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1. Introduction

Although fuel cells can play a relevant role in an energy sce-

nario characterized by improved sustainability, security of supply
and economical competitiveness, the technology is not yet mature
enough for end user applications on the wide scale, and needs to
be further developed. For the rating of improvements in fuel cell
technology, common agreed measures for system efficiency, power
density, dynamic behavior and durability are indispensable. This
requires the definition of harmonized, validated and benchmarked
testing procedures for entire fuel cell systems as well as system
components, so that the tremendous variety of boundary condi-
tions – e.g. caused by different applications, stack technologies,
types of fuel, fuel quality – can be traced back to a common agreed
basis. The need of such harmonized testing procedures is evident
even for the relatively simple and widely employed polarization
test.

A polarization curve is defined as the “typical plot of cell volt-
age as a function of current density” [1]. This test is performed
for a variety of reasons, primarily for rating the expected perfor-
mance, in terms of voltage and power, of a single cell or stack under
certain operating conditions. Very frequently, polarization curves
are employed to compare the performance related to different cell
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ation thematic network (FCTESTNET) was a Thematic Network funded by
r the Fifth Framework Program (FP5), which was comprised of 55 European
d in 2006 and the main output was the collection and compilation of

ifferent fuel cell technologies (PEM, SOFC, MCFC), applications (stationary,
balance of plant.
uch testing procedures is the next necessary step for obtaining reliable
. The Joint Research Centre (JRC), Institute for Energy (IE) has started the
EM testing procedures. One of the FCTESTNET procedures applied at JRC-
a PEM stack. Results show that the harmonization of some parameters,
uilibrium time for each value of the current density, and the control of
is a necessary action for an objective and trustworthy comparison of the
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materials or designs (e.g. [2–6]), to verify the quality of the manu-
facturing process (acceptance test), or to compare the performance
of a specific fuel cell under different operating conditions, such
as relative humidity of the gas streams, fuel cell temperature and
pressure, and gas composition [7–11].

Especially if employed for performance comparison, it is imper-

ative that all the boundary conditions applied to the testing system
are precisely the same. Santarelli and Torchio [8], for example,
attempt to compare the results of their experimental campaign
with data available in the literature. However, they notice that
polarization curves are usually obtained by applying operating
parameters that are different among different authors. In addi-
tion, several authors do not report the procedure and the operating
conditions applied for the tests, thus the mere comparison of the
resulting polarization curves would be erroneous and misleading.

As the polarization curve is only one of the tests being performed
on fuel cells, it is obvious that the harmonization of the testing pro-
cedures is a long and time-consuming process. Moreover, in order
to be widely accepted, it requires international consensus. To cre-
ate a common language among different institutions performing
fuel cell tests, several international activities have been initiated,
with the main aim of setting-up testing procedures that allow a
transparent and objective interpretation of the results.

The present paper is organized as follows: Section 2 describes
the main international activities dealing with the testing proce-
dures harmonization and standardization; Section 3 presents the
experimental activity conducted at JRC-IE on an 11 kWe stack for the
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validation of a polarization curve test module. Finally, in Section 4,
the main findings of the experimental campaign are discussed.

2. International efforts in FC testing harmonization and
standardization

At present, very few Regulations, Codes and Standards (RC&S)
exist in the field of fuel cells. So far only a few major documents
have been published: (e.g. [1,12–32]), but several working groups
of standardization bodies have been set up and are dealing with
this topic.

The preparation of International Standards for fuel cell tech-
nologies is the scope of the Technical Committee TC 105 “Fuel
cell technologies” of the International Electrotechnical Commission
(IEC). IEC operates in collaboration with the International Organi-
zation for Standardization (ISO), in particular on standardization
activities related to automotive applications (ISO TC22 “Road Vehi-
cles”/SC21 “Electrically propelled road vehicles”) and hydrogen (ISO
TC197 “Hydrogen technologies”).

In parallel with international efforts, national regulations, codes
and standards are being prepared in several countries, particularly
in North America, Japan and Germany [16–31]. The content of the
national RC&S spans from performance testing to safety require-
ments, including system installation guidelines and fuel metering.
For the content of each single standard (or technical specification),
the reader is referred to the specific documents [16–31].

As experimental tests are beyond the activities of most of
the standards’ working groups, several pre-normative projects are
being undertaken to provide technical support to various national
or international Standard Development Organizations (SDOs).

North America and Japan are particularly active in the pre-
normative work for fuel cell testing. In the US, the US Fuel Cell
Council has defined a number of testing procedures for fuel
cell components and single cells [29,30], while for automotive
applications, most of the activities are being undertaken by the
Japanese Automotive Research Institute (JARI) [33,34]. JARI is par-
ticularly active in the definition of testing procedures for PEFC
single cells and components, as well as the definition of hydro-
gen fuel quality for PEFC, intended for automotive applications
[35,36].

Recently, JARI and the Hawaii Natural Energy Institute (HNEI) of
the University of Hawaii at Manoa performed round-robin-testing
on single cells, using JARI’s testing protocol on polarization curve.
Tests were performed at the JARI and HNEI facilities. This exercise

showed a good reproducibility of the results, thus revealing the
JARI test protocol as a solid base for the standardization process
[37].

Within the Fifth Framework Programme (FP5), the European
Commission financed the Thematic Network FCTESTNET, which
involved 55 European Partners for harmonizing fuel cell testing
procedures. As a follow-up of FCTESTNET within the Sixth Frame-
work Programme (FP6), the project Fuel Cell Testing, Safety and
Quality Assurance (FCTESQA) provides experimental validation of
the testing procedures defined in FCTESTNET. The experimental
activities reported in the present paper have been conducted in
the framework of FCTESTNET and FCTESQA.

3. Experimental activity

3.1. Fuel cell testing facility and test object

At JRC, Institute for Energy, a fuel cell testing facility was estab-
lished in 2005. The main purpose of the testing facility is to
constitute an EC reference laboratory for fuel cell performance,
available to the scientific community and industry. The facility sup-
urces 180 (2008) 452–460 453

ports the development of RC&S within the European Hydrogen and
Fuel Cells Platform (HFP) and, at global level, in the frame of the
International Partnership for the Hydrogen Economy (IPHE). Fur-
thermore, it provides the opportunity for training and exchange of
research fellows and scientists, thus strengthening the European
Research Area (ERA) concept.

The facility allows testing and evaluation of PEM at conditions
that typically exist in stationary and transport applications. In par-
ticular, the facility is capable of testing PEM stacks with nominal
power up to 100 kWe. The electricity generated during the tests
can be dissipated through an external electrical load, or can be con-
nected to the institute electrical grid, after power conditioning. In
order to reproduce a wide range of applications, i.e. stationary and
transport in different environmental conditions, the testing facility
is equipped with an environmental chamber, where the tempera-
ture can be controlled in a range of −40 to +60 ◦C, with a relative
humidity of up to 95%. A vibrating table, capable of producing
shocks and vibrations with 6 degrees of freedom at a frequency
of up to 250 Hz, is embedded in the environmental chamber. It
should be noted that, in the present test campaign, the environ-
mental chamber is employed for ensuring the specified ambient
conditions, while no vibration is produced with the vibrating
table.

The required flow of fuel and oxidant is regulated by respectively
one and three mass flow controllers (MFCs) of Brooks Instrument
(Brooks Smart Series-TMF). The MFCs are connected to field point
I/O interface modules of National Instruments operated via RS-
232 communications by a PC using an operation and control-based
LabView software. The H2 MFC has a range of 0–1600 nlpm (nor-
mal litres per minute) while the air-flow rate is regulated by three
MFCs each of 0–2200 nlpm range. The PC software regulates the
air flow by one MFC for up to 600 nlpm and by all three MFCs
when this figure is exceeded. The flow rate accuracy is 1% of the
full scale of the MFC. The uncertainty of the actual flow rate is
thus depended on the MFC range employed. The humidification
of the anodic and cathodic gases (H2 and air) is carried out by mix-
ing them with 180 ◦C hot steam and with a subsequent quenching
of the mixtures in condensing heat exchangers. After removing
the excess water via this heat exchanger, the humid gases are
re-heated to the dew point temperatures set, using gas/oil heat
exchangers.

The electricity generated during testing is fed to the build-
ing grid of the laboratory using a 120-kV A dc/ac electronic load
inverter. The stack used for the tests contains 90 individual cells of
200 cm2, separated by graphite bipolar plates, containing almost

parallel flow patterns in Z-shaped geometry (Fig. 1). The stack is
manufactured by NedStack Fuel Cell Technology BV of Arnhem,
The Netherlands. It weighs about 35 kg and has dimensions of
(length × width × height) 70 cm × 35 cm × 20 cm. The waste heat is
removed from the fuel cell stack by DI water flowing inside the
bipolar plates. This heat and that from the test equipment and ancil-
laries is dissipated using a water-cooling circuitry. The de-ionized
water used to cool the stack to a certain temperature and to heat
it up during start-up phase, is produced from tap water by reverse
osmosis employing an ionomer membrane followed by a patented
electro-deionization process. The so-produced deionized water has
an ionic conductivity of 0.1 �S cm−1 and is treated by ozone and
ultraviolet radiation prior to its use to prevent microbial contamina-
tion.

3.2. Test module

The test module chosen for validation is the TM PEFC 5-3, i.e.
polarization curve for a PEFC stack. Although polarization curves
are widely used by several organizations as a tool for performance
benchmarking, these are not always obtained applying the same
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Fig. 1. PEFC stack used for the tests.

boundary conditions to the test object. A typical issue that can arise
when comparing polarization curves obtained in different labora-
tories is represented by the flow rate applied to the fuel cell stack. It
is well known, in fact, that mass transport limitations are dominant
at high fuel utilization, thus the inlet flow rate provided to the stack
represents a relevant parameter determining the resulting stack
performance. In the present test module, the test is performed at
constant fuel and air stoichiometry, i.e. the inlet flow rate is varied

with the current variation. However, since for low current densities
the resulting flow rate would be too low, a minimum flow rate is
ensured to the stack during the test, i.e. the following condition is
applied for both the anode and cathode:
⎧⎪⎨
⎪⎩

Qv,� = M

zF�ϕ
ncellI� for

M

zF�ϕ
ncellI� > Qv,min

Qv,� = Qv,min for
M

zF�ϕ
ncellI� ≤ Qv,min

(1)

where Qv,� is the volumetric flow rate (dry basis) of the reactant
considered, using a stoichiometric ratio �, M is the molar mass of
dry reactant gas, z is the number of exchanged electrons involved
in the electrochemical reaction (2 for the anode, and 4 for the cath-
ode), F is the Faraday constant, ncell is the number of cells in the
stack, � is the density of dry reactant gas under standard condi-
tions, ϕ is the hydrogen or oxygen content in the dry gas mixture,
and I is the current.

During the tests, the inlet flow rates and the current density
are the variable inputs, while a number of other static inputs are
defined in the test module. These include the composition of the
inlet anodic and cathodic gas, stack temperature, stoichiometry, gas

Table 1
Time constants and variables related to data acquisition

Symbol Description

tk Start time of interval k, belonging to set point k
tint Interval between set points
teq Equilibration time before start of data acquisition
toffs Interval between the end of the data acquisition time period for int
tacq Time period for data acquisition
tsmpl Data acquisition sampling interval
m Number of data points per interval k
tk,l (0 ≤ l ≤ m − 1) Data acquisition time points

For each set point k, m measurements of the test variables are taken and stored by the da
urces 180 (2008) 452–460

Fig. 2. Timeline for the data acquisition. Symbols are explained in Table 1.

inlet temperature, pressure and dew point temperature. The mea-
sured test outputs include: stack voltage, individual cell voltage,
outlet gas temperature, coolant inlet–outlet temperature differ-
ence.

The test module also describes a general layout of the testing
facility, and specifies the requirements in terms of maximum allow-
able uncertainty of the measuring system. However, no precise
constriction of the test bench layout is provided. This is because
the intention of the testing procedure is to be independent of the
test bench used for the test. For more information on this specific
test module, the reader is referred to the test module itself, publicly
available at http://www.fctesqa.jrc.nl/.

The stack is first pre-conditioned, according to a procedure rec-
ommended by the stack manufacturer, or suggested in the test
module. After a pre-conditioning phase of the stack, the polariza-
tion curve is recorded. This is obtained by stepwise increasing of
the current density, and the relative flow rates after a pre-defined
interval of time. Fig. 2 and Table 1 illustrate the data acquisition
timeline. The value of the stack voltage reported at each point of
the polarization curve is the mean value of those recorded dur-

ing the acquisition time. It should be mentioned that the choice
of having a pre-defined stabilization time is somewhat different
from other existing testing procedures. The USFCC single cell pro-
tocol [30], for example, prescribes to “choose a stabilization time
at each test point that includes the equilibration time for the test
stand plus the fuel cell under test”. The difference between the
approach of FCTESTNET and USFCC is that the first refers to a con-
vention, i.e. after a specific period of time, the acquisition is started,
assuming that the equilibrium is in place; while in the latter, the
acquisition cannot be started before the stabilization is achieved.
The drawback of the first approach is that the values reported in the
polarization curve might not represent accurate equilibrium points
of the fuel cell (however, if the performance of different stacks are
compared using the same procedure, it is not so relevant that the
values should represent an equilibrium fuel cell state). With the
second approach, the definition of the equilibrium arises, i.e. this
should be quantitatively defined, in order to avoid that different
organizations use different stabilization criteria. In Section 4.2, a
more detailed understanding of the influence of the equilibrium
time on the overall polarization curve is provided for an 11-kW
stack.

Value Unit

(s)
15 (min)
10 (min)

erval k (tk,m−1) and beginning of next interval k + 1 0.5 (min)
tint − rkteq − toffs (min)
10 (s)
tacq/tsmp + 1
tk + teq + ltsmpl (s)

ta acquisition software

http://www.fctesqa.jrc.nl/
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Measurement uncertainty

±2% for I < 0.1 A cm−2 ±1% for I > 0.1 A cm−2

o the stoichiometries (see Eq. (1)) ±1% full scale
o the stoichiometries (see Eq. (1)) ±1% full scale

−3 dry air –
+0/−0.005%
±1 ◦C

nal) –
nal) –

±1 ◦C
R. Bove et al. / Journal of Po

Table 2
Test inputs

Input Description Range/value

I Stack current density 0–1.6 A cm−2

Qv,fuel Fuel flow rate Corresponding t
Qv,ox Oxidant flow rate Corresponding t
ϕO2

Air oxygen concentration (dry basis) 0.21 m3 O2 per m
ϕfuel Composition of fuel gas 100% H2
Tc Inlet coolant temperature 60 ◦C
�H2 Hydrogen stoichiometry 3 (non-dimensio
�оx Air stoichiometry 4 (non-dimensio
Tfuel,in Fuel inlet temperature 50 ◦C

Tox,in Oxidant inlet temperature 50 ◦C ±1 ◦C
Tdew,fuel Dew point of fuel gas 44 ◦C ±1 ◦C
Tdew, ox Dew point of oxidant gas 44 ◦C ±1 ◦C

4. Results and discussion

4.1. Test module validation

The test module is applied to the PEFC stack described in Section
3. Since temperature distribution is far from uniform throughout
the stack, the stack temperature is conventionally assumed to be
equal to the coolant inlet.

Table 2 shows the value of the stack inputs during the test, while
Fig. 3 shows the resulting polarization curve. The test was per-
formed two times, with a time span of about 4 h between the two
tests. In the second run, the resulting polarization curve (indicated
with “Mean Stack Voltage 2”, and Mean Stack power Density 2”, in
Fig. 3) is almost coincident with the previous one (the maximum
difference is about 1.2%), thus demonstrating a good repeatability
of the results.

Fig. 3. Polarization curve of the 11 kW stack.

Fig. 4. Variation vs. time of the stack voltage, current density, and power density.
Fig. 5. Temperature difference between the inlet and the outlet of the anodic stream.
The temperatures of the inlet and outlet streams are averaged vs. the acquisition
time.

Fig. 4 shows the test results with respect to the time elapsed. The
duration of the entire test is about 3 h. The test is stopped when at
least one of the single cell voltages drops below 0.2 V.

4.2. Analysis of the results

It is very important to avoid any water condensation during the
stack operation. This, in fact, would lead to electrode flooding and,
consequently, to a rapid performance drop (e.g. [38–41]). Due to
the high relative humidity of the inlet anodic and cathodic gas,
if a temperature drop occurs, water condensation is likely to take
place. Since heat is produced within the fuel cell as a consequence
of the electrochemical reaction, a cooling water loop is present in
the stack for maintaining a proper operating temperature. The tem-
perature and flow rate of the cooling water need to be chosen so
that heat removal is assured but without any reduction of the gas

Fig. 6. Minimum, maximum. and mean stack voltage for different current densities.
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temperature. With this aim, the temperatures of the inlet and out-
let gases are continuously monitored. Fig. 5 shows the temperature
difference between the inlet and the outlet of the anodic gas. The
temperature difference of the cathodic gas presents a very similar

Fig. 7. Stack voltage vs. time for d
urces 180 (2008) 452–460

trend, thus it is not reported. The increase of the temperature dif-
ference with increasing current density is due to the greater heat
production by the fuel cell at higher current density. Fig. 5 also
shows that the removal of heat from the stack is achieved by a com-

ifferent current densities.
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bination of the water-cooling loop and the temperature change of
the anodic and cathodic gas. The temperature difference is negative
for each current density imposed on the stack. This simple moni-
toring practice does not completely prevent water condensation,
but it is a necessary measure. In a previous test performed on the
same stack, under the same operating condition, but with a value of
the inlet coolant temperature lower than the anodic inlet temper-
ature, the stack showed much lower performance, and the voltage
dropped very rapidly to zero. In such condition, it is very likely that
water condensation takes place within the stack, thus leading to
electrode flooding.

As previously mentioned, particular attention is given to the
acquisition time and the results related to different acquisition
times. Fig. 6 shows, for each current density, the maximum, min-
imum, and average stack voltage measured during the acquisition

Fig. 8. Correlation between stack voltage and coolant temperature, wh
urces 180 (2008) 452–460 457

time. As expected, a voltage change with time occurs, especially
for high current densities. In order to better understand the stack
behavior reported in Fig. 6, the stack voltage versus time is plotted
for each value of the current density (Fig. 7). The figure shows the
stack voltage variation during the entire elapsed time, i.e. equilib-
rium plus acquisition time. It should be noticed that the test module
foresees to acquire data only during the acquisition time, however,
in order to have a better understanding of the stack behavior, the
acquisition was performed during the entire duration of the test.
Each graph of Fig. 7 represents the stack voltage soon after the
current is increased. In each case, the voltage starts from a lower
value, which represents the first response of the stack to the current
increase, and, within few seconds, this increases to a higher value
[42,43]. After this first response, the voltage variation results as
the superposition of a periodic fluctuation, on a “long-term” steady

en the current density is (a) 20 mA cm−2 and (b) 1600 mA cm−2.
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Table 3
Maximum stack temperature difference, and the related resistance change, mea-
sured during the acquisition time teq

Current density, J (A cm−2) �T (K) �Rexp = �V/J (	 cm)

0.2 0.71 0.17
0.8 3.2 0.5
1.4 5.27 0.61
1.6 8.25 0.76

The obtained values of �Z (experimental) are compared to those
calculated via Eqs. (4)–(6), assuming a fully hydrated membrane
(a = 1, thus � = 14). As shown in Fig. 9, there is a reasonable agree-
ment between calculated and experimental results.

In order to further validate the assumptions of considering the
variation of the ohmic resistance, as the main cause of the volt-
age fluctuation, all the three main voltage losses are considered
(namely, activation, ohmic and concentration losses), and their
magnitudes are compared to each other.

Assuming that every cell in the stack exhibits the same perfor-
mance, the stack voltage can be calculated as [47]

V = ncellsVcell (8)

where
458 R. Bove et al. / Journal of Po

variation. In all cases, the voltage variation during the acquisition
time is below 4%. When the current density increases, the long-
term voltage change decreases, while the fluctuation increases in
its amplitude.

Slow voltage variations are due to chemical reactions occurring
within the stack, and to the related long time associated to the equi-
librium of the gas and liquid phases within the stack, particularly
in the hydration/dehydration process of the cell membranes [44].
Therefore, such voltage variation is mostly technology-dependent,
and is not due to the test method. On the other hand, the periodic
stack voltage fluctuation suggests an external cause, which must
be considered in the testing procedure. In order to identify a corre-
lation between such fluctuation and the test inputs, all the inputs
specified in Table 2 have been acquired during the test, and plotted
versus time, together with the stack voltage. Such exercise allowed
for the correlation of the stack voltage fluctuation with the coolant
temperature, as shown in Fig. 8. This correlation suggests that the
discrepancy between the nominal and the real value of the coolant
temperature must be carefully controlled and maintained within a
certain range, during the tests. In the case of Fig. 8(a), a fluctuation
of the inlet coolant temperature of about 2% (on ◦C) results in a
voltage fluctuation of less than 0.5%, while in the case of Fig. 8(b), a
temperature fluctuation of about 18% produces a voltage fluctuation
of about 4.8%.

By assuming that the temperature variation within the present
range affects mainly the ohmic resistance of the stack, it is possible
to correlate the change of the stack voltage with the change of the
ohmic resistance, due to the temperature variation. Ohmic losses
can be expressed as

�ohm = Zohm · Jcell (2)

where Zohm is the resistance of the stack, namely:

Zohm = Zmem + Zcont + ZGDL + ZCC (3)

In expression (3), Zmem represents the protonic resistance of
the membrane, Zcon the contact resistance between different sin-
gle cells and between the different layers of a single cell, ZGDL is
the resistance of the gas diffusion layer, and ZCC the resistance of
the current collector. As the resistance of the current collectors
and the gas diffusion layer are negligible compared to Zmem and
Zcont [45], and considering the contact resistance independent of
the temperature, expression (3) becomes:

Z(T1) − Z(T2) = �Z = Zmem(T1) − Zmem(T2) = �Zmem (4)
The conductivity of the membrane can be computed as [46]

� = (0.005139� − 0.00326) exp
[

1268
(

1
303

− 1
T

)]
(5)

with

� = 0.043 + 17.81a − 39.85a2 + 36a3 (6)

where a represents the water activity.
When the stack current is varied, the fluctuation of the coolant

temperature at the outlet changes, as a consequence of the change
of the heat released by the electrochemical reaction. A lumped
value of the stack temperature is assumed here, i.e. the average
between the coolant inlet and outlet temperature. Table 3 reports,
for different current densities, the maximum stack temperature dif-
ference, and the related resistance change, measured during the
acquisition time teq.

Under the assumptions that lead to Eq. (4), and considering the
well-known Ohm’s law, the variation of the resistance, related to
the operating conditions of Table 3 can be computed:

Z(T1) − Z(T2) = �Z = V(T1) − V(T2)
Jcell

(7)
Fig. 9. Comparison between calculated and experimental variation of the stack
resistance at different stack conditions (�T represents the maximum variation of
the stack temperature, lumped as the average between the inlet and outlet coolant
temperature).
Vcell = OCVstack

ncell
− b ln(Jcell) − �conc − �ohm (9)

�conc = Jcell · A exp
(

1
Tm − T

)
(10)

Fig. 10. Comparison between experimental and calculated cell voltage.
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elative
Fig. 11. Comparison of the polarization curves r

Table 4
Parameters used in expressions (2)–(10) in computing the results depicted in Fig. 11

Parameter Value Unit of measurement

Water activity (a) 1 –
Tofel slope (b) 0.033 V
A 0.004077 	 cm2

Tm 42 ◦C
OCVstack 88.2 V
ncell 90 –
In expressions (8)–(10), ncell is the number of the cells in the
stack, OCVstack is the open circuit voltage of the stack, b is the Tafel
slope, A is an empirical parameter, and Tm represents the stack
temperature above which mass-transfer overvoltage initiates [47].

Fig. 10 depicts the comparison between the experimental data,
and those computed through (8)–(10), using the data reported in
Table 4.

The next step is to assess the effect of temperature variation on
the voltage loss. This analysis is performed by considering 335 K as
the baseline, and calculating the variation of the voltage loss when
the temperature is increased by 1, 5 and 10 K.

Results for two current densities (namely Jcell = 100 and
1600 mA cm−2) are reported in Table 5. Since, within the approach
used in expression (9), the activation overpotential is not depen-
dant on temperature, only the variation of ohmic and concentration
losses are reported. The results confirm that, under the present
operating conditions, a variation of the stack temperature within
10 K produces a variation of the stack voltage mostly due to the
change of the membrane conductivity.

Table 5
Variation of ohmic and concentration loss when temperature is increased by 1, 5,
and 10 K, from 335 K

�T (K)

1 5 10

Jcell = 100 mA cm−2

��ohm (V) 2.186E−4 1.057E−3 2.028E−3
��conc (V) 1.26E−9 6.29E−9 1.25E−8

Jcell = 1600 mA cm−2

��ohm (V) 3.5E−3 16.91E−3 0.03245
��conc (V) 2.03E−8 1.01E−7 2E−7
to different equilibrium and acquisition times.

As Fig. 2 and Table 1 show, each value of the current density
requires a total time of 15 min before increasing the current to
the next value. For the present case, where the maximum cur-
rent density is 1600 mA cm−2, the time required to complete the
polarization curve is about 3 h. To this time, start-up and pre-
conditioning time should also be added. Moreover, if a reverse
polarization curve is also performed (i.e. obtained by decreasing
the current density from the maximum value to OCV), more than
6 h are required to complete the test. Since polarization curves are
usually conducted as routine tests (e.g. to quantify performance
degradation after a defined amount of time), or as a quick accep-
tance test in an industrial environment, such a long execution time
might represent a major issue. For this reason, the same test was
repeated, using shorter equilibrium and acquisition times. Fig. 11
shows the resulting polarization curves for the following cases:

1. Base case (indicated as FCTESTNET procedure);
2. Equilibrium time of 2 min and acquisition time of 4.5 min;
3. Equilibrium time of 2 min and acquisition time of 2 min;
4. Equilibrium time of 30 s and acquisition time of 1 min.

Results show that the largest deviation from the base case, aris-

ing at 600 mA cm−2 for case 4, is still acceptable, i.e. 0.4%. Therefore,
the equilibrium and acquisition time can be drastically reduced
from 15 min to about 1.5 min. In the present case, the total exe-
cution time is reduced from 3 h to about 20 min. Such reduction
of the execution time, if considered in a mass production context,
represents a strong cost reduction, and resources saving in an R&D
laboratory.

5. Conclusions and final remarks

In the present paper, a preliminary experimental validation of
a test module developed within the framework of the EU-funded
project FCTESTNET is presented. The test module, concerning the
polarization curve of a PEM stack was applied to a stack composed
of 90 single cells, with a nominal power of 11 kWe.

The experimental campaign revealed some important factors
to consider in the test module itself. First, the temperature of the
coolant is observed to affect the stack voltage, thus the test module
needs to specify a maximum allowable deviation from the nominal
value. In the present case, a temperature variation of about 2% of
the coolant produces a voltage fluctuation of less than 0.5%. Second,
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the equilibrium and acquisition time showed a very limited impact
on the final polarization curve when reduced from 10 min to 30 s
for the equilibrium time, and from 4.5 min to 1 min for the acqui-
sition time. This observation will allow a substantial reduction of
the overall testing time, thus allowing for a reduced employment
of resources for executing the tests.

Finally, it is important to observe that, before arriving to a final
definition of the testing procedure, the present tests should be
repeated on a different stack and, possibly, using a different test
hardware, in order to exclude any dependency of the results on the
specific technology employed.
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