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This paper proposes a new method for estimating the state and lifespan of fuel cells in operation by fuel
cell equivalent impedance modeling by electrochemical impedance spectroscopy (EIS) and observing
degradation. The performance change of fuel cells takes place in the form of changes in each parameter
value comprising an equivalent AC impedance circuit; monitoring such changes allows for the prediction
of the state and lifespan of a fuel cell. In the experiments, the AC impedance of high-temperature proton
exchange membrane (PEM) fuel cells was measured at constant time intervals during their continuous
uel cell
lectrochemical impedance spectroscopy
arameter change
ime constant
tate of health
ifespan

operation for over 2200 h. The expression for the lifespan of a fuel cell was deduced by curve fitting
the changes in each parameter to a polynomial. Electric double layer capacitance and charge transfer
resistance, which show the reduction reaction of the cathode, were used as major parameters for judging
the degradation; a method of using time constants is proposed to more accurately estimate the degree
of degradation. In addition, an algorithm that can evaluate the soundness and lifespan of a fuel cell is
proposed; it compares the measured time constant of the fuel cell being tested with that of average

lifespan fuel cell.

. Introduction

The two major factors influencing fuel cell commercialization
re the price and reliability of the fuel cell stack. The price can be
educed by replacing expensive components such as platinum cata-
ysts with innovative materials, simplifying the system, automating

embrane electrode assembly (MEA) production, and mass pro-
uction [1,2]. On the other hand, reliability depends greatly on the
ondition of technical improvements, and it is also affected by the
roduction technique and quality management. The degradation of
erformance of fuel cells in operation occurs due to various causes:
umidity and temperature cycles, catalyst poisoning, performance
egradation of support, starting and stopping, load cycle, idling,
tc. This directly affects the system reliability. Therefore, predict-

ng a potential failure through an accurate evaluation of the state
f fuel cells in operation can dramatically reduce the service costs
ue to abrupt failure and, ultimately, significantly improve system
eliability.
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A number of studies on fuel cell performance evaluation and
lifespan estimation have been conducted, and various methods
for fuel cell performance evaluation have been proposed [3–5].
Ciureanu and Roberge proposed a method for determining stack
performance changes from the changes in the humidifying tem-
perature and air flow; they used the parameters included in the
thin film flooded-agglomerate model and Tafel expressions, which
modeled gas diffusion electrode changes according to the operat-
ing conditions. They used electrochemical impedance spectroscopy
(EIS) to obtain the value of the cathode charge transfer resistance
required for performance evaluation [3]. Merida et al. proposed
a method for determining the fuel cell performance from the
moisture content change. They selected the ratio of the fuel cell
impedance value and the standard fuel cell impedance value as
the performance determining parameter; using the fact that such a
ratio differs at specific frequency ranges depending on performance
changes, they proposed a method for determining dehydration and
flooding [4]. Laffly et al. measured the impedance of a fuel cell
operating for approximately 1000 h, by EIS; after monitoring, they

determined the equivalent impedance circuit parameter change
and analyzed the factors causing the parameter change [5]. The
analysis results showed that fuel cell degradation occurs due to
various causes; once a fuel cell in operation enters the degradation
stage, the degree of progress can be determined by the change in the
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due to the slow reduction reaction [8].
Fig. 1. Experimental apparatus used for EIS

uel cell equivalent impedance parameter. Therefore, the fuel cell
erformance and remaining lifespan can be sensed by monitoring
he impedance change.

. Experimental

In the experiments, a polybenzoxazine-based membrane was
sed for the MEA evaluation of catalysts; the amount of phos-
horic acid in the membrane was controlled by immersing a
ry membrane in phosphoric acid at 80 ◦C for a few hours. The
athode catalyst layer was composed of PtCo–CeOx or PtCo sup-
orted on Ketzen black and polyvinylidene fluoride (PVDF). The
node catalyst layer was composed of a carbon-supported PtRu
lloy, from Tanaka Kikinzoku Kogyo, and PVDF. The Pt loadings of
he cathode and anode were approximately 1.6 and 1.0 mg cm−2,
espectively. Dry hydrogen and dry air were used for the anode
nd cathode, respectively, during the cell operation at 150 ◦C.
he effective dimensions of the electrode in the MEA were
.8 cm × 2.8 cm [6].

Hydrogen was supplied to the anode of the cell at a pressure
f 0.3 MPa with no humidification and at a flow rate of 100 ccm
t 99.99% purity; air was supplied to the cathode of the cell under
oisture-free conditions at a pressure of 0.3 MPa and a flow rate of

50 ccm. The rates of utilization of hydrogen and oxygen were 26%
nd 20%, respectively.

The composition of the AC impedance measurement sys-
em used in the experiments is shown in Fig. 1. The system is
rranged such that Kikusui DC electronic load and a Solartron 1287
otentiostat–galvanostat are connected in parallel to the cell being
ested; this enables the impedance to be measured in any area of
peration of the fuel cell. A Solartron 1260 frequency response
nalyzer controls the potentiostat–galvanostat. To measure the
mpedance at a desired operation point, fuel cell AC perturbations
re induced by adjusting the Kikusui DC electronic load and DC

peration current and operating Solartron 1287 in the galvanos-
at mode; through calculations using the perturbation current and

easured response voltage, impedance can be calculated. The AC
mpedance was measured by taking 10 points per decade in the
.01–10 kHz frequency ranges.
rement of high-temperature PEM fuel cell.

The electronic load and FRA were controlled by using the Zplot
software installed in a personal computer (PC); the measured
impedance data was transferred to the PC via GPIB, and curve fitting
by the impedance model was done using Zview.

Fig. 2 shows a Nyquist plot of the AC impedance measured using
EIS. In the 0.5–2 A region, the loss due to activation was domi-
nant, and the slope of the voltage change was large; measurements
were performed in steps of 0.5 A. In the region beyond that, AC
impedance was measured by changing the DC operation point in
steps of 1 A. The Nyquist plot indicates that the change in the size of
the impedance semicircle diameter was the same as the change in
the slope of the polarization curve [7]. In addition, the impedance of
the anode had a very small trajectory due to the rapid hydrogen oxi-
dation reaction, but the cathode impedance had a large trajectory
Fig. 2. Nyquist impedance plots of fuel cell measured at different operating points.



J.-h. Lee et al. / Journal of Power Sources 195 (2010) 6001–6007 6003

3

3
d

t
b
m
i
u
r

c
e
f
d
t
d
p
f
t
e
b
r

a
e
a
t
r
o
e
t
a
o
l
i

v
c
N
l
d
t
e
r
t
t
t
c
o
i
c
a
f

tance on the cathode side gradually increased, while the electric
double layer capacitance on the cathode side gradually decreased.
Both these phenomena occurred due to the reduction of the catal-
ysis reaction rate and three-phase interface area. The nanoparticle
Fig. 3. Equivalent circuit model of PEM fuel cell used in curve fitting.

. Results and discussion

.1. High-temperature fuel cell equivalent circuit model and
egradation phenomenon

There are various equivalent circuit models that can be used for
he analysis of the AC impedance spectrum of fuel cells measured
y EIS. These models can be applied differently depending on the
easurement object, the operation point at which the impedance

s measured, and the measured frequency region; the most widely
sed models clearly show the phenomenon being observed while
eflecting the physical properties of the measurement object.

The general models of the equivalent impedance of fuel cells are
omposed of resistance components such as the ion resistance of
lectrolytes, electrical resistance of cell components, charge trans-
er resistance, electric double layer capacitance from ions densely
istributed at the three-phase interface, Warburg impedance due
o gas diffusion, and microscopic inductance components. Electric
ouble layer capacitor, which is usually referred to as the constant
hase element (CPE) due to the nonuniformity of the electrode sur-
ace, is often used as ZARC by forming parallel circuits with charge
ransfer resistance. When using a CPE in the equivalent circuit mod-
ling of the fuel cell, more accurate fitting results can be obtained,
ut when the depression angle n approximates 1, a moderate fitting
esult may be obtained even if a capacitor is used [9,10].

In this study, the measured impedance was fitted to a curve,
nd the changes in the parameters were studied. Fig. 3 shows the
quivalent circuit used, which has two R–C parallel circuits and
membrane resistance between them. This circuit can explain the

wo dominant reactions of a fuel cell – anode oxidation and cathode
eduction – from the two semicircles on the Nyquist plot, which are
btained from the measured impedance of the fuel cell [11,12]. By
xpressing the fuel cell impedance in the equivalent circuit using
wo time constants the oxidation and reduction reaction rates can
lso be expressed using time constants. Since the maximum current
f the cell is 7.84 A (1 A cm−2), there was barely any mass transfer
oss in the 1–5 A range; therefore, the Warburg impedance was not
ncluded in the equivalent circuit.

Fuel cell degradation occurs mostly in cathode catalysts due to
arious causes such as catalyst dissolution and precipitation, aging,
atalyst particle movement, and carbon support corrosion [13,14].
anosized catalyst particles undergo condensation through disso-

ution and precipitation reactions to reduce surface energy; this
ecreases the three-phase interface area required for the reduc-
ion reaction, which degrades the fuel cell. The decrease in the
lectrochemical surface area leads to a decrease in the reduction
eaction rate, which in turn results in an increase in the charge
ransfer resistance value. In addition, such a phenomenon also leads
o the reduction of the electric double layer capacitance in the
hree-phase interface, which reduces the capacitance value. The
ontinued condensation of catalyst particles can cause oxidation

r corrosion of the carbon support layer; this weakens the attach-
ng force of catalyst particles, which can cause the infiltration of
atalyst particles into the membrane or electrode. This loss of cat-
lysts causes the fuel cell performance to drop, which changes the
uel cell equivalent circuit parameter value [1,14,15].
Fig. 4. Change in cathode charge transfer resistance during 2200 h of operation.

3.2. Fuel cell parameter monitoring

To observe the change in the equivalent impedance model
parameters during the continuous operation of a high-temperature
fuel cell, EIS experiments were repeated 12 times at 7 operation
points at 168 h (7 days) intervals; the fuel cell was operated for
2200 h (around 90 days) under the conditions explained in Section
2, and the results were analyzed.

Figs. 4–8 show graphs of changes in each parameter with time
obtained by curve fitting the measured fuel cell impedance spec-
trum to the equivalent circuit shown in Fig. 3. As shown in the
graphs, the charge transfer resistance of each electrode and the
membrane resistance dramatically decreased from the start of the
operation to approximately 335 h, during which the electric double
layer capacitance of each electrode increased. This period, where
the performance improved for the initial operation after fuel cell
production, is called the break-in period [16]. During this period,
the fuel cell exhibits continuous performance improvement; after-
wards, the performance no longer improves but begins to degrade.

The change in the impedance parameter for the cathode side
that shows a clear semicircle in the Nyquist impedance plot is
explained here. As shown in Figs. 4 and 5, the charge transfer resis-
Fig. 5. Change in cathode double layer capacitance during 2200 h of operation.
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Table 1
List of coefficients for curve-fitting expression of cathode charge transfer resistance.

Current [A] ymodeled = at4 + bt3 + ct2 + dt + e Accuracy [%]

a b c d e

0.5 1.9E−14 −5.9E−11 9.7E−08 −6.8E−05 1.2E−01 98.7
1.0 4.3E−14 −1.0E−10 1.3E−07 −6.9E−05 7.4E−02 99.4
1.5 4.5E−14 −3.5E−11 7.1E−08 −5.1E−05 5.8E−02 99.0
2.0 4.3E−14 −3.4E−11 6.8E−08
3.0 4.2E−14 −1.0E−10 1.2E−07
4.0 6.2E−14 −1.4E−10 1.6E−07
5.0 6.9E−14 −1.6E−10 1.8E−07

Fig. 6. Change in membrane resistance during 2200 h of operation.

Fig. 7. Change in anode charge transfer resistance during 2200 h of operation.

Fig. 8. Change in anode double layer capacitance during 2200 h of operation.
−4.7E−05 5.0E−02 98.5
−5.8E−05 4.4E−02 99.3
−7.0E−05 4.4E−02 98.9
−8.0E−05 4.9E−02 98.6

catalysts tend to aggregate due to their high specific surface energy,
and this tendency becomes clearer under harsher operating con-
ditions [14]. In addition, the collapse of the support slows down
the electric charge transmission due to diffusion of the catalyst
into the boundary surface of the electrode or electrolyte; this also
affects the rate of the reduction reaction. Thus, the decrease in the
catalysis activation area due to such phenomena degrades the cell
performance, which increases the charge transfer resistance and
decreases the electric double layer capacitance value in equivalent
circuit impedance. In other words, as the aging of the cathode side
continues, the rate of the reduction reaction is reduced.

As shown in Fig. 4, as the fuel cell experiences aging due to
continuous operation, the parameters of the equivalent impedance
model reflect the performance change due to degradation of cell
components. Therefore, such parameter changes can be mathemat-
ically modeled using a function of time and the lifespan of fuel cell
can be estimated.

To mathematically express the change in parameter with time,
it is expressed by a polynomial expression obtained through the
curve fitting. The coefficient of the polynomial expression can be
calculated through linear regression analysis, and the accuracy of
the curve fitting is calculated by using the coefficient of determi-
nation, as given by Eq. (1) [17].

R2 =
∑

(ymeasured − ȳ)2 −
∑

(ymeasured − ymodeled)2∑
(ymeasured − ȳ)2

(1)

where ymeasured is the measured data, ȳ is the mean of the measured
data, and ymodeled is the data from the model.

A fourth-order polynomial expression was used to model the
change in the measured cathode charge transfer resistance with
time. Table 1 shows the list of the coefficients for the fourth-order
polynomial expression of curve fitting of cathode charge trans-
fer resistance by time elapse and the curve fitting accuracies at
the operating points. Differences exist among the operating points,
but most of them showed over 98% accuracy. Fig. 5 and Table 2
show the waveforms of the changes in the electric double layer
capacitance measured at multiple operation points, and the list of
the coefficients and their accuracies. The results show an accuracy
of over 96% for the entire range of operation. However, as men-
tioned previously, the reduction of catalysis performance due to
fuel cell degradation not only increases the electric charge transfer
resistance but also decreases the electric double layer capacitance;
therefore, a more accurate expression can be obtained if it is
deduced using a time constant – the product of two parameters
– rather than using each parameter separately. Here, the time con-
stant ultimately indicates the time ratio of the reduction reaction
occurring in the cathode; it serves as an indicator of the reduction
reaction occurring at the three-phase interface.
Fig. 9 and Table 3 show the waveforms of the changes in the
cathode time constant with time, the product of the cathode charge
transfer resistance and electric double layer capacitance, and the
list of coefficients and their accuracies. As anticipated, as compared
to curve fitting using either the cathode charge transfer resistance
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Table 2
List of coefficients for curve-fitting expression of cathode double layer capacitance.

Current [A] ymodeled = at4 + bt3 + ct2 + dt + e Accuracy [%]

a b c d e

0.5 −5.3E−13 2.8E−09 −5.1E−06 3.7E−03 9.5E−01 98.4
1.0 −6.1E−13 3.2E−09 −5.9E−06 4.3E−03 8.7E−01 98.4
1.5 −6.4E−13 3.4E−09 −6.2E−06 4.5E−03 9.3E−01 98.5
2.0 −6.4E−13 3.4E−09 −6.3E−06 4.6E−03 1.0E+00 98.5
3.0 −7.9E−13 4.1E−09 −7.4E−06 5.3E−03 1.2E+00 98.3
4.0 −8.2E−13 4.3E−09 −8.0E−06 5.9E−03 1.3E+00 98.1
5.0 −8.2E−13 4.3E−09 −8.2E−06 6.1E−03 1.4E+00 96.1

Table 3
List of coefficients for curve-fitting expression of cathode time constant and curve-fitting accuracy.

Current [A] ymodeled = at4 + bt3 + ct2 + dt + e Accuracy [%]

a b c d e

0.5 −5.5E−14 2.8E−10 −4.8E−07 3.3E−04 1.2E−01 98.3
1.0 −3.5E−14 1.8E−10 −3.0E−07 2.2E−04 6.5E−02 99.3
1.5 −2.5E−14 1.3E−10 −2.1E−07 1.6E−04 5.5E−02 99.3
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2.0 −2.0E−14 1.0E−10 −1
3.0 −2.2E−14 1.0E−10 −1
4.0 −1.6E−14 8.4E−11 −1
5.0 −1.6E−14 8.4E−11 −1

r electric double layer capacitance, the accuracy is over 99% for
he entire range of operation; thus, measuring the impedance of
he fuel cell in operation and monitoring the cathode time constant
alue can give a very accurate estimate for the state and lifespan of
he fuel cell. Details of the estimation method are explained in the
ext section.

.3. Fuel cell state evaluation and lifespan estimation method

Since the polynomial expression of the change in the cathode
ime constant almost exactly reflects the performance degradation
f the fuel cell, it is reasonable to use it as the lifespan expres-
ion. In the experiments, the fuel cell was being operated at 3 A
0.38 A cm−2) continuously and among the lifespan expressions at
peration points in Table 3, the accuracy of it at 3 A is the best; thus,
he lifespan is estimated using this lifespan expression.

The lifespan expression for the fuel cell performance as a poly-

omial includes both the break-in period, where the standard fuel
ell performance improves, and the degradation period; thus, the
hange in the cathode time constant over the entire lifespan of fuel
ell can be expressed numerically. This feature allows the lifespan

Fig. 9. Change in cathode time constant during 2200 h of operation.
7 1.3E−04 5.3E−02 99.6
7 1.3E−04 5.2E−02 99.7
7 1.3E−04 5.7E−02 99.6
7 1.3E−04 7.0E−02 98.3

to be estimated and the performance to be evaluated in the early
stages of fuel cell operation and during the aging process. If the
average lifespan expression deduced from multiple fuel cell data
is the same as that given in Table 3, it can be used as a standard
lifespan expression.

To estimate the fuel cell soundness condition and lifespan using
a standard lifespan expression, the standard cathode time constant
(�cathode standard) is calculated by substituting the cumulative oper-
ation time of the fuel cell under test into the lifespan expression
for 3 A. The ratio of the cathode time constant (PK(t)) measured at
operation time t for the standard cathode time constant calculated
above is expressed by Eq. (2); this expression can be used to evalu-
ate the remaining life and state of the fuel cell. An evaluation of the
fuel cell state and remaining life can be divided into the following
three cases:

PK (t) = �cathode(t)
�cathode standard

(2)

In the first case, the ratio of the two values (PK(t)) is 1. In this
case, the cell is determined to be sound, and the difference between
the average lifespan (Lavg) deduced through experiments for mul-
tiple fuel cells, and the cumulative operation time t is calculated as
the remaining lifespan, as given by Eq. (3). The calculation for the
average lifespan of the fuel cell is explained in detail in the next
section:

Lrem = Lavg − t (3)

In the second case, the ratio is less than 1. In this case, the fuel cell
degradation is less than the average degradation. Thus, the fuel cell
is determined to be very sound, and the remaining life is calculated
as the difference between the average lifespan divided by the ratio
of the cathode time constant (PK) and the cumulative operation
time t, as given by Eq. (4):
Lrem = Lavg

PK (t)
− t (4)

In the third case, the ratio is greater than 1. In this case, the fuel
cell has degraded more severely than average and is thus deter-
mined to be unsound. The remaining life is calculated in the same
way as the second case.
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Fig. 11. Probability density function of fuel cell lifespan obtained from lifespan data
of multiple fuel cells.
ig. 10. Degradation plots of fuel cell obtained from virtually measured multiple
uel cell impedance.

.4. Fuel cell average lifespan calculation

The performance of a fuel cell is bound to degrade after the
reak-in period. The lifespan of a standard fuel cell can be calculated
y modeling the degradation mathematically. In the waveforms of
he changes in the cathode time constant with time in Fig. 9, the
ata of break-in period, during which the performance improves,

s eliminated. The performance degradation of the fuel cell and
he change in time constant are inversely proportional with time;
ence, by taking the inverse number of the time constant, the fuel
ell degradation curve can be obtained [18]. For this process, the
verage lifespan should be calculated using experimental results
or multiple fuel cells; however, since only one fuel cell was used
n this study, the degradation curves were drawn by assuming
he data measured at multiple operation points as data obtained
hrough multiple fuel cells; the curves are presented in Fig. 10. In
he seven sets of fuel cell degradation data, curve fitting was done
sing various mathematical models such as linear, power, loga-
ithm, and exponential models, as these are the most widely used
odels; the model with the highest correlation was selected as

he fuel cell degradation model. In this case, the fuel cell degrada-
ion curve obtained using the linear model had highest correlation;
he time t at which the degradation curve reaches 0 indicates the
ime at which the fuel cell output falls to 0, leading to complete
egradation. Table 4 shows the results of curve fitting of fuel cell
egradation curve using the linear model and the estimated lifes-

an (final failure time) calculated by using the fuel cell degradation
odels.
If the lifespan data calculated through multiple degradation

urves obtained through experiments on multiple fuel cells are

able 4
ist of coefficients for degradation equations and estimated lifespans of multiple
uel cells, as shown in Fig. 10.

Degradation plot y = at + b Lifespan [h] (time
to failure)

a b

A −0.0004 5.4457 13,157
B −0.0011 9.2883 8,473
C −0.0017 11.5781 6,835
D −0.0021 12.6483 6,167
E −0.0022 12.6350 5,747
F −0.0017 11.0791 6,703
G −0.0014 9.6421 7,091

Fig. 12. Flowchart of proposed algorithm to evaluate state and remaining lifespan
(Lrem life) of fuel cell.
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vailable in large quantities, the lifespan distribution and proba-
ility density function (f(t)) can be calculated and the reliability of
fuel cell can then be evaluated and analyzed. In this research the

wo-parameter Weibull distribution is used as a model for lifespan
f the fuel cell because it is one of the most widely used lifespan
istributions in reliability engineering and a versatile distribution
hat can take on the characteristics of other types of distributions,
ased on the value of the shape parameter, ˇ, and the scale param-
ter, �, as shown in Eq. (5) [19]. Therefore, once each parameter
s determined depending on the type of distribution, the average
ifespan time of the fuel cell can be calculated by using Eq. (6), which
s composed with a gamma function. Here, the gamma function is
generalized factorial function defined for the range of all natural
umbers as expressed in Eq. (7). This process can be done by the
ommercial software such as Weibull++, which is used to calculate
he average lifespan and provide diverse analysis functions related
o reliability. This study obtained the probability density function
or the fuel cell from virtual lifespan data in Table 4 using Weibull++
s shown in Fig. 11 and the distribution type used was normal dis-
ribution. In addition, the parameters for the scale and shape were
324.54 and 4.63, respectively; the average lifespan of the fuel cell
as calculated as 7609 h.

(t) =
(

ˇ

�

)(
t

�

)ˇ−1
exp

[
−
(

t

�

)ˇ
]

(5)

here � is the scale parameter and ˇ is the shape parameter.

(T) = ��
(

1 + 1
ˇ

)
(6)

here � is the Gamma function.

(˛) =
∫ ∞

0

t˛−1e−tdt (7)

ig. 12 shows the flowchart of the proposed algorithm for evaluat-
ng the state and calculating the remaining life (Lrem life) of the fuel
ell in operation at a certain time.

. Conclusion
This paper proposes a novel method for estimating the state and
ifespan of a fuel cell in operation by measuring its AC impedance by
IS and calculating the time constant of the cathode. If the cathode
ime constant of the fuel cell in operation is continuously moni-

[

[

urces 195 (2010) 6001–6007 6007

tored using the proposed method, the fuel cell condition can be
evaluated very accurately; therefore, this method is expected to
prevent sudden premature failure of the operating fuel cell or stack,
thereby reducing unnecessary service costs due to the abrupt fail-
ure and, ultimately, improving the system reliability significantly.
In addition, if applied to an automated mass production process,
the proposed algorithm is expected to aid the detection of defective
fuel cells in the production stage itself.
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