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Abstract 

The remaining useful lifetime (RUL) of proton exchange membrane fuel cell (PEMFC) 

has been influenced by the heterogeneous distribution. In this presented paper, a novel 

method considering the internal heterogeneity is proposed and investigated to manage the 

proton exchange membrane fuel cell (PEMFC) operation thus prolonging the remaining 

useful lifetime. This method including the mathematic steps of quantification, 

normalization, and coordinate transformation, converts the conventional power-current 

density curve into a novel power-heterogeneity curve. The electro-thermal mapping 

device is applied to measure the physical-field heterogeneity of a single cell during the 

polarization curve tests under different temperature conditions. This method is validated 
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by the results in the current region of 750 ~ 860 mA cm-2 of the polarization curves under 

temperature conditions of 50 °C and 60 °C. The novel method shows the effectiveness to 

make the fuel cell operate at a lower heterogeneity extent meanwhile a similar 

performance.  

 

Keywords: proton exchange membrane fuel cell; heterogeneous distribution; 

quantification; normalization; coordinate transformation 
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1. Introduction 

The increasing greenhouse effect and growing energy crisis have appealed to the rapid 

development and application of sustainable energy technologies. Recently, proton 

exchange membrane fuel cell (PEMFC) is a promising technology and application in the 

demand for renewable and sustainable energy [1–4]. Nevertheless, its commercialization 

process is restrained by the deficiencies of a short service lifespan [5,6] and expensive 

platiniferous materials [7,8]. At present, the platinum is still indispensable in membrane 

electrode assemblies (MEAs) for most PEMFCs, thus how to improve the operation 

strategy [9,10] to enhance the remaining useful lifetime (RUL) [11,12] and reduce usage 

costs [13] for technical PEMFCs is one of the primary concerns.  

In recent, several studies [14–19] have reported that internal heterogeneity of physical-

field distribution accelerates fuel cell degradation, leading to a decreased lifespan. 

Ferreira et al. [14] intercalated the decay model to a computational fluid dynamics model 

and found that oxygen distribution with poor disparity accelerates cell degradation. 

Moreover, the non-uniform degradation further leads to oxygen distribution unevenly and 

vice versa. At start-ups and shutdowns, it has been found that the transient heterogeneity 

of reactants [15–17] causes heterogeneous current distribution, further leading to severe 

material degradation in return. Dubau et al. [15] pointed out that MEA materials have 

significant heterogeneous degradation during accelerated stress tests. The heterogeneous 

distribution of current density leads to non-uniform thermal and water produce, of 

temperature results in local overheating even membrane drying, and of water content 

causes local flooding. These detrimental effects further increase the heterogeneity and 

even form a vicious circle conversely, as a result, reducing performance and shortening 

the lifespan of the PEMFC.  
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However, it is worth noting that, inside PEMFC, the heterogeneous distribution of the 

physical field is an inherent property caused by its size [20], flow-field design [21,22], 

transmission and reaction mechanism [23], and the material non-uniform distribution [24]. 

Moreover, the distributions are more heterogeneous in the scaled-up PEMFC for 

industrial purposes [15,20]. Over the years, the segmented cell [25] and print circuit board 

(PCB) [26,27] technologies are the primary means to measure and evaluate the physical 

field distribution inside PEMFC. Thus, how to reduce the heterogeneity of physical-field 

distribution [28], such as the local temperature, local current density and so forth [29–31], 

meanwhile maintaining efficient output performance [32] is of significance for improving 

PEMFC durability. 

From the PEMFC perspective, a popular way in current to decrease the heterogeneity 

is the flow-field optimization and design [33,34]. Chen et al. [35] improved the parallel 

flow field to a stepped one, being experimental validation by polarization curve, the 

numerical results indicated that this new flow field not only reduces the areas of low 

oxygen concentration, low current density and flooding, but improves the homogeneity.  

A novel framework named metal foam flow-field was investigated in [22] and the 

numerical results indicated that it improves the reactant homogeneity inside the fuel cell. 

Bethapudi et al. [36] found that, according to the measured spatial distribution, the fractal 

flow-field PEMFC exhibits a more homogeneous distribution and assists to avoid the 

flooding effectively. Other types of flow-field design, such as lung-inspired [37], bio-

inspired [38], and so on [39], enhance cell performance as well as reduce heterogeneity. 

Most studies focusing on PEMFC itself have obtained satisfactory results on continuously 

improving performance and reducing heterogeneity. 
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From the application perspective, it is to apply and test the PEMFC without changing 

its structural and geometric design. Hence, how to keep up the efficient output and 

maintain a more homogeneous distribution in the meanwhile is crucial to extending RUL. 

It has been indicated that heterogeneity is affected by operating conditions of temperature, 

pressure, current intensity, and the like [14,40,41]. Customarily, the PEMFCs avoid 

operating at low and high temperatures due to their weak performance and vulnerable 

component material in such cases [42]. Low temperatures lead to the PEMFC 

conductivity loss, sluggish reaction process [42], and suffering CO poisoning [43]. High 

temperatures result in the membrane losing mechanical stability [44] even encountering 

irreversible damage. For suitable temperatures, the strategy was reported to manage the 

operation in-depth, which is to select the better voltage or power at the identical current 

densities based on polarization curves [45]. Considering the effects of heterogeneity on 

RUL and the impact factors of heterogeneity, it is necessary to develop a strategy 

combining polarization curves to manage the PEMFC operation thus prolonging its RUL. 

However, little literature has reported the quantitative effects of heterogeneity on fuel cell 

RUL over the years.  

The polarization curve is an effective way to evaluate the fuel cell overall performance 

[46,47], which is tested at a steady temperature and across the current range (generally 

from zero to limiting current) with the voltage recorded [41]. One of the principal 

applications of the polarization curve is to optimize the geometric structural parameters 

[32], operating conditions[45], and so forth, so that improving the PEMFC performance. 

As for industrial application scenarios [48] or simulated dynamic operation [49], whether 

the temperature is robust controlled at expected values is worth paying attention to due to 

the reactions continuously producing heat when the PEMFC delivers power to external 
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circuits [50–52]. The cell temperature increases as elapsed time lasts and the current 

intensity increases. Moreover, the temperature is difficult to be constrained at expected 

values in the case of dynamic load cycles. Therefore, Rasha et al. [41] reported a novel 

manner that the temperature is not get commanded during polarization curve tests to 

investigate the effects of the self-heating phenomenon on PEMFC performance. 

This work is inspired by the studies on heterogeneous distribution affecting the PEMFC 

lifetime. This paper proposes a novel method to further manage the PEMFC operation 

based on the heterogeneous distribution. The principal contributions and the novelty are 

shown as follows. A numeric index is proposed to quantify the heterogeneous distribution 

of the local current density, which is measured by an electro-thermal mapping device[53]. 

This novel method consists of steps of quantification, normalization, and coordinate 

transformation. The conventional power versus current curve is transformed into the 

novel power versus heterogeneity curve using this method. The PEMFC can operate in 

the situation of the lower heterogeneity of current density meanwhile the similar 

performance in the specific current region. Thus, the fuel cell lifespan can be prolonged 

to some extent using this novel method.  

The framework lays out as follows. Section 2 introduces the experimental setups and 

the testing procedures. Section 3 presents the quantification methodology, analysis of 

experimental results, and the novel plots of the method. Section 4 concludes this paper. 

In addition, the Appendix clarifies the detailed steps of normalization and coordinate 

transformation. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

2. Experiment 

2.1 Experimental setup  
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A single cell with an active area of 100 cm2 is tested in this work [27]. For the MEA 

components, a 15 m Gore M820.15 membrane (W. L. Gore & Associates, Inc.) is 

sandwiched by two 230 m gas diffusion layers typed Freudenberg H23C9. The catalyst 

Pt loadings are 0.4 mg cm-2 (HyPlat Ltd) for both the anode and cathode sides. The 

serpentine-pattern channels are adopted for the flow field with the 1 mm channel width 

and depth as well as the 1 mm rib width. The exploded views of the cell are illustrated in 

Fig. 1a. In addition to the cell components, a mapping device is inserted into the cathode 

side, between the bipolar plate and the current collector. 

The mapping device based on PCB technology is fabricated by S++ (S++ Simulation 

Service, Germany), which is applied to measure the electrical and thermal distribution of 

the fuel cell. The PCB-based mapping device covers a 100 cm2 active area with an array 

of 14 × 14 shunt resistors with a 50.5 mm2 current contact area for each one. This device 

also contains 7 × 7 uniformly distributed units to measure the local temperature. The 

schematic of the mapping device is shown in Fig. 1b, where the black bullets represent 

the shunt resistors to collect the current information and the red bullets represent 

temperature sampling points, respectively. The contact area between the current collector 

and the mapping device is presented by the square centered on each bullet. A Cartesian 

coordinate system is established and the gas flow orientations are displayed in Fig.1b to 

give a convenient explanation for the methodology in the following content. Here, the 

sampling points as labeled in Fig. 1b near the cathode inlet are appointed as the coordinate 

(1, 1) for electrical and thermal mapping plots, respectively. 

2.2 Testing procedure 

Fig. 1c shows the schematic of the testing system. The polarization curves of the cell 

are conducted using the experimental bench controlled by LabVIEW software (National 
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Instruments). The fuel and oxidant are supplied by BOC (London, UK) with the following 

properties: hydrogen (99.995% purity) and air (99.998% purity). The stoichiometric 

ratios are 1.5 and 3.0 for anode and cathode reactants, respectively. During the 

polarization curve tests, pure hydrogen with 30% RH (relative humidity) and the air is 

supplied along flow channels [41]. 

The cell temperature is not actively controlled once the start of the polarization curve 

tests for all the operating conditions. Three sets of experiments are conducted at various 

initial temperatures of 50 °C, 60 °C and 70 °C, respectively. It means that when the cell 

is preheated to the desired temperature, the heating subsystem is controlled to output a 

constant power to maintain the initial temperature. Moreover, heat dissipation is not taken 

through the experimental processes. In this way, when starting to test the fuel cell, a part 

of the generated heat is exchanged with the ambient and the rest is used for self-heating. 

Therefore, due to the self-heating, cell temperature continues to increase based on the 

initial temperature. The polarization curve is conducted with current density in 50 mA 

cm-2 step increment with each current density retained for 60 s. Tests are terminated when 

the total current rises to 130 A or the voltage declines to 0. During the testing process, the 

electrical and thermal mapping data, current intensity, and voltage response are recorded 

by the devices every 500 ms through the data acquisition system (DAQ).  
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Fig. 1 (a) Exploded graph of the single fuel cell with a mapping device, (b) schematic diagram of the 

mapping device with the reactant flow orientations and a Cartesian coordinate system, and (c) 

schematic diagram of the testing system. 

 

3. Results and discussion 

3.1 Methodology – heterogeneity quantification 
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Heterogeneity quantification is proposed in this paper according to the mapping data 

to achieve the description and analysis of PEMFC performance from a novel perspective.  

In this case, the distributed current density and temperature are transformed into 

numerical matrices. Equations (1) and (2) represent the current and temperature 

distribution at each data record, respectively.   

 ( )

1,1 1,14

2,1 2,14

14,1 14,14

 
 
 =
 
 
 

i i

i i
I k

i i

 ( 1 ) 

 ( )

1,1 1,7

2,1 2,7

7,1 7,7

t t

t t
T k

t t

 
 
 =
 
 
 

 ( 2 ) 

where I, T denotes the current and temperature profile, k is the sequence of the data record, 

and i, t indicates the local values of current density and temperature, respectively. Besides, 

the subscripts of each term in equations (1) and (2) indicate the position sampling points, 

which correspond to the mapping coordinates in Fig. 1b of current and temperature, 

respectively.  

The standard deviation (SD), which is used to figure data distribution characteristics 

generally, is applied to quantify the physical field heterogeneity in this paper. The 

following contents show the steps of calculating the standard deviations. The data mean 

values are expressed as equations (3) and (4): 
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where EI and ET indicate the mean value of the current density and temperature for the 

kth mapping data, and subscripts m, n, j, l are the sequence number of matrix rows and 

columns corresponding to the position. Therefore, the SD values of current density and 

temperature can be expressed as equations (5) and (6): 
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where SI and ST express the standard deviation of the current density and temperature to 

quantify the heterogeneity for the kth mapping data in the time domain. 

3.2 Polarization curves 

The fuel cell performance under each condition is illustrated in Fig. 2, where the 

polarization curves and power versus current density curves are illustrated in Fig. 2a and 

2b, the temperature varying curves are displayed in Fig. 2c as well. All the points in Fig. 

2 are calculated by the mean values for each current intensity. 

The PEMFC exhibits a preferable overall performance at 50 °C with greater limiting 

current density and maximal power, which is notable in Fig. 2a and 2b. Moreover, a 

reduction of limiting current density from 1314 mA cm-2 (50 °C) to 708 mA cm-2 (70 °C) 

can be observed in Fig. 2a with the initial temperature increases. Thereby, cell voltage 

drops and the maximal power declines according to the voltage-current relationships. The 

corresponding current density of peak power is closed to the concentration loss region 
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according to the power–current density plots in Fig. 2b and the peak power reduces by 

47.3% from 57.7 W (50 °C) to 30.4 W (70 °C). 

 

Fig. 2 The electrical parameters and temperature versus current density curves under the initial 

temperatures of 50 °C, 60 °C and 70 °C. (a) polarization curves; (b) power performance curves; and 

(c) temperature varying curves. 

Previous studies [54,55] have demonstrated that limiting current density is reciprocally 

related to temperature and is greatly affected by water content inside the fuel cell, which 

has a decisive impact on oxygen diffusion in porous media layers, oxygen partial pressure 

in the catalyst layer, and air transport in channels. Plenty of liquid water is produced 

through the oxygen reduction reaction (ORR) when the fuel cell operates at high current 
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intensities, even though the elevated temperature has enhanced the saturated vapor 

pressure to reduce the water saturation. The liquid water, in the form of droplets, plugs 

and films, occupies the pores in porous media impeding the oxygen diffusion to reaction 

sites. Moreover, it attaches to channel walls, hindering air transport and even increasing 

the pressure drop. Therefore, the limiting current is affected and reduced according to the 

above mechanisms. Furthermore, the limiting current of the MEA component working at 

70 °C or above is constrained by membrane dehydration as well.  

Without active heat dissipation measures, as shown in Fig. 2c, the temperature rises 

21.1 °C, 17 °C and 6.5 °C eventually, respectively, for three cases. Thus, it is significant 

that the thermal energy produced by the ORR heats the cell continuously with current 

increment and elapsed time. The primary reason for different temperature rises is that the 

fuel cell achieves a smaller limiting current in a higher initial temperature case. It is worth 

noting that, for the cases of 50 °C and 60 °C, despite the temperature continuously 

increasing up to more than 70 °C in the testing process, the current intensity can still be 

maintained and can even reach higher under this strict condition. In contrast with the 

former, the limiting current density only achieves 700 mA cm-2 when the initial 

temperature is 70 °C. Therefore, it can be regarded that the initial temperature or the initial 

humidity for the fuel cell has a greater impact on the performance and heterogeneity. The 

effects of initial conditions on fuel cell heterogeneity are discussed in depth in Section 

3.3. 

A current density region from 750 to 860 mA cm-2, which is highlighted in light blue 

in Fig. 2a and 2b, contains similar voltage and power for the fuel cell. It can be noted 

from the polarization curve and power curve that, compared to the 60 °C case, it has, for 

the 50 °C case, a greater activation loss, less ohmic loss, and higher limiting current 
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density. Hence, the polarization and power curves of the two cases intersect and it can be 

observed the approximate performance in this highlighted region. Fuel cell performance 

in this current region is the core content of this paper and, in consideration of 

heterogeneity characteristics, it will be studied emphatically and in detail in the next 

sections. 

The polarization performances are discussed under various initial temperatures in this 

part. The results indicate that temperature affects the limiting current and the performance. 

Temperature increase reduces the limiting current and a proper rise of the temperature 

can improve the output performance, yet too high the temperature could lead to local 

membrane dehydration. The initial temperature, under the same inlet conditions, is 

noteworthy that it can be one of the principal constraints for the performance and the 

limiting current density. A low initial temperature corresponds to a low liquid water 

saturation pressure, leading to more hydrated membrane regions and improving the fuel 

cell performance as a result. 

3.3 Heterogeneity phenomena 

The mapping results in Fig. 3 indicate that the current density is not uniformly 

distributed inside the fuel cell. The heterogeneity phenomena of mapping patterns and 

coordinate values vary with every record in the time domain. The authors note that, under 

the same total current, the time-series values of current density fluctuate near a constant 

value for each measurement point. Hence the contour images in Fig. 3 are composed of 

mean values at each condition. Different from the characteristics of current density 

images, the extreme values of temperature images are less than 2 °C in each data record, 

which is far below the operating temperature. Thus, the following contents mainly discuss 

the current density heterogeneity. Fig. 3a–3c compare the characteristics of current 
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density distribution under the same total current 50 A, and Fig. 3d and 3e are the statistics 

of the measured values under the total current intensity of 50 A and 80 A, respectively. 

 

Fig. 3 The contour images of current density under the total current density for three conditions. (a) 

50 °C; (b) 60 °C; and (c) 70 °C. The statistics of the measured data for each condition under the total 

current of (d) 50 A and (e) 80 A. 

The distribution of current density, shown in Fig. 3a–3c, exhibits some characteristics 

that, for all three cases, the current density is concentrated in the MEA central region and 

is lower in the outlet regions. Another possibility for the outlet regions can be the deficient 

reactants. The reduction of reactant humidity can be derived from the increased initial 

temperature according to the relation of vapor saturation pressure versus temperature. The 

moist reactant meets a higher temperature and increases the vapor saturation, hence the 

reactant RH decreases due to the constant vapor pressure. Therefore, one explanation for 

the low current densities in local regions is that insufficient humidity causes a slower 

electrochemical reaction rate. With the reaction proceeding, the generated water at the 

cathode catalyst transfers to bipolar channels, and some back diffuses to the anode side 
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humidifying the membrane. Thus, the electrochemical reaction is accelerated in these 

regions inducing higher current densities. Moreover, comparing these contour images, 

the low current density regions and the extreme values get larger very slowly with 

temperature increase, resulting in a more heterogeneous distribution. 

Fig. 3d and 3e, the data statistics of the contour images, intuitively reflect the 

distribution of measured current density in the probability form under the total current of 

50 A and 80 A. It can be noted that, for the cases of 50 °C and 60 °C, most of the current 

densities concentrate in the interval of 450 ~ 550 mA cm-2, and their extreme values are 

less than 250 mA cm-2. However, compared with the former cases, it emerges a contrary 

trend of the data statistics for the case of 70 °C. The statistical features are that a large 

range from 50 to 800 mA cm-2, current density distribution centralizing in near the 

extreme values, and only little data closed to 500 mA cm-2. The local drying at the cathode 

inlet region causes a slow reaction rate and a current density; thus, large current densities 

are required in other regions to maintain the total current at 50 A. Similarly, it can be 

observed from the distribution characteristics at the current intensity of 80 A that the 

extreme value increases and the distribution probability of current density diverges to the 

sides. 

The above discussion can be concluded that the increased temperature and current lead 

to a more non-uniform current density distribution. The gradients of current density 

increase among different regions, in this context, leading to a heterogeneous distribution 

in water content, pressure, and so forth. A more uneven degradation and structural 

changes of MEA components can be inferred due to the cell suffering non-uniform stress 

situation. The local materials degradation is accelerated under high temperature and 
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current intensity, resulting in reduced operation stability and remaining useful lifetime 

eventually. 

3.4 Heterogeneity quantification of current density 

The quantification results of the mapping data are discussed in this section, where Fig. 

4 shows the SD values in the time domain containing the current intensity in the subplot, 

and Fig. 5 illustrates the SD values versus current density with error bars. The relative 

error calculated by extremums, which is superimposed to each mean value and the mean 

value under each current density are applied to reflect the oscillating extent in the time 

domain. 

 

Fig. 4 The varying trend of standard deviation values versus current density in the time domain, with 

the total current intensity in the subplot. 

The varying trend of SD values in time domain is similar to the current profile with 

step changes. It can be noted from Fig. 4 that the increases in temperature not only reduce 

fuel cell limiting current, but also cause an unstable SD value in the time domain. In 

addition, The SD values cannot maintain a constant value and increase with elapsed time 

when the fuel cell provides a large current to the external circuit. Even when the current 

increases to the limiting current, the SD values rise sharply in a very short time. From the 
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temperature perspective, the SD value for the 70 °C case increases with current intensity 

and the elapsed time from 0 to 300 s, while it descends gradually with time duration when 

the current is stable in the time interval of 300 to 750 s. 

It can be described using the membrane wetness for the abovementioned phenomenon 

that the ORR process produces a small amount of water when the PEMFC outputs small 

currents. The generated water raises with the current density increment and elapsed time, 

inducing the reverse osmosis of water molecules to humidify the anode side of the 

membrane. Thus, the current density distribution becomes stable under the improved 

hydration environment slowly. The SD values for 50 °C and 60 °C cases show the 

similarity in values and trends before the current intensity up to 50 A (~ 600 ms). With 

the elapsed time and current increment, the inconsistency between the two curves 

becomes clear since 50 A. On the other hand, the SD values are stable for 50 °C (< 95 A) 

and 60 °C (< 50 A), whereafter the curves are changing with elapsed time after the current 

increase.  

 

Fig. 5 The SD values of current density under the cases of 50 °C, 60 °C and 70 °C in the current 

domain with error bars. 
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Fig. 5 displays the SD values with error bars in each case in the current domain. It can 

be noted that the errors are more significant when near the limiting current density. The 

SD values increase from a small value at 50 mA cm-2 to the maximum around the limiting 

current. Where the SD maximum is about 150~160 mA cm-2 for both 50 °C and 60 °C, 

and about 370 mA cm-2 for 70 °C. For the curves of suitable temperatures, it can be 

divided into two parts: the first part is that SD values increase reposefully in linearity form 

until 500 mA cm-2 for 60 °C and 1000 mA cm-2 for 50 °C, where the values are almost 

the same in the region of 50 ~ 500 mA cm-2 for both temperature cases; another part is 

the non-linear part of the increase with current increment. On the other hand, the plot of 

the case at 70 °C shows the ascending trend of rapid–steady–rapid corresponding current 

ranges of 0 ~ 300 mA cm-2, 300 ~ 500 mA cm-2 and 500 mA cm-2 to the limiting current 

density. The quantification results demonstrate that the current increase leads to a more 

heterogeneous distribution inside the fuel cell. Furthermore, not only the limiting current 

density but the heterogeneity of current density is influenced by increased temperature. 

When the fuel cell operates at the 70 °C case, the SD values increase rapidly with the total 

current increment due to the local overheating causing membrane drying and even leading 

to heterogeneous transport of protons across the membrane plane. Another rapid increase 

trend exists at limiting current density, where the oxygen pressure in the cathode triple-

phase boundary approaches zero and the current cannot be maintained continuously. 

Thereby the heterogeneity of current density is increased in this case. 

To sum up, the results indicate that the internal heterogeneity is affected by coupling 

parameters. It is further demonstrated from the analysis of this section that the increases 

in temperature and current intensity, especially the initial cell temperature increment 

induce a more heterogeneous current density distribution. Moreover, the increase of 
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current density non-uniformity at the fuel cell operating at high temperatures is primarily 

caused by the small current densities in the drying regions. Such regions need higher 

current densities in other regions to get a match to hold the fuel cell current. The results 

of the heterogeneity quantification in the time domain more intuitively exhibit the 

dynamic changes with current intensity and elapsed time under different conditions. 

3.5 Power performance considering current density heterogeneity 

In consideration of the practical industrial systems, the load power is generally supplied 

by fuel cell stacks with temperature control to avoid overheating. Section 3.2 has 

discussed the performance in Fig. 2 and it can be noted that the fuel cell at 60 °C case 

performs better than that at 50 °C case before the current density increases to 800 mA cm-

2. Conventionally, the fuel cell is usually operated at higher temperatures and current 

intensities to enhance the power delivery. However, the results in Section 3.4 demonstrate 

that current density distribution is affected by both temperatures and current intensities, 

which results in the non-uniform degradation of MEA. Therefore, it is necessary to take 

into the heterogeneous characteristics of physical-field distribution account while 

ensuring fuel cell efficient performance.  

There is a current region of 750 to 860 mA cm-2, as shown in Fig. 2 and the analysis in 

Section 3.2, that the fuel cell has a similar performance at the same current for different 

temperature conditions. The fuel cell can be operated at either temperature case due to 

the conventional method placing importance on the performance. Just as the lifetime is a 

crucial issue for the commercial fuel cells, the temperature influences the internal 

heterogeneity, which affects the fuel cell lifetime in turn. It is of certain deficiency for the 

conventional method to guide the fuel cell operation in the aforesaid current region. 

Hence, a novel method concerning the fuel cell performance and lifetime are essential to 
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be proposed to manage the fuel cell operation in-depth, prolonging the remaining useful 

lifetime. Hereinto, the fuel cell lifetime can be characterized by a related index, i.e. 

heterogeneity degree in this paper. 

In this section, a novel method is proposed and clarified by taking into the 

quantification results of physical-field heterogeneity as an index of the state of health 

(SOH). In this case, the power performance is a multivariate function as expressed in 

equation (7): 

 ( ), ,HP f V I=  ( 7 ) 

where P denotes the output power, V and I are the cell voltage and total current, and H 

represents the heterogeneity index. The following contents are used to state the power 

versus heterogeneity relationship in detail. Fig. 6 illustrates the power plots at 50 °C and 

60 °C as well as their difference, which is calculated by the values of the latter subtracting 

the corresponding values of the former. Fig. 7 displays the quantification values of current 

density heterogeneity, where the SD values are processed by the normalization method 

shown as expression (8): 

 ( )
( ) min

max min

SI k SI
HI k

SI SI

−
=

−
 ( 8 ) 

where HI(k) with the value range [0, 1] is the normalized results of current density for the 

kth data and the subscripts max and min are maximum and minimum during the test.  

It can be noted in Fig. 6 that the power difference shows a ascend–descend varying 

trend with current increment, where the maximum is 1.68 W at the current density of 505 

mA cm-2 and corresponding powers are 34.48 W for 60 °C case and 32.80 W for 50 °C 

case, respectively. Since 505 mA cm-2, the power difference declines gradually to 0.13 W 

where the power performance approximates 47.80 W for both conditions at 809 mA cm-
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2 and drops rapidly when the current density exceeds 850 mA cm-2. Without considering 

the heterogeneity, the conventional operating strategy is generally to optimize the fuel 

cell to have a better performance at the same current. Therefore, as shown in Fig. 6, the 

fuel cell can be continuously operated at 60 °C under the corresponding power demands. 

As for large power demand, it should be operated at 50 °C case due to its extended 

limiting current density and higher peak power performance. 

 

Fig. 6 Power performance as well as its difference in the current domain for the cases of 50 °C and 

60 °C. 

On condition that the heterogeneity is considered, as shown in Fig. 7, the PEMFC can 

be operated in the current region 0 ~ 505 mA cm-2 under 60 °C case due to the higher 

power performance and the similar heterogeneity. At the current density of 809 mA cm-2 

and the approximate performance, the normalized quantification value of current density 

is 0.68 for the 60 °C case, which is larger than the value of 0.48 for the 50 °C case. In the 

region of 505 ~ 809 mA cm-2, it should be noted that the power difference declines while 

the heterogeneity difference increases with the current increment. It is complicated for 

the fuel cell operating in this region to balance the performance and heterogeneity. 
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Therefore, an operating strategy that comprehensively considers performance and 

heterogeneity is essential for this region. 

 

Fig. 7 The normalized heterogeneity quantification of current density distribution for 50 °C and 

60 °C. 

It is demonstrated in Fig. 6 and Fig. 7 that the cell power, in addition to total current 

and voltage, is related to the heterogeneity of local current density. Moreover, the cell 

power versus heterogeneity plots as well as their fitting curves is illustrated in Fig. 8 to 

describe the relationships in detail. For convenience, the normalized results of 

heterogeneity are adopted to investigate the varying trend of power. MATLAB Curve 

Fitting Toolbox® is applied to fit the points by custom equations, and the expression form 

and feasibility are evaluated at the temperatures of 50 °C and 60 °C. 

In Fig. 8, the y-axis represents the power performance and the x-axis shows the 

normalized value HI for the current density. The shape of the curves is similar to the 

power versus current curves in Fig. 2, which indicates that the fuel cell performs similarly 

at lower HI values under different temperatures. When the HI values exceed 0.5, the 

PEMFC performs much better and has a small heterogeneity under the same power 

demand for the 50 °C case. 
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Fig. 8 The plots of power performance versus the heterogeneity of current density, fitting curves, and 

approximate expressions, for the cases of 50 °C and 60 °C. The shaded rectangular regions of the 

overlapped color bands represent the similar performance in the polarization curve and power curve 

in Fig. 6. 

On the other hand, the highlighted rectangular regions in Fig. 8 are used to emphasize 

the distinction between this novel investigation and the conventional strategy.  There are 

two vertical bands and one horizontal band, which corresponds to the HI values of 50 °C 

and 60 °C, and the power performance, respectively. The highlighted rectangles are the 

crossed region of the horizontal band and two vertical bands. Furthermore, the points 

inside are that their y-axis values correspond to the power performance in Fig. 6, and x-

axis values can be correlated to the current density in Fig. 7. Thus, it can be derived that 

the points in the highlighted rectangles have the approximate power performance and 

current densities. As a result, despite the similar performances in the current region, the 

fuel cell is better to operate at the 50 °C case due to the much lower heterogeneity extent.  

Therefore, it is better, according to Fig. 8 for this fuel cell, to be operated at 50 °C case 

when the power demands are over 35.5 W as well as the heterogeneity of current density 

beyond 0.36. Moreover, the fitting expressions suggest that the functional relationship 

expressed by equation (9) is suitable for both curves. 
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 ( ) ( )0 ln 1P HI P A HI B C HI= +  + −   ( 9 ) 

where P0 denotes the power value at HI = 0 (calculated by equation (8)), A, B and C are 

the coefficients fitted by curves. The fitted curves shown in Fig. 8 represent a good fitting 

characteristic for both cases. 

A novel investigation perspective considering heterogeneity is proposed in this section, 

which can be used to enhance the lifespan while maintaining efficient power performance. 

The conventional strategy emphasizes performance while this novel one takes care of the 

lifetime simultaneously. For the similar performance region of 750 to 860 mA cm-2, this 

novel methodology exhibits its superiority and can well manage the fuel cell to operate at 

a lower heterogeneity. Thus, this novel method is beneficial for the remaining useful 

lifetime of fuel cells. In addition, the fitting curves with their expressions on experimental 

results are analyzed as well, which is promising in control engineering to extend the 

lifespan. This study in consideration of heterogeneity can be adopted during the fuel cell 

operation. 

4. Conclusion 

This paper proposes a novel method considering heterogeneous current density inside 

PEMFC to manage the operation as well as prolong the lifetime. The heterogeneous 

distribution is simultaneously measured by a PCB-based electro-thermal mapping device 

in the process of polarization curve tests. The feasibility and effectiveness of this method 

are validated by the current density region (750 ~ 860 mA cm-2) of the intersectant 

polarization curves under temperature conditions of 50 °C and 60 °C. The results and 

discussions on figures and data conclude below: 
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1) The quantification results, i.e. the standard deviation in this paper, can be used to 

transform the distribution contour into numeric data and assist to establish the relations 

between power performance and heterogeneity. 

2) The increasing temperature and current density lead to a more heterogeneous 

distribution; moreover, the initial temperature has a significant effect on the current 

density distribution. 

3) This method consisting of the mathematic steps of quantification, normalization, and 

coordinate transformation, provides a novel perspective of converting the power-current 

curve into power-heterogeneity curve to manage the fuel cell operation thus to improve 

its durability. 

4) In a specific region, the PEMFC operates a similar output performance meanwhile 

a lower heterogeneity of current density in the guidance of this method. 

The novelty of this paper is to provide a thought based on heterogeneity to improve the 

fuel cell durability due to the quantitative effects of heterogeneity on fuel cell degradation 

that haven’t been investigated. This paper provides a new approach between qualitative 

and quantitative studies of the effects of heterogeneity on lifetime to further manage the 

fuel cell operations. In future work, we will study the quantitative effects of heterogeneity 

on fuel cell lifetime, investigate the corresponding functional relationship, and study the 

current distribution under real PEMFC situations to extend the generality of this method.  
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Appendix – Method steps and example 

A1. Steps 

Convert the measured results of the distributed data into a matrix, which is expressed 

as: 

 ( )

1,1 1,14

2,1 2,14

14,1 14,14

 
 
 =
 
 
 

i i

i i
I k

i i

 (A.1) 

Calculate the mean value of the measured data. 

 ( )

14 14

,

1 1

14 14

= ==


 m n

m n

i

EI k  (A.2) 

Afterward, calculate the standard deviation to quantify the distribution characteristic. 

 ( )
( )( )

14 14
2

,

1 1

14 14 1

= =

−

=
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 m n

m n

i EI k

SI k  (A.3) 

Normalization process to limit the range from zero to one. 

 ( )
( ) min

max min

−
=

−

SI k SI
HI k

SI SI
 (A.4) 

Customarily, the quantification result is approximate to zero when the test begins from 

a small current intensity. Hence, the SImin can be ignored and the equation (A.4) simplified 

as: 

 ( )
( )

max

=
SI k

HI k
SI

 (A.5) 
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 ( ), ,H=P f V I  (A.6) 

For different temperature cases of T1 and T2 (T2 > T1), the output power versus 

heterogeneity quantification can be expressed as: 

 
( )

( )

1 1

2 2

H

H

=

=

P f

P f
 (A.7) 

where H denotes the quantification results HI in equation (A.4). In this paper, the fitted 

curve has the expression form as shown in equation (A.7): 

 ( ) ( )0 ln 1= +  + − P HI P A HI B C HI  (A.8) 

As the maximal values of heterogeneity quantification are not the same under different 

temperature cases. Generally, during the overall polarization curve testing, the fuel cell 

exhibits a more heterogeneous distribution under higher temperature conditions.  

Thus, suppose 

 1,max 2,max=SI SI  (A.9) 

where 0<  <1. Substitute equation (A.9) into equation (A.5), that is 

 1 2

1


=HI HI  (A.10) 

Equation (A.10) is a stretching transformation for the x-axis in the Cartesian coordinate 

system. Therefore, the x-axis range is still the normalization value “1” and both cases 

have the same real value.  

In this case, equation (A.7) can be transformed into 

 
( )

( )

1

2

H

H

=

=

P f

P f
 (A.11) 

In this way, the two plots have the same output power corresponding to the same real 

value for the heterogeneity quantification results. 
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Substitute equation (A.11) into equation (A.8), the expressions for two cases are: 

 
( ) ( ) ( )

( ) ( )

1

1 0 1 1 2

2

2 0 2 2 2

H H ln 1 H

H H ln 1 H

 = +  + −   

= +  + − 

P P A B C

P P A B C
 (A.12) 

A2. Example 

For your convenience, the authors give an example here. Hereinto, the assumptions are 

drawn as follows. 

i. The polarization curves interact and the authors defined a crossed region; 

ii. The polarization curve is tested from a small current to the limiting current; 

iii. The maximum standard deviation SIs have the relationship: SI1, max=0.85SI2, max. 

It is supposed two cases T1 and T2 in Fig. A1 and the curve is plotted by the expression 

(A8) with different assumed parameters. 

Thereinto, we have assumed a power band that is a similar performance region in their 

polarization curves. According to the analysis in the main text, the points in squares S1 

and S2 correspond to similar points in their polarization plots. It can be noted that the 

corresponding x-axis ranges of range T1 and range T2 are close to each other before the 

coordinate stretching transformation. 

Due to the maximum values, for the heterogeneity quantification, being unequal under 

two temperature cases T1 and T2, the stretching transformation is applied according to 

assumption iii and the equations (A9), (A5), and (A10) to make the coordinate of the two 

cases have the same conception. The power versus heterogeneity plot being coordinate 

transformed is illustrated in Fig. A2. 
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Fig. A1 The power versus heterogeneity curve under different temperature conditions. 

It can be noted that, after transformation, the power curve of case T1 and the square S1’ 

has a left shift while another curve of case T2 maintains. Comparing the two figures, the 

results indicate that the corresponding color bands of two crossed squares become more 

distinctive in Fig. S2. Thus, the fuel cell has a better homogeneity at case T1 when it 

operates in a similar region, where the output power is approximate under identical 

current intensities. 
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Fig. A2 The power versus heterogeneity curve after coordinate transformation under different 

temperature conditions. 

It is customarily for PEMFC to have a similar performance under different conditions. 

From the conventional manner, the PEMFC can operate at either condition to output equal 

power intensities. However, the remaining useful lifetime issue has become one principal 

constraint with the fuel cell scale-up and commercialization. Moreover, there have been 

studies that reported that the physical-field heterogeneity inside MEA affects the PEMFC 

remaining useful lifetime. Hence, it is of importance and necessity to pay attention to the 

output performance meanwhile internal heterogeneity during operation. Under the 

guidance of this innovative method, the fuel cell can operate efficiently meanwhile have 

a better internal homogeneity. Thus, the fuel cells have a longer remaining useful lifetime 

ultimately under the suggestion of this method.  

In the proposing process, the method only carried out data conversion and coordinate 

transformation in mathematics, while did not change the actual conditions or restrict the 

fuel cell operation. Thus, this proposed method is universal and feasible for guiding the 

fuel cell operation. 
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