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bstract

This paper develops a new thermodynamic model that predicts maximum fuel-cell efficiency and fuel utilization as a function of fuel composition
nd operating conditions. Interestingly, it is shown that maximum possible efficiency is independent of membrane-electrode assembly characteristics
nd internal polarization losses. However, because the power density depends on internal polarization losses, the cell size needed to achieve maximum
fficiency depends greatly on cell architecture. A very detailed fuel-cell model is used to validate the thermodynamic model and to provide further

nsight on practical considerations such as power density. The model is illustrated using solid-oxide fuel cell examples.

2006 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that fuel cells promise the potential for very
igh efficiency in the conversion of hydrogen or hydrocarbon to
lectricity. However, precise definitions of efficiency can vary
idely [1–3]. In a narrow sense, an efficiency can be defined for

he fuel cell alone. In a broad sense, efficiency must consider
he entire system, including all balance-of-plant components.
ecause full-system designs can vary greatly, it is difficult, if not

mpossible, to generalize the analysis of efficiency. The objective
f the present paper is to develop purely general thermodynamic
odels that characterize efficiency of the fuel cell alone.
An interesting and remarkable result of the thermodynamic

nalysis is that maximum fuel-cell efficiency is independent of
nternal polarization losses. However, power densities depend
trongly on internal losses. To achieve maximum efficiency, the
ell size depends on power density and hence on the struc-
ure and performance-characteristics of the cell. To assist in-

erpretation of the thermodynamic models, this paper also uses
very detailed model of solid-oxide fuel cells (SOFC). The de-

ailed model considers specific membrane-electrode assembly
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MEA) structure, reactive porous-media transport, electrochem-
cal charge transfer, and elementary heterogeneous reforming
hemistry [4].

The thermodynamic analysis developed in this paper is both
eneral and restrictive. It is general in the sense that it accom-
odates different fuels, flow rates, temperatures, and pressures.
ecause maximum efficiency and fuel utilization are thermody-
amic functions, they do not depend on particular MEA structure
r cell design. However, the analysis is also restrictive. Isother-
al operation is assumed and all gases entering the fuel cell are

ssumed to be at the cell operating temperature. Thus, the cost of
eating inlet streams (especially the air) must be accommodated
n balance-of-plant models that consider heat-exchanger perfor-

ance. The models presume that charge transfer proceeds via
2. When the parent fuel is a hydrocarbon internal reforming is

ssumed to proceed to equilibrium.
Although the thermodynamic model has restrictions and as-

umptions, the results are highly informative and practically use-
ul. Overall thermal management of an entire system is critically
mportant. However, the thermodynamic model developed here
an be integrated into a larger system model. The assumption of

ydrogen charge transfer is a very reasonable one, and does not
ffect the overall greatly.

The thermal efficiency of any energy-conversion device can
e defined as the ratio of useful work done Wout and the potential

mailto:hzhu@mines.edu
dx.doi.org/10.1016/j.jpowsour.2006.05.006
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f the inlet stream to do work Qin; that is ε = Wout/Qin. For a
uel-cell system, the useful work is electric power We, which is
he product of the electric current density i and operating voltage

cell, integrated over the active MEA area, We = ∫ iEcell dA.
he potential to do work can be represented in terms of the heat-

elease associated with full oxidation of the inlet fuel stream,
in = ṁf,in �hf,in. Here the inlet fuel mass flow rate is ṁf,in

nd �hf,in is the specific enthalpy associated with completely
xidizing the fuel stream. With these definitions in mind, the net
uel-cell efficiency can be defined as,

= We

Qin
=
∫

iEcell dA

ṁf,in �hf,in
. (1)

he efficiency of a fuel-cell system can be written as the product
f three contributing efficiencies [5]: the reversible efficiency εR,
he voltage or part-load efficiency εV, and the fuel utilization εU,

= εRεVεU. (2)

he ideal efficiency, or the reversible efficiency, εR is written as

R = �G

�H
= 1 − T

�S

�H
, (3)

here �G, �H , and �S are the changes in molar free energy,
nthalpy, and entropy, respectively, associated with full oxida-
ion of the fuel.

Any overpotential losses within the fuel cell reduce the cell
otential when it is operated under load. Thus, the net efficiency
epends on the operating cell potential Ecell. A part-load effi-
iency or the voltage efficiency is defined as

V = Ecell

Erev
, (4)

here Erev is the reversible (Nernst) potential. Thorstensen [5]
roposed that overall cell efficiency should be the product of the
eversible efficiency and the part-load efficiency as,

= εRεV. (5)

erguson and Ugursal improved this approach by incorporating
ctivation-polarization losses using a two-linear-segment polar-
zation curve [6].

Fuel utilization also strongly affects the efficiency. Consider
n SOFC system, where fuel is electrochemically oxidized along
he length of an anode channel. As the fuel is consumed, the
node fuel stream is also diluted by reaction products (i.e., H2O
nd CO2). As the fuel concentration decreases along the length
f the anode channel, the reversible potential Erev decreases.

As long as the reversible potential exceeds the cell operating
otential (i.e., Erev > Ecell) the cell can produce electric current.
owever, once Erev equals Ecell, no more fuel can be consumed

nd no more current can be produced. Any unused fuels in the
xhaust reduce the fuel-cell efficiency. Fuel utilization εU can
e written as

U = 1 − ṁf,out �hf,out
, (6)
ṁf,in �hf,in

here the “in” and “out” refer to the inlet and outlet of the fuel
ell. The �h refers to the specific enthalpy associated with com-
lete oxidation of any available fuels. This definition accounts

i
l
E

f

ig. 1. Fuel-cell efficiency and fuel utilization as functions of operating cell
oltage in an SOFC. The fuel stream is based on the equilibrium state of 50%

2 and 50% CO at the temperature of 800 ◦C and atmospheric pressure.

or the energy content of any remaining fuels (or fuel byprod-
cts) that leave in the fuel-cell exhaust. For example, even though
ssentially all the parent fuel (e.g., a hydrocarbon) is consumed
n the sense it is no longer present in the anode exhaust, there

ay still be considerable energy available in the form of other
ydrocarbons or CO and H2.

Fig. 1 illustrates the typical behavior of the fuel-cell efficiency
nd fuel utilization as functions of operating cell voltage for a
iven fuel stream and operating conditions. Operating at low
ell potential, the fuel can be fully utilized and the fuel-cell
fficiency is a linear function of cell potential Ecell. The slope of
his function depends on fuel composition as well as operating
emperature and pressure.

The reversible efficiency εR, which can be determined ther-
odynamically (Eq. (3)), is shown as a circle in Fig. 1. The

eversible efficiency, which would be achieved by operating the
ell at its reversible potential, cannot be achieved in practice be-
ause of low fuel utilization at high operating potential. The ef-
ciency reaches a maximum at an operating potential of around
.8 V. As discussed below, the exact conditions for maximum ef-
ciency depend on fuel composition, temperature, and pressure.
he quantitative behavior of the maximum efficiency versus cell
otential, as illustrated in Fig. 1, was explained and discussed
y Sidwell and Coors using a somewhat different model [7] .

. Thermodynamic efficiency model

With some reasonable assumptions, the efficiency (i.e., Eq.
2)) may be evaluated entirely thermodynamically. As a result,
fficiency can be computed very easily over wide ranges of op-
rating conditions. Model development is facilitated by thinking
f fuel and air flow along channels separated by an MEA struc-
ure. As the fuel flows along the anode channel, it is continuously
iluted with products of the electrochemical reactions (primar-
ly CO2 and H2O). Consequently the local reversible potential

rev decreases along the length of the channel. Electrochemical
harge transfer, and hence power generation, requires that Erev
xceed the operating cell potential Ecell, which is assumed to
e spatially uniform along the channel length. If the channel
s sufficiently long, the local Erev will eventually decrease to
perating potential Ecell. At this point the current density van-

shes and no more electric power can be produced. The effective
ength for power generation Leff is the channel length at which

rev = Ecell. It is at this point where the fuel utilization εU and
uel-cell efficiency ε are maximum. Although Leff varies as a
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unction of MEA structure and operating conditions, it is inter-
sting to note that both εU and ε are functions only of the inlet
uel composition—they are independent of MEA structure and
uel flow rate. However, if the channel length is less than Leff,
he actual fuel utilization εU and efficiency ε do depend on MEA
tructure and flow rates.

.1. Reversible cell potential

The thermodynamic analysis begins with a global
lectrochemical-oxidation reaction as

′
f

(
K∑

k=1

nf,kχk

)
+ ν′

o

(
K∑

k=1

no,kχk

)

�
K∑

k=1

ν′′
f,kχk +

K∑
k=1

ν′′
o,kχk. (7)

he seemingly complicated nomenclature is needed to retain
enerality in the fuel and oxidizer mixtures [8]. The chemical
ymbol for the kth species (which may participate as a fuel, an
xidizer, or both) is written as χk. The mole fractions within
he inlet fuel and oxidizer mixtures are given as nf,k and no,k.
toichiometric coefficients for the fuel and oxidizer mixtures
re given as ν′

f and ν′
o, and stoichiometric coefficients of the kth

roduct species in the fuel and air channels are given as ν′′
f,k and

′′
o,k.

The stoichiometric coefficients are easily determined by bal-
ncing the reaction for particular fuel and oxidizer streams. Each
pecies χk has a primary identity as a fuel, an oxidizer, a prod-
ct, or an inert, and this identity plays an essential role in bal-
ncing the reaction to determine stoichiometric coefficients and
n assigning charge transfer [8]. The reactant and product stoi-
hiometric coefficients ν are determined to balance the reaction.
epending on the ion transport in the electrolyte, products may
e formed in the fuel or the oxidizer channels. For example, in
polymer electrolyte membrane (PEM) cell the product H2O is

ormed in the oxidizer channel, while for an SOFC the product
2O is formed in the fuel channel. This difference is accom-
odated by specifying the use of either ν′′

f,k or ν′′
o,k to designate

here the product is formed. The global reaction can be written
n compact form as

K

k=1

ν′
kχk �

K∑
k=1

ν′′
kχk, (8)

here ν′
k = ν′

fnf,k + ν′
ono,k and ν′′

k = ν′′
f,k + ν′′

o,k.
The number of electrons transferred by the global electro-

hemical reaction is determined from the half-cell reactions as

K∑ ′
K∑ ′
e =
k=1

νfnf,kzf,k =
k=1

νono,kzo,k, (9)

here zf,k and zo,k are the charges associated with each fuel and
xidizer species.

m
c
l
s
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Based on the chemical-potential balance, the reversible cell
otential can be calculated from the Nernst equation as

rev = −�G

neF

= E◦ + RT

neF

K∑
k=1

(ν′
fnf,k + ν′

ono,k − ν′′
k ) ln

(
pk

p0

)
, (10)

here E◦ is the ideal Nernst potential at standard con-
itions (p0 = 1 atm), pk the partial pressure of the kth
pecies, R = 8.314 J mol−1 K−1 the universal gas constant,
nd F=96,485.309 C mol−1 is the Faraday constant. The ideal
ernst potential at the standard conditions is given as,

◦ = −�G◦

neF
, (11)

here �G◦ is the change in standard-state Gibbs free energy
etween products and reactants of the global electrochemical
eaction (Eq. (8)). Specifically,

G◦ = −
K∑

k=1

(ν′
fnf,k + ν′

ono,k − ν′′
k )μ◦

k, (12)

here μ◦
k is the standard-state chemical potential of the kth

pecies. The standard-state thermodynamic properties of ideal
ases depend only on temperature T, and are readily available
n databases such as in Chemkin [9]. Assuming H2 is the only
lectrochemically active fuel species, the reversible cell poten-
ial can be written as,

rev,H2 = −�G◦
H2

2F
− RT

2F
ln

pH2O,a

pH2,ap
1/2
O2,c

, (13)

ith

G◦
H2

= μ◦
H2O,a − μ◦

H2,a − 1

2
μ◦

O2,c. (14)

t is well known that CO is also electrochemically active. As-
uming charge transfer via H2 alone is justified by the fact that
atalytic reaction of CO with H2O to form H2 and CO2 is fast.
hus, the water–gas-shift process to produce H2 competes fa-
orably with the relatively slow CO electrochemical oxidation.

.2. Reaction voltage

Assuming that the global reaction achieves equilibrium
ithin the cell, it follows from species mass balances in fuel

nd oxidizer channels that

˙ f,k,in − ṁf,k,out = Wk(ν′
fnf,k − ν′′

f,k)
Ie

neF
, (15)

˙ o,k,in − ṁo,k,out = Wk(ν′
ono,k − ν′′

o,k)
Ie

neF
. (16)

he net electric current produced within the cell is Ie. The species

ass flow rates at the inlets and outlets of the fuel and oxidizer

hannels are represented as ṁk, and Wk are species molecu-
ar weights. Multiplying both of these equations by the species
pecific enthalpies (i.e., enthalpy per unit mass), which for a
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niform-temperature system are constants, and summing over
ll species yields

ṁh)f,in − (ṁh)f,out = Ie

neF

K∑
k=1

Wkhk(ν′
fnf,k − ν′′

f,k), (17)

ṁh)o,in − (ṁh)o,out = Ie

neF

K∑
k=1

Wkhk(ν′
ono,k − ν′′

o,k).

(18)

he total mass flow rates and enthalpies in each channel are
epresented as ṁ =∑ ṁk and h =∑Ykhk, where Yk = ṁk/ṁ

re the species mass fractions. Adding these two equations and
ultiplying by the cell operating potential Ecell yields

cell[(ṁh)in − (ṁh)out] = E◦
hWe, (19)

here (ṁh)in = (ṁh)f,in + (ṁh)o,in and (ṁh)out = (ṁh)f,out +
ṁh)o,out. The net electric work (power) is written as We =
eEcell and a “reaction voltage” is defined as

◦
h =

K∑
k=1

Wkhk

neF
[(ν′

fnf,k + ν′
ono,k) − (ν′′

f,k + ν′′
o,k)]

= 1

neF

K∑
k=1

Wkhk[ν′
k − ν′′

k ] = −�H

neF
. (20)

.3. Thermodynamic efficiency

With the reversible potential written as Erev = −�G/neF

nd using Eq. (19), the net cell efficiency can be written as

= We

ṁf,in �hf,in
=
{

Erev

E◦
h

}{
Ecell

Erev

}{
(ṁh)in − (ṁh)out

ṁf,in �hf,in

}

= εRεVεU. (21)

n other words, the cell efficiency is the product of a reversible
fficiency εR, a voltage efficiency εV, and a utilization efficiency
U.

Eq. (21) is a closed-form expression for fuel-cell efficiency.
owever, as discussed below, using Eq. (21) requires evaluat-

ng (ṁh)out, which requires assuming that the exhaust stream
s in chemical equilibrium. It is important to note that Eq. (21)
oes not depend on cell structure or internal polarization losses.
t does account for the fuel mixture, operating temperature and
ressure, fuel utilization, and cell voltage. Achieving the ther-
odynamically predicted efficiency requires that the cell be as

arge as needed, with larger areas needed for cells with higher
nternal polarization losses.

.4. Equivalent expressions for utilization
The definition for εU in Eq. (21) appears to be different from
he one in Eq. (6). However, some further manipulation reveals
hat they are indeed the same. The potential heat release from

s
T
t
c

Sources 161 (2006) 957–964

omplete oxidation of the inlet fuel stream can be represented
n terms of the enthalpies of fuel, oxidizer, and final products as

ṁ �h)f,in = (ṁh)f,in + (ṁh)full
o,in − (ṁh)full

p,in, (22)

here (ṁh)full
o,in is an “enthalpy rate” of the oxidizer required to

ully oxidize the inlet fuel stream and (ṁh)full
p,in is the enthalpy rate

f the products of the completely oxidized initial fuel stream.
n analogous relationship applies to the exhaust stream, which
ay contain unspent fuel,

ṁ �h)f,out = (ṁh)f,out + (ṁh)full
o,out − (ṁh)full

p,out. (23)

or a given fuel stream, the fully oxidized products must have
he same enthalpy rates at the cell inlet and the cell out-
et (i.e., (ṁh)full

p,in = (ṁh)full
p,out). Furthermore, the difference in

he oxidizer required to completely oxidize the inlet and out-
et streams must be provided from the cathode stream (i.e.,
ṁh)full

o,in − (ṁh)full
o,out = (ṁh)o,in − (ṁh)o,out). It follows that

ṁ �h)o,in − (ṁ �h)f,out

= (ṁh)o,in − (ṁh)f,out + (ṁh)o,in − (ṁh)o,out

= (ṁh)in − (ṁh)out. (24)

hus, the two representations of εU in Eqs. (6) and (21) are the
ame.

.5. Algorithm for efficiency calculation

With two assumptions, the maximum fuel utilization can be
etermined. Assume first that the fuel cell is sufficiently large
hat all the fuel that can be consumed is consumed. In other
ords, the fuel content of the exhaust stream has been depleted

nd diluted to the point that Erev = Ecell. Assume further that
he exhaust mixture is in chemical equilibrium. For a given Ecell,
he exhaust composition can be determined via the relationship
etween composition and Erev. Because it is difficult to evalu-
te directly the numerator in Eq. (6), the following approach is
ollowed.

The species molar flow rates at the inlet to the fuel and ox-
dizer channels are specified as Ṅ in

f,k and Ṅ in
o,k. Assuming that

ome fraction γ of the inlet fuel is electrochemically oxidized
ia the global reaction (Eq. (7)), the outlet molar flow rates may
e determined as

˙ out
f,k = Ṅ in

f, tot

ν′
f

[(1 − γ)ν′
fnf,k + γν′′

f,k], (25)

˙ out
o,k = Ṅ in

o,k + Ṅ in
f, tot

ν′
f

γ[ν′′
o,k − ν′

ono,k], (26)

here Ṅ in
f,tot is the total molar flow of the fuel stream at the inlet.

n this way, both the fuel and air flow rates at the outlet can be
efined in terms of a single parameter γ .

To calculate the reversible potential Erev, both the outlet fuel

tream and air stream are assumed to be in chemical equilibrium.
he equilibrium species distributions are computed assuming

he element balances associated with the molar flow rates at the
hannel outlets, Ṅout

f,k and Ṅout
o,k . Thus, once the inlet flows and the
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Fig. 2. The predicted maximum thermodynamic fuel-cell efficiency and fuel
utilization as functions of cell voltage for different fuel streams at 800 ◦C and
1 atm. The fuel streams illustrated here include the pure H2 fuel stream, the
equilibrium composite fuel stream based on CH4–steam and JP8–steam streams
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depleted fuel stream. At sufficiently high voltage, utilization
(and hence efficiency) decreases to zero when none of the
fuel can be electrochemically oxidized. The cell efficiency and

Table 1
Gas-phase equilibrium mole fractions for four fuel–steam mixtures at 800 ◦C
and 1 atm

CH4-1 CH4-3 JP8-1 JP8-3
H. Zhu, R.J. Kee / Journal of P

lobal reaction is specified, Erev can be determined in terms of
alone. By assuming that charge transfer proceeds entirely via
2 oxidation, Erev is determined from Eq. (13) with the partial
ressures taken from the equilibrium compositions of the anode
nd cathode outlets.

Once the reversible potential Erev equals the cell operating
otential Ecell, no further fuel can be consumed electrochem-
cally and no further power is generated. The maximum fuel
onsumption γmax can be determined from the iterative solution
f

rev(γmax) = Ecell. (27)

nce γmax is determined, the corresponding compositions of the
uel and air streams at the outlets can be calculated. With the fuel
omposition at the outlet known, the heating value associated
ith full oxidation of the remaining fuel can be computed. Once

˙ f,out �hf,out is computed, εU is determined from Eq. (6). The
et efficiency then follows from Eq. (21).

.6. Effect of mass flow rate on efficiency

Assuming that the cathode-side air flow rate is sufficiently
igh that maximum fuel utilization can be achieved, the fuel-
ell efficiency can be shown to be independent of the flow rate
f the inlet fuel stream. The mass flow rate at the fuel-channel
utlet can be represented as,

˙ f,out =
K∑

k=1

Ṅout
f,k Wk, (28)

ased on Eq. (25), the mass flow rate can be rewritten as,

˙ f,out = Ṅ in
f,tot

K∑
k=1

Wk

ν′
f

[(1 − γ)ν′
fnf,k + γν′′

f,k], (29)

r

˙ f,out = ṁf,in

W̄f,in

K∑
k=1

Wk

ν′
f

[(1 − γ)ν′
fnf,k + γν′′

f,k], (30)

here W̄f,in =∑K
k=1 nf,kWk is the mean molecular weight of

he inlet fuel mixture. Therefore, the ratio of the mass flow rates
t the outlet and the inlet of the fuel channel can be written as

ṁf,out

ṁf,in
= (1 − γ) + γ

∑K
k=1(ν′′

f,k/ν
′
f)Wk∑K

k=1 nf,kWk

. (31)

t is apparent the ratio of the mass flow rates, ṁf,out/ṁf,in, de-
ends only on the composition of the inlet fuel mixture, the
lobal electrochemical reaction, and the fuel utilization; it does
ot depend on the flow rate through the fuel channel. Thus, at
max where Erev = Ecell, Eqs. (6), (21), and (31) indicate that
oth the fuel-cell efficiency and the fuel utilization are indepen-
ent of the mass flow rates through the fuel and air channels.
.7. Effects of cell voltage and fuel stream on efficiency

Fig. 2 shows maximum efficiencies and fuel utilization as
unctions of the operating cell voltage for several fuel streams.
ith the steam–carbon ratio of 1 (CH4-1, JP8-1) and 3 (CH4-3, JP8-3) at 800 ◦C
nd 1 atm. The lower panel is an expanded view for the operating voltages from
.7 V to 1 V.

hese include pure H2 and mixtures of CH4–steam, and JP8–
team. Steam–carbon ratios of 1 and 3 are considered, designated
s CH4-1, CH4-3, JP8-1, and JP8-3. JP8 is assumed to be a
ixture of 80.1% C13H28, 1.9% C13H26, and 18% C13H14. For

he hydrocarbon–steam mixtures, the fuel that enters the fuel
ell is the equilibrium composition at the fuel-cell temperature
nd pressure. Table 1 shows the equilibrium major-species mole
ractions at 800 ◦C and atmospheric pressure for the four fuel–
team mixtures.

In all cases shown in Fig. 2, the cell is assumed to be
sothermal at 800 ◦C, atmospheric pressure, and the cathode
tream is undiluted air. The effects of the three contributing
fficiencies are evident in the figure. At low cell voltage the
fficiency increases linearly as a result of εV. In this region
he utilization is nearly 100% and the slope of the efficiency
unction depends on the reversible efficiency εR. At around
.8 V the utilization begins to fall, contributing to a decreas-
ng efficiency. The utilization decreases because the operat-
ng voltage exceeds the reversible potential of the partially
CH4 0.02674 0.00042 0.02764 0.00026
CO 0.22968 0.10792 0.31686 0.11644
H2 0.71684 0.55761 0.62793 0.48120
H2O 0.01979 0.27558 0.01775 0.31781
CO2 0.00695 0.05846 0.00982 0.08430
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The abscissa is the mole fraction of methane in methane–steam mixture. The
fuel that enters the fuel cell itself is the equilibrium composition that results
from the given methane–steam mixture at the fuel-cell temperature and atmo-
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ig. 3. Illustration of how the fuel-cell efficiency varies as a function of the
perating cell potential for a given fuel utilization.

uel utilization of CH4–steam and JP8–steam fuel streams with
he steam–carbon ratio of 1 are almost the same as those for
he pure H2 fuel stream. However, as more steam is added
o the hydrocarbon fuels, the cell efficiency drops slightly,
nd the operating voltage for maximum efficiency also drops
lightly.

There are often good reasons to operate the fuel cell itself at
ess than maximum efficiency, seeking to optimize overall effi-
iency of a full system. For example, excess fuel in the fuel-cell
xhaust may be burned to provide heat needed in a recuperator
o preheat the air stream prior to entering the fuel cell. Thus, the

aximum efficiency and fuel utilization shown in Fig. 2 may not
epresent the best operating point. Rather, operating at reduced
uel utilization may be preferred. Fig. 3 illustrates the relation-
hips of the maximum efficiency and utilization to efficiency at
specified utilization.

For fixed utilization (illustrated in Fig. 3 as 70%), the
aximum-utilization function can be used to determine the max-

mum operating potential above which the fixed fuel utilization
an no longer be achieved. At this maximum operating potential,
he maximum-efficiency curve shows the maximum efficiency
or the specified utilization. The straight line connecting the ori-
in to this maximum efficiency represents the efficiency at fixed
tilization.

At a given utilization, it is useful to know the maximum ef-
ciency and operating potential needed to achieve the maxi-
um efficiency. Fig. 4 shows maximum efficiency as a function

f utilization for two methane–steam fuel mixtures. The figure
lso shows the operating potential needed to achieve the max-

mum efficiency. The information in Fig. 4 is identical to that
n Fig. 2; it simply re-plots the data using utilization as the ab-
cissa.

ig. 4. Maximum fuel-cell efficiency and the corresponding operating poten-
ial as functions of maximum fuel utilization for CH4–steam equilibrium fuel
treams at a steam–carbon ratios of 1 (CH4-1) and 3 (CH4-3). In all cases the
ell is at 1 atm and 800 ◦C.

m
d
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c
t
c
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s
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n

pheric pressure. The top panel shows maximum possible efficiency. The middle
anel shows the utilization at maximum efficiency. The lower panel shows the
perating potential needed to achieve maximum efficiency. The solid markers
epresent the points at which equilibrium predicts solid-carbon formation.

. Efficiency maps

Because the thermodynamic models are so efficient compu-
ationally, it is easy to map large regions of parameter space.
his can be helpful in identifying trends, seeking optimal oper-
ting conditions. Fig. 5 shows SOFC maximum-efficiency char-
cteristics as functions of methane–steam mixtures and cell op-
rating temperature. Clearly maximum efficiency increases as
ethane content increases. Reducing temperature also increases

fficiency significantly. In all cases utilization is above 90% at
aximum efficiency. The operating potential to achieve maxi-
um efficiency increases substantially as operating temperature

ecreases. The solid markers on the curves represent the point
t which chemical equilibrium predicts the formation of solid
arbon. At methane concentrations above these levels, the sys-
ems design needs to consider coke formation that may degrade
ell performance. If higher hydrocarbons also enter the fuel cell
redicting deposit formation is more complex. In addition to
urface-catalyzed coke formation, gas-phase routes can lead to
olyaromatic hydrocarbon deposits [10,11].

. Channel flow model and power density
It is interesting to compare the results of the thermodynamic-
fficiency model with a much more detailed model that directly
ncorporates electrochemical charge-transfer kinetics, heteroge-
eous reforming kinetics, fuel and air flow in anode and cath-
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ode channels, dense-electrolyte ion transport, and porous media
transport in electrodes [4]. The detailed model confirms the pre-
dictions of the thermodynamic model. The detailed model also
provides much more information, such as power density and
thermal loads. The detailed model also provides a great deal of
local information throughout the cell, none of which the thermo-
dynamic model can deliver. Unlike the thermodynamic model,
the detailed model requires very specific information about the
cell architecture and the MEA, as well as operating conditions.
For the sake of illustration the cell described by Zhu et al. [4] is
used here in the detailed model. Summarized briefly, the anode is
a 1.22-cm-thick porous Ni-YSZ cermet. The dense electrolyte is
8-YSZ that is 25 �m thick. The cathode is a 30 �m porous LSM
structure. For the example here, the detailed model uses square
channel cross-sections of 1 mm2. The electrochemically active
perimeter is 1.2 mm, which is 0.2 mm wider than the channel
electrode interface. Other physical and chemical parameters, as
well as details of the model, can be found in [4].

The upper panel in Fig. 6 illustrates the performance of the
nominal MEA structure operating in a humidified H2 fuel stream
and a diluted H2 fuel stream at 800 ◦C and 1 atm. To assist in-
vestigating the effects of the MEA performance on the fuel-cell
efficiency, a reduced-performance MEA was constructed. Leav-
ing all other cell parameters unchanged, the exchange current
densities at the anode–electrode interface i∗H2

and at the cathode–

electrolyte interface i∗O2
are both reduced to 1 A cm−2 (see Zhu

et al. [4] for detailed definitions). The lower panel in Fig. 6 shows
the MEA performance is significantly degraded.

Fig. 7 compares directly results from the thermodynamic and
detailed models for a cell operating on a fuel stream mixture
of 12% CH4, 66% H2, and 22% CO, which is essentially the
gas-phase chemical equilibrium composition of an initial mix-

Fig. 6. Polarization characteristics for two MEA structures, each operating on
H2–H2O fuel mixtures. The upper panel shows performance of the MEA that is
described in Zhu et al. [4]. The lower panel shows a lower-performance MEA.
In both cases the cells are operating at 800 ◦C and atmospheric pressure.

Fig. 7. Comparison of the maximum fuel-cell efficiency and fuel utilization
calculated from the thermodynamic model and a detailed model [4]. The inlet
fuel stream is the equilibrium composition resulting from an initial fuel mixture
o
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f 60% CH4 and 40% H2O at 800 ◦C and 1 atm. The fuel cell is operated at
00 ◦C and 1 atm. The overall power densities for the normal MEA and the
erformance-reduced MEA are calculated with the detailed model.

ure of 60% CH4 and 40% H2O at 800 ◦C and 1 atm. The inlet
elocity is 10 cm s−1. The models predict virtually identical ef-
ciency and utilization performance. This excellent comparison

s observed over very large ranges of fuels and operating con-
itions. Furthermore, the efficiency and utilization predicted by
he detailed model are virtually identical with either the nom-
nal or reduced-performance MEA. However, as discussed be-
ow, when the reduced-performance MEA is used the cell must
e much larger to achieve the maximum efficiency. Fig. 7 also
ompares the power density at the maximum fuel utilization for
he two MEA structures. As expected, the power density for
he performance-reduced MEA is much lower than that for the
ormal MEA. The different power densities lead to different
hannel lengths to achieve the same maximum efficiency. For
he conditions in these examples, the nominal MEA results in a
hannel length of 9.1 cm to achieve the maximum efficiency of
3%. The reduced-performance MEA requires a much longer
hannel length of 17.9 cm.

It is interesting to note that the power densities show max-
ma as functions of operating cell potential. The voltage for
he peak power density is around 0.68 V for the nominal MEA
n this example, and is reduced slightly to about 0.63 V for
he performance-reduced MEA. In both cases the peak power
ensity occurs at operating potentials well below the operat-
ng potential for maximum efficiency. From the fuel-cell de-
ign and optimization point of view, the fuel cell should be de-
igned and operated to achieve appropriate tradeoffs between
fficiency, utilization, and power density. The models described
ere provide tools that can be very effective in evaluating these
radeoffs.

. Conclusions

Two models are developed and used to predict SOFC effi-
iencies for a wide range of fuels and operating conditions. The
et efficiency is the product of a reversible efficiency, voltage
fficiency, and fuel utilization. Cell efficiency is a strong func-

ion of operating voltage, with maximum efficiency achieved at
ell voltages in the range of 0.8 V. The thermodynamic model
redicts best possible performance, independent of specific cell
esign. The channel-based model incorporates details of MEA
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tructure, fluid transport, and charge-transfer, and reforming ki-
etics. Both models can be used to guide the optimization of cell
esign and operation.
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