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Ahstrati-The electric work method has been applied to a unit cell of the solid oxide fuel cell. A new 
equation for the cell power is derived, which takes into account temperature gradients of the system. 
Local heat productions and consumptions in the cell have been calculated using new data on the trans- 
ported entropy of oxygen ions. Exergy efficiency calculations are carried out for the unit cell at 1000°C 
indicating the relative importance of losses due to overpotentials, ohmic resistance and cracks in the 
electrolyte, incomplete reactions and temperature gradients. Energy economy is obtained for direct elec- 
trochemical conversion of methane in the unit cell when the overpotential at the fuel electrode is less than 
0.21 V for an electric current density j = 1 Acm -‘. Ohmic resistance of the electrolyte plays a minor role. 
A natural temperature gradient of 10 K across the cell reduces the work from the cell by 0.6%. The heat 
production in the cell is asymmetrical. A 3% gain in exergy efllciency is obtained by changing the pres- 
sure from 1 to 4 bar. The results will have a bearing on cell design and material development. 
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1. INTRODUCI’ION 

Fuel cells are expected to play an important role in 
future production of electrical energy. The solid 
oxide fuel cell (SOFC) converts hydrogen and 
oxygen to water around 1000°C. Hydrogen may be 
produced outside or inside the cell before conver- 
sion. The success of the SOFC relative to other fuel 
cells or other power generating systems may depend 
on exploit of the heat production of the cell[l]. The 
heat production may be used for the reforming reac- 
tion which produces hydrogen[2] from natural gas, 
and for cogeneration of electricity[l]. Takehara and 
coworkers show that the heat production differs 
between electrodes in the SOFC unit cell[3]. They 
also discuss how the temperature distribution in the 
cell may vary in a tubular cell construction[4]. 

Rosen[l] concludes that exergy analyses should 
be used to evaluate efficiencies of power generating 
systems. We shall give the results of an exergy 
analysis of the SOFC, using a new method, the elec- 
tric work methodC5, 63. Our conclusion agrees on a 
general basis with that of Rosen[l], but more details 
of the process are given. The characteristics of the 
method are detailed descriptions of causes and loca- 
tion of local heat and energy changes per unit time. 
The analysis extends the work of Takehara and 
coworkers[3, 41 on this point, because the electric 
work method is more accurate than previously 
published methods. 

The analysis reveals the main factors for further 
improvement of the cell efficiency. The effect of the 
reformer reaction on the exergy efficiency will be 
quantified. Electrochemical conversion of methane 
will be compared with the process where hydrogen is 

* Author to whom correspondence should be addressed. 

externally produced from methane and further con- 
verted in the cell. A detailed discussion of the energy 
gain by cogeneration must, however, be postponed. 

We shall limit ourselves to the calculation of a 
unit cell. Unit cell descriptions are required for com- 
puter modelling of the system[7]. Both reversible 
and irreversible heat effects are taken into account, 
but losses due to diffusion will be neglected. 

2. PRINCIPLES 

Assume that hydrogen for the fuel cell is supplied 
by reforming of methane according to the reaction: 

jCH,(g) + tH,O(g) --) jH,(g) + &O,(g). (r) 

Hydrogen is consumed inside the cell according to : 

#Mg) + 302-bd -, 3UW + e- (11) 

j02-(cat) + jO’-(an) (III) 

+0,(g) + e- + jot-(cat) (Iv) 

9-W) + to,(g) -, fHzO@ 09 
where (an) and (cat) refer to the anode and cathode, 
respectively. All reactions are written for the transfer 
of one faraday of elementary charges and the trans- 
ference number of O’- in the electrolyte is unity[8]. 
The overall reaction of the system is the sum of reac- 
tions (I) and (V); 

&H,(g) + to,(g) -+ tH,O(g) + @O,(g). (VI) 

We shall use the conversion ratios qcH4, )I”*, and ftol 
for reactions (I), (II) and (IV), respectively. 
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2.1. The emf of a unit cell with temperature gradients 

The electric work per unit time or cell power, 
dW/dt, obtainable from an electrochemical cell is 
given bU1, 

T {(dU/dt), - (dQ/dt)i + d(pV/dt)i} = -dW/dt (1) 

where (dU/dt)i are local energy changes per unit time 
(unit Js-‘), (dQ/dt)i are local heat consumptions, 
and d(pV/dt), are local volume works performed by 
the system per unit time. All changes are coherent 
with the electric current. Summation is carried out 
over each volume element, where mass, temperature 
and volume changes occur, and total changes are 
obtained. 

For reactions (II-IV) the total energy change per 
unit time is : 

T (du/dth = CfU&T,) - ~UHJT,) 

- t~o,muI~) (2) 

where U,(T) (units J mol- ‘) denote the partial molar 
energy of component i at anode or cathode tem- 
perature, T. or T,, respectively. 

The reversible heat consumption per unit time at 
the anode is : 

@Q/W,, = T,C&,o(K) - $,,(T,) 

- fS$*- - S:,l(I/F) (3) 

where S,(T,) is the partial molar entropy of com- 
ponent i at T,, S&- is the transported entropy of 
oxygen ions, and S:, is the transported entropy of 
electrons in the electrode. The transported entropies 
can be taken as constants over an interval of 
100°C[9]. The sign of the terms are explained as 
follows: Since f mole of H,O is produced at the 
anode (see reaction II), the heat fT,S,,,(T,) is con- 
sumed. Oxygen ions are transported to the anode, 
producing the heat fT,S&_ at this location. 

For the cathode, the heat consumption is: 

(dQ/W,,, = T,L--b%,,(T,) + f%z- + SW/~). (4) 

If the transported entropies vary with temperature, 
there is also a Thomson effect from junction and 
leads. This is : 

s 

T. 
(dQ/dOxm = - T{[+ dS& + dS:J/dT}dT(Z/F). 

T. 

The sum of Equations (3) and (4) give the 
reversible heat changes, xi (dQ/dt)i, in Equation (1). 
The last term on the left side of Equation (l), 
xid(pV/dt), , is equal to RT(dq/dt) for ideal gases. 
By combining this information, Equations (2-4), and 
the fundamental relation Gi = Ui - TS, + pE, we 
obtain the electric power, dW/dt = E, I, of cell (V) 
for small values of I : 

J% I= - CfG,,oK) - +G,,K) - +%,(T,) 
T. 

- 
s 

(@L + S:,) d7WIO (5) 
T. 

E, is the cell emJ and Gi are partial molar Gibbs 
energies (chemical potentials). By adding and sub- 

tracting the term iGo, we may rewrite Equation 
(5) for a constant enthalpy by 

E, I = - [AC,(K) 

_ 
s 

“(- +S,, + +S&- + S:,) dT-J(Z/F) (6) 
T. 

where AG,( r,) is the Gibbs energy change of reaction 
(V) at the anode temperature. For T, - T, = 0, the 
value E, from Equation (6) reduces to the emf 
according to Nernst equation for isothermal cells. In 
analogy to Equation (5), we have for reaction (VI) 

Ev, Z = - C$G,,o(T,) + &o,(T,) 

- +Gc,,(T,) - tGo,(T,) 

s 

T. 
- (&,- + S:J d7’-J(Z/F) 

= - [:G,,,(K) 

- “(-&So, + +S& + S:,) dT](Z/F). (7) 
s T. 

Equations (5)-(7) give the cell power for the conver- 
sion of H, and CH, , respectively, for reversible con- 
ditions. The contribution from the temperature 
gradient has previously been neglected in expressions 
for emf for fuel cells [see eg 3, 4, 131. According to 
Equation (7) the temperature gradients affect the cell 
power in two ways; by the value of the partial Gibbs 
energies and by the integral of transported entropies. 

2.2. Exergy eflciency 

The exergy efficiency, [, of a process can be 
expressed by; 

r = (W,,, - WLs,)lW,,, . (8) 

W$,,, is the work lost in the process. This will be dis- 
cussed below. W,,, is the maximum available work 
or the available energy (unit J) ([see eg Bejan[lO]). 
Theoretically, the most efficient way to produce elec- 
tric energy from hydrocarbons is by electrochemical 
conversion, when the reaction is carried out 
reversibly. The maximum available work from the 
system is then that of reaction (VI). The reaction 
occurs without any changes in mole numbers, so 
that volume work against the surroundings does not 
contribute to W,,, in this case. 

2.3. The maximum available work 

Integration of Equation (7) gives the maximum 
available work, Wm,, of the total system 

w,,, = - LAG&T,) - 

s T, 

(- &,, + fS& + S:,) dT](Z/F)t. (9) 
T. 

The integral in Equation (9) is carried out between 
the electrode temperatures, and (Z/F)t is the number 
of equivalents of charge transferred. The electric 
current, I, corresponds to the reaction rate (Z/F) = 
-2 dn,,/dt. The integration of this term over time 
equals twice the number of moles H, reacted in the 
cell, or, at complete conversion, eight times the 
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number of moles methane reacted: 

(I/F)~ = 2(n, - nO& = 2 An”* = 8 AncH, . (lo) 

With (10) Equation (9) can be replaced by 

W,,, = T ({nG)i, in - {nG)i, &v~ 

+ g AncH4 
s 

Tc(+S&_ + Sf,) dT. (11) 
T. 

The summation is carried out over all reacting com- 
ponents given by reaction (VI) at their temperatures 
and partial pressures. Some inert components are 
passing the system (ie N, gas and excess water). 
These do not contribute to the maximum available 
work. 

The maximum available work as well as the avail- 
able work are thus proportional to the amount of 
moles reacted. This proportionality is an advantage 
when the exergy efficiency for fuel cells is compared 
to efficiencies of other power generating machines. 

2.4. Lost work in SOFC with external reforming, 
examples 

The losses we consider are due to overpotentials, 
ohmic resistance and cracks in the electrolyte and 
incomplete reactions. Losses due to gradients in con- 
centration and temperature are given by the dissi- 
pated energy per unit time, T(dS/dt)[7, 11). 

Reaction (I) represents a complete loss of work 
because this is an irreversible combustion. This is so 
whether reaction (I) takes place inside the fuel cell or 
externally. The loss is equal to 

W 1ws.1 = T ({4i.in - {@s.,th. (12) 

Subscript I refers to reaction I. Losses due to incom- 
plete reactions can be expressed in the same manner. 
Cracks in the electrolyte may occur. Ohno and Kaga 
assumed a leakage of 1%[12]. This means that the 
cell is short-circuited, some fuel reacts irreversibly 
with oxygen and this produces hot spots. We shall 
also assume that 1% of the hydrogen reacts in this 
way. This gives 

W m, 2 = 0.01 C ({nGIi,in - {Wi.outh. (13) 
i 

Irreversible heat productions due to cathode and 
anode overpotentials, qcp’ and van, give a loss in 
exergy : 

W loss, J = Q, = 2 An”, F[tlcs’ + rl”“]. (14) 

The value of Equation (14) depends on the current 
density. The Joule heat evolution will be 

W Icnr.4 = Qn = 2 AnH,FIR WI 
where R is the electrolyte resistance and IR the 
ohmic voltage drop across the electrolyte. We will 
neglect ohmic losses in the electrodes. The lost work 
is the sum of Equations (12)-( 15) plus the losses by 
incomplete reactions. 

2.5. Heat sinks and sources 

Equations (13)-( 15) give positive heat evolutions 

at the electrodes and in the electrolyte. They are heat 
sources. Sinks may be caused by reversible heat 
effects at the electrodes, the Peltier effects given by 
Equations (3) and (4). In addition to the Peltier 
effects, there are other heat changes in the half cells 
due to the changes in partial pressures of the gases. 
It is reasonable that the pressure changes occur in a 
reversible way. When the temperature is constant 
and the gases are assumed to be ideal, the heat effect 
is given by the entropy changes of the gases. By 
including this effect into Equation (3) we obtain: 

Qan = -T. F ({nSIi.in - {n~),.O.Jall 

- 2 AnHZ'lXfS&- + Sf,). WI 
The summation includes all components passing the 
anode compartments. For the cathode we have simi- 
larly 

Q,.t = -T, T (InSI,,, - {~SIi,out)a~~ 

+ 2 An,, T,(fS&_ + S:,). (17) 

In the cell there are also heat changes which are 
not coupled to the electric current. The heat needed 
to warm the reactants from the reference tem- 
perature T” is given by: 

Q reaants = F niCHi(T) - Hi( W-9 

where the summation is carried out over the feed 
gases CH,, H,O, 0, and N,, and T is the tem- 
perature of either the anode or the cathode. Reform- 
ing of methane to H, and CO, is an endothermic 
process. This irreversible combustion has a heat con- 
sumption equal to the enthalpy change of reaction I, 
AH,. 

Q reformer = AHI. (19) 

Equations (13)-(19) will be used to calculate heat 
sinks and sources in the unit cell. 

3. CALCULATIONS 

3.1. Procedure 

Calculations were performed using spreadsheets 
(Quattro Pro, version 1.0 from Borland 
International) including a database holding the ther- 
modynamic data of the components. The following 
operating conditions of the cell were changed: total 
pressure, anode and cathode temperature, conver- 
sion ratios and values for transported entropy. 
Although it is easy to obtain several functional 
relationships from the spreadsheet, we have chosen 
to emphasize main points in tables. The values thus 
depend on the reference choices we have made. 
Trends are, however, clearly seen in the tables. 

3.2. Reaction conversion ratios 

The maximum available work was calculated 
using complete conversion (vi = 1, i = CH,, H, , and 
0,). In order to avoid carbon as an unwanted 
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byproduct in the reformer [reaction (I)], excess water 
is used in the reaction mixture[19]. The water/ 
carbon mole ratio in the feed is therefore 2.2. 

Oxygen is supplied from air (20mol% 0, and 
80mol% N,). The feed to the system then consists of 
1 mole of CH,, 2.2moles of H,O, 2moles of 0, and 
8 moles of N,. Nitrogen gas and some water vapor 
pass the system as inert gasses. 

Realistic maximum values for rh are not unity. For 
the reformer reaction, we may assume that qCH4 = 
0.9[19]. Kanamura et al.[4] used qnl = 0.9 and 
q o1 = 0.9 for a tubular SOFC. We shall use the same 
conversion rates in our calculation for a unit cell. 
Problems with the oxygen electrode are common; we 
have therefore examined the effect of reducing qo2 
below 0.9, but also the effect of changing nn, . 

Conversion rates of H, and 0, are inter-related. 
We have assumed that O*- is always available at 
the anode for H, to react to water. In the stationary 
state, the amount of O2 consumed at the cathode is 
then given by the conversion of H, . The conversion 
ratios of CH, and H, give the electric current in the 
cell. A conversion ratio of oxygen less than one, only 
means that more 0, has to be heated. 

3.3. Materials and transport data 

The electrolyte which conducts O*- usually con- 
sists of ZrO, in a mixture with 8-15mol% Y,O, 
(YSZ)[13]. We have chosen 8mol% Y,O, because 
the conductivity is optimal[8], and because other 
necessary data are available for this composition. 
The anode is frequently a Ni-YSZ cermet[14]. Dif- 
ferent perovskites have been used as cathode 
materialC14, 151. Relevant data are given for 
La,.,Sr,.,MnO,[13]. The electric current density is 
large, typically 1.0 A cm-*[7, 133, during operation 
of the cell. The anodic and cathodic overpotentials 
(for the present choice of materials and current 
density, j) are estimated from Barnett[16] and 
Setoguchi[14]. For j = l.OAcm-* and temperatures 
around lOOO”C, we have van = 37 mV, ~“’ = 50mV 
and [rf”” + ,“‘] x 0.09V (Equation 14). The ohmic 
voltage drop across the electrolyte is IR = 0.05 V, for 
the same conditions (Equation 15). The transported 
entropy, Sz,, of the anode cermet has been taken 
equal to that of the cathode perovskite type material. 
The transported entropy was calculated from the 
Seebeck coefficient of the material to - 1 J K- ’ 
faraday - I. Recent data from our laboratory[26] 
indicate a value for the transported entropy of 
oxygen ions of 42 + 1 J K- ’ faraday- ‘. 

3.4. Thermodynamic data, operating conditions 

Standard thermodynamic data from JANAF[18] 
which are used in the calculation, are reproduced in 
Table 1. The partial molar entropy of component i is 
calculated from 

Si = 5; - R ln(pJp”). (20) 

The reference pressure p0 = 1 bar and SF is the 
partial molar entropy at this pressure. The partial 
molar Gibbs energy is calculated from 

G,(T) = Ar HP - TS,(T, pi) (21) 

Table 1. Standard thermodynamic data for the com- 
ponents at T = 1273 K[18] 

&HP Sp H”(T)-H”(T) 
Component kJmol_’ JK-‘mol-’ kJmol_’ 

CJ-L -91.8 266.0 59.13 
f-f,0 - 249.3 243.4 37.74 
0, 0 251.9 32.38 
N, 0 236.2 30.59 
f-f, 0 173.7 29.08 
CO* -395.2 282.8 48.62 

T” = 25”C, P” = 1 bar. 

where Ar H4 is the standard heat of formation and Si 
is the entropy. The enthalpies are taken as constants 
in the given temperature interval. 

A constant pressure of 1 bar as well as a constant 
temperature T = 1273 K was used for both cells and 
reformer in the first calculation. As 0, is consumed 
at the cathode, work must be performed on the gas 
mixture to maintain a constant pressure. Common 
operating pressures are higher (4-5 bar)[ 11. The 
pressure was therefore also increased to 4 bar. Tem- 
perature differences as high as 120K have been pre- 
dicted in SOFC[3] for an electrolyte thickness of 
8mm. In our calculation the temperatures of the 
electrodes were allowed to differ by lOK, keeping 
the mean cell temperature equal to 1273K. This 
value for AT is chosen to illustrate the effect of a 
temperature gradient. In a real cell, where electrolyte 
thickness is 50-lOO~m, the gradient is probably 
smaller. The reformer was operating at the anode 
temperature. 

4. RESULTS 

The maximum work obtainable (for the conditions 
given in section 3) from the SOFC is 772 kJ. This 
number is for complete conversion of reactants and 
serves as a 100% reference for most of the calculated 
exergy efficiencies. Efficiencies are given in Tables 
2-4 for different reaction conversion ratios, pres- 
sures. and isothermal and non-isothermal cells, 

Fig. 1. The reversible heat productions (solid lines) and 
total heat productions (stippled lines) at the electrodes in 
the SOFC as a function of the value of the transported 

entropy of oxygen ions. 
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Table 2. Available work in a SOFC unit cell as a function of conversion ratios 

Conversion ratios: 

451 

Available energy (= 100%) 

Irreversible losses: 
in reformer reaction -106 -105 - 105 -105 - 105 
by incomplete reactions 0 -118 -115 -112 -172 
by cracks -1 -5 -6 -6 -5 
due to overpotential -69 -56 -56 -56 -50 
due to joule heat -39 -31 -31 -31 -28 

Work to be obtained 552 451 459 463 413 
Exergy efficiency 0.71 0.59 0.59 0.60 0.54 

One mole of methane is converted. The temperature is 1273 K, and the total pressure in both electrode 
chambers is 1 bar. The current density is 1 Acm -2. All numbers apart from efiiciencies have dimen- 
sions kJ. 

respectively. Heat effects for some of the conditions 
are shown in Table 5. The reversible heat effects at 
the electrodes as well as the total heat effects are 
illustrated in Fig. 1. 

however, not included in our analysis, and these may 
be significant[7]. 

Our reference values for available energy, 772 kJ, 
makes the exergy efficiency 6 = 0.71 during power 
production (1 A cm-‘). The more realistic value, for 

5. DISCUSSION 

5.1. Exergy e$iciencies 
Table 4. Available work in a nonisothermal SOFC unit 

cell 

The results of Tables 2-4 show that exergy 
analyses are useful in the analysis of relative impor- 
tances of various cell processes, as has been con- 
cluded before[l, 7,201. 

Energy change 

Table 2 gives the losses in SOFC for p = 1 bar and 
T = 1273 K. The major losses are due to the external 
reformer and to incomplete reactions. Relative gain 
in exergy efficiency will be larger by a reduction in 
the loss from incomplete reactions than from over- 
potentials. This means that research should be con- 
centrated on direct conversion of methane and cell 
stack design. Efftciencies may also be increased if an 
anode with a lower overpotential is found. Com- 
pared to the possible gains by these efforts, an effort 
of reducing the ohmic resistance seems less prom- 
ising. This statement relates to the unit cell resist- 
ance. It is at variance with the opinion of Setuguchi 
et aI.[l2]. Resistances of connecting materials are, 

kJ % 

Ci ({nG)i. in - in’}, o&i 766 99.7 

8 I; ($S$ + S:) dT 2 0.3 
Available energy 768 100 

Irreversible effects/losses: 
in reformer reaction -104 
by incomplete reactions -117 
by cracks -5 
due to overpotential -56 
due to joule heat -31 

Work to be obtained 454 59 

One mole of methane is converted. The conversion ratios 
are na = lfHl = ‘lo, = 0.9. The temperatures are T, = 
1278K, T. = 1268 K, eg AT = 10K. The total pressure in 
both electrode chambers is 1 bar. 

Table 3. Available work in a SOFC unit cell at 4 bar Table 5. Heat production in a SOFC unit cell 

ncH, = 1.0 ‘lol* = 0.9 
qH1 = 1.0 ?l”* = 0.9 

Conversion ratios: no, = 1.0 lo, = 0.9 

Available energy (= 100%) 172 172 

Irreversible losses: 
in reformer reaction -76 -78 
by incomplete reactions 0 -120 
by cracks -1 -6 
due to overpotential -69 -56 
due to joule heat -39 -31 

Work to be obtained 581 480 
Exergy efficiency 0.75 0.62 

One mole of methane is converted. The temperature is 
1273 K. The current density is I A cm-‘. The pressure effect 
on overpotentials has not been taken into account. All 
numbers apart from efficiencies have dimensions kJ. 

Irreversible effects/losses 
by cracks 5 
due to overpotential 56 
due to joule heat 31 

Reversible heat productions 
cathode 394 
anode -121 

Net heat production in unit cell 365 
Gas heating needs 
Cathode, air supply -278 
Anode -186 
Heat of reaction, reformer - 176 
Surplus heat -275 

One mole of methane is converted. The temperatures are 
T, = T, = 1273 K. The total pressure in both electrode 
chambers is 1 bar. The conversion ratios are ncn, = nnI = 
qo, = 0.9. All numbers have dimensions kJ. 



452 S. K. RATKJE and S. MBLLER-HOLST 

rli = 0.9, gives an exergy efficiency of 4’ = 0.59. This 
number corresponds to previous estimates obtained 
from exergy analysis[l] for slightly different condi- 
tions (ie T = 1373 K). The data we have used in the 
calculation of [ = 0.59 have all been obtained in the 
laboratory, and should therefore indicate what is 
obtainable in the industry in the future. 

It is seen from Table 2 that < is almost insensitive . . . 
to variations m qoZ. This is due to our definition of 
conversion ratios (section 3.2). When qo2 decreases, 
oxygen is consumed at a higher partial pressure 
giving a small increase in [ by reducing loss due to 
incomplete reactions. The hydrogen conversion, 
which is directly linked to the cell current, has a 
large impact as a reduction in qn2 from 0.9 to 0.8 
reduces [ from 0.59 to 0.54. 

Table 2 quantifies the losses caused by external 
reforming of methane (105 kJ for vi = 0.9). This can 
be used to develop criteria for energy economy of 
electrochemical conversion of methane. Research on 
this process is still in its early stages[20]. A suc- 
cessful direct conversion means that the losses in the 
reformer are eliminated. Thus, the criterion is 
obtained that losses by overpotentials in the 
methane converting cell must be smaller than the 
sum of losses in reformer and overpotentials in the 
hydrogen fuel cell. For conversion ratios of vi = 0.9, 
we can calculate from Table 2 that the sum of over- 
potentials in the cell for direct methane conversion 
must be < 0.26 V. If the overpotential at the oxygen 
electrode is 0.05V (section 3.3) this means that the 
overpotential of the anode must be co.21 V at a 
current density of j = 1 A cm-‘. 

The results of Table 3 show that an elevated pres- 
sure is favorable for the exergy efficiency. The main 
reason for this is that the loss in the reformer is 
reduced. A second favorable effect may be expected. 
According to Inoue et aI.[21], the cathode over- 
potential is reduced by increasing the pressure. The 
data reported by these authors were, however, too 
sparse to be included in the present calculation. The 
pressure effect on overpotentials should be further 
investigated. 

The effect of a temperature difference AT = T, 
- T, = 10K on the exergy efficiency is reported in 

Table 4. The AT is positive, as the heat production is 
higher at the cathode than at the anode (Fig. 1). A 
minor effect of the integral part in Equation (9) is 
seen (0.3%). The Gibbs energy change [first term on 
the right hand side of Equation (9)] make up the 
remaining 99.7%. The exergy efficiency is 0.59 in 
both cases, but the work to be obtained is reduced 
by 0.6% from 457 kJ (Table 2) to 454 kJ (Table 4) in 
the presence of a temperature gradient, keeping the 
average cell temperature constant. We therefore con- 
clude that Equation (9) should be used when accu- 
rate results are needed. We have neglected the 
temperature dependence of the overpotentials in 
order to emphasize the contributions from the tem- 
perature gradient itself (through transported 
entropies). 

The difference T, - T, = 10K may seem arbitrary. 
Here, the difference was fixed to study possible 
effects of AT. In a more complete study, AT must be 
a solution of the set of conservation equations. 
Future studies should produce this solution. The 

temperature difference may be larger than 10K. In 
Fig. 1, we show that the heat effects depend largely 
on the value of S&, and recent results for this 
value[26] give larger heat asymmetries than those 
calculated from [3,4] (further comments are given in 
section 5.2). 

The assumption of negligible losses due to diffu- 
sion is supported in the literatureC7, 201. The 
problem of coupled mass transport in a porous elec- 
trode is, however, complex, and may deserve further 
attention. This is indicated by a recent article on 
phosphoric acid fuel cells[21]. 

5.2. Heat effects 

The main conclusion drawn from Table 4 is that 
there is a large asymmetry in the heat production in 
the cell. Takehara et a/.[31 indicated a smaller asym- 
metry. The discrepancy between our results and 
theirs is due to the value for the transported entropy 
of oxygen ions. So far values between 42-72 J K- ’ 
faraday- ’ have been reported for different 
experimentsC3, 4, 9, 261. Thus a variation in S&_ 
may be expected. Increases in the value of S& (see 
Fig. l), may even change the anode reaction from 
endothermic to exothermic. The heat production at 
the cathode, however, remains positive in the given 
range. The overpotentials which give positive heat 
effects do not alter these conclusions, as shown by 
the stippled lines in Fig. 1. 

Figure 1 shows that a high value of the trans- 
ported entropy reduces the asymmetry in the heat 
production. We may expect that thermal stresses in 
the materials will be reduced when the heat evolu- 
tion is more evenly distributed. Efforts should there- 
fore be placed on finding materials with a high value 
of the transported entropy. 

Direct conversion of methane will cause an extra 
reversible heat consumption (T AS, = - 71 kJ for 
vi = 0.9) at the anode, giving rise to an even larger 
asymmetrical heat production (Table 5). 

The potential of cogeneration of electricity is often 
discussed in connection with SOFC. Knowledge 
about the location of heat production is essential in 
this respect. The total heat production in the cell is 
365 kJ for the conversion of 1 mole of methane. It is 
seen from Table 5 that this is not enough to cover 
the heat demand of the system, eg heat needed to 
warm up the reactants and supply the heat for the 
reformer reaction. Even when all nitrogen is 
removed from the air, there is a heat deficiency. The 
cathode gas heating which is needed in this case 
changes from -278 to -58 kJ, making the surplus 
heat as defined in Table 5, vary from -275 to 
-55 kJ. For a SOFC using H, as fuel, we can disre- 
gard the heat demand of the reformer reaction. With 
air as the cathode gas this cell has a surplus heat of 
-99kJ. 

The available energy of the exhaust gases must be 
encountered to evaluate the possible gain of 
cogeneration. This heat is of the same magnitude as 
the heat needed to warm the gases (because there are 
no change of mole numbers in the reaction VI, and 
thus a negligible entropy change). The heat content 
of the exhaust gas is around 460 kJ from Table 5. 
Depending on how efficient the exhaust heat can be 
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utilized, there will be a smaller or larger heat excess 
in the fuel cell system. Rosen[l] calculated an 
increase in exergy efficiency from 0.60 to 0.76, using 
a thermal conversion ratio of 0.5, arguing that 
thermal efficiencies tend to present overly optimistic 
views of performance. We have not calculated the 
exergy efficiency gain by the heat content of the 
exhaust gas, because extensive specifications of cell 
design is needed to do this. We agree, however, with 
Rosen on a general basis. 

5.3. Methods of calculation 

The electric work method used in the present cal- 
culation, has been applied earlier to simple thermo- 
cells, to electrolysis of aluminium and to electrolysis 
of heavy water[22-241. The method focuses on 
energy conversion directly and is thus well suited to 
describe parameters of primary engineering interest, 
ie changes in mass, energy and heat in each cell com- 
partment. The electric work method is an alternative 
to traditional electrochemistry which focuses on elec- 
trostatic potential changes. While the electric poten- 
tial does not depend on the extent of reaction, the 
Gibbs energy does. This shift of focus is necessary to 
compare different power production systems. 

Another advantage of the new method is that only 
measurable quantities are used in the theory. On a 
general level we may then argue that the possibilities 
are increased for experimental control of approx- 
imations in use. Also, it is easy to include further 
complexities. Losses by gradients in concentration 
may be included by adding the dissipated energy to 
W lowi. 

Several new predictions or recommendations have 
been made from the present calculation, ie the rec- 
ommendation to seek for electrolytes having a large 
value of S& , the focus on cell design as an impor- 
tant parameter. The restriction of constant tem- 
perature, imposed on the system through the Nemst 
equation, is lifted. 

The most common expression used for fuel cell 
efficiency in the literature is AG/AH. This expression 
is a thermal efficiency which was first derived to 
compare combustion engines[lO]. The fuel cell has 
reversible combustion in contrast to the combustion 
engine. The efficiency used in the present investiga- 
tion is therefore a measure of deviation from 
reversibility[lO]. In agreement with others[l, 7, 231 
we prefer the expression used here, because it focuses 
on possible improvements in cell performance 
directly. 

6. CONCLUSIONS 

The solid oxide fuel cell has been analysed from a 
new perspective by the electric work method. The 
Nernst equation has been replaced by a more 
general equation which incorporates the effects of 
temperature gradients. We also describe in more 

The method is suited for exergy efficiency analysis. 
Because niw information and recommendations for 
further work can be obtained, the method should 
have a potential for application to other systems. 
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