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� Current of lowest resistance used as a
metric for performance comparison.

� Electro-thermal performance maps
identify optimal performance point.

� Higher cooling flow rate increases
the current of lowest resistance, and
reduces the actual resistance.
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Selecting the ideal operating point for a fuel cell depends on the application and consequent trade-off
between efficiency, power density and various operating considerations. A systematic methodology for
determining the optimal operating point for fuel cells is lacking; there is also the need for a single-value
metric to describe and compare fuel cell performance. This work shows how the ‘current of lowest
resistance’ can be accurately measured using electrochemical impedance spectroscopy and used as a
useful metric of fuel cell performance. This, along with other measures, is then used to generate an
‘electro-thermal performance map’ of fuel cell operation. A commercial air-cooled open-cathode fuel cell
is used to demonstrate how the approach can be used; in this case leading to the identification of the
optimum operating temperature of ~45 �C.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Polymer electrolyte fuel cells (PEFCs) fuelled with hydrogen
are among the most promising energy conversion technologies
ation-lab

r B.V. This is an open access article
for a broad range of applications, including portable, stationary
and automotive power delivery. In recent years PEFCs have
shown tremendous advances in terms of performance and
durability, with wide-scale commercialisation imminent. How-
ever, new techniques are sought to optimise performance by
understanding the internal workings of these devices. Under-
standing aspects of thermal and water management is of
particular interest as they have a profound effect on the perfor-
mance and durability.
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In developing PEFC technology, it is important that appropriate
comparisons are made between different operational strategies
(liquid/air cooled, humidified/dry gases), designs (closed/open
cathode, through-flow/dead-ended) and materials (graphitic/
metallic bipolar plates, etc.). Current and voltage are the key met-
rics of performance; however, there is no standard metric that can
report the performance of a fuel cell as a single number; rather,
whole polarisation plots are typically compared. It is common to
quote the current and voltage at the maximum power point in
order to compare the performance between designs and operating
conditions [1e7].

Whilst the maximum power density is considered to indicate
the highest performance, it is obtained under extreme conditions
(typ. voltage lower than 0.45 V), at a current close to the limiting
current density. If operated in this region, the system is likely to
undergo local dehydration and/or membrane flooding and reactant
starvation. Operation at the highest current density could reduce
the cell's lifetime and increase the risks of catastrophic failures
[8e12]. Also, it has been shown that the fuel efficiency is less than
50% at maximum power, because the internal impedance must
match the load impedance at maximum power. Operating below
maximum power improves fuel efficiency [13]. The actual optimal
fuel efficiency depends on the combination of the load/internal
impedance ratio and the fuel recovery (recycle system) or waste
(dead ended system). From a system perspective, parasitic power
consumption will be higher at the maximum power density due to
the heat andwater management, therefore lowering the net system
power [14,15]. Therefore, the maximum power is not a suitable
indicator of how a fuel cell will operate under most practical con-
ditions, and does not take into account operating parameters.

In addition, the current/voltage characteristics alone neglect a
further critical parameter of performance: temperature. The tem-
perature of a fuel cell has a profound effect on electrochemical
performance, influencing the thermodynamics, electro-kinetics,
transport processes and water distribution, which collectively
dictate balance-of-plant requirements, system efficiency and long-
term durability. It is desirable to maintain control over the stack
temperature, and to minimise any inevitable heterogeneities in the
temperature distribution within the stack, in order to maximise
performance and durability. Therefore, the critical parameter of
temperature, and indeed its spatial variation, should be considered
alongside current and voltage when characterising fuel cell per-
formance and searching for optimum operating conditions. This is
important for all fuel cell types and operating modes, but is
particularly relevant to air-breathing/cooled fuel cells, for which
the air supply acts to provide both reactant and cooling for the
system.

Air-breathing PEFCs have attracted increasing interest over the
last decade. Unlike closed-cathode systems, self-breathing designs
offer the advantages of simpler design and integration into systems,
taking air directly from the atmosphere. Passive air-breathing sys-
tems are limited to a maximum current density of ~600 mA cm�2

[1,6,16e18] due to heat and water management issues, since there
is no water removal from the membrane, apart from evaporation
[6,19]. Forced convection of air using fans improves performance in
the so-called open-cathode configuration, and enables higher cur-
rent densities to be attained [3,5,20e22].

In air-cooled, open-cathode systems the temperature depends
on the voltage and current density [16,23], air cooling flow rate
[3,21], and heat transfer characteristics of the stack. Temperature
monitoring is therefore crucial to avoid thermal runaway or hot
spot formation at high currents densities. In practice, this is nor-
mally performed using a single-point thermocouple inserted in the
centre of the cell [20,24,25] or using multiple micro thermocouple
measurements at various locations in the fuel cell [26e28].
Electrochemical impedance spectroscopy (EIS) is an established
and powerful tool for fuel cell characterisation, providing insightful
information on the various resistive losses and capacitive effects
that determine fuel cell operation [29e31]. EIS has been used to
characterise PEFC response to CO poisoning [32], decouple anode
and cathode operation [33], and to isolate and explore the effect of
specific components (e.g. platinum loading, membrane thickness,
GDL structure) [29]. EIS has also found applications in localized
measurements [34,35], fault detection and flooding/drying events
[10,36,37], and more recently, dynamic processes such as dead-
ended anode operations using a reconstructive impedance mea-
surement technique [25]. Focusing exclusively on the high fre-
quency intercept with the real axis of the Nyquist plot (zero phase
shift point) provides a measure of the purely Ohmic impedance of a
fuel cell, which can be used to measure changes in the conductivity,
and therefore hydration level, of the polymer electrolytemembrane
[24,37e43]. However, the low frequency intercept has been
neglected as a diagnostic feature, despite representing the total
impedance of the system and therefore potentially being a way to
identify the minimum impedance point on the polarisation curve.

This work presents a novel approach to characterising fuel cell
performance that: (i) uses the low-frequency intercept with the
Nyquist plot as a means of identifying the minimum impedance
point in the polarisation curve, (ii) highlights how this can be used
as an optimisation strategy in order to determine the most suitable
conditions, and (iii) proposes an application of this newmethod, in
order to determine the optimum air flow rate and current density,
considering the influence of the temperature as an integral part of
the performance ‘map’, alongside current and voltage. The mini-
mum impedance point can be used as a key performance metric. In
the absence of other considerations, the minimum impedance
point represents a sensible trade-off between efficiency and power,
and is likely to be preferable to the maximum power point when
seeking to maximise stack lifetime. ‘Electro-thermal mapping’ al-
lows optimum performance regions to be identified and decouple
the effect of temperature on factors such as membrane hydration
(conductivity) and cooling.

2. Experimental

Fuel cell testing e A 5-cell (60 cm2 active area) air-cooled/air-
breathing fuel cell stack was used for testing (Intelligent Energy
Ltd., UK). The membrane electrode assembly was composed of
commercially available gas diffusion layers (GDLs) and commer-
cially available membranes with Pt loading of 0.1 and 0.4 mg cm�2

on the anode and cathode, respectively.
The test station supplied dry hydrogen at ambient temperature

(with a purity of 99.995%) to the anodes and air was blown by three
fans (SanAce 36, Sanyo Denki) to the open cathode channels
[25,44]. The exhaust hydrogen flow rate in through-flowmode was
measured using a thermal mass flow meter (MassVIEW, Bronk-
horst) to be 4.7 SLPM. The fans, which provide cooling and air
supply to the cathode, were controlled by a programmable power
supply (3649A Agilent). The current drawn from the PEFC was
controlled by an electronic load (PLZ664WA, Kikusui) in galvano-
static mode. An in-house computer controlled system controls the
air, hydrogen, cooling and electrical valves (LabVIEW, National In-
struments) as well as recording and presenting data using a data
acquisition card (PCI 6221, National Instruments). It was used in the
±1 V range with a resolution down to 30 mV (i.e. 2 V/216). Ambient
temperature, pressure (absolute) and relative humidity (RH) were
measured, being of around 25 �C, 1.02 bar and 40% RH respectively,
during all tests. The software enables a maximum sampling rate of
5 Hz. The operation of this fuel cell in terms of open-cathode
design, cooling and active channels and materials [25,44],



0.0 0.2 0.4 0.6 0.8 1.0

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Current density/A cm-2

C
el

l v
ol

ta
ge

 / 
V

0.0

0.1

0.2

0.3

0.4

0.5

0.6

P
ow

er
 d

en
si

ty
 / 

W
 c

m
-2

Fig. 1. Cell voltage and power density vs. current density for Cell 3 within the 5-cell
stack.
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temperature uncertainty [44] and water management in dead-
ended anode mode [25], has been described in previous reports.
In this work, the anode is operated in through-flow mode and the
cathode is operated in air-breathing, open-cathode configuration.

2.1. Electrochemical characterisation

The performance of Cell 3 was studied in detail as this is the
central cell and contains a thermocouple (K-type) inserted in the
centre of the cooling channel. Electrochemical impedance spec-
troscopy (EIS) of Cell 3 was performed using a custom made,
LabVIEW-based, multichannel frequency response analyser (UCL-
FRA), presented in previous work, with comparable performance to
commercial software [25,45]. Impedance measurements were
performed at current densities between 0 and 1.015 A cm�2, within
the frequency range from 3 kHz to 0.1 Hzwith 10 points per decade.
The amplitude of the AC perturbationwas kept at 5% of the DC load.
The voltages from the polarisations were measured following each
impedance measurement; this ensures that the performance re-
ported in the Nyquist, low-frequency and high-frequency profiles
are consistent with the voltage measured.

3. Results

3.1. Current of lowest resistance

3.1.1. Differentiation of the polarisation curve
PEFCs are typically operated at between 0.7 V and 0.55 V per

cell. On the stack under investigation, the polarisation curve (Fig. 1)
shows that this voltage range corresponds to awide current density
range of 0.20 A cm�2 - 0.80 A cm�2.

From the polarisation curve, the ‘current ofminimum resistance’
can be estimated by finding the minimum of the differentiated
polarisation curve. The polarisation resistance is found numerically,
as follows, where j�1 ¼ j � h and j1 ¼ j þ h, with j the current
density, and h the current density between each step.

h ¼ 3 mA cm�2

DE
Dj

jð Þ ¼ �E j1ð Þ � E j�1ð Þ
2h

(1)

The polarisation resistance is positive whereas the polarisation
curve has a negative slope: this is because the current flowing
through the fuel cell is a discharge current, although plotted usually
as a positive current.

As displayed in Fig. 2, the differentiated polarisation data dis-
plays a region of minimum between 0.2 and 0.8 A cm�2. However,
the accuracy with which this can be determined is limited due to
scatter in the data points (signal-to-noise is defined by the absolute
accuracy of 360 mV and voltage difference measured lower than
1 mV); consequently a minimum cannot be precisely identified. In
order to reduce the noise level, the differentiation was also per-
formed using a 7-level low-noise Lanczos differentiator [46], using
Equation (2),
DE
Dj smoothed

ðjÞ ¼ �ðEðj1Þ � Eðj�1ÞÞ þ 2ðEðj2Þ � Eðj�2ÞÞ þ 3ðEðj3Þ � Eðj�3ÞÞ
28h

(2)
With j2, j�2, j3 and j�3 defined similarly to j1 and j�1,
The smoothed differentiation (Fig. 2) shows a lower noise level,
although it does not enable to find a minimum, but slightly refines
its location between 0.25 and 0.75 A cm�2

An alternative means of evaluating the minimum is by using
electrochemical impedance measurements at low frequency to
capture the entire resistance of the system [47,48], with a lower
noise level due to the number of points processed in order to ob-
tained the differential at a given frequency.
3.1.2. Low frequency electrochemical impedance spectroscopy
Theoretically, an infinitely low frequency is required to measure

the total polarisation impedance, such that the true DC (steady
state) limit is reached. Some studies suggest that extrapolation to
frequencies as low as 1 nHz are required to accurately obtain the
total steady-state polarisation resistance of the system [29,47].
However, this is not practically feasible, just as it would not be
practical to wait for 1 � 109 s (over 31 years) for the fuel cell to
reach ‘equilibrium’.

A number of studies have looked at the low frequency imped-
ance of fuel cells, to obtain the total polarisation impedance
[49e54]. However, a pseudo-inductive arc is commonly observed at
low frequency, (such as the one observed in Fig. 3) which acts as a
complicating factor. The pseudo-inductive arc has been attributed
to side reactions and adsorption/desorption processes [49,52,54],
the formation of hydrogen peroxide and platinum oxide, leading to
platinum dissolution [50].

Accordingly, taking the point at which the Nyquist curve crosses
the real axis at low frequency (as shown in Fig. 3) is not the same as
measuring the total steady state (DC) resistance. Extrapolations
have been performed in literature, using measurements ending at
different frequencies [49e54]. However, the shape of the arc con-
tinues to evolve, even at very low frequencies, and therefore, the
extrapolation does not provide a definitive low frequency limit
[50,52,54].
To consider theworst operating scenario, leading to polarisation
with the highest resistive losses, it was decided to look at the



Fig. 4. (a) EIS measurements at 31 current steps from a point close to open circuit
potential (0.02 A cm�2) to the limiting current density (1.01 A cm�2) along the
polarisation curve, (b) Close up view on the low frequency intercept and the voltage
against the current density between 0.3 and 0.8 A cm�2.

Fig. 2. Polarisation curve and differentiated polarisation curve (polarisation resis-
tance) of Cell 3, using a 1st level differentiator and 7th level noise smoothing Lanczor
differentiator. Current increment: 3 mA cm�2. Dwell time: 5 s.
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frequency providing the highest impedance on the Nyquist dia-
gram. This is the intercept of the capacitive loop with the real axis,
labelled ‘low frequency intercept’ in Fig. 3. Since at the intercept,
the phase is zero, the impedance at the low frequency intercept is
purely resistive, and will be referred to as the low-frequency
resistance throughout the paper (similarly for the impedance at
the high frequency intercept, referred to the Ohmic resistance or
high-frequency resistance).

To measure the evolution of the Nyquist impedance graphs
along the polarisation curve, 31 EIS measurements weremade from
a point close to open circuit (0.02 A cm�2) to the limiting current
density region (1.01 A cm�2) (Fig. 4a). One can see features asso-
ciated with three distinct regions of performance. From 0 to
0.30 A cm�2, the overall impedance reduces by a factor of 6 (low
frequency resistance reduces from 2.4 U cm2 to 0.4 U cm2), which
corresponds to the activation losses seen on the polarisation curve.
Then, the performance evolves smoothly and approximately line-
arly from 0.30 to 0.80 A cm�2, associated with the ‘Ohmic region’.
Finally, the overall impedance doubles above 0.80 A cm�2, consis-
tent with the drop in the mass-transport limited region of the
polarisation curve.

Data fitting to equivalent circuits is extensively practiced in the
literature to separate and quantify the activation, Ohmic, and mass
transport contributions [29,31,49,53,55]; however, the purpose of
this work is to determine the ‘current of lowest resistance’, and not
the deconvolution of each losses in the total voltage loss. Fig. 4b
highlights the existence of a minimum in the low-frequency
intercept between at 0.55 A cm�2 for a resistance of 0.348 U cm2,
at the centre of the Ohmic region.

As described above, the minimum impedance point on the
polarisation curve represents a sensible operating point in the
Fig. 3. Nyquist plot of Cell 3, with an air flow rate of 5.35 � 10�3 m3 s�1 performed at
0.3 A cm�2.
absence of any other key performance requirement, such as a
particularly high power or electrical efficiency.

The minimum impedance point of the polarisation curve or
‘current of lowest resistance’ is a useful optimisation method. It can
be used to identify the optimum current density at which the fuel
cell stack has minimum resistive losses (between 0.5 A cm�2 and
0.6 A cm�2 on the stack used for this study) and compare different
stack designs and operating conditions in order to improve overall
performance.

The following section uses this approach to examine the
important link between electrochemical performance and cell/
stack temperature. Such electro-thermal characterisation and
optimisation is particularly important for air-cooled fuel cells
where air for cooling the stack and supplying reactant oxygen come
from the same source.

Performance of open-cathode air-cooled fuel cells is dependent
on the flow field design (which cannot be altered in this study since
a commercial stack is used), and temperature and water manage-
ment [6,56]. The stack temperature is not constant, but varies with
current density, and there is no external humidification regulating
the hydration of the membrane. The current of lowest resistance
will be used in order to determine the optimum operating condi-
tions as a function of the cooling flow rate, current density and
temperature.
3.2. Electro-thermal performance mapping

The temperature of an air-cooled system is a result of the bal-
ance between heating from the fuel cell and the external cooling
system (fans, etc.). To study this balance, the effect of varying the
amount of air flowing through the active and cooling channel was
studied and characterised. Then, the dependence of the tempera-
ture, voltage and current density is highlighted. Finally, the current
of lowest resistance enables to determine the optimum operation
mode.
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3.2.1. Estimation of cathode and anode stoichiometry
Air-cooled, open-cathode fuel cells typically use fans to supply

air to the stack. The fan speed is used to control the temperature,
the cathode stoichiometry typically being in vast excess of that
required. In this investigation it is necessary to know the cathode
stoichiometry in order to assess the effect of varying air cooling
flow rate on the performance. Directly measuring the air flow rate
through an open-cathode fuel cell supplied by fans is challenging.
Air is shared between active and cooling channels and the air flow
rate supplied by fans is influenced by back-pressure, such that
introducing flow probes or changing the configuration of the inlet
plenum (or introducing an exit plenum) will affect the flow. The
following section describes how an approximation of the oxygen
stoichiometry can be found from a knowledge of the current passed
(extent of reaction), the heat generated by the fuel cell (voltage
relative to the thermal potential), difference between the air inlet/
exit temperature, specific heat capacity and active/cooling channel
ratio [57].

The efficiency and heat produced by the fuel cell was calculated
using the following relations and the experimental data of Fig. 5a
and b. The fuel cell voltage efficiency is the ratio of the cell voltage
divided by the theoretical electrochemical potential.

h ¼ Vcell

Eth
(3)

But the fuel cell voltage efficiency is also equal to the ratio of
electrical heat losses divided by the total power losses.

h ¼ Wel
Wel þ Qheat

(4)

Wel ¼ A j Vcell Ncells (5)

h is the cell efficiency, V is the cell voltage, Eth is the thermal
potential, Wel is the electrical power generated by the fuel cell and
Qheat the heat generated by the fuel cell. A is the electrode
Fig. 5. (a) Voltage and power density) and (b) Temperature as a function of the fans' voltage
the exhaust of the fuel cell for the three fans' voltage. (d) Volumetric air flow rate as a fun
geometric active area per cell, j the current density, Vcell the mean
cell voltage and Ncells the number of cells in the stack.

Equations (3)e(5) allow the heat generated by the fuel cell to be
calculated as a function of the electrical power (5) and the fuel cell
voltage efficiency (3):

Qheat ¼ Wel
1� h

h
(6)

Assuming that all heat is rejected by the fuel cell in the form of
convection (no radiation or conduction), the heat rejected for a
given fan voltage and current density is:

Qheat

�
j; Tin; Tout ;Vfan

�
¼ _mair

�
Vfan; j

�
CvðTout � TinÞ (7)

where _mairðVfan; j Þ is the volumetric air flow rate as a function of
the fans' voltage Vfans and the current density j, Tin the ambient
temperature, Tout the exhaust temperature, and Cv the volumetric
air heat capacity at 25 �C.

The volumetric air flow rate _mairðVfans; j Þ is expressed as the
difference between the fans' volumetric air flow rate _mcoolingðVfansÞ
and the volumetric oxygen conversion rate _mconversionðjÞ.

_mair

�
Vfan; j

�
¼ _mcooling

�
Vfans

�
� _mconversionðjÞ (8)

_mconversionðjÞ ¼
jA

neðO2ÞF
NcellVm (9)

where Vm is the molar volume of an ideal gas (25 �C, 1.02 bar).
The results of these calculations are shown in Fig. 5c for three

different fan voltages (for a three fan system). Since a linear relation
is found, one can see that _mconversionðjÞ is negligible compared to
_mcoolingðVfansÞ.
The corresponding voltage and air flow rates are given in Fig. 5d

where it can be seen that the air flow rate varies linearly with fan
voltage (specifically: 4.20 � 10�3 m3 s�1, 5.35 � 10�3 m3 s�1 and
. (c) Generated heat as a function of the temperature difference between the inlet and
ction of the fans' voltage.



Table 1
Physical constants (at 1 bar, 25 �C) and cell constants used to evaluate the oxygen
and hydrogen stoichiometry.

Parameter Value

Number of cell, Ncells 5
Membrane cross section area, A 60 cm2

Active channel area, Aactive channel 30 cm2

Fan voltage, Vfan 7 V e 11.5 V
Faraday constant, F 96486 C mol�1

Ratio of O2 in air 0.21
Number of electrons of oxygen exchanged, ne (O2) 4
Number of electrons of hydrogen exchanged, ne (H2) 2
Hydrogen volumetric flow rate, 4.7 l min�1

Molar volume of an ideal gas, Vm 24.465 mol l�1

Maximum current density, jmax 1 A cm�2

Volumetric heat capacity of air, Cv 0.001131 J cm�3 K�1
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6.50 � 10�3 m3 s�1 for voltages of 7.00 V, 9.25 V and 11.5 V,
respectively).

However, this flow rate is the total amount of air passing
through the active channels and cooling channels. By assuming
uniform, laminar flow across the face of the cell/stack, and identical
flow characteristics in active and cooling channels, the molar flow
rate of oxygen through the active channels _nO2

can be estimated via
Equation (10).

_nO2
¼ Ratio of O2 in air

Aactive channel
A

_mair

�
Vfans; j

�

Vm
(10)

where Aactive channels is the total cross section area of the active
channels on a cell.

Using Faraday's law, the minimum molar air flow rate required
to sustain a given current density j is:

_nO2
ðjÞ ¼ j

neðO2ÞF
ANcells (11)

Similarly, the minimum hydrogen flow rate required to sustain
at a given current density j is:

_nH2
jð Þ ¼ j

ne H2ð ÞF ANcells (12)

With ne(O2) the number of electrons exchanged by the oxygen
reduction reaction per mole of reactant, ne(H2) the number of
electrons exchanged by the hydrogen oxygen reactant by mole of
reactant, and F Faraday's constant.

Hence, the stoichiometry ratio of oxygen at a given current
density for the 5-cell stack is,

SO2
ðjÞ ¼ _nO2

_nO2
ðjÞ (13)

The stoichiometric ratio of hydrogen at a given current density
for the 5-cell stack is,

SH2
ðjÞ ¼ _nH2

_nH2
ðjÞ (14)

where

_nH2
¼ _mH2

Vm
(15)

Therefore, the stoichiometric ratio evaluated for the highest
current density jmax, SO2

ðjmaxÞ and SH2
ðjmaxÞ can be found for oxygen

and hydrogen (Equations (13) and (14)). Volumetric air flow rates of
4.20 � 10�3 m3 s�1, 5.35 � 10�3 m3 s�1 and 6.50 � 10�3 m3 s�1

provide oxygen stoichiometric ratios of 27, 33 and 41 respectively at
1 A cm�2. A hydrogen flow rate of 4.7 SLPM (standard litres per
minute) provides a stoichiometric ratio of 2 at 1 A cm�2.

Such high oxygen stoichiometries are not unusual for air-cooled
open-cathode systems, Rosa et al. [3] reported oxygen stoichio-
metric ratios between 6.30 and 15.4 at 0.80 A cm�2. These oxygen
stoichiometric ratio are, as expected, much higher than the ratios
used for closed-cathode system (typically between 1 and 4
[4,41,58e63]).

Table 1 summarises the parameters used in the calculation of
reactant stoichiometry.
Fig. 6. Influence of the air flow rate on the electro-thermal performance map.
3.2.2. Voltage and temperature interdependence
Experiments performed previously have investigated the rela-

tionship between temperature and current density for a similar
open-cathode fuel cell [25,44]. It was found that the temperature
does not evolve significantly in the low current density region,
increases linearly in the Ohmic region, and finally increases expo-
nentially towards the limiting current density.

Fig. 6 describes the experimentally determined temperature,
current and voltage as a function of air flow rate. By overlaying a
temperature colour gradient onto the electrochemical parameters,
a ‘4-dimensional’ representation that describes an ‘electro-thermal
performance map’ can be constructed. This graphical representa-
tion allows the effect of a control variable (in this case the air flow
rate) on the three operational parameters to be observed. Studying
the relationship between temperature, voltage and current is
particularly relevant for air-cooled open-cathode fuel cells. Unlike
for systems where the temperature is controlled to a fixed point or
range, the temperature recorded here is the result of a balance
between self-heating and cooling due to the fans. The air flow rate
is the only control parameter for any given point on the polarisation
curve.

One can see in Fig. 5b and Fig. 6 that changing the air flow rate
directly affects the limiting current density. When operated with a
flow rate of 4.20 � 10�3 m3 s�1 the cell voltage starts to show signs
of significant performance limitations around 0.60 A cm�2 and the
current density is approximately 0.82 A cm�2, (Fig. 5b); whereas
such limitations only start to occur above 0.70 A cm�2 and
0.90 A cm�2 upon increasing flow rates to 5.35 � 10�3 m3 s�1 and



Fig. 7. (a) Influence of the air flow rate on the high-frequency resistance as a function
of current density. (b) Influence of air flow rate on the electro-thermal performance
map, as defined by the high-frequency resistance.
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6.50 � 10�3 m3 s�1, respectively. The electro-thermal performance
map (Fig. 6) highlights that the rapid change in temperature cor-
responds exactly with the abrupt voltage drop-off in the limiting
current density region, as the temperature exceeds 50

�
C. The

lowest cathode stoichiometry experienced in this set of experi-
ments is 27, which means that oxygen is in vast excess of what is
required to sustain reaction. This suggests that a thermal effect, as
opposed to a reactant starvation effect, is responsible for perfor-
mance limitation above 50

�
C.

If only the conventional polarisation/power curves are consid-
ered, as shown in Fig. 5a, one would infer that above 0.70 A cm�2, a
flow rate of 6.50 � 10�3 m3 s�1 (11.5 V fan voltage) provides higher
performance. However, it is not possible to see any effect of the air
flow rate on the performance below 0.70 A cm�2, whereas the
electro-thermal performance map in Fig. 6 highlights that different
operational temperatures are apparent in the Ohmic region be-
tween 0.20 and 0.60 A cm�2, depending on the air flow rate. This
demonstrates, as discussed previously, the limitations of a com-
parison strictly based on the maximum power density.

3.2.3. Effect of the cooling flow rate on the hydration level, and
current of lowest resistance

For purposes of comparison, profiles similar to Fig. 6 were
generated by replacing the voltage with the resistance at the high-
and low-frequency intercept of the EIS response. By monitoring the
high-frequency intercept with the real axis it is possible to deter-
mine the Ohmic resistance of the cell, and consequently gain an
indication of the effect of the temperature and cooling flow rate on
the hydration of the membrane [11,34]. Since it is an open cathode
system, It is not possible to measure the humidity of the air exiting
the stack.

Fig. 7a shows three different regimes for the evolution of the
Ohmic resistance. Starting from the open circuit, increasing current
leads to an initial decrease in resistance that is common for all of
the flow rates; up to 0.10 A cm�2, the resistance falls from
225 mU cm2 to 75 mU cm2, and is associated with gradual self-
hydration of the electrolyte membrane from a relatively ‘dry
state’ at open circuit potential to a well-humidified state, since the
stack operates without external humidification. From 0.10 to
0.50 A cm�2 the resistance drop decreases, eventually reaching a
minimum at around 0.50e0.70 A cm�2. At higher current densities,
the Ohmic resistance increases exponentially from ~55 mU cm2 to
over 110 mU cm2 at a rate that is a function of the air flow rate.
However, it is only when the electro-thermal performance map is
considered (Fig. 7b) that this effect can be associated with
temperature.

Above 55 �C, the Ohmic resistance increases significantly, indi-
cating membrane dehydration. With higher air flow rates (cooling)
the dehydration is delayed and occurs only above around
0.60e0.80 A cm�2 and 0.70e0.82 A cm�2 for flow rates of
5.35 � 10�3 m3 s�1 and 6.50 � 10�3 m3 s�1, respectively. This is
because the higher flow rate affords a lower temperature, limiting
membrane dehydration.

Multiple studies have modelled and measured this dependence
of the Ohmic resistance on current densities on passive open-
cathode systems [56,64,65]. O'Hayre et al. [64] also modelled how
an increase in air flow rate reduces the Ohmic resistance, and in-
creases the fuel cell resistance at a given current density, as seen
here above 0.60 A cm�2. To our knowledge, this is the first time high
frequency impedance has been used to report it on air-cooled open-
cathode systems and highlights the influence of the cooling air flow
rate.

Investigations on the influence of the flow rate on the ‘current of
lowest resistance’ were achieved by performing low frequency
intercept impedance measurements of the entire current range.
Fig. 8a shows that the ‘current of lowest resistance’ (defined by
theminimum of the low-frequency resistance) shifts toward higher
current densities with increasing flow rate; the linearity of which is
shown inset. On the other hand, the electro-thermal profile, Fig. 8b,
shows that the minimum remains in the same temperature region
from 45 �C to 50 �C. One can see that the minimum of the low-
frequency intercept is slightly lower than that of the high-
frequency intercept: this is in agreement with O'Hayre et al. [64]
which implies that optimum performance is reached prior to the
onset of membrane dehydration.

The low-frequency intercept increases significantly more than
the purely Ohmic resistance. It is possible that severe membrane
dehydration at high current density would cause a dehydration of
the catalyst layers, effectively reducing the active area. Therefore,
the voltage would drop to achieve the same current, which leads to
a significant increase of the effective resistance for proton con-
duction in the cathode [66]. It is also possible that, although the
channels are fed with a large stoichiometric excess of air, the land
area could experience fuel starvation at high current density.

Furthermore, Fig. 8 allows the exact determination of the ‘cur-
rent of lowest resistance’. Fig. 8 b identifies the electro-thermal
region where the main fuel cell resistive losses are minimised,
around a temperature of ~45 �C and a current density between
0.50 A cm�2 and 0.60 A cm�2. Although the effect of different flow
rates shows little influence on the power density curves (Fig. 5b)
between 0.50 and 0.60 A cm�2, the low-frequency resistance effi-
ciently shows that higher flow rates are preferable. Not only higher
flow rate enables a higher current of lowest resistance, but also, the
resistance itself is lower as shown in Table 2. The current of lowest



Fig. 8. (a) Influence of the air flow rate on the low-frequency intercept; inset: evo-
lution of the ‘current of lowest resistance’ as a function of air flow rate. (b) Influence of
air flow rate on the electro-thermal performance map, as defined by the low-frequency
resistance.
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resistance is particularly useful here, compared to the polarisations
(Fig. 8b) because the three polarisations display similar voltages, in
the linear region, whereas the current of lowest resistance are
different.

Finally, the corresponding cell voltages at the current of lowest
resistance are around 0.60 V, well within the typical operating
range (0.70 Ve0.55 V); whereas the voltage at the current of
highest power density is around 0.50 V. This illustrates how the
current of lowest resistance is a more suitable single-value metric
than the maximum power point.

4. Conclusion

A methodology has been proposed to identify the current of
lowest resistance, using low-frequency impedance spectroscopy, in
order to minimise the resistive losses and optimise the operating
conditions. This point can be used as a key metric to compare the
operation of different fuel cells designs and has advantages over the
maximum power point. Operating the fuel cell in this region rep-
resents a sensible trade-off between fuel cell efficiency, power
density and may be beneficial for durability.
Table 2
Current of lowest resistance, and corresponding resistance as a function of the air
flow rate.

Air flow
rate/10�3 m3 s�1

Current of lowest
resistance/A cm�2

Resistance at the “current
of lowest resistance”/mU cm2

4.20 0.50 394
5.35 0.55 371
6.50 0.60 363
This approach is applied to an air-cooled, air-breathing polymer
electrolyte fuel cell stack. By constructing an ‘electro-thermal per-
formance map’ based on voltage, high- and low-frequency
impedance, the optimal performance region can be identified and
the interrelations between temperature and electrochemical per-
formance identified; this being particularly germane for air-cooled/
air-breathing fuel cells. The analysis presented here describes a
means of identifying the optimum operating region. For a system,
the relationship needs to incorporate the parasitic power con-
sumption of the fans, and its influence on the net power.
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