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Abstract: Proton exchange membrane fuel cells are gaining increasing importance in vehicle applica-
tions. The exhaust gas composition regarding the water and oxygen content and the mass flow are
important parameters in fuel cell research (e.g., for designing the test bed, quantifying the hydrogen
loss in the exhaust, performing experiments with air pollutants, and monitoring degradation). The
exhaust gas composition is also important for vehicle applications (e.g., ensuring safe hydrogen
levels in the exhaust). Performing direct measurements of the exhaust mass flow and the relative
humidity is challenging due to the high-humidity environment. This article presents a mathematical
thermodynamic model used to calculate the exhaust gas mass flow and relative humidity, validated
by balancing the gas species composition between cathode inlet and exhaust and by using data
measured at the fuel cell system test bed. Four calculation model variations and their analyses are
discussed. Furthermore, the exhaust gas composition throughout the fuel cell system operating
range is presented. The results of air pollutant experiments provide comprehensive examples for the
application of the calculation model. These results demonstrate the suitability of the model for its
application in fuel cell system research.

Keywords: PEM fuel cell; cathode gas; fuel cell exhaust; reactant humidification; gas measurement;
degradation; air contaminants; mass flow; relative humidity; thermodynamic model; test bed

1. Introduction

Proton exchange membrane (PEM) fuel cells can generate electric energy without
producing carbon dioxide (CO2) emissions. Since their operation is not influenced by the
time of day or weather conditions, they provide a more stable and controllable flow of
energy than solar and wind power; therefore, they have a similar potential as batteries to
overcome the intermittency problem [1,2]. Fuel cell electric vehicles also play a major role
in the decarbonization of the mobility sector [3]. PEM fuel cells are a key technology in
vehicle applications, since they only emit heat, liquid water (H2O), oxygen (O2)-reduced
air containing water vapor, and small quantities of hydrogen (H2). This research was
carried out on the cathode exhaust gas of a low-temperature PEM fuel cell system, which
operates at temperatures well below 100 ◦C. Due to the low temperatures of operation, the
water produced is formed predominantly in a liquid state. This liquid water humidifies
the membrane, ensuring the required proton conductivity. Excess water is transported
through the gas channels in the bipolar plates out of the fuel cell, preventing the cell
from flooding, which would cause local fuel starvation and irreversible degradation [4].
Although water is formed at the cathode reaction site, differences in the water concentration
causes liquid water to diffuse through the membrane to the anode side. Furthermore,
potential gradients cause an electro-osmotic drag which transports water from the anode
to the cathode, while pressure differences between the anode and cathode result in further
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water transport through the membrane. A third water transport mechanism is the thermo-
osmosis effect, where temperature gradients induce water transport from the cathode to
the anode [5]. The accumulated water on the anode side must be drained periodically
to prevent the aforementioned flooding of the cell. In contrast to the cathode side, the
water on the anode side is not transported out with the gas stream, since the anode gas
is recirculated to reduce H2 losses. Appropriate water management in the fuel cell is
crucial, since the membrane should not dry out, and liquid water should not accumulate [6].
External reactant humidification upstream of the fuel cell reactant inlet can help to ensure
appropriate membrane humidification, allowing higher fuel cell operating temperatures.
This external humidification, however, also increases the system complexity and packaging
volume [7]. In general, the thermal management of the fuel cell has a significant influence
on the water management, since the ability of a gas mixture to absorb water vapor is
determined by its temperature. Higher temperatures also increase the proton conductivity
and water uptake of the membrane [8]. The thermal management must consider the
temperatures of the liquid coolant and the reactants on the anode and cathode sides.

During fuel cell operation, the rate of liquid water production changes as the fuel cell
current changes, affecting the exhaust gas composition. Frequently purging the anode also
increases the H2 concentrations in the exhaust. The anode is purged with H2 to flush out
nitrogen (N2) that diffuses from the cathode, causing the H2 partial pressure to drop [8].
Depending on the system design, the process of draining the water on the anode side can
also increase the H2 exhaust concentration, which was the case in the current study. When
considering the cathode side alone, H2 is present due to crossover that takes place through
the membrane from the anode side, although its concentration is far lower than the anode
purge level. This crossover increases as membrane degradation increases due to membrane
thinning and pinhole formation effects [8]. Independent of the anode purge and drain
strategies, this H2 crossover represents a source of permanent fuel loss; therefore, it must
be taken into account. An increased H2 concentration in the fuel cell exhaust gas represents
a potential safety risk, since an ignitable mixture could form.

Ideally, the platinum catalyst inside the fuel cell affects the rate and selectivity of
the reaction but is not itself subject to any changes. In reality, however, the catalyst is
affected by degradation processes, such as platinum particle growth and the redistribution
of platinum particles in the membrane [9]. A process called carbon corrosion can take
place inside the fuel cell under certain operating conditions such as start-up and shutdown,
during fuel cell flooding, and even under normal fuel cell operation conditions to a small
extent [10]. Carbon-containing components such as the carbon support of the platinum
catalyst can corrode, resulting in the formation of gaseous CO2 [10]. This CO2 can be
measured in the fuel cell exhaust, and its mass quantification is an interesting tool for fuel
cell degradation monitoring.

Ambient air pollution poses a risk to the fuel cell durability, since certain gas com-
ponents such as carbon monoxide (CO) and nitrogen monoxide (NO) can adsorb on the
platinum catalyst surface, hindering the oxygen reduction reaction (ORR) and thus re-
ducing the fuel cell performance [11]. When the adsorption on the catalyst surface is not
permanent, as is the case with NO, exhaust gas measurements can give insight into the
contamination process of the catalyst during fuel cell operation.

To perform an analysis and mass-based quantification of the described individual gas
components in the fuel cell exhaust gas, a knowledge of the fuel cell exhaust gas mass flow
is required. This allows the researcher to, for example, quantify the H2 loss in the exhaust
or the exhausted amount of an air contaminant. Due to the high humidity conditions at
the fuel cell cathode exhaust, however, it is challenging to measure the mass flow and
relative humidity directly by using sensors, since the presence of water droplets can alter
the results.

Several investigations have examined the fuel cell exhaust gas composition and mass
flow. Ref. [12] presents a study in which two fuel cell systems are connected in series; hence,
the cathode exhaust condition of the first stack represents the entry condition for the second
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stack. The first system operates without external cathode gas humidification, assuming a
dry gas feed with a relative humidity of 0%. The relative humidity of the exhaust is assumed
to be 100%. At the same time, the oxygen content in the exhaust is calculated based on a dry
gas mixture of N2 and O2. Water transport through the membrane is neglected. Ref. [13]
studied the effect of cathode gas recirculation in emergency situations, when the cathode
air supply from the ambient needs to be sealed off. In that study, the recirculated cathode
exhaust gas was used to humidify the oxygen from a gas tank used to operate the fuel
cell. To ensure saturation and avoid water droplets, the excess liquid water was removed
in a condenser. The approach presented assumes steady-state operation conditions and
neglects membrane water, nitrogen, and oxygen diffusion. In [14], a part of the cathode
exhaust gas was recirculated to humidify the inlet gas, replacing an external humidifier.
The calculations excluded water and gas transport through the membrane and assumed
that the fuel cell exhaust air was saturated with no liquid water, which was removed in the
experimental setup by a separator. The research in [15] focused on the oxygen-depleted
and dried cathode exhaust air which can be used for airplane tank inerting. The model-
based approach includes the calculation of the exhaust oxygen concentration and the water
vapor content, assuming full humidification of the exhaust gas and including liquid water
separators. In contrast to the previously described studies, this model considers water
diffusion across the membrane. In a later work, [16] applied nonlinear model predictive
control to a similar cathode exhaust model. The results presented in [15,16] were not verified
experimentally, but the models were calibrated based on experimental data. The authors
of [17] developed an oxygen balance method and used it to derive the H2 consumption
of a fuel cell vehicle. The difference between the cathode inlet and exhaust oxygen flow
obtained by applying this method equals the amount of consumed oxygen, which can then
be used to calculate hydrogen consumption. These authors also calculated the amount of
H2 emissions and experimentally verified the method, showing good results with a low
margin of error.

Unlike the approaches taken in the aforementioned studies, the approach taken in
this work was to calculate the exhaust gas relative humidity at every time step for the
underlying measured data; the exhaust gas was not assumed to be fully saturated at all
times. The water vapor transport from the ambient air was taken into account. To verify
the suitability of the model and to test the underlying assumptions, gas mass balancing for
CO2 and O2 was performed between the cathode inlet and exhaust. In most of the studies
referred to above, internal sources and sinks were neglected, such as the water and gas
diffusion through the membrane, the effect of increased H2 concentrations in the exhaust
on the humid air calculations, or the absorption of gas components in the liquid water
present inside the fuel cell. These effects were addressed by using modified models and are
discussed in this article to determine if such considerations are worthwhile. Furthermore,
the base model was tested at various steady-state current density levels, covering the fuel
cell system operating range, and during dynamic fuel cell operation. Dedicated cathode
air pollutant experiments were performed at ITnA and published previously [18]. The
calculation model described in this publication was used in the current study to support
these results. Applying the model in the evaluation of gas impurity studies serves as an
application example in fuel cell research.

2. Materials and Methods
2.1. Test Bed Setup

The fuel cell system used in these experiments delivers a net power of 25 kW and has
no external reactant humidification. The nominal operating range extends from 0.32 A/cm2

to 1.22 A/cm2. However, in the experiments, the lower limit was set to 0.04 A/cm2 to
evaluate the low-current-density region, and the upper limit was set to 1.08 A/cm2 to
avoid extensive high load operation. The system was equipped with a number of sensors,
which were either installed by the system manufacturer or added by the research group
to the test bed. In this article, only the measuring equipment relevant for the described
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experiments is presented; further information can be found in [18], which describes the use
of the same system.

At the cathode inlet, the pressure (p), temperature (T), and relative humidity (RH) are
measured as displayed in Figure 1. Together with the mass flow (MFL) measurement and
the gas concentration measurements (FTIR 1 and PMD 1), all parameters at the cathode
inlet relevant for this research are known or could be calculated. The air mass flow was
measured with an automotive hot-film air mass meter. The ambient cathode air passes
through an air filter downstream of the air compressor. In the cathode exhaust, the pressure
(p), temperature (T), and relative humidity (RH) are also measured with the limitation that
the relative humidity measurement is impaired by the presence of water droplets in the
cathode exhaust. These droplets cause the sensor to be permanently wet, even immediately
after the fuel cell start, which results in a potentially incorrect measuring signal. Upstream
of the anode inlet manifold, a Coriolis mass flow sensor was installed to measure the
total hydrogen consumption. The anode was supplied with H2 (purity: 99.999%) from
gas bottles.
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Figure 1. Schematic depiction of the fuel cell system test bed setup, illustrating the components
relevant for this research.

The gas composition was measured with three analyzer types. The CO2 concentration
in the exhaust was measured with an infrared detector (IRD). A paramagnetic detector
(PMD) was used to perform the O2 concentration measurement at the cathode inlet and
exhaust outlet. The third analyzer type is a Fourier-transform infrared (FTIR) spectroscope,
which was also used at the cathode inlet and exhaust outlet. The gas was fed to the analyzers
through a gas cooler with two separate branches to reduce the humidity of the exhaust
gas. Although the cathode inlet air has a significantly lower humidity than the exhaust
gas, the gas cooler was also implemented there to allow the gas analyzers to be switched
between the cathode inlet and exhaust side via a valve block (not shown in Figure 1). The
gas measuring probe in the exhaust was inserted in the combined anode and cathode
exhaust, enabling the detection of the periodic anode purges. Another measuring probe led
to the hydrogen sensor (HSense), which applies the electron pulse ionization measuring
principle; this has a built-in gas cooler and, therefore, was not linked to the test bed gas
cooler shown in Figure 1. The gas measuring equipment used in this research was designed
for use at combustion engine test beds with the exception of FTIR 2, which was designed
for laboratory gas measuring purposes. Based on the requirements for combustion engine
exhaust gas measurement, the standard measuring range of gases such as CO2 is higher
than expected for fuel cells. This issue was addressed by using suitable calibration gases.

Several parameters required in this study could not be measured at the test bed
and had to be calculated; this calculation process is described in detail in the following
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sections. Figure 2 provides an overview of the measured and the most important calculated
parameters on the fuel cell cathode side. The cathode inlet system Sci has the highest
number of directly measured parameters and served as the reference system. The related
parameters are denoted with the abbreviation for cathode inlet (ci). Sce denotes the cathode
exhaust system similarly, but with more calculated parameters, since fewer sensors could
be installed there. The fuel cell cathode inside the stack is denoted Sstack, where no direct
measurements could be performed. The terms inside the stack system describe the source
and sink terms, as indicated by the plus (+) and minus (–) sign, respectively. The terms in
brackets are not considered in the base model but in the subsequent model variations. All
terms and abbreviations in Figure 2 are described and referred to in the following sections.
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2.2. Gas Measurement

The gas measurement at the fuel cell cathode inlet and in the fuel cell exhaust is
of great importance in this research, as it provides the basis for most of the evaluations
and calculations.

2.2.1. Compensation of Water Condensation in the Gas Cooler

Due to the high water content in the fuel cell system exhaust gas, a gas cooler (set to
1.5 ◦C) was installed in the piping leading to the gas composition measuring equipment.
This was performed to avoid any water accumulation inside the equipment. Due to the
condensation of water vapor, the gas composition upstream and downstream of the gas
cooler differs, resulting in higher measured concentrations in the relatively drier gas after
the gas cooler than are in the wet gas at the fuel cell inlet and exhaust. Therefore, a dry-to-
wet correction factor fcx was used to calculate the wet concentrations upstream of the gas
cooler, based on [19].

fcx =
νwet

νdry
=

1− νH2O,US,cx

1− νH2O,DS,cx
(1)

The terms νwet and νdry are the mole fractions upstream (wet) and downstream (dry)
of the gas cooler. The term x in the index represents either the cathode inlet (x = i) or the
cathode exhaust (x = e). The mole fractions need to sum up to one, and since only the water
mole fraction is changed by the gas cooler, the formula can also be written by including the
water mole fraction upstream νH2O,US,cx and downstream νH2O,DS,cx of the gas cooler. The
latter mole fraction is measured by FTIR 1 (νH2O,DS,ci) in the cathode inlet and by FTIR 2
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(νH2O,DS,ce) in the cathode exhaust as a concentration. The water mole fraction upstream of
the gas cooler in the cathode inlet gas can be calculated as

νH2O,US,ci =
pH2O

pci
=

RHci·p′v,ci(T)

pci
. (2)

In Equation (2), the terms RHci and pci are measured at the cathode inlet and are the
air relative humidity and the total pressure of the humid air, respectively. pH2O is the partial
pressure of the water vapor. The saturation water vapor pressure p′v,ci(T) depends on the
measured gas temperature and was interpolated from tabulated data. The correction factor
does not significantly influence the concentrations in the cathode inlet stream, since the
water vapor content in the ambient air is relatively low; therefore, only a small amount of
water condenses in the gas cooler. The resulting values over the fuel cell current density
operating range can be seen in Figure 3, in which the factor for the cathode inlet is always
close to one.
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The same calculations are made for the cathode exhaust, although the cathode exhaust
relative humidity RHce was calculated rather than measured by using the equations cited
in the following sections. As described in Section 2.1, the H2 sensor (HSense) has an
internal gas cooler (gas exiting the HSense below 5 ◦C). Its water separation capacity
was determined by performing a measurement with FTIR 2 inserted downstream of the
HSense during an exemplary fuel cell operation. The gained values were then used in the
calculations to determine the dry-to-wet correction factor. Figure 3 highlights the fact that
the correction factor for the cathode exhaust measurements changes quite significantly over
the fuel cell operating range; therefore, this represents an important method which should
be applied in fuel cell exhaust gas measurement.

All concentrations and mole fractions mentioned subsequently represent the corrected
values using the respective dry-to-wet correction factor.

2.2.2. Gas Mass Calculation

A crucial aspect in this research is the application of gas mass balancing method, which
was used to assess the model’s performance. Therefore, the gas mass of an individual gas
component had to be calculated both at the cathode inlet and in the exhaust.

.
mi =

.
mcx·

Mi

Mcx
·νi (3)
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Equation (3) describes the mass flow of an individual gas component
.

mi with the total
mass flow

.
mcx, the molar mass of the gas component Mi, the molar mass of the total inlet

or exhaust gas Mcx, and the measured concentration converted into the mole fraction of an
individual gas component νi.

2.2.3. Gas Analyzer Comparison

The use of multiple gas analyzers with different operating principles and from various
manufacturers is a potential source of deviation in the measurements. Therefore, the ana-
lyzers were exposed to calibrating gas to evaluate the relative error between the measured
concentrations. This was performed by injecting the calibrating gas into the probe tips
in the cathode gas path, as depicted in Figure 1, to which the individual gas analyzers
are connected. Therefore, all components downstream of the probe tips, such as the gas
cooler, piping, and valves, are included. This has the advantages that possible leaks can be
identified, and the time delay caused by the piping lengths can be evaluated.

The CO2 measurements of all relevant gas detectors were comparable, displaying
differences of only a few parts per million (ppm). In addition to a 500 ppm CO2 in N2
mixture, ambient air was used for comparison. The difference between the PMD 1 O2 and
PMD 2 O2 measurements was more significant, based on measurements with ambient air.
Therefore, the PMD 2 value was adjusted to match the PMD 1 concentration. The decision
to adjust the PMD 2 value was made because PMD 1 is used at the cathode inlet, which
was defined as the reference system in this study.

A further correction to the exhaust gas measurements had to be made due to the
influence of the anode purge and drain H2 peaks in the exhaust. As shown in Figure 1,
the measuring probe was inserted in the combined anode and cathode exhaust, and the
influence of the H2 concentration peaks can be seen in the IRD, PMD 2, and FTIR 2
measurements. Since only the cathode exhaust gas is of interest, and the concentrations
there were not expected to change during the anode purge, the measuring signals were
post-processed by linear interpolation to exclude the influence of the H2 peaks.

2.3. Mathematical Models

A mathematic model was developed in this research to calculate the fuel cell exhaust
gas composition and mass flow. This model was based on test bed data and assumptions
regarding unknown parameters. Parameters such as temperature, gas partial pressures,
and water formation are not constant inside the fuel cell. To locally resolve these processes,
extensive knowledge regarding the design and materials used in the fuel cell is required,
but which was not available in this research. Therefore, the fuel cell stack was treated as a
black box, and the following generalized assumptions about the processes inside the stack
were made:

• All gases are thermodynamically ideal gases.
• The cathode inlet air molar mass is based on synthetic air (consisting of N2 and O2

only) and water vapor.
• The water formed as a product is formed in a liquid state at the reaction site and

contacts the cathode gas, enabling water vapor transfer. Therefore, a fully hydrated
membrane was assumed, and the possibility of water transport through the membrane
to the anode was excluded.

• All water formed as a product is susceptible to gas absorption and has the same
temperature as the cathode exhaust gas.

• No liquid or gas diffusion through the membrane is considered.

These assumptions are valid for the base model, dubbed Model-A. Three modified
models were created based on Model-A and tested individually, followed by a fourth model
combining all modifications, as listed in Table 1.



Energies 2023, 16, 6057 8 of 20

Table 1. List of the investigated mathematical models and their modifications.

Model Index Modification

Model-A Base and reference model

Model-B Model considering the H2 concentration at the cathode, also
in the calculation of the exhaust humid air

Model-C Model including the water diffusion through the membrane

Model-D Model considering the N2 diffusion to the anode, resulting in
a reduced N2 concentration at the cathode

Model-E A combination of Model-A, -B, -C, and -D

2.3.1. Cathode Inlet Calculations

At the cathode inlet, all parameters necessary to calculate the gas composition were
measured or derived from the measured values. The following set of equations follows
basic thermodynamic rules. Equation (4) describes the molar flow rate of oxygen at the
cathode inlet

.
nO2,ci =

νO2,ci·
.

mci

Mci
(4)

with
.

mci being the measured cathode inlet mass flow, hence consisting of dry air and water
vapor. Mci is the molar mass of the cathode inlet air, as described in Equation (5)

Mci =
(
1− νH2O,ci

)
·Mair,dry + νH2O,ci·MH2O, (5)

where MH2O is the molar mass of water, Mair,dry is the molar mass of synthetic air consisting
of 79 vol% N2 and 21 vol% O2, and νH2O,ci is the mole fraction of water vapor in the cathode
inlet air, as measured by FTIR 1.

The oxygen ratio at the cathode side λO2 describes the ratio between the supplied
oxygen molar flow rate

.
nO2ci and the consumed amount of oxygen during the ORR

.
nO2,cons..

λO2 =

.
nO2,ci

.
nO2,cons.

=

.
mO2,ci

.
mO2,cons.

(6)

The fuel cell current depending O2 consumption mass flow
.

mO2,cons. in the fuel cell
can be calculated with

.
mO2,cons. =

Istack·ncells·MO2

4·F (7)

where Istack is the measured stack current, ncells is the number of cells in the stack, MO2 is
the molar mass of oxygen, and F is the Faraday constant.

The oxygen ratio is adjusted by the cathode air compressor mass flow and commonly
set to values well above one so that sufficient fuel is supplied, and the water produced is
transported out of the fuel cell, preventing the membrane from drying out. By combining
and modifying Equations (6) and (7) and by making the additional correlations for mixtures
of ideal gases, the cathode oxygen ratio is calculated as

λO2 =

.
mci·4·F·νO2,ci

Mci·Istack·ncells
. (8)

Although the fuel cell system does not have an external cathode gas humidifier, the
cathode inlet air is not totally dry due to the presence of water vapor in the ambient air.
This water vapor mass flow has to be considered in the calculations, since it reduces the
water uptake capacity of the cathode gas inside the fuel cell. Since the fuel cell was operated
frequently with only short periods without operation, it was assumed that the membrane
did not dry out between the experiments; therefore, the water vapor mass flow at the
cathode inlet is not completely consumed to humidify the membrane.



Energies 2023, 16, 6057 9 of 20

The absolute humidity xci at the cathode inlet can be calculated as

xci =

.
mv,ci
.

mdry,ci
=

MH2O

Mair,dry
·

RHci·p′v,ci(T)

pci − RHci·p′v,ci(T)
(9)

The new terms in Equation (9) are the water vapor mass flow
.

mv,ci and the dry air
mass flow

.
mdry,ci. The cathode inlet water vapor mass flow

.
mv,ci can be calculated as

.
mv,ci = xci·

.
mci

1 + xci
(10)

and the dry air mass flow as
.

mdry,ci =
.

mci −
.

mv,ci (11)

2.3.2. Cathode Exhaust Gas Calculations: Humid Air—Model-A

The amount of water produced during the fuel cell operation
.

mH2O,prod. depends on
the stack current and can be calculated by using Equation (12).

.
mH2O,prod. =

Istack·ncells·MH2O

2·F (12)

This water is transported out of the fuel cell with the cathode gas flow, either as water
vapor or liquid water droplets. In this study, a differentiation was made between saturated
and non-saturated exhaust gas, which depends on the water vapor uptake capacity of the
cathode gas. To assess the condition of the cathode exhaust gas, an estimated absolute
humidity xce,est is calculated by using Equation (13), assuming that the whole product
water mass is dissolved in the cathode gas as water vapor:

xce,est =

.
mv,ce
.

mdry,ce
=

.
mH2O,prod. +

.
mv,ci

.
nN2,ce·MN2 +

.
nO2,ce·MO2

(13)

with
.
nO2,ce =

.
nO2,ci·

(
λO2 − 1

λO2

)
(14)

and
.
nN2,ce =

(
1− νO2,ci − νv,ci

)
· .nci =

.
nN2,ci. (15)

An estimated relative humidity can be calculated based on xce,est with Equation (16),
which is a reformulation of Equation (9) and the indexes of the cathode exhaust (ce). The
temperature-dependent calculated saturation vapor pressure is p′v,ce(T), and the measured
total fuel cell exhaust gas pressure is pce.

RHce,est =
pce

p′v,ce(T)

(
1 +

MH2O
Mair,dry

· 1
xce,est

) (16)

For the calculation of the estimated exhaust relative humidity RHce,est, dry synthetic
air composed of 79 vol% N2 and 21 vol% O2 was assumed, and the parameters Mair,dry and
p′v,ce(T) were calculated on this basis. Therefore, the reduced oxygen concentration at the
cathode exhaust due to the ORR was neglected.

Based on the estimated exhaust relative humidity RHce,est, a case discrimination
was made:

• Case 1: RHce,est < 1: The fuel cell exhaust gas is not saturated, and all the water
produced is transported out of the fuel cell as water vapor. In this case, the exhaust
relative humidity is calculated for every time step; xce = xce,est.
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• Case 2: RHce,est ≥ 1: The fuel cell exhaust gas is considered to be saturated, with
possible presence of liquid water and water vapor. In this case, the exhaust relative
humidity is set to one. Values above one are fictitious, because when saturated, the
maximum value that can be reached is one; xce = f (RHce = 1), calculated based on
Equation (9) with the parameters of the cathode exhaust.

The case discrimination is made at every time step for the recorded data. Therefore,
the calculation model can be used to cover fuel cell operating states in which the exhaust
gas is either saturated or unsaturated. This makes it suitable for performing calculations
over the whole operating range of a fuel cell system.

The dry exhaust air mass flow can be calculated as the dry inlet air mass flow, reduced
by the ORR oxygen consumption:

.
mdry,ce =

.
mdry,ci −

.
mO2,cons. (17)

And the total gaseous exhaust mass flow is

.
mce =

.
mdry,ce +

.
mv,ce. (18)

This total exhaust gas mass flow is further used for calculating the exhausted gas
masses in Equation (3).

Depending on the case, the exhaust water vapor mass flow
.

mv,ce and liquid water
mass flow

.
mliquid,ce are calculated differently. Furthermore, the molar mass for the cath-

ode exhaust gas has to be calculated, which is required for the calculations shown in
Equation (3):

Mce =
(
1− νO2,ce − νv,ce

)
·MN2 + νO2,ce·MO2 + νv,ce·MH2O (19)

The oxygen molar fraction in the exhaust gas can be calculated as

νO2,ce =

.
nO2,ce

.
nN2,ce +

.
nO2,ce +

.
nv,ce

, (20)

with the exhaust water vapor molar flow rate

.
nv,ce =

( .
nN2,ce +

.
nO2,ce

)
·p′v,ce(T)·RHce

pce − p′v,ce(T)·RHce
. (21)

Based on the calculated absolute humidity xce, the water vapor mass flow in the
exhaust gas is calculated in Equation (22).

.
mv,ce = xce·

.
mdry,ce (22)

The exhaust gas water vapor uptake capacity is reduced by the presence of the inlet
water vapor mass flow

.
mv,ci. The water vapor mass flow absorbed in the fuel cell stack,

therefore, is calculated as
.

mv,fc =
.

mv,ce −
.

mv,ci. (23)

For Case 1, the liquid exhaust mass flow is zero per definition, since all the water
produced is carried out of the fuel cell as water vapor. Case 2, however, has an additional
liquid water mass flow due to the saturated or oversaturated exhaust gas and can be
calculated as

.
mliquid,ce =

.
mH2O,prod. −

.
mv,fc. (24)
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2.3.3. Cathode Exhaust Gas Calculations: Humid Air—Model-B, including
Exhaust Hydrogen

The predominant gas components in the fuel cell cathode exhaust are, by several
orders of magnitude, N2 and O2, but the H2 concentration can be in the range of several
hundreds to thousands of ppm in the case of a degraded membrane. This concentration
originates from the H2 crossover from the anode to the cathode and does not come from
the anode purge and drain processes. Therefore, Model-B takes into account the presence
of H2 in the humid air calculation, which was derived from the exhaust H2 concentration
measurement, excluding the H2 peaks from the anode purge and drain events. A term that
allows the H2 influence on the dry gas molar mass to be considered is added to the total
exhaust gas molar mass from Equation (19):

Mce = νN2,ce·MN2 + νO2,ce·MO2 + νv,ce·MH2O + νH2,ce·MH2 . (25)

Consequently, the estimated exhaust gas absolute humidity from Equation (13) is
changed to

xce,est =

.
mv,ce
.

mdry,ce
=

.
mH2O,prod. +

.
mv,ci

.
nN2,ce·MN2 +

.
nO2,ce·MO2 +

.
nH2,ce·MH2

. (26)

The exhaust gas oxygen molar fraction from Equation (20) also changes to

νO2,ce =

.
nO2,ce

.
nN2,ce +

.
nO2,ce +

.
nv,ce +

.
nH2,ce

, (27)

And Equation (21) is modified to

.
nv,ce =

( .
nN2,ce +

.
nO2,ce +

.
nH2,ce

)
·p′v,ce(T)·RHce

pce − p′v,ce(T)·RHce
. (28)

Finally, the hydrogen exhaust mass flow is added to the dry gas exhaust mass flow
from Equation (17)

.
mdry,ce =

.
mdry,ci −

.
mO2,cons. +

.
mH2,ce (29)

2.3.4. Cathode Exhaust Gas Calculations: Humid Air—Model-C, including Membrane
Water Diffusion

As described in the introduction, product water can diffuse from the cathode through
the membrane to the anode. In this study, the rate of water diffusion was determined
empirically by using the anode water sampling flask depicted in Figure 1. The drain water
was collected in a representative experiment covering the fuel cell current density range,
and the total amount of water produced was measured. Based on these experiments, a
relationship between the total product water formation from Equation (12) and the collected
anode drain water was derived. The result shows that 10% of all water produced diffuses
to the anode. Due to the fact that this value was derived from a full experiment, all water
transport mechanisms acting at the membrane are included. In Model-C, the time-based
water mass flow was reduced by 10%, thus accounting for the water diffusion across the
membrane. Equation (12) is adjusted to

.
mH2O,prod. =

(
Istack·ncells·MH2O

2·F

)
·0.9, (30)

which affects all calculations that include the product water mass flow.
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2.3.5. Cathode Exhaust Gas Calculations: Humid Air—Model-D, including
Nitrogen Diffusion

The nitrogen diffusion rate through the membrane could not be determined in the
experiments. Therefore, the current-dependent values for nitrogen crossover through the
membrane to the anode were taken from [20] and adapted to fit the specifications of the
system used in the current experiments. The result is a fuel cell stack current-dependent
nitrogen molar flow rate to the anode

.
nN2,diff., which reduces the molar flow rate of nitrogen

on the cathode exhaust side, thus influencing the exhaust gas composition. Equation (15)
changes to

.
nN2,ce =

(
1− νO2,ci − νv,ci

)
· .nci −

.
nN2,diff. 6=

.
nN2,ci, (31)

and no longer equals the cathode inlet nitrogen molar flow rate
.
nN2,ci.

2.3.6. Gas Absorption in the Fuel Cell Product Water

The degree of absorption of the gas components O2 and CO2 was investigated since
this influences the gas mass balancing. The assumption made in this study was that gas
absorption takes place inside the fuel cell on the cathode side when the product water and
the gas come into contact. The possibility that further gas absorption occurs in the exhaust
pipe downstream of the fuel cell stack up to the measuring probe cannot be fully excluded,
but it was assumed that absorption took place mainly at the point of first contact between
gas and water inside the fuel cell, where the individual gas concentrations are highest. The
possibility of gas absorption in the gas cooler was excluded, because of the small contact
area available between the gas and the condensed liquid water inside the gas cooler [19].

The calculations and parameters are derived from [21], and the main equation used to
calculate the gas absorption is Henry’s Law:

cO2,ci =
H

ρH2O
·pO2,ci (32)

The indexes in Equation (32) refer to the calculation of O2 absorption as an example,
but the same equation can be used for any gas species. cO2,ci denotes the concentration of
oxygen in the water produced, pO2,ci is the oxygen gas partial pressure derived from the
measurements at the cathode inlet, ρH2O is the density of the product water, and H is the
Henry solubility. The influence of the water temperature is considered by applying the
van’t Hoff equation:

H = Href·e(
−∆sol H

R ·( 1
T−

1
Tref )) (33)

The temperature Tref is the reference temperature (298.15 K), Href is the reference
Henry constant at Tref, ∆solH is the enthalpy of dissolution, and R is the universal gas
constant, all of which are either constant or tabulated in [21]. T is the water temperature,
which was not measured in the experiments and was set to the measured value of the
cathode exhaust gas temperature.

3. Results and Discussion

The mathematical and thermodynamic models presented in the previous section were
validated by balancing gas species between the cathode inlet and exhaust. This process
was based on the assumption that certain gases were neither produced nor consumed on
the fuel cell cathode side; therefore, mass balancing between the inlet and exhaust could be
performed. A gas species suitable for this evaluation is CO2, which is part of the ambient
air and is not expected to be produced on the cathode side of the fuel cell under regular
operating conditions in significant quantities [10].

Another promising gas species for gas mass balancing is O2, which is also not produced
in the fuel cell but is partly consumed during the ORR. Therefore, this current-based
oxygen consumption was taken into account using Equation (7) and is considered in all the
presented results.
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3.1. Model Evaluation
3.1.1. Steady-State Fuel Cell Operation

The models were first tested under steady-state fuel cell operation conditions, since the
fuel cell operating parameters are relatively constant and reproducible at constant current
densities, which were held for dwell times of several minutes. In the case of Figure 4a,b, the
0.65 A/cm2 current density load point was held constant for 30 min, the last ten minutes
of which were used for the calculations. This method ensured that operating parameters
such as the temperatures of the reactants and coolant, the water produced, including
the membrane humidification, and the resulting cell voltages had reached a stable and
reproducible state. Therefore, an isolated performance evaluation of the calculation models
was possible.
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Figure 4. (a) CO2 and O2 gas mass balancing at constant current density; (b) comparison of the
different mathematical models at constant current density based on CO2 measurements.

The results in Figure 4a show the deviation of the O2 and CO2 masses at the constant
current density load point between the cathode inlet and exhaust as a percentage of the
mass at the cathode inlet, measured with three different analyzers and calculated based on
Model-A. Overall, the gas species mass balancing reaches acceptable levels of deviation
(i.e., between ±3% in the case of CO2 and above—5% for O2). In particular, the results for
O2 all lie within a comparable range (±2%), which implies that the calculation method is
stable and reproducible. In the case of CO2 balancing, the results vary between positive and
negative values, suggesting that no pronounced CO2 production occurred due to carbon
corrosion inside the fuel cell.

The calculation models listed in Table 1 were used on the same base data set from
the eleven experiments depicted in Figure 4b, which facilitates a direct comparison. In
this evaluation, Model-A is the reference model based on the approach where the stack is
treated as a black box. Since detailed information about the fuel cell design and insight into
the processes inside the fuel cell stack may not be available, this approach is considered the
most applicable one in general fuel cell research since it only requires measuring equipment
around the stack. The results for CO2 IRD based on Model-A in Figure 4b are the same
as for the first eleven experiments shown in Figure 4a. In these experiments, the mass
balancing offset is below 1.8% of the CO2 mass transported into the fuel cell.

Model-B considering the H2 share in the cathode exhaust gas is the most different from
Model-A among all models. The increase in the mass balancing offset is mainly caused
by the higher dry and total gas mass flows obtained from Equations (18) and (29), which
subsequently results in an increased exhausted CO2 mass (Equation (3)).

Model-C considers the membrane water transport and, hence, the change in product
water mass flow through the cathode. The effect is, however, negligible compared to
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that shown in Model-A, since the results of the two models in Figure 4b almost fully
overlap. Apparently, slight changes in the product water mass flow do not have a significant
influence on the calculation, suggesting that the membrane water diffusion can be neglected
in calculations of this nature.

The N2 diffusion through the membrane, described in Model-D, has an influence on
the results as shown in Figure 4b, although this influence is not as significant as the H2
mass flow consideration in Model-B. Due to the N2 diffusion to the anode, the N2 mass flow
through the cathode changes, reducing the total mass flow at the cathode exit. Therefore,
the CO2 mass flow and, hence, the total exhausted CO2 mass are also reduced as compared
to Model-A.

Model-E is a combination of all models, which results in values slightly above the
ones obtained from the base Model-A; these are mainly influenced by the H2 mass flow
consideration as in Model-B.

Based on these experiments, the effect of the gas absorption was also investigated.
The influence is marginal, that is, 0.01 percentage points on average. The low effect of gas
species absorption in fuel cells was also reported in [22]. Despite its small impact, the gas
absorption calculation was performed for all evaluations, and all results are included, as
well as those from Figure 4a,b.

Note that the membrane water diffusion in Model-C is quite generalized and based
on one representative measurement, neglecting possible changes due to membrane degra-
dation and changes in operating conditions. The nitrogen diffusion in Model-D is derived
from [20] and not based on the tested system, which is a potential source of error. The
results shown in Figure 4b, therefore, only provide a basis for discussing the influence of
membrane transport mechanisms on the exhaust gas calculation and do not allow the most
correct calculation model to be identified.

Figure 5 shows the results of gas mass balancing at different current densities but still
at steady-state operation, since every current density was kept constant for ten minutes.
The calculations were performed for the total ten minutes of dwell time. The goal in these
experiments was to evaluate whether the model could be used over the whole fuel cell
operating range. The CO2 gas mass balancing based on IRD and FTIR 2 shows comparable
results at all current densities except for the lowest current density. At this point, the
fuel cell was being operated outside its normal operating range, resulting in non-ideal
operating conditions regarding the increased cathode flow and the resulting dehydration
of the membrane. The same effect can be seen in the O2 mass balancing shown in Figure 5.
Except for the lowest current density, the offset in gas mass balancing decreases as the
current density increases. The PMD 2 gas analyzer used may explain the reason for this
trend, although the exact reason for the behavior could not be identified. A methodological
error in the calculation model can be excluded, since the results for CO2 IRD and FTIR 2 do
not show the same trend. Another reason for the load point-dependent change in the gas
mass balancing offset could be the O2 diffusion into the membrane, where it reacts to heat
and water [23]. Furthermore, the O2 mass balancing calculation contains the calculated
oxygen consumption of the fuel cell, which depends on the stack current measurement, a
further possible source of deviation.

3.1.2. Fuel Cell Operation at Changing Loads

The previous results were all derived at steady-state fuel cell operation at constant
current densities. To evaluate the suitability of the calculation model under dynamic fuel
cell operation, load ramps and driving cycles were used. The load ramps started at the
lowest current density of 0.04 A/cm2, were increased to 1.08 A/cm2, and were decreased
again to 0.04 A/cm2, all with a current gradient of 1 A/s. Therefore, the whole operating
range was covered by this load ramp, and due to the slow ramp speed, a compromise
between steady-state and dynamic operation was found. Each of the two driving cycles had
a duration of 45 min and represent the fuel cell system utilized during vehicle operation.
The driving cycles are representative for the use of the fuel cell system as a range extender
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in an electric city bus. The gas mass balancing was performed for the whole load ramp and
the total duration of the driving cycles.
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Figure 5. Cathode gas mass balancing at various current densities at steady-state operation.

The gas mass balancing during the load ramps in Figure 6 shows results comparable
to those at a constant current density shown in Figure 4a,b and Figure 5. In the case of CO2
mass balancing, the mass deviation of the results is in the range of ±3%.
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Figure 6. Gas mass balancing at load ramps and driving cycles.

The O2 mass balancing results shown here are slightly better than those shown in
Figure 4a, due to the previously described load point dependent influence of the PMD 2
analyzer. The load ramp covers the same range as the steady-state operation in Figure 5,
resulting in an O2 mass balancing offset which falls roughly within the middle range of the
results shown in Figure 5.

The results for the driving cycle evaluations in Figure 6 lie within the same range as all
previously described results, indicating that the model can also be applied to dynamic fuel
cell operation (up to a ramp speed of ±12 A/s during driving cycles) and can incorporate
the current-dependent changes that occur under fuel cell operating conditions.

3.2. Exhaust Gas Investigation

The suitability of the presented mathematical models for fuel cell exhaust gas calcu-
lation was proved by the gas mass balancing evaluations. Based on these results, further
aspects of the fuel cell exhaust gas are analyzed and discussed. The results in Figure 7a,b
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are derived from steady-state fuel cell operation at various current densities, held constant
for ten minutes and based on the same data set as in Figure 5.
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Figure 7. (a) Measured relative humidity at the cathode inlet and calculated values for the cathode
exhaust—values above 100% are fictious. (b) Calculated absolute humidity at the cathode inlet and
exhaust and calculated ratio of exhaust to inlet water vapor mass.

Figure 7a shows the calculated relative humidity at the cathode exhaust, based on
Equation (16), including the measured relative humidity at the cathode inlet. Note that
the tested fuel cell system had no external cathode gas humidification. Furthermore, the
relative humidity values above 100% are fictitious, because the relative humidity can only
reach a maximum of 100%. Nevertheless, the fictitious relative humidity values are used in
this paper to illustrate the degree of oversaturation. At the two lowest current densities
used in this evaluation, the cathode exhaust gas is not saturated, implying that the amount
of water present under these conditions was not sufficient to fully saturate the gas stream.
This also implies that the membrane was at risk of drying out at these operating points.
As the current density increases, the cathode gas becomes saturated, and water in liquid
state is transported out of the fuel cell as well. The relative humidity of the cathode
exhaust decreases again at higher current densities and reaches values close to 100%.
Although the amount of water generated at high current densities is high, the elevated gas
temperatures allow the gas to uptake an increased amount of water vapor. Under these
operating conditions, the thermal management of the fuel cell stack allows conditions to be
avoided where the exhaust gas is not saturated and membrane dehydration could occur.
Therefore, efficient stack and cathode air cooling are important aspects with regard to fuel
cell durability, especially when using systems without external humidification.

The absolute humidity values shown in Figure 7b are calculated with Equation (13)
and describe the ratio of water vapor and dry air mass flow, respectively. The determined
values increase as the current density increases, showing that the amount of water vapor
rises significantly in relation to the dry gas at the cathode exit. This supports the statement
made based on Figure 7a, namely that the capacity of the exhaust gas to absorb water vapor
is increased at higher current densities and the accompanying higher temperatures.

Figure 7b also shows the ratio of the cathode exhaust to inlet water vapor, which is
the model-based calculated exhaust water vapor mass flow divided by the calculated inlet
water vapor mass flow. This should underline the difference between the cathode inlet
and exhaust gas compositions, showing that the exhaust water vapor mass flow is almost
20 times higher than the water vapor inlet mass flow.

An important aspect regarding fuel cell efficiency is the evaluation of H2 exhaust
losses, which are caused by H2 crossover through the membrane from the anode to the
cathode and by the anode purge and drain processes. In Figure 8, the losses caused by H2
crossover over the fuel cell current density operating range are described as a percentage
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of the total hydrogen consumption. The latter was measured with a Coriolis mass flow
meter upstream of the fuel cell anode inlet, as depicted in Figure 1. Although the H2 mass
flow in the cathode exhaust caused by H2 crossover does not change significantly over the
current density range, the share of the loss based on the consumed hydrogen decreases
and reaches levels well below 1% at higher current densities. The total H2 exhaust loss
shown in Figure 8 is a sum of the anode purge and drain losses and the H2 crossover losses.
The effect of the purge and drain becomes the predominant cause for H2 losses as the
current density increases, since the purge and drain strategy is based on the ampere hours
delivered by the stack.
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3.3. Air Contaminant Experiments
3.3.1. NO Contamination

A fuel cell electric vehicle is exposed to air impurities when operating, including
NO, which adsorbs onto the cathode platinum catalyst and causes a partly recoverable
reduction in cell voltage. This effect was previously investigated at ITnA with the same
fuel cell system and test bed setup, and the results were published in [18]. The exhaust gas
calculation model presented in this paper can be used for such air impurity experiments
with test beds, which can help researchers understand the adsorption and desorption
processes that take place on the catalyst.

The gas mass balancing method was used to evaluate how much NO was exhausted
as compared to the injected amount. For this evaluation, the gas absorption of NO was
considered in the calculations. Figure 9 shows that, at low injected NO masses, only a
small amount of NO is exhausted during the injection process, implying that most of the
injected NO is adsorbed on the catalyst. When a certain amount of NO builds up in the
fuel cell, the exhausted NO mass increases rapidly. This supports the findings cited in [18]
that the catalyst becomes saturated once around 250 mg NO mass has been injected. The
current densities and injection durations are not described in Figure 9, since the findings
cited in [18] reveal the low influence of these parameters.

3.3.2. Mixed Gas Contamination

Following the NO injection experiments, one experiment was performed in which
a gas mixture was injected into the cathode gas stream. This gas mixture is used for
calibrating engine test bed gas analyzers at ITnA and consists of 500 ppm propane (C3H8,
99.95% purity), 500 ppm carbon monoxide (CO, 99.997% purity), 5% CO2 (99.995% purity),
150 ppm NO (99.5% purity), and N2 (99.999% purity) as the remainder. The injection was
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performed for 60 s at a constant 0.28 A/cm2 with the preconditioned fuel cell system, and
the injection caused a stack-averaged cell voltage drop of at most 50 mV. The results for the
gas mass balancing of the mixed gas injection experiment are listed in Table 2.
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Table 2. Results for the cathode inlet and exhaust gas mass balancing during the mixed gas injection experiment.

O2 [g] CO2 [mg] CO [mg] C3H8 [mg] NO [mg]

At cathode inlet 139.06 3190 17 28 5
Consumed 65.77 - - - -
Exhausted 62.26 3127 0 n/a 0
Difference −11.03 (−7.93%) −63 (−2%) −17 (−100%) n/a −5 (−100%)

The CO2 gas mass balancing deviations are comparable with the previously presented
results. The difference with regard to the O2 balancing is relatively high compared to the
previous results, but still falls within an acceptable range. Unfortunately, propane was not
measured in the cathode exhaust, making the mass balancing impossible. The results for
the injected NO fit the observations made in Figure 9, showing that the low amount of
injected NO is adsorbed onto the cathode catalyst, and none of it is exhausted. The same
accounts for the injected amount of CO, where also no mass was exhausted. CO adsorbs
onto the platinum catalyst, hindering the ORR and, therefore, causing a decrease in the cell
voltage [11]. Therefore, the mass balancing results for CO are plausible, confirming that the
presented calculation method and gas mass balancing approach can be used as a suitable
tool in fuel cell research.

4. Conclusions

The results for gas mass balancing obtained in this study prove the suitability of the
presented mathematical thermodynamic model for calculating the fuel cell exhaust gas mass
flow and relative humidity. These findings also indicate that it is permissible to simplify the
approach by treating the stack as a black box. The influence of the processes taking place
inside the fuel cell stack were evaluated and discussed, such as membrane nitrogen and
water diffusion and the presence of hydrogen on the cathode side. The membrane water
diffusion was shown to have a negligible effect on the exhaust gas calculation results, but
the H2 concentration at the cathode and the membrane nitrogen diffusion had an influence,
which should be investigated in the future.

The base calculation model was further evaluated under steady-state and dynamic
fuel cell operation conditions, confirming the suitability of the model under these operating
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conditions. Investigations regarding the relative humidity of the cathode exhaust gas
revealed that the gas was not saturated at low current densities and that the humidity
reached values close to saturation at the highest levels of current density in the experiments.
The latter aspect highlights the importance of the stack thermal management, which
influences the water vapor uptake capacity of the cathode gas and plays a role in preventing
the membrane from drying out (e.g., at high loads).

An application area for the calculation model and the gas mass balancing could
be shown by carrying out cathode gas contamination experiments. The results of the
experiments with NO reveal the catalyst saturation above a certain amount of injected NO.
Furthermore, the total adsorption of CO and NO onto the cathode catalyst could be shown
during the injection of the gas mixture.

Although the resulting differences in gas mass balancing fall within a range of just
a few percentage points, the current error of the presented calculation model might still
be too high for dedicated carbon corrosion investigations, in which only small amounts of
CO2 are expected in the cathode exhaust. It might be beneficial to use more dedicated gas
measurement equipment designed for the concentrations expected under fuel cell operation
rather than the standard engine test bed gas measurement equipment used in this study, as
using this dedicated equipment may yield improved results and increased sensitivity.
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