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Advanced Monte Carlo simulation for efficient dynamic reliability assess-
ment of polymer electrolyte membrane fuel cell systems 
 
 Objectives of the research 

Fuel cells (FCs) are a class of power generation devices that use hydrogen fuel to produce 
electrical power. The output power is the result of the direct transformation of chemical 
energy stored within the fuel by an electrochemical process. There are different types of FCs; 
in this thesis we focus on polymer electrolyte membrane fuel cells (PEMFC’s). At the heart of 
a PEMFC is the polymer membrane, the primary function of which is to conduct protons from 
the anode to the cathode. At either sides of the membrane are catalyst layers that facilitate the 
chemical reactions. Next to the catalyst are the gas diffusion layers (GDLs), which deliver the 
reactants to the reaction sites through the diffusion process. The combination of the 
membrane, catalyst and GDLs forms a single component, called the membrane electrode 
assembly (MEA). The MEA is sandwiched between two bipolar plates, which provide the 
structural backbone to the fuel cell and supply reactant gases via the gas flow channels 
embedded in them.  

During the fuel cell operation, the hydrogen gas is supplied at the anode electrode. Hydrogen 
diffuses through the GDL to the anode catalyst layer where the oxidation reaction releases the 
electrons and hydrogen ions. The released electrons flow to the cathode electrode through an 
external circuit, thus generating useful work. At the same time, the protons move to the 
cathode through the membrane. The oxygen (whether as air or pure) supplied to the cathode 
facilitates the reduction reaction, in which electrons and protons are consumed to create water 
molecules and generate some by-product heat, and the only by-products of the fuel cell 
operation are water vapour and heat, which is advantageous compared to conventional 
internal combustion engines. 

The reliability of the total PEM fuel cell system is determined by the durability of each 
individual component. In addition to the ageing process, variations in the operating conditions 
imposed by the auxiliary equipment may accelerate or decelerate the degradation effects. 
Then, PEM fuel cell durability is governed not only by natural ageing processes, which 
cannot be averted, but also by the operating conditions imposed on it by the environment and 
the supporting equipmen. Therefore, the reliability of the PEM fuel cell is directly linked to 
the reliability of the auxiliary equipment. 

Given the above, it is necessary to develop a modelling approach capable of considering in an 
integrated manner the physical behavior of the system together with the stochastic occurrence 



 

of possible failure events of its components. In order to do this, two sub-models, deterministic 
and stochastic, need to be developed and linked together to create an overall hybrid model. 

Furthermore, as the values of the parameters of the models are highly uncertain due to natural 
unit-to-unit variability occurring during component manufacturing, assembly and operation, it 
is necessary to account for such uncertainty. 

The goal of this thesis project is to develop a dynamic reliability approach by applying 
advanced Monte Carlo simulation techniques for a numerical efficiency of the calculations for 
the solution of the dynamic reliability model, including the related uncertainty.  

The thesis project involves a number of steps:  

• Study of the concept of dynamic reliability methods.  
• Investigation of ways to apply advanced Monte Carlo methods for the solution of the 

dynamic reliability model.  
• Investigation of uncertainty analysis methods, including subjective probability and 

probability bounds analyses, with efficient solutions by Augmented Space Integral. 
• Application to a PEM fuel cell system. 
• Implementation of the developed algorithms in a suitable programming language, e.g. 

Matlab, Python, Julia.  

References 
Vasyliev, A. et al., Dynamic Reliability Assessment of PEM Fuel Cell Systems, Reliability 
Engineering and System Safety 210 (2021) 107539. 
 
Yuan X., et al., Efficient imprecise reliability analysis using the Augmented Space Integral, 
Reliability Engineering and System Safety 210 (2021) 107477. 
 
Flage R. et al., A comparison between a probability bounds analysis and a subjective proba-
bility approach to express epistemic uncertainties in a risk assessment context – A simple il-
lustrative example, Reliability Engineering and System Safety 169 (2018) 1-10. 
 
M. Marseguerra, E. Zio, J. Devooght, P.E. Labeau, "A Concept Paper on Dynamic Reliability 
via Monte Carlo Simulation", Mathematics and Computers in Simulation, Vol. 47, No. 2-5, 
1998, pp. 371-383. 
 
 

 
For further information, please contact 

Prof. Enrico Zio, enrico.zio@polimi.it , 02 2399 6340 


