Université @RIStAL
de Lille

Signal et Automatique de Lille

Université de Lille

Doctoral School MADIS
University Department CRIStAL

Thesis defended by

Sumit SOOD
on 7 December 2021

In partial fulfilment of the requirements for PhD degree from Université de Lille

Academic field Automatique et Informatique Industriel

Multiphysics modelling for online diagnosis
and efliciency tracking: Application to
green H, production

Thesis supervised by

Supervisor: Belkacem - Professor and Director of Research,
OULD-BOUAMAMA Polytech Lille, University of Lille,

Lille (France)

Co-supervisor: Jean-Yves DIEULOT - Associate Professor (HDR),

Polytech Lille, University of Lille,

Lille (France)

Dr. Lecturer Researcher, Junia,

Lille (France)

Mathieu BRESSEL

Composition of jury

Referees: Christophe TURPIN - Director of Research CNRS,
Laplace Laboratory, Toulouse (France)
Samir JEMEI - Professor, FEMTO-ST CNRS,
IUT of Belfort-Montbéliard, Belfort (France)
Examiners: Nadia STEINER - Professor, FEMTO-ST CNRS,
IUT of Belfort-Montbéliard, Belfort (France)
President of jury Betty SEMAIL - Professor and Director of L2EP,

Polytech Lille, University of Lille,
Lille (France)
Jurriaan BOON - Dr. Senior Scientist, Sustainable Technologies
for Industrial Processes (STIP), TNO,
Petten (Netherlands)
Director of Research CNRS,
UCCS Laboratory, University of Lille

Invited member: Andrei KHODAKOV






Université @RIStAL
de Lille

Signal et Automatique de Lille

Université de Lille

Ecole doctorale MADIS
Unité de recherche CRIStAL

These présentée par

Sumit Sood
Soutenue le 07 décembre 2021

En vue de I'obtention du grade de docteur de Université de Lille

Discipline Automatique et Informatique Industriel

Modélisation multiphysique pour le
diagnostic et le suivi de lefficacité en ligne :
Application a la production d’H, vert

These dirigée par
Directeur: Belkacem OULD- - Professeur et Directeur de Recherche,
BOUAMAMA Polytech Lille, Université de Lille,

Lille (France)

Co-directeur: Jean-Yves DIEULOT - Maitre de Conférences (HDR),
Polytech Lille, Université de Lille,
Lille (France)

Co-encadrant: Mathieu BRESSEL - Dr Enseignant Chercheur, Junia,
Lille (France)

Composition de jury

Rapporteurs: Christophe TURPIN - Directeur de Recherche CNRS,
Laboratoire LAPLACE, Toulouse (France)
Samir JEMEI - Professeur, FEMTO-ST CNRS,
IUT de Belfort-Montbéliard, Belfort (France)
Examinateurs: Nadia STEINER - Professeur, FEMTO-ST CNRS,
IUT de Belfort-Montbéliard, Belfort (France)
Président du jury Betty SEMAIL - Professeur et Directrice Laboratoire L2EP,

Polytech Lille, Université de Lille,
Lille (France)
Jurriaan BOON - Dr. Scientifique senior, Sustainable
Technologies for Industrial Processes (STIP),
TNO, Petten (Pays-Bas)
Invité: Andrei KHODAKOV - Directeur de Recherche CNRS,
Laboratoire UCCS, Université de Lille






Acknowledgements

First of all, I would like to express my sincere gratitude to my supervisors Prof. Belkacem
Ould-Bouamama, Dr. Jean-Yves Dieulot and Dr. Mathieu Bressel for their continuous
support, motivation, patience and their insight and knowledge into the subject matter. This
work is a fruit of the tree nurtured by their guidance and help throughout the course of my
PhD thesis.

I acknowledge the financial support for this work from the European Interreg 2Seas E2C
project. I am also thankful to the CRIStAL laboratory and University of Lille for providing
the access to the required equipment and instruments to carry out the research.

I am also grateful to my colleagues and friends from the CRIStAL laboratory: Dr. Man-
arshhjot Singh, Dr. Om Prakash, Mahdi Boukerdja, Rim Abdallah, Houria Chaabna
and Sepaldeep Singh Dhaliwal for their suggestions and discussion that helped me to com-
plete this work.

My deep and sincere gratitude to my family for their continuous and unparalleled love, help
and support. I am forever indebted to my Lt. Grand-father Mr. Joginder Pal Sood for his
wisdom and love. I am also grateful to my parents, Mr. Deepak Sood and Mrs. Rama
Sood, for giving me the opportunities and experiences that have made me who I am. They
selflessly encouraged me to explore new directions in life and seek my own destiny. I am grateful
to my sister, Kiran Sood, for always being there for me as a friend. I am forever thankful to
my beloved wife, Archna, for her love and constant support, for all the late nights and early
mornings, and for keeping me sane over the past few months. This journey would not have been
possible if not for them.

I would also like to thank my Indian friends Shivani Shisodia, Diksha Mukhija, Shilpa
Sonar, Ramandeep Kaur, Dr. Anuradha Tewari and Dr. Dharmendra Pratap Singh
for making me feel like a part of a family away from home.

Finally, I thank God, the almighty, for everything.



To my Grand-parents Lt. Mr. Joginder Pal Sood and Lt. Mrs. Usha Sood



Résumé

L’hydrogene vert est le vecteur d’énergie du futur le plus prometteur car il est d’une part capté
par des sources renouvelables et inépuisables qui sont les énergies éolienne et /ou solaire et d’autre
part permet de meilleurs transport et stockage de ’énergie sur le long terme en bouteilles haute
pression par un électrolyseur pour produire ensuite de 1’électricité par des piles a combustible
sans émission d’aucun polluant. La nature intermittente des SER dégrade la performance et
le fonctionnement dynamique des électrolyseurs PEM et leur couplage doit étre étudié afin
d’assurer la disponibilité opérationnelle et la pérennité du fonctionnement des équipements par
une détection précoce des défauts et l'estimation de leurs durées de vie mais aussi le suivi en
ligne des performances technico économiques.

L’objectif de la these réalisé dans le cadre du projet Européen Interreg-2 Mers E2C est de
développer un modele dynamique multi-physique d’un électrolyseur PEM, basé sur une approche
Bond-Graph pour une utilisation générique pour d’autres types d’électrolyseur non seulement
pour I'analyse mais aussi pour la conception de systemes de supervision en ligne pour la détection
et localisation de défauts. La modélisation des divers composants de I’électrolyseur a été réalisée
sous forme de capsules Bond-Graph. Ces capsules peuvent étre connectées en tenant compte
de la structure du diagramme d’instrumentation pour obtenir un modele dynamique global. Ce
modele est capable de représenter différentes configurations, du pilote de laboratoire jusqu’a
Iéchelle industrielle, et également de suivre Pefficacité en temps réel. Le modele a été converti
en MATLAB® Simulink pour implémentation, puis validé expérimentalement sur une cellule
alimentée par une Plateforme Multi-Source Hybride comprenant des sources d’énergie solaire et
éolienne. Le modele a été adapté pour représenter et étudier la performance d’un électrolyseur
a Membrane Echangeuse d’Anions, dont la configuration et ’architecture sont similaires, en
collaboration avec 1’Université d’Exeter. Le modele permet également de développer des al-
gorithmes de commande, diagnostic et pronostic ; ainsi, un diagnostic robuste des défauts est
présenté dans ce travail. Une Interface Utilisateur Graphique pour la supervision en ligne in-
corpore le modele et les algorithmes de diagnostic.

Mots clés: Modélisation multi-physique; Diagnostic robuste des défauts; Suivi de
l'efficacité; Bond Graph; Electrolyser PEM; Hydrogene vert; Sources Intermittentes;
Modélisation dynamique a base de graphes ; Simulation en temps réel
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Abstract

Renewable Energy Sources (RES) have emerged as a sustainable alternative to carbon-based
energy sources as the world is struggling in limiting the greenhouse effect in the coming years.
The use of RES, such as solar and wind, alone is non-reliable due to their intermittent nature.
The surplus electricity generated during off-peak hours must be stored to tackle the problem
of the unavailability of energy. Green Hydrogen (GHsz) generation using electrolyser running
on RES has seen an increase in recent years for the storage of this surplus energy due to
its advantages over conventional methods (such as batteries and ultra-capacitors) for long term
storage and transport. Proton Exchange Membrane (PEM) based electrolysers are better suited
for the coupling with RES as compared to the alkaline electrolysers due to their faster start-up
times and fast dynamic load changing capability. The intermittent nature of RES affects the
performance and operation dynamics of the PEM electrolyser and must be analysed and studied
in order to make these systems more reliable and safer to use. Mathematical modelling is one
of the possible solutions for studying their behavior and developing supervision algorithms.

Under the framework of the E2C project of the European Interreg 2-Seas program, a generic
dynamic multi-physics model of a PEM electrolyser has been proposed in this work based on
Bond Graph (BG) approach. Various components of the PEM electrolyser have been modelled
in the form of BG capsules. These capsules can be connected based on the piping and instru-
mentation diagram of the PEM electrolyser system to have a global model of the system. The
developed model is capable of representing different configurations of PEM electrolysers rang-
ing from laboratory scale to industrial scale. The model is also capable of facilitating efficiency
tracking in real-time. The developed model in the BG form has been converted into MATLAB®
Simulink block diagram from the implementation point of view. The model was then validated
using a single cell PEM electrolyser powered by a Hybrid Multi-source Platform (HMP) running
on solar and wind energy at the University of Lille. The proposed model was also extended for
the modelling and performance study of Anion Exchange Membrane (AEM) electrolysis cell,
in collaboration with the University of Exeter of England, which shares a similar configuration
and architecture.

The developed model for the PEM electrolysis system is also suitable for the development of
control, diagnosis, and prognosis algorithms. Therefore, a model-based robust fault diagnosis for
PEM water electrolyser has been proposed in this work. The proposed diagnosis algorithms and
model have been then utilized for developing the graphical user interface for online supervision.

Key words: Multi-physics modeling; Robust fault diagnosis; Efficiency tracking; Bond
Graph; PEM electrolyser; Green hydrogen; Intermittent sources; Graphical Dynamical model-
ing; Real time simulation.
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Nomenclature

Qg Charge transfer or symmetry factor coefficients for k" electrode
I5] Transformer coefficient of the converter

AGpgr Gibb’s free energy of water dissociation reaction, J.mol™!

AHp Enthalpy Change of water dissociation reaction, J.mol™!

ASp Entropy change of water dissociation reaction, J.mol=1.K~!

¢ Rate of reaction flow, mol.s™!

H Enthalpy rate, J.s™

m; Mass flow rate of the i*" species, kg.s™!

1 Gas mass flow rate for i** species, kg.s™

Q Rate of heat flow, J.s™!

Hydration of the membrane

Vi Coefficient of stoichiometry for i*" species

Puw Water density, kg.m ™3

oM Conductivity of the membrane, S.m~!

€ Efficiency

Apny Cross-sectional area of the membrane, m?

Agepi Cross-sectional area of the i*" separator, m?

AH,0 Chemical activity of water

C; Matter storage capacity of the it species (i = Ho, Oy, H20), kg2.J ™!

Cp Specific heat at constant pressure, J.kg=!1.K~!

C’g}ld Thermal capacitance of cooling tank, J.K~!

Cg}ol Thermal capacitance of cooling circuit, J.K—!

Cgf}y’i Dryer’s chemical capacitance of the purification unit for the i** species, mol.Pa~?

C’fi}?}y Dryer’s thermal capacitance of the purification unit, J. K=

cth. Thermal capacity of the enclosure, J. K~}

C’f}lsepyi Chemical capacitance of hydrogen separator for the i*" species, mol.Pa~!

Cgh:sep,i Chemical capacitance of oxygen separator for the i** species, mol.Pa~!
th

reck Thermal capacitance of recirculation circuit (anode/cathode side), J.K~!
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fl—th
sep,Ha

fl—th
sep,O2

Cstack
D;
dnr
Eact,k:
Ecell
thm
Erey

EO

Tev

bi

Ract, k
Rads
Raifyi
Rdry, enc
Rd'ry
Rene

Field capacitance element representing fluidic capacitance and thermal capacitance
of hydrogen separator

Field capacitance element representing fluidic capacitance and thermal capacitance
of oxygen separator

Thermal capacitance of the stack, J. K !

2 1

Parameter for diffusion, m*.s™

Ratio of length to the cross-sectional area of the membrane, m~!
Activation overvoltages for k' electrode, V

Cell voltage, V

Ohmic overvoltage, V

Reversible voltage, V

Standard reversible cell voltage at STP, V

Acceleration due to gravity, m.s ™2

Henry’s Parameter, Pa.m?3.mol~!

Cell current, A

Current density, A.m™2

Standard current exchange density for & electrode, A.m™2

Length of the membrane, m

Water level in Separators (HSV and OSV), m

Water level of the i** separator, m

Molar mass for i** species, kg mol™!

Electro-osmosis coefficient

Pressure, Pa

Partial pressure of i*" species, Pa

Coupling element for fluidic flow to thermal flow

Non linear activation resistance for k" electrode

Coupling resistance of adsorbed water molar flow and the enthalpy flow towards dryer
Diffusion resistance of the i" species, Pa.s.kg™"

Thermal resistance between purification unit and enclosure, K.s.J ™!
1

Internal pneumatic resistance of the dryer, Pa.s.kg™

Thermal resistance between the enclosure and the atmosphere, K.s.J7!
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Rezhaust Pneumatic resistance of the exhaust valve, Pa.s.kg™!

Rprecenc Thermal resistance between hydrogen recirculation circuit and enclosure, K.s.J -1
Rpsepenc Thermal resistance between hydrogen separator and enclosure, K.s.J -1

Rpiex Thermal resistance of heat exchanger, K.s.J~!

1

Rpyst  Internal fluidic resistance of the stack at th ky, electrode side, Pa.s.kg™

Rirecy  Hydraulic resistance representing leakage in recirculation circuit (anode/cathode
side), Pa.s.kg™!

Rowm Total ohmic resistance of the cell, 2

Rorec,enc Thermal resistance between oxygen recirculation circuit and enclosure, K.s.J -1
Rosep,enc Thermal resistance between oxygen separator and enclosure, K.s.J -1

Rothers  Ohmic resistance of the cell except membrane, €2

Rsepne  Pneumatic resistance between hydrogen separator and hydrogen circuit, Pa.s.kg™!

Rgepoc  Pneumatic resistance between oxygen separator and oxygen circuit, Pa.s.kg™!

Rgepw Hydraulic resistance of the separator valve, Pa.s.kg™"

Rgiack Thermal resistance of the stack, K.s.J ™!

Rignk Hydraulic resistance between tank and oxygen Separator, Pa.s.kg™!
T Temperature, K

VHseps ~ Volume of the it" species in HSV, m3

Vosepi  Volume of the it" species in OSV, m3
p7

x; Mass fraction of the i** species

L Chemical potential of the i*" species, J.kg™?

A; Chemical affinity of the i** species, J.mol™!

ngs Water adsorption capacity of the purification unit, mol.Pa~!
F Faraday’s constant, C.mol~!

R Ideal gas constant, J.mol~'. K~!
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1.1 Thesis framework

The results presented in this Ph.D. thesis are the outcome of the research work carried out at
Centre de Recherche en Informatique, Signal et Automatique de Lille (CRIStAL), CNRS UMR
9189, under the supervision of Professor Belkacem Ould-Bouamama, Dr. Jean-Yves Dieulot
and Dr. Mathieu Bressel. This research work was funded under Interreg 2 Seas E2C project
(subsidiary contract no. 2503-019).

1.2 General Context

The Paris Agreement, a new climate treaty adopted by 196 signatory parties of United Nations
Framework Convention on Climate Change at COP-21 set the milestone for reducing global
warming to keep the average global annual temperature increase below two degree Celsius
which is to be achieved by the year 2100 through limiting the greenhouse house emissions
using leading science and technology [!]. The world has seen the increase in the use of RES,
while reducing the dependence on the conventional fuels, as one of the solutions to achieve this
objective. Figure 1.1 shows the renewable energy generation around the world since 1965 using
hydro power, solar power, wind power and other sources like geothermal and biomass based on
the data published by bp in the 70" edition of the statistical review of world energy [2]. Hydro
power has always been a leading renewable energy source and it can be seen that the use of
wind and solar energy has seen considerable rise in last decade.

A lot of research has been carried out in order to make the harness of these RES more
efficient, eco-friendly and cost effective so that they can compete with the conventional energy
sources such as petroleum and coal to shift the balance towards green energy. France has also
been actively working towards increasing the use of RES. Under Multi-annual Energy Program,
targets have been set by the policymakers to be achieved by 2023 and 2028 (Shown in the table
1.1) for the development of the renewable energy infrastructure [3].
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Figure 1.1: Renewable energy generation around the world

Targets to be achieved
Renewable Energy Source by 2gOZS by 2028
Solar Energy 24.1 GW | 33.2-44 GW
Wind Energy (Onshore) 24.1 GW | 33.2-34.7T GW
Wind Energy (Offshore) 34GW | 5.2-6.2 GW
Hydroelectricity 25.7 GW | 26.4-26.7 GW
Biomass 145 TWh | 157-169 TWh
Geothermal Energy 2.9 TWh | 4-5.2 TWh

Table 1.1: Renewable energy targets to be achieved by France.

France is also a part of European Territorial Cooperation Programme named Interreg 2 Seas
2014-2020 along with England, Belgium/ Flanders and the southern part of the Netherlands
which also focuses on the development and implementation of low-carbon technologies in the 2
seas region in order to reduce the greenhouse gases emission and dependency on the conventional
energy sources. The program is partially funded by the European Regional Development Fund
(ERDF). Figure 1.2 shows the area covered by the Interreg 2 Seas programme. In July 2018,
a project named Electrons to high value Chemical products, most commonly known as
E2C project, was started under Interreg 2 Seas programme with the ambition of developing
technologies for the conversion of Carbon Dioxide (CO3) with the help of surplus renewable
energy available in 2 Seas region into fuels and sustainable chemicals for the industry.

1.2.1 E2C Project

E2C project was officially started as a three year project on 15* July 2018, with Project budget
of 7,184,812€ (including 4,310,887€ ERDF contribution). Due to the Covid-19 pandemic, the
deadline has been shifted to 30" June 2022. The project is a collaborative effort of seven
partners from 2 seas region, Energy Research Centre of the Netherlands (leading partner) and
Technical University Delft from the Netherlands, University of Lille from France, University
of Exeter and University of Sheffield from England and Flemish Institute for Technological
Research and University of Antwerp from Belgium. From University of Lille Itself there are two
research teams (CRIStAL and Unité de Catalyse et de Chimie du Solide de Lille (UCCS)) that
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are working on this project with different objectives. The overall objective of the project is to
develop two innovative Power-to-X technologies namely direct and indirect conversion processes
to convert the COg into formic acid and Dimethyl Ether (DME) respectively with the help of
green electricity obtained from RES resulting in the reduction of carbon footprint as the COq
is used as a raw material. The key outcomes of the project are as follows

e Pilot demonstrator for each of the developed Power-to-X technologies i.e. one for direct
process for the conversion of CO4 and green electricity into formic acid and one for indirect
process to convert CO2 and green electricity into DME.

e A test bench installation for the testing and lifetime estimation for Anion Exchange Mem-
brane (AEM) electrolysis cells.

e Report on the feasibility studies for the implementation of the developed Power-to-X
technologies that include, road-mapping, calculations and planning for different scenarios
for business and industrial implementation of the technologies.

Figure 1.3 shows the process of conversion of COs into DME. The renewable energy in the
form of green electricity is used for generating the hydrogen using an electrolyser. Oxygen is
generated as a byproduct. The hydrogen is then utilized along with COsg, which can be sourced
from industries through COq trapping, in a reactor where Sorption Enhanced Dimethly Ether
Synthesis (SEDMES) process takes place. DME is the final product while water is produced as
a byproduct. This whole process is termed as indirect line as the renewable energy is indirectly
used to produce DME.

Figure 1.4 shows the process of converting COs into formic acid. In direct conversion process,
the green electricity is directly used to power electrochemical flow reactor in which the COg is
fed to the cathode side where Formic acid is formed and flows out with the unconsumed COs.
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Oxygen gas evolves through anode as a byproduct. The construction of the electrochemical
flow reactor is similar to that of an electrolyser.
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Figure 1.4: Direct conversion process

1.2.1.1 Contribution of CRIStAL in E2C Project

The PERennisation des Systemes Industriels (PERSI) team of CRIStAL laboratory, specialised
in modelling,control and supervision of complex multi-physics systems, has been a part of the
project from the very beginning. The PERSI team is tasked to provide two deliverables for the
project. These deliverables are

e D1.3.1 PEM electrolyser system performance & lifetime modelling simulation tool.

e D1.3.2 Report on modelling & simulation control strategies for direct and indirect con-
version processes.

The first deliverable D1.3.1 was focused on the development of generic dynamic multi-physics
model of PEM electrolyser running on intermittent sources (solar and wind energy) and its

4



and validation on the HMP available at University of Lille. The model was also extended to
AEM electrolysis cell through the collaboration with University of Exeter (see appendix A).
Diagnosis and prognosis (remaining useful life estimation) algorithms were also developed. A
GUI for performance simulation and supervision of PEM electrolyser was constructed using
MATLAB® Simulink. This deliverable was submitted in January 2021.

The second deliverable D1.3.2 is due for the end of December 2021. This deliverable focuses
on the preparation of the report on control strategies for direct and indirect conversion processes
(literature survey and possible solutions). It will also include the demonstration for Indirect
process line in the form of simulations under various operating conditions and real-time demon-
stration under different scenarios on HMP for indirect conversion under intermittent sources
(which is possible for electrolyser part only as the pilot for SEDMES is not available to be
coupled with existing HMP at University of Lille.

1.2.2 Green Hydrogen as Energy Storage

Solar and wind energy are emerging as a clean and sustainable alternatives to the conventional
energy sources, but, they lack a stable output as the availability of the energy cannot be
ensured all the time and it depends on the climate conditions. Due to their intermittent nature,
the availability of the energy is often unpredictable, makes the electricity production using
these sources alone non-reliable. The electricity consumption in itself is only very partially
controllable, hence the energy production must be able to adapt according to change in the
demand. Figure 1.5 shows the monthly average solar energy and wind speed for year 2020 for
one of the cities in north of France. It can be seen that the availability of these energy sources
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Figure 1.5: Availability of solar and wind energy in North France (59890) for 2020 [/]
vary throughout the year. Usually these energy sources are utilized with grid assistance in

order to avoid the problem of energy unavailability. However, during off peak hours, the energy
available through these RES could be surplus and must be stored in order to avoid the energy



wastage and minimize operating cost. Conventionally, batteries are used to store this surplus
energy, but is it not a viable option in case the energy is required to be stored for a long time.
Also, with increase in the amount of energy to be stored, the cost of storage increases as more
batteries are required.

Using hydrogen as storage for surplus electricity from RES has gained popularity in recent
years due to its numerous advantages. Hydrogen can be produced from water, which is available
in abundance. It has the highest energy content while being the lightest and cleanest fuel [5].
The use of hydrogen as a fuel only results in water as the emission. Hydrogen production
through electrolysis of water is a well-established technique and can be easily integrated with
suitable electric sources [6]. GHj is a term that is used to represent the hydrogen that is
generated using RES for water electrolysis. GHs is a better alternative to batteries for energy
storage for long time [7]. Also, it can be transported easily over long distances in the form of
pressurized gas. Figure 1.6 shows the potential applications of the hydrogen generated using
RES. The surplus energy from RES is used to generate GHy using suitable water electrolysis.
The produced GHs can be stored in the hydrogen storage tanks which can then later be utilized
to regenerate electricity using fuel-cell to support electrical loads or to drive a fuel-cell equipped
electric vehicle. The GHy can also be used in the industry for producing ammonia, oil refining
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Figure 1.6: Generation, storage and application of GHq

and methanol production. Figure 1.7 shows the increasing trend of global demand of pure
hydrogen since 1975, major part of which is utilized for refining and ammonia production. The
global demand of hydrogen is estimated to reach 212Mt by 2030 out of which 10% share is
estimated to be of GHy [3]. In the case of the E2C project, it is used to generate DME using
SEDMES process which can be used as a fuel and is also extensively used in chemical industry.
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Figure 1.7: Global demand for pure hydrogen since 1975[9]

1.2.3 Technological Issues

Despite of numerous advantages of using hydrogen as storage, there are also some shortcomings
that are needed to be addressed in order to make this energy storage method safe, economic,
and reliable. As hydrogen is a light gas, energy density by volume at atmospheric pressure
is very low. Therefore, the hydrogen needs to be compressed to make it an efficient energy
storage method. This is achieved by producing the hydrogen at high pressure or by including
the compression stage before storage. This increases the cost of the storage process. Hydrogen
is also a highly flammable gas, therefore, its handling requires extreme care. The Hindenburg
disaster is a proof of destruction that can be caused by minuscule accident or improper handling
of hydrogen gas [10]. The electrolysers required to produce pure hydrogen at high pressure and
production rate are also expensive as they use novel metals. Research is being carried out to
make these devices less expensive by inventing new materials. Due to the intermittent nature
of the RES, the dynamics of the electrolyser is affected and it becomes necessary to study the
effect of the intermittency of the RES on the overall performance of the electrolyser even if
the effect of the intermittency is reduced when the system is grid assisted. Indeed, the use of
RES to operate the electrolyser poses various issues that need to be addressed. At very low
power output from the source, when the power is barely enough to run the electrolyser, the rate
of hydrogen production may be lower than the rate of gases crossover through the membrane
which can be dangerous for the electrolyser as well as the operator [11]. Intermittent sources
may also lead to the lower efficiency as the electrolyser might not be operating at the nominal
temperature. Thus, it becomes necessary to study the effect of the intermittent sources on the
performance of the electrolyser.

1.2.4 Why Bond Graphs for Dynamic Modelling of RES?

High cost of the electrolyser has always been a challenge for the researchers. New materials and
cell design are being developed to reduce the overall cost of the electrolyser [12, 13]. There is
also a need for developing the tools in order to test the electrolysers under different conditions to
understand various phenomena taking place inside the electrolyser to predict the performance of
the electrolyser in the cost effective way and to propose optimal sizing. Mathematical modelling
plays a very crucial role towards this objective and acts as a dynamic connection between the
electrolyser and the intermittent power source [14]. It also enables the researchers for the design
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optimization and developing control for the system and online diagnosis to insure safety and
availability of equipment [0].

Modelling and simulation are very powerful tools of modern engineering that can provide
alternate means for design investigation and operating conditions optimization by spending less
time and at relatively lower cost as compared to the physical experiments [15]. The importance
of modelling and simulation increases many folds in case of dynamic multi-physics systems.
Electrolysers are one such case in which complicated physico-chemical processes takes place.
Modelling plays a significant role in quantifying such processes [16]. Also, system dynamics
plays an important role in system performance during the operation of the electrolyser running
on RES. The model should be able to capture the dynamics in order to predict the performance
of the system over a required time window, according to the weather. It is particularly important
if a hydrogen generator is connected directly to a chemical plant to supply the hydrogen at a
steady rate based on the plant requirement. This is however partially achieved by using a
buffer tank to temporally store the hydrogen and then supply it at the required pressure and
flow-rate. While operating such systems, the main concern is to understand (diagnosis) or
foresee (prognosis) abnormal situation so as to react as fast as possible so that the device
can be either stopped in case of critical fault or to operate in degraded mode if the fault can
be accommodated. Therefore, static models are not sufficient for this purpose and there is a
requirement of a dynamical model.

Dynamical models once developed can serve multiple purposes ranging from understanding
the phenomenon, developing control for the system as well as for diagnostics. For dynamic
modelling of multi-physics system, a number of techniques have been developed over time to
deal with the challenges posed by the requirements of a model to perform various tasks ranging
from simulation to diagnosis. Different modelling techniques for dynamical systems can be
broadly classified under two categories, namely equation based and graphical based modelling
[17], as shown in figure 1.8.

State-Space

Equation, ODE,
PDE
~—  J

Equation Object Oriented
Based —_—— Code
Method
L Transfer
Function

q ~——
Modelling
Methods - ~ - ~
Block Diagram Linear Graph
\_ J \_ J

> Bond Graph
4 ) ( )
Energetic Electrical
Macroscopic Equivalent

Representation Circuit
\_ Wy, \_

Graphical
Method

Figure 1.8: Different multidisciplinary modelling approach

In equation based modelling techniques, the system is represented in terms of ordinary
differential equations. These approaches are very expressive and can easily handle most of the
dynamical systems which include multi-physics systems. Furthermore, to use these approaches,
the dynamical equations as well as the values of the parameters of the whole system are needed
to be known by the modeller, these modelling techniques are less user friendly. In graphical
based modelling approaches, the model is decomposed into graphical components (also called
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as blocks or sub-models) that are connected with each other through ports. These blocks are
assembled to represent the structure of the model that can exhibit the behaviour of the system.
In the concept of graphical modelling, the user has the advantage of modifying and reusing
the sub-models of different components which provides a user friendly way of modelling and
flexibility in the modelling of the complex systems. Additionally, the graphical models have
also the advantage of showing the topology of the represented system [17]. In opposition to
the equation based modelling, there is no need of accurate parameters value. Although many
approaches are available under the banner of graphical based modelling, BG is well suited for
the multi-physics systems because of its many advantages.

BG is a unified multi-physics approach which involves four levels of modelling using only
one tool (technological level, physical level, mathematical level and algorithmic level) [15]. Any
system can be represented in terms of pictographic representation known as word BG that
shows the main component of the system and the nature of exchange of power among them
(Technological level). To deal with the enormous amount of equations describing the dynamic
behaviour of the different phenomena occurring in the system (mathematical level), the BG (by
its graphical nature) enables to display precisely the exchange of power in a system, including
storage and transformation (physical level).The advantage here is to deduce systematically
equations from a graphical description of the power exchange in the system (algorithmic level).

1.2.5 Prognostic and Health Management

In the safety—critical systems like electrolysis system running on intermittent sources, complete
failure of any component or subsystem can be very dangerous or unsafe for the people and
the environment. Therefore, real time health monitoring (diagnosis) of the system is essential
for early detection of the fault and to identify the current health status of the components or
system to ensure safe and reliable operation of the system. PHM is a new emerging technique
that facilitates in performing predictive maintenance based on the prediction of degradation of
the components and its trend and estimation of Remaining Useful Life (RUL) of the system
and/or components. Figure 1.9 shows the various steps of the PHM.
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* Collection of data from mentoring and extraction of the
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¢ Detection of occurrence of fault, its isolation and
. . estimation of its severity.
Diagnosis
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* Calculation of the Remaining Useful Life.
Prognosis
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Figure 1.9: Various steps of the PHM



During data acquisition, the data is collected from the sensors placed throughout the system
for various purposes such as feedback and control. The useful features are then extracted from
this measurement data for monitoring the system health. Diagnosis step is very crucial for
the reliable and safe operation of the system. At this step, the fault or degradation in the
components of the system is detected. the fault is then isolated in order to determine the
cause and its severity is estimated. Fault diagnosis in real-time is of critical importance for the
complex systems so that the early detection of the fault could be performed. During prognosis
step, once the degradation of the component /s of the system occurs, the estimation of the time
is done for which the system can perform desired operations. This estimated time for which the
system or component can remain functional is known as the RUL. This value of RUL is then
used on the next step for health management. Based on the governing laws for the control of the
system and RUL, appropriate action is taken by either scheduling the preventive maintenance
or by completely stopping the operations of the system for further analysis and repair.

Hence, for improving Reliability, Availability, Maintainability and Safety (RAMS) of modern
process engineering systems, prompt fault detection, robust faulty component isolation and
effective RUL prediction of degrading components have become an active research area over the
last few decades. More accurate integrated real time fault diagnosis and prognosis techniques
are to be evolved according to the present demand of critical machinery performance for the
predictive maintenance under PHM strategy.

1.2.5.1 Fault Diagnosis Tasks

There are generally four tasks for fault diagnosis, namely fault detection, fault isolation, fault
identification and fault accommodation [15].

1. Fault detection: This is the first step of fault diagnosis tasks to detect the fault (if any)
presence in the supervised system. It should be designed in such a way that it can detect
the fault as early as possible when the process dynamics of the system is deviated beyond
an acceptable limit from its nominal behaviour, which is very important before the fault
to possibly causes a critical failure in the system. If an unacceptable behaviour is detected
then an alarm state is declared.

2. Fault isolation: When any fault is detected and an alarm state is declared, then the aim
of this stage to find out the initial set of fault candidates which is responsible for abnormal
behaviour of the system. This stage further concerns the minimization of dimension of
initial fault candidates by assuming that some of the fault candidates are robust or by
using some other information.

3. Fault identification: The aim of this step is to find out the magnitude of the fault and its
type. For abrupt fault, if multiple fault sets remain after fault isolation, then identification
is required for each fault set and the fault set that matches the observations most closely
is considered to be the true fault set. For incipient fault, the fault identification task is
challenging since certain dynamic degradation behaviour for this fault must be assumed
in advance and sometimes this prior knowledge is not easy to obtain. If the severity of
the identified fault is acceptable, this severity will be used in the reconfiguration design
of the system’s control law.

4. Fault accommodation: Once the fault magnitude is estimated then the decision re-
garding whether the identified fault can be accommodated or not by suitably changing
the control law is taken in this stage. Also degree of fault severity is used in this stage
to determine whether to use system reconfiguration, Fault Tolerant Control (FTC) or
manual supervision.
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1.2.5.2 Fault Diagnosis Methodologies

Diagnosis search strategy is usually strongly dependent on the knowledge representation scheme
which in turn is largely influenced by the kind of a priori knowledge available. Hence, the
type of a priori knowledge used is the most important distinguishing feature in diagnostic
systems. Diagnosis systems are classified based on a priori knowledge used. The basic of a priori
knowledge that is needed for fault diagnosis is the set of failures and the relationship between
the observations (symptoms) with the failures. A diagnostic system may have them explicitly,
or it may be inferred from some source of domain knowledge. A priori domain knowledge may
be developed from a fundamental understanding of the process using first principles knowledge.
Such knowledge is referred to as deep, causal or model-based knowledge. On the other hand,
it may be gleaned from past experience with the process. This knowledge is referred to as
shallow, compiled, evidential or process history-based knowledge. Fault diagnosis methods can
be broadly classified into two types: model based method and data driven method [18], as
shown in figure 1.10.
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Figure 1.10: Classification of diagnosis methods

For model based methods, models serve as knowledge representation of a large amount
of structural, functional and behavioural information and their relationship. This knowledge
representation is capitalized to create complex cause-effect reasoning leading to construction of
powerful and robust automatic diagnosis and isolation systems [18, 19]. In model-based, a priori
knowledge can be broadly classified as qualitative or quantitative. The quantitative models
represent mathematical functional relationships between the inputs and outputs of a system
and they are evaluated numerically; while the qualitative models represent these relationships
in terms of qualitative functions centered on different units in the system. Qualitative model
based approach provides an alternative when a numerical model of the system is unavailable.

In contrast to the model-based approaches, where a priori knowledge about the model (ei-
ther quantitative or qualitative) of the process is assumed, in process history-based methods,
only the availability of large amount of suitably annotated historical process data are required.
There are different ways in which this data can be transformed and presented as a priori knowl-
edge to a diagnostic system. This is known as feature extraction. This can proceeds as either
quantitative or qualitative feature extraction. In quantitative feature extraction, one can per-
form either a statistical or non-statistical feature extraction. Artificial Intelligence (AI) or
statistical data-driven-based methods have some advantages, such as capturing complicated
phenomenon without a priori knowledge, and performing faster than traditional system identi-
fication techniques in multivariate diagnosis/prognosis problems. However, the linkage between
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fault degradation and changes in physical parameters is generally lost with data-driven models.
Moreover, it is a tough and high cost task to collect abundant data. Many algorithms and data
training models require a large amount of historic data, including normal state data and failure
data that need to destroy the components/systems artificially.

There is always an overlap between the various approaches. For instance, it is clear that
all models need data for estimating some of the parameters in the model and all the methods
based on process data need to extract some form of a model to perform fault diagnosis. Dif-
ferent approaches for the diagnosis procedures have been developed, depending on the kind of
knowledge used to describe the process model. Each system or process has its own complex-
ities, which need to be described by following a specific methodology. Venkatasubramaniam
et al. [20—22] have classified various fault detection and diagnosis methods into quantitative
model based methods, qualitative model and search based methods and process history based
methods. Further sub-classifications and detailed reviews on each approach are given therein.
Thus, various approaches for diagnosis methods can be grouped into two types: model-based
diagnosis and data—driven—based diagnosis. Nowadays, researchers integrate the advantages of
various approaches to improve the diagnosis schemes, named as hybrid approaches.

1.2.5.3 Failure Prognosis Tasks

The term prognosis is well used in medical domain to describe the prediction of poor health of
a patient by taking into account the actual diagnosis of a disease and its evolution compared
with other similar observed cases. In industrial domain, the same reasoning of prognosis can
be transposed to machines and components to answer the question about the remaining useful
lifetime of a machine or a component once an impending failure condition is detected, isolated,
and identified [23, 24]. Failure prognosis is used to determine how soon and likely a failure will
occur. Prognosis could significantly reduce expensive downtime and maintenance costs. The
prognosis is used to predict how much time is left before a failure occurs given the current
machine condition and past operation profile. The time left before observing a failure is usually
called RUL.

1.2.5.4 Failure Prognosis Methodologies

Failure prognosis methods can be broadly classified into three types, model-based prognosis,
data-driven-based prognosis, experience-based or probability-based prognosis [23, 24]. Model-
based prognosis consists in studying each component or subsystem in order to establish for
each one of them a mathematical model of the degradation phenomenon. The derived degra-
dation model is then used to predict the future evolution of the degradation. In this case, the
prognosis consists in evolving the degradation model till a determined future instant from the
actual deterioration state and by considering the future use conditions of the corresponding
component. Three main steps are needed in the framework of model-based prognosis. The first
step is related to the construction of an analytical dynamic model including the degradation
mechanism or phenomenon, and the determination of failure thresholds. Follows, in the second
step, a setup of a monitoring/diagnostic system is required which allows for estimating the
actual value of degradation. Finally, a development or a selection of an adequate technique to
solve the derived dynamic model (prediction step) is necessary. The main advantage of this
approach dwells in the precision of the obtained results, as the predictions are achieved based
on a mathematical model of the degradation. Data-driven-based prognosis approach consists
in collecting information and data from the system and projecting them in order to predict
the future evolution of some parameters, descriptors or features, and thus, predict the possible
probable faults. The advantage of this approach is that, for a well monitored system, it is
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possible to predict the future evolution of degradation without any need of prior mathematical
model of the degradation. However, the results obtained by this approach suffer from precision
and also very expensive due to the need of adequate information of data. Experience-based
prognosis consists in using probabilistic or stochastic models of the degradation phenomenon,
or the life cycle of the components, by taking into account the data and knowledge accumulated
by experience during the whole exploitation period of the industrial system. The advantage of
this approach is that it is not necessary to have complex mathematical models to do prognosis.
Moreover, this approach is easy to apply on the systems for which significant data are stored
in a same standard that facilitates their use. For example, a company which has conserved a
production and maintenance database during a long period of time with some minor rules and
standards for data storing, can easily get the estimation of the parameters of the probability
laws. However, the main drawback of this approach dwells in the amount of data needed to
estimate the parameters of the used laws. Indeed, huge and significant amount of exploitation
data are needed in order to determine parameters degradation phenomenon or the life cycle of
the concerned system. Consequently, this approach cannot be applied in the case of new systems
for which data from experience feedback do not exist. The other kind of problem is that in most
of cases, it is necessary to filter and pre-process the data to extract the useful ones, because the
stored data are not always directly exploitable. Thus, prognosis methods intended for RUL pre-
diction are grouped into three types: model-based prognosis, data—driven—based prognosis and
experience or probability—based prognosis. Various approaches for process supervision can be
integrated as hybrid approaches to improve the diagnosis and prognosis schemes for dynamical
systems when the adequate data for the process is known for both normal and different faulty
operating conditions. However, every method has its own advantages and drawbacks. Figure
1.11 shows the criteria for the selection of the approach for the process supervision based on
the availability of the information.
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Figure 1.11: Process supervision based on the availability of the information
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1.2.6 Online Supervision and Efficiency Tracking

Diagnosis and prognosis algorithms, once developed and validated for their effectiveness and
robustness, are implemented in real-time in order to detect the occurrence of fault (if any) and
to predict the RUL of the system or system components based on the condition of the system.
As shown in figure 1.12, the inputs measurement from the real system using sensors is sup-
plied as the input to the model of the system. The model estimates the nominal output of the
system. These estimated outputs are compared to the actual outputs of the system. The differ-
ence between estimated and actual outputs are known as residuals and the numerical relation
describing each residual is known as Analytical Redundancy Relation (ARR). For system oper-
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Figure 1.12: Online supervision of the system

ating normally, the value of the residual must be zero (ideal case). In the event of occurrence of
fault, one or more of the residuals value becomes non zero as the estimated output and actual
output does not match, which indicates the occurrence of fault in the system and the alarm
is generated. However, due to the limitation of modelling in representing the actual system,
uncertainties, disturbances etc. the value or residual is not equal to zero. In order to avoid false
detection, the residuals are bounded by the upper and lower thresholds as shown in figure 1.12.
Hence, even if the the residual value is non zero, the fault is not considered to be occurred unless
the residual shoots out of one of the bounds as shown in figure 1.12. The thresholds can be set
at a fixed value or adapt depending on the change in the operating conditions and are called as
adaptive thresholds. Not all residuals are sensitive to the fault occurred. Therefore, knowing
which residuals have crossed the thresholds it is possible to isolate and identify the fault. In
case of the implementation of FTC, the control law is changed in order to accommodate the
fault (if possible) using decision making tool based on fault signature matrix. and update the
RUL of the system. For electrolysis systems running on RES, it is also very important to know
when and how to operate the system in order to have desired performance. The instantaneous
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efficiency of the system plays a critical role in fulfilling this objective.

Efficiency is one of the key factors to define the performance of the system. For a system that
can be run in different operating modes and operating conditions, it is very important to know
which operating conditions yields maximum efficiency in order to make the system operation
efficient in terms of resources as well as the operating cost. The cost of the GHs is very critical
point of comparison with the hydrogen obtained from other sources and conventional fuels. By
2030, the cost of GHj needs to be reduced by more than 50% (to $2.0-$2.5/kg) in order to make
GH;, a feasible alternative to the conventional fuels [25]. Production of GHs, therefore, with the
system which is non-efficient will be a great hindrance to achieve this objective. At plant level,
the Balance of Plant (BoP) are not continuously working yet greatly affects the overall efficiency
of the plant [26]. Therefore in order to have efficient GHs production, it is very important to
track the efficiency of BoP as well as the overall efficiency of the system. The efficiency can also
be used for making the controlling decision such as when to or when not to operate the system,
in which operating mode and what operating conditions. However, for efficiency calculation,
one needs to know the input power/ energy to the system, and output, which might not be
always known at sub-components level due to lack of sensors. The mathematical model can
be utilized for estimating the power losses and hence calculating the efficiency at various sub-
components level. The BG models are again well suited for this task as the power is the common
currency of exchange between different subsystems. Therefore, the power information can be
easily obtained at subsystem levels. Figure 1.13 shows the schematics of model based online
efficiency calculation. The power loss (Pjss) at various sub-components level is estimated using
the model based on the input power (P;,) and operating conditions. The efficiency is then
calculated as the ratio of the output power (P,,:) to the input power.
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Figure 1.13: Online model-based n calculation

1.3 Problem Definition

GHs generation using RES is evolving very quickly with the world set towards the goal of
limiting the green house gases emissions in the coming years. Efforts are being made to make
this system more safer to use, reliable, efficient and cost effective so that it can compete with the
existing alternatives. Due to the intermittent nature of the RES, and involvement of coupled
multi-physical phenomena, the complexity increases many folds, therefore, tools are required
to study and design these kind of systems. Mathematical modelling could be a great tool
to provide the solution for studying the behaviour of these systems as well as to develop the
supervision platform to monitor and control these systems in order to achieve desired objectives.
Moreover, system performance degrades at different levels (components and subsystems levels)
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due to ageing and dynamic operational behaviour. Such studies require a modular design
approach, breaking the complete model into different sub-model levels, so that variation of
different component parameters on the monitoring variables of the system can be analysed and
tested easily and effectively. From the industrial perspective, the model should be adaptable
with real monitoring of the system behaviour on suitable supervision platform. The model must
have the following properties:

e The model should accurately reproduce the dynamical behaviour of the system without
being too complex.

e The model should be easy to create and reuse.

e The model should be based on dimensional parameters.

e The model should be scalable to similar systems of different sizes.

e The model should be easily modifiable depending on the physical system configuration.

e The model should have multiple uses such as it should be suitable for developing control
algorithms, diagnosis, prognosis and real-time implementation.

A look at the literature showed that most of the existing models are focused on behavioural
studies and are system specific only and cannot be used for different configuration or size of the
system or for real-time applications such as online diagnosis and control [0, 141]. Also, the effi-
ciency of the system is a critical parameter for the performance evaluation and decision making
for optimal operation. therefore, there is also a need of real-time efficiency monitoring of such
system not only for optimal operation but also for the study of these system for economical
aspects. The current approach uses the BG as a unified modelling approach for the develop-
ment of a generic dynamical multi-physics model of the PEM electrolysis system represented
in a modular fashion. Different subsystems of electrolyser process are first identified and then
they are modelled using lumped parameters dynamics approach (showing different physical phe-
nomena such as energy storage, dissipation and transformation). Based on BG model, different
mathematical equations and ARRs are identified for the development of control, diagnosis and
prognosis algorithm. Here, model builder of Symbol-Shakti is used for developing the generic
PEM electrolyser model where the structural integrity of different components and sub-systems
for the global system modelling is checked. Once the models of different sub-systems (capsules)
are built, corresponding MATLAB® Simulink models are systematically derived from imple-
mentation point of view. The generic BG electrolyser model facilitates the formal model to
adapt and to fit the different configurations of the electrolyser ranging from laboratory scale
to industrial scale. Thus, this work is extended for the modelling and performance study of
AEM electrolyser which share the similar configuration and architecture. The model is also
capable of facilitating the efficiency tracking in real-time. The model was first validated using
the HMP available at University of Lille. The model is then utilized along with developed
diagnosis algorithms in order to develop the GUI for the real-time supervision of the HMP.

1.4 Thesis Organisation

The presented work in this PhD thesis has been segregated into six chapters in total and two
appendices have been provided for additional information.

e After the current chapter of general introduction, the chapter 2 addresses the state of art
of the modelling, diagnosis and prognosis of the PEM electrolyser. The existing models
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of PEM electrolyser from the literature have been compared and exposed. The research
gap identified from the state of art has also been defined.

e The chapter 3 focuses on the understanding of the BG based dynamic modelling of the
PEM electrolyser. The model is presented in the form of sub-models that are assembled to
achieve the global model of the PEM electrolyser. The mathematical equations governing
the behaviour of the system are also presented in this chapter.

e Model based diagnosis and prognosis for PEM electrolyser has been presented in chapter
4. The faults that can occur in PEM electrolysis system running on RES are identified
and analysed. The model presented in chapter 3 is used to develop DBG model in LFT
form to make the diagnosis robust. The ARRs generated from the DBG model are also
presented here.

e Chapter 5 focuses on the validation and online implementation of the model and algorithms
developed in chapter 3 and 4. The model is first validated offline using the HMP available
in the laboratory at University of Lille. The model and algorithms are then utilized for
real-time implementation. The results obtained are analysed and discussed in this chapter.

e The conclusions, limitations and future prospects of the current work are summarised in
chapter 6.

e The model developed in chapter 3 is adapted for AEM electrolyser (in collaboration with
University of Exeter) is presented in appendix A as it is not a key output of the work
presented in this thesis.

e BG approach for modelling, diagnosis and prognosis has been presented in appendix B

1.5 Results and Dissemination
The results obtained during the course of this PhD can be categorized as follows:

Fundamental Results
The quantifiable results of the thesis were disseminated through the following publications:

International Journal

e Sood, S., Prakash, O., Boukerdja, M., Dieulot, J. Y., Ould-Bouamama, B., Bressel, M.,
& Gehin, A. L. (2020). Generic Dynamical Model of PEM Electrolyser under Intermittent
Sources. Energies, 13(24), 6556.

e One publication is under preparation for the submission in an international journal for
the dissemination of results for robust online diagnosis.

International Conferences

e Sood, S., Bouamama, B. O., Dieulot, J. Y., Bressel, M., Li, X., Ullah, H., & Loh, A.
(2020, September). Bond graph based multiphysic modelling of anion exchange membrane
water electrolysis cell. In 2020 28th Mediterranean Conference on Control and Automation
(MED) (pp. 752-757). IEEE.
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Sood, S., Prakash, O., Boukerdja, M., Ould-Bouamama, B., Dieulot, J. Y., Bressel,
M., & Gehin, A. L. (2021, July). Model-based diagnosis of proton exchange membrane
water electrolysis cell: Bond graph based approach. In 2021 European Control Conference
(ECC) (pp. 2139-2144).

Prakash, O., Sood, S., Boukerdja, M., Ould-Bouamama, B., Dieulot, J. Y., Gehin, A.
L. & Bressel, M., (2021, July). A Model-based Prognosis approach to Proton Exchange

Membrane Water Electrolysis System. In 2021 European Control Conference (ECC) (pp.
2133-2138).

Boukerdja, M., Radi, Y., Prakash, O., Sood, S., Ould-Bouamama, B., Chouder, A.,
Gehin, A. L., Dieulot, J. Y. & Bressel, M., (2021, August). LFT bond graph for online
robust fault detection and isolation of hybrid multisource system. In 2nd International
Conference on Clean and Green Energy Engineering (CGEE).

Application Results These results were obtained while working on the HMP.

Development and implementation of a GUI for the supervision of HMP available at Uni-
versity of Lille based on the developed model and algorithms under the framework of E2C
project.

Hands on experience in the installation of the Programmable Logic Controller (PLC) and
additional sensors into the HMP for improved monitorability and algorithms validation.

Project Management Results During the course of the PhD, I was also bestowed with the
responsibility for the E2C project management tasks for CRIStAL team. Following are the
results obtained during this time.

Preparation and submission of the Deliverable D1.3.1 for E2C project in January 2021.

Preparation and submission of the Deliverable D1.3.2 for E2C project (to be submitted
in December 2021).

Preparations of video presentation for the webinar at the 2nd stake holder meeting of E2C
project. https://www.youtube.com/watch?v=syFeMBkafFc

Organization of meetings for knowledge and information exchange between CRIStAL team
and other project partners.

Preparation and delivery of the presentations for various project update on CRIStAL
team side and consortium meetings.
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In this chapter a brief introduction to different electrolysis techniques and their comparison
have been presented. The work that has been done in the literature for the modelling, diagnosis
and prognosis of the PEM water electrolyser was reviewed for the positioning of the proposed
work. A special attention has been given for the modelling work that has been performed for
the PEM electrolyser running on RES.

2.1 Water Electrolysis

Water electrolysis is a well established technique by which the molecules of water are split under
the influence of the electric current resulting in the production of hydrogen and oxygen gases
given by the following reaction [27].

1
H>O(liquid) + electricity — Ha(gas) + 502(gas) (2.1)

A water electrolysis system typically consists of two electrodes, one at which oxidation takes
place is known as anode and the other at which the reduction reaction takes place is known
as cathode, the electrolyte, a membrane to separate the produced gases and a Direct Current
(DC) power source as shown in figure 2.1.

Based on the electrolyte used, the electrolysis can be classified into four types namely alka-
line electrolysis, PEM water electrolysis, AEM water electrolysis and SOM water electrolysis.
The first three methods are also known as low temperature water electrolysis methods as the
temperature at which electrolysis takes place is below 100 °C. SOM water electrolysis is a high
temperature water electrolysis as the operating temperature ranges from 800-1000 °C[25]. All
four electrolysis methods are discussed briefly one by one. Figure 2.2 shows the schematics for
different electrolysis methods.
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Figure 2.1: A simple water electrolysis cell

2.1.1 Alkaline Water Electrolysis

Alkaline water electrolysis is the most matured technology of hydrogen production and is com-
monly used electrolyser type in the industry [29]. Figure 2.2(a) shows the working principle of
a zero gap alkaline electrolysis which is similar to the traditional alkaline electrolysis. The key
difference is the use of porous electrodes in zero gap alkaline electrolyser that are compressed
against the gas separator. This facilitates the produced gases to be released from the backside
of the electrodes [30]. Electrodes are backed by the Gas Diffusion Layer (GDL) which acts as a
bridge for the current between distribution (bipolar) plate and the electrode and also facilitates
the movement of electrolyte solution to the electrode and the removal of produced gases from
the reaction site. The electrolyte solution consisting of water and highly basic (pH 14) elec-
trolyte (Potassium Hydroxide (KOH) and Sodium Hydroxide (NaOH) are the most commonly
used electrolyte [30]) is pumped to both anode and cathode side. When the potential is ap-
plied across the electrodes the water is reduced at the cathode into hydrogen gas and hydroxyl
radical (OH ™). The hydrogen gas escapes from the outlet at the cathode side and the OH~
ions moves through the porous gas separation membrane or diaphragm towards anode under
the influence of the applied potential. Here the OH ™ ions forms oxygen gas and water. The
half-cell reactions for alkaline water electrolysis are as follows:

Anode : 20H~ — H50 + %02 + 2e” (2.2)
Cathode : 2H50 +2e~ — Hy +20H~ ’

Alkaline water electrolysis cells are limited to operate on lower current densities due to the
fact that higher current densities cause formation of bubbles in excess that causes resistance
to the movement of electrons and ions [31]. This leads to bulkier system configuration for
same hydrogen production rate as compared to PEM water electrolysis. The efficiency of the
conventional alkaline water electrolysis cell is low, however, it ranges between 78-80% for zero
gap configuration[31]. Also, due to the use of non-noble metals and their oxides as the catalysts,
the cost of these electrolysis cells is quite less as compared to PEM water electrolysis. However,
these electrolysis cells have low operational pressures due to which a compression step is required
before storing the produced hydrogen, which acts as an additional cost for the operation of these
systems. Corrosion due to alkalinity of the electrolyte is also a major issue [25].
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Figure 2.2: Schematics of (a) Zero gap alkaline water electrolysis, (b) PEM water electrolysis,
(c) AEM water electrolysis and (d) SOM water electrolysis

(d)

2.1.2 PEM Water Electrolysis

PEM based water electrolysis has gained popularity in recent years due to its high performance
as compared to the alkaline water electrolysis. Figure 2.2(b) demonstrates the basic working
principle of the PEM electrolyser. PEM electrolyser cell consists of two half cells separated
by a thin solid electrolyte membrane. The water is fed to the anode side of the cell where
water is reduced to oxygen, positively charged hydrogen atoms (protons) and electrons. The
oxygen produced during this half-cell reaction is removed with the unconsumed water. The
protons move through the electrolyte membrane towards the cathode where they combine with
the electrons from the DC power source and form the hydrogen gas. The water feed to the
cathode side is optional as it is only there to facilitate the efficient removal of the hydrogen.
These reactions take place at the catalyst layers coated on each electrode. The diffusion layer
on each side helps in efficient current distribution and also connects the Membrane Electrode
Assembly (MEA) to the distribution plates. Distribution plates aid toward structural integrity
of the cell and facilitate water and gases transport. They also separate one cell from the other
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when cells are assembled together in the form of a stack to deliver the required hydrogen flow
rate. Half-cell reactions for each electrode (anode and cathode) are written as

Anode : HyO — 2H + 105 + 2¢~
Cathode : 2H' +2e~ — Hy

PEM water electrolysis provides greater safety and reliability over alkaline water electrolysis
as there is no use of caustic electrolyte. These electrolysis cells are compact as compared to the
alkaline electrolysis cells [31]. Also, the PEM water electrolysis can operate at high differential
pressure across the membrane which helps in producing hydrogen at the required pressure for
storing, thus eliminating the need of compression stage. PEM electrolyser has superiority over
alkaline water electrolysis for load following when running on intermittent energy sources [32].
This is due to the fact that PEM water electrolysis has faster ion transportation than alkaline
water electrolysis [28]. These electrolysis cells, therefore, also provide faster startup times.
PEM water electrolysis offers very fast dynamic load change capability during its operation,
without affecting it long-term performance [31]. PEM water electrolysis can operate at higher
current densities as compared to the alkaline water electrolysis. Membrane of the PEM water
electrolysis is the key limiting factor for the lifetime of the cell as the membrane is prone to
the impurities in the water. Due to the acidic operation environment in MEA of PEM water
electrolysis noble metals such as Platinum and irridium oxide are used as catalyst, the cost of
these electrolysis cell is high as compared to the alkaline water electrolysis cells.

(2.3)

2.1.3 AEM Water Electrolysis

In the recent years, in order to benefit from the advantages of both alkaline and PEM electrolysis
polymer based AEM have been developed. PEM electrolyser uses noble earth metals such as Ir,
Ru, and Pt etc; which are expensive and limit its commercial applications. On the other hand,
AEM electrolyser is based on alkaline electrolytes so, a wide range of earth-abundant transition
metals and their oxides can be employed [33]. Schematic of an AEM water electrolysis cell is
shown in figure 2.2 (c). The electrolyte is fed to the cell from the cathode side where the water
is reduced into hydrogen and hydroxyl ions are formed. These negative ions transport through
the membrane towards the anode where they recombine to release oxygen. The electrolyte acts
as a reagent as well as it facilitates the removal of the hydrogen at cathode. The electrolyte or
water can also be fed to the anode side to facilitate the removal of oxygen depending on the
design of the cell. The half reactions on each electrode are given as [31]:

Anode : 4OH™ — Os + 2H50 + 4e~

Cathode : 4Hy0 + 4e~ — 2Hy +40H~ (2.4)

These membranes have made their way to the fuel cells but they are still under development
for electrolysis [31]. To adapt AEM as a reliable technology for water electrolysis significant
improvements are required[341]. Research is being carried out in order to achieve desirable
properties for the membrane such as better mechanical stability, ionic conductivity, longer life,
lower cost, for example by the E2C partners from University of Exeter. To finally assemble it
into a functional and efficient electrolyser is another challenge.

2.1.4 SOM Water Electrolysis

SOM water electrolysis (schematics shown in figure 2.2 (d)) is a highly efficient water electrol-
ysis method (electric efficiency of almost 100% [31]) whose working principle is complimentary
to that of the SOM fuel-cells. In this method, a thin ceramic membrane, with high ionic con-
ductivity at high temperatures, is used as electrolyte (most commonly yttria-stabilized zirconia
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[28]) that allows the movement of oxide ions (O%7). The water or steam is fed to the cathode
side where the evolution of hydrogen takes place and O?~ ions are formed under the influence of
the applied electric potential. The O?~ ions moves from cathode to anode side to form oxygen
gas while releasing the electrons. Air is sometimes fed to the anode side to facilitate the removal
of the produced oxygen gas. The half-cell reactions for anode and cathode side are [31]

Anode : 20?2~ — Oy + de~

Cathode : 2Hy0 + 4e~ — 2Hj + 202~ (2.5)

Due to the involvement of high temperatures the voltage required to operate the cell is quite
low, in between 1.2 to 1.3V, with high current densities [31]. However, the higher operating
temperatures also cause faster material degradation due to notable mechanical and thermal
stresses. The life span of the SOM electrolysis cell is estimated to be around 2-3 years which
is fairly low as compared to PEM and Alkaline electrolysis cells that lasts for almost 10 and 20
years[35]. This technology is also not available commercially at present but has been validated
with the help of laboratory scale prototypes [28].

The comparison between these four water electrolysis techniques based on their key charac-
teristics, advantages and disadvantages is shown in table 2.1 [12, 31, 34, 36-40)].

2.2 PEM Water Electrolysis System

PEM water electrolysis system consists of one or more PEM electrolysis cell assembled together
in the form of a stack. Stacking provides the best means of achieving the required quantities and
rate of production of hydrogen while keeping the system compact. The cells can be stacked in
two configurations as shown in figure 2.3. In mono-polar configuration each cell of the stack has
two electrodes that are connected electrically in parallel. In this configuration, each cell has its
own set of electrodes. This configuration is thus bulkier as compared to the latter. The overall
voltage of the stack is equal to the voltage of a single cell and the total current flowing through
the stack is the sum of current flowing through individual cell. In bi-polar configuration the
cells share the electrodes with the adjacent cells except the two cells at the ends. Each contain
one non shared electrode. The electrical power is supplied across the stack through these two
non shared electrodes only. The shared electrodes between the cells act as anode for one cell
and cathode for the other, hence the name bipolar (double polarity of single electrode). The
cells are electrically in series connection. Therefore, the current flowing through each cell is
same and the stack voltage can be calculated by adding the voltages of all the cells.

The power consumption by both configurations for similar operation is theoretically equal.
The mono-polar configuration is suitable for small electrolysers in which the current requirement
of the stack is not very high [11]. The Faradaic efficiency for this configuration is 100%. In case
of bi-polar configuration due to the presence of parasitic current (i.e. current flowing through
the bi-polar electrode that do not contributes towards actual electro-chemical reaction) Faradaic
efficiency of the stack is reduced[!1]. Also, the manufacturing of bi-polar stacks is complex and
costly as compared to mono-polar stacks. Bi-polar configuration is the preferred choice for
industrial scale electrolysers due to its compactness.

In addition to the cell/stack, an electrolyser has auxiliary components to ensure the proper
functioning of the stack. These auxiliaries are essential to perform the following operations [15]:

e Electric power supply regulation to the stack depending on the requirement for hydrogen
production.

e Regulation of the temperature of the stack to achieve desired efficiency.
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Table 2.1: Comparison of Alkaline, PEM, AEM and SOM water electrolysis

Name Alkaline PEM AEM SOM
Water Electrolysis Water Electrolysis | Water Electrolysis | Water Electrolysis
Electrolyte 30% wt. KOH Perfluorosulfonic Quaternary ammonia | ZrOg ceramic
solution or 25% wt acid polysulfone or stabalized with
NaOH solution optional dilute yttrium or scandium
caustic solution oxides
Cathode Ni, Ni-Mo alloys Pt, Pt-Pd Ni and Ni alloys Ni-doped ceramic
Anode Ni, Ni-Co alloys RuOg, IrOq Ni, Fe, Co oxides Transition metal
oxides (perovskites)
Half cell Diaphragm Nafion 117 AEM (20-100 pm) Thin ceramics
" separation (Zirfon Perl 500 pm) (e.g. 180 pm) (30-150 pm)
-E Cell area <4 m? <3 m? Lab testing cells <0.06 m?
‘£ | Current density 0.2-0.5 Acm™? 0.6-2.0 Acm™? 0.2-1.0 Acm™? 0.3-1.0 Acm™2
Q
5 Cell Voltage 1.8-240 V 1.75-2.20 V 1.8-22V 1.2-13V
g Operating pressure | <30 bar <76 bar <30 bar <15 bar
5 Temperature range | 65-100 °C 70-90 °C 50-70 °C 700-1000 °C
Hydrogen Purity 9.99-99.3 % 99.9999 % 99.99 % 99.5 %
Cell Voltage 7 52-69% 57-69% ~75% ~100%
Estimated H, 800-1300 €kg~! >1200 €kg~! Not available Not available
production cost
Lifetime of stack <90000 h <20000 h Not available <10000 h
System response Seconds Milliseconds - seconds

Development Matured technology Matured for small Under developing/ Under developing/
status scale application Laboratory Scale Laboratory Scale
High current
1 blished densities Non-noble metal
zzfjhntzza 1she High voltage catalyst .
2y efficiency Noncorrosive Efficiency up 100%
Non-PGM catalysts Good partial load electrolyte Thermoneutral n
. 07
Advantages Long-term stability range Compact cell design >100% w/bot steam
Relative low cost Rapid system Low cost Non noble catalysts
: response i
Stacks in the MW P Absence of leaking ng}{ pressure
range Compact cell design . ) operation
) High operating
Cost effective High gas purity pressure
Dynamic operation
Low current densities | High cost of
Crossover of gases components Laboratory stage
. Laboratory stage
(degree of purity) Acidic corrosive Low current densities Bulk des
. i ulky system design
Low partial load range | environment Low durability L L tabili
s . Possibly low ow mech. stability
Disadvantages Low dynamics durability Membral.le (brittle ceramics)
Low operational degradation d dabl '
Commercialization No dependable Cost

pressures

Corrosive liquid
electrolyte

Stacks below
MW range

Excessive catalyst
loading

information
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Figure 2.3: Stack configuration scheme: (a) Mono-polar (b) bi-polar

e Purification and flow control of the input water to the stack.
e Conditioning and purification of the produced hydrogen and output pressure regulation.

The general schematic of a PEM electrolyser is shown in Figure 2.4. Depending on the size
and specification of the electrolyser, one or more components may or may not be present in
the configuration. A power supply/voltage controller (electric converter) is used to regulate
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Figure 2.4: General schematic of a PEM electrolyser

the electric power supplied to the stack based on the set operating point (usually voltage is
controlled to increase or decrease the hydrogen production). The water supplied to the stack
is first purified and deionized before supplying it to the electrolyser in order to increase the
longevity of the stack. Circulation circuit is implemented to feed the water to the anode side
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for providing water for consumption in the electro-chemical reaction as well as to facilitate the
removal of oxygen gas produced at the anode. This recirculation circuit is a closed loop and
contains a pump to regulate the flow rate of water and a heat exchanger or a heater to regulate
the temperature of the water flowing to the reaction site on the anode side. The flow rate of
the water is always higher than the rate of consumption of water in order to avoid the damage
to the membrane due to dryness. The recirculation circuit is sometimes also installed to the
cathode side only to facilitate the removal of produced hydrogen gas. There are two outputs
from the stack. First, on the anode side the excess water (which is not consumed during the
electro-chemical reaction) and produced oxygen gas exits in the form of a bi-phasic fluid. The
oxygen needs to be separated from the water before recirculating it to the stack. A liquid gas
separator is used for this purpose. Second, on cathode side the liquid gas separator is used if
the cathode side is fed with water. A controlled valve is used to regulate the level of water
in the separators. Once the gases are separated from the water, depending on the required
output conditions, the gases are purified, dried and compressed using output conditioning unit.
There are other components in the PEM water electrolysis system to ensure the proper and
safe functioning of the system. These include, safety devices, sensors, exhaust fans, enclosure,
etc. [15]. All these auxiliary components also consume energy and directly affect the overall
performance and efficiency of the electrolyser.

2.3 DModels of PEM Electrolyser

PEM electrolyser is a complex system, an assembly of number of components (cell /stack, pumps,
separators, etc.), that involves various multi-physics phenomena such as electro-chemical,
thermo-electrochemical and thermo-fluidic phenomena. There exists a coupling between these
phenomena, as they are dependent on each other, which further increases the complexity. Due
to this, non-linear relations are required to describe its dynamics. Figure 2.5 shows various
multi-physics phenomena involved in a PEM electrolysis cell.
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Figure 2.5: Multi-physics phenomena in PEM electrolyser cell /stack

PEM electrolyser coupled with renewable energy sources, such as solar energy and wind
energy, is emerging as a reliable means of storage of surplus energy. Various installations all
over the world have been done to integrate the RES and the electrolyser as a means of storage
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[12]. A number of articles have been published for the study of effect of the coupling between
the RES and the PEM water electrolyser on the performance of the system [7, 11, 13-65].

The intermittent nature of the RES also affects the performance of the electrolyser. To study
these effects there is a need of deep analysis and understanding of the dynamical behaviour of
the PEM electrolyser. This also enables the researchers to predict the performance of the PEM
electrolyser under different operating scenarios such as running the electrolyser for a long time
(say for days or months) on RES under different weather conditions. This study may include,
but not limited to, estimating the overall hydrogen production, and predicting the stability,
efficiency, flexibility and load tracking capability, produced gases quality, reliability and safety
of the process against degradation of the components and possible system or component failure
occurrences. This also enables the possibility of the system design, configuration improvement
and development of supervision algorithms (for control, diagnosis and prognosis). Mathematical
modelling is a powerful tool towards achieving these objectives. Therefore, it is necessary to
have a PEM water electrolysis system model that can be used for the analysis of the dynamic
behavior of the system under stress of intermittent nature of RES. Exhaustive reviews about
PEM electrolyser modelling are available in the literature [6, 14, 66-69]. Bensmann provided
a brief survey about the publications done on the modelling of PEM water electrolysis till
2016. The work on the modelling of these kind of electrolysers started in 1990s. In [67] the
models used in the literature for the modelling of mass transport phenomenon for PEM water
electrolysis were exposed. Olivier provided an excellent review about the modelling efforts done
for the low temperature electrolysis (PEM and alkaline water electrolysis) [6]. Falcao provided
a guide for the new researchers entering the field of modelling of PEM electrolyser, exposing the
equations governing various phenomena in the PEM water electrolyser [141]. Yodwong exposed
the models of PEM water electrolysis used for used for power electronics control [68]. As per
literature review in reference [(9], mostly the empirical and semi-empirical models for PEM
electrolyser exist that can predict the behaviour of the electrolyser under varying operating
conditions (for example, different temperatures and pressures). These models are mainly focused
on phenomenon understanding and for developing control algorithms. These reviews, however,
have not addressed all the articles on the modelling of the PEM water electrolysis. Therefore,
a review of existing models for the PEM electrolyser is presented in the subsequent section to
position the present work in comparison to the existing work in the literature. A brief review of
the articles on the diagnosis and prognosis of the PEM water electrolyser is presented in section
2.4. Figure 2.6 shows the number of publications addressed in this state of art since 1992;
127 publications in total related to PEM water electrolysis modelling, 27 articles related to the
modelling and study of coupling of PEM water electrolysis and RES and 25 articles related to
diagnosis and prognosis of the PEM water electrolysers.

When compared to the PEM based fuel cells, there is not much work done on the modelling of
PEM electrolyser as compared to the PEM fuel cell [6, 141]. However, the basic concept related to
fuel cell can be adapted for modelling, control and optimisation of electrolyser due to structural
and process similarity [53]. To explore the existing models for the PEM water electrolysis, the
models have been segregated into the equation based models and graphical models as shown
in the figure 2.7. The models used for the study of coupling between RES and PEM water
electrolysis also belong to the first two categories, but have been classified separately in order
to give special attention to them. The models developed for studying the monophasic or biphasic
flows through the electrolysis cell, pressure and temperature distribution in the flow channels
etc. using approaches such as Computational Fluid Dynamics (CFD), that are not categorized
under equation based and graphical methods, have been discussed under miscellaneous models.
The models under equation based and graphical models are further classified into static and
dynamic models. The further classification is done based on the modelling method used.
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Figure 2.6: Number of relevant publications (year wise) for the modelling of PEM electrolysis,
modelling/ study of coupling of PEM water electrolysis and RES and diagnosis and prognosis
of the PEM water electrolysers

2.3.1 Equation Based Models
2.3.1.1 Equation Based Models: Static Models
2.3.1.1.1 Static Models: Analytical Models

An analytical two dimensional model for PEM electrolysis cell based on mass, charge and
energy balance is proposed for the prediction of the performance of the PEM electrolysis cell
[70]. The model is suitable for simulating the current and temperature distribution across
the cell. The model is then extended to the prediction of the performance of the large stack
by considering equivalent large single cell. Another simple analytical static model for PEM
electrolysis cell was proposed by the authors which take into account the electrode kinetics
and mass transport through MEA to predict the overpotentials of anode and cathode side
[71]. A static theoretical model of PEM electrolyser based on Butler-Volmer (BV) equation
for representing the electrode kinetics was used to analyse the Current-voltage (IV) curves
[72]. The cell voltage was considered as the summation of four overvoltages depending on the
operating current and reversible voltages calculated from Gibbs free energy. An analytical model
was proposed for estimating the diffusion of gases through the membrane based on the Fick’s
law [73]. Henry’s constants were considered as dependent on temperature and the diffusion
coefficients were taken as dependent on temperature, pressure and concentration of the species.

A model was proposed in [74] for studying the transport of species through the membrane
in high pressure PEM water electrolyser used for oxygen generation. The dusty-fluid model
(DFM) was used for species transport considering the water flow to the cathode side. Simulation
results were validated with the help of experimental data from the Hamilton Sundstrand’s high
pressure oxygen generating assembly (HPOGA) at different differential oxygen pressures. The
authors found that the electro-osmotic drag has a significant influence over the dehydration of
the membrane.

A multi-scale model for the PEM water electrolysis cell was proposed in [75]. The model was
divided into nano-scale and micro-scale models. Nano-scale model dealt with two types of mod-
elling; first, the zero dimensional modelling of the interaction between the catalyst surface and
different chemical species and second, one dimensional modelling of the transport of chemical
species and protons through the diffusion layer. The elementary kinetics for the electrochemical
reaction was also presented. In micro-scale model two one-dimensional models were considered
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to study the transport of the species. The model was validated against the experimental data
as well as the experimental results published in the literature.

An analytical model for the electrochemical phenomenon based on Nernst equation and
BV equations was adopted from the literature [76]. Empirical relation for calculating ionic
conductivity as a function of temperature was utilised. Effects of various operating parameters
over cell voltage were discussed in details with the help of simulations. The results were validated
with the experimental data from the literature. There was no new contribution in the article.

An analytical model for the PEM water electrolysis with higher current densities was pro-
posed [77]. A special focus was done on the ohmic and mass transport losses as they play a
significant role at higher current densities. For calculating ohmic losses, an approach similar
to [78] was implemented using resistance network model for the electrodes, flow channels and
membrane. The model was validated against the experimental data for current density less
than 3.5 Acm™2. A uni-dimensional PEM electrolysis cell model coupled with the chemical
degradation model was presented in [79]. The electrochemical model for estimating cell voltage
was presented. For degradation modelling, the crossover of the oxygen from anode to cathode
side was modelled. Similar work was also presented in [30].

Analytical modelling for performance evaluation of the PEM water electrolysis was per-
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formed using Nernst and BV equations [31]. The gas crossover through the membrane was
calculated based on the Fick’s Law. The effect of different operating conditions on cell ef-
ficiency was also analysed. A numerical model for studying the effect of different operating
variables on the Faradaic efficiency of the PEM electrolysis was proposed [22]. The Faradaic
efficiency was expressed in terms of flux densities of hydrogen and oxygen across the membrane
and rate of production of the gases. No experimental validation was performed.

A mathematical model was developed for the simulation of the behaviour of two phase flow
of the PEM electrolyser under the variation of different properties of the gas diffusion layer such
as porosity, angle of contact, humidity and size of the pores [33]. The model was coupled with
the electrochemical model and equivalent resistance model for studying the effect on the cell
efficiency and performance. The model was validated by comparing the IV characteristic curves
obtained at different porosity and contact angles. A two-phase transport model for a PEM
water electrolysis cell was proposed based on the porous media flow theory in [34]. The model
also incorporates the electrochemical performance equations that can be used to predict the cell
performance. The model is capable of simulating the effect of current density, angle of contact,
porosity and the GDL thickness on the water transport, cell voltage and voltage efficiency. The
model was validated against the experimental data for two cases with different pore sizes. A
two dimensional multi-scale numerical model for the PEM water electrolysis was proposed in
[35]. The model takes into account the heat and mass transfer (including the bubble flow), the
transfer of charge through the membrane and electrochemical reaction. The authors considered
the bi-phasic flow on the anode side to be non linear due to two bubbles regime (Coalesced and
non coalesced bubbles regime) and the model was solved for both cases separately. The model
was validated against the experimental characteristic polarization curve.

A mathematical model to study the effect of the loading of Pt and IrO; in catalyst layers
of PEM water electrolysis cell was proposed [$6]. The results from the model were compared
with the experimental data from the experiments conducted by the authors. The model can be
used for optimizing the performance of the cell by choosing the appropriate catalyst loading in
order to achieve minimum cell voltage.

In [87], a two dimensional model for PEM water electrolyser was developed in the
COMSOL® multi-physics software to simulate the effect of anode side catalyst on the char-
acteristic curves. The model was validated against the experimental data from the literature.
Effect of temperature, molar fraction distribution, thickness of membrane and length of current
collector was compared for two different anode side catalysts.

The analytical electrochemical model was used by the authors to study the effect of cell
temperature on the Charge Transfer Coefficient (CTC) and the effect of CTC on the cell voltage
[38]. The model was validated against the experimental data from the literature. A similar work
was also presented in [39]. The model was used for the study of various parameters on the CTC
and the effect of CTC on the performance of the system and characterization of the performance
of the PEM electrolysis cell. The model was validated against data from the literature.

An analytical electrochemical model was proposed for the PEM water electrolyser in [90] to
study the effect of different parameters on the performance of the electrolyser by comparing the
polarization curves, energy efficiency and exergy efficiency. These parameters include current
density, membrane thickness, operating temperature, height and width of flow channels and
pressure on cathode side. The effect of the concentration overvoltage was also considered with
more accurate equation. The model was validated against the results from [91].

An analytical electrochemical model of PEM water electrolyser was used to study the in-
fluence of the parameters (porous transport layer material, structure and wettability) affecting
the mass transport through the porous transport layers [92]. The model was validated against
the experimental data for three different anode porous transport structures.
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A mathematical model was proposed in [93] to calculate the overall system efficiency of
the PEM water electrolyser while considering the effect of various operating conditions such as
requirement of external heating, permeation through the membrane, operating pressure of the
cell, membrane thickness and current density. The overall efficiency is defined as the product
of three efficiencies; efficiency of hydrogen production, Faradaic efficiency and efficiency of
compression of the produced gas.

A mathematical electrochemical model coupled with the transport model of bi-phasic flow
was proposed in [94]. The model was implemented in OpenFOAM, which is open source CFD
software. The model was validated only against the IV curve of the electrolyser. The model
was used to compare the performance of the serpentine and parallel flow channels designs. The
serpentine design performs better as compared to the parallel design at higher current densities.

In [95], an analytical electrochemical model of the PEM electrolyser coupled with mass
transport (bi-phasic flow through porous media) and heat transfer (thermal equilibrium inside
the cell) model was proposed. Two configurations were considered for modelling, one with and
another without bipolar plates. The model was validated using polarization curve of a single
cell PEM electrolyser.

A two dimensional mathematical model was presented in [96] to study the fluid transport
phenomena in PEM electrolyser of 2-cell stack. The electrochemical phenomena were coupled
with fluid transport phenomena in order to simulate the performance of the PEM electrolyser
using porous liquid/gas diffusion layers.

In [97], an analytical dimensionless model for a PEM electrolyser (single cell) was proposed.
A mathematical model in closed form for overpotential variation, current density distribution
and water content distribution in membrane are obtained in non-dimensional form. The devel-
oped method offers a tool for the study of water management through the PEM electrolyser.

A three dimensional numerical model was proposed in [98] for the estimation of the effect
of bi-phasic flow and heat transfer on the performance of a PEM water electrolysis cell. The
model takes into account the coupling between liquid water saturation and temperature in the
BV equation. In [99], a mathematical model was proposed for the bi-phasic water transport
through the porous transport layer and PEM. The effect of different variables was then studied
on the current density of the cell.

2.3.1.1.2 Static Models: Empirical Models

A first order regression model based on the experimental data for estimating the electrolyser
voltage at different conditions of electrical load was presented based on key operating param-
eters, i.e. pressure, temperature and the flow of water. Two operating conditions (at current
densities 0.1 and 1 Acm™2) were considered for the presented study [100]. The study showed
that the pressure and temperature affect the cell voltage predominantly in both cases, while the
effect of flow of water is negligible.

A regression model based on the experimental data was proposed for the PEM electrolyser
to estimate the electro-osmotic drag coefficient as a function of current density, pressure and
temperature [101]. The objective of the study was to obtain the suitable operating condition
with lower water transport through the membrane in order to achieve driest possible hydrogen
at the cathode. According to their observations, the temperature had the least effect and the
pressure had the most effect on the electro-osmotic drag.

2.3.1.1.3 Static Models: Semi-empirical Models

In [102], a hydrodynamic model for the PEM electrolysis cell was presented in order to es-
timate the moisture content of the membrane based on the water transport through porous
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gas diffusion layer and effect of electric current and temperature over the water consumption
and pressure generation on anode and cathode sides. A semi-empirical model of PEM water
electrolysis cell to estimate the pressure drop across current collector and its effect on the IV
curves was proposed [103]. The model is suitable for simulating IV curves only. Another semi-
empirical model of PEM electrolyser stack comprised of 20 cells was developed to simulate the
characteristic curves [104]. The effect of activation voltages and ohmic resistance on the overall
potential was considered. The loss due to mass transport was neglected. A similar approach was
adopted in [105], to develop a semi-empirical model for electrochemical phenomenon in PEM
electrolysis cell. The effect of ion transport through membrane on ohmic resistance of the cell
was also considered. A simple semi-empirical model for study the effect of different parameters,
such as membrane thickness, current exchange density, on the characteristic curve of the PEM
electrolysis cell was proposed [106]. The model is based on the BV equation for calculating the
overpotentials and Nernst equation to calculate the reversible potential. The effect of anode
and cathode overpotentials, ohmic resistance and interfacial overpotential were considered on
the characteristic curve. The conductivity of the membrane was calculated empirically. The
similar model was also presented in [107] by the same author in which the BV equation was
simplified empirically. Another semi-empirical model was developed to study the dependence of
CTC of anode side electrode on the operating temperature for a PEM electrolysis stack [105].
The reversible potential is calculated based on the Nernst equation and the activation overvolt-
ages are calculated using Tafel equation for the electrochemical process. Ohmic overpotential
was considered as a function of membrane thickness and conductivity. Overvoltage due to mass
transport was neglected due to low operating current densities. A semi-empirical model was
also proposed to simulate the performance of a PEM electrolysis stack [109]. The reversible
potential was considered as dependent on the temperature. Membrane conductivity, anode and
cathode side exchange current densities were estimated from the IV curves of the electrolyser
using non linear curve fitting using Levenberg—Marquardt algorithm. The developed model was
used for the development of model predictive control for the fuel-cell and electrolyser based
space heating system for smart building [110].

A theoretical model for the estimation of the relationship between cell voltage and cell
current in high pressure PEM water electrolysis was proposed [91]. The model takes into
account the diffusion overvoltage and effect of different temperatures on anode and cathode
side on the cell voltage. The mass balance within the cell was also considered. In [111], a semi-
empirical static model for the PEM electrolyser was proposed that takes into account multiple
phenomena, such as gas crossover, electro-osmosis drag, kinetics of the evolution of gases, and
various geometric parameters of the PEM electrolysis cell. The model is suitable for studying
the effect of different operating parameters (such as current density, temperature, pressure and
flow rate of water) on overall cell efficiency, hydrogen production and heat generated during the
operation. The results showed that the high pressure PEM water electrolysis is not suitable at
current densities lower than 0.6Acm ™2 as the Faradaic efficiency drops significantly below this
threshold.

A semi-empirical model was proposed for the study of gas crossover in PEM electrolyser in
differential pressure and balanced pressure operation and corresponding loss in system efficiency
[112]. The model was validated against the in-situ measurements performed for the hydrogen
content on the anode side. An efficiency comparison between pressurised PEM electrolyser
operation and the depressurized operation with external compression was also performed.

A mathematical model for the PEM water electrolysis was presented based on the mass
balance equations (for water on both anode and cathode sides and), transport of water through
the membrane and detailed calculation of cell voltage [78]. The effects of activation, ohmic
and diffusion overvoltage were considered over the cell voltage. The ohmic resistance of the
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electrodes and the bipolar plates were calculated using Equivalent Electrical Circuit (EEC).
The model parameters were identified from the experimental data through curve fitting using
non linear least squares method.

A semi-empirical, steady state model for the asymmetric high pressure PEM water electrol-
yser was presented in [113]. The model utilized the equations from the published articles [91]
and [78] for defining the electrochemical phenomena and mass balance. The electrical efficiency
of the system was also considered when the losses are caused by the balance of plant compo-
nents. The experimental data from a 9.6kW PEM electrolyser was then utilised to empirically
estimate certain parameters. The model simulations showed satisfactory results.

A semi-empirical model for PEM water electrolyser was proposed by the author that includes
the effect of bubbles on the cell voltage [1141]. The model was presented in the form of sub-
models that represent different phenomena such as thermodynamical, electrochemical, thermal
and fluidic and are coupled together to form the complete model. The model is governed
by mass and momentum balance, current conservation and heat transfer equations describing
the behaviour of the system in steady state. The unknown parameters for the model were
calculated through capillary flow porometry and rotating disc electrode. The model was able to
predict the characteristic curves for the PEM electrolysis cell for higher current densities (up-to
5Acm~2). The model was then utilized to study the effect of different system parameters on the
performance curves (these parameters include operating temperature, pressure, water flowrate
at the inlet, porous transport layer thickness, porosity and pore size).

In [115], a semi-empirical model was used to study the effect of clamping pressure and
operating pressure on the performance of an unitized regenerative fuel cell operating as an
electrolyser. The interfacial resistance was modelled as a function of contact pressure using
an empirical relation obtained from the fitted experimental data. The contact pressured was
modelled using a three dimensional model developed in the ANSYS® software.

2.3.1.2 Equation Based Models: Dynamic Models
2.3.1.2.1 Dynamic Models: Analytical Models

An analytical model of PEM electrolyser plant was proposed that includes the modelling of the
coupling between electrochemical and thermodynamic phenomena in the PEM electrolysis cell
[116]. The key objective of the model was to study the thermodynamic performance of the PEM
electrolyser system. The model was able to estimate the heat production due to overpotentials.
The results showed that the PEM electrolysis cell operation is exothermic as the heat produced
during the operation is more than the thermal energy required. Parametric study of the effect
of various operating parameters on the energy efficiency was also performed.

One dimensional mathematical model for studying the mechanism of the formation, growth
and the lifetime of the oxygen bubbles in a PEM water electrolysis cell was proposed in [117].
The model utilizes three different approaches to estimate the growth and lifetime of the oxygen
bubbles; buoyancy driven bubbles, drag driven bubbles and nucleation driven bubbles. The
effect of various operating parameters on the bubble overpotential and lifetime of the bubble
was calculated and compared using these three approaches. The model was validated against
the experimental data published in three different publications.

A PEM water electrolysis model was developed using the approach similar to that used by
[118] and [119] for incorporating the effect of temperature of the stack on the overvoltage [120)].
The thermal model used to predict the temperature of stack and water tank take into account
the exchange of heat between the system and the environment by calculating the heat loss
between the stack and the environment and the heat loss between the water tank and environ-
ment through conduction. The model parameters were identified using MATLAB® parameter
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identification toolbox. The model was then validated against the IV curve, temperature profile
for the stack and water tank of the experimental setup.

A two dimensional multi-physics dynamical model of the high temperature proton exchange
membrane was proposed in [121]. The model includes the electrochemical phenomena, heat
transport (heat balance equation for the cell), mass and momentum transport through porous
electrodes. Dynamic response for different voltage inputs (step, multi-step and diagonal) were
simulated and compared.

2.3.1.2.2 Dynamic Models: Semi-empirical Models

A semi-empirical dynamic model for PEM electrolyser was proposed [122]. The overall model
consisted of two sub-models. First, a steady state electrochemical model to establish the re-
lationship between the cell current and cell voltage. Second, a dynamic thermal model to
predict the temperature of the cell. The unknown parameters for the electrochemical model
were identified using non linear least squares method.

Another dynamical semi-empirical model for the PEM electrolyser was proposed in [123].
The model was subdivided into three sub-models; electrochemical, Hs production and ther-
mal sub-model. The first sub-model was utilized to estimate the cell voltage. The effects of
activation overvoltages, diffusion overvotlage and ohimc resistance were considered. Dynamic
hydrogen flowrate was considered temperature dependent and computed from theoretical hydro-
gen flowrate using first order system. The thermal model was used to estimate the temperature
of the stack using lumped parameter approach. The thermal capacitance and the thermal
resistance of the stack were estimated from the experimental data.

In [124], a semi-empirical model of the PEM electrolysis system was used to calculate the
cell voltage of the PEM electrolyser and heat supplied for the electrolysis from external heat
source. The electrolysis system efficiency was then calculated based on the model developed.
The comparison between different configurations of PEM electrolyser (Based on the positioning
of the heat exchanger) was also performed in order to find the optimum solution for overall
performance. The effect of various parameters (membrane thickness, operating temperatures,
water flow rate and effectiveness of heat exchanger) on the system efficiency was also studied.

One dimensional semi-empirical dynamic model was proposed for the high pressure PEM
electrolysis system in [125]. The model takes into account the water transport and gas perme-
ation through membrane, compressiblity and variation of gases in the flow channels of anode
and cathode side and vaporization of the water. The unsteady mass balance and energy balance
equations were written for anode and cathode side channels and membrane in the partial differ-
ential form. For simplifying the model, these partial differential equations were converted into
ordinary differential equations using cubic spline collocation method. The model was further
simplified considering that there is a simultaneous flow of water and gas at same speed. The
model was not validated using any experimental setup/ data.

A mathematical model for the PEM electrolysis cell with approach similar to [126], [127]
and [19] has been developed that incorporates electro-chemical reactions, gas transport mecha-
nism and various physical phenomena [128]. Authors have also defined the thermal efficiencies
to analyse the cell performance. The model was used for polarization curves simulation and
efficiency estimation.

In [129], a simplified mathematical model based on zero-dimensional dynamics and multi-
physics approach was proposed to avoid complex model with too many parameters. The model
incorporates different multi-physics phenomena such as electro-chemical model, thermal model
and fluid-dynamic model. The power consumption by the auxiliaries of the electrolyser has also
been incorporated to study the expenditure of thermal and electrical energy. The model was
validated against the experimental data from the literature.
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A semi-empirical model was used to simulate the performance of the PEM electrolysis sys-
tem [130]. Optimization of the seven operating parameters (temperature, water content of
membrane, anodic and cathodic exchange current densities, anodic and cathodic pressures and
membrane thickness) was performed using Taguchi’s method. The proposed method aims to
reduce the experimental cost to optimise the parameters by conducting experiments.

2.3.1.3 Equation Based Models: Summary

The equation based models found in the literature have been summarized in the table 2.2. The
majority of the models are static and focused on the phenomena understanding, characteristic
curves prediction/ simulation, efficiency calculation and mainly takes into account the electro-
chemical phenomenon. Nernst equation, BV equation sets the base for most of the models to
represent the electrochemical phenomenon. Some models have been proposed for studying the
effect of different operating parameters on the characteristic curves. Other phenomenon like
mass transport, bi-phasic fluid flow inside the electrolysis cell/ stack, gas crossover through
the membrane, oxygen bubbles formation and propagation have been modeled to gain deep
understanding of their mechanism and to study their effects on the characteristics curves and
efficiency of the PEM water electrolysis. A handful of dynamical equation based models exist
that can simulate the dynamic behaviour of the PEM water electrolysis system such as the
prediction of the temperature evolution, simulation of hydrogen production and flowrate. The
scope of modelling of most of these articles is limited to the PEM electrolysis cell. Very few
have considered the whole stack (mainly for performance simulation) and even fewer the ef-
fect of BoP on the system performance. BoP have a significant impact on the performance of
the system and must be considered in order to have a good model of the complete electrolysis
system. Most of these models are not suitable for the system control, monitoring and diagnosis.

2.3.2 Graphical Models

2.3.2.1 Graphical Models: Static Models
2.3.2.1.1 Static Models: Block Diagram

A MATLAB® Simulink model based on the EEC model similar to [131] and [132] was used by
the authors to represent the electrochemical phenomenon of the PEM electrolysis cell [133]. The
reversible cell voltage was calculated from Gibbs free energy and overvoltages were calculated as
dependent on temperature and pressure using Tafel equations. The efficiency of the electrolysis
system was also estimated as the ratio of useful power to input power.

One dimensional mathematical model of PEM water electrolyser and fuel-cell were proposed
in [134]. Approach similar to [126] and [127] was used to model the PEM electrolyser. The
model was divided into four sub-models; voltage (to calculate cell voltage). Anode, cathode and
membrane (to calculate flow balance). The model was implemented in MATLAB® Simulink.
The models were validated against the experimental data from [135].

2.3.2.1.2 Static Models: Electrical Equivalent Circuit

Equivalent circuit was proposed first in [71] for the calculation of the MEA electric resistance.
For this the anode, cathode, membrane and inter-facial resistances were considered in series.
The same model was also utilised in [106] and [107]. Another EEC model for a single cell
PEM electrolyser was proposed in [131]. Experimental data for steady state operation was used
to model the characteristic curves of the electrolyser. The internal resistance of the cell and
the reversible potential were modelled as dependent on the temperature and pressure using
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Table 2.2: Summary of equation based models

Modelling i Modelling scope Ph S 11
Year 1\(;;15 ;l;g ]:)StaTIC(C odelling scope - enomenon mode eé% Purpose of the model
10¢ YHAMIC | cell | Stack | BoP | Elec. | - co | Thrm | Fluidic | ., | Bubbles
chem. Cross.
1992 Semi-empirical Static v v Performance analysis
2001 Semi-empirical  Static v v Simulation of IV curve
Simulation of current
2002 Analytical i
00 nalytica Statie v v & temperature distribution
2004 Analytical Static v v Performance analysis
2005 Semi-empirical ~ Static v v Simulation of IV curve
2006 Semi-empirical ~ Static v v Phenomenon understanding
2007 Semi-empirical Static v v Performance analysis
2008 Semi-empirical Static v v Study of the dependence
of overvoltages on Temperature
2008 Analytical  Dynamic v v v Study of thermodynamic
N performance & efficiency
2008 Semi-empirical ~ Static v v Performance analysis
2008 Semi-empirical ~ Static v v v Phenomenon understanding
2008 Analytical Static v v Phenomenon understanding
2009 Semi-empirical ~ Static v v v Performance analysis
2009 Semi-empirical Dynamic v v v Temperature predmhf)n,
performance analysis
2009 Empirical Static v v Phenomenon understanding
2010 Semi-empirical Static v v v v v Phen()me‘n on und(frsta{admg
& efficiency estimation
2010 Empirical Static v v Operating conditions selection
2011 Analytical Static v v Phenomenon understanding
2012 Semi-empirical Dynamic v v v System behaviour simulation
2012 Semi-empirical Static v v v Pcrforl'l rance prcdlct'lon
& efficiency calculation
2012 Analytical Static v v v Phenomena understanding
2013 Semi-empirical Dynamic v v v v System behaviour simulation
2013 Analytical Static v v v Phenomena understanding
& parametric study
2013 Semi-empirical Static v v v Phenom(.-zna understan.dmg
& efficiency calculation
2014 Analytical Static v v Parametric study of cell voltage
2014 Semi-empirical ~ Static v v v Polarization curves simulation
2014 Analytical Static v v Phenomena understanding
2014 Semi-empirical Static v v v Model predictive control
2015 Analytical Static v v v Cell degradation estimation
2016 Analytical Static v v v Phenom(.ma understan.dmg
& efficiency calculation
2016 Analytical Static v v v v Efficiency calculation
2016 Analytical Static v v v Perforr}lance predlCt}OH
& efficiency calculation
2017 Semi-empirical Static v v v v PhCnO{Il'CIIa undcrstan'dmg
& efficiency calculation
2017 Analytical Static v v v v Performance predlcmm.
& phenomena understanding
2017 Analytical Static v v v v v Performance prediction
& phenomena understanding
2017 Analytical Dynamic v v v v System behaviour simulation
2017 Semi-empirical Static v v v v ' Phcn'omc'na undcrstz'mdmg.
& polarization curves simulation
2017 Analytical Static v v System performance optimization
2017 Analytical Dynamic v v v Phcn'om«?na undcrste'mdmg‘
& polarization curves simulation
2017 Semi-empirical Static v v v Performance predlctlon'
& phenomena understanding
2017 Analytical Static v v Polarization curves simulation
. - . Polarization curves simulation
2018 Semi-empirical Dynamic v/ v v & efficiency estimation
2018 Analytical Static v v Pher{omgna underste'mdmg‘
& polarization curves simulation
2019 Semi-empirical ~Dynamic v v v v v System ‘bf:hakur sxmu} ation
‘ & efficiency calculation
2019 Semi-empirical Static v v v v Performance simulation
2019 Analytical Static v v v v Performance comparison
& efficiency calculation
2019 Analytical Static v v Performance characterization
2020 Analytical Dynamic v v v v System response simulation
2020 Analytical Static v v Phenomena understanding
2020 Analytical Static v v Efficiency calculation
2020 Analytical Static v v v Performance comparison
2020 Analytical Static v v v v System performance simulation
2021 Analytical Static v v v v System performance simulation
2021 Analytical Static v v ' Phenomena understanding
2021 Analytical Static v v v v Performance simulation
2021 Analytical Static v v v Phenomena understanding
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empirical relations. The model was able to predict the production rate of the hydrogen and
overall electrolyser efficiency.

An EEC model for a single cell PEM electrolyser was also proposed in [132]. The char-
acteristic curves of the electrolyser were modelled using experimental data for steady state
operation. It was found that the hydrogen production rate varies proportionally to the current
and logarithmically to the input power.

A semi-empirical model for the study of electrochemical performance of the PEM water
electrolysis was proposed in [136]. The model incorporated a detailed ohmic loss model based
on EEC for the cell by considering resistances of bipolar plates, electrodes, membrane and inter-
facial resistance of the MEA which was also presented in [137]. The effect of various design
parameters on the performance of the PEM electrolysis cell was studied.

A mathematical model to study the effect of tunable GDL on the performance of the PEM
electrolyser was proposed in [138]. The model considers the effect of porosity and pore diameter
on interfacial contact resistance and surface roughness factor to calculate ohmic and activation
overvoltage. A two dimensional EEC model was proposed to estimate the current distribution
on the catalyst layers. The model was validated against different characteristics curves obtained
at different operating conditions.

In [139], mass transport losses in a PEM electrolyser were modelled using Electrochemical
Impedance Spectroscopy (EIS) for which a modified Randels EEC was utilized. The model
takes into account the effect of pressure and water flow on the losses due to mass transport.
Simulations of polarization curves as a function of water flowrate and pressure for both cathode
and anode side were performed.

2.3.2.2 Graphical Models: Dynamic Models
2.3.2.2.1 Dynamic Models: Block Diagram

A dynamic mathematical model for PEM electrolyser was proposed based on the molar balance
on the anode and cathode side [126]. The model consists of four blocks, representing anode,
cathode, membrane and voltage blocks. The model also take into account the mass transport
through the membrane. The operating voltage is considered to be only affected by reversible
voltage, overvoltage and ohmic resistance of the MEA. The dynamics of the hydrogen stor-
age was also modelled to simulation pressure evolution of storage bottle while filling it with
hydrogen. In [110], a dynamic model for the reversible fuel cell system was proposed by the
authors which includes the modelling of the balance of plant. The sub-model of the electrolyser
is simple and static, which can only be used to calculate the overall cell voltage based on the
Nernst equation.

A dynamic model for PEM electrolyser developed in MATLAB® Simulink was presented
in [127]. The modelling is based on the molar balance on the cathode and anode sides, Nernst
and BV equations. The model was divided into four sub-models; anode, cathode, membrane
and voltage. The model was validated against experimental data from the literature. The effect
of temperature and pressure on the performance of the electrolyser was studied. An approach
similar to that of [127] was presented for the modelling of PEM water electrolysis stack in [135].
The BoP such as water tank and pump, cooling fan, power supply and storage tank for hydrogen
were also modelled to calculate the power loss. These losses are considered for evaluating the
system performance during numerical simulations. It was found that the losses in the stack at
higher current densities exceeds the losses of other components.

A dynamic model for PEM water electrolysis was developed in MATLAB® Simulink in
[141]. The model was divided into 5 ancillaries; voltage (to compute cell voltage using Nernst
equation, activation overpotential and ohmic over potential), anode and cathode (to calculate
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the partial pressures and flows of the species), membrane (to calculate the mass transport) and
storage (to capture the dynamics of the filling of the hydrogen bottle taking into account the
initial hydrogen content in the bottle and hydrogen’s compressibility). The experimental study
was performed for four different bipolar plate flow channel configurations. The developed model
was then used to simulate the IV curves for different configurations and effect of water flow rate
on the flowrates of the hydrogen and oxygen.

In [142], an enhanced model for the PEM water electrolysis cell was proposed. The model
was divided into four parts (similar to what is done in [126] and [127]). Mass balance equations
for the anode, cathode and membrane were utilized. For cell voltage calculation approach
similar to [143] was used. The model was implemented in MATLAB® Simulink.

A MATLAB® Simulink model was proposed in [144] to simulate the performance of the
PEM water electrolysis system by taking into account the effect of the dynamics of the water
pump and temperature variation on the hydrogen generation.

2.3.2.2.2 Dynamic Models: Electrical Equivalent Circuit

An EEC model was proposed for the modelling of electrochemical characteristics of the PEM
electrolyser [113]. The ohimc losses, activation losses and concentration losses were considered.
The equivalent electrical components that were considered for the modelling are membrane
resistance (to represent ohmic losses), charge transfer resistance (to represent losses due to
activation), double layer capacitance (to represent the electric capacitance formed due to the
applied electric field across the current collectors) and Warburg impedance (to represent con-
centration losses). Two different approaches were used to obtain the values of the parameters
for the EEC, namely, normal voltage response and system identification technique. An equiv-
alent circuit model similar to the one proposed in [143] was used to model the electrochemical
characteristics of the PEM electrolysis cell [145]. The parameters for the model were obtained
using current interrupt method.

A model for studying the transient behaviour of the PEM water electrolyser was proposed
[116]. Two dependent Resistor-Capacitor (RC) circuits were considered coupled with the double
layer capacitance of the electrolyser. The model was effective for studying startup transient
dynamics, however, it cannot be used for steady state operation performance evaluation.

An EEC model (considering a single RC circuit in series with ohmic resistance and reversible
cell voltage generator) was used for the study of sliding mode pulse width modulation approach

for the voltage regulation for the PEM electrolyser [117]. The experimental validation of the
model was not performed.
A dynamic EEC model for the PEM electrolyser was proposed [118]. Two RC circuits (rep-

resenting heat losses and dynamics of anode and cathode side) in series with internal resistance.
The model was validated against the three cell PEM water electrolyser. An extension to the
EEC proposed in [148] was presented in [119] by considering the voltage generator in series to
the RC circuit representing the power required for hydrogen production. Two different time con-
stants were considered for modelling the dynamic behaviour of charge layers. A static relation
to estimate the cell temperature was also proposed based on the calculated thermal resistance of
the cell. In [150], a control strategy based on the energy efficiency (using proportional-integral
controller) for the electrical power supply of PEM water electrolyser was proposed based on the
three-level interleaved DC to DC buck converter. The dynamic EEC model of the PEM water
electrolyser developed in [148] was used to test the developed control strategy. EEC model
similar to the one in [119] for a PEM electrolyser was proposed for studying the influence of
different operating conditions and power electronics ripples effect on the cell voltage [151]. The
work is limited only for study of cell voltage modelling under static and dynamic operating con-
ditions. In continuation to the previously published article [151] the EEC model of the PEMF
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electrolyser cell was proposed to study static and dynamic operations [152]. The parameters of
the model were estimated using experimental data in two ways; as constants and as a function
of current.

In [153], a model based adaptive approach to estimate the values of time constants for the
EEC model of PEM electrolyser (presented previously in [1418] and [119]) was proposed. The
time constant for the cathode side was calculated as dependent on the cell current, using the
EEC topology. A simple EEC for the PEM electrolyser was proposed in [151] to use it as an
emulator for the load for the stack interleaved buck converter. The constant values of resistances
and capacitance were chosen to simplify the model based on the experimental data.

2.3.2.2.3 Dynamic Models: Energetic Macroscopic Representation

A graphical dynamic model for PEM water electrolysis stack was developed using Energetic
Macroscopic Representation (EMR) modelling technique [115]. The model was able to simulate
the temperature evolution of the stack and the water supplying tank with good accuracy. The
model was then utilized to simulate the polarization curves ad different temperatures and vali-
dated against the experimentally recorded data. The parameters for the model were obtained
from literature and curve fitting of the experimental data and measurements. The model was
highly complex and required deep understanding of the multi-physics phenomena of the PEM
electrolysis.

2.3.2.2.4 Dynamic Models: Bond Graph

A BG based multi-physics model was proposed for the PEM electrolysis stack [155]. The model
is sub divided into sub-models that represents different phenomena of the stack. The model
was able to simulate the temperature evolution of the stack and hydrogen flowrate. This work
was further extended and presented in [15] in the form of a dynamical multi-physics model
that includes the modelling of the auxiliary components. The global model of the stack was
developed by combining different sub-models focused on various phenomena in the stack such
as electrochemical phenomena, thermo fluidic phenomena, mass transport phenomena. The
modelling of the auxiliaries include, gas separators, valves, purification system and enclosure of
the system. The model parameters were identified using a 25kW industrial PEM electrolyser.
The model simulations were compared to the experimental measurements which showed the
effectiveness of the model in reproducing the behaviour of the system. Another BG based
model was reported in [17]. The article concerns the modelling of the hybrid multi-source
system for hydrogen generation using event driven hybrid bond graph approach. This approach
is well suited for such systems as it can handle operation mode management very easily. The
model used for the electrolyser was simple yet dynamic. Only the electrochemical phenomenon
to calculate cell voltage and hydrogen production was modelled.

2.3.2.3 Graphical Models: Summary

A number of graphical models exist for PEM water electrolysis in the literature (both static
and dynamic) that have been summarised in table 2.3. EEC and block diagram representation
are the most used techniques for the modelling. Models developed using EEC mostly focuses on
the electrochemical phenomena. In some articles EEC technique has been used to calculate the
resistance of the PEM electrolysis cell by considering the resistance of individual components.
These models are then coupled with the rest of the model developed using other techniques.
The block diagram representation has been used for developing the dynamical models (mostly)
of the PEM electrolyser for the system performance or system behaviour simulations. Some
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Table 2.3: Summary of graphical models

Year Ref. Modelling I)S;if:;/m Modelling scope Phcléllzrcn_cnon modelled Purpose of the model
Method Cell | Stack | BoP | Elec. chem. Thrm | Fluidic
2004 [71] EEC Static v v Performance analysis
. . Performance analysis
2006 [126] Block Diagram Dynamic v v v & efficiency caleulation
2007 [106] EEC Static v v Performance analysis
2008 [107] EEC Static v v Performance analysis
2008 [140] Block Diagram Dynamic v v v Performance simulations
2011 [118] EMR Dynamic v v v v v v Performance simulations
2011 [127] Block Diagram Dynamic v v v Performance analysis
2011 (131] EEC Static v v Hydrogefl prod. estun'atlon
& efficiency calculation
2011 [132] EEC Static v v Hydrog},’cg prod. CStlIn‘.dtIOIl
& efficiency calculation
2013 [141] Block Diagram Dynamic v v v v System behaviour simulation
2013 [143] EEC Dynamic v v System behaviour simulation
Block Diagram . Polarization curves simulation
2014 [153] & EEC Static v v & efficiency calculation
2014 [145] EEC Dynamic v v System behaviour simulation
2015 [142] Block Diagram Dynamic v v v System behaviour simulation
& EEC
2015 [136, 137] EEC Static v v Electrical losses estimation
2016 [135] Block Diagram Dynamic v v v Performance analysis
2016 [155] Bond Graph ~ Dynamic v v v v System behaviour simulation
2017 [15] Bond Graph ~ Dynamic v v v v v System behaviour simulation
2017 [138] EEC Static v v v Performance analysis
2018 [17] Bond Graph  Dynamic v v System behaviour simulation
-~ System behaviour simulation
2018 [145] EEC Dynamic v v & efficiency calculation
. System behaviour simulation
2019 [149] EEC Dynamic v v v & efficiency calculation
2019 [147] EEC Dynamic v v v Polarization curves simulation
& control
2019 [139] EEC Static v v Polarization curves simulation
2019 [150] EEC Dynamic v v Model based control
2020 [151] EEC Dynamic v v System behaviour simulation
2020 [153] EEC Dynamic v v System response simulation
2020 [154] EEC Dynamic v v System behaviour emulation
2021 [152] EEC Dynamic v v System response simulation
. . Performance analysis
2021 [134] Block Diagram Static v v & efficiency calculation
2021 [144] Block Diagram Dynamic v v v v System behaviour simulation

of these models have considered the BoP for the overall system modelling for the estimation
of stack temperature, hydrogen production, etc. However, they do not consider all the key
phenomena of the cell/ stack. Other notable work on the PEM water electrolysis modelling
has been done using EMR. The model take into account the BoP to estimate the temperature
of the stack and water supply tank temperature. The model is however, highly complex and
required deep understanding of the multi-physics phenomena of the PEM electrolysis. The
model cannot be easily scaled and adapted for other configurations of the electrolyser. This
model is also not suited for system monitoring and diagnosis. Another significant work on
the PEM electrolyser modelling was done using BG approach. The model takes into account
BoP for the system dynamic behaviour simulation, for the power consumption estimation and
temperature prediction. The model is again highly complex and cannot be directly scaled or
configured for other types of electrolysers. Also the model was not exploited for the diagnosis
and prognosis.
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2.3.3 Models Coupled with RES

A number of publications in the literature have addressed the issues arising due to the coupling
between the PEM electrolyser and the RES. In [11] various configurations for using PEM elec-
trolyser with Photo-voltaic (PV) panels for grid assisted and grid independent operations were
explored. The issues that arises due to the intermittent nature of RES were also highlighted.
Various publications have used the models of PEM water electrolysers to study the performance
of the PEM water electrolysers under the influence of RES.

2.3.3.1 Models Coupled with RES: Static Models

In [156], a simple static model of the PEM electrolyser was used to study the performance of
the electrolyser as a component in the solar-hydrogen energy system. A one year simulation
of the system was presented. State of the charge of battery was used for control in order to
connect and disconnect the components.

A dynamic model of a wind powered hybrid generation system was presented to simulate
the performance [7]. The electrolyser is used to store the excess power and during times when
there is less wind energy than demand, fuel-cell supplies the required power. Ultra capacitor is
used to support the load for short duration. A simple static electrical model of electrolyser was
used. The model was implemented in MATLAB® Simulink.

An electrochemical model for the PEM electrolysis cell directly on the solar energy was
proposed [157]. The model is based on the BV equation to represent the kinetics of the electrodes
and transport resistance of the membrane. An equivalent circuit model was then proposed to
calculate the cell voltage by considering the cell resistances in series with the open circuit voltage.
A simple analytical model of PEM electrolyser was used that includes only the calculation of
reversible potential and a single overpotential [15]. The key focus was on the modelling of the
PV cell. The developed model is utilized to predict the operating points for the considered
system. The model was implemented in MATLAB® Simulink.

A method for sizing the Photo-voltaic panels to use them with PEM electrolyser for convert-
ing solar energy into hydrogen energy was proposed [18]. The simple models of the PV panel
and the PEM electrolysers were considered from the literature. The simulations were then
utilized to calculate the point cloud for the maximum power points for the PV panels. The
polarization curve for the electrolyser is then normalized and fitted through this point cloud to
estimate the ideal ratio for the sizing of the components. The model of the electrolyser used is
semi empirical and static.

In [19], a simple model of electrolyser was considered based on the Faraday’s Law. The key
focus of the article was on the development and validation of the overall control strategies for
the electrolyser powered by the wind farm.

A neural network based maximum power point tracking algorithm was proposed for solar
powered PEM electrolyser system [50]. A mathematical model of the PEM electrolyser adapted
from the literature was used for the simulation in MATLAB® Simulink. The model calcu-
lates the overall cell voltage using Nernst Equation and temperature and pressure dependent
equations for hydrogen and oxygen production rates.

A model for the analysis of solar panel assisted hydrogen based energy storage system
was proposed in [58]. The model included the sub-models of PV panels, PEM fuel cell, PEM
electrolyser and hydrogen gas compressor. The model of electrolyser was very simple to calculate
the amount of hydrogen produced. The model was used to simulate the electric load variation
depending on the availability of solar energy and demand, and production and consumption of
hydrogen for four different months. The model was, however, not validated.

Coupling between the RES and the electrolyser was proposed in [51] using synchronous
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DC-DC buck converter. The system was modelled using block diagram representation. The
electrolyser was modelled as a nonlinear resistance. No notable contribution in terms of mod-
elling of the electrolyser was presented. A coupling between PV panels and PEM was presented
in [53]. A simple electrochemical model was proposed based on the previous works on the fuel-
cell for calculating the overall cell voltage. A new relation for calculation of concentration loss
as a function of current density was implemented. In [54], an analytical electrochemical model
was proposed based on the previous works for the simulation of the performance of the PEM
water electrolysis coupled with PV cells. The model was validated against the results from
the published articles.The hydrogen production for various operating conditions was simulated.
The authors proposed two configurations for electrolysers, one in series and the other in parallel,
for winter and summer.

The model of PEM water electrolysis developed in [91] was used with the model of PV panel
to study the effect of the coupling between solar energy and PEM water electrolysis [158]. The
simulations were performed for different weather conditions.

A two dimensional finite element based thermo-fluidic model was proposed for the study of
the performance of the PEM electrolyser running at high temperature and pressure coupled with
photo voltaic multi-junctions solar cell [57]. The model is useful for simulating the temperature
distribution inside the cell and estimating the performance characteristics.

A simple electrochemical model of PEM water electrolysis cell (for stack voltage calculation)
was used for power hardware in loop simulation of a PEM water electrolyser as a part of a smart
grid powered by solar and wind power [59]. The model was validated against the measurements
from a commercial PEM electrolyser. This could be a great tool to simulate load for study of
power supply for PEM electrolyser.

A very simple empirical model to represent the current voltage relationship for a PEM
water electrolysis was proposed [(62]. This model was coupled to the semi-empirical model of
PV module to simulate the performance of the PEM electrolyser running directly on solar energy
with the help of PV panel. The model was not able to reproduce the experimental results due
to very simple PEM electrolyser model.

2.3.3.2 Models Coupled with RES: Dynamic Models

A dynamical model of electrolyser, running on wind energy and ultra capacitor as a buffer
energy source, was developed for control using Causal Ordering Graph (COG) [13]. Empirical
relations were used to calculate the operating voltage and hydrogen production. The operating
temperature of the electrolyser was assumed as a constant. Hydrogen pressure was calculated
based on the ideal gas law. other ancillaries of the system such as wind generator, electrical
converters, fuel cell, compressor. hydrogen tank were also modelled. The model is only suitable
for performing control (power flow control for the system, Pressure control for the electrolyser,
and hydrogen flow for the compressor). Similar work was proposed in [16] where a model
based on COG was developed for the electrolyser running on wind energy. The objective of
the model was to simulate the hydrogen production and to develop control algorithm to ensure
the storage of excess energy in the form of hydrogen energy. Three controls operations were
performed: control of current, outlet pressure of the electrolyser and flow rate of the hydrogen.
Model used for the electrolyser was based on empirical relations to estimate the cell potential
and Faradaic efficiency. Partial pressures of the species were calculated using ideal gas law.
The hydrogen storage was also modelled to calculate the evolution of storage pressure. The
developed model was also used as an electrolyser emulator for Hardware-in-loop simulation.
An analytical model of PEM electrolyser to study the effect of current ripples on the perfor-
mance and behaviour of the electrolyser running on RES was proposed [11]. The overvoltages
were modelled using EEC and were linearized around the operating point to simplify the model.
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The response of the electrolyser to current interrupts was studied. In [17], a dynamic model
for the standalone hybrid solar powered system was proposed that uses an electrolyser for the
hydrogen generation and PEM fuel cell to convert the hydrogen into electricity when required.
The simplified equivalent circuit model for the electrolyser was used. The simulations shows
the effectiveness of such systems to power a small family house with effective power tracking.
Mathematical relations used by the authors for the modelling of the electrolyser can be used
for PEM electrolyser also with suitable parameter values.

A mathematical model for the PEM electrolyser sunning on solar energy was proposed in
[119] using the mathematical equations similar to the work presented in [I18]. The model was
subdivided into three parts; Electrical part to calculate Nernst potential, electrochemical part
to calculate overvoltage due to activation (using BV equation), ohmic resistance and diffusion,
thermal model to calculate the temperature evolution of cell and water supply tank based on
a lumped parameter approach. The model was validated against the experimental data for the
electrolysis cell and the temperature measurements of the water supply tank.

Four different models of PEM water electrolyser were compared in [52] for the performance
simulation of the PEM water electrolyser coupled with wind energy. The power consumption,
cell voltage, current and hydrogen generation based on four selected models were compared.

In [60], an equivalent circuit model similar to the one used in [131] and [133] was coupled the
model of a horizontal wind turbine and buck converter. The model was simulated in MATLAB®
Simulink and compared with the experimental data. An error of 3.4% was observed.

Analytical dynamic models of alkaline and PEM water electrolysers were developed to simu-
late the performance based on the data input sets for the solar and wind energy from northwest
region of Germany [065]. The electrochemical phenomena, mass balance and thermal model
representing temperature evolution were considered for modelling. Simulations were performed
for three different stack capacities by scaling the model by considering the stack working at 40,
60 and 80% capacity at nominal conditions. The techno-economic analysis was also performed
for both types of electrolysers. The models were not validated against any experimental data.

2.3.3.3 Models Coupled with RES: Summary

The models that have been used to simulate the coupling between PEM water electrolysis and
RES have been considered separately and summarised in table 2.4. Most of the models have
focused on the coupling between PV and PEM water electrolysis. The models used are mostly
equation based and only electrochemical phenomenon have been considered. These models have
been used to estimate the electrical load of the PEM water electrolyser, calculating hydrogen
production rate, for developing control for the whole hybrid system or to simulate system
response for dynamic inputs. None of the models have considered the BoP in the modelling
except one in which the hydrogen storage tank was modelled to estimate the pressure of the
storage tank.

2.3.4 Miscellaneous Models

A number of models exist in the literature that cannot be considered under the preciously
mentioned categories. These models include the CFD models, neural network models, etc.
These models have been briefly discussed below.

Numerical simulations for the study of three dimensional fluid flow of water in the anode
side bipolar plate were performed using CFD [159]. Only monophasic flow was considered
for simplifying the calculations. The flow was considered laminar and three dimensional Navier
Stokes equations and continuity equations were solved for the simulations for every finite volume
cell. The authors observed that there is a pressure drop between inlet and outlet along the
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Table 2.4: Summary of models used with RES

Year | Ref. | RES Modelling ;;z;i/m Modelling scope Phuiéll(;rgmnon modelled Purpose of the model
Method Cell | Stack | BoP | Elec. chem. Thrm | Fluidic
L .. . Performance analysis
1994 [156] Solar Empirical Static v v v & efficiency Calculation
2006 [7] Wind Block diagram Static v v Performance analysis
& control
2007 13 Wind COG Dynamic v v v v Model based control
Analytical
2008 [157] Solar & Static v v Performance analysis
EEC
Analytical "
2009  [14] & Dynamic v v Zeri;rl.nanceé nldl}islts
EEC efficiency Calculation
- . L . Operating point selection
2009 [45]  Solar  Analytical Static v v & efficiency calculation
2009 [47]  Solar EEC Dynamic v v System behaviour sim.
. . . System behaviour sim.
2009 [16]  Wind COG Dynamic v v v v & model based control
2011 [48]  Solar  Semi-empirical Static v v Sizing of the components
. . . Power consumption
( <
2011 [19] Wind Analytical Static estimation & control
Neural Network
2011 [50]  Solar & Static v v Performance prediction
Block Diagram
2014 [119] Solar Analytical Dynamic v v v Polarization curve altld
. . temperature simulation
Solar
2014 [51] & Block diagram Static v System behaviour sim.
wind
. . . Performance analysis
2015 [53]  Solar  Analytical Static v v & efficiency Calculation
2016 [54]  Solar  Analytical Static v v System performance sim.
2016 [158] Solar  Semi-empirical Static v v v Performance analysis
2017 [57] Solar FEM Static v v v o Performance analysis &
phenomena understanding
2017 [58]  Solar  Analytical Static v Hydrogen production calc.
2017 [59]  Solar  Analytical Static v v Electrical load emulation
2017 [60] Wind EEC Dynamic v v v System performance sim.
2018 [62]  Solar Emperical Static v Hydrogen production calc.
Solar
2020 [65] & Analytical Dynamic v v v v System response sim.
wind
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diagonal direction. The velocity distribution across the flow channels was also observed to be
highly non-uniform and back flow was present at the exit. No experimental validation was
presented for these claims. A three dimensional CFD model was proposed to study the bi-
phasic flow of water and oxygen through the anode side bipolar plate in a PEM electrolysis cell
[160]. The mixture model for the simulation of bi-phasic was utilized. The validation of the
model was performed using the measured values of the pressure drop in uni-phase fluid flow.
Higher pressure drop at the exit was observed in the simulations with increase in the oxygen
bubbles rate. Similarly, numerical simulations for the study of three dimensional fluid flow of
water in the anode side bipolar plate were performed [161]. The design of the flow channels of
the bipolar plate was different than the one used by the author in [160]. It was observed that
there is a pressure drop between inlet and outlet along the diagonal direction. The velocity
distribution and temperature distribution across the flow channels were observed to be highly
non-uniform. The simulations were validated against the average pressure drop measured with
the help of two pressure gauges placed at the inlet and outlet of the bipolar plate. Another,
CFD based numerical model of bi-phasic flow in the anode side flow plate was proposed in [162].
The objective of the simulation was to study the effect of different oxygen bubbles rate on the
pressure, velocity and volume fraction distribution across the flow plate.

A CFD analysis was performed in [163] for analysing the mass distribution of water in the
in-house assembled PEM water electrolysis stack of 10 cells and 120 channels. The authors claim
uniform water distribution across the channels and homogeneous pressure in all the cells. The
study of system performance and efficiency was also performed to optimize the operations of BoP
by varying different parameters. In [164], a three dimensional bi-phasic model was developed
for analysing the transportation of oxygen bubbles through the porous transport layers of a
PEM electrolyser. The movement at the gas and liquid interface, in the porous media saturated
with water, was simulated using using Volume of Fluid technique. The model also included the
water flow through the channels. The developed model was validated against the experimental
microfluidic investigations performed previously. The effectiveness of oxygen bubbles removal
was estimated using the validated model by calculating the variation in pressure inside the
bubbles during their movement. The maximum value of the threshold capillary pressure was
considered as the indicator for efficient oxygen bubbles removal. The developed model has a
potential use for studying the effect of new materials on the effectiveness of oxygen bubble
removal. A three dimensional steady state, non-isothermal CFD model was proposed in [165]
to study the performance of a new spiral fluid flow fields by investigating the distribution of
temperature, pressure drop and current density. The validation of the model was performed
using experimental data. The model performance is acceptable for the operation of the cell
at low to medium current densities. In [160], a non-isothermal three dimensional CFD model
for high temperature PEM water electrolysis cell bases on finite volume method was proposed
to study the effect of various parameters such as membrane thickness, GDL thickness, cell
temperature and cathode side pressure on the energy and exergy efficiencies and exergy cost.
The results obtained were extrapolated to the stack. A multi-physics model for PEM water
electrolyser was proposed in [167] based on the CFD, taking into account the effect of thermo-
fluidic and mass transport phenomena on the performance of the electrolyser. The model was
validated against the Laboratory scale PEM electrolyser with the flow field of three serpentine
shape.

Models for the prediction of hydrogen flow rate, stack and system efficiency were proposed
using Adaptive Neuro-Fuzzy Inference Systems based on neural networks [165]. Various inputs,
outputs and parameters of the system were recorded to prepare a database to train these
models. The authors claims the simulation error of + 3% when compared to the experimental
data. The authors sees the scope for utilizing these models as virtual censors. The model is,
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however, highly system dependent as experiments are needed to be performed to develop the
database and train the model for the application to different systems.

A dynamic artificial neural network model was developed for PEM electrolyser using Multi-
layer Perceptron Network technique [169]. The model was trained to predict the stack voltage
based on the current density, temperatures of the stack. The error between the predicted and
actual stack voltage was found to be 1.96%.

In [170], a stochastic model of the porous transport layer constructed from sintered titanium
powder was developed using data from X-ray based micro scale computed tomography. The
stochastic parameters of the model were studied for their effect on the model by comparing
mean pore size and throat diameter of the GDL. This developed stochastic model was used
for pore network modelling in [171] to study the effect of the micro-structure of the Porous
transport layer on the transport properties of the bi-phasic flow in the PEM water electrolyser.
The influence of various model parameters such as pore size, throat size an porosity on the
transport properties was studied.

The work presented in [59] was further extended in [61]. The dynamics of the power hardware
in loop simulator was verified to ensure its ability to simulate the fast power and current variation
of an industrial scale electrolyser as a part of smart grid. The aim of these simulations is the
power supply unit of the electrolyser.

In [172], a model of a large scale PEM electrolyser was proposed by the authors in the
RSCAD® software coupled with an infinite grid for the real-time digital simulation. The
electrolyser stack was modelled as an ohmic resistance and the pump was the only component
considered in the BoP. The BoP was modelled with the help of dynamic load model from the
library of the software. The performance of the model was compared with the performance
of small electrolysers from the literature. A generic model for the large PEM electrolyser was
proposed in RSCAD® for the real-time simulations to study the impact of the electrolyser on
the stability of the power system [173]. A simple EEC was considered for the PEM electrolyser
consisting of three resistances and a single double layer capacitance. The model was validated
against PEM electrolyser of IMW.

2.3.4.1 Miscellaneous Models: Summary

The models considered in this category have been summarised in table 2.5. A number of models
have been developed using CFD in order to study the flow of liquid gas mixture through the flow
channels in the flow plates and its effect on the characteristic curves. CFD is for better accuracy
but also better understanding of what happens at the micro-scale, that other models are not able
to do. Better understanding of the transport phenomenon, mainly flows, at the microscopic level
is of a great help for designing the flow plates and also for macroscopic modelling for behaviour
simulations. Models using neural network techniques have also been proposed to have simplistic
models to estimate the hydrogen production and stack voltage. Some efforts have also been
made to simulate the GDL characteristics using stochastic modelling. Most of the models
considered are static.

2.3.5 Conclusion

The view into the literature of the modelling shows that there still exists a requirement of the
model for PEM electrolyser that can capture the key dynamics of the PEM electrolyser and act
as a generic tool for representing different types, configuration and sizes of the electrolyser. The
model must take into account the BoP to be utilized as an effective digital twin for research
studies related to the coupling between PEM electrolyser and RES or some other chemical plant
for GHs consumption. The model must be able to calculate the efficiency as it is a key indicator
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Table 2.5: Summary of the miscellaneous models

Year | Ref. Modelling Static( Modelling scope Phenomenon modelled Purpose of the model
Dynamic Cell | Stack | BoP | Elec. Elec- Thrm | Fluidic | Bubbles
Method chem.
2007 [159] CFD Static v v Flow analysis
2008 [L60] CFD Static v v v Flow analysis
2009 [161] CFD Static v v v Temperature and flow analysis
Neural . Hydrogen flow and
2010 [168] Networks Static v efficiency prediciton
2010 [162] CFD Static v v v Flow analysis
2011 [169] Neural Dynamic v v Stack voltage estimation
Networks
. System performance study
2013 [163] CFD Static v v & efficiency calculation
2016 [L74] COMSOL Polarization curve simulation
2016 [161] CFD Static v v v Phenomena underst'anding
& flow analysis
2017 [L70] Stochastic Static v Simulation of GDL
Modelling
2018 [172] CFD Dynamic v v v Realtime simulation
2019 [165] CFD Static v v v Flow analysis )
& polarization curve simulation
2019 [166] CFD Static v v Efficiency calculatiOI‘l
& exergy cost analysis
2019 [171] g(:;\ezvork Static v v Phenomena underst.anding
Modelling & flow analysis
2020 [173] RSCAD Dynamic v v System response simulation
2021 [167] CFD Static v v v v System performance analysis

of the system performance. To answer this, a modular generic dynamical multi-physics model
based on BG approach has been proposed in the present work that can be used for representing
different configurations of PEM electrolyser.

BG is a well-developed graphical modelling technique in which the systems or subsystems
can be modelled with few elements (Se: source of effort, Sf: source of flow, R: resistance
(dissipation of energy), C: capacitance (potential energy storage), I': inductance (kinetic energy
storage), Tf: transformer and Gy: gyrator (for energy conversion between different physical
domains), etc.) that represent physical phenomena. Irrespective of the physical domain the
nature of these elements remains unchanged. Half arrows known as power bonds are used to
connect these elements. These bonds represent the power exchange between the elements where
the power is a product of generalized effort and flow. Therefore, BG is a unified approach
that can be used in a similar way for the systems that belongs to different physical domains.
The basics of the BG technique and its application for the modelling and Fault Detection and
Isolation (FDI) into process engineering are well defined throughout the literature [15, —177].
Powerful software like 20sim is available that can generate dynamic equations directly from the
BG model. Moreover, the parameters used have a physical meaning and the BG model can be
refined very easily by adding new elements without having to start again the modelling process.
Also, due to its structural and causal properties, the BG is suitable for control analysis, sizing,
and diagnosis analysis and health management of PEM electrolyser. The BG technique for
modelling is presented briefly in the appendix B.

2.4 Diagnosis and Prognosis of PEM Electrolyser

A look into the literature showed that there is not much work done for the model based diagnosis
and health management of the PEM electrolyser.
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2.4.1 Diagnosis

A number of techniques have been implemented for the diagnosis of the PEM water electrolysis
cell and degradation study but are limited to either offline implementation or requires specialized
equipment. Different electrical and non-electrical techniques to inspect the proper functioning
of the PEM water electrolysis were exposed in [178]. Electrical techniques includes polarization
measurements, EIS and current distribution mapping. Non electrical techniques includes visual
inspection, thermal imaging, nuclear magnetic resonance and beam interrogation. A brief review
of the studies related to diagnosis and degradation study of PEM water electrolyser has been
presented below.

The diagnosis of the PEM water electrolyser rely mostly on the offline testing of the elec-
trolysis cell/stack. Various safety issues related to high pressure PEM water electrolysis were
discussed in [73]. The cell geometry plays a vital role in water flow distribution across the
cell. A homogeneous flow of water is desired in order to avoid the accumulation of gases inside
the cell and to prevent the occurrence of hot spots on the membrane that can result in mem-
brane damage. Another important safety factor is gas crossover through the membrane which is
prominent in case of high pressure electrolysis. a maximum allowable oxygen crossover towards
cathode is 4% by volume in order to avoid the flaming of hydrogen. A new technique based on
non-disturbing tool for the mapping of current and temperature of the PEM water electrolysis
was presented in [179]. This technique was adapted from the fuel cell. Pressure sensitive film
is used for the mechanical characterization of the cell. Electrical characterization is done using
EIS and linear scan voltammetry. Cyclic voltammetry helps in the electrochemical characteri-
zation of the MEA to determine the active surface area of the anode. Measurements were done
using this technique to analyse the effect of mechanical stress on the performance of the water
electrolysis cell. Use of EIS as a diagnostic tool for the PEM water electrolysis was proposed in
[180]. The AC-impedance spectra were observed during the nominal operation of the electrol-
ysis cell, which can be used to identify the component that is more affected from degradation.
In the presented study the anode side polarization resistance saw a significant increase during
1000 hours of continuous operation at 3Acm™2 as compared to cathode side. The decrease in
the series resistance was also observed which is associated with membrane polymer restruc-
turing or membrane thinning. In [I81], a study of hydrogen permeation through the MEA of
PEM water electrolysis under the influence of different current densities and operating pressures
(differential) was performed. Online mass spectrometry was used to make the measurements.
It was found that the hydrogen permeation is more prominent at higher current densities and
lower partial pressures. A method for internal voltage sensing for the PEM electrolysis cell with
the help of gold ribbon wires was proposed in [182]. The proposed method helps in separating
the total cell resistance into anodic, cathodic and catalyst coated membrane resistance, which
could be useful to study the degradation and to diagnose the fault in the system. Experimental
study of the failure of the PEM water electrolysis cell was performed [183]. The failure was
studied in two steps. The first one is the perforation of the membrane and the second one is
the mechanical failure due to the combustion of the hydrogen and oxygen in the electrolyser
compartments. Various existing hypothesis for explaining the causes of these failures in the
literature were exposed. A non destructive approach using analysis of acoustic emission was
proposed to detect the size and relative number of oxygen bubbles formed locally in a PEM
water electrolysis cell [184]. The methodology was validated using a transparent PEM water
electrolysis cell with single channel and high speed imaging.

Only one article was found for the model based fault detection and monitoring of the PEM
water electrolyser. A semi-empirical dynamical model was used to develop a basic monitoring
system in order to detect system actuator and sensor faults by calculating the two residuals [122].
Data driven approach was proposed for the diagnosis of the faults for PEM water electrolyser
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in [64]. This approach, however, requires a lots of measurement data in both normal and faulty
operating conditions.

2.4.2 Prognosis

The prognosis of the PEM water electrolyser constitutes mainly of the study of the degradation
in the MEA and its mechanisms. Accelerated degradation test was performed by the authors
by using galvanostatic pulses [185]. The system ran for approximately 5500 hours till the short
circuit in the cell was detected. It was found through the post-mortem analysis of the failed
cell that the primary cause for the failure was the corrosion of the catalyst layer along with
the migration of the dissolved platinum towards the membrane. The thinning of the mem-
brane was also observed. A proton exchange membrane electrolysis stack of 9 cell and effective
area of 160cm? was tested for 7800hour continuous operation [186]. The average increase of
35.5uVh™! was observed in the individual cell voltage. The electron probe X-ray microanalyze
test of the MEA revealed the deposition of cations in the ion exchange sites of the catalyst layer.
The degradation was reversed by cleaning the catalyst layer with the help of 0.5M sulphuric
acid. The cation impurities that caused this reversible degradation originated from the feed
water and the components used in the electrolyser. Study of the effect of flow inside the PEM
electrolysis cell on its electrochemical performance was done using thermal imaging, EIS and
flow visualization (by implementing a transparent cell). A simple thermodynamic analysis of
heat balance in the PEM electrolysis cell was discussed. Degradation of PEM water electrol-
ysis cell was studied for the operation of 1000 hours [55]. The degradation rate was found to
be 1944 Vh~!. The study showed a significant contribution of increase in ohmic resistance of
anode side catalyst layer towards detected degradation. Two aging protocols for studying the
membrane degradation for PEM water electrolysis were evaluated at two different temperatures
[56]. Tt was observed that the membrane degradation is more prone to elevated temperatures
as compared to the higher current densities. In [187] the degradation of different components
(catalyst layer, membrane, bipolar plates and current collectors) of the PEM water electrol-
ysis cell was reviewed and various mechanisms for these degradation were summarized. The
strategies to avoid these degradations were also presented in the article. The importance of
accelerated stress testing in comparison to the real-time degradation tests was also presented.
Five PEM water electrolysis cells were operated with different current density profiles to observe
the degradation of the cell [188]. Two cells were operated at constant current densities (one
at higher and another at lower) and three with dynamic profile. It was observed that all the
cells except the one running at lower current density showed degradation. The cell operating at
the higher current density degraded faster at the rate of 194uVh™!. It was also observed that
running the system by periodically decreasing the current density helps in improving durability
by reducing ohmic losses buildup. In [189], a study of degradation of MEA in PEM water
electrolysis was performed using electrochemical and physio-chemical techniques. The key rea-
sons for the degradation were observed to be the presence of Fe (from testing equipment) in
the water, dissolution of Ru from the catalyst, degradation of Ti plate on the cathode side,
restructuring of the membrane due to decrease in ionomer content and membrane thinning.
Various mitigation strategies were also discussed for these degradations. The stability of PEM
water electrolysis cell running at high current density was studied using two identical cells for
constant and intermittent operation [190]. Till 2Acm ™2 both the cells showed stable operation.
The similar degradation was observed in both cells due to increase in ohmic and mass transport
resistance due to the detachment of the non-corrosive coating from porous transport layer. A
characterization method was proposed in [191] to distinguish between different overvoltages in
order to determine the cause of degradation in the PEM electrolysis cell. It has been found
that the major part of the increase in cell voltage due to degradation is recoverable by reduc-
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ing the applied cell voltage. The non-recoverable degradation arises due to the application of
higher current densities or the operation for long time which increases the ohmic and mass
transport overvoltage. The study of the degradation in PEM water electrolysis cell was per-
formed using seven identical cells operated at seven different operating modes that include one
constant current mode, three constant voltage modes (at different temperatures), two cyclic
modes 10 and 100 seconds current cycling and one solar profile operation. Improvement in the
cell performance was observed with faster cycling time. The dynamic operation (solar profile)
leads to the performance improvement due to the membrane thinning due to the increased
fuloride emission. The membrane thinning can result in the increase of gas crossover which
is dangerous. A review of the degradation mechanisms for the components of the PEM water
electrolysis cell was provided and their mitigation options were discussed [192]. To study the
degradation of the PEM water electrolyser under dynamic operation conditions (such as during
operation with intermittent sources) a commercial MEA was operated using cell potential vary-
ing from 1.4V to 1.8V with long and short hold times [193]. MEA was subjected to different
electrochemical (EIS) and physio-chemical measurements (X-ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron
Microscopy (TEM)and Energy Dispersive X-ray Spectroscopy (EDX)) to identify the causes of
degradation. Irreversible resistive losses were observed to be more prominent to kinetic losses
due to degradation.

In [64], a model to calculate the PEM electrolysis cell voltage was coupled with the degrada-
tion model to calculate the remaining useful life. The health of the system is estimated through
the monitoring of performance factor. The model for estimating the degradation was proposed
in [79]. For estimating the degradation of the membrane, the crossover of the oxygen from an-
ode to cathode side was modelled. This crossover leads to the formation of hydrogen peroxide
and radical through the Fenton reaction which leads to the degradation of the membrane. The
time evolution of the membrane thickness was also modelled to simulate the membrane thinning
based on the Fluor release rate. Similar work was also reported in [30].

2.4.3 Conclusion

Existing diagnosis and degradation testing methods warrants for the use of specialised instru-
mentation which is not always available or possible to implement without modifying the struc-
ture of the electrolysis cell. Some methods of degradation testing (such as SEM, glsTEM,XRD,
EDX) requires the disassembly of the electrolysis cell which is not an ideal approach for degrada-
tion monitoring for remaining useful life estimation. In present work, a model based diagnosis,
using BG approach, for PEM water electrolyser has been proposed for the real-time monitoring
and fault detection. BG technique is well suited and can be implemented to perform structural
analysis in order to check the diagnosibility of the system even if the value of the parameters
is not known. Moreover, LET (i.e. to perform which fault which may affect the system can be
detected and isolated with any need of numerical value of parameters) BG can be implemented
for obtaining a robust diagnosis (for avoiding false alarm) by generating thresholds that are
adaptable with respect to parameter uncertainties [194, ]. The current work focuses on the
implementation of BG model-based diagnosis and prognosis approaches as per the availability
of the system information. For the development of diagnosis algorithms, BG model in derivative
causality is preferred over integral causality (used for simulations and study of the system be-
haviour [196]). Causality represents the relationship between cause and effect in BG. Derivative
causality does not require the knowledge of system initial conditions (initial conditions are not
clearly known for diagnosis and hence avoided). In DBG model, the sensors are considered as
a source of effort and source of flow elements. The BG technique for diagnosis and prognosis is
presented briefly in the appendix B.
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Dynamic Modelling of PEM
Electrolyser
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The modelling of complex multi-physics systems like PEM water electrolyser is one of the
most crucial tasks for studying the real behaviour of components, subsystems and overall system
behaviour under dynamic operations. Moreover, system performance degrades at different levels
(components and subsystems levels) due to ageing and dynamic operational behaviour. Such
studies require a modular design approach, breaking the complete model into different sub-model
levels, so that variation of different component parameters on the monitoring variables of the
system can be analysed and tested easily and effectively. From the industrial perspective, the
model should be adaptable with real monitoring of the system behaviour on suitable supervision
platform. Current study considers such aspect of modelling for the PEM electrolyser BG as a
unified modelling approach [18, |. A generic dynamical model of the PEM electrolysis system
has been presented in this chapter. Model is termed as generic in the way that the modelling
has been done in a modular fashion for the components of the PEM water electrolyser in the
form of subsystems/capsules. These capsules can be used to represent various configurations
of the electrolyser by assembling the capsules to obtain the desired model. Each capsule have
a number of input and output ports (some of them may be optional) that are required to be
connected with like power ports (i.e. the connecting ports must belong to the same domain).
This allows the user to have a structurally sound global model. The BG modelling of each
component of the PEM water electrolyser for generating capsules is presented in the succeeding
sections.

Before analytical representation of the real system behaviour, some modelling hypothesis
are taken into account in order to reduce the complexity of the system and to neglect the fast
dynamics when compared to slow dynamics of the system:

e The cells constituting the stack are identical in nature and connected in series. Thus, the
stack with N cells can be modelled as an equivalent single cell that has the same dynamics
of the stack.

e Uniform fluid flows and current distribution are considered between cells.

e The effects of gravity are ignored.
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e Overpotential due to mass transport or diffusion is negligible with the assumption that
PEM system usually operates at low current density.

e Electrolysis reaction kinetics is assumed firmly as a Faradic process and considers that
there is no mass limitation problem in the system.

e Gases produced are assumed to have similar properties as that of an ideal gas and the
partial pressures of these gases are governed by Dalton’s law.

e Temperature is homogeneous throughout the stack. This hypothesis holds good for elec-
trolysis cells and stacks with properly designed flow channels where the temperature is
regulated through inlet water temperature. Also, this allows to simplify the model by
considering the thermal capacitance of the stack as a constant value for the temperature
estimation.

e Cell is operated below the boiling temperature of the water.

e The system parameters are considered as lumped parameters. Pumps and fans are as-
sumed as perfect mass flow sources.

The structural, functional and causal properties of the BG models makes it easier to deduce a
dynamic model of the the system in the form of block diagram representation from BG models for
use in simulation and development of supervision algorithms and GUI for online diagnosis and
control. For this reason, once the BG capsules of the components of PEM electrolysis system are
developed, they are converted into block diagrams for implementation in MATLAB® Simulink.
The various steps involved in developing BG capsules of the components of PEM electrolysis
system are presented in subsequent sections.

3.1 Technological Representation

The first step in the modeling using BG approach is to develop a word BG of the system. This is
done by making a BG of the system with words consisting of various components or subsystems
and characterizing the nature of energy exchanges between them. The schematic architecture
of the PEM electrolyser and the physical variables exchanged between its subsystems are shown
by the word BG presented in figure 3.1 (inspired from [15]).

In figure 3.1, line with half arrow represents the exchanged power, where yellow bonds show
the electrical energy (current and voltage are power variables), red bonds show the thermal
energy (heat flow and temperature variables), blue bonds show the fluidic energy (mass flow
and pressure variables), green bonds with a circle in the middle show the thermal-fluidic en-
ergy coupling (heat flow-temperature and mass flow-pressure as thermal and hydraulic power
variables) towards hydrogen side. Likewise, orange bonds with a circle in the middle show the
thermal-fluidic energy coupling towards the oxygen side.

3.2 Modular Representation (Development of Capsules)

BG capsules are used, from one part, to describe the inner components of the electrolyser, and
from another part, to explicit the coupling between the different energies highlighted by the
word BG. Various phenomena occurring inside the cell /stack of PEM electrolyser are modelled
separately and then assembled to have a global model of the cell/stack. This provides the
flexibility to the model to be modified easily in case any particular phenomena is needed to be
neglected or a detailed model is required. The BG models for the cell /stack and the components
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of BoP of a PEM electrolysis are presented subsequently and are discussed discussed one by
one.
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Figure 3.1: A word BG model of the electrolysis system.

3.2.1 Model of the Stack

The electrolysis cell /stack is often termed as a heart of the electrolyser. This is the most complex
part in the electrolyser and greatly determines the dynamics of the system. Various coupled
phenomena have been modelled as different sub-models (capsules) to provide more insight and
are then assembled to have a complete model of the electrolysis cell/stack.

3.2.1.1 Electrochemical Sub-model of the Stack

The electrochemical sub-model is one of the crucial sub-models of the electrolysis system. It
forms the basis to provide a relation between the cell current and cell voltage at different op-
erating conditions, i.e. at different operating pressures and temperatures. The sum of all the
electrochemical phenomena leads to a sub-model linking cell voltage and the current density,
which is usually represented by a polarization curve. This sub-model explains the real kinetics of
the reaction that occurs and gives the information about the amount of product flows according
to the water consumed in the electrolysis system and also the production of heat in the stack
system. This sub-model considers that electrochemical phenomenon occurs at steady state and
thus the sub-model is responded with no time delay which means that there is instantaneous
response with respect to change in any input to this sub-model. It is assumed that transient
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response is very fast and dies out quickly, so it is neglected in model which is also well experi-
mentally demonstrated by the work presented in [1206, ]. The electrochemical BG sub-model
in the form of a capsule is shown in figure 3.2.

ez = Eu t.a
/2
Converter |3/, E. e =Ey 1, 6=E,, Thermal
Sub-model £ fi=1, Sub-model
e = Erev fs B .
e4 7. act,c RS . RM,‘(- 8 -
Tf /i £ =0
1/2F

Chemical-fluidic
Sub-model

Figure 3.2: Electrochemical BG sub-model in capsule form.

This sub-model can also be used to find the required cell voltage, F.., at any operating
condition with respect to reversible potential, F,.,, and different overpotentials which occur
due to current flows in the cell results in irreversible heat dissipation. The reason of irreversible
heat dissipation in the cell is due to the following: (i) the activation (Faradaic losses) voltages
Eqct,o and Egeq ¢, respectively, occur at anode-electrolyte and cathode-electrolyte interfaces due
to disturbance from the equilibrium chemical reaction and involved activation energies barriers
in the preferred reaction. (ii) the electrical ohmic overpotential (non-Faradaic losses) due to
internal cell resistance, i.e. it is proportional to the current which flows through electrodes,
current collectors, bipolar plates and corresponding interconnections between them. Also, this
overpotential occurs due to resistance offered by both electrolyte and membrane to the ions
flow that separates both the electrodes. Generally, the electrode material in PEM electrolysers
has high conductivity, so the flow of electrons is much faster as compared to ionic flow, and
thus, usually the ohmic resistance due to ionic transport is considered. (iii) Overpotential due
to mass transport or diffusion (non-Faradaic losses). It should be included in the model for a
system having higher current density. Nernst equation is used to define the overpotential due
to diffusion and it reveals that the diffusion limitation increases with increase in concentration
of the product species at the reaction interface [28].

In this sub-model, E . is modelled as a modulated source of effort BG element, i.e. M se :
E..y; and all the overpotentials are modelled by generalized RS (active multiport resistance able
to generate and/or converts energy) coupled resistive elements as RS : Ryetq, RS : Ract,c and
RS : Ropm corresponding to anodic activation resistance, cathodic activation resistance and
ohmic resistance, respectively. Here, the generalized RS coupled resistance element shows the
coupled energy dynamics and links the electrical domain with the thermal domain. It acts as a
source and transmits the generated heat or entropy to the thermal domain due to the current
flow in electrical domain [17, |. Also, the transformation of electrical energy into chemical
energy and vice a versa is modelled by transformer T'f generalized BG element, which describes
the Faraday’s law by linking the rate of reaction molar flow (5) with the current flow through
cell (Iey), number of moles of electron transferred n (here n = 2) and Faraday’s constant F;
and, also by linking reversible cell voltage(E,¢,) with free energy of water dissociation (AGR),
n and F, which are represented in equations 3.1 and 3.2. Based on causal bond graph model
(figure 3.2) following equations (between flows and between efforts) can be deduced from the
BG T'f element:
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5‘ - Teen (31)

- n.F
AGpR
Erey = nF (32)
Here E., is the reversible potential (minimum potential required for the electrolysis reaction).
As per literature [0, 14], the reversible potential E,¢, can be expressed by complex nonlinear
equation as given in equation 3.3 at any operating temperature and pressure condition .
RT, (pm,-po,"”
0
Brew = E° + 2‘Fln ( ZHQS (3.3)

rev
temperature and pressure), R is the ideal gas constant, p; is the partial pressure of the i** species

and ap,o is the chemical activity of water. The EY,, is usually temperature dependent and is
empirically defined as [0, 91, , ].

where EC,, is the standard reversible cell potential at standard operating conditions (at standard

E% = 1.5184 — 1.5421 x 107°T + 9.523 x 10 °T.In (T) + 9.84 x 107°T? (3.4)

Activation overpotential: There is a relation between the kinetic part of the reaction, i.e.
the current density, with the thermodynamic part, i.e. the overpotential. At equilibrium current
exchange density (Jp) is defined and it is related with the exponential function of negative free
Gibbs energy at equilibrium (AGp). The value of the parameter .Jy or AG( should be obtained
from the experiment. For the electrolysis process, i.e. possibility of occurring the dissociation
of water, the cell voltage is usually more than the reversible standard voltage which results in
overpotential because of current flow, and thus, it contributes to polarization. This current
flow is usually the difference between anodic and cathodic currents at the non-equilibrium
condition. The relation between the actual current and the overpotential is usually obtained by
using Buttler-Volmer equation as given in equation 3.5 and used in many literature [59, 90, 91,

, 198].
n.F 1-— n.F
Jcell = JO,k: [GXP <ak o 'Eact,k> — €Xp <_(OWL~Eact,k):| (35)

R.T R.T

where Jeeyp = Ieen/Anr is current density of cell, Ays is cross-sectional area of membrane. Also,
Jor and oy, represent the current exchange density and charge transfer or symmetry factor
coefficient, respectively, at anode or cathode. Usually, symmetry factor is taken as 0.5; however
it lies between 0 and 1. Thus, at aj = 0.5, the overpotential E,. j at anode or cathode (ez and
e4 in figure 3.2) can be expressed by equation 3.6 associated with BG multiport RS : Ryet 4 and
RS : Ract,c-

RT J,
Eact ), = Tsinh—l (2 J(J”k> (3.6)

In thermochemical model (figure 3.2), equation 3.6 is the constitutive relation for nonlinear
resistive element RS : R, modulated by the variable parameter Jy for each electrode and
expressed as

re —AG
Jok = Jo,kf' exp <R To’k> (3.7)

where, Jgif and AGy, are estimated from the characteristic curves of the electrolyser through
curve fitting and the temperature T is obtained from the thermal model of the stack.
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Ohmic overpotential: This overpotential is modelled by the dissipative element, i.e. gen-
eralized BG resistive element R : Rop.,,. According to the resistive causality in the BG sub-model
(figure 3.2), the constitutive relation for R : Rop, is given as

thm
Rohm

Teen = (3.8)

where E,p,, is the ohmic overpotential. The ohmic resistance R, mainly includes the resis-
tance offered by the membrane to ions flow and also includes the other ohmic resistance Ryiper
offered by the internal cell components except the membrane. Thus, R,pn,, is obtained from
equation 3.9 that depends upon the properties (op7) and parameters of the membrane (Ljy,
Apr). oar represents the membrane conductivity, Lys and Ay, respectively, represent the length
and cross-sectional area of the membrane. Moreover, the resistance Rper can be obtained from
the experiments using model fitting technique.

d
Rohm = M + Rother (39)
OM

where djy is the ratio of Lys to Aps and oy can be empirically defined as in equation 3.10. Mem-
brane conductivity depends on cell temperature T' and the membrane water content parameter

5.
(0.005139 0.00326) 1268 ! ! (3.10)
= (0. -~y —0. .ex — .
oM v b 303 T

The parameter v value varies from 14 to 25, whose value depends on the nature of membrane

hydration. For a poorly hydrated membrane, it is taken as 14 while for fully hydrated it is
taken as 25 [28].

Based on BG causal properties and constitutive relations for different elements, different

relations can be systematically obtained from the sub-model of electrochemical phenomenon.

At junction 1; (refer figure 3.2), the conservative phenomenon can be written as in equation
3.11:

(el.fl) — (fg) — (63.f3) — (64.f4) — (65.f5) =0 (311)

Since, at junction 17 all the flows are equal, i.e., fi = fo = f3 = f1 = f5. Thus, as per causality
in sub-model (figure 3.2), e3 = Eypy, can be obtained from equation 3.11 as

Eohm = €1 —e2 —eq4—e5 (3.12)

where value of e; = Eej1, €2 = Egcta, €4 = Eqct e, €5 = Erey. S0, equation 3.12 becomes

thm = Locell — Eact,a - Eact,c — Erey (313)

where E..j; is derived from BG source element Mse : E . as input causality. Eqcta, Eact,c are
derived from constitutive relations for BG elements RS : Ryct.q, RS : Ract,c as in equation 3.6
and F,., is obtained from T'f : 1/2F as in equation 3.2 or 3.3 . Thus, using BG sub-model,
FEonm can be systematically derived as

T T T oy 1/2
thm = Ecell — Risinh_l ﬂ _ Lsinh_l ﬂ . Egev _ R l’l’l pH2 pOz
F 2F aHQO

(3.14)
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Thus, using equation3.8, the cell current I..;; can be derived from the electrochemical BG sub-
model by using constitutive relation for R : Rpp,, which is used for controlling the hydrogen
production by the cell. The required input cell voltage can also be derived by rearranging the
equationd.14

RT . . ( Jee RT . . /( Jeu RT . (pw,po,'?
E.;=F T ginh Tl Lt 7 ginh [ =l EO I 2-POy
cell = Fohm + 58I <2.J07a) T o) The T e E T Ao

(3.15)
Likewise, using the property of junction 0; (refer figure 3.2), the conservative phenomenon can
be written as:

(es-f6) + (er.f7) + (es.fs) — (e9.fo) =0 (3.16)

Since, at junction 0; all the efforts are equal, i.e., eg = ey = eg = eg. Thus, as per causality in
sub-model (figure 3.2), fo9 = Q4 can be obtained from equation 3.16 as

Qirr = fo + f1+ f (3.17)

where value of fg = Qact,a, fr = Qohm, fs = Qact,c. So, equation 3.17 becomes

QiT‘T - Qact,a + Qohm + Qact,c (318)

where QW, denotes the irreversible heat flow which is systematically derived from BG sub-model
and obtained as the summation of activation losses at anode, cathode and ohmic loss.

3.2.1.2 Chemical-fluidic Sub-model of the Stack

In chemical-fluidic sub-model, the amount of hydrogen and oxygen production rates can be
predicted with respect to consumed water. The BG chemical-fluidic sub-model in the form of a
capsule is shown in figure 3.3. In the sub-model, transformers T'f : v; and T'f : M; generalized
BG elements are used to find the rate of production of the products with respect to consumed
reactant. Also, C' : C; represent the storage of the matter for the i*" species. The rate of
produced mass for the it" species, i.e. rh;, is obtained from the rate of reaction flow £ from
equation 3.19 as

Icell
n.F

where v; and M;, respectively, denote the coefficient of stoichiometry and molar mass of i
species.

(3.19)

3.2.1.3 Thermal Sub-model of the Stack

Thermal sub-model predicts the dynamic behaviour of the temperature evolution inside the
stack which ultimately affects the relation between cell current and voltage. Thus, durability
and efficiency of the electrolysis system is also affected. The complete thermal BG sub-model
in the form of a capsule is represented in figure 3.4. The sub-model considers the major con-
tribution of the heat from the different sources and phenomena such as heat input to stack by
the water inflow towards anode and cathode side, heat taken away by the water outflow from
stack towards hydrogen and oxygen separators, thermodynamics of chemical components during
reaction (dissociation of water and production of gases) or endothermic nature of chemical reac-
tion, Joule effect phenomenon due to circulation of charge/current, heat due to entropy change
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Figure 3.3: The BG chemical-fluidic sub-model in capsule form.

in reaction, thermal activated phenomenon due to mass transfer and diffusion and thermal ef-
fects due to system enclosure temperature. In the given figure, based on assigned causality,
dashed arrows direction shows the input and output signal in the corresponding simulation
block diagram deduced from BG model.
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Figure 3.4: The BG thermal sub-model in capsule form.

This thermal sub-model is considered as a first order nonlinear model having one dynamic
generalized BG capacitance C' element. Here generalized C' : Cgoer, €lement, considered as
a constant lumped parameter, models the thermal capacitance of the stack, and thus, it is
assumed that temperature is homogenous throughout the stack. This lumped parameter can be
estimated from the experiment using model fitting technique. From the BG thermal sub-model,
the temperature of stack using constitutive relation of C' : Cg4er and junction Oo is obtained as

1
Cstack

Tstack = f (Hrec at Hrec ct err + QH + QS - zz ,Osep — Hc,Hsep - Qst,enc) dt (320)

In equation 3.20, Hrec’a, Hrec,c and Ha,Osepy HQ Hsep respectively, represent the enthalpy rate due
to water inflow from recirculation circuit towards anode side, cathode side and water outflow
from the stack towards oxygen and hydrogen separator side. These enthalpy flows are related
with the molar enthalpy (H;) and molar flow rate (1;) of the involved species in the reaction. Qi
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is irreversible heat flow due to activations and ohmic losses, Q H (i.e., Q = leey AHR/2.F )
denotes heat flow rate due to chemical components during reaction or endothermic nature
of reaction (dissociation of water and production of gases), Qs (i.e.7 Qg =— Ce”.ASR/Q.F)

denotes the heat flow rate due to entropy change and Qst,em denotes heat transfer from stack
to system enclosure due to temperature difference.

3.2.1.4 Fluidic and Mass Transfer Sub-model of the Stack

The global behaviour and the efficiency of cell can be affected due to the phenomena of fluidic
motion and mass transfer and these cannot be ignored while developing the model of the elec-
trolysis system. Thus, the phenomenon of fluidic motion and mass transfer must be integrated
within thermal and electrochemical sub-models. It is assumed that there is no accumulation
of fluid inside the stack and the product produced is continuously evacuated from the stack.
This sub-model includes the transfer of water from anode to cathode by considering the electro-
osmosis phenomenon and also considers the transfer in reverse direction, i.e. from cathode to
anode, by the process of diffusion. This sub-model also includes the crossover of produced gases,
i.e. oxygen and hydrogen gas flows towards the opposite electrode with respect to the electrode
where they produce. The BG sub-model of fluidic and mass transfer phenomenon in the form

of a capsule is shown in figure 3.5.
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Figure 3.5: BG sub-model of fluidic and mass transfer phenomenon in capsule form.

In this sub-model, resistive generalized BG field element R : Rgfyri, i.e. R : Raiff H,0,
R : Rgirr0,, R : Rgifsm,, and generalized transformer element T'f : ne,.Mp,0 are used, re-
spectively, to model the crossover or diffusion flows due to water diffusion, oxygen diffusion,
hydrogen diffusion and electro-osmosis diffusion. Rpysto and Rpyst . are the hydraulic resis-
tances at anode and cathode side, respectively. Thus, the model provides the rate of mass
outflow of the mixture from the stack at the anode and cathode sides using constitutive relation
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of junction 03 and 04 as given by equations 3.21 and 3.22, respectively.
Ma,0sep = Mrec,a T Mprod,0a — Meons, Ha0 — Meo, Ha0 + Mdif f.Hy + Mdiff,H0 — Mdiff,05 (3-21)

Me Hsep = Mrec,e + Mprod, Hy + Meo, HoO + Mdif 1,05 — Mdif f,H0 — i f f,Ho (3.22)

where, Myec,a, Mirec,c, respectively, denote rate of inflow masses from recirculation circuit to
anode and cathode side. 104,045, Mprod,H, and Tcons, 1,0, Tespectively, denote production of
oxygen, hydrogen and water consumed which are obtained from electrochemical model. Also,
Meo,i,0 denotes the rate of water mass flow due to electro-osmosis, however, this phenomenon
does not depend on thickness of the membrane. The electro-osmosis flow, 17, m,0, mainly
depends on the magnitude of electric current flow during electrolysis process and the number of
dragged water molecules by a proton ion as given in equation 3.23. This number is denoted by
neo and called as electro-osmosis coefficient [91, |. This flow, 7heo 1,0, is obtained by using
the generalized transformer element Tf: neo.Mp,o in the fluidic model which is coupled with
the rate of reaction £ of the thermochemical model.

Icell
n.F

Also, mg; s, denotes the flow of diffusion for the ith species through membrane and this flow
for i'" species is obtained from the constitutive relation of the generalized resistive element
R : Rg;fy,i. This sub-model shows that the diffusion flow for the ith species is proportional to the
change in partial pressure at the both side of the membrane Ap; and also the resistance Ry
depends on the length of membrane L, diffusion parameter D; and the Henry’s parameter H;
[73, 79] as represented in equations 3.24 and 3.25, respectively.

meo,HgO - neo-MHQO-é = neo-MH20~ (323)

. A 5 .sign i — P
Mdif fi = 14 Rg (: —p;) (3.24)
diff,i
H; Ly
Raiffi = 571
diff, D;. M;. Ay
Thus, the global model of the stack, as represented in figure 3.6, is obtained by integrating all

the sub-models (capsules) such as electrochemical, chemical-fluidic, thermal, fluidic and mass
transfer sub-models.

(3.25)

3.2.2 Models of the Components of BoP

BoP plays an important role in operating the electrolyser at desired operating points. The
components of the BoP also contributes to the overall dynamics of the system and greatly
effects the overall performance. The components of BoP varies depending on the configuration
of the electrolyser. The common components as prescribed in word BG (see figure 3.1) such
as: electrical converter, hydrogen and oxygen separator vessels, heat exchanger, cooling and
recirculation systems, purification system, the pneumatically controlled hydraulic valves and
the stack enclosure have been modelled in the form of the capsules and are presented below.

3.2.2.1 Converter Sub-model

Converter provides the control power input to the stack according to the operational point of
the electrolyser. Usually, converter has a very fast response time (less than 0.1s); thus, the
dynamic model of the converter has instantaneous power output. This sub-model is shown in
figure 3.7.
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Figure 3.7: BG sub-model of converter subsystem.

Here, physical phenomena of the converter is modelled by using a modulated transformer
(MTf : B) and resistive (R : Reony) generalized BG elements. In the model, Mse : Vj, is the
input voltage to the converter from the electrical source (solar and/or wind source) and Ve
is the output of the converter which is fed in to the electrolyser for water dissociation. Thus,
using dynamic BG sub-model (figure 3.7), constitutive relations can be derived as

‘/stack = 5‘/171 (326)

Pin, = Pstack + Peonw (327)

Pcom) = Lin (1 - 5com}) (328)

where [ is the coefficient of transformer, P;,, = V;,,.1;;, denotes input power, Psiock = Vstack-Lstack
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denotes output power from the converter which is input to the stack, P.,,, denotes the dissipa-
tion power of the converter due to its internal resistance and .., denotes converter efficiency.

3.2.2.2 Separator Sub-models

Usually gas is collected over water in a vessel and due to the light weight of the gas it goes up
and can be separated from the water. When the gas pressure reaches a certain fixed preset value
in the separator it comes out from the separator vessel to the storage tank. In the electrolysis
system, two separators are used for gas liquid separation: (i) hydrogen separation and (ii)
oxygen separation. The separator subsystem includes the interaction of fluidic, thermal and
chemical phenomena. In the modelling of each separator, it is assumed that the vessel is in
cylindrical shape having a cross-sectional area Agep ;. The BG sub-models of the hydrogen and
oxygen separators are shown in Figs. 3.8(a) and 3.8(b), respectively.

Separator fluidic Phenomena: The hydraulic pressures or the water levels in the Hydrogen
Separator Vessel (HSV) and Oxygen Separator Vessel (OSV) are determined from the continuity
equations and these phenomenons are modelled in the sub-models as in Figs. 3.8(a) and 3.8(b),
respectively.

The hydraulic capacity as a lumped parameter for it separator (i = Ha, O2) is denoted by
Csfelp,i = Asep,i/g, where g is gravity. First the entire phenomena are discussed for HSV, and
then likewise these are presented for OSV. Thus, for HSV from figure 3.8(a), using constitutive

relation of C : ¢/

sep.Hs and junction Og, HSV pressure can be obtained as

1

fl
CSEP7H 2

PSBP,H2 = / (mcw,Hsep — Misepy — msep,Hg) .dt (3.29)
where, Piep 11, = puw-g-Lsep i, is water pressure in HSV, Ly, g, is water level in HSV, p,, is
water density, 7cw, Hsep 15 the water mass flow which is the product of known mass fraction
of water z.,, and the mass flow of mixture, 1. psep (obtained in equation 3.22), 7igepy is the
water mass flow from the HSV to OSV through the separator valve (modelled using modulated
resistive element M R : Rgepy). The sub-model of the separator valve [199] is highlighted in the
figure 3.8(a). 1hgep H, is the water mass flow out from the HSV to cathode side recirculation
circuit.

Separator thermal Phenomena: The thermal capacity of the vessel is modelled by using
lumped parameter, C' : Cﬁgpﬂ, whose value depends on cross-sectional area A ; and water
level Lgep; in the vessel. Also, it is assumed that the coefficient of heat transfer of the vessel
is constant. Thus, for HSV from figure 3.8(a), using constitutive relation of C' : C§2p7 1, and
junction 07, HSV temperature can be obtained as

1

th

Tsep,Hz = / (Hc,Hsep - Hsep'u - Hsep,Hg - thcv - Hsafe - QHenc) .dt (330)

where, Tiep, 1, temperature inside HSV, Hc,osep is the enthalpy flow of the water and gas mixture
from the cathode side of the stack to HSV and I sep,H, 15 the enthalpy flow out from the HSV
to cathode side recirculation circuit and QHenc is the rate of heat loss due to temperature
gradient between HSV and system enclosure. Note that all the enthalpy flow is correlated with
their respective mass flow of water and mixture. The value of the enthalpy flows Hgasﬂ- and
Hj coupled with mass flows 7igqs; and 1 (i = Og, Ha;j = tank) can be obtained from the
expression as presented in equations 3.31 and 3.32, respectively. This coupling between thermal
and fluidic phenomena is represented by generalized R, element.
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Hgas % mgas i (Z sz) gas,i (331)

Hj = 11;.Cp;.Tj (3.32)
where Cp; and ) | Cy;, respectively, denote specific heat constant of water and gas. The thermal
i

loss, Q Hene, is modelled by generalized BG resistive element R : Rpsepenc. Also, the system
enclosure temperature is modelled as BG modulated source of effort element as Mse : Tg,,
which is obtained from the thermal sub-model of the enclosure. Moreover, generalized detector
element De : Lgep g, is used which shows the measurement of separator water level that is
further utilized by the controller for controlling the percentage opening of separator valve as
per level set value.

Separator chemical Phenomena: For calculation of partial pressure, Pﬁl of the i" species,

sep 77
the chemical capacitance is modelled by using lumped parameter, C : C’Hsep ; at cathode side
separator, whose value depends on molar mass M;, volume Vi ; of the it" species, temperature

THsep,; and the gas constant R which is obtained from equation 3.33.

Mi . VHsep,i

CHsepz - R-THsep,i (333)

Thus, for HSV from figure 3.8(a), using constitutive relation of C' : C{
010, gases partial pressures can be obtained as

and junction 0g/0g9/

sep,i

1 . 1 T ) T
PHS@Z% C,Hsepl/nci-dt CH /<mcHsep Lemiz- ]\2; — Mgas,Hs - ]\ZZ> dt (3.34)

sep,i

where n. denotes gas mass flow rate at cathode side, x.; and .., respectively, denote
mass fraction of it" species and gas mixture (hydrogen, oxygen and water vapor) leaving from
cathode side of stack to HSV 1igqs, 1, is the output gas flow towards purification system. The
total pressure Py, o of the oxygen separator can be obtained from the summation of all the
partial pressures of the gases according to Dalton’s law. The valve and the pipe resistances are
modelled using R elements.

Likewise, the fluidic, thermal and chemical phenomena for the OSV can be represented by
equations 3.35-3.37, respectively. For OSV from figure 3.8(b), using constitutive relation of

C: CS ep.Os and junction 012, OSV pressure can be obtained as can be written as
1 . . . .
Psep,OZ = (mtank + Msepy + Maw,0sep — msep,Og) .dt (335)
Csep O2

where, Psep 0, = pw-9-Lsep,0, is water pressure in OSV, Lgep 0, is water level in OSV, iy is
the water mass flow from water tank to OSV. 14y 0sep is the water mass flow from the anode
side of the stack to OSV and 7ivsep 0, is the water mass flow out from the OSV to anode side
recirculation circuit. The water mass flow 7744,0s¢p can be obtained using the product of known
mass fraction of water x,,, and the mass flow of mixture, 1,4 0sep, Obtained in equation 3.21.

For OSV from figure 3.8(b), using constitutive relation of C : C’Eep 0, and junction 013, OSV
temperature can be obtained as

1

Tsep,Og = CT / (Htank + Hsepv + Ha,Osep - Hsep,Og gas O2 — QOenc) dt (336)
sep,02
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where, Ty, 0, temperature inside OSV, Hm”k is the enthalpy flow from water tank to OSV,
H sepv 18 the enthalpy flow from the HSV to OSV through the separator valve, Ha,osep is the
enthalpy flow of the water and gas mixture from the anode side of the stack to OSV and H sep,0a
is the enthalpy flow out from the OSV to anode side recirculation circuit, H, gas,0, 18 the heat flow
output from OSV towards oxygen circuit and Q0ene s the rate of heat loss due to temperature
gradient between OSV and system enclosure.

For OSV from figure 3.8(b), using constitutive relation of C' : C¢%
016, gases partial pressures can be obtained as

ep,i and junction 014/015/

1 1 T T
PO / Ngi.dt = / <ma Osep+La,miz- ol mgas O a1 ) dt (337)
sep,i COsep i COsep i M'L v M

3.2.2.3 Cooling and Recirculation Circuits

The desired temperature of the stack is automatically maintained by the cooling and the re-
circulation system by getting the information of hydrogen and oxygen production along with
the information of heat flow in this system. The recirculation system has its own process and
instrumentation diagram which is used to feed the water at desired rate to the stack. In the
current model the recirculation of water is done in each side of the cell, i.e. anode and cathode
side using a recirculating controlled pump. However at anode side, a heat exchanger along with
its own cooling system is also incorporated which mainly maintains the stack temperature by
controlling the input water temperature for the stack. The BG sub-model of this system for
anode and cathode sides in capsule forms are shown in Figs. 3.9(a) and 3.9(b), respectively.
The modelling of the cooling unit of the heat exchanger is also shown in figure 3.9(a). In
the sub-model presented in figure 3.9(a), different pumps are model as the modulated source of
flows Msf : 1iyecqa and Msf : 1o, Tespectively, represent the anode side recirculating pump
and the pump used for cooling of heat exchanger itself. The thermal capacity is modelled by the
lump parameter C : C*_ . Thus, from the figure 3.9(a), using constitutive relation of C' : C*!

rec,a* rec,a
and junction 019, anode side recirculation temperature can be obtained as

1
Oth

rec,a

Trec,a = / (Hsep,Og - Hrec,a - QOrec,enc - Qcool) dt (338)
where the enthalpy flows in the anode side recirculation system H sep,0, and Hrec,a are calculated
from the equation 3.32. The heat dissipation, Qorec,enc, due to temperature gradient between
recirculation system and enclosure is modelled by BG generalized resistive element R : Rorec,enc
and QCOOI is the extracted rate of heat flow by the heat exchanger which is modelled by using
resistive element R : Rpep. In order to calculate the Qpor, the Number of Transfer Unit (NTU)
technique is used for heat exchanger [200].

Likewise, for the sub-model of cooling unit of the heat exchanger in figure 3.9(a), using
constitutive relations of C' : Ccool, C: CZ}Z 4 and junctions Oz, 021 temperatures Tioo1, Teoiq can
be obtained as

1 . . .

Tcool C / (Hcold - Hcool + Qcool) dt (339)
cool
1 .

Tcold = C’th/ (Hcool cold Qcold) (340)
cold

ool C’éol 4 are the temperatures and thermal heat capacities of cooling
system of heat exchanger and cooling tank for the coolant, respectively. In sub-model of cool-

where Tcooly Tcold and C
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ing unit in figure 3.9(a), Msf : ricoo represents the coolant mass flow which is used for the
calculation of Hcool and H, cold Using equation 3.32 with temperatures T, and T4, respectively.

Likewise, using the sub-model of recirculation system in cathode side as shown in figure
3.9(b), using constitutive relation of C : Cﬁ}e‘cc and junction O3, cathode side recirculation
temperature can be obtained as

1
Cth

rec,c

Trec,c = / (Hsep,H2 - Hrec,c - QHrec,enc) dt (341)

where the enthalpy flows in the cathode side recirculation system H sep,HH2 and Hmc’c are cal-
culated from the equation 3.32. The lump parameter C : C’,,ZC . is used to model its thermal
capacity towards the cathode side.

3.2.2.4 Hydrogen Purification Subsystem

This unit purifies the gas according to the preset hydrogen purity level required for the particular
application. A dryer is used which removes the unwanted moisture from the gas by adsorbing
the fraction of water content in it. The modelling of this unit requires the coupling of thermal,
chemical and fluidic phenomena. The BG sub-model of the purification subsystem is shown
in figure 3.10. The lump parameters C : Cdry’ R : Rgryenc, R Rary, R @ Reghaust; C - Cdry’
C: CgZS and RS : R,4s are, respectively, used to model the thermal capacity, thermal resistance,
internal pneumatic resistance, exhaust resistance, dryer chemical capacity, water adsorption
capacity and the adsorption resistance of the unit. Here, element RS : R,4s is used to couple
the chemical and thermal phenomena of the unit. According to figure 3.10, using constitutive
relation of C : C’dry and junction Ogg, dryer temperature Ty, can be obtained as

1

th
Cd'ry

Tdry / (thcv + Hads - Hpuri - ery,enc - aeQemha) dt (342)

where thcv is the enthalpy flow coming through hydrogen pressure control valve, Hads =
géo AH,4s is the enthalpy flow due to fraction of water adsorption with molar flow nglio
in the reaction, Hpum enthalpy flow out from the purification system toward hydrogen
production, ery’enc is the rate of heat loss due to temperature gradient between dryer unit
and system enclosure and Hexha is the enthalpy flow when the exhaust valve is on (a. = 1).

Likewise, according to figure 3.10, using constitutive relations of C' : C%, . and junction

Y1
024/026 for partial pressures pg,; of oxygen and hydrogen gases, respectively, and C : C’d

and junction 0Og5 for partial pressure pg,, ; of water vapour can be obtained as

TY,J

1 . T; . )
Ddry,i = Mhpew- —m dt 3.43
e ng}% / < PV M puri L (3.43)
Paryj = —— / <mh L it — i > dt (3.44)
TY,]) pcv- pUTT " .
Cgﬁyﬁj M; M; Hads

where 17y, is the mass inflow coming through hydrogen pressure control valve, 1iy,,; mass
outflow from the purification system towards hydrogen production, x; and x; are the respective
mass fractions. The capacities Cgry ;, and ceh dry,j Can be similarly obtained from equation 3.33 for
the different species. The total pressure Py, of the dryer is the summation of partial pressure
of the gases.
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Figure 3.10: BG sub-model purification subsystem

3.2.2.5 System Enclosure

The major subsystems of the electrolysis system are kept inside an enclosure which is designed
according to the environmental requirements and the different functions of the subsystems. The
enclosure temperature is maintained at desired temperature by designing the proper venting
system and providing the fan/blower for its cooling. The BG sub-model of the system enclosure
is shown in figure3.11. In this sub-model, the fan is modelled by the source of flow generalized
BG element (MSf : 1ifqy,) to represent the mass flow of air and the atmospheric temperature
is modelled as the source of effort generalized BG element (M Se : Ty, ). The thermal capacity
and the thermal resistance are modelled by the lumped parameters using C : C2, and R : Repe.
Thus, from figure 3.11, using constitutive relation of C' : C*!. and junction 0Og9, enclosure
temperature T,,. can be obtained as

1
Cth

ENnc

Tenc = / (sts + Hin,fan - Hout,fan - Qenqatm) .dt (345)

where Qg5 is the summation of all the rate of heat losses from the different subsystems to the
enclosure, Hjy, fqn and Hyyt ran are the rate of heat enthalpy in to the enclosure and out from

it which depend on the specific heat (Cpq;r) and the mass flow of air (14, ). Also, Qenc,atm is
the rate of heat loss to the atmosphere.

3.3 Efficiency of the PEM Electrolysis System

For analyzing the performance of the electrolysis system, efficiency is also the one of the most
important parameters whose definition mainly depends on the different operating conditions
and the system designs. Here, the efficiency is defined in the two levels: (i) cell/stack level (ii)
system level including the auxiliaries. Here, it is also assumed that the cell operating voltage
is always greater than the thermal-neutral voltage. Also, operating temperature is below the
boiling point of water and water supplied in the liquid form. The real output of the system is
only the useful hydrogen produced. Oxygen is not considered as a real output of the system,
however it is also produced along with hydrogen.
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Figure 3.11: BG sub-model of system enclosure in capsule form.

3.3.1 [Efficiency of Cell/stack

For the dissociation of water in electrolysis process, a fixed amount of energy is required, which
is equal to the summation of Gibbs free energy, AGpr, and energy due to entropy change, TASg,
and this summed energies is called the enthalpy, AHg, of the electrolysis reaction. Here AGRr
is the minimum amount of energy that must be supplied by the electrical input by assuming
the rest of energy is thermally contributed by TASk term. The change in enthalpy (AHR)
and Gibbs free energy (AGR) can be obtained from the chemical kinetics of the reaction as
286 kJ/mol and 237 kJ/mol, respectively, at standard temperature and pressure conditions,
that equivalently represented in the form of standard electrode potential as 1.23 V and thermo-
neutral potential as 1.48 V| respectively [93]. In the calculation of standard electrode potential
in reversible condition, it is assumed that all the thermal energy along with electrical energy
are contributed in the electrolysis reaction based on Lower Heating Value (LHV) that does
not include enthalpy of evaporation of water. However, in the calculation of thermo-neutral
potential it is assumed that only electrical energy is contributed in the electrolysis reaction
based on Higher Heating Value (HHV) that includes enthalpy of evaporation of water. Thus,
the efficiency calculation of an electrolysis system is based on either the HHV or the LHV and
it should be quoted while mentioning the efficiency of the system. Thus, the efficiency can be
defined as the ratio of energy or power content of the hydrogen produced based on HHV or LHV
and the input electrical energy or power to the system. Usually, HHV is preferred over LHV to
calculate the efficiency of an electrolysis system supplied with liquid water, as the enthalpy of
evaporation has to be provided by the process and it is represented as in equation 3.46 [28].

wuv _ HHV g,  HHVm,
cell Pelec Ecell-Icell

where 7y, is molar flow of hydrogen and P, is electrical DC input power to the electrolysis
cell.

€ (3.46)

Efficiency (e4;55) for water dissociation can also be defined as the ratio of energy requirement
in reversible condition (Eng.,) to the energy requirement in irreversible condition (Emnipey).

Enge,

Ediss = (3.47)

Enrres

Thus, based on equation 3.47, other important efficiencies such as: voltage efficiency and current
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or Faradaic efficiency are also defined. Voltage efficiency can be obtained as the ratio of thermal-
neutral voltage to the actual cell voltage at any operating condition, assuming the cell is always
operating at a voltage above the thermal-neutral voltage. Thus, voltage efficiency is given as

Engey nF By, Eyy,

_ _ _ 3.48
Evolt Ediss Enjrrew nFFE.. Ecenr ( )

Voltage efficiency as defined in equation 3.48 can be analytically represented in the form of any
operating temperature T < 393.15K as [201, ]

1.485 — 1.49 x 10~ (T — Tp) — 9.84 x 10~8(T — Tp)?
Ecell

The voltage efficiency as presented in equation 3.48 is valid with the assumption that the
current supplied to the cell is fully converted into electro-chemical reaction of water dissociation.
However, this is not the real situation in the cell operation due to the presence of some stray
current in the cell and the unintended side reactions. Furthermore, gases permeation through
PEM and successive recombination to water and leakage of gas leads to a loss of actual produc-
tion of hydrogen. To consider this, the current or Faradaic efficiency ey is defined, which is
the ratio of actual hydrogen produced (7, qct) to the theoretically hydrogen produced (7, 1)
based on Faraday’s law.

(3.49)

Evolt =

c _ ﬁHz,act _ 77H2,act
T Ny (I/nF)
Thus, the overall cell efficiency can be obtained by multiplying voltage and current efficiency as

(3.50)

Ecell = Evolt-Ecurr (351)

3.3.2 Efficiency of System Including the Auxiliaries

Electrolysis system includes the various other supporting subsystems and auxiliaries for the
production of green hydrogen. Every auxiliaries and subsystems have their own efficiency which
can be estimated or supplied by the manufacturer. It is assumed that an imaginary boundary
is considered that includes the electrolysis cell and the supporting auxiliaries for defining the
system efficiency. Here, solar and/or wind subsystems are excluded for defining the system
efficiency. Thus, the efficiency of the complete system is ratio of the energy content of hydrogen
produced and the total amount of energy consumed and it is given as

pv _ HHVm, HHV.u, (3.52)

syt PSyst Pelec/acmw + Ppump + Phtex + Pother .
where Pgys is the total amount of energy or power consumed in the considered system, Pejec
denotes electrical DC input power and .o, denotes converter efficiency, Ppymp denotes pump
input power, Ppie, denotes input power to heat exchanger and P, denotes input power to
other auxiliaries. However, there is always confusion and misunderstanding which heating value,
i.e. LHV or HHV, should be used in efficiency calculation. To eliminate this confusion, efficiency
can be represented in terms of power consumed by the electrolysis system, which represents the
amount of electrical energy consumed by the system to produce one kilogram (kWh/kg of Hy)
or one normal cubic meter (kWh/Nm~3 of Hj) of hydrogen.

It is noted that the efficiency calculation is constant when the electrical power input is
constant. But, due to use of intermittent and time varying input sources (solar and/or wind
power), the value of efficiency changes with time. Thus, this needs the instantaneous calculation
of efficiency [20].
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3.4 Global Model and Block Diagram Representation

Once the sub-models of all the components are developed using BG in the capsule form, they
provides a model library to develop the global model for the PEM electrolysis. Depending on
the configuration of the system, these sub-models can be assembled in order to represent the
global model of the system. Figure 3.12 shows the global model of the PEM electrolysis system
developed under BG approach. However, it is not possible to show a detailed global BG model
for whole electrolyser here due to readability issue.
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Figure 3.12: Global BG model of a PEM electrolysis system.

From implementation point of view, these BG models are also converted into block diagram
representation in MATLAB® Simulink. As an example, figure 3.13 shows the block diagram
representation of the PEM electrolysis stack in MATLAB® Simulink. The sub-models in the
block diagram representation also then serves as a library to assemble the global model of the
PEM electrolyser directly in the MATLAB® Simulink.

3.5 Conclusion

A generic dynamical multi-physics model of PEM electrolyser was presented in this chapter. The
modular approach using BG technique was implemented to develop the capsules representing the
sub-components of the PEM water electrolyser. The global model of the PEM water electrolyser
is obtained by connecting the capsules as per the system configuration. The developed model is
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also converted into block diagram in MATLAB® Simulink environment from implementation
point of view. The parameter estimation, validation and application of the developed model is
discussed in chapter 5. The model was also extended to the AEM electrolysis cell (see appendix
A). The developed model is further utilized for the development of diagnosis algorithms for PEM
water electrolysis system. The BG model based robust diagnosis for PEM water electrolysis
system is discussed in the next chapter.
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CHAPTER 4
Model based robust diagnosis for
PEM Electrolyser

Contents
4.1 Diagnosis Background for PEM Water Electrolysers . ... ... .. 74
4.2 Model based diagnosis using BG . ... ... .............. 76
4.2.1 Diagnostic BG model of PEM electrolysis cell/stack . . . .. ... ... 76
4.2.2 ARR generation using LFT BG . . . . ... ... ... ... ... ... 79
4.2.3 FSM and Coherence Vector . . . . . . ... ... ... ... ....... 81
424 DBG Model forthe BoP . . . . ... ... ... ... . 83
4.3 Conclusion . . . . . . . ittt e e e e e e e e e e e e e e 89

PEM based water electrolysis is a widely used technique due to its high reliability and
performance. PEM electrolyser clubbed with renewable energy sources is emerging as a great
way of storing surplus green electricity in the form of hydrogen that can be used later to either
regenerate electrical energy or for various industrial applications. Monitoring of these systems
for faults is of uttermost importance in order to ensure the correct operation and safety of the
system as well as of its surroundings. PEM electrolysers are susceptible to numerous faults
that need to be detected on time. Some of these faults are very critical and if they are not
detected on time, can cause damage to the electrolyser itself as well as its surroundings. Figure
4.1 shows the basic schematics of a PEM water electrolyser. When the DC is applied across

DC Sourc:

Distribution - Distribution
Plate Plate

Water % = Water
+ S % +

Oxygen Oxygen = Hydrogen Hydrogen

annels

: ;
Anode Side \Ca‘a'ysf Cathode Side
Layer

Diffusion
Layer

Pump Pump (Optional)

Figure 4.1: Schematics of a PEM water electrolyser

the cell, the water gets split into positive hydrogen atoms, oxygen gas, and free electrons at the
anode. These positive hydrogen atoms move through the PEM towards the cathode where they
receive electrons from the DC source and forms hydrogen gas. The working principle of PEM
electrolysis is well illustrated in section 2.1 and can also be read in detail from [12, 203]. The
PEM electrolysis cell /stack receives water on the anode side, through a pump, as a consumable
as well as a carrier for the generated oxygen. The water feeding to the cathode side is optional.
The electric converter provides the required electric power to the cell for electrolysis.
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4.1 Diagnosis Background for PEM Water Electrolysers

The fault can occur at different components level although the cell/ stack has been the area of
interest for previous studies as it is more susceptible to faults due to its complexity [64, 73, ,

) ]. The cell/stack has non-linear behavior and includes multi-physics phenomena (such
as electrical, chemical, thermal, fluidic) coupled together which adds to its complexity.

The MEA in the PEM electrolysis cell is the most common point of failure due to a number
of reasons such as drying of the membrane, perforation of the membrane, mechanical failure of
the cell due to improper handling, corrosion, overheating [202]. Most of the faults in the cell
tend to change the cell voltage and thus reducing efficiency. The degradation of the cell also
shows the same effect but the change is gradual. The fault in the cell could also be a result of
the fault in some other components. For example, the drying of the membrane could be the
result of the leakage in the cell, or recirculation circuit, or it can occur due to the failure of the
pump feeding water to the cell [178]. Therefore, it becomes absolutely necessary to take into
account the faults in the auxiliaries in addition to the stack. Table 4.1 summarises the possible
faults in a PEM electrolyser and their indicators.

A look into the literature on the diagnosis of PEM electrolyser shows that most of the
work is based on the monitoring of the system using different techniques that include electrical
measurements, electrochemical impedance spectroscopy measurements, thermal imaging, visual
inspection etc. [178, , ]. These methods are usually offline, invasive, and costly as specific
equipment are required for diagnosis. Also, sometimes the modification of the system is required
in order to be able to perform the detection of a fault. Thus, there is a need for software-based
diagnosis that can be implemented for the PEM electrolyser with the existing sensors. The aim
of a suitable diagnostic approach is to detect and isolate system faults in real-time. This is
done by continuously comparing the measured data from the system with the expected values
according to the operating conditions [64].

Different diagnostic approaches can be crudely classified into model-based and non-model
based/ data-driven approaches, Model-based approaches take advantage of the knowledge of the
physical laws that govern the system. The residuals are evaluated from the measured data and
the output of the model [122]. The change in the residual is the fault indicator. In non-model
based approaches the information of the fault is obtained through the signal processing based
on the database available for both normal and faulty operating conditions [(64]. Non-model
based techniques are faster and require less computational power for real-time monitoring as
compared to the model-based techniques, but, it is very difficult and expensive to generate a
database for all faulty operating conditions. Model based diagnosis approaches, on the other
hand, helps in robust fault detection [175]. There is not much work done on the model based
diagnosis for PEM electrolysers. Lebbal and Lecceuche have proposed a parity space based
diagnosis algorithm which considers a simple static electrical model and thermal dynamics only
[122]. Thus, it can be used for detecting a limited range of faults. A lot of work has been
done for the modelling of PEM electrolysers but most of the work is limited to phenomena
understanding and performance evaluation [0, , ]. Graphical dynamical models have also
been proposed for modelling the complex dynamics of the PEM electrolysers, but have not been
exploited for model-based diagnosis [0, 15]. BG is a powerful tool that is used for developing the
FDI algorithms for complex multi-physics systems [175]. BG delivers a robust FDI by exploiting
the structural and causal properties of the model.

A model-based multi level diagnosis, using the model developed in 3, under BG paradigm
for real-time monitoring of PEM electrolyser is proposed in this chapter. The schematics of the
multi-level diagnosis approach is presented in figure 4.2. The DBG model (derivative causality)
for each subsystem can be obtained from its corresponding BG model (integral causality).
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Table 4.1: List of possible faults that can occur in PEM electrolyser

Faults in Electrolyser Subsystems

Subsystem

Fault

Fault Indicator

Membrane (Stack)

Resistance Change due to contamination
of foreign chemical pollutants in the flow of
water

Voltage and Current

Resistance Change due to chemical
corrosion

Voltage and Current

Decomposition of the polymer chain i.e.
chemical attack on membrane material.

Voltage and Current

Membrane shrinking/swelling that depends on
the cyclic changes in the hydration level

Voltage and Current

Pinhole formation due to cyclic shrinkage and
swelling (crossover increase)

Voltage and Current

Cell short-circuit

Voltage and Current

Physical damage due to freezing

Voltage and Current

Degradation due to intermittent and
flexible operation

Voltage and Current

Overheating causes membrane
materia ldegradation

Voltage and Current

Catalysts Layers
(Stack)

Loss of catalytic sites due to surface
contamination and corrosion

Voltage and Current

Washed out catalyst particles during
operation

Voltage and Current

Degradation due to H2-02 recombination
with platinum catalyst at cathode

Voltage and Current

Micro-porous and Gas
Diffusion Layers (Stack)

Surface/interface degradation due
to corrosion

Voltage and Current

Increase in contact resistance due
to degradation

Voltage and Current

Bipolar Plates with
Flow channels (Stack)

Surface degradation due to corrosion
vs oxidation in contact with deionized water

Voltage and Current

Increase in contact resistance due to
degradation and uneven current distributions

Voltage and Current

Mechanical failure due to ageing effects

Voltage and Current

Gasket and seals
(Stack)

Mechanical failures due to ageing
and compression

Voltage and Current

Compression or End
Plates (Stack)

Mechanical failures due to inappropriate
handling

Voltage and Current

Hydrogen Separator

Separator valve not working
(stuck-on or stuck-off)

Increase in the level of
water than set value.

Leakage of Water

Not enough pressure

Leakage of gas

Not enough pressure

Oxygen Separator

Same faults as of Hydrogen Separator

Cathode side

Pump Is faulty

Not enough flow rate

recirculation Leakage of water Not enough Pressure
circuit Blockage Not enough flow rate
Anode side Pump Is faulty Not enough flow rate

recirculation circuit
with cooling circuit

Leakage of water

Not enough Pressure

Heat exchanger (cooling Unit) not working

Temp. not maintained

Blockage due to foreign object

Not enough flow rate

Purification Unit

Leakage of hydrogen

Not enough Pressure

Dryer not working

Moisture in the output gas

Enclosure

Fan not working

Increase in system temp.
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These DBG models capsules can be assembled to obtain a global diagnostic model of the PEM
electrolyser. The global model can be used for the overall detection of the fault in the electrolyser
when the electrolyser is a subsystem of another system such as in the case of PEM electrolyser
running on the RES. Also, each DBG model of the subsystems can be used for the diagnosis at
the subsystem level, if the subsystem can be decoupled from rest of the system by knowing the
inputs and outputs (by measurement) to the subsystem concerned.

Global Diagnosis

Subsystem - S, Subsystem - S, " Subsystem - S,
1 | . |
Comp-S;, Comp-S;, === Comp-S,. Comp-S,, Comp-S,, === Comp-S,
Lo |
Comp-S,, Comp-S,, = === Comp-S,.

Figure 4.2: Multi level diagnosis for PEM electrolyser

For FDI the residuals are generated from ARRs systematically deduced from the BG model
of PEM electrolyser. For strengthening the FDI algorithm against uncertainties, LFT BG is
utilised [194, 195]. ARRs are the relations that are obtained from the junction equations in DBG
and are expressed in the terms of known variables and parameters of the system. Numerical
computation of these ARRs gives the residuals that are used to detect the occurrence of the
fault (during normal operation, and without any disturbances and uncertainties, the numerical
value of the ARR is equal to zero).

4.2 Model based diagnosis using BG

BG is a well-developed graphical modelling technique in which the systems or subsystems can be
modelled with few elements (Se: source of effort, S f: source of flow, R: resistance (dissipation
of energy), C: capacitance (potential energy storage), I: inductance (kinetic energy storage),
Tf: transformer and Gy: gyrator (for energy conversion between different physical domains),
etc.) that represent physical phenomena. Irrespective of the physical domain the nature of
these elements remains unchanged. Half arrows known as power bonds are used to connect
these elements. These bonds represent the power exchange between the elements where the
power is a product of generalized effort and flow. Therefore, BG is a unified approach that can
be used in a similar way for the systems that belongs to different physical domains. The basics
of the BG technique and its application for the modelling and FDI into process engineering
si presented in appendix B. Moreover, LF'T BG can be implemented for obtaining a robust
diagnosis (for avoiding false alarm) by generating thresholds that are adaptable with respect to
the degree of uncertainties in the parameters [194, 195].

4.2.1 Diagnostic BG model of PEM electrolysis cell/stack

For the development of diagnosis algorithms, BG model in derivative causality is preferred over
integral causality (used for simulations and study of the system behaviour [196]). Causality
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represents the relationship between cause and effect in BG. Derivative causality does not require
the knowledge of system initial conditions (initial conditions are not clearly known for diagnosis
and hence avoided). In DBG model, the sensors are considered as a source of effort and source
of flow elements. The DBG model of the cell/stack of PEM water electrolysis is shown in
Figure 4.3, where different sub-models related to electro-chemical, chemical, thermal and fluidic
phenomena have been highlighted.

Thermal
Submodel

Eml

E Electro-Chemical

[ Submodel Ly = 0

: act,a RS . RH“’H act,a Qi”v
: Ea | 2"\ TR

i db
! | Battery Bos cell 1 k 1 ohm RS:R,, Ooim 0
1 E et E o

: et rev Eact.c Qa(‘r,z‘

: T RS: Ry

i

i

i

RS : R,

Mo, :f(poz) Mo, Vo, 502 1 AHZ If Hi, Tf: -
I YL R Y A R A
M0 H(prz0)H20 1vino o

M prod Hy

Meons, 1,0

M prod 0 Fluidic Submodel

Figure 4.3: DBG model of the cell/stack of PEM water electrolyser

4.2.1.1 Electro-chemical Sub-model

Electrical sub-model represents the relationship between the voltage applied to the cell (E.e)
and the voltage required for actual electrolysis known as reversible voltage (Eev).A significant
amount of the applied voltage is lost due to the losses (such as activation losses, ohmic losses
and mass transport losses) which occur in the cell/stack. These losses are termed as overvolt-
ages. The relation of different overvoltages with F..; is modelled using 1-junction. Different
overpotential losses are modelled by two-port RS resistive elements, i.e. Ronm, Ract,as Ract,c and
Ryt , respectively, denote Ohmic loss (Eopy, from membrane, electrolyte, etc.), anode activation
loss (Eqct,a), cathode activation loss (Egetc) and mass transport loss (Ep,:) whose relations are
given as [194]

thm = cell-Rohm (4-1)
R.T. . .o
Eact, k= %Tig}.arcsmh (2;;k> ik=a, c (4.2)
R. Ty Teen
Ent = In{1 4.
¢ Q.B.Fn< T, (4.3)
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where o, and Ij j, are, respectively, the symmetry factor and standard current exchange density
at k'™ electrode, R is the ideal gas constant, Ty is the cell/stack temperature, 3 is the diffusion
constant and Iy, is limiting current due to mass transport. Here, RS elements couple the elec-
trical energy domain with the thermal energy domain, where Q;,, is the cumulative irreversible
rate of heat due different losses in resistors Ronm, Ract,a, Ract,e and Ry Also, the phenom-
ena related to electrical and chemical are coupled by using T'f : 1/2F element that connects
reaction rate C with cell current I .; and thermo-dynamical potential (E,¢,) with Gibb’s free
energy (AGR) using Faraday’s law as

I A
cell Erev — ﬁ (44)

C=oF W T

where n is number of electrons and F' is Faraday’s constant.

4.2.1.2 Chemical Sub-model

Chemical sub-model helps in establishing the relations for the generation of hydrogen and oxygen
and consumption of water. In the chemical sub-model, AGg relation with the different affinity
(4;) is modelled by using 1-junction and rate (mol/s) of consumed reactant and produced gases
by Tf : v; as

AGRr = Ags + Aoz — Amoo (4.5)

Icell
n.F

where 7n; is the molar flow and v; is the stoichiometry co-efficient. Also, T'f : f(p;) is the
transformation from fluidic to chemical potential, y; (Tst, pi) = pd + RTIn(a;), chemical activity
a; is equal to partial pressure (p;) of the it" species.

(4.6)

7.”Li = Vi~< = V.

4.2.1.3 Fluidic Sub-model

Fluidic model is based on the conservation of mass flows on both anode and cathode sides. In
fluidic sub-model, C : Cypno and C : Cgy; are, respectively, the capacity of storage of matters
at anode and cathode side, field resistive element R : Ry;fq, i.e. R : Ryrpm2, R Raify o2,
R : Rgifr m20, transformer T'f : neo.Mp20 model the resistances for hydrogen crossover, oxygen
crossover, water crossover from cathode to anode, electro-osmosis drag from anode to cathode,
respectively. The mass flow conservations at anode and cathode are modelled by respective 0-
junctions, where 1114 0sep; Te, Hsep @0 Trec,a, Myrec,c, are the fluid outflows from the stack and the
pumped water at the anode and cathode side, respectively; and 1cons, H20, Mprod, H2s Mprod,02
and 1o, 120, respectively, are the consumed water, hydrogen produced, oxygen produced and
electro-osmosis drag water. The constitutive relations for element R : Ry, rr; and electro-osmosis
drag are given as [191]

. AP,
Mdiffi = Rd'f;' (4.7)
if fyi
. . L Icell
Meo,H20 = Neo-Mp20.¢ = neo-MHQO-n F (48)

where AP; = (pe;i — pa, i) is the difference in partial pressure at cathode and anode, x.; and x4;
are the respective mass fractions (for calculating partial pressures), ne, is the electro-osmosis
drag coeflicient and M; is the molar mass of the ith species. Also, in the DBG model, Rpyq.q4
and Rjyst,. denote the internal hydraulic resistances at anode and cathode sides of fluidic flows,
respectively.
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4.2.1.4 Thermal Sub-model

In thermal sub-model, C': Cst and R : Rst model the stack’s thermal capacity and dissipative
resistance, respectively. Thermal capacity C : Cst is associated with the stack temperature
using different enthalpy rates such as Hyecq), Hrec ¢ and Ha Osep Hc _Hsep due to pumped water
from OS, from HS (optional) and fluid exit to OS and exit to HS from stack, respectively, and
Q“nr due to irreversible losses, QS due to entropy change in endothermic reaction and Qst enc
due to temperature gradient between stack and enclosure. The R¢ element shows coupling of
fluidic to thermal flows.

4.2.1.5 Pump Sub-model

The pump that is used to feed the water to the cell from the separator tank is modelled as a
source of flow with the following characteristic equations

kdeey for 0 < Ieoy < Imax
mp = (I)(Icell) = k.Imax for Teeyy > Imax (49)
0 otherwise

where i p is the flow imposed by the pump, I, is the saturation current.

4.2.2 ARR generation using LFT BG

ARRs are the relations that are obtained from the junction equations in DBG and are expressed
in the terms of known variables and parameters of the system. Numerical computation of these
ARRs gives the residuals that are used to detect the occurrence of the fault. During normal
operation, and without any disturbances and uncertainties, the numerical value of the ARR is
equal to zero. However, practically the value is non-zero due to sensor noise and parameter
uncertainties. Hence it is required to use adaptive thresholds to account for robust diagnosis.
Also, in the presence of high noise in the measurement data, the signals need to be filtered. The
systematic extraction of ARRs from DBG has been discussed in B.2 and can be found elsewhere
in details [175]. The real measurements obtained from the different sensors, such as cell current
(I.ell), stack temperature (Tst), pressures at anode (Py;,,) and cathode (Peqt), mass flows from
stack to oxygen separator (7ivq,0sep) and to hydrogen separator (1. msep) are the inputs to the
DBG model. As developed in [128], the candidate ARRs are represented by conservative law
equation deduced from ”1” (sum of efforts = 0) and ”0” junction (sum of flows = 0) associated
with at least one sensor in considered junction.The unknown variables are then eliminated using
causal covering paths. Based on this, the following candidate ARRs can be generated:

ARR1 = Erev + thm + Eact,a + Eact,c + Emt - Ecell (410)

. . . . dP
m —m —m +m + Clano. 2o
ARR2 _ a,0Osep rec,a prod,02 cons,H20 ano-~ J¢

+meo,H20 (4 11)
—Mgiff,H2 — Mdiff,H20 + Mdif {02

. . . . dP., .
ARR; = Me,Hsep — Mrec,e — Mprod, H2 — Meo,H20 T Ceat- dt L — mdif f,02 (4 12)
+mgiff.H20 + Mdiff,H2

ARR4 = a ,Osep — Pano - ma,Osep-Rhyst,a (413)
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ARRE) c JHsep — Lcat — mc,Hsep-Rhyst,c (414)

dT ) ) ) ) ) ) )
ARRﬁ = Cst-d75t - H’rec,a - Hrec,c - Qirr + QS + Ha,Osep + Hc,Hsep + Qst,enc (415)
ARRT is obtained from the characteristic equation of the pump (¢(Ice)) used for feeding

water to the anode side and the measurement through the flow sensor Qp and is written as

ARR7 = @ (leent) — Qp (4.16)

The pump on the cathode side is optional and depends on whether the water is fed to the
cathode side or not. ARR can be generated in a similar way if the pump for the cathode side
also exists (not considered here).

However, ARR; (i = 1, 2..., 7) presented in equations 4.10 to 4.16 show the nominal part
of ARRs. To account for different uncertainties in parameters, system is usually modeled in
LFT, called DBG-LFT model [195]. For example, uncertainties in the parameter RS : Roppm,
and current sensor I..; can be detached from their nominal part and can be presented as

hm - ROhm + A}zohm (417)

()

*
I cel

1= Teen = AIcell (4.18)

where R, . I*, are the real and Rohm, Icen are the ideal resistance and current, respectively;
ARohm = O0r.,  .Ronm and Al are the respective uncertainties. Thus, constitutive relation

ohm

for R?,  is given by the Ohm’s law as

E*

ohm —

I Ry = een & Aleen). (Rohm + ARohm)
cell- ROhm :l: AICQH Rohm) ( Cell'éRohm'ROhm)
Eohm £ Aleen. Rohm) + wg

E (4.19)
E :|: WR,

ohm

IR

ohm

Hence, the real Ohmic loss E,Am* in real cases is represented by LFT model as shown in
figure 4.4. Likewise, uncertainties in other parameters can be modelled (the methodology has
been discussed in B.2).

Thus, the residual evaluated with real measurements and parameters is presented as

Ti = Tni £ Ar (4.20)

where r,; is the nominal part and Ar; is the uncertain part. The uncertain part provides
the residual bounds, called as adaptive thresholds. During normal operation residual is within
the adaptive thresholds and in case of any degradation in any part residual crosses the adaptive
thresholds.

After replacing all the unknown variables in terms of known parameters and measurements
variables of the system, the residuals, equations 4.10 to 4.15, are rewritten as

™ =

R.T, Ppo)"H2 . (Pp2)"02 R.T. . T
E%. + wostn, <( 2) VH%) ) Leenn-Robm + aﬂf%arcsmh (2.106” )
! (4.21)

(am20) 0, a
—+ R.Ts 1 (1 + CC”) — Ecell + ATl

ac.n.F

cell
arcsinh <72 £ C) + 35
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Figure 4.4: A LFT model for uncertainties in resistor and current sensor

. . T 1, dP,
_ Mg,0sep — Mrec,a — vo2-Moo. nce]l?l + vH20-Mu20. ncefl:{ + Cano- cﬁno 4.99
T2 = +Neo- Moo Teen — _APps _APgag APoo + Ary ( : )

co- ‘n.F Raify H2 Raiff H20 Raifr.02
. . I, 1 dP,
_ Me¢Hsep — Mrece — vio-Mpys. npe}lré — Neo-Mp20- npe}l?l + Ceat- d’zat 49
3= _ _APpo AP0 APpz | Arg (4.23)
Rairr,02 Raifr,H20 Rairr,H2

T4 = Pa,Osep - Pano - ma,Osep'Rhyst,a + A7’4 (424)
s = Pc,Hsep — Peot — 7;nc,Hsep~Rhyst,c + Ar;s (425)

dT. . . 2
Cat. dtSt - mrec,a-OP,H2O-Trec,a - mrec,c-CP,H2O-Trec,c - Icell-Rohm
— BTst_gresinh (2%(;11&) Teenn — BTy arcsinh< ]Ce”c> deent

ag.n. b ac.n.F 2.1y
T m Leci Loei . (4.26)
Taprin (1 T ) Aeent + 355 Tst-ASR + 110,05ep-CP, fluid-Ta,0sep
+rive Hsep-CP, fluid-Te, Hsep + TS%ST:M + Arg
r7 = ® (leen) — Qp (4.27)

4.2.3 FSM and Coherence Vector

FSM is the matrix that shows the relationship between the faults and ARRs [207]. The elements
of the FSM can take a value of either 0 or 1 depending on the following condition

FSMj; = { 1 when ARR; is sensitive to parameter P; (4.28)

10 otherwise

Each row of the FSM represents the signature for the considered fault. According to different
sensitivity of residuals, equations 4.21 to 4.27, FSM for the system can be obtained [128, ].
FSM for the PEM water electrolysis cell/stack is shown in Table 4.2. The column Ip represents
the detectability or monitorability of the fault. If the value of Ip = 1, the fault is detectable
in the corresponding row component; and if the value of Ip = 0, it is non-detectable. The
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Table 4.2: FSM for PEM electrolyser cell/stack

ARR—
Fault|
Rohm
Ract,a
Ract,c
Rmt
Raifr a2
Raifr.02
Raiff 20
nEO
Fluidic Cano
Ccat
Rhyst,a
Rhyst,c

Fpump,a
Thermal R

=
3
3
(V)
<
w
=
S
=
ot
<
o
=
3
~
w]
~
Q

Phenomenon,

Electro-chemical

O OO O|O|IO|O|OOO|H|
(o) Nl o) Nl Rl Wy et By By BT Neo) Nen) Nan ) Nan)
()Nl Nl Neol il Neol oA Al Bl Nenll Nen) Nen) Nan)
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el Ll il e i i e e e e e e
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column I~ denotes the faulty component’s isolability index. If the value of the I = 1, the
faulty component is isolable and if the value of I = 0 it is non-isolable.

Table 4.2 shows the FSM for the PEM electrolyser.

The column Ip of table 4.2 represents the monitorability of the faults. Value of 1 means
that the fault is monitorable and 0 means non-monitorable. As it can be seen from the table
all the faults considered are monitorable. The column I of table 4.2 represents the isolability
of the faults. Value of 1 means that the fault is isolable and 0 means non-isolable. The faults
cannot be isolated if the signatures of more than one fault are the same.

For the real-time monitoring of the system, the ARRs values/residuals are continuously
monitored using a coherence vector (in binary format), represented as in (4.29), and whose
elements ¢; are evaluated using (4.30)[207].

C = [c1,¢2,C3....0m) (4.29)

. { 0 if —&; < Eval[ARR] <¢;

1 otherwise (4.30)

where g; and —¢; are the upper and lower threshold bounds for i** residual obtained from its
uncertain part. The value of every element of the coherence vector is 0 for a healthy system.
Each element of the coherence vector is continuously monitored and if the value of any element
becomes one, a fault is said to have occurred. For isolation of the fault,the coherence vector is
compared with FSM.

Different parameters presented in FSM (table 4.2) related to different type of faults. Increase
of Ropm T reflects membrane degradation by corrosion, contamination, etc. Increase of Rye i T
reflects possible degradation in catalyst layer (sluggish reaction), which depends on change in
charger transfer coefficient () or current exchange density (Ip ). Usually, anode catalyst layer
is more susceptible to such degradation due to high working overpotential. Increase of Ry,; T
reflects the partial blockage of reactant flow due to bubbles formation at high operational current
density , which depends on change in limiting current (/r). Likewise, decrease in Rgfr; |
reflects the increase of crossover diffusion flow due to phenomenon of gas-cross permeation
through membrane. The catalytic recombination of hydrogen-oxygen due to crossover diffusion
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is one of the dangerous phenomenon which causes membrane burning, especially at cathode
side, Rgiff02 |, due to presence of platinum catalyst [122]. The change in ne, is responsible
for identifying the hydration level in the membrane. The decrease n, | or increase ne, T value
shows the drying or flooding degradation of the membrane. Parameters Cy,, and C.4 reflect
change in capacity of storage of matters. Increase of Ry, 1 T reflects the scaling formation
in pipe due to fluid contamination. Decrease of Ry | reflects the change in heat dissipation
limitation of the stack during ageing. The F}yp . denotes pump fault at anode side. However
pump in cathode side is optional and depends on whether the water is fed to the cathode side
or not. Thus fault in pump at cathode side is not considered. However, it can be included in
a similar way if the pump for the cathode side also exists. It is clear that for the PEM water
electrolyser cell/stack, all the degradations in the components are detectable and the related
phenomenon is isolable using FSM. But, according to current instrumentation of the system,
only parameters Rpyst ., Rhyst,c; Canos Ceat and Ry are directly isolated from FSM after fault
detection. However, a second level of isolation technique, i.e. parameter estimation, can be
triggered for others as given in [200].

4.2.4 DBG Model for the BoP

Using the same approach as demonstrated above, the DBG model for the auxiliaries can be
obtained in order to generate the residuals and FSM for each subsystem.

4.2.4.1 DBG Model for Anode Side Recirculation Circuit (Including Cooling Cir-
cuit)

In the DBG model (figure 4.5) of the anode side recirculation circuit which includes the cooling
circuit, four sensors are considered to be installed in order to measure water flow rate to the
stack (1yec,q), temperature of the recirculating water (Tyec,q), temperature of cooling system for
heat exchanger(7T,,0) and temperature of the coolant tank (7.y4). Four residuals are obtained

Anode Side Recirculation Circuit Cooling Circuit
MSf
mrﬂc,a
Msf i, — R:R,., Msf 21,y
j I
S |Mse:p, ;2 b Y
S S€: L0 = 1, 0 — | 1} b= 11..}
g = <--- = e 11,1
53 M, 0, MSe: Mrec.a g
3 E Lo CCr =
,,:,0 = L. 2 c:ct,
= A\ Mse: T~ } < | 8
o se . 56p,02 —?'I RL l_' 019_'| RL.| — ?;)
= Jog H,o I
_____ e Lo
Q.Om enc / Heat \, anl H,, H cold
R:Rpeone k—— 15 Exchanger Ly— R:R,,. — R I—r/ou—ﬂ R b—
} i T Mse: t
cool i cool h
Mse:-T,, i 00— C:Cy, ' Msf =0 .
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Figure 4.5: DBG model of the anode side recirculation circuit (including cooling circuit)
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Table 4.3: FSM for anode side recirculation circuit (including cooling circuit)

Phenomenon/| l;‘alel{tj ri|ro |13 | 14| Ip | I
Fluidic Efiremm 11000 1 1
ch.lol1]olo]1]o0

Rpter O] 1|10 1 1

Thermal Rorecenc | 0 | 1 1 0] 0 1 0
cth, lololo|1]1]1

ch Jolo|1]o]1]1

(equations 4.31 to 4.34) from the junction equations where the sensors are placed.

= Prec,a - RLrec,a'msep,Og + Ary (431)
3 th dTrec,a . T’rec,a_T !
msep7OQ-CP,fluid‘T58p702 - Crec,a‘ dt mrec,a-CP,fluid‘Trec,a - Two
ry — di (4.32)
o T’rec,a Tenc :l: A
ROT&C@nc 2
Trec a Tcool dT,
, . th cool .
rg=—F—*t mcool-CP,coolant'Tcold - Ccool' - mcool~CP,coolant-Tcool = AT?) (433>
Rhetx dt
. : th chold .
T4 = mcool'CP,coolant~Tcool - Qcald - Ccold' - mcool~CP,coolant-Tcold + A7"4 (434)

dt

The FSM for the considered parametric faults is shown in table 4.3. Decrease in Rryecq |
represents the leakage in the recirculation circuit. Increase in Rpet, T represents the inefficient
heat exchange due to fault in heat exchanger. Change in the parameters CEZZ g and Cﬁ’olol rep-
resents the fault in cooling circuit. It can be seen from the table 4.3 that all the values in
column Ip are 1. Therefore, all the faults are monitorable. The values in the column I shows
that all the faults C’f,’c}qa and Rorecenc can be isolated as they have same signature. The pump
faults were not considered in the presented DBG model, but can be easily detected using their
characteristic equation as done in the case of stack DBG model.

4.2.4.2 DBG Model for Cathode Side Recirculation Circuit

Similar to DBG model of anode side recirculation circuit, DBG model for the cathode side
recirculation circuit is shown in figure 4.6. Two sensors are considered in recirculation circuit.
One flow sensor to measure the flow in the recirculation circuit 1., and another for measuring
the temperature of the fluid in the recirculation circuit.

The residuals are calculated as

r = Prec,c - RLrec,c-msep,HQ + Arp (435)

dTrec,c
dt

The FSM for the cathode side recirculation circuit is shown in table 4.4.

Trec,a - Tenc

RHrec,enc

. th .
T2 = Mgep,Ho 'CP,fluid-TSep,Hz - Crec,c‘ - mrec,c-CP,fluid-Trec,c - + Arg (436>

4.2.4.3 DBG Model for Hydrogen Separator

The key faults in the hydrogen separator is the leakage faults (leakage of gas and leakage of
water). The leakage fault directly affects the thermal capacity also as the two phenomenon
are coupled. DBG model of the hydrogen separator is shown in figure 4.7. Three sensors have
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Figure 4.6: DBG model of the cathode side recirculation circuit

Table 4.4: FSM for cathode side recirculation circuit

ARR—
Phenomenon] Fault| ri |2 | Ip | I,
Fluidic Rirece 11011
G ol1]11]o0
Thermal rea.e
RH rec,enc 0 1 1 0

been considered in the hydrogen separator. One flow sensor to measure the gas flow at the
output of the hydrogen separator (rippe,), one pressure and one temperature sensor at the
outlet towards the recirculation circuit. If the BG model cannot be represented completely in
derivative causality, it means that it is not possible to eliminate at least one unknown variable
and that the system is not monitorable. For the chemical part of the hydrogen separator model,
it is not possible to write C' : C’f-_}gep in derivative causality without causing causality conflict at
junction 176. Therefore the first residual of this subsystem is a hardware based. This residual
is written as

P - P
r = mchv — Mhppcy = m;klpcv - ( gaSEQ hpcv) + Ar (4'37)

sep,hc
where mzpcv is the sensor measurement. P, p, is calculated from the chemical compliance
element C' : Cglsep. As this element represent the physical volumetric capacity of the separator

vessel, it is considered to be a robust parameter. The other two residuals are written as

fl dPsep,Hg _ (Psep,Hg - Psepv

Ty = xcw-mc,Hsep - msep,Hg — Ysep,Hs dt R > + ATQ (438)
sepv

th dT. JH. S .
C S(ef; z + Hsep,Hg - Hc,Hsep + mhpcv-CP,fluid-Tsep,Hg

sep,Hs
Pgas,HQ_Patm Tsep,H2 —Tenc
r3 = + ( Roafe -CP,fluid-Tsep,HQ + Rifsep.onc (439)
P.sep,HQ_Psep'u
+ (Tem -Cp,water-Tsep,HQ + Arsg
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Figure 4.7: DBG model of the hydrogen separator

The FSM for the hydrogen separator is shown in the table 4.5. out of four, only two faults are
isolable.

Table 4.5: FSM for hydrogen separator

Phenomenon/| ?j}lﬁf ri|re |13 | Ip | Ic
Rsep,hc 1 0 0 1 1

Fluidic Rsepw 0|11 1 1
Rsafe 0 0 1 1 0

Thermal Rpsepenc | 0 | 0| 1 1 0

4.2.4.4 DBG model for Oxygen Separator

The DBG model for the oxygen separator (shown in figure 4.8) is similar to that of hydrogen
separator. Three sensors were considered in the similar configuration as that of hydrogen

separator.
The residuals for the oxygen separator are
Pso, — P,
Y g gas,U2 gas,oc
Ty = m;as,oc — Mgas,oc = m;as,oc — ( R + Arp (440)
sep,oc
d S . l dPsep,Og .
To = Taw-Ma,Osep + Msepw + Miank — Cfep,oz,T — Mgep,0y £ ATy (4.41)

dTsep,0 . " g Tsep,09 —Tenc
Cth p,02 1+ H — H _H + < P,02 >
g = sep,02  di sep,02 sepv ' tank Rosep enc (442)

+mgas,oc-CP,fluid-Tsep,Og - Ha,Osep + Ars
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Figure 4.8: DBG model of the oxygen separator

Table 4.6: FSM for oxygen separator

ARR—
Phenomenon, Fault| ri|re | 13| Ip | Ic
Tt e ae 1100 1 1
uidic yil
C; p.Os 0|10 1 1
RHsep.enc 0 0 1 1 0
Thermal C§Zp702 001 1 0

The FSM for the oxygen separator is given in table 4.6.

4.2.4.5 DBG model for Purification Subsystem

The DBG model of purification sub system is shown in figure 4.9. T'wo sensors were considered
to be installed in this subsystem. First sensor is the flow sensor installed at the outlet in order
to detect the leakage or blockage fault. Second sensor is the temperature sensor to measure the
temperature of the drying column.

The residuals for the purification subsystem are written as

Prrgas — Pouri
o . gas puri
1= My — Mpuri = Moy — (R + Ary (4.43)
dry
th Tdry Prgas—Patm ) . ) )
Ty = Cdry dt + Rexhaust 'CP,flmd-Tdry + mpurz-CP,fluzd-Tdry (4 44)
- : : Tgry—Te .
—dlads — thcv + ﬁ + £Aro

The FSM for the purification system is shown in table 4.7.
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Figure 4.9: DBG model of the purification subsystem

Table 4.7: FSM for purification subsystem

ARR—
Phenomenon| Fault) ri | re| Ip | Ic
. Ry 110 1 1
Fluidic Rosnous | 0 | 1 1 0
h : ch, [oJ1]1]0
erma
Rdry,enc 0 1 1 0

4.2.4.6 DBG Model of System Enclosure

The DBG of the system enclosure is shown in figure 4.10. A temperature sensor is considered in
the enclosure in order to measure the interior temperature. It is assumed that the temperature
is homogeneous. The fault may occur due to the failure of the fan or clogging of the ventilation
holes. Both faults will result in the increase of the temperature. The residual for the concerned
system is written as

Tenc - Tatm
Renc

Ct h dTenc

enc ¢ + mfan~CP,air-Tenc + (

> - sts - mfan-CP,air-Tatm (445)

The FSM for the system enclosure is shown in table 4.8.

Table 4.8: FSM for system enclosure

ARR—
Phenomenon/| Fault] r1 | Ip | Io
ct. |1]1]o0
Thermal R 1 1 0
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Figure 4.10: DBG model of the system enclosure

4.3 Conclusion

Model-based robust diagnosis was presented in this chapter. The modular approach that was
used to develop the generic dynamical model of the PEM water electrolyser was also adapted
in the diagnosis of PEM water electrolyser. The DBG models of the components of the PEM
electrolyser were developed and the structural analysis was performed to know which faults
are linked with physical interpretation of model and known patterns of degradation and are
detectable and isolable. The diagnosis results for both offline and online diagnosis are presented
in chapter 5.
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This chapter focuses on the implementation of the model developed in chapter 3 and diag-
nosis algorithms developed in 4 to a laboratory scale single cell PEM electrolyser powered by
solar and wind energy. The model was first validated and then utilised for the performance sim-
ulations. The diagnosis algorithms were tested offline and then incorporated into a supervision
platform developed for the experimental test bench under consideration.

5.1 Experimental Setup

The experimental setup utilized for the present study was commercially supplied by the
Heliocentris®. It consists of a laboratory scale, commercial, single cell PEM electrolyser of
300W connected to a hybrid multi-source platform as shown in figure 5.1.

Wind Turbine /}\

Anemometer 1

Electrolyser

H, Bottle

Controller
=,
Batteries

Photovoltaic
Pyranometer r it

INTERMITTENT SOURCES
HYDROGEN STORAGE

Figure 5.1: Experimental platform of the PEM electrolyser running on intermittent sources.

The platform is powered by two photo-voltaic panels (200W power per panel), permanent
magnet type wind turbine (350-400W power) and two batteries (act as buffer with 55Ah capacity
per battery). The PEM electrolysis cell is fed with water at the anode side only with a constant
flow rate of 0.017 kg s~! and the produced hydrogen (pressure range 1.4-10.7 bar) is stored
in the metal hydride canister (Hz bottle) of 760 standard liter capacity. The block diagram
representation of the single cell PEM electrolyser is shown in the figure 5.2.

By default, one can only measure the hydrogen production rate of the electrolyser and the
measurements from other sensors (such as internal and external pressure sensors) is used by
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Figure 5.2: Block diagram representation of single cell PEM electrolyser.

the black box controller (to which we do not have an access) for the operation and safety of
the system. Therefore, in order to acquire the data from the electrolyser and to increase the
monitorability of the system, four sensors (flow sensor to measure hydrogen output flow rate,
temperature sensor to measure water tank temperature, current and voltage sensors to measure
electrical input to the cell) were placed in the electrolyser as shown in figure 5.3.

Voltage and current
Sensors

Hydrogen Flow Sensor

Figure 5.3: Positioning of the sensors installed.
The process for data acquisition is illustrated in figure 5.4. For the data acquisition, a PLC
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was used to receive the analogue signals from the sensors and convert it into measurements.
The measurements are then transmitted to the MATLAB® Simulink.

—E

Sensors \ Measurement
—_——— 0 | = — ——

~ signals data

PLC

MATLAB Simulink®

Figure 5.4: Data acquisition system.

5.2 Experimental validation and simulations of PEM electrol-
yser model

In order to reduce the complexity, only the model of the single cell PEM electrolyser was
considered for the presented study and the intermittent sources were considered as an electrical
source with signal noise (to represent intermittent nature). The model of the electrolyser was
first tuned with the help of experimental data. The key parameters for the cell were identified
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O 1 1 1 1 1 1 1

12 T T T T T T T
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Joe 8 M i

2.8 T T T T T T T

AGy 2.2 Wﬂw .

1.6 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Number of Iterations

Figure 5.5: Parameter estimation for the sub-model of the stack.

using non-linear least square error optimization technique with the help of MATLAB’s built-in
function ”Fminsearch”. The objective it to find the values of dyy, ngf , AGyq, Jgif , AGp e,
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to minimize the difference between experimentally measured characteristic curve and the one
generated by the model using equation 3.15. The estimation of these parameters is shown in
figure 5.5.

The bounds for the parameters values are taken based on the values form the literature
for better estimation [12, 15, 28 202]. Other parameter values such as recirculation pump
flow, height and cross-sectional area of hydrogen separator are taken based on the system
specification provided by the manufacturer. The polarisation (characteristic) curve from the
actual measurements and the one estimated using the developed model are shown in figure
5.6. The mean absolute percentage error between simulation and experimental data is found
to be 4.8% which is reasonable and well within the acceptable limit for simulations and for the
development of control and diagnosis algorithms.

5 T T T T T T T

A Experimental data at 38°C

451 | Fitted model at 38°C

41
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Figure 5.6: Comparison of experimental data and estimated polarization curve at 38°C.
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Figure 5.7: Simulation of polarisation curve for different temperatures.

Figure 5.7 shows the predicted characteristic curve at different temperatures. It can be
seen that with the increase in the cell temperature the required cell voltage for electrolysis
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decreases. The predicted performance is in good agreement with the expected behaviour of the
electrolyser found in the literature [15, 28, |. In comparison, the model offers prediction as
good as classical models but more scalable or physical is an asset.

5

Ece/l (V)

/ cell (A)

Figure 5.8: Contribution of different overvoltages in polarization curve.

Figure 5.8 shows the contribution of different overvoltages in the overall cell voltage. It can
be seen that with increase in the current the ohmic losses increases linearly. The contribution
of the activation losses in the overall cell voltage remains almost constant. The losses due to
mass transportation is negligible for small electrolysis cells and hence it is neglected.

Figure 5.9 shows the variation of the cell efficiency with respect to the cell voltage.The
efficiency of the cell is constant till the cell voltage is less than thermo-neutral voltage. Once the
cell voltage exceeds the thermo-neutral voltage, the efficiency decreases continuously. However,
the efficiency at the system level can be calculated as discussed in section 3.3.2, but, due to
the limited number of the sensors placed in the experimental platform, the power consumed by
different auxiliaries cannot be measured. Hence, the system level efficiency is not shown.

100

80r

Efficiency (%)

701

60 - - - - -
12 14 16 18 2 22 24

E cell (V)

Figure 5.9: Efficiency vs cell voltage for PEM electrolysis cell
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Figure 5.10 shows the prediction of the temperature evolution of the cell from the thermal
sub-model. The temperature starts rising from the ambient temperature and attains a constant
value when the steady state of the operation is reached.

318

3147

3101

Tcell (K)

306 1

302t

208 : ' : : ' '
0 20 40 60 80 100 120 140
Time (s)
Figure 5.10: Predicted temperature evolution of PEM electrolysis cell

To predict the performance of the electrolyser powered by intermittent sources, a simulation
of the electrolyser directly powered by the combination of solar and wind energy is performed.
Figure 5.11(a) shows the total power fed to the cell by the converter and this figure also shows
the individual contribution of each intermittent source. Figure 5.11(b) shows the input voltage
to the electrolyser model with the objective of achieving high rate of hydrogen production and
maintaining the hydrogen output pressure at 11 bars.

‘ — Solar Power — Wind Power  — Total Power |

Ecen (V)

Time (Hour)

(b)

Figure 5.11: (a) Powers consumed by the cell for 12 hours run and (b) Input voltage for the
cell running on intermittent sources.

Most of the part of this voltage is lost due to overvoltages. Figure 5.12 shows the contribution
of each overvoltage and reversible voltage in the overall cell voltage for 12 hours operation.

The current drawn by the cell and the corresponding hydrogen production are shown in the
figures 5.13(a) and 5.13(b), respectively. It can be seen from the figure 5.13(c), the efficiency of
the cell is about 40%. This is due to the fact that the current electrolyser is designed to run at
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Figure 5.12: Contribution of different overvoltages in cell voltage.
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Figure 5.13: (a) Current drawn by the cell during 12 hours of operation, (b) hydrogen production
and (c) corresponding cell efficiency for the cell.

particular set point with the objective of delivering continuous hydrogen flow at higher rates.
This is achieved by running the electrolyser at higher voltage (around 4 to 5V) which results
in reduced efficiency. The predicted cell temperature profile for considered 12 hours operation
is shown in figure 5.14

The estimated pressure on anode side (P_ano) and cathode side (P _cat) are shown in figure
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Figure 5.14: Evolution of temperature of the cell during 12 hours of operation.

5.15. The anode side pressure is maintained around atmospheric pressure. The cathode side
pressure is maintained around the set point of 11 bars with the help of the on-off valve.
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Figure 5.15: Pressure at anode and cathode for 12 hours operation.

The evolution of the pressure of hydrogen storage bottle is shown in figure 5.16. The internal
volume of the storage bottle was considered to be 38 liters and it was assumed that the filling
takes place at constant ambient temperature.

In order to improve both efficiency and hydrogen production rate, the number of electrolysis
cells should be increased. In the current study, intermittent power is directly taken as an
input for the model to predict the electrolyser’s performance. However, in real electrolysis
system running on RES, the controller with buffer power source (battery) with operating mode
management is always present [17]. This is important to maintain the constant input power to
the cell in reference to the set point for stable operation and to avoid faster degradation of the
cell membrane.
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Figure 5.16: Evolution of the pressure of hydrogen storage bottle during 12 hours operation.

5.3 Offline diagnosis of the PEM electrolyser

For testing the FDI developed in 4.2, three parametric faults in the electrolysis cell were con-
sidered. Simultaneous occurrence of multiple faults is a very rare event but the sequential fault
is very common in the industry. Therefore, it is assumed that these faults occurred one at a
time. To perform the FDI at the subcomponent level, DBG model of electrolysis cell was con-
sidered. To emulate the actual system, the model developed in 3 was used under MATLAB®
Simulink environment as shown in figure 5.17. This allows the possibility of testing different
fault scenarios without endangering the actual system.

\Load Parameters\

(Double click to load parameters) clock

0
| . m
Q 0
put_Sensors
r
Smy ‘
1 . 0
B
0
1" l 4
D
=)
iput_Sensors
0
L4
— L 4 °
W | i
L 3
Behavioural Model of Electrolyser Diagnostic Model of Electrolyser

Figure 5.17: Offline diagnosis in MATLAB® Simulink environemnt

Faults were injected in the model itself to test the effectiveness of the developed FDI. As the
fault were injected in the model, it is possible to revoke failures, not only change in a resistance
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but even sometimes disappearance of an eltment. The first fault considered is a membrane fault
which causes a 50% increase in Ryp,,. It occurred abruptly between 50 to 100 seconds. The
second fault is also assumed to be abrupt with the increase of 20% in the thermal resistance Ry
of the cell that causes overheating of the electrolysis cell. This fault is injected from 200 to 250
seconds. The third fault is considered due to the oxygen crossover from anode to the cathode
side. This fault is assumed to appear gradually between 300 to 350 seconds and causes changes
in Raiff02-

Figure 5.18 shows the plots for the residuals monitored during the simulation. It can be
seen from this figure that all the faults have been successfully detected.

In order to isolate the faults, the coherence vector is checked at the time at which the faults
occur and the value of residual/s crosses the thresholds. The overshoot of the residuals r; and
rg¢ is due to the initial conditions taken to run the model. At time 50 seconds, it can be seen
that r; and rg crosses thresholds. Thus, the coherence vector becomes [1,0,0,0,0,1,0]. Now
comparing it with the FSM from table 4.2 shows that its signature matches with that of the
first four faults as they all have same signature. Therefore, the fault was successfully detected,
but cannot not be isolated as the similar fault indication could have been the result of any of
first four faults. In order to make the fault isolable, either additional sensors are needed to
be placed or estimation technique could be used to calculate the parameter values from the
residual to compare it with the known good parameter values.

Similarly, at 200 seconds, when second fault occurred, the coherence vector is [0,0,0,0,0,1,0],
which is unique when compared to the FSM. Therefore the second fault can not only be suc-
cessfully detected but also be isolated from other faults.

Although, the third fault starts appearing gradually at 300 seconds, the values of the ry and
ARR3 cross the thresholds at 304.8 seconds. The coherence vector at this time is [0,1,1,0,0,0,0].
When it is compared with the FSM, it can be seen that its signature matches with more than
one fault. Thus, is it not possible to isolate this fault, but, after estimation of the suspected
faults using residuals values, the true fault can be isolated, which is the fault in Rg;rr 02. Using
the similar approach, the offline diagnosis for all the subcomponents of the PEM electrolyser
can be performed using DBG models proposed in 4.2.4.

5.4 Online diagnosis

To implement the developed algorithms on the experimental platform, a GUI (shown in figure
5.19) was developed with the help of team members of PERSI. The GUI allows the monitoring
of various components of the HMP including the electrolyser.

For performing the online diagnosis, the real-time measurements of the system is fed to
the DBG model in order to compute the residuals and these residuals are monitored for fault
detection. It is not easy to introduce an actual fault in the system as it can cause permanent
damage to the system or could be hazardous to the surroundings, no actual, component level
fault could be introduced into the system. A fault was emulated (as shown in figure 5.20) in the
real system by manually turning off the outlet Valve without stopping the hydrogen production.

This disrupts the hydrogen flow from the electrolyser to the bottle. This fault directly affects
the cell voltage and this can be seen from the monitoring of the residual r; obtained in 4.2.1
for electrochemical part as shown in figure 5.21.

The valve was closed at 45 seconds. The residual start moving towards lower threshold
limit and crosses the threshold at 50 seconds. At 65 seconds the valve is opened again and the
residual goes back within threshold limits at 70 seconds. The same fault is re-injected at 120
seconds and removed at 135 seconds. The successful detection of the fault can be seen from
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Figure 5.18: ARRs monitoring and respective thresholds
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the figure 5.21. Although, the fault occurred in a hydrogen purification part, but the effect
was seen on the electrolysis cell itself. This is due to the coupling of different subsystems. The
further diagnosis can be carried out using modular approach if the affected subsystem can be
decoupled as mentioned earlier by knowing the good inputs and outputs of the subsystem. Once
the affected subsystem is identified. The fault isolation could be performed.

5.5 Conclusion

The generic dynamic model of PEM electrolyser was adapted for a commercial laboratory
scale electrolyser running on intermittent sources. The model parameters were calculated using
non-linear optimization technique. The model was then validated against experimental data.
simulations were then performed for the electrolyser running on intermittent sources for 12
hours. Offline diagnosis test was also performed for the developed DBG model in order to
check the effectiveness of the diagnosis algorithms. The results have also been published in an
international conference European Control Conference (ECC 2021). A GUI was also developed
for the supervision of the experimental setup. To test the online diagnosis, blockage fault
(interruption of hydrogen flow) was emulated in the actual system and was successfully detected
by the developed diagnosis algorithms.
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CHAPTER 6

General Conclusion and outlook
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6.1 General Conclusion

GH> has emerged as a strong candidate for the storage of surplus electrical energy available from
RES such as solar and wind. It aligns perfectly with the global need of limiting the green house
effect by reducing the use of carbon based fuels. GHj is the most promising energy vector for the
future as it is pollution free and allows better transport and long term storage in the pressurized
containers. The intermittent nature of RES, however, degrades the performance and affects the
dynamic operation of the electrolysers. Therefore, it becomes necessary to study the coupling
between the electrolysers and the RES in order to improve the performance and reliability
of the equipment. The work presented in this thesis was funded by the E2C project under
European Interreg 2-Seas program (subsidiary contract nr. 2503-019). The project focuses on
the development of two Power-to-X technologies to produce fuel and high value chemical from
the green electricity generated through RES.

6.1.1 Overview of the Literature and Main Contributions

The key focus of this work was to develop a dynamical model for the PEM electrolyser that
can not only be used for the performance analysis of the PEM electrolyser running on RES,
but also for the design of online supervision systems for the detection and isolation of faults. It
was observed from the literature survey that most of the models already developed are equation
based, static and primarily focuses on the phenomena understanding and therefore cannot be
used for the performance study in dynamic operations. There also exist dynamical models for
PEM electrolysers, but very few of them have considered the effects of the BoP (auxiliaries) on
the overall performance of the system. Further, very few of them have addressed the coupling
between the electrolyser and RES. A notable work was presented by Pierre Olivier in 2017 in
the form of a dynamical BG based model of an industrial scale PEM electrolyser. The model
included the BoP of the system and was capable of reproducing the dynamical behaviour of
the industrial scale PEM electrolyser. The model was highly complex, non generic and was not
tested for the smaller electrolysers. The model also lacked the calculation of the efficiency of
the system which is a great performance indicator. The model was also not exploited for the
development of supervision algorithms for the fault detection and isolation for the electrolysers
and needed improvements in terms of BG modelling. The look into the literature also showed
that there is not much work done on the diagnosis and health management of PEM electrolysers.
The most of the work has been done for the diagnosis degradation study of the cell/ stack using
offline methods that involves the use of expensive instruments. Most of the time the electrolysis
cell and stack is disassembled for visual inspection and performing microscopic analysis. A
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negligible work was found on the model based diagnosis of PEM electrolysers that could be
used for the detection of the faults in real-time.

A generic dynamical multi-physics model for the PEM electrolyser was proposed in chapter
3 based on the BG approach. The modelling of the key components of the electrolyser was
carried out in the form of capsules (sub-models). These capsules are based on the physical
structure of the component and therefore have certain inputs and outputs and can be connected
to other capsules in the similar way the actual component is connected to other components
physically. These capsules are assembled based on configuration of the electrolyser in order to
obtain the global model. This allows the model to be adapted for different configurations of
PEM electrolysers without starting from the beginning. New capsules can also be added, if
required, in order to represent the components not presented in this work. Modification of the
capsules is also possible in order to capture more accurately the behaviour of the component
without disturbing the global model. The generic nature of the model allows it to be sized and
scaled to fit different sizes of PEM electrolyser ranging from laboratory scale to industrial scale.
The model also incorporates the calculation of system efficiency for the performance analysis.
As the modelling is based on the exchange of power between different components/ subsystems,
therefore the instantaneous efficiency of any component can be estimated. The developed model
was converted into block diagram in MATLAB® Simulink for implementation. The model was
then validated experimentally on a single cell PEM electrolyser powered by a HMP that utilizes
the solar and wind power. The simulations were then carried out to estimate the performance
of the considered PEM electrolyser for 12 hours operation when it is directly powered by solar
and wind energy. This work has been published as a journal paper in MDPI Energies. In
collaboration with University of Exeter under the framework of E2C project, the model was
adapted to represent and study the performance of an AEM electrolysis cell, which has a similar
configuration and architecture as that of small PEM electrolyser (shown in appendix A). The
results were presented in Mediterranean Conference on Control and Automation (MED 2020).

Thanks to the BG approach ,because of its specific causal and structural properties, it is
possible to use the presented model for the development of control, diagnosis and prognosis
algorithms. Therefore, a robust fault diagnosis with respect to parameter uncertainties based
on the developed model was also presented in this work in chapter 4. Based on the developed
model, the DBG models for all the subsystems of the PEM electrolyser were proposed. Modular
approach in diagnosis allows it to be used for different configurations of the PEM electrolyser.
The developed DBG model can also be used for structural analysis of the configuration which
helps in deciding if additional sensors placement is required. To make the diagnosis robust
LFT BG was used to calculate the adaptive thresholds. This helps in avoiding the false alarm
generation due to the presence of parametric and measurement uncertainties. The proposed
diagnosis approach allows a multilevel diagnosis, by performing the diagnosis for the whole
system in order to detect the fault or abnormality at the system level. Due to modular approach
used for the diagnosis also, diagnosis for the subsystem alone can be performed if the subsystem
can be decoupled from the system. The decoupling is possible if the inputs and outputs of
the subsystem are known or measured. The proposed diagnosis algorithm was tested offline for
testing its effectiveness for detecting the faults in the PEM electrolysis cell. The developed model
was used to simulate the behaviour of the system and the faults were injected into the model
itself. This provides a safe testing environment for the diagnosis algorithms without causing
any damage to the actual system which could be sometimes irreversible and expensive. The
faults injected in the virtual system were successfully detected. These results were published in
a conference paper in European Control Conference (ECC 2021).

The developed model and diagnosis algorithms were used to develop a GUI for online mon-
itoring of the single cell PEM electrolyser running on solar and wind energy through a HMP.
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As the platform and the electrolyser were commercially acquired, it was not possible to gain
access to the controller of the system in order to access data from the senors of the platform
and electrolyser for monitoring. Therefore, additional sensors were placed in the electrolyser
to increase the monitorability and a PLC based data acquisition was implemented. As, it is
very difficult to introduce actual faults in the system without causing permanent damage, only
one fault was tested for online fault detection. The blockage fault was introduced by closing
the outlet valve of the electrolyser manually while the system was operational. The fault was
successfully detected online.

6.1.2 Limitations of the proposed work

A number of limitations were identified for the proposed work. The developed PEM electrolyser
model still depends on the parameter fitting in addition to the physical parameters in order
to represent the behaviour of the system. This makes the model experimental data dependent
for representing the system behaviour. The presented model does not take into account the
degradation of the components. This limits the use of the developed model for long term (say
months or years) performance prediction accurately. The capsules are needed to be assembled
manually according to the configuration of the electrolyser which needs some understanding of
the system inputs and outputs and interaction between different components. Therefore, certain
skill set is required in order to adapt the model to different configurations. The developed
model cannot capture fast dynamics of the system as the fast dynamics were neglected during
the modelling when compared to slower dynamics. As mentioned previously, the model can be
used for PEM electrolysers of different scale and configuration, but the model was not validated
against any other electrolyser of different scale or configuration. The validation of the sub-
models was not performed due to lack of sensors in the actual system.

The proposed diagnosis also have its limitations. The system parameter values are required
to perform the diagnosis effectively. While developing the DBG models, different sensors were
assumed to be placed in the actual system in order to detect different faults. This might not be
true for actual system and the actual system may lack those sensors. Also, all the faults that
were considered while developing the diagnosis algorithm are not isolable (this is however the
hardware limitation of the system due to lack of sensors). Online validation for all the faults
was not performed as it is very difficult to introduce the fault into the actual system safely.
These limitations have set the path for the future work.

6.2 Future Perspectives

Based on the limitations of the presented work in previous section, there is a lot of possibilities
for improvements and new applications for the proposed work. These possibilities have been
summarised in the form of a list below

e Proposed PEM electrolyser model

1. An attempt can be made to make the model dependent on the physical perimeters
only, thus, eliminating the need of parameters fitting based on experimental data.

2. The degradation of the components can be modelled into the capsules in order to
simulate the long term operations more accurately. The model will also be then
helpful for the techno economic analysis.

3. A new interface can be developed in which the user enters the piping and instrumen-
tation diagram of the system and the capsules gets automatically connected in the
required configuration.
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4. Detailed modelling of the subsystem could be performed in order to have various
versions of the capsules which can be selected as per the requirement of the simulation
being done. For example, certain phenomena can be neglected for smaller electrolyser
but not in the large electrolysers. Therefore, the capsule of the required complexity
can be selected.

5. The model can be used to develop a digital twin, e.g. Neural Networks. The digital
twin can be then used for the testing and designing of the other components such
as power electronics or renewable energy sources without investing into an actual
electrolyser.

6. The model validation for scale-up can be performed-using large electrolysers.

7. Coupling of the PEM electrolyser with chemical plants could be studied using the
developed model. Once such application can be seen in the E2C project where the
hydrogen produced by the PEM electrolyser is directly fed into another chemical
process known as SEDMES.

e Proposed model-based diagnosis

1. The proposed diagnosis algorithms can be validated online by introducing the faults
either in the system itself or by considering the equivalent electrical circuit or a digital
twin in which the faults can be easily injected.

2. The parameter estimation techniques could be incorporated in order to isolate the
faults which are not isolable otherwise and the sensor placement is not possible.. For
example the faults in the MEA are non isolable as per the configuration considered
and it is not possible to install sensors inside the existing MEA that can help in
isolating the faults.

3. A hybrid diagnosis approach can be developed in which the developed model based
diagnosis can be coupled with the data driven approach. This could be really helpful
for the diagnosis of the systems in which parameters for some components cannot be
calculated or estimated for model based diagnosis.

4. Another important perspective in framework of the research activity in the PERSI
group is the use of developed model for digital twin technology which is a software -
based virtual replica of the process including its process equipment, instrumentation,
control, supervision and online efficiency tracking. This digital twin simulator can
be used for predictive maintenance and prognosis PHM (for earlier fault detection
and isolation and estimation of equipment degradation). The interest is that the
digital twin can be used for deep learning in the case of no model based FDI or for
the testing of model based FDI (using observers, analytical redundancy relations...).

Nevertheless this work set a first step in the model based prognostic of this complex system
as a collaborative work based on the proposed model has been presented in European Control
Conference (ECC 2021) under the title ” A Model-based Prognosis approach to Proton Exchange
Membrane Water Electrolysis System”.
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APPENDIX A

Modelling of AEM Electrolysis Cell
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This work is an attempt to develop and validate a graphical dynamical model of an AEM
electrolysis cell based on BG, an energy based tool that allows to represent multi-physics sys-
tems. The model of the cell lays a foundation for developing a complete representation for AEM
electrolysers which can be used for simulation as well as for developing control algorithms and
fault diagnosis. Parameter identification and model validation is achieved using experimental
data provided by University of Exeter in the framework of European e2C project. This work
has been published in 28" Mediterranean Conference on Control and Automation (MED’2020).

A.1 Introduction

Hydrogen has emerged as a carbon neutral way of storing surplus electricity available from
renewable energy resources at off peak hours due to its intermittent nature. Hydrogen is in
abundance (can be produced from water), can be stored with ease and is the clean and lightest
fuel with highest energy density [5]. Hydrogen production through water electrolysis is the most
matured technology and can be easily coupled with any source of electricity [0].

Electrolysis is the technique through which the water molecules are split into hydrogen
and oxygen gases under the influence of the electric current [208]. Two types of electrolysis
techniques, namely alkaline electrolysis and PEM electrolysis are well developed and highly
used on the commercial scale [209]. These two techniques have numerous advantages and
disadvantages which are shown in Table A.1.

In the recent years, in order to benefit from the advantages of both alkaline and PEM
electrolysis polymer based AEM have been developed. PEM electrolyser uses noble earth metals
such as Ir, Ru, and Pt etc; which are expensive and limit its commercial applications. On the
other hand, AEM electrolyser is based on alkaline electrolytes so, a wide range of earth-abundant
transition metals and their oxides can be employed [33]. These membranes have made their
way to the fuel cells but it is still under development for electrolysis [209]. To adapt AEM as a
reliable technology for water electrolysis significant improvements are required [209]. Research
is being carried out in order to achieve desirable properties for the membrane such as better
mechanical stability, ionic conductivity, longer life, lower cost etc. To finally assemble this into
a functional and efficient electrolyser is yet another challenge.
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Table A.1: Advantages and disadvantages of alkaline, PEM and AEM electrolysis [209]

Alkaline

PEM

|

AEM

Advantages

Mature technology
Non-PGM catalyst
Long term stability
Low cost
Megawatt range
Cost effective

Higher performance
Higher voltage efficiency
Good partial load
Rapid system response
Compact cell design
Dynamic operation

Non-noble metal catalyst
Noncorrosive electrolyte
Compact cell design
Low cost
Absence of leaking
High operating pressure

Disadvantages

Low current densities
Crossover of gas
Low dynamic
Low operating pressure

High cost of components
Acidic corrosive components
Possible low durability
Noble metal catalyst

Laboratory stage
Low current densities
Durability
Membrane degradation

Modelling and simulation are very powerful tools of modern engineering that can also con-
tribute towards these goals by providing alternate means for design investigation and operating
conditions optimization by spending less time and at relatively lower cost as compared to the
physical experiments [15]. The importance of modelling and simulation increases many folds
in case of dynamic multi-physics systems. AEM electrolysis cell is one such case in which
complicated physio-chemical processes takes place. Modelling plays a significant role in quan-
tifying such processes [210]. Models once developed can also be used for understanding the
phenomenon, developing control for the system as well as for diagnostics. Numerous modelling
techniques have been developed by the researchers that can be broadly classified under two
categories, namely equation based and graphical based modelling.

In equation based modelling techniques, the system is represented in terms of ordinary
differential equations. These techniques are less user friendly and difficult to modify or update as
the dynamic equations of the whole system are needed beforehand [17]. Distributed parameters
dynamic models represented by Partial Differential Equations (PDE are also used for deep
analysis, but this kind of models are not suited for control and diagnosis tasks. The models
(complex and resolved using finite elements) are used mainly for sizing, chemical and thermal
process design and analysis [70].

In graphical based modelling approaches, the model of the system is represented by con-
necting the graphical models of subsystems (known as blocks) through ports based on their
physical interactions. It is easy to understand the physical structure as well as the behaviour
of the system through such models. These approaches are more user friendly and are based on
physical phenomenon.

Many graphical modelling techniques are available out of which BG is of significant interest.
BG is based on power exchange between the components of the system and is domain inde-
pendent which makes it well suited for multi-physics systems. This one single tool can be used
for four different levels of modelling [15]. Another key advantage of using BG is that the same
model can be used for simulation as well as for control,sizing, diagnosis and prognosis.

Due to the maturity of the alkaline and PEM electrolysis techniques a lot of research has
been done on the modelling of these type of electrolysers. A review proposed by Olivier et
al. [0] exposed the existing models for the alkaline and low temperature PEM electrolysers.
It shows that majority of the models are equation based (empirical or analytical) and are
focused on understanding phenomena (including degradation mechanisms), characterization
of performance, development of control for the system,diagnostic and prognostic (long-term
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durability evaluations). A very few graphical models exist for PEM electrolysers. Agbli et
al. [118] proposed a graphical model based on energetic macroscopic representation (EMR)
that can simulate the evolution of the temperature and included electro-chemical, electrical and
thermal phenomena. They neglected the fluidic phenomenon. Zhou et al. [16] proposed a causal
ordering graph (COG) based model to develop control algorithms for real time implementation
in order to control power flow and hydrogen flow in a hybrid system containing electrolyser. A
BG model proposed by Olivier et al. [15] for an industrial scale PEM electrolyser includes the
auxiliaries of the electreolyser (Balance of plant). Different phenomenon like electro-chemical,
thermal, fluidic, mass transfer have been incorporated into single model in order to study the
effect on the overall performance of the model.

As AEM electrolysis in a new technique and is still being developed, there is not much work
done on the modeling of such systems. There is only one mathematical model proposed by L.
An et al. [210] that incorporates mass transport, charge transport and electro-chemical reaction
in order to predict the performance of AEM electrolyser running on pure water. The model was
validated by the experimental data available in the literature [211].

The lack of availability of a good model for AEM electrolyser warrants for the research in
this area. The configuration of AEM electrolysis cell is similar to that of PEM [212]. There
are some distinct differences such as the feed side, core chemical reactions etc. Because of this,
models already developed for PEM can be modified and can be Incorporated for AEM. The
work presented in this paper is an attempt to take a step towards achieving this objective.
A dynamic multi-physic model based on BG theory has been developed for AEM electrolyser
cell. Once the BG model is generated, MATLAB Simulink model is systematically constructed
through it for the simulations. Parameter identification and model validation is performed using
experimental data from actual AEM cell.

A.1.1 AEM Water Electrolysis
Schematic of an AEM water electrolysis cell is shown in Fig.A.1. The electrolyte is fed to the cell
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Figure A.1: Schematics of AEM water electrolysis

from the cathode side where the water is reduced into hydrogen and hydroxyl ions are formed.
These negative ions transport through the membrane towards the anode where they recombine
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to release oxygen. The electrolyte acts as a reagent as well as it facilitates the removal of the
hydrogen at cathode. The electrolyte or water can also be fed to the anode side to facilitate
the removal of oxygen depending on the design of the cell. The half reactions on each electrode
and overall reaction is given as [209]:

Anode : AOH™ — Oz +2H30 +4e~ Ey =041V (A1)
Cathode : 4H20 +4e” — 2Hy + 40H™ Ey=-0.828V (A2)
1

A.1.2 BG Modelling Basics for Multi-physics Systems

BG is a structure based modelling technique in which a system can be represented by predefined
standard elements and junctions which in turn represent some physical phenomena. These
elements are connected using the connectors known as power bonds that represent the power
flow in the system. The BG is a unified approach as the elements are analogues irrespective
of the physical domain to which the system belongs. The currency of interaction between the
elements is power which is common to all the domains. This power exchange is labelled by two
conjugated power variables named effort (e) and flow (f). However, the domains like chemical
engineering can also be represented using this technique although the product of power variables
is not power. Such models are known as pseudo bond graphs [15]. As shown in Fig. A.2(a), the
power exchanged between two systems A and B is indicated by a bond and half arrow represents
the direction of power flow. One key structural property of the BG is the concept of causality.
In the bond graph, it is represented by a cross-stroke on indicating the direction of the effort.
This means that system A imposes effort on B and B impose flow in return on A as shown by
the block diagram in Fig. A.2 (b). Table A.2 represents the power variables for some energy
domains.

A

¢ A . |B
)= -

Figure A.2: BG representation (a) and relative block diagram (b) [212]

Table A.2: Power variables for different energy domains [15]

Physical Domain Effort (e) Flow (f)
Electrical Voltage (V) Current intensity (A)
Fluidic Pressure (Pa) Volume flow rate (m? s™!)
Fluidic (Pseudo bond graph) Pressure (Pa) Mass flow (kg s~ 1)
Thermal Temperature (K) Entropy flow (J K=! s71)
Thermal (Pseudo bond graph) Temperature (K) Thermal flow (J s71)
Chemical (Transformation) | Chemical Potential (J mol~!) Molar flow (mol s71)
Chemical (Kinetic) Chemical affinity (J mol~!) | Reaction speed flow rate (mol s™!)

A.2 BG Modelling Of AEM

In BG almost all systems can be represented using hand full elements. These elements can
be represented as a set:S={RUCUIUTFUGY USEUSFUDeUDfUJ} [213]. Here
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R element represents energy dissipation. I and C' elements represent the storage of kinetic
and potential energy respectively.TF' and GY are transformer and gyrator that represents the
transformation of energy from one form to another. Se represents the source of effort and S'f
represents the source of flow. De and Df are effort and flow sensors. J is junction which is
used to connect the elements based on common effort (represented by 0) and common flow
(represented by 1). It represents the law of conservation of energy. A multi-port RS element is
also used for representing the resistance that also act like source. For example, a heating coil
acts as a resistance for electricity bur also act as a source of thermal energy. Graphical model
building using BG approach has been discussed in appendix B.

A.2.1 AEM Cell BG Modelling

AEM electrolysis cell is a multi-physics open system in which the physical inputs are electric
current and electrolyte and the output is the hydrogen and oxygen gases. The modeling of such
systems is not a trivial task and hence to simplify the modelling problem in hand following
assumptions have been considered:

e The AEM cell operates under steady state conditions.
e The effect of diffusion is negligible on the cell voltage.
e The thermal capacity of the cell can be lumped into single parameter.

Figure A.3 shows the word BG for the AEM cell including the membrane electrode assembly
(MEA), electrolyte supply tank, gas separators and the power source. Word BG represents the
components of the system and the nature of power exchange between them. It can be seen that
this power exchange in the system belongs to multiple physical domains such as electro-chemical,
thermal, thermo-fluidic. The coupling between different domains make the modelling even more
challenging. Fig 4 shows the BG for the considered system. Each phenomenon considered will
be discussed one by one. The electro-chemical phenomenon is considered instantaneous and is
responsible for the overall cell voltage. It is represented through an algebraic equation given by
the 1., and 1,, junctions.

Ecell = Erey + thm + Eact,cat + Eact,ano (A4)

where F,.j; represents the overall cell voltage, ., reversible potential, E,p,, is ohmic overvolt-
age, Fact cat and Eyet ano are activation overvoltages. The transformer element 7T'F¢. represents

the conversion of electricity into chemical energy which is expressed by the equations (A.5) and
(A.6) [15].

H Icell
— A.
¢ = (4.5)
AG
Erep = SF (A.6)

The reversible potential is the minimum voltage to be applied along the cell in order to start the
electrolysis. The value of it depends on temperature, molar concentration and vapour pressure

of the KOH solution [211] and can be expressed by the equation (A.7)
T+ 273. P—-P, P—-P,
Erew = By + 205, (P2 Prtcom) AP = Poon) (A7)
’ 2F UH,0,KOH

Here, the R is the ideal gas constant,F' is the Faraday’s constant, T is the temperature in °C),
P is the operating pressure (in bar), P, xom is the vapour pressure of KOH and ap,0 kon is
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Figure A.3: Word BG for AEM cell

€
(1bar). It is the function of temperature and is expressed as [214]

the water activity in the KOH solution. E? o7 18 the reversible voltage as standard pressure

EC%, 7 = 1.5184—1.5421x1073(T+273.5)+9.526 x 10™°(T+273.5)In(T+273.5)+9.84x 10~3(T + 273.15)*

rev,

(A.8)

Following equations are used to calculate vapour pressure of KOH solution [214]
P, kon = exp(2.302 a + b InP, m,0) (A.9)
a = —0.0151m — 1.6788 x 1073m? + 2.2588 x 10~ °m3 (A.10)
b=1—1.2062 x 1073m + 5.6024 x 10~ *m? — 7.8228 x 107 %m3 (A.11)

7699.68

P, = 81.6179 — ———— — 10.9In(T + 273. 5891 x 1073(T + 273. A.12
0 HyO = €TP T+ 27315 n(T + 273.5) + 9.5891 x 10~°(T 4+ 273.5) ( )

where, m is the molar concentration of the KOH.
The water activity of KOH solution is given by the following expression [214]

3.177m — 2.131m?
AHY0,KOH = <0.05192m +0.003302m2 + LTTM m )>

(T + 273.5) (A-13)

The activation overvoltages appear due to the kinetics of charge transfer between the elec-
trode and the electrolyte. It is expressed by the Butler-Volmer equation [15].

2. F.E,. 1-— 2. F.FE,.
Jeet1 = Ji [exp <ak ZR T t’k> —exp (—( Oék;%ZT t’k>] (A.14)

where, J.o is the current density, Ji is the current exchange density of the half reaction oc-
curring at the two electrodes,ay, is the charge transfer coefficient and E,. . are the activation
overvoltages for both electrodes. This equation is further simplified by considering equal charge
transfer coefficient for both cathode and anode equal to 0.5 [15] which is true for low current
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densities usually less than 2Acm?

overvoltages as [15]

. This equation can be rewritten for calculating activation

(A.15)

T+ 273.1 Jee
Eact,k = R( +73 5) sinh_l < ll)

F 2Jy,
These overvoltages are modelled as two non linear resistance elements (RS element) Ret cqr and

Rct,ano Which contributes towards increasing the temperature of the cell. The third RS element
(Ronm represents the ohmic resistance of the cell, the equation of which is written as [210]

Ly
ohm = contac Al
Ron <R tact + AMUM> (A.16)

Eonm = I.Ropm (A.17)

where, Reontact i the resistance of the cell except membrane, Ljs is the thickness, Aps is the
area and o)y is the ionic conductivity of the membrane. The value of o (in Q@ 'm™!) depends
on temperature and is given by the equation (A.18)

(A.18)

11190
oy = 198.3exp (— >

R(T + 273.15)

In order to determine the current exchange densities an the resistance of the cell, these
parameters are needed to be estimated using curve fitting of the polarisation curve. Due to lack
of more experimental that at present such as Electrochemical Impedance Spectroscopy (EIS),
it is not possible to identify the current exchange densities separately. Therefore it is assumed
that the current exchange densities are equal for both half reactions so that we can see their
overall effect on the polarisation curve. Also, these overvoltages act as the source of heat which
tends to increase the temperature of the cell. To model this, lumped thermal capacity C.qy of
the cell is considered. The equation for the cell temperature can be then written as

1

Teen = Cleett

(A.19)

. . . T i — T.
/ (Qact,ano + Qact,cat + CQohm - ceatm) dt

Rcell

115



where, Qj are the heat flows due to different overvoltages, Ty, is the ambient temperature and
Ry is the thermal resistance of the cell. Mass flows of the species produced and consumed
is represented through TF elements as shown in Fig. A.4. The mass flows of the species are

calculated as
Icell

2F
where m; represents mass flow of the species i, v; and M; are the stoichiometry coefficient and
molar mass of the species 1.

mi = vi. M;.¢ = vi. M; (A.20)

A.3 Parameters identification and model Validation

For validation and simulation, a MATLAB Simulink model has been deduced systematically
from the graphical BG model. Parameters are identified by curve fitting the polarisation curve
of an actual cell. The polarisation curve has been provided by University of Exeter for their
newly developed AEM cell. The characteristics of this cell are shown in the table A.3

A.3.1 Parameters Identification

To achieve the curve fitting of the polarisation curve for the identification of the parameters,
Levenberg-Marquardt algorithm has been used. The equation of the polarisation curve can be
written as

T +273. PP, PP, OR(T +273.15) . 1 [ Jee
Bt = %, 1+ R(T +273 5)ln ( KomH)/( KOH) N R(T + 273 5)smh . <J u) 1 <R(
’ 2F AH,0,KOH F 2J3,

(A.21)
Here the fitting parameters are Ji and Reontact- After fitting the values of Ji and Reontact are
found to be 4.337x10~7 Aecm~2 and 0.0518 € respectively.

A.3.2 Validation

Figure A.5 shows the plot of the actual and simulated polarisation curve. The model simulates
the polarisation curve satisfactorily as the Mean Absolute Percentage Error (MAPE) of the
model over considered data is 0.31%.

A.4 Simulation and Discussion

Figure A.6 shows the simulation of the polarisation curve for different temperatures and fixed
concentration of 4M KOH. It can be seen that the voltage increases with increase in temperature.
This phenomenon is probably due to the technology of membrane and need further experimental

Table A.3: Specifications of the AEM cell

Specification Value
Thickness of the membrane 25-50 um
Area of the membrane 9 cm?
Operating Pressure 1 bar
Operating temperature range 20-80 °C
KOH Concentration 4M

Input and output flow rates 250 ml/min
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Figure A.5: Comparison of polarisation curve at 80 °C and 4M KOH
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Figure A.6: Simulated polarisation curves for different temperatures at 4M KOH

investigation for the confirmation. Simulation of the polarisation curve for fixed temperature of
80 °C and different concentrations of KOH is shown in the Fig.A.7. There is a negligible effect
of the molar concentration on cell voltage as molar concentration appears in the equation of the
reversible voltage only. Figure A.8 shows the qualitative simulation of temperature evolution
for the AEM cell. These simulations shows that different operating conditions can be tested
virtually. This can help in decreasing the cost and the time involved due to experimental testing
and could prove as a great tool for design optimization.

A.5 Conclusion

AEM water electrolysis is a developing technology that requires lots of research to be a matured
like PEM water electrolysis so as to see its commercial application. In an attempt to contribute
towards this technology a BG based multi-physics model for AEM cell has been developed.
The developed model is then used to systematically generate MATLAB Simulink model which
is used for the simulations of polarisation curve at different operating conditions. The results
shows that the model can predict the polarisation curve satisfactorily. Further improvement
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Figure A.7: Simulated polarisation curves for various conc. of KOH at 80°C
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Figure A.8: Simulation of temperature evolution of the cell at constant current density of
0.5Acm ™2

in the model can be done by performing electrochemical impedance spectroscopy in order to
identify current exchange densities for both anode and cathode separately. Also the model
can be further enhanced by modeling the auxiliaries and other phenomenon like thermo-fluidic,
mass transport etc. which can be then added into a single model. It will be really interesting to
also test and validate the sizing of the model in order to see its implementation for AEM stack.
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APPENDIX B

Bond Graph Approach
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B.1 BG Technique for Model Building

BG is a well-adapted multi-disciplinary and unified graphical modelling approach to describe
complex process having multiple energy exchanges|[!8, , |. A brief introduction to BG
methodology for multi-physics systems is presented in this section.

B.1.1 BG Elements and BG Variables

BG can be denoted as G(N, B), where nodes N represent the BG elements that correspond
to energetic physical elements (inertia, resistance and capacitance), source elements (battery,
pump, etc.), power/energy constraint BG connecting elements and technological elements (sub-
systems) and bonds B represent the set of oriented edges that correspond to power/energy
exchange among nodal elements. Bond is labeled by two power variables: called flow (f) and
effort (e) variables whose product provides the value of physical power flow in that bond. Note
that for some energy domains like chemical, the product of these variables on a bond may not be
the representation of physical dimension of a power, however it is used for systematically model
such energy domains, called pseudo BG model [197]. All the BG theory obviously remains valid
in such cases also.

In figure B.1(a), a physical link between subsystem A and subsystem B using the half arrow
power bond is presented that represents the direction of energy /power flow among them. In the
represented configuration, energy flow is considered towards the destination node B, only when
the product of power variables is positive; otherwise, energy flow is in the reverse direction, i.e.
away from node B. In BG, causality (represented by cross-stroke) is an important structural
property that determines the relationship between power/energy variables based on cause and
effect analysis. The node which receives the effort information (or gives the flow information),
cross-stroke is marked near to that node. For example, according to causality in figure B.1(a)
and corresponding block diagram as in figure B.1(b), B receives effort information from A as
cross-stroke is marked near B, while A receives flow information from B. In Table B.1, various
flow and effort variables belonging to different energy domains are shown.

Different systems can be modelled in BG by employing a handful of elements (I, C, R, Sf,
Df, Se, De, TF, GY and J) [218]. Here, I is the inertia element (stores kinetic energy); C
is compliance element (stores potential energy); R is resistive element (represents dissipation
phenomena); Sf and Se are, respectively, the source of flow and source of effort; Df and De
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Figure B.1: (a) Causal BG and (b) corresponding block diagram representation.

Table B.1: Flow and effort for various energy domains [15, 217].

Energy Domain Flow (f) Effort (e)

Electrical Current intensity (A) Voltage (V)

Fluidic Volume flow rate (m3.s7!) Pressure (Pa)

Fluidic (Pseudo BG) Mass flow (kg.s™!) Pressure (Pa)

Thermal Entropy flow (J.K=1.s71) Temperature (K)

Thermal (Pseudo BG) Thermal flow (J.s71) Temperature (K)

Chemical (Transformation)  Molar flow (mol.s™!) Chemical potential
(J.mol 1)

Chemical (Kinetic) Reaction flow rate (mol.s™!) Chemical affinity (J.mol™ 1)

are, respectively, detectors for flow and effort (virtual sensors); T'F is the transformer and GY is
the gyrator. These elements represent the energy transformation between different domains. J
represents the junction that accounts for energy conservation laws. These elements are presented
briefly below:

B.1.1.1 I element

I is an inertia element that represents the storage of generalised kinetic energy of the system.
The I element is shown in integral and differential causality with corresponding block diagrams
in figure B.2. In integral causality, the element takes effort as input and returns flow to the
system. The causal equation of the I element in this case is written as

f= I/edt (B.1)

In differential causality, the element takes flow as input and returns effort to the system. The
causal equation of the I element in this case is written as

4/
1 (B.2)

The value of I can be a constant value or a linear or non-linear function.

B.1.1.2 (C element

C is a compliance element that represents the storage of generalised potential energy of the
system. The C element is shown in integral and differential causality with corresponding block
diagrams in figure B.3. In integral causality, the element takes flow as input and returns effort
to the system. The causal equation of the C element in this case is written as

e= C’/fdt (B.3)



Integral causality
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Differential causality
---e df
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Figure B.2: BG and block diagram representation of inertia element

In differential causality, the element takes effort as input and returns flow to the system. The
causal equation of the C element in this case is written as

1 de

f==F (B.4)

The value of C can be a constant value or a linear or non-linear function.

Integral causality

- C ) Sl

Differential causality
e ---»> | lde
<-"f C |:> ¢ EE _bf

Figure B.3: BG and block diagram representation of capacitance element

B.1.1.3 R element

R is a resistive element that represents always represent the dissipation of energy in the system.
Depending on the causality the R element can have resistive and conductive causality as shown
in figure B.4. In resistive causality, the causal equation of the R element is given by

e=R.f (B.5)

In conductive causality, the causal equation of the R element is given by

= —e B.6
=+ (5.6)
The value of R can be a constant value or a linear or non-linear function. R element may also be
used as a multi-port resistive-source element (noted RS) to represent the active resistance that
generates entropy. For example, an electric coil that is used for heating acts as a resistance from
electricity point of view, but also acts as a source of thermal energy from thermal viewpoint.
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Figure B.4: BG and block diagram representation of resistive element

Source of effort
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Figure B.5: BG and block diagram representation of source of effort and flow element

B.1.1.4 Se and Sf elements

Se and Sf represents the source of effort and source of flow respectively. Their BG and block
diagram representation is shown in figure B.5. The Se element provides the information of effort
to the system and there is no flow returned to the element from the system. The Sf element
on the contrary provides the information of flow to the system and there is no effort returned
to the element from the system. The value of the effort provided by Se and flow provided by
Sf can be a constant or a linear or non-linear function.

B.1.1.5 Junctions

Junctions are the multi-port elements that can have any number of in and out ports to connect
the elements based on their interaction with other elements or the sub-systems. The power
coming in to the junction and going out of the junction is always equal. There are two types
of junctions, O-junction and 1-junction, based on the way the effort and flow are carried across
the junction.

B.1.1.5.1 0-junction

The 0-junction is also known as flow sum junction. BG and block diagram representation of
0-junction is shown in figureB.6. All the bonds connecting to the 0-junction have same effort.
As the total power flowing in to the junction is equal to the total power flowing out of the
system. Therefore

erfi +eafo+esfsz... +enfn=0 (B.7)
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Figure B.6: BG and block diagram representation of 0-junction element

As for 0-junction all the efforts are equal,i.e.
e1 = eg = e3... = e (B.8)
Equation B.7 can be rewritten as
fitfot+ f3.+fn=0 (B.9)

B.1.1.5.2 1-junction

The 1-junction is also known as effort sum junction. FigureB.7 shows the BG and block diagram
representation of 1-junction. All the bonds connecting to the 1-junction carries same flow. As

Sh
o
o
w
Y
*

— f2

----eq ----€3 f_> =
o L 1 — s

Figure B.7: BG and block diagram representation of 1-junction element

the total power flowing in to the junction is equal to the total power flowing out of the system.
Therefore

€1f1 + €2f2 + €3f3... + enfn =0 (B.lO)
As for 1-junction all the flows are equal.,i.e.
fi=Jfa=fs.=fn (B.11)

Equation B.10 can be rewritten as
e1+ex+e3...+e, =0 (B.12)

B.1.1.6 TF element

TF is a transformer element having two ports, which is used to proportionally transform the
like power variables between the two ports. For example, in mechanical systems, a lever that
is used for changing the force between two ends can be represented using transformer element.
This transformation is governed by a modulus (m). Figure B.8 shows the two possible BG
representations and their corresponding block diagram for a transformer element.
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Figure B.8: BG and block diagram representation of transformer element

The causal equations of the T'F element for first configuration (when the causal stroke is on
right side) are written as:

fa=m.fi (B.13)

€1 = m.eg (B.14)

The causal equations of the T'F element for second configuration (when the causal stroke is
on left side) are written as:

€9 = %.61 (B15)
fi= %-f2 (B.16)

B.1.1.7 GY element

GY is a gyrator element having two ports, which is used to proportionally transform the dis-
similar power variables between the two ports. For example, in case of a DC motor, the voltage
(which is an effort variable in electric domain) is transformed into angular velocity (which is a
flow variable in mechanical domain). This transformation is governed by a modulus (r). Figure
B.9 shows the two possible BG representations and their corresponding block diagram for a GY
element.

r
--- s €y ---» T—| [r I
fl___il | GY j___fz | ;2—> [0 2] —>e€21

e T e S e
~— T gy fr = Lo Yl A

Figure B.9: BG and block diagram representation of gyrator element

The causal equations of the GY element for first configuration (when the causal strokes are
away from the GY') are written as:

€9 = T.fl (B.17)

€1 = T.fg (B18)

The causal equations of the GY element for second configuration (when the causal strokes

are near to the DY) are written as:
1

f2 = ;.61 (Blg)
f1 = %.efg (BQO)
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B.1.1.8 De and Df elements

De and Df are the detectors of effort and detector of flow respectively (BG and block diagram
representation shown in figure B.10). These are the virtual sensors to measure the effort or flow
in a junction.

Detector of effort

%ﬂDe:e@e—» De +—e

Detector of flow

X - f— Df |—
———Df:f f

Figure B.10: BG and block diagram representation of detector of effort and flow element

De element can only be connected to 0-junction and D f element can only be connected to
1-junction. Their causal equations can be written as

De=ce (B.21)

Df =f (B.22)

B.1.1.9 Vectorial representation

The vectorial representation is used to represent the coupling variables of a complex system.
The coupled power variables in vectorial form are depicted as:

F=[fu fn fn ] E=[en em em ] (B.23)

where F' and F, respectively, are the flow and effort vectors. The suffices fl, th, ch, respectively,
denote the fluidic/hydraulic, thermal and chemical energy domain. Figure B.11 shows different
ways to illustrate a vector bond.
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(@ (b) ©

Figure B.11: BG and block diagram representation of detector of effort and flow element

B.1.2 Concept of Causality in BG

Causality connects one process (cause) to another process (effect) where the cause is fully or
partially responsible for the effect. The concept of causality can be explained from physical or
philosophical viewpoints. In both, the causes have to lie in the past and the effect lies in the
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future. In a lumped parameter modeling framework, the velocity v of a point mass m at time
t under application of a force F' is mathematically written as

v(t)= —p()= [l F(r)dr = [§F(r)dr+p(0) (B.24)

where p denotes momentum, the time integration represents the past history and hence the force
F' is the cause and the velocity of the body v is the effect. This equation form representation
where only one effect appears on the left hand side and one or more causes appear on the right
hand side is called a computational or mathematical causality. The equation represents a model
which may be logical, statistical, empirical, or derived from deep knowledge, i.e. the physics of
the problem. In this work, equation models are based on physics. Thus, in the cited example,
physical and computational causalities have the same meaning. The concept of causality in the
Aristotelian philosophy assumes that the causes always lie in the past and it is good enough
for building forward simulation models of physical systems. On the other hand, diagnosis task
is different where the causes that lie in the past have to be inferred from the observed effects
in the present. For the considered example where the force F' acts on the point mass m, the
equations in inverse causal form can be written as

do (t)
dt

v (t) —v(t— At)

F(t)=m At

~F(t—At)=m

(B.25)

where At is a small time window corresponding to the measurement sampling interval. The
velocity may be directly measured or an observable variable that can be computed from the
other known measurements and states. Consequently, the velocity becomes the cause and the
force becomes the effect as per the computational causality whereas the normal connotation of
force as the cause and velocity as the effect remains valid as per the physical or Aristotelian
philosophical causality.

In a BG model, causality decides the computational order of power variables (e, f) based
on cause and effect relation for mathematical equation generation. It defines whether the effort
in a power bond is computed from the flow, or vice versa. The causality is represented by a
vertical stroke at one end of a power bond. In the causalled power bond, the effort (e) variable
is directed towards the causal stroke end, while the flow (f) variable is directed towards another
end, i.e. opposite to causal stroke end. Generally, preferred integral causalities are assigned
to the all energy storage elements (C' and I) for dynamical behavior study where initial values
of states have to be specified. On the other hand, preferred derivative causalities are assigned
to C and I elements for diagnosis because values of initial states are unknown. A technique,
called sequential causality assignment procedure (SCAP) is used to assign these causalities to
a BG model[18]. A casual BG reveals the computational structure and is equivalent to a block
diagram. However, unlike block diagram with fixed computation structure, a bond graph can
be given new causality after any modification to it. The differential equations of state are
generated from a bond graph model with storage elements in integral causality and those can
be solved (simulated) using various types of integration methods.

B.1.3 Different Levels of Modelling Abstraction

To grasp complex systems, BG technique integrates the different levels of modelling, that is,
technological, physical, mathematical and algorithmic levels using the common tool. In tech-
nological level, different subsystems of a dynamical system are first identified and then inter-
connected through energy or power variables. This level is represented by using word BG that
shows the architecture of the system in a modularized form. In physical level, the system is
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modelled in the form of lumped parameters (showing different physical phenomena such as en-
ergy storage, dissipation and transformation) using generalized BG elements with power/energy
bonds. In mathematical level, dynamical behaviour of the system is represented in the form
of mathematical equations such as differential and algebraic equations or in state-space form.
The constitutive relations of the constraints and the components of the BG model provide these
equations in mathematical form. In algorithmic level, the causal property of BG technique
decides how these mathematical equations are algorithmically derived from the graphical BG
model. Thus, the structural and causal properties of BG technique enable the dedicated soft-
ware to systematically and algorithmically obtain the system dynamical equation either in the
form of state-space equations or in the form of differential equations for the simulation and
analysis purpose. Based on the BG approach, a number of software have been developed and
are available for use such as Symbols—Shakti® and 20-Sim®. In this work, model builder of
Symbol-Shakti® is used for developing the generic PEM electrolyser model where the structural
integrity of different components and sub-systems for the global system modelling is checked.
Once the models of different sub-systems (capsules) are built, their corresponding MATLAB®
Simulink models are systematically derived from implementation point of view.

B.1.4 Modular Building (Capsules)

In Symbols—Shakti®7 the capsules are properly modelled subsystems that have single or multiple
input and output ports. They already have their partially derived equations. When the capsules
are assembled to form the complete model, the equations are linked together to form behavioural
equations for the complete model. For example, the capsule of PEM stack is developed by
coupling the BG sub-models with different energy interactions (electro-chemical, thermal and
fluidic). The internal model of the capsule in Symbols-Shakti® for a PEM stack is shown in
figure B.12.
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Figure B.12: (a) Schematic diagram and (b) BG model of PEM electrolyser stack capsule.
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Depending upon the nature of interaction of the capsules with its environment, the ports can
be defined as effort or flow input port and effort or flow output port. Based on the requirements
these ports can be attributed as optional and hence are not needed to be connected in order to
create the global model. Coupled energy interaction between the sub-models can be represented
by a vector bond as shown by bond number 26 in figure B.12. A number of capsules are already
available in the database of the software for the commonly used components such as tanks,
valves, pipes, heaters and sensors. User defined capsules can be stored in the database and
can be used and modified as per the model requirement. Figure B.13 shows the user defined
capsules, developed for the PEM electrolyser system.
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Figure B.13: Graphical user interface of the model builder.

B.1.5 Grammar and Connectivity Rules

Using the capsules, a global model of a complex system can be assembled in the model builder
of the Symbols-Shakti® software. Figure B.13 shows the graphical user interface of the model
builder. The global model is assembled in the form of piping and instrumentation diagrams
using the capsules. For example, the architectural model of a PEM electrolyser is shown in
figure B.13. The model builder also generates the behavioural equations for the whole system
automatically.

To successfully connect the capsules with each other there are certain rules that have to be
respected. The connectivity of the capsules is automatically checked by the software for validity.
Only the like ports can be connected. The flow (resp. effort) output of a capsule can only be
connected to the flow (resp. effort) input of the other capsule and vice versa. For example,
figure B.14 demonstrates the requirement of the coherence of causality for the connection of the
capsules of two tanks.
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Figure B.14: (a) Invalid and (b) Valid connection of capsules.

From figure B.14(a), it can be seen that it is not possible to directly connect two tank
capsules together as the input for the tank capsule is flow and the output is effort. In order
to connect the two tank capsules the resistance of the pipe needs to be considered which takes
effort as input and flow as output (as shown in figure B.14(b)). Published articles |

| and reference manual of the software can be referred to for further details.

) Y

B.2 Model-based Fault/degradation Diagnosis Methodology
using BG

In model-based diagnosis, a residual is an indicator of the deviation of the behavior of a sys-
tem from its expected /normal behavior. Various approaches can be used for the generation of
residual which acts as a fault indicator in model-based diagnosis and those may be classified
as observer-based, parity relation-based, parameter estimation/identification-based and ARRs
based methods. The ARR s are usually manifestations of different conservation relations rep-
resented in the form of constraints or balance equations. For hydraulic system, these can be
energy (Bernoulli equation), mass (continuity equation) and momentum (Navier-Stokes equa-
tion) conservation relations. For electrical circuits, these can be Kirchhoff’s current and voltage
laws, loop laws, element constitutive laws, and energy/power balance equations, etc.

BG being a graphical representation of the physics of dynamical systems offers a systematic
approach to generate ARR s from the BG model. For simpler systems, ARR s can be written
in closed symbolic form by eliminating the unknown power variables of the BG model while
retaining the measurable system variables. BG causality provides the algorithm to eliminate the
unknown variables from the model. The DBG model can be used for ARR generation from the
DBG model in symbolic form. A DBG model of a system is obtained by changing the effort (or
flow) sensors De (or Df) of BG model into modulated effort (or flow) sources M Se (or MSf),
respectively, which are equivalent to changing the causality of different sensors. Such changes
imply that for the diagnosis problem, measurements are known variables. The substitution of
sensors by sources changes the causalities of junctions and elements in the BG model. Also, all
the storage elements are assigned with derivative causalities so that unknown initial conditions
are eliminated. Usually, for each sensor one ARR is generated, thus the number of ARR s is the
same as the numbers of sensors in the plant. For instance, the BG model of an electric circuit
(figure B.15(a)) is shown in figure B.15(b), where Se : Vs, R: R1, R: Rz, C : 1/Cy and C : 1/C5
model the voltage source, resistances , Ry and Ro, and capacitances C7 and Co, respectively.
The current (flow) sensor is modeled by Df : I and the two voltage (effort) sensors are modeled
by De : Vi and De : V5. The 1-junctions in the model indicate common flow (current) or
series connection and the 0-junctions indicate common effort (potential difference) or parallel
connection. Note that flow detector Df always appears at 1 junction and effort detector De
always appears at 0 junction. The causalities assigned in figure refelectrical circuit(b) have
integral causality in storage (here C') elements and the sensors have usual causality. The model
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in figure refelectrical circuit(b) has no causal conflict and can be used to simulate the behavior
of the system for given inputs, parameter values and initial conditions (initial charges in the
two capacitors).

R:Rl C:l/C1 R:RZ CZI/CZ

% RE, J_ KR, SRRV SFES ST TR
2 " 1hf LAY | ™ 1of v V2
Ve ¢y Cy Vs 4l sf 13f
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Figure B.15: (a) Example of an electric circuit, (b) BG model, (c) DBG model, and (d) corre-
sponding FSM.

The DBG model of the system is shown in figure B.15(c), where the flow (current) sensor
Df : I and effort (voltage) sensors De : Vi and De : V5 of BG model (figure B.15(b)) are
replaced by Msf : I and MSe : Vi, MSe : Vs, respectively. In figure B.15(c), one imaginary
effort detector (Dej) and two imaginary flow detectors (D f; and D f5) are introduced at new
outputs. For a nominal plant with nominal parameters, these new outputs should be zero and
hence the equations for these outputs give ARR s. Accordingly, one of the ARR s is derived
from De] = e4 = 0 after eliminating the unknown variables by using the causality assignment.
An ARR (U, Y, 6) is a constraint written in terms of input vector U €(Se, Sf), known
measurements imposed on DBG Y €(M Se, M Sf) in place of (De, Df) in original BG, and a
parameter vector 8 = [01,02,...,0;, ..., Hp]T comprising p number of known nominal parameters.
For the causality assignment shown in figure B.15(c), at junction 11, e4 = —ej + e2 + e3, where
e1r = Vi, e9 = foRy = f1R1 = fsR1 = IRy and e3 = eg = eg = V4. Thus, after putting
all known effort values in De] = 0, it provides the ARR ; as Vi — IRy — V4 = 0 which is
an expression containing only the known (measured) variables and parameter. Disregarding
measurement faults, the constraint (or consistency check) expressed by ARR ; is satisfied as
long as the system operates without any deviation in the value of R;. The evaluation of an
ARR expression is called a residual. Here, the first residual 1 (t) = Eval (ARR;) at time ¢.
If the value of R; has changed and the measurements have changed due to that, then, ry # 0
with new measurements and old/nominal value of R; and that indicates a degradation of R;.
The influence of parameter deviations on specific residuals is represented in a FSM. The FSM
for the electrical system in figure B.15(a) is shown in Figure B.15(d) where only one residual
r1 (corresponding to ARR 1) would deviate with deviation of R; value and such a residual
with one to one map is called a structured residual. In fact, to accommodate sensor noise and
uncertainties, the residual consistency check is performed by specifying a threshold allowable
deviation of residual, i.e. residual r; will be assumed to be consistent if |1 (¢)| < e; (t) where
€1 is a small threshold. In the prognosis problem, attempt is made to find the instantaneous
true value of R; and the trend of its deviation which would keep |ri| < e; at all times, and then
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postulate the time after which the true value of R; would violate a threshold limit of acceptable
performance.

Likewise, the DBG in figure B.15(c) shows Df1* = fs = 0 and Dfy* = fi3 = 0, which
provide the ARR 5 and ARR 3 after elimination of all unknown variables. Thus the ARR s of
the electric circuit are expressed as

Dej : ARRy =Vs— IR — V1 =0 (B.26)
%, o d (Vl - ‘/2)
Dfi": ARRy = = C1 9.1 o (B.27)
&Df>* : ARRg = A=V 023v2 (B.28)
Ry de¢

In normal operation, ideally, residuals should be zero. However, due to modeling and process
uncertainties, evaluated residuals show small non-zero values. In order to account for these
uncertainties in a robust diagnosis/prognosis, the system is modelled in DBG-LFT form. For
uncertain dynamic systems, nominal and uncertain parts of the ARR s are separated from
the outputs of the DBG-LFT model and the uncertain parts are used to specify the residual
thresholds, called adaptive thresholds. The adaptive thresholds should envelope the residuals
evaluated by using the nominal ARR s during normal operation of the system or the system
which has not degraded sufficiently.

Generally, the parameter uncertainty of any parameter value 0; € (I,C, R,TF,GY) can be
represented either in a multiplicative form or an additive form as follow:

6; =0in(1£0y,)

01"9j = Gjn + AJQJ' (B'29)
where dp, = (A0;/0;,) and Af; are the relative and the absolute deviations of nominal parameter
value 0,

In DBG-LFT form model, the nominal value of parameter 6, is decoupled from its uncertain
part £A60;. The uncertain part is treated as a disturbance either in the form of additional flow
or effort that depends on the type of BG element and its causality in the model. In DBG-LFT
model, parameter 6; € (C) and 6; € (1), in differential causality, are modelled in the form as
shown in figure B.16(a) and figure B.16(b), respectively, where J indicates a junction (0 or 1).
Likewise, 6; € (R) is modelled in either form as shown in figure B.16(a) or figure B.16(b). Thus,
the additional disturbance flow (or effort) due to uncertain part is brought to the junction 0
(or 1) by the uncertainty Fdp- as shown in figure B.16(a) (or figure B.16(b)). This is achieved
by introducing the virtual flow (or effort) sensor D f” : zp« (or De’ : zp«) and virtual modulated
source of flow (or effort) input MSf’ : twy« (orMSe’ : fwp+) into the uncertain BG model.
Note that subscript 6* depends on the constitutive law of respective element. For instance,
let us consider the linear R-element in the conductive causality (causal form in figure B.16(a))
with associated power variables er (effort) and fr (flow). If the true parameter value of a
resistor R-element is not known exactly then it can be expressed as R, £ AR = R,(1 £ 0r)
where R, denotes nominal parameter value and +AR = +Jg R, is the uncertain part of R. The
constitutive law of linear R-element modelled in conductive causality is given as

1 1

=—— en=—( R
T R, AR Y R,

IR R

1F61R)erR = - F wi/r = fRa F Wi/R (B.30)
where fry is nominal flow and F6;/g(er/Rn) = Fw; /g is the additional contribution of flow
due to uncertain part of the parameter R and may be treated as a disturbance. Note that 6, /r

is the uncertainty in estimating the value of 1/R.
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Figure B.16: (a)-(b) Modelling parameter uncertainty, and (c)-(d) modelling measurement un-
certainty in DBG-LFT

Likewise, other BG elements (T'F and GY') with uncertainties in the parameter values can
be modelled by using BG-LFT form model. Also, the error in the measurement of effort (or
flow) Aprse(or Aprsy) may be detached from its nominal effort (or flow) part MSe, (or M S fy)

and can be expressed as
MSe = MSen + AMSe

MSf = MSf, £ Ay (B.31)

These measurement errors Apss. and Ay can be modelled by the virtual sources M.S e
(shown in figure B.16(c))) and MSf’ (shown in figure B.16(d))), respectively, in DBG-LFT
form model at the respective junctions.

The DBG-LFT form model separates the nominal and uncertain parts of ARR s for robust
fault diagnosis of an uncertain system. Without the loss of generality, the ARR (U, Y, ) of an
uncertain system may be expressed as

ARRy,; (U,Y,0) £ (A + Agi) = 0 (B.32)

where ARRy,;, A; and \g; represent the i-th nominal ARR that gives residual (;) (i = 1,2, ...,n;n
is number of residuals), the uncertain part due to parameter uncertainties and the static uncer-
tain part needed to account for measurement noise, respectively. Also, U € (Se, Sf) is the known
input vector, Y € (MSey,, MSf,) is the nominal measurement vector, 8 = [0y, 0s, ..., 0;, ..., 0,]
is the nominal parameter vector comprising p parameters, \; € wyg, and Ag; € (Apmse, Apsy)-
Online evaluation of each nominal part, ARR,;, and uncertain part,(\; + \g;) , using U,
Y, and 6 along with the different specified uncertainties bounds provides residual (r;) and
adaptive thresholds (¢ = =£[(\; + As;)|), respectively. Note that as the absolute values of
different uncertain parts contribution is added in the adaptive threshold, the small Ag; part
may be neglected. A coherence vector (C) whose standard form is C = [c1(t), ca(t), ..., cn(t)],
where ¢;(t) € 0,1(i = 1,2,...,n) is used to generate the alarms during on-line supervision.
The element ¢;(t) of coherence vector (C) depends on the decision procedure, © (r;(t)), and is
obtained as
0,if —e;(t) < ri(t) < ei(t),
1, otherwise.

() = © (ri(t)) = {

During normal operation of the system, all elements of coherence vector (C) show zero
values; otherwise non-zero value of any element of C indicates the abnormal behaviour of the
system and it generates the alarm. In the present case, abnormal behaviour implies sufficient
deviation of at least one parameter value from the corresponding nominal value. After an
alarm is raised, the next step in the diagnosis is the isolation of the parameters whose values
have deviated sufficiently (more than the uncertainty values), i.e. the components which have
degraded beyond specified limits.

(B.33)
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For isolation of degraded component, the standard FSM is used which includes the
fault /degradation symptoms of different components of a system and it can be generated sys-
tematically by testing the sensitivity of each ARR with respect to each component’s parameter.
In FSM, columns represent the set of residuals and rows represent the set of components or
parameters. Each row contains signature for the respective parameter in the form of a binary
number (1 or 0) according to sensitivity of each ARR. If i-th ARR is sensitive to j-th parameter
deviation then the entry in i-th column and j-th row of FSM is 1, which is otherwise 0. A degra-
dation/fault of a component is monitorable if at least any one of the residuals is sensitive to it
whereas it is isolatable only when the row vector corresponding to that component/parameter
is different from the row vectors corresponding to all other components/parameters. So, mon-
itorability index (M}) and isolatability index ([,s) are also included in the FSM to represent
detectability and isolatability of the degradations/faults. These indices are shown as binary
numbers 1 and 0, respectively, for TRUE and FALSE. The coherence vector (C) is continuously
evaluated at small time intervals during the system monitoring and if it is non-zero at any time
then there is some fault/ degradation of a component and that particular component can be
isolated by uniquely matching the coherence vector with rows of the FSM. For the detection and
isolation of any degradation/fault, the corresponding monitorability index and isolatability in-
dex values must be 1. For instance, FSM of electric circuit example (figure B.15(a)) are obtained
by analysing the ARR s and is shown in figure B.15(d) in the tabular form with isolatability
indices Ips for of single fault/degradation case and Iy, for multiple faults/degradations case.
For isolation of multiple faults/degradations, FSM should be in diagonal or structured form.
However, most often unstructured form of FSM is obtained due to the limitation of sensors
placement in the plant. For example, from the FSM in figure B.15(d), fault/degrdation in Ry
belongs to structured part of the FSM and is always isolatable (both in single and multiple
faults/degradations cases). However, other parameters (C, Rz and C3) belong to unstructured
part of FSM and are not isolatable in multiple faults/degradations cases. Thus, for isolation of
actual faults/degradations in such case of unstructured FSM, parameter estimation is required.
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