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Abstract: Hydrogen energy has become an important way to solve energy crises owing to its non-
pollution, high level of efficiency, and wide application. Proton exchange membrane fuel cells
(PEMFCs) have received wide attention as an energy conversion device for hydrogen energy. The
hydrogen concentration in the PEMFC anode directly determines the output voltage of the stack.
The performance of the PEMFC gradually decreases due to the accumulation of nitrogen. However,
the continuous circulation of anode gas and the nitrogen accumulation at the anode due to trans-
membrane diffusion lead to difficulties in estimating the anode gas concentration. The relationship
between anode nitrogen concentration and voltage variation characteristics was studied by increasing
the anode hydrogen concentration through the method of increasing nitrogen concentration and con-
ducting experiments on a 16-cell stack. In this paper, an estimation method for nitrogen concentration
in the anode is proposed to evaluate the nitrogen concentration in the anode on the basis of voltage
variation characteristics, and the method was recalibrated and validated using experimental data.
Due to the inhomogeneity of the gas distribution within the PEMFC stack, the mean cell voltage can
provide a more accurate estimation of the anode nitrogen concentration compared to a single cell
voltage. It is shown that the proposed approach can offer a new method to estimate anode nitrogen
concentration. Compared with the conventional method, the new method is simpler as it does not
require additional equipment or complex algorithms. In this paper, the anode nitrogen concentration
was estimated by applying this method with a maximum error of only 0.35%.

Keywords: fuel cell stack; anode nitrogen concentration; estimation; voltage variation characteristics;
performance degradation

1. Introduction

Traditional fossil energy resources are non-renewable, which ultimately results in a
global energy crisis. To mitigate the pressure of climate change and reduce the carbon
footprint, people are looking for new energy technologies that are more sustainable, envi-
ronmentally friendly, and adaptable to future needs [1]. Hydrogen is a promising fuel of
the future [2], does not emit any harmful gases [3], and is widely available [4]. Fuel cells
are also receiving a lot of attention as a way to utilize hydrogen energy.

PEMFCs are electrochemical devices capable of generating electricity through chemical
reactions between hydrogen and oxygen [5]. Due to their advantages of high power density,
high efficiency, low working temperature [6], and low emissions [7], PEMFCs are considered
a potential alternative power source in the development of new energy for automobiles [8]
and have received extensive attention and research [9]. However, fuel cells still have
the problems of low hydrogen utilization efficiency [10], high system cost [11], and poor
durability [12]. In dead-end mode operation and recirculation mode, the outlet of the anode
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is closed by a normally closed valve, which enables better utilization of the fuel, improves
hydrogen utilization, and reduces system cost [13,14].

Machine learning has important implications for the study of complex systems such as
PEMFC [15]. Wang et al. [16] introduced machine-learning-assisted MNM as a proxy model,
and this significantly reduced the cost of obtaining the optimal combination of parameters. The
multivariate optimization of the proposed model resulted in a 49.5% reduction in the N2 gas
crossover coefficient and a 20% increase in power density. Legala et al. [17] proposed a data-
based PEMFC model using a machine-learning approach. Mao et al. [18] constructed a neural
network agent model and proposed a genetic optimization algorithm. The fuel cell voltage
improved by 1.45% over the power enhancement period without operational optimization.

The nitrogen permeability varies at different working conditions and fuel cell degra-
dation varies at different working conditions [19]. Nitrogen crossover occurs through
a diffusion mechanism [20], in which the nitrogen concentration on the cathode side is
higher than the nitrogen concentration on the anode side. As a result, nitrogen dissolves
in the membrane on the cathode side and permeates out of the anode side. Gas crossover
decreases with increasing membrane thickness [21], but leads to lower proton conductivity,
increasing the ohmic loss, and thus reducing performance [22]. Although gas permeation
can be reduced by fabricating composite membranes by dip-coating, spin-coating, or layer-
by-layer (LBL) coating [23], 18 to 50 µm membranes are now widely used in membrane
surface fuel cells to improve efficiency and allow high current density operation [24], mak-
ing nitrogen permeation problems unavoidable. Anode nitrogen concentration can have a
significant impact on PEMFC stack performance and voltage consistency [25]. Nitrogen
accumulates at the anode due to nitrogen crossover in the dead-end and recirculation
modes, which leads to nonlinear, time-lagged, and parametric uncertainty in the variation
of nitrogen concentration [26]. The accumulation of nitrogen will result in a decreasing hy-
drogen concentration, which affects the voltage at the output of the system [27]. Therefore,
the real-time acquisition of anode nitrogen concentration is important. Traditional methods,
such as measuring gas pressure using sensors, are not suitable for automotive fuel cell
systems due to their disadvantages of being expensive and not being easy to install [28]. In
addition, the analysis of gas concentration using a mass spectrometer is not available in
real-time [29]. Due to the limitations of traditional methods, current research has focused
on obtaining nitrogen concentration in the anode by estimation algorithms [30].

There are a variety of different approaches to the process of nitrogen permeation in
fuel cells. Kyung et al. [31] obtained the practice of nitrogen concentration accumulation
under different electric density operating conditions from experimental data, used the
integration of electric density to estimate the nitrogen concentration, and then decided the
opening of the nitrogen discharge valve. Ziogou et al. [32] modeled nitrogen diffusion by
considering permeation and convection in the nitrogen mass transfer process and using the
temporal and spatial boundary conditions to find the numerical solution. However, this
method is complicated and computationally intensive, and the model parameters are too
many and difficult to identify.

In recent years, scholars have worked on model-based nitrogen concentration ob-
servers for fuel cell systems. Liu et al. [33] proposed an online anode nitrogen observer
and verified the validity of the observer, which can improve hydrogen utilization to 99.2%.
However, the proposed scheme does not consider the presence of anode water vapor.
Piffard et al. [34] used a model observer for estimating gas permeation and validated the
simulation using vehicle test cycle conditions. The sliding mode observer shows good
convergence and allows adjusting the nitrogen concentration to less than a certain level
(5%). Wu et al. [35] estimated the nitrogen concentration in the anode based on the neural
network method. Results indicate that this estimation method has high accuracy, and the
average absolute error is less than 0.8%.

The purpose of this study is to propose a method for estimating nitrogen concentration
in fuel cell anodes based on voltage variation characteristics. Firstly, the experimental data
are screened and processed by experimentally measuring the stack voltage at different
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current densities and nitrogen concentrations. Then the nitrogen molar fraction is deduced
as a function of the operating current density and nitrogen concentration. Finally, this
function is used to calculate the nitrogen concentration in the anode. This article proposes
an easy way to achieve estimation of nitrogen concentration in anodes by experimental
and data-processing methods without adding additional equipment or using complex
algorithms and provides a basis for a purging strategy for fuel cell anodes. This method
is applied in this paper to estimate the anode nitrogen concentration by using the voltage
variation characteristics with a maximum error of only 0.35%.

2. Experimental and Method
2.1. Fuel Cell Stack and Fuel Cell Test System

Nitrogen accumulation in the anode is unavoidable because nitrogen cannot be ex-
hausted. The purpose of this research was to examine an approach to evaluating the
nitrogen concentration in the PEMFC anode according to the decrease in fuel cell per-
formance when the hydrogen concentration decreases. The effect of different nitrogen
concentrations on fuel cell performance was researched by doping the anode to gradually
reduce the hydrogen concentration. In this experiment, a 16-cell fuel cell stack with a power
of 5 kW was used. The experimental setup includes a fuel cell stack, a gas management
system, a temperature management system, an electronic load, and a data monitoring
system, as shown in Figure 1. The supply of anode gas for this test bench uses hydrogen
and nitrogen cylinders for the gas supply. Before the hydrogen and nitrogen enter the stack,
the hydrogen and nitrogen flow rates are precisely controlled by flow controllers, which
can control the flow rate from 1.25 to 250 SLPM. A humidifier is connected to the outlet
of the flow controller to control the anode humidity, and an anode outlet backpressure
valve controls the anode outlet pressure. Temperature and pressure sensors are connected
between the humidifier and the anode inlet, as well as between the anode outlet and
the anode outlet backpressure valve, to monitor inlet and outlet temperature and pres-
sure. For cathode, the flow rate was controlled by a mass flow controller ranging from
3.75–750 SLPM. After that, the air passes through the humidifier, the cathode inlet tem-
perature and pressure sensor, the cathode, the cathode outlet temperature and pressure
sensors, and the cathode outlet backpressure valve. The temperature management system
consists of a coolant pump and radiator to control the stack temperature. The signals from
the mass flow controller, pressure sensor, temperature sensor, and stack current and voltage
are collected by the data monitoring system and processed in the Labview software. The
operating parameters and stack parameters of the experiment are listed in Table 1.
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Table 1. Stack parameters and operating parameters.

Parameters Value

Membrane active area 301 cm2

Power 5 kW
Number of cells 16

Anode (Pt) 0.1 mg·cm−2

Cathode (Pt) 0.4 mg·cm−2

Bipolar plate 316 L stainless steel
Excess ratio λ1 of hydrogen/nitrogen flow channel 1.498

Inlet pressure P1 of hydrogen/nitrogen flow channel 260 kPa(abs.)
Humidifier dew temperature T1 of hydrogen/nitrogen flow channel 60 ◦C

Excess ratio λ2 of air flow channel 1.697
Inlet pressure P2 of air flow channel 250 kPa(abs.)

Humidifier dew temperature T2 of air flow channel 60 ◦C
Coolant inlet temperature T3 74 ◦C

2.2. Experimental Procedure

The experimental procedure is shown in Figure 2a. First, the basic parameters of the
experiment are determined. During the operation, the cathode and anode excess ratios,
inlet pressure, humidifier temperature, and coolant inlet temperature are constants. Then,
the nitrogen concentration was gradually increased from 0% to 20% by gradually increasing
the nitrogen concentration. Meanwhile, the voltage of each cell was measured. Lastly, the
current density of the stack is modified, and the above steps are repeated to measure the
voltage drop with nitrogen concentration for different current densities.
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The data processing process is shown in Figure 2b. First, the data were selected
to obtain the stack voltage values at different anode nitrogen concentrations. Then, a
suitable method is used to fit the data to obtain the relationship between voltage and
nitrogen concentration. Finally, the anode nitrogen concentration is estimated based on the
relationship between the stack voltage and the anode nitrogen concentration.

2.3. Data Fitting Method and Error Analysis

The currently used methods for nitrogen concentration estimation require the use
of additional devices, which require the use of complex computational methods. In this
paper, we compare different fitting methods and select the most suitable one from them by
comparing the fitting errors of the different methods. By using a quadratic polynomial fit,
it is found that it has a good fitting effect, so this method is chosen to fit the relationship
between voltage variation characteristics and nitrogen concentration. The method’s fitting
effectiveness was assessed by comparing the error between the fitted and actual values at
nitrogen concentration using various methods.

3. Results and Discussion
3.1. Effect of Nitrogen Concentration on the Mean Voltage of the Stack

Figure 3a–d give the variation of voltage with hydrogen concentration for fuel cells
at different current densities. It is clear that when the fuel and nitrogen are mixed, the
hydrogen concentration decreases and the voltage of the stack decreases. The voltage
drops are not the same for fuel cells at different current densities. With a current density of
0.2 A·cm−2 and a 20% reduction in hydrogen concentration, the voltage drops by only 0.8%.
With a current density of 1.4 A·cm−2 and a 20% reduction in hydrogen concentration, the
voltage decay rate is only 3.4%. It can be seen that the influence of increasing nitrogen con-
centration on fuel cell voltage varies at different current densities. Thus, the characteristics
of fuel cell voltage variation at different current densities need to be considered.
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The curves are plotted for 0.2, 0.6, 1.0, and 1.4 A·cm−2 current densities with the mean
cell voltage as the horizontal coordinate and the nitrogen concentration of doping as the
vertical coordinate, and then the curves are fitted using the fourth-order polynomial fitting
method. Figure 4a–d give the results of the polynomial fit for the fuel cell at different
current densities. In these four cases, the lowest correlation coefficient R2 is 0.9645, which
means that the fitting results meet the basic requirements and the fitted values fit the
experimental data well. The concentration of anode nitrogen can be estimated by fitting
the equation using the current density and voltage.
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The absolute residual is the absolute value of the error between the predicted and
observed values, which is one of the important indicators to evaluate the fitting effect. It
can be calculated using Equation (1)

∆Ui = |UE − UF|, i = 0, 4%, 8%, 12%, 16%, 20% (1)

where ∆U is the absolute residual, UE is the average voltage measurement at different nitrogen
concentrations, and UF is the average voltage fitting value at different nitrogen concentrations.

The absolute residuals of the fuel cell at different current densities are given in
Figure 5a–d. It shows that when the current density is 0.4, 0.6, or 1.0 A·cm−2, the ab-
solute residuals of the voltages are maintained at the same level. And when the current
density is 0.2 A·cm−2, the absolute residuals of the voltage are significantly larger. This may
be due to the small voltage drop of 7 mV at a current density of 0.2 A·cm−2, which causes
unsatisfactory fitting results. In the other three cases, the voltage drop exceeds 15 mV, and
thus no situation of excessive absolute residuals occurs.
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3.2. Effect of Nitrogen Concentration on the Voltage of a Specific Single Cell

The performance of fuel cell stack deteriorates with decreasing hydrogen concentration.
However, the voltage of each cell does not degrade in parallel, owing mainly to the non-
uniformity of the gas distribution. The sensitivity of different fuel cells to the decrease in
hydrogen concentration varies. The cell 11 with the lowest average voltage and the cell 4
with the highest average voltage were selected for analysis to determine if they could be
used in a similar way to evaluate nitrogen concentration.

The variation of the voltage of cell 11 with hydrogen concentration at different current
density levels is given in Figure 6a–d. The voltage drop of fuel cells is clearly affected
differently on different single cells. When the current densities are 1.0 and 1.4 A·cm−2, the
voltage drop of Cell 11 is 6.8% and 9.8%, respectively. It can be seen that the effect of rising
nitrogen concentration on the fuel cell performance is different at different single cells. Thus,
the characteristics of the voltage variation for different single cells need to be considered.

The curves for 0.2, 0.6, 1.0, and 1.4 A·cm−2 current densities were plotted with the
voltage of cell 11 as the horizontal coordinate and the doped nitrogen concentration as
the vertical coordinate, and then the curves were fitted with a fourth-order polynomial
fit method. Figure 7a–d give the results of the polynomial fit for the fuel cell at different
current densities. In several cases, there is a rise in nitrogen concentration and a rise in
voltage, which may be due to an uneven distribution of the gas, causing the nitrogen
concentration in the area not to drop obviously. In these four cases, the lowest correlation
coefficient R2 is 0.9331, which means that the fitting results meet the basic requirements and
there is a good agreement between the fitting results and the experimental data. It can also
be seen that the fit is least satisfactory at 0.2 A·cm−2 because the voltage drop is too small.
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Figure 8a–d give the absolute residuals of the cell 11 voltage for fuel cells at different
current densities. This can be used as a basis for evaluating the fitting effect. When the
current density was 0.6 and 1.4 A·cm−2, the absolute residuals were greater than 2.5 mV
in both cases, while the absolute residuals were less than 1 mV in the other two cases.
This may be the effect of uneven gas distribution. Combined with Figure 7b,d, the fuel
cell shows the anomaly of increasing nitrogen concentration while the single cell voltage
increases or remains unchanged. This may result from the unequal distribution of anode
gas, causing the nitrogen concentration in this part of the stack not to rise with the overall
nitrogen concentration.
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The variation of the voltage of cell 4 with hydrogen concentrations at different current
density levels is given in Figure 9a–d. The voltage drop in cell 11 is 0.2% and 0.3% at current
densities of 1.0 and 1.4 A·cm−2, respectively. It demonstrated that increasing nitrogen
concentration had little effect on cell 11’s voltage. Once again, it is clear that rising nitrogen
concentrations affect different single cells differently.

The curves for 0.2, 0.6, 1.0, and 1.4 A·cm−2 current densities were plotted with the
voltage of cell 4 as the horizontal coordinate and the doped nitrogen concentration as the
vertical coordinate, and then the curves were fitted with a fourth-order polynomial fit
method. Figure 10a–d give the polynomial fitting results for the fuel cell at different current
densities. The lowest correlation coefficient R2 is 0.9680 in these four cases, which means
that the fitting results meet the basic requirements. Since the voltage drop is only 0.2% with
a current density of 1.0 A·cm−2, the worst fitting effect is achieved in this case.
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Figure 11a–d give the absolute residuals of the cell 4 voltage for fuel cells at different
current densities. This can be used as a basis for evaluating the fitting effect. When the
current density is 0.6 A·cm−2, the absolute residuals are significantly larger than in the
other three cases. Combined with Figure 10b, the fuel cell shows an anomaly of increasing
nitrogen concentration while the single cell voltage increases or remains unchanged. This
may lead to a poor fit for the method. Combined with the anomalies in the voltages of
cells 11 and 4 at certain current densities and the poor fit, it was determined that the fit of a
single cell was not as good as the mean cell voltage.
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The fitting results of the fuel cell are compared from different perspectives. As shown
in Equations (2)–(5)

∆Umax = max{Ui} . . . , i = 0, 4%, 8%, 12%, 16%, 20% (2)

∆Umin = min{Ui} . . . , i = 0, 4%, 8%, 12%, 16%, 20% (3)

∆Ua = ∑{Ui}/Ni . . . , i = 0, 4%, 8%, 12%, 16%, 20% (4)

δr = ∑{Ui/UE}/Ni . . . , i = 0, 4%, 8%, 12%, 16%, 20% (5)

where ∆Umax is the maximum value of the absolute residual value, ∆Umin is the minimum
value of the absolute residual value, ∆Ua is the average value of the absolute residual value,
and δr is the relative average value of the absolute residual value.

Fitting indices for varying cases were shown in Table 2. It is shown that the maximum
residual from fitting results in various cases is only 4.699 mV, the maximum value of the
average residual is only 1.386 mV, and the maximum relative average of the absolute
residual is only 1.980%. And this situation occurs when cell 11 is operating, which may
be due to the fact that the variation in nitrogen concentration has a greater impact on the
voltage of cell 11. And in most cases, the best fitting results are obtained for the mean cell
voltage. It may be due to the uneven gas distribution in a single cell, resulting in different
nitrogen concentrations in different cells than in the fuel cell as a whole. As an example,
the fitting result of the average cell voltage has a maximum absolute percentage error of
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0.350%. This shows that the method has a high level of prediction accuracy. The proposed
method was compared with other existing methods, which are presented in Table 3.

Table 2. Error analysis.

Current Density
(A·cm−2) Serial Number ∆Umax (mV) ∆Umin (mV) ∆Ua (mV) δr (%)

0.2
Mean Cell Voltage 0.497 0.090 0.241 0.308

Cell Voltage 11 0.689 0.109 0.368 0.474
Cell Voltage 4 0.470 0.036 0.175 0.224

0.6
Mean Cell Voltage 0.242 0.061 0.171 0.236

Cell Voltage 11 4.699 0.180 1.386 1.980
Cell Voltage 4 2.530 0.181 0.889 1.224

1.0
Mean Cell Voltage 0.273 0.091 0.152 0.219

Cell Voltage 11 0.651 0.072 0.361 0.465
Cell Voltage 4 1.281 0.122 0.437 0.628

1.4
Mean Cell Voltage 0.361 0.090 0.226 0.350

Cell Voltage 11 2.892 0.359 1.144 1.867
Cell Voltage 4 0.663 0.061 0.452 0.691

Table 3. Comparison of different nitrogen concentration estimation methods.

Nitrogen Concentration
Estimation Method Advantage Disadvantage References

Use of designed on-line
hydrogen sensors

The real-time concentration of anode
nitrogen can be obtained directly

with a time delay of maximum 1.1 s.

Additional parts added, not suitable
for installation. [36]

Using mass spectrometry Can obtain high-precision nitrogen
concentration data

The gas concentration is measured for
a period of 30 min or more while

maintaining a certain
working condition.

[31]

Using the integration of
electrical density

A simple method can be used to
estimate the nitrogen concentration

and control the nitrogen
concentration within 15%.

Cannot accurately estimate the
nitrogen concentration in the

flow channel.
[37]

Using a modeling approach

More accurate data can be obtained
without adding additional

components by reducing the nitrogen
concentration from 20% to 2%.

Complex, computationally intensive,
and difficult to ascertain parameters. [32,38]

This Study Simple method, easy to repeat, and
more accurate results.

Lower accuracy compared to using a
mass spectrometer and a

modeling approach.

3.3. Nitrogen Concentration Prediction and Validation

Figure 12a shows the voltage variation characteristics of the fuel cell with an anode
nitrogen concentration for a current density of 1.6 A·cm−2. Figure 12b–e show a quadratic
polynomial fit based on data with different nitrogen concentrations to determine whether
less data can be used to estimate the nitrogen concentration of the anode. It is shown that
when the voltage variation characteristics at 0–17% nitrogen concentration are used for
data prediction and validation, the voltage characteristics at 20% nitrogen concentration
are not well predicted. As shown in Figure 12d, when the voltage variation characteristics
at 0–18% nitrogen concentration are used for data prediction and validation, the voltage
characteristics at 20% nitrogen concentration can be predicted better, and in this case, the
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correlation coefficient R2 can reach 0.9975. This indicates that the prediction of nitrogen
concentration in the fuel cell anode based on the voltage variation characteristics will be
better as the amount of data increases.
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4. Conclusions

The influence of anode nitrogen concentration on fuel cell performance degradation is
discussed. Based on this effect, a method for estimating anode nitrogen concentration in
PEMFCs on the basis of voltage variation characteristics is proposed. The innovation lies in
proposing an easy method to achieve the estimation of nitrogen concentration in anodes by
experimental and data-processing methods without adding additional equipment or using
complex algorithms, and to provide a reference for the purging strategy of the anode. The
following are the main points:

• The influence of reducing hydrogen concentration on the performance of PEMFCs at
varied current densities was investigated. Although a decrease in hydrogen concentra-
tion can significantly affect the overall fuel cell performance, to what extent it affects
the fuel cell performance varies for a specific cell. With a current density of 1.4 A·cm−2

and an increase in nitrogen concentration from 0 to 20%, the average stack voltage, cell
11’s voltage, and cell 4’s voltage drop are 3.4%, 9.8%, and 2.8%, respectively. This may
be due to the fact that the consistency of fuel cells is influenced by various aspects, like
structural layout, component materials, and manufacturing processes.

• An estimation method of nitrogen concentration in the anodes of PEMFC is proposed
on the basis of voltage variation characteristics. The nitrogen concentration of the
anode could be evaluated more accurately by analyzing the decreasing pattern of fuel
cell voltage, and the prediction of anode nitrogen concentration based on voltage vari-
ation characteristics becomes increasingly accurate with the increase in data amount.
The maximum absolute percentage error obtained by this method is only 0.35%, which
has high accuracy.
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• Due to the non-uniform distribution of gases within the anode, the anode nitrogen
concentration may not be accurately estimated using a single-cell voltage. Under
different current densities, the relative mean maximum values of the absolute residual
values are 0.350%, 1.980%, and 1.224% for the average voltage, cells 11 and 4, respec-
tively. Therefore, the anode nitrogen concentration is estimated using the mean cell
voltage. The accumulation of nitrogen in the anode at varying current densities can be
expressed as a function of the working voltage, which can be programmed into the
controller for PEMFC management.

• Anode nitrogen concentration estimation and nitrogen purge algorithms have been
the focus of PEMFC research. This paper uses experimental and data analysis methods
to evaluate the nitrogen concentration of an anode, and this method has less error
in estimating the steady-state nitrogen concentration and requires less calculation.
However, at the same time, this method does not consider the water and thermal
characteristics of the stack, and it is very difficult to operate at a constant current
density because the fuel cell has frequent load changes under on-vehicle operation, so
this method is more suitable for operating under conditions where the load is constant
for a long time. A combination of modeling and actual operating data analysis can
be investigated in the future to more accurately evaluate the nitrogen concentration
and to decrease the nitrogen concentration in the anode manifold by purge valve
nitrogen purging.
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