  it is conc luded  tha t  the  cell t em p e ra tu r e  should  be  k ep t  be low 675 
°C in o rde r  to  maximize  cell  life. 

After  d ischarge  test ing,  each  cell was d isassembled  and sub jec ted  to  a 
pos t  mor tem.  It was found  that  the  ca thode  of  the  cell o p e r a t e d  at 750 °C 
was r educed  to  nickel  meta l  on  the  oppos i te  side of  the an o d e  inlet. This 
sugges t s  that  the  loss of  e lec t ro ly te  caused  the reac tan t  gases  to  c ross  over  
by  passage  th rough  the  matr ix .  The  same p h e n o m e n o n  was o b se rv ed  in the 
cell tha t  was o p e r a t e d  at  700 °C. Each  c o m p o n e n t  was sub jec ted  to  X-ray 
diffraction phase  analysis.  It  was found  that  the  compos i t ion  o f  the  anode ,  
ca thode  and mat r ix  did no t  alter, e i ther  before  or  af ter  d i scharge  and 
i r respect ive  o f  the  opera t ing  t empera tu re .  Each c o m p o n e n t  showed  chemica l  
stabil i ty up to  750 °C. As shown in Fig. 6, however ,  the rat io  of  a phase  
to  7 phase  for  LiAIO 2 gradual ly  increased  as the opera t ing  t e m p e r a t u r e  was 
raised.  Scanning e lec t ron  m i c r o s c o p y  was carr ied out  on the anodes ,  ca thodes  
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Fig. 4. Dependence  of cell res is tance on operat ing temperature .  
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Fig. 5. Dependence of N2 cross-over upon operating temperature.  
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Fig. 6. Influence of cell operating temperature on a-*~/ phase formation. 

and matrices in order to investigate any changes in the microstructure. The 
electron micrographs are shown in Fig. 7. No significant differences, such 
as growth in particle-size, were observed. The anode displayed a tendency 
to creep at high temperature but this had little effect on electrode thickness, 
as shown in Table 3. It was confirmed that each component  had sufficient 
mechanical strength to withstand operation between 550 and 750 °C. 

Figure 8 shows the electrolyte retention in each component  after the 
cell discharge test. The total electrolyte retention was between 70 and 80%/ 
1000 h at 675 °C, but decreased to 50%/1000 h and 50%/500 h at 700 and 
750 °C, respectively. In other words, the electrolyte disappeared at higher 
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Fig. 7. Electron micrographs of cell components: (a) anode, (b) cathode, (c) matrix. 

TABLE 3 

Change of anode thickness with cell operating temperature 

Temperature (°C) Change of anode thickness (~m) 

550 - 2 
600 ± 0 
650 ÷ 11 
675 ± 0  
700 ÷ 2 
750 - 3 

ce l l  o p e r a t i n g  t e m p e r a t u r e s ,  e s p e c i a l l y  a b o v e  7 0 0  °C. W h e r e a s  t h e  e l e c t r o l y t e  
r e t e n t i o n  in  t h e  a n o d e  r e m a i n e d  a l m o s t  c o n s t a n t ,  t h a t  in  t h e  c a t h o d e  a n d  
t h e  m a t r i x  d e c r e a s e d  s u d d e n l y  a t  7 0 0  °C. T h i s  f i n d i n g  s u p p o r t s  t h e  c o n c l u s i o n  
t h a t  e l e c t r o l y t e  r e t e n t i o n  in  t h e  m a t r i x  w a s  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  in 
t h e  ce l l  r e s i s t a n c e ,  N2 c r o s s - o v e r ,  a n d  t h e  d e g r a d a t i o n  o f  c e l l  p e r f o r m a n c e .  
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Fig. 8. Influence of cell operating temperature on electrolyte retention. 

Clearly, the cell ope ra t ing  t empera tu re  should  be main ta ined  below 675 °C 
in o rde r  to ensure  g o o d  retent ion of  electrolyte.  

C o n c l u s i o n s  

The effect of  opera t ing  t empera tu re  on the p e r f o r m a n c e  of  a MCFC 
sys tem has  been s tudied in detail us ing exper imenta l  cells and var ious  
investigative techniques .  The results are as follows: 

(1) F rom the v iewpoint  of  cell voltage,  the op t imum tempera tu re  range 
is 650  to 700 °C. 

(2) To ensure  g o o d  cell life, the cell t empera tu re  should  be kept  below 
675 °C. 

(3) Cell degrada t ion  occurs  above  700 °C and is caused  by loss of  
electrolyte.  
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