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A B S T R A C T   

Proton-exchange membrane fuel cells (PEMFCs) in the transport sector require specific design and durability, and 
stable and reliable performance under varying cycling loads. In this study, experimental dynamic load cycling 
(DLC) tests and current density mapping (CDM) measurements of local current densities and temperatures were 
performed for different inlet/outlet configurations of reactants in a parallel-serpentine PEMFC. Results were 
analyzed in terms of the polarization and power curves and the DLC tests, indicating that the Inverse Hydrogen 
Flow configuration performed best. However, the differences with respect to the other inlet/outlet configurations 
(Normal Flow, Inverse Air Flow and Inverse Flow) were not significant with maximum relative voltage and 
power densities differences below 5% in the polarization and power curves. Also results of the experimented 
inlet/outlet configurations during the DLCs were similar, with maximum differences in terms of energy during 
the cycle below 10% comparing the best configuration (Inverse Hydrogen Flow) with the worst. CDM mea
surements showed an inverse bell-shaped distribution with higher current density values in the external part of 
the bipolar plate and lower values in the central part and a highly homogeneous temperature distributions in all 
configurations.   

1. Introduction 

Currently, there is a high demand for propulsion systems supported 
by renewable energy sources in the transport sector, one of them being 
PEMFCs. Due to their zero-emission properties, high efficiency and low 
operating temperature, fuel cells are a good alternative, and they have 
become a potential substitute for conventional combustion engines [1]. 
The operating conditions of PEMFCs in the transport sector require 
specific design and durability, and stable and reliable performance 
under changeable and cycling loads. A number of studies have focused 
on the performance or durability during PEMFCs operation at different 
loads, without accent on the PEMFC specific urban cycle dynamic load 
[2–5]. The degradation mechanisms associated with the start-up and 
shut-down of PEMFCs for specific automotive applications requires 
future design investigations on the way to improve PEMFCs 

performance and stable operation in urban mode [6,7]. The PMFCs 
degradation and performance improvement must be first studied at 
membrane electrode assembly (MEA) level before any scale-up to stack 
and system levels, while state-of-the-art MEAs are sometimes observed 
to be suffering from insufficient reliability and stability under certain 
conditions [8–10]. 

One of the key components in PEMFCs are the bipolar plates (BPs) as 
they represent a significant part of the volume, weight and cost [11,12]. 
The material and design of the channels in the BPs have to ensure an 
appropriate water management within the cell and improve the per
formance of the cell at high current densities [13]. Such materials could 
include graphite, coated metallic or composite plates [14,15]. Alterna
tively, BPs improvement could be done via different flow field designs 
such as parallel, serpentine, parallel-serpentine and as well bioinspired 
designs [16,17]. Effect of BPs material and flow field design on PEMFCs 
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performance have been studied in a significant number of researches, 
and the state of the art in this field has been summarized in the review 
works by Hermann A. et al. [18], Zhang S. et al. [19], Wang Y. et al. [20], 
Wang J [21]. and Porstmann S. et al. [22]. 

Analyzing the local distributions of both current density and tem
perature fields during variable load operation is important for a better 
understanding of PEMFC behaviour, efficiency and possible points for 
future improvements in the design of the BP. Previous works have 
studied the design of BP channels by measuring the polarization curve 
[23]. A number of studies also analyzed the local phenomena from 
sensors that measure the current density and temperature distribution 
within the cell [24–29]. In researches [24–27], these distributions were 
analyzed along the reactant gas flow direction and also across lateral 
directions through land and channel areas, concluding that local mea
surements of current densities and temperatures could provide critical 
information to optimize flow field design and fuel cell performance. 
Different local conditions may exist in PEMFCs that lead to an inho
mogeneous distribution of current and heat. Current density distribution 
and the FC performance homogeneity demonstrated high sensitivity to 
small humidity changes and dry-out phenomena in PEMFC stacks [28] 
and that increasing the cathode stoichiometry can effectively improve 
the uniformity of current density distribution, and mitigate the local 
oxygen starvation, especially at high FC loads [29]. 

A number of previous studies on cold start and dynamic FC loading 
[10,30–34] show the importance of the future investigation of PEMFC 
performance and durability improvement. Cold start is a critical con
dition in FCs automotive application where FCs operation related to the 
dynamically changeable load. The study of Jiao K [30]. investigates the 
cold start characteristics of a PEMFC through the simultaneous mea
surements of current and temperature distributions. For both the failed 
and the successful cold start processes, the highest temperature is 
initially near the inlet region of the cell, and is also in the middle region 
after the overall peak current density is reached. The PEMFC lifetime 
prediction through load and potential cycling accelerated degradation 
was described by Choi S.R. et al. [31]. 

Han J. et al. [32] found that even at very low current densities (0.52 
A/cm2) for the full dynamic cycling load conditions, significant FC 
performance degradation has been observed, especially by voltage 
degradation at high temperatures. Wang Y. et al. [33] investigated that 
increase in the current density leads to anode drying due to electro
osmotic resistance, while it takes several seconds for water 
back-diffusion and anode humidified gas to rewet the anode side of the 
polymer membrane. Mayur M. et al. [34] modelled a PEMFC perfor
mance and durability for a virtual FC car. The work demonstrated FC 
durability analysis due to membrane degradation under highly dy
namic load levels changes of the New European Driving Cycle (NEDC) 
and identified critical cell loading regions imposed by the NEDC FC 
operation. 

From the above literature review, it is clear that previous related 
studies have focused on the analysis of local distributions of current 
densities and temperatures for different flow channel’s designs and 
operating conditions, as well as on the performance and durability 
during dynamic load cycling tests. However, as far as we are concerned, 
no previous research has investigated the evolution of local distributions 
of current densities and temperatures during the PEMFC urban cycle 
operation. In the present work, this novelty is presented, and the 
experimental methodology followed to examine the PEMFC perfor
mance under operating and stress conditions for automotive applica
tions described by the European Commission in the JRC Science Policy 
Report [35]. Current density and temperature distribution were exper
imentally measured for four different inlet/outlet configurations of a 
parallel-serpentine cross-flow PEMFC, and performance results were 
analyzed and compared. 

2. Materials and experimental procedure 

The materials and the experimental procedure followed in this 
research are summarized in this section. 

2.1. Materials 

The experimental work was performed with a PEM fuel cell test 
station, dedicated to experimental testing of PEM single cells and short 
stacks up to 500 W. The test environment shown in Fig. 1 (a) represents a 
typical fuel cell test bench, with a reactant gas handling unit including 
humidifiers, a heating and cooling system controlled by a PID mecha
nism using film heaters and air fans, and an electronic load. 

The current density mapping sensor shown in Fig. 1 (b) was used to 
measure the current density and temperature distributions inside the 
fuel cell. With a relatively small thickness of 0.7 mm, the CDM sensor 
was inserted between the bipolar cathode plate and the cathode current 
collector. The sensor was manufactured ad hoc for the ElectroChem fuel 
cell, thus having the same active area, and provided a uniformly 
distributed sequence of measurements in an 18 × 18 matrix for current 
density and a 9 × 9 matrix for temperature during the experiments. 

The parallel-serpentine flow field design of an approximately 50 cm2 

(width: 69.8 mm, height: 69.9 mm) active area ElectroChem Inc. PEM 
fuel cell, with 9.5 mm thick graphite bipolar plates for both anode and 
cathode, was experimentally investigated in this work. The flow field 
consisted of five parallel serpentine channels connected by manifolds at 
the end of each pass, see Fig. 2. The reactants flow from the inlet located 
at one corner of the bipolar plate and are directed through the parallel 
serpentine channels to the outlet located at the opposite corner. The 
channel geometry had a width of 0.71 mm, a height of 1.1 mm, and a rib 
width of 0.86 mm. The collector channels were 1.5 mm width and 1.7 
mm height. Surface roughness measurements using high-precision 3D 
optical profilers based on confocal and interferometry showed a value of 
Ra = 0.227 μm for the graphite bipolar plates. 

The anode and cathode arrangements and a schematic diagram of the 
parallel-serpentine channels of the bipolar plates are shown in Fig. 2. 
While the anode parallel-serpentine channels were arranged horizon
tally as depicted in Fig. 2 (a), the cathode bipolar plate channels were 
arranged vertically as shown in Fig. 2 (b). This vertical arrangement was 
preferred in the cathode plate to facilitate water removal by gravity and 
to avoid the horizontal configuration for the cathode, which is more 
prone to water flooding. 

Bipolar plates were tightened with end plates to a value of 5 Nm 
using a torque wrench, bolts and nuts to prevent leakage and for uniform 
current collection, with the anode positioned over the cathode in the 
direction indicated by the arrow in Fig. 2 (a) and (b). A cross flow in 
which the anode (red color) and cathode (blue color) flow channels are 
perpendicular, as depicted in Fig. 2 (c). To clarify the location of re
actants inlet and outlet and the way anode and cathode flow channels 
are positioned, a schematic diagram of the reactants flow directions for 
the anode, the cathode and their intersections are shown in Fig. 2 (d), 
Fig. 2 (e) and Fig. 2 (f) respectively. In these diagrams, only the central 
channel of the five parallel channels in each pass of the serpentine is 
represented with black color to better visualize the reactants flow 
directions. 

2.2. Experimental procedure 

Experimental measurements were performed using a PEM fuel cell 
test station to obtain the polarization and power curves of each inlet/ 
outlet configuration. The power equipment included a programmable 
direct current load from Adaptive Power Systems, with an accuracies of 
0.025%, 0.1%, and 0.125% for voltage, current and power measure
ments, respectively. Fuel cell dynamic load cycle (FC-DLC) tests were 
also performed, to simulate the voltage and current density during a real 
driving cycle. During all experiments, current density and temperature 
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distribution data were collected using the CDM sensor provided by S++

Simulation Services [36] with a data acquisition rate of 1 s and a reso
lution of voltage, temperature and current variables of 1.5 mV, 0.1 ◦C 
and 0.001% of the measured current, respectively. 

In order to analyze only the effect of the inlet/outlet reactants con
figurations on fuel cell performance, fuel cell operating conditions were 
kept fixed at typical operating values throughout all tests, as summa
rized in Table 1. Cell temperature and relative pressure were set at 65 ◦C 

and 0.5 bar respectively. Intermediate anode and cathode relative hu
midities of 60% were considered during the experiments, to avoid po
tential problems of membrane dehydration at very low relative 
humidities or water flooding at very high relative humidities. Anode and 
cathode stoichiometric factors were set at 1.3 and 2.5 respectively, with 
hydrogen and air inlet mass flow values of 0.457 NL/min and 2.140 NL/ 
min for a representative operating condition of 1 A/cm2 current density. 

Fig. 1. Fuel cell test station (a) and CDM sensor (b).  

Fig. 2. Bipolar plate channels flow: (a) ElectroChem anode, (b) ElectroChem cathode, (c) Resulting cross-flow distribution, (d) Schematic anode flow directions, (e) 
Schematic cathode flow directions and (f) Schematic cross-flow distribution. 
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2.2.1. Inlet/outlet flow-field configurations 
Four flow configurations were analyzed by changing the relative 

inlets and outlets positions of the reactants, as shown in Fig. 3: Normal 
Flow (NF), Inverse Air Flow (IAF), Inverse Hydrogen Flow (IHF) and 
Inverse Flow (IF). In the NF configuration, the reactants inlets and 
outlets were connected according to the original ElectroChem fuel cell 
design. The other three configurations were chosen to investigate the 
potential for improving fuel cell performance by using other suitable 
inlet/outlet positions that did not involve any additional materials or 
operation costs. In the IAF configuration, the air inlet and outlet were 
reversed while the hydrogen flow was maintained in its normal 
configuration. Similarly, in the IHF configuration, the hydrogen inlet 
and outlet were inverted while the air flow was maintained in its normal 
configuration. Finally, in the IF configuration, both the air and hydrogen 
flows, were inverted. 

Considering the geometry of the parallel serpentine flow field design 
and the inlet mass flow values for a representative operating condition of 
a 1 A/cm2 current density, laminar flow with relatively low values of 
pressure drop and velocities were obtained within the four configura
tions considered. 

An exploded view drawing with the description of the primary 

components and complete assembly are shown in Fig. 4 (a) and (b) 
respectively, where it can be observed that the CDM sensor was posi
tioned on the cathode side, between the bipolar plate and the current 
collector. Experimental setup for the NF configuration is also shown in 
Fig. 4 (c), where the positions of the inlet/outlet can be observed. 
Insulated air (black color) and hydrogen (grey color) inlet connectors, 
feed the fuel cell in the upper right corner while non-reactant gases are 
extracted through the air (blue color) and hydrogen (red color) outlet 
pipes. 

2.2.2. Polarization and power curves 
Polarization and power curves were obtained according to the Joint 

Research Centre (JRC) protocol for the different proposed configura
tions [35]. Each test started with preconditioning of the cell by setting 
the operating conditions to the specified operating condition values. To 
reach these conditions, the cell current density was gradually increased 
in steps of 0.1 A/cm2 until a voltage of 0.5 V was reached. This current 
density was kept constant 3600 s to stabilize the conditions. The cell was 
then placed under OCV (Open Circuit Voltage) conditions for a period of 
90 s. The measurement of these curves was performed in galvanostatic 
mode, starting from the OCV voltage and using fixed current density 
steps as indicated in the JRC protocol [35]. The polarization curve was 
divided into two curves, the first from the current density of 0 A/cm2 

(OCV) to maximum current density, and the second from the maximum 
current density to OCV. This test was repeated three times to analyze the 
reproducibility of the results and to obtain a better reliability of the data. 
The data acquisition rate of the test bench is 1 s, so the average of the last 
30 values was used to post-process of the data. After processing the data, 
the polarization and power curves were plotted for each reactants flow 
configuration. Simultaneously with the acquisition of the polarization 

Table 1 
Fuel cell reference operating conditions.  

Operating condition Value 

Cell temperature (◦C) 65 
Cell relative pressure (bar) 0.5 
Anode and cathode relative humidity (%) 60 
Anode stoichiometric factor (− ) 1.3 
Cathode stoichiometric factor (− ) 2.5  

Fig. 3. Inlet/outlet configurations.  

C. Suárez et al.                                                                                                                                                                                                                                  



Energy 283 (2023) 128455

5

and power curves, the electro-thermal mapping instrument was used to 
measure and collect the current density and temperature data at an 
acquisition rate of 1 s. 

2.2.3. FC-DLC test 
The objective of the FC-DLC test in this work was to subject the fuel 

cell to repetitive load cycles and measure the effect of the different pe
riods of acceleration, braking and constant speed had on the current 
density and temperature fields within the fuel cell. During the tests, the 
current density is varied according to the established dynamic load cy
cles depicted in Fig. 5 and the voltage is obtained. The current density 
ratio was defined as a percentage of the maximum current density value. 
The cycle consisted of four repetitions of 195 s each at a low speed, such 
as that used on urban roads (urban driving cycle zone), followed by a 
period of 400 s simulating a highway condition and its corresponding 
acceleration (extra urban driving cycle zone). The complete cycle would 
correspond to a distance of approximately 11 km driven for 20 min. 

3. Results and discussion 

In this section, the main results of the experimental research are 
presented and discussed. 

3.1. Polarization curves and CDM measurements 

In a first set of experiments, polarization and power curves, including 
CDM measurements, were performed for the four different inlet/outlet 
configurations (NF, IAF, IHF and IF). The polarization curves results 
were also used to define the 100% current load for each configuration in 
the subsequent DLC tests. 

3.1.1. Polarization and power density curves 
Polarization and power curves were obtained following the experi

mental procedure described in section 2.2.2, and a comparison of the 
results for the different configurations was depicted in Fig. 6. Ascending 
(from open circuit voltage to maximum current) and descending (from 
maximum current to open circuit voltage) curves were included for each 
configuration. 

The experimental results indicated that the hysteresis phenomenon 
was present in all the studied configurations, as the forward curve 
(increasing current) was below the backward curve (decreasing cur
rent), suggesting that there was a certain degree of drying in the cell. 

The polarization curve in each case also showed the three polariza
tion regions (activation, ohmic, and mass transport). Similar voltage and 
power densities were obtained in the region of activation losses for 
density current values below 0.2 A/cm2. For example, at a current 
density of 0.1 A/cm2, the difference in voltage between the best 
configuration NF and the worst configuration IHF was only about 0.02 
V. The four configurations also performed similarly in this region in 
terms of power densities, with negligible differences. However, in the 
ohmic losses region, where the cell potential decreases approximately 
linearly with the current, the IHF configuration performed better, 
obtaining the highest voltage with higher values of approximately 0.02 
V compared to the worst IF and NF configurations at a density current 
value of 0.7 A/cm2. For the same density current value higher relative 
power densities of 3–4% were obtained for the IHF configuration. The 
IHF configuration performed even better in the region of mass transport 
losses, where the cell potential drop deviates from the linear relationship 
with current density due to a more pronounced concentration polari
zation, with higher voltage values in the range of 0.02–0.03 V compared 
to the other configuration NF. The same behavior was observed when 
comparing the power curves, in which the IHF configuration achieved 
higher power densities compared to the other configurations. However, 
these differences were small, with relative power density differences in 
the range of 3–5% at a current density of 0.9 A/cm2. 

Representative values of the average current densities in the polar
ization curves, obtained as the average between the ascending and 
descending curves, were later used in the FC-DLC tests to define the 
respective 100% current load values. In particular, for a representative 
voltage value of 0.6 V, the experimental current density of IHF config
uration was 0.898 A/cm2 (44.90 A), a 14.4% higher than the worst case 
of the NF configuration with 0.785 A/cm2 (39.25 A). The IF and IAF 
configurations achieved similar average current density at 0.6 V of 0.810 
A/cm2 (40.5 A) and 0.820 A/cm2 (40.1 A) respectively. Although the 
IHF configuration performed best, the maximum current density ach
ieved was the lowest (0.90 A/cm2), compared to the 1.04 A/cm2 ach
ieved by the IAF configuration. 

Fig. 4. Experimental setup for Normal Flow configuration (NF).  

Fig. 5. Fuel cell dynamic load cycle [35].  
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The main results described above for the polarization and power 
curves are summarized in Table 2, which shows the average current 
density at 0.6 V, the maximum current densities achieved and the 
maximum power densities at 0.9 A/cm2 are shown for the four config
urations studied. 

3.1.2. CDM measurements 
During the experimental acquisition of the polarization curves of 

each configuration, CDM measurements were performed with a data 
acquisition rate of 1 s. 

Figs. 7 and 8 show a comparison of the CDM results for a current 
density of 0.4 A/cm2 (20 A) as a representative illustration of the current 
density and temperature distributions obtained. 

Regarding the current density, similar variations were obtained for 
the different configurations, observing an inverse bell-shaped distribu
tion with higher values in the outer part of the bipolar plate and lower 
values in the central part regardless of the inlet/outlet positions. Due to 
the cross-flow configuration of the anode and cathode channels, the 
higher current densities were obtained in the collector channels, where 
the interception of the anode and cathode channels is much higher 
compared to the parallel-serpentine channels traversing the central part 
of the bipolar plate. In addition, the larger width and height dimensions 
of the collector channels allowed higher reactant mass flow rates in 
these zones, resulting in higher local current densities. 

Very homogeneous distributions of local temperatures were 
observed for the different configurations. The temperatures measured 
with the CDM sensor were 2-3 ◦C higher than the cell temperature 
operating condition of 65 ◦C, due to the fact that the cell temperature 
thermocouple was placed at a more distant position from the GDL, 
where heat generation occurs during the exothermic reaction. 

Similar distributions were obtained for the other current densities 
studied (0.2 A/cm2, 0.7 A/cm2 and 0.9 A/cm2). 

To quantify the degree of homogeneity of current density and tem
perature, the following variables were defined for current density (Id) 

and temperature (T): average (avg), standard deviation (std) and 
maximum relative deviation (rel, max): 

Id,avg
(
A
/

cm2)=

∑i=18×18

i=1
Id(i)

18 × 18
(1)  

Id,std
(
A
/

cm2)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
18 × 18

∑i=18×18

i=1

(
Id(i) − Id,avg

)2

√
√
√
√ (2)  

Id,rel,max(%)=max
[

abs
(
Id(i) − Id,avg

)

Id,avg
⋅ 100

]

(3)  

Tavg(
◦C) =

∑i=9×9

i=1
T(i)

9 × 9
(4)  

Tstd(
◦C)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
9 × 9

∑i=9×9

i=1

(
T(i) − Tavg

)2

√
√
√
√ (5)  

Trel,max(%)=max
[

abs
(
T(i) − Tavg

)

Tavg
⋅ 100

]

(6) 

Note that while the CDM sensor provides 324 local current density 
measurements evenly distributed in a matrix of 18 × 18 locations, the 
sensor provides only 81 temperature measurements distributed in a 
matrix of 9 × 9 locations. 

The results of the CDM statistic for current density and temperature 
are summarized in Table 3 and Table 4, respectively. For current den
sity, it was found that for each configuration an approximately linear 
increase of the standard deviation with current density. Almost constant 
heterogeneities were observed for the different intensities, with lower 
values of 88.7% of the maximum relative deviations from the mean for 
the IF configuration compared to the others, which remained in the 

Fig. 6. Polarization and power curves for the different configurations Normal Flow (NF), Inverse Air Flow (IAF), Inverse Hydrogen Flow (IHF) and Inverse Flow (IF).  
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range of 90.5–91.0%. 
In terms of temperatures, an approximately linear decrease of 

average temperatures with current density was observed in all config
urations. The cooling effect due to the increase in reactants mass flow at 
a lower operating temperature of 65 ◦C had a greater effect on the 
average cell temperature than the increase in heat generation at higher 
current density values. An approximately linear increase of the tem
perature standard deviation with current density was also observed for 
each configuration. The maximum relative deviations from the average 
temperature were very low, less than 1.5% even for the higher case (IHF 
configuration). 

3.2. FC-DLC tests and CDM measurements 

In a second set of experiments, DLC tests were performed, including 
CDM measurements. FC-DLC tests were performed for the four proposed 
configurations, repeatedly subjecting the cell to the same load cycle, 
including fast variations in load, prolonged OCV exposure as well as 

periods of steady-state operation as described in section 2.2.2. During 
the DLC tests, CDM measurements of current density and temperature 
were recorded simultaneously every second. 

3.2.1. FC-DLC tests 
Three load cycles were repeated sequentially for each configuration, 

taking into account a stabilization period of 1 h before each cycle. The 
100% current density references were defined according to the values 
previously obtained in Table 2: 0.96, 1.04, 0.90 and 1.00 A/cm2 for the 
NF, IAF, IHF and IF configurations respectively. 

Similar voltage results were obtained in each repetition, with relative 
differences of less than 1% with respect to the average of the three 
repetitions. As a representative example, Fig. 9 shows the three repeti
tions of the DLC test were shown for the IHF configuration. Small voltage 
variations were observed during the stabilization period prior to each 
DLC cycle at 0.678 A/cm2. 

A comparison of the FC-DLC tests for the different configurations is 
shown in Fig. 10 in terms of voltage. For simplicity, the average of the 
three repetitions in each experiment are shown, starting from t = 0 s. 

The four proposed configurations were able to complete the DLC 
tests with a correct cell response behaviour. 

In the range of the urban driving cycle, two different characteristic 
zones were observed. In a first zone, during the first 60 s, a transient 
stabilization behavior was observed for all configurations, with an 
approximately linear increase in current density and an approximately 
linear decrease in voltage. This initial behavior was due to the initial 
current density ratios defined in the DLC test, in which the current 

Fig. 7. CDM measurements for current density at 0.4 A/cm2 (20 A).  

Table 2 
Summary of polarization and power curve results for the four configurations.  

Configuration Iavg (A/cm2) Imax (A/cm2) Pmax (W/cm2) 

NF 0.785 0.960 0.520 
IAF 0.810 1.040 0.517 
IHF 0.898 0.900 0.535 
IF 0.820 1.000 0.520  
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density ratio was set to zero during the first 15 s of the test, then rapidly 
increased from 0 to 12.5% and maintained at this level for 13 s, and 
then, the current density ratio was rapidly decreased to 5% for 33 s. 
Afterwards, in a second zone, the transient evolution of the current 
density and voltage stick more significantly to the DLC current density 
ratio input. Within the urban driving cycle range, with low current 
density values below 0.26 A/cm2, the NF configuration presented higher 
voltages compared to the other configurations, even though the IHF 
configuration had a higher current density value. For example, at t =
190 s the IHF configuration showed a voltage of 0.733 V at a current 
density of 0.256 A/cm2, while at the same time the NF configuration 
reached a higher voltage of 0.753 V with a lower current density of 
0.229 A/cm2. Similar behavior but more pronounced differences were 
observed in the extra urban cycle, with current density values up to 
0.898 A/cm2. For example, at t = 1150 s, the IHF configuration showed a 
voltage of 0.550 V with a current density of 0.874 A/cm2, and the NF 
configuration showed a higher voltage of 0.582 V with a lower current 
density of 0.781 A/cm2. 

Notwithstanding the above, as depicted in Fig. 11, the IHF configu
ration presented a higher power density curve, because the product of 
current density and voltage was higher for this configuration compared 
to the others for both urban and extra-urban driving cycle regions. In 
particular, the total energy density during the cycle for the IHF config
uration at 210.6 J/cm2 was in the range of 8.6–9.1% higher compared to 
the rest of configurations with energy densities in the range of 193–194 
J/cm2. 

Fig. 8. CDM measurements for temperature at 0.4 A/cm2 (20 A).  

Table 3 
Statistical current density results for each configuration. Current density values 
for 0.2 A/cm2, 0.4 A/cm2, 0.7 A/cm2 and 0.9 A/cm2, separated by commas for 
each parameter.  

Configuration Id,avg (A/cm2) Id,std (A/cm2) Id,rel,max (%) 

NF 0.031, 0.062, 0.108, 
0.139 

0.012, 0.024, 0.042, 
0.054 

90.6, 90.6, 90.6, 
90.5 

IAF 0.031, 0.062, 0.108, 
0.139 

0.012, 0.023, 0.041, 
0.053 

90.7, 90.6, 90.9, 
90.7 

IHF 0.031, 0.062, 0.110, 
0.139 

0.012, 0.023, 0.042, 
0.053 

91.0, 90.8, 90.9, 
90.9 

IF 0.031, 0.062, 0.108, 
0.139 

0.0111, 0.022, 0.039, 
0.050 

88.7, 88.7, 88.7, 
88.7  

Table 4 
Statistical temperature results for each configuration. Temperature values for 
0.2 A/cm2, 0.4 A/cm2, 0.7 A/cm2 and 0.9 A/cm2, separated by commas for each 
parameter.  

Configuration Tavg (◦C) Tstd (◦C) Trel,max (%) 

NF 68.2, 67.9, 67.9, 
67.4 

0.114, 0.146, 0.266, 
0.387 

0.4, 0.4, 0.7, 
1.2 

IAF 68.2, 68.2, 67.8, 
67.7 

0.120, 0.157, 0.303, 
0.336 

0.5, 0.6, 1.1, 
1.2 

IHF 68.5, 67.9, 67.6, 
66.9 

0.101, 0.162, 0.288, 
0.451 

0.4, 0.5, 0.9, 
1.5 

IF 68.2, 68.5, 67.3, 
66.9 

0.118, 0.178, 0.356, 
0.445 

0.5, 0.7, 1.2, 
1.5  
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3.2.2. CDM measurements 
CDM measurements were also performed during the DLC tests with a 

data acquisition rate of 1 s. As an illustrative example, the results for the 
IHF configuration can be visualized in video format as supplementary 
data in Appendix A, showing both current density and temperature 
distributions at every second of the DLC test. 

To analyze the results obtained, Fig. 12 shows partial results for 
representative current densities of 0.2, 0.4, 0.7 and 0.9 A/cm2 for the 
same IHF configuration. A total of five measurements were included in 
the analysis: two measurements at 0.2 A/cm2 current density to compare 
the results during an increasing load variation (point 1) and a decreasing 
load variation (point 2), and one for each of the remaining current 
densities (points 3, 4 and 5). The scale in Fig. 12 has been fixed for the 5 
points in to compare the results. 

The statistical results of current density and temperature during DLC 
test are summarized in Table 5 and Table 6 respectively, for the repre
sentative points 1–5. 

With respect to the current density distribution, similar to the pre
vious CDM measurements for the polarization curve, the inverse bell- 
shaped distribution was observed in the five points analyzed. No sig
nificant differences in the CDM results were found when comparing the 
ascending (point 1) and descending (point 2) load variations. Although 

the inverse bell-shaped distribution was visually more pronounced at 
higher current densities (points 4 and 5), the maximum relative devia
tion from the current density average was approximately constant at all 
points, in the range of 78.9–79.6%. These percentages obtained were 
about 10% lower compared to the more heterogeneous distributions 
obtained during the polarization curves. Also, lower standard deviations 
were found during the DLC tests, especially in the high current density 
cases, indicating that the rapid changes in ascending and descending 
current densities caused less heterogeneity in the local current density 
distributions. 

Regarding the CDM measurements for temperature, again very ho
mogeneous distributions were observed, consistent with the previous 
CDM experiments of obtaining the polarization curve. No significant 
differences were found when comparing ascending (point 1) and 
descending (point 2) load variations. However, higher average tem
peratures with a maximum difference of 1.4 ◦C were found within the 
cell during the DLC tests in compared to the polarization curves. 

4. Conclusions and research limitations 

In this work, the performance of four different inlet/outlet configu
rations (Normal Flow, Inverse Oxygen Flow, Inverse Hydrogen Flow and 

Fig. 9. DLC tests results of the IHF configuration.  

Fig. 10. DLC tests current density and voltage results of the different inlet/outlet configurations.  

C. Suárez et al.                                                                                                                                                                                                                                  



Energy 283 (2023) 128455

10

Inverse Flow) of a parallel-serpentine PEMFC was experimentally 
investigated. The experimental campaign included the determination of 
polarization and power curves, as well as dynamic load cycling tests to 
simulate real driving conditions with operating conditions that included 
fast variations in load, prolonged OCV exposure and periods of steady- 

state operation. CDM measurements of current density and tempera
ture were taken during the experiments for both polarization and DLC 
tests. The key findings were: 

Fig. 11. DLC power density results of the different inlet/outlet configurations.  

Fig. 12. CDM measurements during the DLC tests for IHF configuration.  

Table 5 
Inverse Hydrogen Flow (IHF) statistical current density results during DLC test. 
Current density values of points 1-5 separated by commas for each parameter.  

Variable Id,avg (A/cm2) Id,std (A/cm2) Id,rel,max (%) 

Current density Id 0.033, 0.030, 
0.064, 0.110, 0.139 

0.011, 0.010, 
0.021, 0.036, 0.046 

78.9, 78.9, 
79.2, 79.2, 79.6  

Table 6 
Inverse Hydrogen Flow (IHF) statistical temperature results during DLC test. 
Temperature values of points 1-5 separated by commas for each parameter.  

Variable Tavg (◦ C) Tstd (◦ C) Trel,max (%) 

Temperature T 68.2, 68.8, 
68.5, 68.1, 68.3 

0.101, 0.097, 
0.160, 0.294, 0.429 

0.4, 0.3, 
0.6, 1.1, 1.5  
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- The IHF configuration performed best in terms of polarization and 
power curves. However, the differences with the other configura
tions were not significant, with maximum relative differences in 
power densities of less than 5% in compared to the other 
configurations.  

- CDM measurements of the local current density showed significant 
heterogeneities in its distribution with maximum relative differences 
in the range 88–91%. An inverse bell-shaped distribution with higher 
current density values in the outer part of the bipolar plate and lower 
values in the central part was obtained for all configurations and 
current density values. 

- CDM measurements of local temperature showed highly homoge
neous distributions for all configurations and current density values, 
with maximum relative differences in the range 0.4–1.5%.  

- The four proposed configurations were able to complete the dynamic 
load cycles, with correct cell behavior response. The IHF configura
tion performed best, with a total energy density during the cycle a 
8.6–9.1% higher in compared to the rest of configurations  

- When comparing the CDM measurements during the acquisition of 
the polarization curves and the DLC tests, no significant differences 
in the distributions were observed. 

The results and conclusions obtained in this research were focused on 
the CDM measurements during the DLC tests for the proposed inlet/ 
outlet configurations of a parallel serpentine 50 cm2 single PEM fuel cell, 
and thus are applicable and valid within the context of the specific cases 
investigated. Due to the interrelationship and coupling of various 
physical phenomena such as complex interactions among species 
transport, fluid flow, porous media, heat transfer, electrochemical re
actions, or electric current transport, the results cannot be directly 
extrapolated or generalized to other PEM fuel cell sizes, flow field 
configurations, operating conditions, or for the case of a stack of fuel 
cells. While further investigation of the aforementioned variables, as 
well as in-depth analyses of water management and membrane hydra
tion levels, could provide additional insight and potentially refine the 
findings, presented results provide valuable information and solid 
foundation for understanding the temperature and current density 
measurements during a dynamic load cycling test. 
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