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A B S T R A C T   

A homogeneous current density distribution improves a fuel cell’s performance and prolongs its service life. 
Effective cell structure designs and uniform compression during assembly could support this goal by ensuring a 
homogeneous reaction rate across the activation area. Due to the coupling of hydro-electro-thermal relationships, 
for instance, the concentration of reactants along the flow field decreases continuously as the electrochemical 
reaction proceeds, and the subsequent accumulation of liquid water leads to a low current density at the outlet. 
The effect of operating conditions, such as local heating, on the current density distribution requires further 
investigation. This paper studies the impact of local heating on polymer electrolyte fuel cell (PEFC) performance 
and analyses the effects on voltage by mapping the current density distribution across the active area. Local 
heating was supplied to the three regions of the electrode, namely, fuel inlet, central and outlet regions, with the 
latter exhibiting the best performance (in the activation, Ohmic and mass transport controlled region, the output 
voltage increases compared to no local heating corresponding to 1.28%, 2.17% and 2.46%, respectively). Here, 
we show that in all local heating cases, outlet heating can compensate for the lowest current density region with 
the largest current density increased by 91.10 mA cm− 2 and achieves a more homogeneous current distribution, 
while inlet heating aggravates heterogeneity. This study provides practical guidance for optimal thermal man-
agement system development whereby the cooling channel design should be locally optimised for more uniform 
distributions of current density and temperature compared to heating the cell uniformly.   

1. Introduction 

Polymer electrolyte fuel cells (PEFCs) are considered one of the most 
promising next-generation power systems, with the potential to achieve 
high efficiency, environmentally friendly operation, and independence 
from fossil fuels when operated with green hydrogen. However, 
manufacturing cost and service lifespan limit the commercialisation 
process of PEFCs [1–3]. Due to the variety of operational strategies 
(active/passive cooling), cell designs (flow field design) and materials, 
fuel cells exhibit complex hydro-electro-thermal characteristics, making 
it difficult to understand the coupled interaction between localised 
current and heat crucial for developing advanced systems. The 
nonuniform distribution of current densities results in heterogeneous 

heat and water production, thus affecting reactant transport. This in-
homogeneity can become increasingly prominent, leading to system 
performance degradation and, ultimately, reduced cell lifetime [4]. 

Measurement of the regionally dynamic current distribution by 
direct mapping can offer essential insight into the electrochemical re-
actions that happen inside. Experimental mapping techniques have been 
widely investigated to understand the root and mechanisms of in-
homogeneity; Hwang et al. [5] constructed a segmented current col-
lector with a 4 × 4 array of Hall-effect current sensors and found that the 
uniformity increased with current reduction. Similarly, Yu et al. [6] 
upgraded to 36 individual resistors to explore the current density re-
sponses during the reactant starvation and shutdown process, and their 
results revealed that the local current response was inconsistent after 

* Corresponding author at: Electrochemical Innovation Lab, Department of Chemical Engineering, University College London, London WC1E 7JE, United Kingdom. 
E-mail address: rhodri.jervis@ucl.ac.uk (R. Jervis).  

Contents lists available at ScienceDirect 

Energy Conversion and Management 

journal homepage: www.elsevier.com/locate/enconman 

https://doi.org/10.1016/j.enconman.2023.117717 
Received 21 August 2023; Received in revised form 25 September 2023; Accepted 26 September 2023   

mailto:rhodri.jervis@ucl.ac.uk
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2023.117717
https://doi.org/10.1016/j.enconman.2023.117717
https://doi.org/10.1016/j.enconman.2023.117717
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2023.117717&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Energy Conversion and Management 297 (2023) 117717

2

applying a dummy load following shutdown to consume the residual gas 
in the channel and reduce the cell potential; therefore, a lower dummy 
load is preferable. After commercial products (S++ Simulation Services, 
Germany) for mapping current density became available, they have 
been used for open-cathode fuel cell performance analysis [7,8], fractal 
flow-field evaluation [9], starvation caused degradation [10] and 
comparison between gas flow configurations [11]. The current density 
distribution is affected by many factors, including cell design [5,12–18] 
and operating conditions [19–24], such as flow rate, local humidity, cell 
temperature, and pressure drop. For instance, the effect of cathode flow 
rate, humidity and cell temperature on the pattern of current density 
distribution was investigated by Natarajan et al. [19]. The airflow rate 
dominates the current density distribution, and the current density 
along the flow direction also increases with the airflow rate. Tempera-
ture and humidity affect the current density distribution by changing the 
reaction kinetics and water removal capacity. The current density in-
creases along the flow channel under high temperatures (80 ◦C) and flow 
rates (500 sccm) because the electrolyte gradually dries out, which is 
verified from the measurements in a single cell with 4 cm × 12 cm active 
area [20]. Hartnig et al. [21] further studied the coupled electro- 
hydration effect via combined current density mapping and neutron 
radiography. They concluded that improper water management at the 
inlet and outlet of the anode flow field leads to uneven current density 
distribution during high current load. 

Uneven distribution of current density and its redistribution after the 
operation could lead to early localised ageing of the membrane electrode 
assembly (MEA); the early degraded region could compromise the 
durability of the entire cell [12,25]. Therefore, the homogenous distri-
bution of current density suggests that the whole activation region can 
be evenly utilised, thus alleviating local degradation. Firstly, chemical 
methods were used to achieve uniform distribution. Santis et al. [13] 
increased the catalyst loading along the cathode channel to compensate 
for the decreased oxygen concentration. A catalyst redistribution with a 
steeper profile suits lower cathode stoichiometries, while a smoother 
profile should be introduced for higher cathode stoichiometries. Sec-
ondly, the MEA structure and related flow field design have also been 
extensively studied to improve the non-uniform current distribution. For 
example, the in-plane electrical resistivity of the gas diffusion layer 
(GDL) has an adverse impact on current density, which is explained by 
the model developed by Bapat et al. [15]. Zhang et al. [18] proposed to 
increase GDL porosities along the cathode flow channel to maximise the 
availability of reactants to the catalytic site. Hsieh et al. [14] also proved 
that the interdigitated arrangement provides the most uniform current 
density distribution among all other flow field designs. [26,27]. 

Moreover, The relationship between temperature and current den-
sity distribution has been widely investigated; Wilkinson et al. [28] 
deduced the relationship between current density and temperature de-
rivative. They developed an indirect method for measuring current 
density distribution using some easy-to-set-up K-type thermocouples. 
The local distribution of current density directly represents the local 
electrochemical reaction rate and thus determines the local temperature 
change because of one dominant electrochemical reaction, which affects 
the overall reaction kinetics and water management. For instance, a low 
current density in a local region could show cumulative deficits over 
time because of less heat generation. 

To the best of our knowledge, the effect of the active change of local 
temperature on current density distribution has not been studied due to 
the complexity of hardware design and experimental setup. In this work, 
nine Peltier devices with independent temperature control have been 
integrated into a PEFC with 100 cm2 active area, using electro-thermal 
mapping to investigate the relationship between active local heating and 
cell performance. For the first time, the nonuniform compensation of the 
current density distribution through real-time adjustment of operating 
conditions has been demonstrated. Exploring and controlling local 
heating helps us better understand the cell’s physical mechanism and 
provides practical guidance for thermal management R&D. In addition, 

this method can be applied to simulate local hot spots and induce 
degradation in a controlled manner that allows for the accurate analysis 
of localised faults within fuel cell stacks. 

2. Experimental setup and procedure 

2.1. System configuration 

The experimental setup consists of three subsystems to allow for 
imposing local heating and measuring local current and temperature. 
The first implements the Peltier devices’ temperature control and safety 
monitoring. Fig. 1(A) demonstrates the Peltier plate with its holder in-
tegrated into the fuel cell, placed directly between the flow field plate 
and the endplate at the anode and then measuring the electro-thermal 
responses on the cathode side, as the active heating and S++ plate 
cannot be placed on the same side, and we are more concerned with the 
cathode side performance. One side of the Peltier plate is an array (3 ×
3) of nine independent Peltier devices with independent temperature 
control. The other side of the plate features a coolant flow field designed 
explicitly for the Peltier devices. The Peltier device in use is TE-127-1.0- 
0.8 from TE Technology, Inc. The length, width and height are 30 + 0.5/ 
− 0.2 mm, 30 + 0.5/− 0.2 mm and 3.1 ± 0.05 mm, respectively. Each 
Peltier has independent temperature control through feedback from the 
thermistor and an extra thermocouple (T type) to monitor the perfor-
mance and failure. A constant input voltage of 14 V is supplied to the 
working Peltier device, allowing the controller to determine the draw 
current via a PID control loop. Silicone thermal grease (RS S606C, 5 W/ 
m⋅K) is applied to both sides of each Peltier device for better heat con-
duction and electrical insulation. 

The second subsystem is the fuel cell test and data acquisition sys-
tem, in which the single fuel cell studied was an in-house built system 
with an active area of 100 cm2 and operated on a Greenlight G60 
(Greenlight Innovation, USA). The hot-pressed MEA consists of com-
mercial gas diffusion electrodes (HyPLAT) with a Pt loading of 0.4 mg 
cm− 2 and a 15 μm thick membrane (M820.15, GORE), and the elec-
trodes employ a Freudenberg H23C9 carbon paper with MPL (Freu-
denberg, Germany) and a hydrophobic treatment [29]. The flow field 
configuration was a 7-channel serpentine with a land width and channel 
depth and width of 1 mm. The plate on the anode side is 2 mm 
aluminium that is gold-coated to maintain an active temperature 
gradient after transfer to the MEA position, and 6 mm graphite is used on 
the cathode side. The mapping instrument, consisting of 7 × 7 temper-
ature and 14 × 14 current density measurements integrated into a PCB 
plate (S++ Simulation Services), was placed between the current col-
lector and the flow field plate at the cathode. The temperature mapping 
measures the active local temperature control and spatially correlates to 
the local current density distribution for performance changes. The cell 
assembly was sealed with a torque of 3 Nm applied to the 12 bolts, and 
the pressure distribution mapping in the active area region can be found 
in Fig. S1. More details about the cell assembly and components can be 
found in previous work by Rasha et al. [11]. The third subsystem is the 
customised coolant control system, which controls the temperature and 
flow rate of the circulating coolant. 

2.2. Experimental conditions 

Due to the non-uniform distribution of reactant concentration and 
local relative humidity (RH) from the inlet to the outlet along the flow 
field, local heating was carried out at the cathode inlet (device 1), 
middle (device 5) and outlet (device 9) of the single cell separately. The 
configuration of the flow field arrangement and the heating area is 
shown in Fig. 1(B). The temperature of the hot side of the Peltier device 
is set at 60 ◦C, and the temperature offset is generated when a current is 
applied across two materials, called the Peltier effect. Moreover, the 
temperature of the coolant is kept at 40 ◦C. The sampling interval for all 
equipment is the same (0.2 s) for data consistency. 
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The operating conditions are listed in Table 1, and the inlet RH is 
calculated according to the cell operating temperature of 40 ◦C and the 
temperature of the fed gases. As the overall cell output is shown in Fig. 1 
(C), analysis of the current density distribution and temperature distri-
bution under mass transport controlled (j = 1300 mA cm− 2), Ohmic (j =
750 mA cm− 2) and activation (j = 200 mA cm− 2) ‘global’ current den-
sities were undertaken to assess the effect of local heating on current 
distribution and, therefore, fuel cell performance. 

3. Results and discussion 

3.1. Activation region 

To verify the causal relationship between local heating and current 
density change, it is necessary to calculate the correlation coefficient 
between them. Eq. (1) is used to calculate the 2-D correlation coefficient 
[30] between two matrixes. 

r =

∑m
i=1

∑n
j=1(pij − p)(qij − q)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[
∑m

i=1
∑n

j=1(pij − p)2
][
∑m

i=1
∑n

j=1(qij − q)2
]

√ (1) 

In which The pij and qij are the pixel value at ith row and jth column 
respectively, p and q are average pixel value, and the size of each matrix 
is m× n. Considering that the 7 × 7 temperature distribution measure-
ment and 14 × 14 current distribution measurement are over the same 
area, upsampling should be performed to the temperature distribution 
by the method called Nearest Neighbor, shown in Fig. 2(A), which 

Fig. 1. (A) The single-cell system configuration to realise local heating. (B) Local heating location and flow configuration. (C) Cell performance without local heating 
(70% RH); coolant temperature is set to 40 ℃. 

Table 1 
The operating conditions of the single cell.  

Operation parameter Nominal value 

RH (Cathode/Anode) 0%, 70% and 100% 
Pressure (Cathode/Anode) 0 kPa 
Stoichiometry (Anode) 1.5 
Stoichiometry (Cathode) 3 
Coolant inlet temperature 40 ◦C  
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Fig. 2. (A) Schematic representation of the temperature distribution upsampling process. (B) The correlation coefficient matrix between current density distribution 
change and temperature distribution for the activation region (j = 200 mA cm− 2, 70% RH). In, Ce and Ou represent inlet, central and outlet area heating, 
respectively. 

Fig. 3. The corresponding current density distribution (vertical axis, blue-red colour gradient) and temperature distribution (base plane, rainbow colour gradient) for 
(A) the activation region (j = 200 mA cm− 2) without local heating (70% RH). (B–D) The change of current density distribution (compared to no heating) and 
temperature distribution corresponds to the activation region during inlet (B), central (C) and outlet (D) heating, respectively (70% RH). 

S. Zhou et al.                                                                                                                                                                                                                                    



Energy Conversion and Management 297 (2023) 117717

5

copies a pixel value of the input map to all pixels in the corresponding 
sub-region of output. Then, the correlation coefficients (r) can be 
calculated. The value of r is between − 1 and 1. 

The 2-D correlation coefficient matrix depicted in Fig. 2(B) reveals 
that the highest correlation coefficient can be obtained when the region 
of the current density change corresponds to the region of local heating. 
For example, the current density distribution change for the inlet area 
heating has the highest correlation coefficient with the temperature 
distribution caused by inlet heating, which is 0.7142. In general, the 
area of local heating (inlet, outlet, central) correlates most strongly with 
the current density distribution in the area matching that heating, 
proving that the increase in local current density is due to the local 
heating itself. 

Fig. 3(A) presents the current density and temperature distribution 
for a coolant-controlled temperature of 40 ◦C in the activation region (j 
= 200 mA cm− 2), where none of the Peltier devices is active. In all these 
figures, the cathode inlet is situated at (14,14) in the base panel co-
ordinates, and the cathode outlet at (0,0); the anode inlet and outlet are 
situated at (0,14) and (14,0), respectively (labelled on Fig. 3(A)). 
Overall, the current density distribution at the cathode inlet is higher 
than at the outlet, and the same trend is evident for hydrogen flow. Fig. 3 
(B)-(D) show the temperature distribution and current density changes 
(minus the ‘baseline’ current density distribution of Fig. 3(A)) during 

local heating in three different areas. In the activation region, the cell 
generates less heat due to the higher efficiency of the fuel cell at low 
currents. The cooling water temperature at the outlet and inlet is nearly 
the same (Fig. S7(A)). The corresponding local current density increases 
when the local temperature increases due to local heating provided by 
the Peltier array. When the temperature at the inlet area increases, the 
current density increases by 31.75 mA cm− 2 at most. When the local 
heating occurs in the central area, the current density increases by 35.47 
mA cm− 2. The largest current density increase for the outlet area tem-
perature increase is 91.10 mA cm− 2, corresponding to a 1.28% output 
voltage improvement. This means that areas with higher current density 
are alleviated, and the overall reaction occurs more evenly. 

The frequency analysis of current density distribution corresponding 
to the activation region (j = 200 mA cm− 2) without or with local heating 
is shown in Fig. S2, where the x-axis represents current density and the 
y-axis represents the counts of current density pixels in a particular 
range. Ideally, the current density is evenly distributed, and all pixels 
should fall at the 200 mA cm− 2 point (the ‘global’ current density 
defined by the load). Compared with other heating operations, the dis-
tribution (more concentrated) is closer to the ideal one under the con-
dition of outlet heating, so cell performance improves accordingly. 

Fig. 4. (A) The corresponding current density and temperature distribution in the Ohmic region (j = 750 mA cm− 2) without local heating (70% RH). (B–D) The 
change of current density distribution (compared to no heating) and temperature distribution corresponds to the Ohmic region during inlet (B), central (C) and outlet 
(D) heating, respectively (70% RH). 
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3.2. Ohmic region 

In the Ohmic region (j = 750 mA cm− 2), the increased flow of ions 
and electrons leads to a more significant voltage loss than in the acti-
vation region, with a large amount of heat generated. In Fig. 4(A), the 
maximum temperature increased to 45.2 ◦C compared to 41.9 ◦C in the 
activation region under no local heating. Furthermore, the coolant 
outlet temperature also slightly increased to 40.4 ◦C (Fig. S7(B)), which 
means the coolant is working to remove the heat, so the effect of local 
heating on cell performance changes accordingly. For both inlet and 
central heating, the area of larger current density when no local heating 
is applied continues to increase (Fig. 4(B) and (C)), even when ac-
counting for normalisation to the baseline case without heating. In the 
case of central local heating, an additional, more minor, increase in 
current density is detected in the centre of the cell. Besides, the 
maximum current density (as shown in Fig. S3(B) and S3C) and the 
standard deviation continued to increase, so it can be concluded that 
improper local heating will worsen the uneven current density distri-
bution. It can also be found from Fig. S5 that the region where the 
current density changes and the local heating region no longer always 
match. The effect of outlet heating on current density is pronounced, 
with the current density in the heating area increasing by 143 mA cm− 2. 

The large relative increase in the outlet region serves to produce the 
most even distribution of current density for this case, compensating for 
the uneven current density that arises without local heating. The shift of 
current density to a lower range can be found in Fig. S3(D), corre-
sponding to a 2.17% output voltage improvement. In this way, providing 
local heating to the outlet region of the fuel cell balances the current 
density distribution across the MEA for the medium current operation 
(750 mA cm− 2 global current density). 

3.3. Mass transport controlled region 

For the mass transport controlled region (j = 1300 mA cm− 2) and no 
local heating case, the maximum temperature in the active area reached 
49.8 ◦C (Fig. 5(A)), corresponding to a high current density which is 
around 1415 mA cm− 2 (excluding the edges). In contrast to the lower 
current density cases (activation and Ohmic regions of the polarisation 
curve), at high current density, the heat generated by the fuel cell re-
action itself tends to dominate the area of local heating (located around 
the centre and inlet), such that in the cases where additional local 
heating is supplied it either enhances the existing hotspot or adds a 
different hotspot in an adjacent area, as shown in Fig. 5(B)-(D). Under all 
the local heating cases, a hotspot appears in the central region. For 

Fig. 5. (A) The corresponding current density and temperature distribution in the mass transport controlled region region (j = 1300 mA cm− 2) without local heating 
(70% RH). (B–D) The change of current density distribution (compare to no heating) and temperature distribution corresponds to mass transport controlled region 
during inlet (B), central (C) and outlet (D) heating (70% RH). 
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example, the maximum temperature in the active area reached up to 
51.2 ◦C in the central heating case. This results in a drop in current 
density in the central active area, and excessive temperatures may 
adversely affect local water management. 

Although water uptake is enhanced with increasing temperature, 
there exists a trade-off between water uptake and membrane dehydra-
tion. Therefore, the water content in the membrane will decrease with 
the elevated operating temperature [31] once the balance is broken. 
Uneven current density can arise across the area of the MEA for many 
reasons [32], leading to uneven heating. By implementing local heating 
in various positions in the cell, we aim to counter the variation across the 
cells and produce a more even distribution of current, which could lead 
to lower degradation and maximised utilisation of the MEA. In the mass 
transport controlled region, as with the activation and Ohmic region, 

local heating at the outlet acts to more evenly distribute the current 
density than in the case with no local heating; however, due to the 
increased contribution from the electrochemical reaction to the overall 
heating of the fuel cell, in which the coolant outlet temperature is 
around 41.2 ◦C (Fig. S7(C)), local heating at this current density has a 
less effective result in balancing the current density, with local cooling 
likely to provide a more even current distribution across the MEA. 

As shown in Fig. 6(D)-(F), the minimum and maximum temperatures 
increase for all local heating configurations compared to no local heat-
ing, which indicates that the local heat passes through the covering plate 
and the flow field plate and simultaneously transmits across the plane, 
thus increasing the overall temperature of the cell. For all heating cases, 
the temperature differences are around 1-3℃. It is also worth 
mentioning that the temperature differences at the MEA should be 

Fig. 6. (A–C) Maximum (Tmax), minimum (Tmin) temperature and temperature difference (Tdiff) for activation region (j = 200 mA cm− 2, A), Ohmic region (j = 750 
mA cm− 2, B) and mass transport controlled region (j = 1300 mA cm− 2, C). (D–F) Cell voltage (V) at 70% RH, current density standard deviation (CDstd), minimum 
(CDmin) and maximum (CDmax) current density distribution for activation region (D), Ohmic region (E) and mass transport controlled region (F) at 70% RH. No 
represents no local heating, In, Ce, and Ou represent inlet, central and outlet area heating, respectively. 
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higher as the active thermal gradient is transferred first to the MEA and 
then to the S++ current collection plate. The locations of the observed 
hot spots (Fig. 3(B)-(D)) also indicate the effectiveness of local heating. 
In all heating cases, the performance improvement is attributed to the 
influence of current density distribution; the combination of the 
decrease in maximum current density, the increase of minimum current 
density, and the reduction of current density standard deviation (Fig. 6 
(A)-(C)) will result in a more uniform reaction and higher output 
voltage. In the mass transport controlled region, it is clear that the 
current density distribution for heating cases is similar to no heating; 
achieving local cooling should be considered as the cell generates lots of 
heat. 

As the average temperature of the cell increases, performance in-
creases for all cases at each current density (70% RH). The local heating 
carried out in inlet, middle and outlet locations affects fuel cell perfor-
mance differently. Generally, the cell performs best when heated locally 
at the outlet position (here, we are only comparing different heating 
positions), whether in the activation, Ohmic, or mass transport 
controlled regions of the polarisation curve. Mass transfer resistance can 
be reduced for higher temperatures by improving condensation prob-
lems, reducing the amount of liquid water and enhancing the catalytic 
activity [31]. In addition, the membrane’s water adsorption capacity 

and ionic conductivity are enhanced [33] as long as the humidification 
is sufficient and the membrane remains hydrated everywhere. 

3.4. Effect of Relative Humidity 

Local heating affects the reaction kinetics and may change local 
water management. The external characteristics of the cell are shown in 
Table 2. By comparing the voltage of outlet area heating with that of no 
local heating, the cell voltage increases from 0.7257 V to 0.7350 V 
(1.38%) at 70% relative humidity (RH). The voltage rises from 0.6845 V 
to 0.7156 V (4.54%) at 100% RH without and with local heating. In the 
case of no humidification (RH = 0%), the voltage jumped from 0.6832 V 
to 0.7303 V (6.9%). It seems that local heating has the most acute effect 
on the local voltage under no humidification, indicating that improved 
water management is not the main reason for local heating improving 
the performance of the fuel cell. 

At 100% RH, as shown in Fig. 7(A), the current density distribution 
reaches its highest point near the reaction gas inlet, which results from 
the least amount of liquid water accumulated at the inlet area. After 
changing the local temperature, the current density distribution did not 
change dramatically (Fig. 7(B)-(D)) compared to the 70% RH cases 
discussed in Fig. 3. It suggests that local heating does not improve 

Fig. 7. (A) The corresponding current density and temperature distribution in the activation region without local heating (100% RH). (B–D) The change of current 
density distribution (compared to no heating) and temperature distribution correspond to the activation region during inlet (B), central (C) and outlet (D) heating 
(100% RH). 
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performance primarily through improved water management but 
through changing reaction kinetics. The results obtained without hu-
midification also validate this conclusion (Fig. 8) since the shapes and 
distribution trends of the current density and temperature distribution 
plots corresponding to the activation region at the cathode inlet, central 
and outlet are similar when we compare the Fig. 7(B)-(D) (RH = 100%) 
to Fig. 8(B)-(D) (RH = 0%). The local heating can still change the current 
density distribution, even if the reactants are dried out, and the cell does 
not generate much water in the activation region. 

4. Conclusions 

This work integrated a Peltier array with independent temperature 

control into a commercial-sized PEFC with a 100 cm2 active area. The 
electro-thermal mapping was used to investigate the effect of active 
local heating on cell performance. Local heating was used to compensate 
for non-uniform current density distributions across the MEAs of PEFCs. 
Generally, the fuel cell does not produce sufficient heat in the activation 
region. In the local area, the heating increases current density at the 
associated location of the cathode (inlet, central and outlet). In partic-
ular, it is expected to obtain the highest output voltage among all 
heating locations when heating is applied to the outlet due to the ho-
mogeneous current density distribution via local current compensation. 
Specifically, the largest current density was increased by 91.10 mA cm− 2 

at the outlet area, the highest among all locations. The Ohmic region has 
a similar trend to the previous region. When it comes to the mass 
transport region, it is found that the local heating has limited influence 
on the outlet area, as the heat production of the cell itself mainly 
dominates the temperature distribution in the active area. This is 
because the higher local temperature might dry up the membrane (for 
inlet, central heating and outlet heating, the largest decrease of current 
densities was 26.9, 51.1 and 58.2 mA cm− 2 according to local hot spots). 

The results suggest introducing coolant to lower current density 
areas to provide local heating if coolant temperature exceeds the cell, 
and to high current density areas for extra cooling. Continuous 

Table 2 
Cell voltage (V) in activation region for different RH, none represents no local 
heating.   

70% RH 100% RH 0% RH 

None  0.7257  0.6845  0.6832 
Inlet  0.7274  0.7071  0.7143 
Central  0.7309  0.7127  0.7253 
Outlet  0.7350  0.7156  0.7303  

Fig. 8. (A) The corresponding current density and temperature distribution in the activation region without local heating (0%RH). (B–D) The change of current 
density distribution (compared to no heating) and temperature distribution correspond to the activation region during inlet (B), central (C) and outlet (D) heating 
(0%RH). 
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monitoring and adjustment of coolant flow based on temperature and 
current density distribution is crucial. Flexible fuel cell designs accom-
modating these changes could enhance PEFC efficiency and mitigate 
local degradation. Our research provides a feasible route to modify the 
dynamic design of thermal management systems and thus improve the 
understanding of cell behaviours. 
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