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Fuel cell systems experience continuous performance degradation due to harsh operating conditions, which limits
their durability and reliability. This paper therefore aims to examine the main causes and mechanisms of degradation
affecting fuel cells, and in particular Proton Exchange Membrane Fuel Cells (PEMFCs), by conducting a detailed
Failure Mode, Effects, and Criticality Analysis (FMECA). Each failure mode is assessed through the Fuzzy Risk
Priority Number (FRPN), enabling the identification of the most critical degradation pathways. A Pareto-based
classification is then applied to rank failure causes according to their contribution to system performance loss. The
combined FMECA and Pareto approach makes it possible to highlight the dominant defects related to auxiliary
components, flow regulation, sensor inaccuracies and the aging of the membrane and electrodes. Based on the
critical causes identified, specific recommendations are proposed to improve reliability, including improved energy
management and operating strategies, optimized control of pressure and humidity, and improved monitoring of
auxiliary subsystems. The results provide a structured methodology for prioritizing degradation sources and guiding
preventive maintenance and design improvements in fuel cell systems.

Keywords: fuel cell degradation, PEMFC reliability, FMECA, fuzzy risk priority number (FRPN), pareto analysis,
critical failure causes

HIGHLIGHTS

— Afuzzy FMECA-FRPN framework is developed for risk assessment in PEMFC fuel cells.

— Critical degradation mechanisms in auxiliary systems and fuel cell stack are systematically analysed.
— Pareto analysis is employed to prioritize the most critical failure modes.

— Effective and targeted mitigation strategies are developed to improve system reliability and durability.

1 Introduction

Fuel cells are a key technology in the transition to clean energy, offering efficient and environmentally friendly
electricity production for several applications: transport, power systems, electric vehicles, stationary power
generation systems [1, 2]. Despite their strong potential, their large-scale deployment of fuel cell systems remains
significantly constrained by persistent reliability and durability challenges [3, 4]. Understanding the mechanisms
behind performance degradation and identifying the critical causes of failures are therefore essential to enhance
safety, optimize maintenance, and extend the operational lifetime of these systems. Many research studies have
investigated the influence of operating conditions on the performance and reliability of fuel cells [5-9]. Within this
framework, several studies have focused on developing diagnostic strategies to assess the state of health of fuel cell
systems. The primary objective of these studies is to establish and apply analytical methodologies capable of
identifying, characterizing, and interpreting the different failure mechanisms that affect fuel cell durability. These
approaches commonly rely on semi-empirical modeling that accounts for variations in physicochemical properties
[5], machine learning method [6], electrochemical impedance spectroscopy [7, 8], new design-of-experiments
techniques to better understand the degradation pathways and their impact on system behavior [9] and the
improvement of energy management of fuel-cell [10, 11]. Despite the increasing research efforts devoted to
understanding fuel cell degradation, these systems still exhibit limited lifetimes and performance losses over time.
This article presents a structured methodology to analyze and prioritize failure modes in fuel cell systems, focusing
particularly on Proton Exchange Membrane Fuel Cells (PEMFCs). The study integrates reliability analysis, risk
evaluation, and statistical prioritization through a combination of Failure Modes, Effects, and Criticality Analysis
(FMECA) and Pareto-based ranking. This approach not only highlights the most critical degradation pathways but
also supports targeted preventive strategies to improve system performance and longevity. The article is organized
as follows:

In section Il the authors develop a comprehensive overview of auxiliary subsystems: Provides a detailed description
of the key auxiliary components supporting PEM fuel cell operation, including the reformer, compressor, humidifiers,
and cooling systems. Section Il presents a study of failure mechanisms and an assessment of the criticality of fuel
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cell systems. This study is based on the development of a FMECA (Failure Mode and Effects Analysis) and the
quantification of failure modes using the calculation of the fuzzy Risk Priority Number (FRPN) via a fuzzy logic
approach. Section IV is based on an analysis of critical failure causes using the Pareto method. This approach allows
for the classification and prioritization of the most significant failure modes, highlighting the major factors contributing
to system aging. The study is complemented by recommendations aimed at reducing the FRPN. The proposed
actions include targeted preventive and corrective measures designed to decrease the frequency and impact of
critical failures, while significantly improving the reliability of the fuel cell system.

2 Materials and methods

2.1 Comprehensive overview of auxiliary subsystems supporting PEM fuel cell operation

A fuel cell system requires the addition of several auxiliary devices for its operation, which ensure the supply of
reactants (hydrogen and air), their conditioning (pressure, flow rate), and the management of reaction products
(water, heat, electricity). Figure 1 shows an example of a diagram relating to a fuel cell system [12].
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Fig.1. Description of fuel cell system

The auxiliary components of a proton exchange membrane fuel cell are the various devices that surround the system.
These include:

— A compressor or turbine that supplies air to the cathode circuit,

— A hydrogen supply system that, depending on whether the hydrogen is produced on-site or not, includes a
reforming system in the first case and, in the second case, pressure tanks and one or more pressure
regulators to adjust the hydrogen pressure to the operating pressure of the fuel cell,

— One or two humidifiers, depending on whether one or two of the feed gases are humidified, to ensure proper
membrane operation,

— Various accessories for gas distribution (solenoid valves, piping, etc.),

— A cooling circuit that regulates the operating temperature of the fuel cell (cooling and heating circuits for
starting, thermal sensors, etc.),

— A static converter that manages the energy delivered by the fuel cell,
— A control element that manages gas flows based on the current required and ensures system safety.
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2.2 Fuzzy FMECA methodology

The aging of the fuel cell system is a complex and progressive phenomenon resulting from the interaction of multiple
degradation mechanisms affecting both auxiliary components and the essential electrochemical elements. The
degradation can be classified into two main categories such as the auxiliary system degradation and the fuel cell
stack degradation. The proper operation of a fuel cell system strongly depends on the reliability of its auxiliary
subsystems, particularly those related to hydrogen supply, oxygen supply, and thermal management. Degradation
of the hydrogen supply system may occur due to reformer malfunctions, leading to hydrogen unavailability, which
directly affects the electrochemical reaction. Additional failures such as voltage sensor malfunction, current sensor
errors, and temperature measurement issues can further compromise system control and stability. Similarly,
hydrogen humidifier malfunctions, including pump failures or insufficient purging, can result in improper humidification
levels, causing membrane dehydration or flooding. On the oxygen supply side, compressor failures may lead to
insufficient air delivery, often caused by filter blockage or sensor malfunctions. Oxygen humidifier issues, particularly
inadequate purging, can also disrupt optimal operating conditions. The cooling system plays a critical role in
maintaining thermal stability. Failures in the cooling circuit, such as radiator malfunction or heat exchanger
inefficiency, may result in overheating, accelerating the degradation of internal components and reducing overall
system lifetime [13-15]. In addition to auxiliary components, the fuel cell stack itself is subject to intrinsic degradation
mechanisms that significantly affect performance and durability [16-18]. The membrane is one of the most critical
components of the fuel cell. Its degradation is primarily associated with conductivity reduction and membrane
thinning. Conductivity loss can be caused by high operating temperatures, ripple currents, contamination by metal
ions, excessive humidity, or exposure to corrosive substances. Membrane thinning, on the other hand, is often linked
to mechanical and chemical stresses such as operational cycling and radical formation, which progressively
deteriorate the membrane structure. Electrode degradation also plays a key role in system aging. The reduction of
the active surface area is mainly due to binder degradation and catalyst agglomeration, often accelerated by thermal
stress and current fluctuations. Additionally, anode catalyst poisoning, typically caused by the presence of carbon
monoxide, significantly reduces catalytic activity and limits the efficiency of electrochemical reactions. To evaluate
these different degradations, a (FMECA) is applied. It ranks failure modes using the Risk Priority Number (RPN),
obtained from the severity (S), occurrence (O), and detection (D) indices. These indices describe the impact of a
failure, its likelihood, and the probability of identifying it before it affects the system [19]. This method classifies each
failure mode and quantifies its importance through the Risk Priority Number (RPN), calculated as the product of three
indices:

RPN =5.0.D 1)

Although widely used, the classical RPN does not fully capture uncertainty or the subjective nature of expert
assessments. For this reason, a fuzzy extension of the RPN (FRPN) is adopted [20-24]. The fuzzy approach converts
S, O, and D values into linguistic variables and applies inference rules that better represent real operating conditions.
Figure 2 presents the membership functions adopted in the fuzzy risk evaluation process, namely Gaussian, Z-shaped,
and S-shaped functions. The Gaussian function models intermediate linguistic terms, while the Z-shaped and S-shaped
functions represent lower and upper boundary conditions, respectively. Their mathematical expressions are provided
in equations 2, 3 and 4.

The Gaussian function (Figure 2.a) has the following membership function:

—(x=0)?
u(x) = e 202 (2)
Z-Shaped fuzzy membership (Figure 2.b) has the following membership function:
( 1 ,x<a
1-2(5%2 ¢ <x <22
H(x) = x—l;_a a-l’-b ? (3)
2—)4,—<x<b
b—a 2
0 ,X=b
S-Shaped fuzzy membership (Figure 2.c) has the following membership function:
( 0 ,x<d
259%,d sx <22
H(x) = e_x—e a+ (4)
— 2(X=8y2 2*€
1-2C)%—5 sx=<e
1 , X =e
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Fig. 2. Membership functions of: (a) Gaussian, (b) Z-Shaped, (c¢) S-Shaped

The linguistic rating scales used for S, O, and D, are consolidated into a unified structure to ensure consistent
interpretation and to facilitate their transformation into fuzzy membership functions. The synthesized classification is
presented below in Table 1.

Table 1. Severity (S), Occurrence (O) and Detection (D) Rating Scale

Rating Linguistic Term description Description of effect on system Membership functions
1 Low Negligible impact: system operates normally. (a,b)=(2,3)
> 4 Moderate Noticeable performancg reduction; system still (©,¢)=(1,4)
< functional.
>
D . Significant loss of function; system
" ! =
! High performance severely affected. (©.0=17)
. Complete failure; major safety risk or _
10 Very high irreversible damage. (d.e)=(89)
1 Low Failure is highly unlikely to occur. (a,b)=(2,3)
[}
% 4 Moderate Failure occurs sporadically. (0,c)=(1,4)
8 7 High Failure occurs often. (0,c)=(1,7)
10 Very high Failure occurs almost always. (d,e)=(8,9)
1 Very high No detection — Low | Failure is easily detected by current controls. (a, b) =(1.25, 1.75)
S 2 High No Detection — Failure can be detected with some effort. (o, c)=1(0.25, 2)
5 Moderate
Q
o Moderate No Detection — Failure is unlikely to be detected before _
= 3 High causing impact. (0,0)=(0.25,3)
. . Failure is virtually impossible to detect before _
4 Low No Detection —Very high affecting the system. (d, e) = (3.25, 3.75)

As shown in Table 1, the linguistic variables are defined using consistent membership function types to ensure
coherence in the fuzzy modeling. For example, the terms “Moderate” and “high” of S and O factors are both
represented using Gaussian membership functions with the same spread (o=1), while their centers are shifted to
reflect their relative positions on the scale (c=4 for “Moderate” and c=7 for “High”). This choice ensures smooth and
symmetric transitions between adjacent levels. Furthermore, different parameter values are assigned to O, S, and D
to reflect their respective scales and relative importance. While O and S are defined over a wide range (1,4,7,10), D
is defined over a reduced scale (1-4) to limit its influence. Consequently, narrower Gaussian functions are used for
D, ensuring better sensitivity within its range while preserving the overall consistency of the fuzzy inference system.
Based on the S, O and D inputs, the fuzzy FMECA rule base is constructed by combining their linguistic levels,
resulting in 64 rules derived from the four linguistic terms per input as shown in figure 3. The fuzzy inference rules
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are defined based on expert knowledge and the logical relationships between the input variables. To ensure full
transparency and reproducibility of the fuzzy inference process, the aggregation procedure is explicitly defined. A
Mamdani fuzzy inference system is adopted in this study, where each fuzzy rule is evaluated using the minimum
operator to model the logical AND between input variables (S, O and D). The outputs of all activated rules are then
aggregated using the maximum operator (max-min composition), combining their contributions into a single fuzzy
output set. Finally, defuzzification is performed using the centroid (center of gravity) method to obtain a crisp FRPN
value. This approach ensures a consistent and interpretable mapping from linguistic assessments to quantitative risk
values.

Risk Rules Heatmap (O, S, D)

O:Low| SiLow

O:Low | S:Moderate

O:Low | StHigh

O:Low | S:Very High

O:Moderate | S:Low

O:Moderate | S:Moderate
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O:Moderate | S:Very High
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Fig. 3. Fuzzy FMECA Risk Rules based on O, S and D

3 Results and discussion
3.1 Fuzzy FRPN assessment

The overall fuzzy FRPN evaluation procedure, as implemented in MATLAB, is illustrated in figure 4, which outlines
the main steps of the process, including fuzzification of inputs, rule evaluation, aggregation of output, and
defuzzification to produce the final risk index. This approach provides a consistent, interpretable, and reproducible
mapping from linguistic assessments to quantitative risk values.

Fuzzy FRPN Evaluation Method Using MATLAB

[ Fuzzification ] Fuzzy Rule Evaluation

Fuzzy FMEA Rules
If Sis High, O'is
Moderate, D is Low
— FRPN = Moderate

[ Input Parameters ]

® Severity (S)
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Fig. 4. Fuzzy FRPN Evaluation procedure using MATLAB

The FRPN approach enhances the discrimination of critical failure modes, providing a more accurate assessment
than classical RPN. Failures affecting auxiliary subsystems or degradation mechanisms in the membrane and
electrodes are identified as appearing more critical when evaluated with the fuzzy method. However, the traditional
FMECA approach remains limited when the evaluation of severity, occurrence, and detection relies heavily on
subjective expert judgments or when operational data are sparse [25]. To address these limitations, the methodology
is extended using fuzzy logic, which enables the representation of linguistic assessments through continuous
membership functions rather than fixed numerical scales. This integration reduces ambiguity, enhances the
consistency of risk evaluation, and provides a more flexible framework for capturing the inherent uncertainties
associated with degradation mechanisms and operational variability. The resulting Fuzzy FMECA provides a
structured, quantitative framework for evaluating fuel cell reliability. Table 2 summarizes the identified failure modes,
their functional effects, their root causes, and their associated RPN and FRPN values.

This consolidated analysis highlights the most critical degradation pathways, pinpoints vulnerable components, and
supports the definition of targeted preventive maintenance and reliability-oriented design improvements.

Table 2. Critical Failure Mode analysis of Proton Exchanged Membrane Fuel Cell using RPN and FRPN

Failure Modes | Effects Possible Causes S O | D | RPN | FRPN

X1: Reformer malfunction
- Hydrogen not available

- Voltage sensor failure 7 |4 |1 |28 31.9

Auxiliary system degradation

Malfunction
of the
hydrogen
supply
system

- Charging current sensor failure
- Temperature sensor failure

X2: Hydrogen humidifier malfunction
- Voltage sensor failure

- Charging current sensor failure

- Temperature sensor failure

- Pump failure

- Humidifier not purged

49

60.1

Degradation
of the oxygen
supply
system

X3: Compressor malfunction

- Air not available

- Filter blockage

- Voltage sensor failure

- Charging current sensor failure
- Temperature sensor failure

28

31.9

X4: Oxygen humidifier malfunction
- Humidifier not purged

- Voltage sensor failure

- Charging current sensor failure

- Temperature sensor failure

49

60.1

Cooling
circuit
degradation

X5: Cooling circuit degradation
- Radiator failure
- Heat exchanger inefficiency

98

99.4

Fuel cell degradation

Membrane
deterioration

X6: Conductivity reduction

- Membrane damage: high temperature, ripple
current

- Membrane contamination: excessive humidity,
metal ions

- Membrane pollution: corrosive substances

10

160

201

X7: Membrane thinning

- Operational cycling

- Radical formation: hydrogen peroxide, metal
ions

10

160

201

Electrode
degradation

X8: Active surface reduction

- Binder degradation

- Agglomeration: cycling, high temperature,
ripple current

84

100

X9: Anode catalyst poisoning
- Presence of carbon monoxide

84

100
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The results obtained from conventional RPN and fuzzy RPN (FRPN) calculations provide important information on
the relative criticality of different failure modes affecting fuel cell system aging. In general, FRPN values offer a more
precise ranking of failure modes because they incorporate and amplify the effect of uncertainty and expert judgment,
thus providing a more nuanced analysis than classical RPN. Failures of auxiliary components, particularly
malfunctions of the hydrogen and oxygen humidifiers (X2, X4), exhibit higher FRPN values (= 60.1) than their
classical RPN scores (49). This increase demonstrates that, under uncertain operating conditions, these components
represent greater risk. Their high occurrence and low detectability play a central role in this increased criticality,
confirming the sensitivity of humidification processes, sensor faults, and improper purging. Similarly, the cooling
circuit degradation (X5) shows a marked increase in criticality, with an RPN of 98 and an FRPN of approximately
99.4. While both indicators classify this failure as high risk, the FRPN more consistently highlights its systemic impact.
Inefficient heat dissipation accelerates membrane deterioration, degrades catalytic layers, and reduces fuel cell
lifetime. In this context, membrane-related failure modes (X6 and X7) appear to be the most critical, with classical
RPN values of 160 and FRPN values reaching 201. This significant difference underscores the importance of fuzzy
logic for understanding the severity of long-term degradation phenomena, such as thermal stress, contamination,
and mechanical thinning. These modes directly threaten the electrochemical performance and durability of the fuel
cell. The identical FRPN values obtained for X6 and X7 are due to the use of identical input ratings (S, O, D), which
result in the activation of the same fuzzy rules and consequently the same defuzzified output. This does not reflect a
limitation of the model but rather indicates that both failure modes are considered equally critical under the current
evaluation criteria. A more refined differentiation could be achieved by incorporating additional risk factors or by
further tuning the fuzzy inference system. Electrode degradation (X8, X9) also shows higher FRPN values (= 100)
compared to classical RPN scores (84). The fuzzy evaluation reflects the cumulative effect of catalyst poisoning,
binder breakdown, and surface area loss, which are often difficult to detect early but have substantial consequences
for cell efficiency. Overall, the transition from RPN to FRPN leads to a more discriminative and realistic hierarchy of
failure modes. The FRPN ranking better highlights failure modes associated with complex interactions, progressive
degradation, and low detectability. These findings justify the use of the fuzzy method as a complementary tool for
reliability analysis, supporting more accurate prioritization. Although the failure modes X1, X2 and X5 share the same
severity level (S=7), they differ in their O and D values, which leads to distinct FRPN results. In the proposed fuzzy
inference system, the FRPN is not a simple linear combination of inputs but is obtained through the interaction of
membership functions and rule-based reasoning. Variations in O and D modify the degree of activation of multiple
fuzzy rules, resulting in different aggregated outputs after defuzzification. Consequently, the combinations (0O=4,
D=1), (0O=7, D=1), and (O=7, D=2) produce significantly different FRPN values of 31.9, 60.1 and 99.4 respectively
highlighting the sensitivity and nonlinear behavior of the proposed fuzzy FMECA approach. In particular, the
difference between failure modes X2 (S=7,0=7,D=1)and X5 (S=7, O =7, D = 2), highlights the high sensitivity
of the fuzzy inference system to detectability where lower detection leads to significant increase in FRPN due to the
activation of higher-risk fuzzy rules. These examples illustrate that FRPN values are not linearly proportional to the
input parameters S, O, and D. Even when S remains constant, variations in O and D lead to different fuzzy rule
activations and membership degrees. In this context, similar input combinations may produce significantly different
FRPN values. Overall, the quantitative differences observed between classical RPN and FRPN confirm that the fuzzy
approach enhances discrimination between failure modes, especially when classical RPN values are similar or
insufficiently discriminative.

3.2 Research on critical failure causes and recommendations for reducing FRPN

Following a comprehensive (FMECA) of the fuel cell system, it is crucial to prioritize the identified failure modes to
address the most significant contributors to system risk. Not all failures contribute equally to performance degradation
or system downtime; some represent a disproportionate share of the overall risk. To address this, a Pareto-based
approach is conducted, evaluating the cumulative contribution of each failure mode to the total FRPN [26]. By
applying the Pareto principle, also known as the 80/20 rule, the analysis highlights the critical failure modes
responsible for most of the system vulnerability. This approach enables a clear raking of failure modes according to
their relative impact and helps target maintenance and design improvement more effectively. The dominant failure
modes identified through this methodology are illustrated in figure 5.
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Pareto Analysis of Failure Modes (FRPN)
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Fig. 5. Pareto Chart of Failure Modes Based on FRPN

The Pareto chart provides a visual and quantitative ranking of failure causes based on their contribution to overall
risk. The membrane-related failure modes, X6 (reduced membrane conductivity) and X7 (membrane thinning),
appear as the main contributors, together accounting for over 40% of the cumulative impact. These modes have the
highest probability values due to their strong influence on electrochemical performance and their sensitivity to
operating conditions such as temperature, humidity, and the presence of contaminants. Their criticality underscores
the central role of the membrane in the long-term durability of PEM fuel cells.

The next group of significant contributors includes X8 (reduced electrode active area) and X9 (anodic catalyst
poisoning), which together bring the cumulative contribution above the 80% threshold. This confirms that
electrochemical degradation mechanisms within the membrane-electrode assembly (MEA) are the primary drivers of
performance degradation and reliability loss. Failures in auxiliary subsystems, and more specifically inefficient cooling
(X5), represent an intermediate contribution to reduced system stability. Efforts to improve system reliability should
therefore focus primarily on these mechanisms. This prioritization provides a solid foundation for the proposed
recommendations.

Following the identification and prioritization of critical failure modes, it is essential to implement targeted measures
to reduce the failure rate of high-impact failures (FRPN). This reduction also improves the reliability, safety, and
overall performance of the fuel cell system. This section primarily presents specific recommendations for addressing
the most critical degradation mechanisms identified in the preceding analyses. These measures focus on improving
sensor accuracy, optimizing flow and pressure control, enhancing thermal management, and implementing advanced
monitoring and diagnostic strategies. Table 3 summarizes the critical degradation mechanisms identified by the
Pareto approach in the fuel cell system, and the recommended corrective actions.

Table 3. Summary of major degradation mechanisms and recommended actions

Main cause Sub-causes Recommendations

- Improve the cooling system's capacity.

X5: Cooling circuit | - Radiator failure - Install more efficient radiators.

degradation - Heat exchanger inefficiency - Clean the heat exchangers regularly.

- Implement real-time temperature monitoring.

- Reduce ripple current by using a multiphase
converter.

- Filter moisture and control humidity.

- Membrane damage (high
temperature, ripple current)

X6: Conductivity - Membrane contamination N . . .
reduction (excessive humidity, metal ions) ;nzttg\r/iz]st metal ions by using corrosion-resistant
- Membrane pollution (corrosive Di o fth b b .
substances) - Direct monitoring of the membrane by measuring

membrane resistivity.

- Reduce aggressive cycles.

- Use reinforced membranes.

- Control gas purity.

- Integrated humidity and temperature sensors.

- Operational cycling

- Radical formation (hydrogen
peroxide, metal ions)

X7: Membrane
thinning
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Main cause Sub-causes Recommendations

- Optimize thermal conditions.

- Binder degradation - Limit excessive cycling.
X8: Active surface | - Agglomeration (cycling, high - Use strong binders.
temperature, ripple current) - Reduce ripple current.

- Monitoring the voltage of individual cells.

- Use high-purity hydrogen.

- Incorporate a CO-tolerant catalyst.
X9: ,lAnode. . Presence of carbon monoxide (CO) |~ Adq a gas purlflcatlorl system.
catalyst poisoning - Maintain the appropriate temperature.

- Direct monitoring of gas quality using carbon
monoxide (CO) or trace gas sensors.

To assess the effectiveness of the corrective actions proposed for the fuel cell system, the authors propose that the
severity S remains unchanged (the physical consequences do not change), and that the actions primarily reduce
occurrence and improve detectability. Indeed, the reduction in occurrence is directly linked to the effectiveness of the
actions (monitoring, purification, electrical conditioning, maintenance), while detection is linked to monitoring and
good inspections.

X5: The implementation of a cooling system reinforced by high-performance radiators, systematic cleaning of heat
exchangers and real-time temperature monitoring reduces the frequency of overheating and allows for near-
instantaneous detection of failures which leads to (O: 7 - 4 and D: 2 — 1).

X6: The use of a multiphase converter to reduce ripple current, combined with humidity control, using corrosion-
resistant materials and directly monitoring the membrane resistivity significantly reduces membrane degradation
events and improves the detection (O: 4 — 1 and D: 4 — 3).

X7: By reducing aggressive cycles, using reinforced membranes, and ensuring strict control of gas purity, the
occurrence of the failure mode is significantly reduced and detection is improved (O: 4 — 1 and D: 4 — 3).

X8: Optimizing thermal conditions, limiting excessive cycling, using stronger binders, reducing ripple current, and
monitoring the voltage of individual cells results in (O: 4 — 1 and D: 3 — 2).

X9: The purification of hydrogen, the introduction of a CO-tolerant catalyst and the implementation of a gas quality
monitoring system maintaining the appropriate operating temperature and directly monitoring gas quality with CO or
trace gas sensors, it generates (O: 4 - 1and D: 3 — 1).

To provide a clear and structured overview of the impact of the proposed corrective actions on the risk parameters,
Table 4 summarizes the variations in Occurrence (O) and Detection (D) before and after implementation. It should
be noted that the reductions in occurrence (O) and detection (D) are estimated based on expert judgment and
literature-supported evidence regarding the effectiveness of the proposed corrective actions. These estimates are
expressed through linguistic levels and mapped onto the predefined rating scales. While this approach is commonly
adopted in FMECA and fuzzy risk assessment studies, it introduces a degree of subjectivity. Therefore, the reported
improvements represent expected trends under optimal implementation conditions rather than exact measured
values.

Table 4. Impact of corrective actions on risk parameters (O, D)

Failure : : (0] (0] D D
Mode Corrective Actions (Before) | (After) | (Before) | (After) Expected Effect
Enhanced cooling, heat .
X5 exchanger cleaning, real-time 7 4 2 1 Reduced overheatlr_]g
o and improved detection
monitoring
X6 Multiphase converter, humidity 4 1 4 3 Reduced membrane

control, membrane monitoring degradation

Reduced cycles, reinforced

X7 . 4 1 4 3 Improved durability

membranes, gas purity control

Thermal optimization, reduced Improved electrode
X8 . o 4 1 3 2 o

cycling, voltage monitoring stability
Hydrogen purification, CO-tolerant Reduced poisoning and
X9 o 4 1 3 1 .
catalyst, gas monitoring better detection
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Table 5 provides a comparative analysis of FRPN values before and after the implementation of the recommended
actions, highlighting a significant reduction in the overall risk level for the identified critical failure modes.

Table 5. Comparison of FRPN Values before and after the implementation of recommendations

Possible Causes S O | D RPN FRPN-before recommendations FRPN-after recommendations
Xs 7 4 1 28 99.4 31.9
Xe 10 1 3 30 201 102
X7 10 1 2 20 201 83.1
Xs 7 1 2 14 100 15.2
Xo 7 1 1 7 100 12.7
Xo
> RPN, 701,4 244,9
Xs

To offer a clear visual interpretation of these variations in FRPN values, figure 6 presents both a bar chart and a
radar chart. These visual representations further emphasize the effectiveness of the recommended actions in
reducing the overall risk.

The results of the new FMEA show a significant reduction in FRPN for all causes X5 to X9, directly reflecting the
effectiveness of the corrective actions implemented. This reduction can be interpreted according to three key points:

— Decreased failure occurrence (O): The implemented technical actions reduce the probability of failures
occurring. Thermal monitoring, hydrogen purification, and ripple current reduction significantly contribute to
limiting aging mechanisms.

— Improved detectability (D): The introduced measures enable faster and more reliable detection of anomalies,
particularly through sensors, real-time monitoring, and gas purity tracking.

— Overall FRPN reduction: real improvement in reliability: The combination of reduced occurrence and
improved detectability leads to a significant reduction in FRPN.
FRPN Comparison Before and After Recommendations

a) Bar Chart Comparison b)Radar Chart Comparison

X3

250 _

| ] FRPN-Before Recommendations

- FRPN-After Recommendations x4

X2
200

X5

L]
99 4./| G—
150 | 319 /
L]
on X1
227
z 1020-® /{5-2
o
w

X108 . 0,0
100 |

2018

50 X7

X8

— @ = FRPN before recommendations e m == FRPN after recommendations

X1 X2 X3 X4 X5 X6 X7 X8 X9
Causes

Fig. 6. Comparison of FRPN values before and after recommendations: (a) Bar chart representation and (b) Radar
chart representation

The quantitative evaluation of the effectiveness of the proposed actions to improve the performance of the fuel cell
system is ensured by risk analysis through a calculation of the relative reduction of the fuzzy RPN value illustrated in
equation 5.

FRPNbefore recommendations—FRPN g ¢, dati
Improvement (%) — after recommendations ) 100% (5)

FRPNbefore recommendations
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The performance indicator in our study is around 65.1% which remarkably demonstrates the proportional decrease
in the severity of the risk after the implementation of the recommended corrective measures. Despite its contributions,
this study presents some limitations. The definition of fuzzy rules relies on expert judgment, which may introduce
subjectivity. In addition, the methodology has not been validated using real-time experimental data. Future work will
focus on validating the approach using real operational datasets and integrating data-driven techniques to enhance
model robustness.

4 Conclusions

This work offers a structured and comprehensive analysis of the causes of aging in PEM fuel cells. This study
examines the main degradation pathways and performs a detailed criticality analysis, highlighting the failure
mechanisms most critical to their reliability. The integration of fuzzy logic into the FRPN calculation allowed for a
more robust evaluation of risk under uncertain operating conditions. Based on these results, the investigation of
critical failure causes led to the development of targeted and effective recommendations. The implementation of
these corrective actions resulted in a significant reduction of occurrence and improved detectability, demonstrating a
clear decrease in overall risk. This reduction is quantitatively reflected by a decrease in the total FRPN from 701.4 to
244.9, corresponding to an overall risk reduction of approximately 65.1%. Ultimately, this work contributes to
enhancing the operational safety, reliability, and long-term performance of PEM fuel cell systems. Future research
will focus on experimental validation and the integration of machine learning techniques for adaptive and data-driven
risk assessment.
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