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ABSTRACT

Multi-stack proton exchange membrane fuel cell (PEMFC)
systems are promising for transportation applications because
they are compact, provide high power density, operate at low
temperature, and produce no direct CO2 emissions during op-
eration. However, high cost and insufficient durability still
hinder large-scale deployment. Under real driving conditions,
variable loads and frequent transients accelerate degradation
and shorten system lifetime.

To address this challenge, this thesis develops a prognostics
and health management (PHM) framework for improving the
durability and lifecycle performance of multi-stack PEMFC
systems. In a first stage, a load-dependent degradation and
prognostics framework is developed to estimate the health
state online and to predict end of life (EOL) and remaining
useful life (RUL), together with associated uncertainty, under
projected future load scenarios. In a second stage, these prog-
nostic outputs are used for decision-making through health-
aware energy management and maintenance planning. By co-
ordinating load allocation and maintenance actions, the pro-
posed framework aims to extend system lifetime, improve
availability, and reduce lifecycle cost.

1. PROBLEM STATEMENT AND MOTIVATION

For commercial viability, automotive proton exchange mem-
brane fuel cells (PEMFCs) are expected to achieve a life-
time of approximately 5,000 h under typical operating con-
ditions. In practice, reported lifetimes often remain in the
2,500–3,000 h range [1]. A major reason is that PEMFC
degradation depends strongly on operating conditions, espe-
cially load level, load variations, and transient operation. Im-
proving durability is therefore essential for reducing lifecycle
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cost and enabling wider deployment.

In multi-stack PEMFC systems, the demanded power can be
distributed among several stacks instead of being imposed on
a single unit. This additional degree of freedom creates an op-
portunity for health-aware operation, since equal power shar-
ing is not necessarily the most durable strategy when stacks
may have different health levels and different degradation sen-
sitivities. In addition, multi-stack architectures enable selec-
tive maintenance actions, such as replacing one stack without
necessarily affecting the entire system.

Energy management and maintenance are closely coupled.
Load-allocation decisions shape the future degradation trajec-
tory of each stack and therefore influence future maintenance
needs, while maintenance actions modify the health config-
uration of the system and thus the best subsequent operating
strategy. This motivates the development of a PHM-oriented
framework capable of coordinating prognostics-informed en-
ergy management and maintenance decision-making in multi-
stack PEMFC systems. The central question addressed in this
thesis is therefore:

How can prognostics-informed energy management
and maintenance decisions be coordinated in multi-
stack PEMFC systems to improve durability and re-
duce lifecycle cost?

2. EXPECTED CONTRIBUTIONS AND RESEARCH CHAL-
LENGES

2.1. Gaps in the literature

Answering the above question requires a prognostic tool able
to predict the health consequences of candidate operating and
maintenance decisions. In particular, the model must be load-
dependent so that it can evaluate degradation trajectories and
RUL under alternative future load scenarios. It must also
be suitable for online implementation from available input–
output measurements, remain robust under different operat-
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ing conditions, including dynamic load cycling, and quan-
tify uncertainty arising both from health-state estimation and
from the intrinsic stochasticity of the degradation process.

However, many existing PEMFC prognostic models do not
satisfy all of these requirements simultaneously. In particu-
lar, the literature still lacks integrated frameworks that com-
bine load-dependent degradation modelling, online state esti-
mation, and uncertainty-aware mission-conditioned prognos-
tics. Moreover, health-aware energy management (EMS) and
maintenance planning remain relatively under-addressed for
multi-stack PEMFC systems [2], and their integration with
prognostics is still limited.

2.2. Expected contributions

As illustrated in Fig. 1, this thesis aims to develop an in-
tegrated PHM framework for multi-stack PEMFC systems
that connects degradation modelling, online estimation, prog-
nostics, and decision-making within a common formulation.
A first contribution is the development of a load-dependent
physical degradation model in which the dominant degrada-
tion states are physically meaningful, their dynamics explic-
itly depend on load demand and operating conditions, and
their evolution is linked to performance decay, while also ac-
counting for uncertainty and variability in the degradation
process. On this basis, a health index (HI) is defined as a
performance-oriented indicator and used to establish an end-
of-life criterion. A second contribution is the design of an on-
line state-estimation method, based on available input–output
measurements, to reconstruct the dominant degradation states
and track the state of health under dynamic operation. Build-
ing on the degradation model and the online estimates, a mission-
aware prognostic framework is developed to predict HI evo-
lution and RUL under projected future load scenarios, while
accounting for uncertainty originating both from state esti-
mation and from stochastic variability in the degradation pro-
cess. A final contribution is the formulation and solution of a
joint optimization problem that coordinates health-aware en-
ergy management and maintenance planning, using the out-
puts of the estimation and prognostic layers to improve life-
time, availability, and lifecycle cost at the multi-stack system
level.

3. PRELIMINARY RESULTS

Building on the current progress of the thesis, the PHM core
required by the framework in Fig. 1 has already been de-
veloped. It consists of a physical load-dependent degrada-
tion model with uncertainty, an online state estimator, and a
mission-conditioned prognostic framework.

3.1. Load-dependent degradation–performance model

A reduced-order, physics-based model has been formulated
to capture the dominant degradation mechanisms of PEM-

Figure 1. PHM framework for multi-stack PEMFC systems:
online state estimation and mission-conditioned prognostics
provide the information required to coordinate energy man-
agement and maintenance decisions, with feedback to the su-
pervisory controller.

FCs, namely (i) catalyst degradation through the loss of elec-
trochemically active surface area (ECSA), and (ii) membrane
aging through membrane thinning and conductivity loss. The
degradation dynamics are load-dependent, while uncertainty
is introduced through stack-to-stack parameter variability and
a stochastic formulation of membrane damage.

A compact representation of the coupled degradation model
is

ẋdeg(t) = f
(
xdeg(t), u(t)

)
, (1)

where xdeg = [S, Lmem, σmem]
⊤ denotes the dominant

degradation states, with S the normalized ECSA, Lmem the
membrane thickness, and σmem the membrane proton con-
ductivity. The input vector u(t) groups the operating condi-
tions, including the load and the measured environmental and
operating variables, such as temperature T , relative humidity
RH , and gas partial pressures pH2 and pO2 .

3.2. Health index and EOL definition

To link the degradation state xdeg to performance, a polariza-
tion model is established to map the operating conditions and
degradation state to the PEMFC output voltage,

V (t) = V
(
xdeg(t), u(t)

)
. (2)

The health index (HI) is defined as the normalized rated volt-
age. It depends only on the degradation state and therefore
reflects only the state of health:

HI(t) =
V (xdeg(t), urated)

V
(
xBoL
deg , urated

) , EOL ⇐⇒ HI(t) ≤ HIth,

(3)
where xBoL

deg denotes the beginning-of-life (BoL) degradation
state. The EOL criterion is defined directly from a normalized
loss of rated performance.
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3.3. Online state estimation and mission-aware RUL

The coupled degradation–performance model is embedded in
an extended Kalman filter (EKF) to estimate online, from
voltage measurements under dynamic operation, the domi-
nant degradation states in xdeg together with selected effec-
tive degradation parameters. These parameters are modeled
as random-walk variables to enable online adaptation.

For prognostics, the EKF posterior at the end of the esti-
mation phase is sampled and each sample is propagated for-
ward under a projected future load profile using the stochastic
degradation model through Monte Carlo simulation. The re-
sulting RUL prediction is therefore mission-aware, since it is
conditioned on the assumed future load scenario, and yields
an RUL distribution that reflects both posterior estimation un-
certainty and stochastic variability in the degradation process.

3.4. Validation highlights

(a)

(b)

Figure 2. (a) HI reconstruction against polarization-derived
HI on real dynamic durability data. (b) Monte Carlo simula-
tion trajectories for predicted HI starting from the EKF esti-
mated posterior.

The approach was validated on long-term dynamic durability
data with periodic polarization-curve characterizations. Model/estimator

outputs were assessed by reconstructing the polarization test
curves.

Figure 3. Scenario-dependent HI trajectories under alterna-
tive future missions (synthetic benchmark).

4. FUTURE WORK PLAN

The next research stage focuses on closing the loop by in-
tegrating PHM outputs into health-aware EMS and selective
maintenance planning for multi-stack systems.

(1) Health-aware EMS formulation. Design load-allocation
strategies that exploit redundancy to slow degradation and ex-
tend system lifetime under constraints.

(2) Maintenance planning. Develop a maintenance model
for actions such as single-stack replacement (effects on health
states, cost, and downtime) and define decision rules that use
predicted degradation paths and RUL risk to improve avail-
ability and reduce lifecycle cost.

(3) Joint EMS–maintenance optimization. Formulate and
compare solution approaches for the decision problem. Key
steps include defining a consistent lifecycle cost model (fuel/efficiency,
degradation/health consumption, maintenance cost, downtime
penalties) and realistic operational assumptions (mission statis-
tics and constraints).

(4) Validation Evaluate the proposed strategies against base-
line methods (e.g., equal load sharing and corrective main-
tenance) using synthetic benchmarks—and, when possible,
real-system case studies—under realistic duty cycles. Perfor-
mance will be reported in terms of lifetime extension, lifecy-
cle cost reduction, and availability improvement.

REFERENCES

Arrigoni, A., Arosio, V., Basso Peressut, A., Latorrata, S.,
& Dotelli, G. (2022, March). Greenhouse Gas Impli-
cations of Extending the Service Life of PEM Fuel Cells
for Automotive Applications: A Life Cycle Assessment.

3



EUROPEAN CONFERENCE OF THE PROGNOSTICS AND HEALTH MANAGEMENT SOCIETY 2026

Clean Technologies, 4(1), 132–148. Retrieved 2024-11-
24, from https://www.mdpi.com/2571-8797/4/

1/9 (Number: 1) doi: 10.3390/cleantechnol4010009

Zuo, J., Cadet, C., Li, Z., Bérenguer, C., & Out-
bib, R. (2024, January). A deterioration-aware
energy management strategy for the lifetime im-
provement of a multi-stack fuel cell system subject
to a random dynamic load. Reliability Engineering
& System Safety, 241, 109660. Retrieved 2024-12-
02, from https://www.sciencedirect.com/

science/article/pii/S0951832023005744

doi: 10.1016/j.ress.2023.109660

4

https://www.mdpi.com/2571-8797/4/1/9
https://www.mdpi.com/2571-8797/4/1/9
https://www.sciencedirect.com/science/article/pii/S0951832023005744
https://www.sciencedirect.com/science/article/pii/S0951832023005744

	Problem Statement and Motivation
	Expected Contributions and Research Challenges
	Gaps in the literature
	Expected contributions

	Preliminary Results
	Load-dependent degradation–performance model
	Health index and EOL definition
	Online state estimation and mission-aware RUL
	Validation highlights

	Future Work Plan

