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Abstract
This paper is focused on the identification of critical parameters and on the development of
reliable methodologies to achieve comparable benchmark results. Possibilities for control
sensor positioning and for parameter variation in sensitivity tests are discussed and
recommended options for the control strategy are summarized. This ensures result
comparability as well as stable test conditions. E.g., the stack temperature fluctuation is
minimized to about 1 °C. The experiments demonstrate that reactants pressures differ up to 12
kPa if pressure control positions are varied, resulting in an average cell voltage deviation of
21 mV.
Test parameters simulating different stack applications are summarized. The stack
demonstrated comparable average cell voltage of 0.63 V for stationary and portable
conditions. For automotive conditions, the voltage increased to 0.69 V, mainly caused by
higher reactants pressures.
A benchmarking concept is introduced using “steady-state” polarization curves. The occurring
20 mV hysteresis effect between the ascending and descending polarization curve can be
corrected calculating the mean value of both voltages. This minimizes the influence of
preceding load levels, current set points, and dwell times.
Keywords
Polymer electrolyte membrane fuel cell; stack benchmarking; critical parameters; parameter
control; test operating conditions; “Steady-state” polarization curve
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List of Symbols and Abbreviations
PEMFC

Polymer electrolyte membrane fuel cell

SOFC

Solid oxide fuel cell

MCFC

Molten carbonate fuel cell

DMFC

Direct methanol fuel cell

APU

Auxiliary power unit

CHP

Combined heat and power

HFR

High frequency resistance

TOCs

Test operating conditions

OCV

Open circuit voltage

RHfuel, RHox

Relative humidity of fuel and oxidant (defined at stack inlets); %

DPfuel, DPox

Dew point temperatures of fuel and oxidant (defined at stack inlets); °C

lfuel, lox

Stoichiometric ratios of fuel and oxidant (defined at stack inlets);
dimensionless

pfuel, pox

Absolute pressures of fuel and oxidant (defined at stack outlets); kPaabs

pfuel,in, pfuel,out

Absolute pressures of fuel at stack inlet and outlet; kPaabs

pox,in, pox,out

Absolute pressures of oxidant at stack inlet and outlet; kPaabs

Tcool,in, Tcool,out Coolant temperatures at stack inlet and outlet; °C
Tstack

Stack temperature (defined by coolant temperature at stack inlet); °C

tend

Time until end-of-test; min

Istack

Stack current; A

istack

Stack current density; A cm-2

Ustack

Stack voltage; V

Uav,cell

Average cell voltage; V

Umin,cell

Minimum cell voltage; V

Umax,cell

Maximum cell voltage; V

F

Faraday constant; 96485.33 C mol-1

N

Number of single cells in the stack; dimensionless

Vm

Standard (0 °C, 101.325 kPaabs) molar volume of ideal gas; 22.414 L mol-1

Qfuel, Qox

Fuel and oxidant flows at stack inlets; L min-1

xH2, xO2

Volumetric ratios of hydrogen in fuel and oxygen in oxidant; dimensionless
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1. Introduction
Polymer electrolyte membrane fuel cell (PEMFC) stacks are the main components in fuel cell
systems and convert the chemical energy from the fuel to electrical and thermal energy usable
for different applications. Compared with other energy converters, PEMFC systems are
considered as one of the most effective and promising power systems due to high fuel-toelectricity conversion efficiency and low to zero emission [1]. Nevertheless, several
challenges need to be overcome for the commercialization of this technology. At the moment,
the required investments for PEMFC stacks and systems are still too high due to the costs of
the used components, the manufacturing costs and the complexity of the system [2,3]. Apart
from the costs, the main challenges for competitive fuel cell systems are stack performance
and durability [4,5]. All these aspects are examined in many laboratories and improvements
are ongoing by component [6,7] and stack design modifications [8–10]. The reliability of the
stack characterization and of the benchmark results is thereby crucial because many
parameters have significant impact on the results and may vary using different test hardware
and test procedures. Therefore, the use of standardized procedures and clear definitions of all
influential parameter sensors are of high importance to assure reliable and comparable test
results for different test objects as well as for different test facilities. Consequently, the
harmonization of PEMFC tests at the stack level is important in order to accelerate stack
development and to benchmark stacks. The resulting procedures are of high interest for stack
manufacturers, system integrators and for academia.
A search for already existing test procedures for PEMFC results in many procedures for the
component and single cell level, but only a few procedures are dedicated to the stack level.
The available stack procedures are typically limited to a certain application and, consequently,
focus on testing specific goals of this application. The methodology of these tests is mainly
similar to single cell characterization. However, the procedures have to be defined more
precisely to cover the inhomogeneous distribution of parameters within a stack.
An international standard exists for the single cell level, IEC/TS 62282-7-1 [11], including
definitions for nomenclature, test hardware, cell assembling, test procedures, and test
reporting. The test procedures cover different aspects: (i) constant current and voltage tests, (ii)
high frequency resistance (HFR) and mass transport limited current, (iii) current-voltage
characteristics using different reactant concentrations and compositions including impurities,
(iv) sensitivity tests to reactants stoichiometric ratios, pressures and humidity as well as cell
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temperature, and (v) durability tests using constant load, load cycling and start-stop cycling. A
respective standard for the PEMFC stack level has not been defined so far.
The U.S. Drive Fuel Cell Tech Team [12] and the U.S. Department of Energy (DoE) [13]
have published quite similar test protocols mainly focused on component characterization for
automotive application, but procedures for the measurement of polarization curves and for
durability tests using a dynamic load cycle are also given. Polarization and durability tests
address the single cell and the stack levels, and the information given in the document is
limited to the test operating conditions and the test sequence. A definition of the parameter
control strategy is not included in the document and, consequently, reliable stack
characterization seems to be challenging using these procedures.
The EU-funded projects FCTESTNET [14] and FCTESQA [15] have developed test
procedures for single cells, stacks and systems for different applications and different types of
fuel cells. These procedures cover the field of PEMFC, SOFC and MCFC. The procedures
defined for the PEMFC stack level deal with sensitivity tests for reactant pressure and
stoichiometry, polarization curve measurements, and durability test using constant load and
dynamic load cycling. Positions of the control sensors and control strategies are partially
defined in the available documents and are included in the discussion of these aspects in the
present paper.
Besides the mentioned procedure definitions, two industrial standards are available for
PEMFC stack performance characterization, a Japanese Industrial Standard (JIS) and a
standard by the Society of Automotive Engineers (SAE). The JIS C 8832 standard [16]
describes performance test procedures for the characterization of stationary PEMFC stacks.
Procedures for current-voltage curves and tests of sensitivity regarding stack temperature,
reactant utilization, and reactant humidity are given. Due to the focus on stationary
applications including the use of reformate fuel, the impact of impurities is one of the main
objectives of this standard. Thereby, the effects of carbon monoxide and ammonia
concentration in the fuel, as well as the effect of nitrogen dioxide, sulfur dioxide, ammonia,
and toluene concentration in the oxidant are covered.
The SAE J2617 standard summarizes test procedures for performance tests of PEMFC stacks
for automotive application [17]. These procedures cover: (i) open circuit voltage (OCV) tests,
(ii) polarization curves using different reactant concentrations, (iii) sensitivity sweeps for
reactants stoichiometric ratios, humidity, and pressures as well as coolant temperature and
flow rate, and (iv) voltage response tests in constant load and dynamic load cycling.
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The characterization of PEMFC stacks has to consider existing parameter gradients across the
stack, like stack temperature and reactant pressure. This requires identification of critical
parameters with high impact on the test results as well as clear definitions of the positions of
all parameter control sensors and of the required parameter control strategies. These
definitions are not consistent or not included in the above listed procedures and standards. The
EU-funded project Stack-Test was initiated by the European fuel cell OEMs to create
universal standards for operating conditions and test reference procedures to assure reliable
benchmarking of different stacks. The benchmark results can be used to identify the best stack
design for a certain application. This paper summarizes the achievements of the project and
points out the requirements for reliable and comparable stack performance characterization
and benchmarking. The prepared test procedures, covering not only performance, but also
durability and safety aspects, can be obtained at the project website [18]. Within the presented
work, the possibilities for the positioning of the parameter control sensors and for the
variation of parameters in sensitivity tests are discussed in detail and recommendations for the
resulting control strategy are given based on these discussions. Test operating conditions
(TOCs) for benchmark tests for different applications are also summarized to enable the
comparison of research achievements, even if these conditions do not totally match the
conditions in the target system. Furthermore, a concept to obtain a “steady-state” polarization
curve without actual steady-state measurements is introduced. The achievements presented in
this paper thereby remove an existing lack of definitions needed for reliable and comparable
PEMFC stack performance characterization. Consequently, the developed benchmark
methodology can be a powerful tool for system integrators to identify the best stack for a
certain application, for stack manufacturers for quality assurance and stack development, and
for academia to assure reliable comparison of research results.

2. Experimental
A liquid-cooled PEMFC stack manufactured by ZSW (Zentrum für Sonnenenergie- und
Wasserstoff-Forschung Baden-Württemberg) was used for the tests presented in this work.
This stack contained graphitic composite bipolar plates with 10 cells and an active electrode
area of 96 cm². It represents a typical stationary stack with nominal electrical power output of
480 W.

6

All tests were carried out using an in-house manufactured 1 kW test station using hydrogen
(grade 5.0 by Linde AG) and compressed ambient air (particle-filtered, dried and oil-free) for
reactants. The used test station is equipped with direct evaporators (CONTROLLED
EVAPORATOR MIXER) and high precision liquid mass flow controllers (mini CORIFLOW) by Bronkhorst HIGH-TECH BV for reactant humidification. The reactant flow is
adjusted by gas mass flow controllers (red-y smart series by Vögtlin Instruments AG) and the
reactant pressure by pressure controllers (EL-PRESS by Bronkhorst). Furthermore, a ZS
Electronic Load (Höcherl & Hackl GmbH) is used for stack current control and the stack
temperature is adjusted using an Integral XT 8 HW thermostat (Lauda Dr. R. Wobser GmbH
& Co. KG). Deionized water is used for coolant. All stack reactant supply pipes are
electrically heated and thermally insulated to avoid water condensation in the feed streams.

3. Sensor Definition for Parameter Control
The stack is frequently considered as a black box with inlet and outlet ports for benchmark
tests. Consequently, the aim of these tests is not to internally diagnose what is happening
inside the stack, but to reliably measure its performance under certain prefixed conditions.
While the available test procedures mainly define the methodology and the parameter set
points for this purpose, the positions of the used sensors for controlling these parameters are
usually not defined. Certainly, the placement of the control sensor has a high impact on the
test results and has to be defined to achieve a comparable and reliable control strategy for
stack benchmarking. Otherwise a significant variation of the test results can occur caused by
the test equipment and not by the tested stack. Therefore, this section will summarize and
discuss the influence of the sensor positions for the different parameters controlled during
PEMFC stack testing. In general, aspects regarding general safety, stack safety, parameter
stability, test duration, and comparability to an operating fuel cell system have to be
considered for the definition of each sensor position.

3.1 Control of stack temperature:
An operating PEMFC stack is not isothermal due to the considerable thermal power being
generated inside of it and the thermal conductivities of its components not being infinite. The
temperature of the stack should be thought of only as an average of (as many as possible)
7

temperatures prevailing at different, evenly spread locations across the stack volume. This
ideal stack temperature can neither be measured nor controlled in practice. For control
purposes, a location needs to be defined, where the temperature could reflect the ideal stack
temperature to some extent. There are many possibilities to measure and define the stack
temperature during PEMFC testing. The most common positions for the stack temperature
control sensor are the coolant inlet and the coolant outlet close to the stack, but also
temperature measurements in the reactant outlets can be found in the literature [19–21]. The
controlled stack temperature can be strongly influenced by the stack design, if the last option
is used. The stack can use a co-flow or a counter-flow configuration between the reactants and
the coolant. Depending on this configuration, the temperatures measured in the reactant
outlets can be related to the coolant inlet temperature or the coolant outlet temperature. To
avoid this influence of the stack design, the temperature control sensor is commonly placed in
the coolant. The control sensor position is not defined consistently in the existing procedures.
SAE [17] and FCTESTNET [14] use the coolant inlet temperature and FCTESQA [15] the
coolant outlet temperature for the definition of the stack temperature. The other existing
procedures by JIS [16], U.S. Drive [12], DoE [13], and IEC [11] do not clearly define the
position of this control sensor. Consequently, a closer look on the influence of this position is
needed.
Electrode flooding resulting in partial reactant starvation is known to be an important stressor
regarding stack lifetime and has a high impact on the stack performance. Consequently, the
risk of flooding should be minimized during test procedures. The highest risk is associated
with highly humidified reactants and with high amount of produced water at high electrical
load. The hypothetical example given in Figure 1 should be used to discuss this aspect.
Therein, the stack temperature is specified to 65 °C, the reactants are fully saturated (100 %
RH at the stack temperature set point or a dew point of 65 °C), and the stack thermal power
dissipation requires a temperature difference of 5 °C between the stack coolant inlet and the
stack coolant outlet at the given coolant flow rate.
If the stack temperature is controlled according to the coolant temperature at the stack inlet
(Figure 1a), the resulting temperature of the coolant at stack inlet is 65 °C and the temperature
near to the stack outlet is 70 °C due to the produced heat inside the stack. The stack
temperature is not below the reactants dew points and consequently the risk of water
condensation caused by the saturated reactants at the reactant inlets is minimized.
Additionally, the removal of the produced water in the stack is facilitated due to the
increasing temperature across the stack.
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On the contrary, if the stack temperature is controlled according to the coolant temperature at
the stack outlet (Figure 1b), the resulting temperature is 60 °C at the stack inlet and 65 °C at
the stack outlet, respectively. Consequently, the stack temperature near the reactant inlets can
be 5 °C lower than the dew point of the fully saturated reactants (for this hypothetical
example), resulting in a risk of water condensation at the stack reactants inlets, if the reactant
inlets are located near the cooling inlet. The capability to remove water from the stack is
additionally reduced due to the lower temperatures inside the stack compared to the option
presented in Figure 1a.
It is obvious that the risk of water condensation and electrode flooding can be reduced using
the coolant inlet temperature for the definition of the stack temperature during testing.

Fig. 1. Example of the temperature profile in a PEMFC stack using the coolant temperature at stack inlet (a) and
at stack outlet (b) for stack temperature control.

It is also important to assure the stability of the parameters for reliable stack benchmarking.
Figure 2 demonstrates the stability of the stack temperature during load variation when the
stack temperature was either controlled at the coolant inlet or at the coolant outlet. The
stability was generally lower and temperature variations up to 3 °C could be detected when
the temperature was controlled at the outlet (Figure 2a). In contrast, the control sensor
position at the coolant inlet resulted in temperature variations of only 1 °C (Figure 2b). The
faster and more accurate temperature control using the temperature sensor in the coolant at
stack inlet seems to be a result of the non-varying thermal load between the used thermostat
and this sensor. Thereby, the fluctuation of the stack temperature and the condensation of
water can be minimized. This results in a higher stability of the stack voltage used as the test
output parameter for stack performance validation. The higher stability can result in shortened
test duration because the time for temperature stabilization can be decreased for each test step.
In the given example, the test duration could be reduced by 10 minutes.
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Fig. 2. Temperature stability during load variation when the stack temperature is controlled at the coolant outlet
(a) and at the coolant inlet (b). TOCs: Tstack = 65 °C; lfuel = 1.43; lox = 2.5; DPfuel = DPox = 61.5 °C; pfuel = pox =
150 kPaabs.

Finally, the comparability of the test results with the later application has to be taken into
account. The stack temperature as well as the required cooling power in a PEMFC system is
controlled according to the temperature at the outlet of the used cooler upstream from the
stack. Consequently, the stack temperature controlled at the coolant inlet results in operating
conditions closer to the system application.
Considering all these aspects, it is highly recommended to use a temperature sensor in the
coolant near the stack inlet for the definition and the control of the stack temperature to assure
reliable and comparable characterization and benchmark results.

3.2 Control of reactant pressure
In general, it is recommended to use four pressure sensors for reliable reactants pressures
control and for surveillance of the differential pressure between the electrode sides. One
should be placed near the stack inlet and one near the stack outlet in both reactant lines. The
reactants pressures in each compartment can be controlled with respect to either of the sensors
and the used sensor position has a high impact on the test results as can be seen in the
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polarization curve measurements presented in Figure 3. The used stack, the set points for the
reactant pressures and the electrical load as well as the dwell times and analysis times during
the test points were identical for both presented measurements, but the used control sensor
was varied.

Fig. 3. Polarization curve results using different sensor positions for the reactants pressures control. TOCs: Tstack
= 80 °C; lfuel = 1.5; lox = 2.0; DPfuel = DPox = 63.5 °C; pfuel = pox = 150 kPaabs.

It is obvious that the deviation of the test results was caused by the reactant pressures in the
examined stack. The differences in the reactant pressures during both measurements are
presented in Figure 4 and are directly linked to the pressure drop in the reactants conduits
across the stack and the used sensor position. If the reactant pressure was controlled at the
stack outlet (Figure 4a), the corresponding pressures at the stack inlet were higher than the
defined set points. In accordance, the reactant outlet pressures were lower than these set
points when the pressure was controlled at the stack inlet (Figure 4b). The occurring pressure
difference between the inlet and the outlet depends on the reactant flow and the flow fields in
the examined test object. The deviation of the test results furthermore depends on the stack
sensitivity to pressure variation. In the presented test, the air pressure was up to 12 kPa higher
and the hydrogen pressure up to 4 kPa higher when the reactant outlet sensor was used for
pressure control. As a consequence, the average cell voltage was up to 21 mV higher and the
performance gap increased with increasing load level due to the higher reactant flow. This
significant deviation of the test results has demonstrated the need of a uniform definition of
the pressure control sensor position for comparable tests. Otherwise, the test results from
different testing facilities could be misinterpreted.
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Fig. 4. Pressure behavior during the polarization curve measurements presented in Figure 3 when the reactant
pressure is controlled at the stack outlet (a) and at the stack inlet (b).

Certainly, this sensor position is not defined uniformly in existing test procedures and
standards. JIS [16] and SAE [17] refer the stack operating pressure to the stack inlet while
U.S. Drive [12], DoE [13], and FCTESQA [15] refer this pressure to the stack outlet. IEC [11]
and FCTESTNET [14] have not defined the control sensor position directly, but the selected
option has to be stated in the test report. Different aspects should be considered for the
decision of which sensor position is more meaningful for the reactant pressure control,
especially for the PEMFC stack level:
-

The reactant pressure in fuel cell systems is controlled by the use of an electronic
throttle valve placed downstream from the stack. Consequently, test station results
using reactant pressure control at the stack outlet are comparable to the subsequent
application.

-

The pressure after the air compressor or blower can be a specific parameter for the
operating conditions in a certain system. Hence, the pressure control at the stack inlet
can be beneficial for stack benchmarking by system integrators.

-

Control sensors positioned at the stack outlet are favorable for the definition of test set
points, especially for low pressure tests. E.g., if tests should be realized at atmospheric
pressure, this set point is clearly referred to the stack outlet without the use of back
pressure. Additionally, low pressure set points could not be realized using the stack
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inlet for control position when the difference of these set points from the atmospheric
pressure is lower than the pressure drop across the stack. In such case, the reactant
pressure at the stack outlet would have to be reduced below ambient. This is not
applicable, neither for the characterization in test stations, nor for the use in systems.
-

The pressure control in a test station can be realized easier and faster using a control
sensor on the same side of the stack where the pressure controller is placed. This
aspect is especially of interest for dynamic load cycling including load changes
directly linked to reactant flow changes and pressure drop changes. Thereby, the
pressure controller only needs to react to the flow variation when the control sensor is
positioned at the stack outlet. On the contrary, the controller needs to react
additionally to the varied pressure drop when the control sensor is positioned at the
stack inlet.

-

Using the control sensor at the stack inlet is favorable regarding stack safety. In this
case the reactant outlet pressure is always lower than the defined pressure. Therefore,
the maximum differential anode-to-cathode pressure cannot be exceeded as long as the
pressure set points are defined within the specifications of the stack manufacturer. In
contrast, the higher pressure drop on the cathode side can cause a too high differential
pressure when the control sensors are placed at the reactant outlets, even when the set
points are within this specification.

The choice of the sensor position for pressure control requires weighting all these aspects
because different aspects are favorable for different options. It seems favorable to control the
pressure at the reactant outlet and surveil the maximum differential pressure as well as the
pressure drops in the stack compartments carefully. If needed for benchmark tests by system
integrators, the outlet pressure set point can be adapted to the inlet pressure. Hence, the test
operating conditions are as close as possible to the application environment while the safety
aspects are covered additionally. All harmonized procedures prepared by the Stack-Test
project use pressure sensors in the reactant outlets for pressure control. Furthermore, the use
of kPaabs is recommended for the pressure unit in accordance with the recommendations by
ISO [11].

13

3.3 Control of reactant humidity
The control position of the reactant humidity is consistently defined in the existing test
procedures and standards by all organizations [11–17]. The humidity of the reactants is
defined and controlled at the stack inlet, the only meaningful position for this parameter.
Nevertheless, the definition of the humidity is possible using the relative humidity or the dew
point temperature of the reactants. The relative humidity is more common in existing
procedures and in the literature, but the use of dew point temperatures assures consistent
humidification independent from the humidification system. Furthermore, it can be
misleading to use the relative humidity of the reactants. Typically, the gas reactant inlet
temperature is slightly higher than the stack temperature to avoid water condensation in the
reactant feeds, but the used relative humidity values for PEMFC stack tests are referred to the
stack temperature. Consequently, the relative humidity is slightly lower when it is referred to
the actual gas inlet temperature. A misinterpretation can have a significant impact on the test
results due to the high effect of the humidity level on the stack performance. This
misinterpretation can be avoided by the use of dew point temperatures. The dew point
temperature of the reactants only depends on the water amount in the feeds and not on an
additional parameter, like the gas temperature. Consequently, this humidity parameter can be
controlled more precisely due to the absence of the additional influence of gas or stack
temperature fluctuation.
In general, a closer look on the used humidification systems is required. The regular
calibration of these systems is strongly recommended to assure the correctness of the
humidification levels and to identify the dynamic behavior of the humidifiers for various
reactant flows. Additionally, on-line detection of the gas inlet humidity can be advantageous,
but can only be realized by optical humidity sensors due to the limited resistiveness of other
sensors. When bubbler systems or contact humidifiers are used, the temperature of the water
phase may be adapted to assure the correct reactant inlet humidity and a sufficient contact
area between water and gas phase has to be provided to assure fast establishment of
equilibrium between the phases. The latter is especially critical at high gas flow rates. When
direct humidifiers (e.g., vaporizers) are used, the amount of vaporized water has to be
calculated to attain the correct humidity level. It should be mentioned that the defined sensor
position for reactant pressure control at the stack outlet requires online calculation of this
amount of water. As mentioned, the humidity level is defined at the stack inlet and the
pressure at the stack outlet. The reactant pressure at the stack inlet is a function of the pressure
14

drop across the stack and varies during measurements depending on the stack load, the
reactant flow, the stack temperature, and the humidity level. The required amount of water for
a specified humidity level at the stack inlet is related to the pressure at the stack inlet [21] and
therefore it has to be adapted to variations in this pressure during the measurement. This
enables comparable measurements between test stations using bubblers and direct
humidification systems.

3.4 Control of stack current and reactant stoichiometry
The electrical current applied to the stack is controlled by the electrical load connected to the
current collectors. This device is typically used for parameter control and as a measurement
sensor for the stack current and the stack voltage.
The stoichiometric ratios for the fuel and the oxidant have to be transformed to the related
reactant flow based on Equation 1 for hydrogen and on Equation 2 for air.

Q fuel =

Q ox =

N ⋅ Vm ⋅ Istack ⋅ l fuel
2 ⋅ F ⋅ x H2

(1)

N ⋅ Vm ⋅ Istack ⋅ λ ox
4 ⋅ F ⋅ x O2

(2)

The reactant flows are controlled and measured by the use of mass flow controllers placed
upstream from the stack. Consequently, the stoichiometric values are controlled at the stack
inlet. The positions for stack current and stoichiometry control are consistent in all test
procedures available. The recommended sensor positions for the control of all test operating
parameters are summarized in Table 1.

4. Control Strategies for Sensitivity Tests using Variable Parameter Set Points
Not only the sensor position for parameter control has a high impact on benchmark results,
also the direction of parameter changes can influence the test results. This influence is
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obvious for the most common tool for PEMFC stack characterization, the measurement of the
stack performance as a function of the stack current or current density in the form of a twoway polarization curve. It is well known that the results from polarization curves determined
by current increase (ascending part) and by current decrease (descending part) differ. The
resulting hysteresis effect between the two parts of the polarization curve is mainly caused by
different humidification levels of the membrane and the presence or the absence of oxide
surface species on the catalyst.
Furthermore, additional aspects should be considered for each parameter. Due to the applied
parameter variation, the conditions in the stack can vary and stack safety risks should always
be minimized. Additionally, the test duration can be affected by the choice of the direction for
parameter changes.
The importance of these aspects and the choice for the given recommendations will be
discussed in the following. The recommended and the critical directions for parameter
changes as well as recommendations for the control sensor positions and for the parameter
units are presented in Table 1, summarizing the control strategy for reliable stack
benchmarking. In general, it is strongly recommended to realize test procedures under
variation of different parameters from the most stable to the most critical conditions.

Table 1: Recommendations for the variation, the control sensor positions, and the units of test operating
parameters
Parameter

Recommended

Critical

Control

variation

variation

sensor

Tstack
DPfuel, DPox

low to high

high to low

Istack
pfuel, pox
lfuel, lox

high to low

low to high

Unit

coolant inlet

°C

reactant inlet

°C

load

A

reactant outlet

kPaabs

reactant inlet

-

4.1 Variation of reactant humidity
In general, the reactant humidity, especially the humidity of the oxidant, has a high impact on
the humidity state of the membrane and the stack performance. Consequently, the reactant
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humidity level applied to the stack significantly influences the performance of a subsequent
test point after variation of the reactant humidity. The most stable operating conditions
regarding stack performance can be attained using low humidified reactants while highly
humidified reactants can, primarily during high load levels, result in electrode flooding and
cell voltage fluctuation caused by the presence of liquid water in the electrodes.
Additionally, the required time for parameter stabilization can be reduced using this direction.
When bubbler systems are used for humidification, the heating dynamics of these devices is
normally faster than the cooling dynamics. This behavior can result in a decrease of the
overall test duration. Considering all these aspects, it is recommended to vary the reactant
humidity from low to high dew point temperatures.

4.2 Variation of stack temperature
The methodology for the variation of the stack temperature is strongly linked to the variation
of the reactant humidity (see section 4.1) because the relative humidity of the reactants has to
be constant for the evaluation of the impact of the stack temperature. Consequently, the
reactant dew points have to be varied according to the stack temperature. In accordance with
the methodology for the variation of the reactant humidity, the stack temperature should be
increased during a test procedure to minimize the test duration. Thereby, the occurrence of
electrode flooding has to be avoided by stack temperature increase prior to dew point increase.
Additionally, low stack temperatures in combination with highly humidified reactants can
promote water condensation and should be handled with care.

4.3 Variation of reactant pressure
It is strongly recommended to vary the reactant pressures from high to low values, if possible.
The reactant pressure in test stations is controlled by the use of pressure controllers equipped
with valves. The valve opening is adjusted by the controller according to the applied set value.
If the reactant pressure increases during a test procedure, the valve opening is reduced until
the new pressure set point is reached. This adjustment results in a temporary reduction of the
reactant flow in the stack and can cause problems regarding reactant starvation and water
accumulation. In contrast, the valve opening is increased temporarily when the reactant
17

pressure is decreased. The resulting higher reactant flow avoids critical stack operation during
pressure adjustment and is favorable regarding stack safety.
Furthermore, the ordering of pressure set points in descending direction can reduce the test
duration, especially for low reactant flow, high gas volumes in the reactant lines of the test
station, and high set point differences. The adjustment can be realized faster by the used
pressure controller by releasing the required amount of reactants compared to increasing the
pressure by letting in additional reactant to the reactant lines.
An example of a test procedure to determine the stack sensitivity to the reactant pressures is
given in Figure 5. Both reactant pressures and the electrical load applied to the stack were
varied and their impact on the stack voltage was determined. The other test parameters were
kept constant. The test profile, the temporal changes of the test parameters, is presented in
Figure 5a. As recommended, the reactant pressures were reduced during the test, but pressure
increases could not be totally avoided, in order to realize all test points. The pressure increases
were minimized for the cathode side to reduce the risk of cathode flooding. Furthermore,
these phases were realized carefully to assure sufficient reactant flow across the stack. The
test results are shown in Figure 5b. As expected, the stack performance decreased with
decreasing reactant pressures. Thereby, the air pressure had a higher impact on the stack
voltage, but also the hydrogen pressure influenced the stack performance.

Fig. 5. Test profile (a) and test results (b) for a stack sensitivity test to reactant pressures (in kPaabs). TOCs: Tstack
= 80 °C; lfuel = 1.5; lox = 2.0; DPfuel = DPox = 63.5 °C.
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Following all recommendations given in this paper, a reliable comparison of test results
obtained in different testing facilities and using different test equipment is allowed, e.g., for
benchmark tests. This aspect was demonstrated by a test series realized in 5 different test
facilities across Europe. The test equipment used by the individual facilities varied in terms of
the control devices, the test station size, and the humidification system. Furthermore, the
number of cells in the examined stacks varied between 10 and 16 cells, while the stack design
was the same (ZSW, see section 2). A summary of the test results is presented in Figure 6,
representing the stack performance at 200 kPaabs at different load levels between 0.25 and
1.00 A cm-2. Lower electrical load was not applied to the stack to avoid increased electrode
degradation caused by high cathodic potentials. The determined performance during the
different tests was highly comparable and this demonstrates the reliability of the test results
when the test procedure, the used control sensors, and the variation of the parameters were
clearly defined, even when the test equipment is different. Nevertheless, some of the
examined stacks showed significantly lower performance in some single cells at low electrical
load. This behavior seems to have been caused by inhomogeneous reactant distribution, but
had no significant impact on the overall test results. The performance of the individual cells
can be assessed from the used error bars, representing the deviation between the average cell
voltage and the minimum and the maximum single cell voltage ever recorded during the
entire analysis time of a test point.

Fig. 6. Summary of test results at different testing facilities. TOCs: Tstack = 80 °C; lfuel = 1.5; lox = 2.0; DPfuel =
DPox = 63.5 °C; pfuel = pox = 200 kPaabs.
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4.4 Variation of stack current
In general, the single cell voltages in a stack decrease with increasing electrical load and the
minimum value is specified by the stack manufacturer to avoid cell damage. Therefore, it is
advantageous to realize test procedures using test points with increasing electrical load,
especially for fully automated procedures. In this order, the single cell voltages decrease
stepwise and the test points can be realized up to a load level, at which a defined minimum
cell voltage is reached.
Furthermore, it is important to avoid reactant starvation when the stack current is varied. The
reactant flows have to be increased prior to the electrical load increase, and the electrical load
has to be decreased prior to the reactant flow decreases. Thereby, the test station dynamics
have to be taken into account, especially at low stoichiometric ratios and high gas line
volumes.

4.5 Variation of reactant stoichiometry
Following the recommendation to realize test procedures from the most stable to the most
critical conditions, the variation of the reactant stoichiometric ratios should start at the highest
value and should be reduced stepwise. Test points using high reactant stoichiometry are
associated with high reactant flow and the produced water can easily be removed from the
stack. On the contrary, low stoichiometric ratio and low reactant flow can result in water
accumulation in the single cells and invoke electrode flooding. This can result in increased
voltage fluctuation. Furthermore, the pressure drop in the gas compartments of the stack is
decreased at low stoichiometry and an inhomogeneous reactant distribution between the
individual cells may be caused. The resulting local reactant starvation as well as the local
electrode flooding can result in cell damage.

5. Set of Test Operating Conditions for Different Applications
Even if the TOCs for specific tests by system integrators depend on the target system,
harmonized TOCs are important to identify the capability of a stack design (including flow
field design and components) for a certain application. Additionally, the performance test
results for PEMFC stacks presented in scientific literature cannot be compared because the
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tests were realized using different conditions. Harmonized TOCs can allow the reliable result
comparison from different facilities using different stacks to evaluate the achievements from
different research activities. Certainly, these TOCs represent a set of parameters simulating
the operation in a system and consequently they differ for different applications. A set of
representative TOCs for different applications were prepared and summarized in the StackTest project. These TOCs are the result of discussions with companies and research
institutions from Europe, Asia and America in several workshops and conferences. The
agreed TOCs are based on the state-of-the-art H2-PEMFC and DMFC technologies for the
different applications as of the year 2015 and the summary is shown in Table 2. It should be
mentioned that two sets of test operating parameters are given for the stack application in
automotive propulsion due to two different available approaches. The TOCs marked as
“Propulsion 1” are the result of a bottom-up approach (harmonized conditions for single cell
tests transferred to stack test conditions) based on the harmonization efforts by the European
Commission [22]. The TOCs marked as “Propulsion 2” are the result of a top-down approach
(requirements of an automotive fuel cell system transferred to stack tests conditions) achieved
in the European project Autostack-CORE [23].
The TOCs simulating the automotive propulsion system are characterized by high pressure,
low stoichiometry, and low humidity of the reactants to achieve the power density targets for
the stack and the system. The low reactant humidity avoids electrode flooding issues as well
as temporal and local reactant starvation by inhomogeneous reactant flow distribution at low
stoichiometry [24]. The TOCs for automotive range extenders and automotive auxiliary
power units (APUs) differ from the TOCs for propulsion systems because the power output of
these systems is significantly lower. Consequently, the available space is of lower importance
and the stack can operate at lower pressure, higher stoichiometry and higher humidity of the
reactants [25].
Similar conditions can be applied to stationary stacks for combined heat and power
application (CHP) except the use of a lower hydrogen stoichiometry. This parameter
simulates that CHP systems use natural gas as hydrogen source and a reformer to generate
hydrogen. The excess hydrogen is typically only partially recirculated and additionally used
for the heating of the reformer and of the desulfurization unit [26]. The low humidity level in
tests for backup power application covers the possibility to use oxygen enriched air as oxidant.
Due to the lower gas flow at the cathode, the water removal capability at the cathode is
decreased and lower humidity reduces the risk of electrode flooding [27].
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Portable generator systems are commonly air cooled systems with a power output of a few
hundred watts. The air is used at ambient pressure (only slightly compressed to overcome the
cathodic pressure drop). The TOCs to simulate the hydrogen powered generators are
characterized by low temperature due to the low power output [28]. Dry air is used as oxidant
to avoid water accumulation problems at the low operating temperature. The DMFC
application is represented by higher temperature due to more challenging kinetics. The used
fuel is an aqueous solution of methanol requiring a higher fuel stoichiometry due to the slower
mass transport in solution [29]. Air humidification is not needed in such systems because the
membrane humidity is assured by the presence of liquid water at the anode.
Table 2: Recommended test operating conditions for different applications.
Application
Automotive
Propulsion 1
Automotive
Propulsion 2
Automotive
Range
Extender
Automotive
APU
Stationary
CHP
Stationary
Backup
Power
Portable H2PEMFC
Portable
DMFC

Tstack
/ °C

Tgas,in
/ °C

lfuel
/-

lox
/-

RHfuel
/%

DPfuel
/ °C

RHox
/%

DPox
/ °C

pfuel
/ kPaabs

pox
/ kPaabs

80

85

1.3

1.5

50

63.5

30

52.6

220

200

68

73

1.4

1.6

40

48.2

50

52.7

220

200

75

80

1.5

2

80

69.5

80

69.5

150

150

75

80

1.5

2

80

69.5

80

69.5

150

150

70

75

1.2

2

80

65

80

65

Amb.

Amb.

65

70

1.25

2

40

45.5

40

45.5

120

Amb.

50

55

1.2

2

50

36.5

Amb.

Amb.

150

Amb.

70

Amb.

5

2.5

-

-

Amb.

Amb.

Amb.

Amb.

In general, all benchmark tests should be realized using pre-conditioned stacks. The break-in
procedure for pristine stacks is typically specified by the stack manufacturer and has to be
realized first. Afterwards, the stack should be operated for at least one hour at nominal load
using the same application specific TOCs as used for the following benchmark test. Following
the definitions for control sensor positioning and for control strategies summarized in this
paper, as well as using the TOCs presented in Table 2, can then enable the reliable
comparison of test results, not only in the scientific literature but also in the industry for stack
benchmarking, even when the operating conditions in a target system should slightly differ
from the suggested TOCs.
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An example of the impact of the TOCs on the test results is given in Figure 7. The test profile
is shown in Figure 7a. The TOCs for automotive propulsion 2, stationary CHP, and portable
H2-PEMFC were applied to the examined stack and the stack performance at 0.75 A cm-2 was
determined. After applying the individual TOCs, the stack was conditioned for 30 minutes
using the nominal conditions specified by the stack manufacturer.
The test results for the different TOCs are presented in Figure 7b. Two types of error bars
were used in this result presentation. The black error bars represent the minimum/maximum
deviation (see section 4.3) and the grey error bars represent the standard deviation of the
average cell voltage over the analysis time. The stack performance using the TOCs for the
stationary and the portable applications was quite similar, represented by an average cell
voltage of 0.63 V. The TOCs for the automotive application resulted in a significantly higher
performance and an average cell voltage of 0.69 V, mainly caused by the increased reactants
pressures.

Fig. 7. Test profile (a) and test results (b) for the sensitivity of a stack to the TOCs summarized in Table 2.

6. Reliable Stack Characterization by Polarization Curve
The most common tool for PEMFC characterization regarding the impact of load levels on the
stack performance is the polarization curve, but also the comparison of different polarization
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curves can be challenging. The results can significantly differ, even if the TOCs are the same.
This can be caused by the choice of the test points and the variation of their dwell time.
Furthermore, it is not always clearly indicated if the polarization curve was measured using an
ascending or descending electrical load level variation. Both parts of the polarization curve
significantly differ due to the presence or absence of catalyst surface species and the
humidification level of the membrane. This hysteresis effect in the polarization curve cannot
be avoided, no matter how much the dwell time is prolonged at each test points.
A concept was developed in the Stack-Test project to increase the comparability of
polarization curves and minimize the impact of load set points and dwell times on the test
results. This concept uses the calculation of “steady-state” polarization curves and is
demonstrated in Figure 8. Both parts of the polarization curve, the descending and the
ascending parts, were measured as shown by the test profile in Figure 8a. The test procedure
was started at the highest electrical load level defined before the test and the stack current was
stepwise reduced to 0 A (OCV) to determine the descending polarization curve. Afterwards,
the current was increased back to the highest load using the same current set points to
determine the ascending polarization curve. The procedure was started with the descending
polarization curve to assure a well-conditioned stack prior to the start of the measurement.
This was provided because of well-defined conditions at high load corresponding to the predefined, well-adjusted stoichiometric ratios and humidity of the reactants. In contrast, the
stack typically operates under excessively high stoichiometric ratios at low load because of a
minimum reactant flow specified by the stack manufacturer. The operation of the stack under
such conditions results in a partial stack dry-out because the excessive reactant flow removes
too much of the reaction product water from the stack. As a consequence, the stack operation
at low electric loads before the actual start of the procedure could affect the humidity state of
the stack and the performance level of the first test points. This could result in noncomparable results of these test points.
The “steady-state” polarization curve was determined calculating the mean value of the
average cell voltages from both parts of the polarization curve measurement for each load test
point (see Figure 8b). This resulting curve represents a possibility to exclude the occurring 20
mV hysteresis effect and to compare the performance of different PEMFC stacks in
benchmark tests without the influence of the preceding load levels and with a minor impact of
set points and dwell times on the polarization curve results. A minimum dwell time of 5
minutes is recommended to assure data accuracy.
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Fig. 8. PEMFC stack performance characterization by polarization curve measurements including the test profile
(a) and the concept of “steady-state” polarization curves (b). TOCs: Tstack = 85 °C; lfuel = 1.2; lox = 2.0; DPfuel =
DPox = 68.0 °C; pfuel = pox = 200 kPaabs.

7. Conclusion
This work is focused on the identification of critical parameters for PEMFC stack
performance characterization and on the development of reliable benchmark methodologies to
achieve comparable test results using different test equipment. Due to different possibilities
for the positioning of the control sensors, their positions were clearly defined for all test
operating parameters considering different aspects of stack safety, parameter stability, test
duration, and comparability to an actual fuel cell system. The same aspects were considered
for the definition of the control strategies for sensitivity benchmark tests using variable
parameter set points. The results of sensitivity tests significantly differ when the tests are
realized in different directions, from low to high values or vice versa. A summary of the
control sensor positions and of the recommended directions for parameter changes are given
in Table 1. These definitions ensure result comparability as well as stable test conditions and
represent a control strategy for reliable stack benchmarking. E.g., the stack temperature
fluctuation was minimized to about 1 °C. The experiments have furthermore demonstrated
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that the reactants pressures can differ up to 12 kPa for different positions of the control sensor.
This critical parameter can result in an average cell voltage deviation of 21 mV if the sensor
position is not clearly defined.
A summary of recommended TOCs for comparable benchmark tests with respect to different
applications is also given in this work. The different TOCs focused on automotive (propulsion,
range extender, and APU), stationary (CHP and backup power), and portable applications
(H2-PEMFC and DMFC). The different conditions were harmonized after discussions with
several companies and research institutions and are based on the state-of-the-art PEMFC
technologies. The examined stack demonstrated comparable average cell voltage of 0.63 V
for stationary and portable conditions. For automotive conditions, the voltage increased to
0.69 V, mainly caused by higher reactants pressures.
Finally, a concept for the comparison of polarization curves was introduced in the present
paper. The use of the “steady-state” polarization curve, calculated as mean values of the
average cell voltages from the descending- and the ascending-load parts of the polarization
curve measurement, is recommended. As a consequence, the occurring 20 mV hysteresis
effect between the ascending and descending polarization curve can be corrected and the
concept enables comparison of the stack performance in benchmark tests without the
influence of the preceding load levels on the following load levels and with a minor impact of
the current set points and the test step dwell times on the polarization curve results.
The definitions of control sensor positioning and parameter variations summarized in this
paper, together with the use of the suggested TOCs for different applications, enable reliable
comparison of test results, not only in the scientific literature, but also in the industry. This
presented control strategy for stack benchmarking was developed in the EU-funded project
Stack-Test with the focus on PEMFC stack reference test procedures for industry. This project
has prepared a variety of test procedures for all aspects of stack testing covering not only the
presented characterization of stack performance, but also methodologies for reliable tests
regarding stack durability and stack safety. All the prepared procedures are available as open
source documents and can be obtained at the Stack-Test website [18].
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