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Summary

Due to the depletion of fossil fuel reserves, the growing demand for electricity,
rising energy security concerns, and the urgent need to enhance environmental
sustainability, renewable energy sources (RESs) have emerged at the forefront
of the global energy transition. Despite their advantages, the variability of
RESs presents substantial challenges to grid stability and reliable operation.
To address these issues, numerous strategies have been explored in the literature
to accommodate their intermittency and facilitate the large-scale integration of
renewables into power systems.

The conversion of renewable electricity into green molecules has been pro-
posed in the literature as a means of accommodating their inherent fluctuations.
This thesis focuses on green hydrogen production through electrolysis, which
offers system operators a means of stabilising the grid when mismatches occur
between mechanical driving generation and net electrical consumption. Elec-
trolysers are the primary devices for sustainable hydrogen production, using
water and electricity to split water molecules into hydrogen and oxygen.

Regarding the water demand for electrolysers, reliance on clean water
causes challenges for green hydrogen production, particularly given the in-
creasing global water scarcity. In addition, freshwater resources are unevenly
distributed worldwide. To address these limitations, researchers have investi-
gated the substitution of freshwater with alternative sources, including ground-
water, brackish water, and seawater.

With respect to the power requirements of electrolysers, offshore wind
energy has emerged as one of the most promising renewable sources, particu-
larly for countries with access to the sea. Employing offshore wind to power
electrolysers also allows their direct deployment at sea, where seawater can
be used as an alternative to freshwater. Furthermore, producing hydrogen at
sea is especially valuable for regions with limited onshore areas, while also
creating opportunities to integrate other marine renewables such as wave and
tidal power. Moreover, it aligns with the emerging concept of energy islands,
where energy conversion, storage facilities, and associated infrastructure are
co-located offshore in proximity to wind farms. Accordingly, the main focus
of this thesis is on offshore hydrogen production.
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Nevertheless, utilising electrolysers offshore presents operational and main-
tenance challenges and results in higher costs, which need to be considered.
In addition, seawater contains impurities, particularly high concentrations of
sodium and chlorine, making its direct use more complex than clean water, as
these impurities accelerate degradation, reduce efficiency, and impose stricter
requirements on the materials used in electrolysers and their auxiliary systems.

Generally, two main pathways exist for producing hydrogen from seawa-
ter: direct seawater electrolysis (DSWE) and seawater electrolysis with upfront
water treatment. DSWE demands a fundamental redesign of commercial elec-
trolysers and the development of advanced electrocatalysts for both alkaline
(AE) and proton exchange membrane (PEM) electrolysers. As stated, this
stems from the high concentrations of corrosive chloride ions in seawater,
which negatively affect the performance of the electrolysers. In contrast, ap-
plying upfront water treatment potentially adds extra components and system
complexity, which can increase costs. Yet, studies indicate that the additional
energy requirements, capital costs, operating costs and final hydrogen price re-
sulting from the integration of upfront water treatment systems remain marginal,
since these contributions are negligible compared with the substantially higher
requirements of the electrolysis process itself. Therefore, this thesis focuses on
offshore hydrogen production coupled with upfront water treatment systems.

As for the selection of desalination technology, membrane-based seawater
desalination is widely regarded as one of the most practical solutions. Within
this category, reverse osmosis (RO) and forward osmosis (FO) are the lead-
ing candidates. RO is a pressure-driven process in which hydraulic pressure
is applied to overcome the osmotic gradient, whereas FO relies solely on the
natural osmotic pressure difference across the membrane, eliminating the need
for hydraulic pressure. Although this makes RO more energy-intensive than
FO, it remains the preferred option due to its high reliability and excellent salt
rejection. Moreover, continuous advances in membrane design, low-friction
materials, and variable-frequency drives have lowered RO’s energy consump-
tion from roughly 20 kWh/m?_ . in the 1970s to just 2-3 kWh/m? . today.
Consequently, RO has become the dominant technology in commercial seawa-
ter desalination, while FO has not yet reached large-scale deployment.

Among the two most advanced electrolyser technologies, PEM electrolysers
demonstrate several advantages over their alkaline counterparts. Capable of
operating at current densities above 2 A/cm?, PEM units achieve the same
hydrogen output with only about one-fifth of the footprint of AEs. Their solid
electrolyte also enables rapid response, in contrast to the slower dynamics
of AEs, whose liquid electrolyte increases inertia, leading to a slower ion
transport. The fast start-up and ramping capability make PEM electrolysers
particularly suitable for integration with intermittent RESs, where operation
under fast dynamics is required, while AEs remain better suited to fixed-power



applications. In addition, PEM electrolysers benefit from low gas crossover
rates, enabling operation across a wide range of power densities, and generally
achieve higher efficiency than alkaline systems. However, their behaviour under
dynamic conditions requires thorough assessment. Therefore, this research
investigates offshore hydrogen production using PEM electrolysers coupled
with seawater reverse osmosis (SWRO) systems for water desalination.

In the context of offshore hydrogen production using a PEM electrolyser
integrated with an SWRO unit, the first essential step is the development of a
dynamic model of the PEM electrolyser. This stems from the fluctuating output
of RESs, which results in variable power input to electrolysers. Although
PEM electrolysers exhibit rapid response characteristics, their operation is not
instantaneous. Capturing this dynamic behaviour is critical in flexibility studies
where electrolysers are integrated with RESs. Neglecting capacitive effects and
dynamic response can lead to substantial errors in estimating both electricity
consumption and hydrogen output, with the scale of miscalculation depending
on the operating conditions and system parameters. Over a 20-year lifetime,
such inaccuracies may significantly affect techno-economic analyses, given the
cost difference between electricity input and hydrogen output.

In this thesis, the dynamic PEM electrolyser model is formulated through
mathematical equations that describe the electrochemical interactions of the
anode, cathode, membrane, voltage, and thermal modules. This approach
overcomes the limitations of circuit-based models, whose parameters are only
valid under fixed operating conditions. As a result, circuit-based models often
fail in flexibility studies, where frequent changes in operating states, particularly
power input, must be considered.

Following the development of the dynamic PEM electrolyser model, in-
tegration with an SWRO system is required. While many studies recognise
the strong potential of coupling reverse osmosis systems with PEM electrol-
ysers for offshore hydrogen production, only a limited number address their
integrated operation. Because the energy demand and costs of water treatment
are minor compared with the overall hydrogen production process, this step
is often overlooked, even though it represents an essential part of the system.
Therefore, a coupled SWRO-PEM model, combining the two most promising
technologies for seawater-based offshore hydrogen production, is required for
comprehensive analysis. While it is true that the additional energy use, cost,
and footprint of a reverse osmosis unit are negligible relative to the electrol-
yser, hydrogen production with upfront water treatment is only acceptable and
competitive with DSWE if the treated water consistently meets the minimum
requirements in terms of quantity and quality. This aspect is examined in detail
in this thesis.

As electricity consumption represents the dominant cost in electrolysis, and
electrolysers are inherently power-intensive, an optimised operational strategy

ix



Summary

is essential to ensure profitable operation. Furthermore, the fast response
capability of PEM electrolysers makes their potential for providing ancillary
services, such as frequency containment reserve (FCR), a key area for further
research, which is also explored in this study.

The main contributions of this research include the development of a dy-
namic mathematical model, validated against experimental data, that accurately
replicates the behaviour of a PEM electrolyser while remaining computation-
ally efficient for large-scale power system simulations. In addition, an SWRO
model is presented, which is also validated against experimental data, and in-
tegrated with the PEM electrolyser model, thereby enabling offshore hydrogen
production assessment using a coupled SWRO-PEM framework. Moreover, the
investigation of several operational modes of PEM electrolysers under different
electricity price trajectories provides valuable insights for plant operators, al-
lowing them to identify optimal strategies that minimise hydrogen production
costs, maximise revenues, and ensure competitiveness with hydrogen produced
through alternative technologies.



Samenvatting

Door de uitputting van fossiele brandstofreserves, de groeiende vraag naar
elektriciteit, toenemende bezorgdheid over energiezekerheid en de dringende
noodzaak om de ecologische duurzaamheid te verbeteren, zijn hernieuwbare
energiebronnen (renewable energy sources - RESs) op de voorgrond getreden
in de wereldwijde energietransitie. Ondanks hun voordelen vormt de vari-
abiliteit van RESs een aanzienlijke uitdaging voor de stabiliteit en betrouwbare
werking van het elektriciteitsnet. Om deze problemen aan te pakken, zijn in
de literatuur tal van strategieén onderzocht om hun intermitterende karakter op
te vangen en de grootschalige integratie van hernieuwbare energiebronnen in
elektriciteitssystemen te vergemakkelijken.

In de literatuur is de omzetting van hernieuwbare elektriciteit naar groene
moleculen voorgesteld als een manier om hun inherente schommelingen op
te vangen. Deze thesis richt zich op de productie van groene waterstof door
middel van elektrolyse, waarmee systeembeheerders het elektriciteitsnet kun-
nen stabiliseren wanneer de hoeveelheid opgewekte energie niet overeenstemt
met het elektriciteitsverbruik. Elektrolyse, waarbij elektriciteit wordt gebruikt
om watermoleculen te splitsen in waterstof en zuurstof, is momenteel de voor-
naamste methode voor duurzame waterstofproductie.

De afhankelijkheid van schoon water voor de productie van groene water-
stof vormt een belangrijke uitdaging, gezien de toenemende waterschaarste.
Bovendien zijn zoetwaterbronnen ongelijk verdeeld over de wereld. Onder-
zoek naar de vervanging van zoet water voor elektrolyse wijst in de richting
van alternatieve bronnen, zoals grondwater, brak water of zeewater.

Wat betreft de stroombehoefte van elektrolyse is offshore windenergie een
van de meest veelbelovende hernieuwbare bronnen gebleken, in het bijzonder
voor landen met toegang tot de zee. Door offshore windenergie te gebruiken
voor elektrolyse-installaties kunnen deze ook direct op zee worden ingezet,
met gebruik van zeewater als alternatief voor zoet water. De productie van
waterstof op zee is vooral waardevol voor regio’s met beperkte landoppervlakte,
en biedt tegelijk ook de mogelijkheid om andere hernieuwbare energiebronnen
uit de zee, zoals golf- en getijdenenergie, te integreren. Bovendien sluit dit
aan bij het opkomende concept van energie-eilanden, waar energieomzetting,
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opslagfaciliteiten en alle bij horende infrastructuur samen offshore in de buurt
van windparken worden ondergebracht.

Het offshore gebruik van elektrolyse-installaties brengt echter operationele
en onderhoudsmatige uitdagingen met zich mee en resulteert in hogere kosten,
waarmee rekening moet worden gehouden. Bovendien bevat zeewater onzuiv-
erheden, met name hoge concentraties natrium en chloor, waardoor het directe
gebruik ervan complexer is dan bij schoon water, aangezien deze onzuiverhe-
den de afbraak versnellen, de efficiéntie verminderen en strengere eisen stellen
aan de materialen die in elektrolyse-installaties en hun hulpsystemen worden
gebruikt.

We onderscheiden twee belangrijke manieren om waterstof uit zeewater te
produceren: directe zeewaterelektrolyse (direct seawater electrolysis - DSWE)
en zeewaterelektrolyse met voorafgaande waterbehandeling. DSWE vereist
een fundamenteel herontwerp van commerciéle elektrolyseapparaten en de on-
twikkeling van geavanceerde elektrokatalysatoren voor zowel alkalische elek-
trolyse (alkaline electrolyser - AE) als protonuitwisselingsmembraan (proton
exchange membrane - PEM) elektrolyse, omwille van de hoge concentraties cor-
rosieve chloride-ionen die de prestaties van de elektrolyseapparaten negatief
beinvloeden. Daarentegen kan het toepassen van voorafgaande waterbehandel-
ing extra componenten en systeemcomplexiteit met zich meebrengen, wat de
kosten kan verhogen. Studies tonen echter aan dat de extra energiebehoefte,
kapitaalkosten, exploitatiekosten en uiteindelijke waterstofprijs als gevolg van
de integratie van voorafgaande waterbehandelingssystemen marginaal blijven,
aangezien deze bijdragen verwaarloosbaar zijn in vergelijking met de aanzien-
lijk hogere eisen van het elektrolyseproces zelf. Dit proefschrift focust daarom
op offshore waterstofproductie in combinatie met voorafgaande waterbehan-
delingssystemen.

Onder de beschikbare technologieén, ontziltingstechnologie wordt ontzilt-
ing van zeewater met behulp van membranen algemeen beschouwd als een
van de meest praktische oplossingen. Binnen deze categorie zijn omgekeerde
osmose (reverse osmosis - RO) en voorwaartse osmose (forward osmosis -
FO) de belangrijkste kandidaten. RO is een drukgestuurd proces waarbij hy-
draulische druk wordt toegepast om de osmotische gradiént te overwinnen,
terwijl FO uitsluitend vertrouwt op het natuurlijke osmotische drukverschil
over het membraan, waardoor hydraulische druk overbodig is. Hoewel RO
hierdoor energie-intensiever is dan FO, blijft het de voorkeursoptie vanwege
de hoge betrouwbaarheid en uitstekende zoutverwijdering. Bovendien hebben
voortdurende verbeteringen in het ontwerp van membranen, wrijvingsarme ma-
terialen en frequentieregelaars het energieverbruik van RO teruggebracht van
ongeveer 20 kWh/ mfvater in de jaren 1970s tot slechts 2—3 kWh/ mﬁvater vandaag
de dag. Daardoor is RO de dominante technologie geworden in commerciéle
zeewaterontzilting, terwijl FO momenteel niet op grote schaal wordt toegepast.



Van de twee meest geavanceerde elektrolyseertechnologieén biedt
PEM-elektrolyse verschillende voordelen ten opzichte van haar alkalische
tegenhanger. PEM-units kunnen werken bij stroomdichtheden van meer dan
2 A/cm? en bereiken dezelfde waterstofproductie met slechts een vijfde van
de voetafdruk van AE-toestellen. Hun vaste elektrolyt maakt ook een snelle
respons mogelijk, in tegenstelling tot de tragere dynamiek in AE, waar de
vloeibare elektrolyt de inertie vergroot, wat leidt tot een trager ionentransport.
Door de snelle opstart- en opvoermogelijkheden is PEM-elektrolyse bijzonder
geschikt voor integratie met intermitterende RESs, waar een snelle dynamiek
vereist is, terwijl AE beter geschikt is voor toepassingen met een vast
vermogen. Dankzij lage gascrossover-snelheden, kunnen PEM toestellen
over een breed scala aan vermogensdichtheden werken en over het algemeen
een hoger rendement behalen dan alkalische systemen. Hun gedrag onder
dynamische omstandigheden moet echter grondig worden beoordeeld. In dit
proefschrift wordt het onderzoek naar PEM-elektrolyse in combinatie met
zeewateromgekeerde osmose ( seawater reverse osmosis - SWRO)-systemen
voor waterontzilting voor gebruik in offshore waterstofproductie beschreven.

Een eerste essenti€le stap is de ontwikkeling van een dynamisch model
van de PEM-elektrolyseinstallatie, aangezien de-fluctuerende output van RESs
resulteert in een variabele stroomtoevoer naar elektrolyse-installaties. Hoewel
PEM-elektrolyse-installaties een snelle respons vertonen, is hun werking niet
onmiddellijk. Het vastleggen van dit dynamische gedrag is van cruciaal belang
in flexibiliteitsstudies waarbij elektrolyse-installaties worden geintegreerd met
RESs. Het negeren van capacitieve effecten en dynamische respons kan lei-
den tot aanzienlijke fouten bij het schatten van zowel het elektriciteitsverbruik
als de waterstofproductie, waarbij de omvang van de misrekening afhanke-
lijk is van de operationele omstandigheden en systeemparameters. Over een
levensduur van 20 jaar kunnen dergelijke onnauwkeurigheden een aanzienli-
jke invloed hebben op techno-economische analyses, gezien het kostenverschil
tussen elektriciteitsinput en waterstofoutput.

In dit proefschrift wordt het dynamische PEM-elektrolysemodel gefor-
muleerd aan de hand van wiskundige vergelijkingen die de elektrochemische
interacties van de anode, kathode, membraan, spanning en thermische modules
beschrijven. Deze benadering overwint de beperkingen van modellen gebaseerd
op circuits, waarvan de parameters alleen geldig zijn onder vaste bedrijfsom-
standigheden. Als gevolg daarvan schieten modellen gebaseerd op circuits vaak
tekort in flexibiliteitsstudies, waarbij rekening moet worden gehouden met fre-
quente veranderingen in de bedrijfsomstandigheden, met name het opgenomen
vermogen.

Na de ontwikkeling van het dynamische PEM-elektrolysemodel is inte-
gratie met een SWRO-systeem vereist. Hoewel veel studies het grote po-
tentieel erkennen van het koppelen van omgekeerde osmose-systemen aan
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PEM-elektrolyseinstallaties voor offshore waterstofproductie, gaat slechts een
beperkt aantal in op de geintegreerde werking ervan. Omdat de energiebe-
hoefte en kosten van waterbehandeling gering zijn in vergelijking met het totale
waterstofproductieproces, wordt deze stap vaak over het hoofd gezien, ook al
vormt deze een essentieel onderdeel van het systeem. Daarom is voor een uitge-
breide analyse een gekoppeld SWRO-PEM-model nodig, waarin de twee meest
veelbelovende technologieén voor offshore waterstofproductie op basis van
zeewater worden gecombineerd. Hoewel het extra energieverbruik, de kosten
en de voetafdruk van een omgekeerde osmose-eenheid verwaarloosbaar zijn
in vergelijking met de elektrolyse-eenheid, is waterstofproductie met vooraf-
gaande waterbehandeling alleen acceptabel en concurrerend met DSWE als het
behandelde water consequent voldoet aan de minimumvereisten in termen van
kwantiteit en kwaliteit. Dit aspect wordt in deze thesis uitvoerig onderzocht.

Aangezien het elektriciteitsverbruik de belangrijkste kostenpost vormt bij
elektrolyse en elektrolyse-installaties inherent energie-intensief zijn, is een
geoptimaliseerde operationele strategie essentieel om een rendabele werk-
ing te garanderen. Bovendien maakt het snelle reactievermogen van PEM-
elektrolyse-installaties hun potentieel voor het leveren van ondersteunende di-
ensten, zoals frequentiebegrenzingsreserve (frequency containment reserve -
FCR), tot een belangrijk gebied voor verder onderzoek, dat ook in de huidige
studie wordt meegenomen.

De belangrijkste bijdragen van dit onderzoek zijn onder meer de on-
twikkeling van een dynamisch wiskundig model, gevalideerd aan de hand van
experimentele gegevens, dat het gedrag van een PEM-elektrolyse-installatie
nauwkeurig nabootst en tegelijkertijd computationeel efficiént blijft voor
grootschalige simulaties van energiesystemen. Daarnaast wordt een SWRO
model gepresenteerd, dat eveneens is gevalideerd aan de hand van experi-
mentele gegevens en geintegreerd is met het PEM-elektrolyseapparaatmodel,
waardoor offshore waterstofproductie kan worden beoordeeld met behulp van
een gekoppeld SWRO-PEM-raamwerk. Bovendien levert het onderzoek naar
verschillende operationele modi van PEM-elektrolyseapparaten onder verschil-
lende elektriciteitsprijstrajecten waardevolle inzichten op voor exploitanten
van installaties, waardoor zij optimale strategi€én kunnen identificeren die
de waterstofproductiekosten minimaliseren, de inkomsten maximaliseren
en het concurrentievermogen ten opzichte van waterstof geproduceerd met
alternatieve technologieén waarborgen.






XVi

List of Abbreviations

AC
AE
AEM
AFC
aFRR
BESS
BoP
BRP
CAES
CapEx
CCS
CCUS
CESS
CSp
DAC
DC
DHI
DMFC
DNI
DRFC
DSM
DSO
DSWE
EENS
EESS
EF
ESS
EU
FC
FCO
FCR
FO
FR

Alternating Current
Alkaline Electrolyser
Anion Exchange Membrane
Alkaline Fuel Cell

Automatic Frequency Restoration Reserve

Battery Energy Storage System
Balance of Plant

Balance Responsible Party
Compressed Air Energy Storage
Capital Expenditure

Carbon Capture and Storage

Carbon Capture, Utilisation and Storage

Chemical Energy Storage System
Concentrated Solar Power
Direct Air Capture

Direct Current

Diffuse Horizontal Irradiance
Direct Methanol Fuel Cell
Direct Normal Irradiance
Discrete Regenerative Fuel Cell
Demand-Side Management
Distribution System Operator
Direct Seawater Electrolysis
Expected Energy Not Served
Electrical Energy Storage System
Environmental Footprint
Energy Storage System
European Union

Fuel Cell

Full Capacity Operation
Frequency Containment Reserve
Forward Osmosis

Fresnel Reflector

Samenvatting



FSP
GHG
GHI
GWP
HFC
HVDC
IPCC
IRENA
ISO
LCA
LCOE
LCOH
LCOW
LNG
LOHC
LOLE
LOLP
MCA
MCP
MCV
MEA
mFRR
MPPT
NDC
NDP
NPV
0o&M
OpEx
P2G2P
PAO
PEM
PEMEFC
PFAS
PFSA
PHES
PHT
PO
PPA
PSO
PT

PV

Flexibility Service Provider
Greenhouse Gas

Global Horizontal Irradiance
Global Warming Potential
Hydrogen Fuel Cell

High Voltage Direct Current

Intergovernmental Panel on Climate Change

International Renewable Energy Agency
Independent System Operator

Life Cycle Assessment

Levelised Cost of Electricity
Levelised Cost of Hydrogen
Levelised Cost of Water

Liquefied Natural Gas

Liquid Organic Hydrogen Carriers
Loss of Load Event

Loss of Load Probability

Market Clearing Algorithm

Market Clearing Price

Market Clearing Volume
Membrane Electrolyte Assembly
Manual Frequency Restoration Reserve
Maximum Power Point Tracking
Nationally Determined Contribution
Net Driving Pressure

Net Present Value

Operation and Maintenance
Operating Expenditure
Power-to-Gas-to-Power
Price-adaptive Operation

Proton Exchange Membrane

Proton Exchange Membrane Fuel Cell
Per- and Polyfluoroalkyl substances
Perfluoro-Sulfonic Acid

Pumped Hydroelectric Storage
Photothermal

Partial Oxidation

Power Purchase Agreement

Power System Operator

Parabolic Trough

Photovoltaic

Xvii



XViil

RED
RES
RFB
RO
RoCoF
SD
SMES
SMR
SO
SOFC
SSM
ST
SWRO
TDS
TESS
TSO
ucC
URFC

Renewable Energy Directive
Renewable Energy Source
Redox Flow Battery

Reverse Osmosis

Rate of Change of Frequency
Solar Dish

Superconducting Magnetic Energy Storage
Steam Methane Reforming
Solid Oxide

Solid Oxide Fuel Cell
Supply-Side Management

Solar Tower

Seawater Reverse Osmosis

Total Dissolved Solids

Thermal Energy Storage System
Transmission System Operator
Ultra-Capacitors

Unitised Regenerative Fuel Cell

Samenvatting



List of Notations and Symbols

FCR

2,gen

Area, m?

Concentration, mol/m?

Brine concentration, ppm
Variable electricity price, € MWh
FCR provision price, €/ MWh
Feed concentration, ppm

Upper percentile threshold

Lower percentile threshold
Lumped thermal capacitance, J/K
Permeate concentration, ppm
Cash flow, €

Specific heat capacity, J/kg.K
Specific heat capacity, J/mol.K
Binary diffusion coefficient, m?/s
Load damping factor, W/Hz
Diffusivity, m?/s

Diffusion coefficient, m?/s
Hydraulic diameter, m

Equivalent weight, kg

Standard cell reversible voltage, V
Activation energy, J/mol

Error

Faraday constant, A.s/mol
Frequency, Hz

Enthalpy, J/mol

Hydrogen break-even price, €/kg
Generated hydrogen, kg

Grid inertia constant, s

Heat transfer coefficient, W/m?.K
Channel height, m

Head loss, bar

Current, A



XX

e

=T

S

N
[=)

P
P;CR
Puin
Prated
P ﬁes
p

0

Ob
Qe
Ot

Qp
R

R:
Ry
Re
r
Sy

List of Notations and Symbols

Discount rate

Number of ions produced during solute dissociation
Solute flux, kg/m?.h

Water flux, L/m?.h

Current density, A/m?

Exchange current density, A/m?

Price sensitivity coefficient, MW?.h/€
Mass transfer coefficient, m/s

Solute permeability, m/h

Temperature coefficient for solute, K
Water permeability, L/m?.h.bar
Temperature coefficient for water, K
Length, m

Molar mass, kg/mol

Salt transfer rate through membrane, kg/s
Flow rate, kg/s

Mass, kg

Number of moles

Number of cells

Electro-osmotic drag coefficient

Number of turbines

Flow rate, mol/s

Molar flux, mol/m?.s

Pressure, Pa

Power, W

Operating power of the electrolyser, MW
Power adjusted by the electrolyser for FCR provision, MW
Minimum power of the electrolyser, MW
Rated power of the electrolyser, MW
Reserved capacity of the electrolyser for FCR provision, MW
Partial pressure, Pa

Heat flow, W

Brine flow rate, m?/day

Electric charge, C

Feed flow rate, m?/day

Permeate flow rate, m>/day

Resistance, Q.m?

Recovery rate

Universal gas constant, J/K.mol
Reynolds number

Mean pore radius, m

Salt rejection



Sc
Sh

-~

Yel

PEeEVTIDAMNEDOE >00 NS>
= E

XX1

Schmidt number
Sherwood number
Temperature, K
Time, s
Voltage, V
Volume, m
Cross-flow velocity, m/s
Valence, C/mol
Channel width, m
Molar fraction

year

Number of experiments

3

Charge transfer coefficient

Reserved capacity coefficient of the electrolyser
Concentration polarisation factor
Baseload coefficient of the electrolyser
Thickness, m

Head loss coefficient

Porosity

Lennard-Jones potential, K

Mean molecular radii, A

Coolant to water mole ratio

Viscosity, kg/m.s

Diffusion collision integral

Water content of membrane

Tortuosity

Osmotic pressure, bar

Density, kg/m?

Conductivity, S/m

Dimensionless temperature

Osmotic coefficient

Diffusion collision integral






List of Figures

2.1

22

23

24

2.5

2.6
2.7

2.8

29

2.10
2.11
2.12
2.13

3.1
32

33
34
35
3.6
3.7

Impact of RESs intermittency on power system reserve require-
ments [27], modifiedin [28] . . . ... ... . ... ..... 12
Schematic illustration of the expected and actual reductions in
fuel consumption (FC) or CO, emissions (CDEs) associated

with the penetration of intermittent RESs [28] . . . . . . . .. 14
Forecasted transmission losses over a 24-hour period with and
without wind and PV generation [32] . . . . . ... ... ... 16
Cumulative installed wind power capacity in Europe and glob-
ally over the pastten years [60] . . . . . .. ... ... .... 20

Peaks of turbulence, diurnal, and synoptic temporal variations
recorded at Brookhaven National Laboratory, US [67], modi-

fiedin[68]. . . . . . ... 21
Schematic diagram of CSP technologies [84,85] . . . . . . .. 25
Interaction of incoming solar irradiance with atmospheric com-

ponents [87] . . . . . . .. 27
Global cumulative installed solar power capacity over the past

ten years in Europe and worldwide [58] . . . .. ... .. .. 28
Impact of a moving cloud on the irradiance time series [1] . . 29
Effect of aggregating intermittent RESs plants . . . . . . . .. 31
Function of ESSs for power smoothing [105] . . . . . . .. .. 33
Classification of different types of ESSs [108] . . . . . . . .. 34
Comparison of various ESSs [20,108,113-115] . . . . . . .. 35

Global hydrogen production and consumption from 2019 to 2024 54
Hydrogen colour classifications and their corresponding pri-

mary energy sources [6] . . . . .. ... .. L. 55
Schematic diagram of an alkaline electrolyser [8] . . . . . .. 57
Schematic diagram of a PEM electrolyser [8] . . . . ... .. 59
Schematic diagram of an SO electrolyser [8] . . . . . ... .. 61
Structure of a monopolistic electricity market [16] . . . . . . . 63

Structure of a liberalised electricity market [16] . . . . . . . . 64



XX1v

3.8
39
3.10
3.11
3.12

3.13
3.14

4.1
4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

5.1
5.2

53

54

LIST OF FIGURES

Overview of the electricity market [16] . . . . . . ... .. .. 65
Day-ahead market clearing process . . . . . . ... ... ... 65
Process of reserve capacity activation by Elia [17] . . . . . . . 68
Conversion of a conventional gas-fired power plant to operate

on green hydrogen [25] . . . . . . . . ... ... ... .... 71
Configurations of regenerative fuel cells [27] . . . . ... .. 73
Common approaches to seawater electrolysis [37] . . . . . .. 77
Cost breakdown of an SWRO-PEM electrolysis system [39] . . 78
Overview of the developed model in Simulink . . . . ... .. 97
The required number of water moles for various operating cell

voltages as a functionof AT . . ... ... ... ....... 109
The average relative error derived from various combinations

of the fitting parameters for static validation . . . . .. .. .. 112

Comparison of the polarisation curves obtained from the best
point of the model and experiment at various temperatures and
atmospheric pressure . . . . . ... ... 112
The relative error between the polarisation curves obtained
from the best point of the model and experiments at various

temperatures and atmospheric pressure . . . . . ... ... L. 113
Comparison between the dynamic and static consumed power
curves of the PEM electrolyser . . . . . ... .. ... .... 116

The average relative error derived from various combinations
of the fitting parameters for dynamic validation . . . . . . . . 117
Comparison of the stack voltage between the best point ob-
tained from the model and experiment with the applied currents
of3,6and 10A . . . . . . .. ... 118
The relative error between the best point obtained from the
model and experiments with the applied currents of 3, 6 and 10 A118

The impact of varying AT on the stack voltage and operating
temperature with the applied currentof 6 A . . . . . . . . .. 119
The impact of varying inlet temperature on the stack voltage
and operating temperature . . . . . .. ... ... 120
Schematic of an RO element divided into increments . . . . . 135

Variations in the seawater density as a function of temperature
and concentration . . . . . ... ... L 139
Variations in the seawater density as a function of temperature
and concentration . . . . . ... ... 140
Comparison of the developed model, experimental data, and
WAVE at the experimental pressure of 7bar . . . . . ... .. 145



LIST OF FIGURES

5.5
5.6
5.7
5.8
59
5.10
5.11
5.12

5.13
5.14

6.1
6.2
6.3

6.4

6.5

6.6
6.7

6.8
6.9
6.10
6.11

6.12
6.13

6.14

6.15
6.16

Comparison of the developed model, experimental data, and
WAVE at the experimental pressure of 11 bar . . .. ... ..
Average relative error between the developed RO model, ex-
periment,and WAVE . . . . . ... oL oL
Comparison between the developed model and experimental
results for seawater . . . . . ... ... oL
Average relative error between the developed RO model and
experimental results for seawater . . . . . .. ... ... ...
Variation of permeate flow rate as a function of feed pressure
andfeed flowrate . . . . ... ... ... L.
Process scheme of the SWRO-PEM electrolyser model

An overview of the coupled SWRO-PEM electrolyser model
Dynamic step response of the 2 MW PEM electrolyser
Behaviour of the two-pass SWRO system . . . . .. ... ..
Comparison between the required water for the PEM electrol-
yser and the amount provided by the SWRO system . . . . . .

Overview of operational scenarios for the electrolysers
Activation principle of the 200 mHz symmetric FCR product .
Comparison of the predicted electricity prices in Belgium under
the central, clean molecules, and electrification pathways . . .
Correlation between monthly and annual electricity prices in
Belgium from 2016 t0 2023 . . . . . . .. ... ... ...
Correlation between monthly and hourly electricity prices in
Belgium from 2016 t0 2023 . . . . . . . .. ... ... L.
Cost breakdown of the FCO scenario . . . . . ... ......
Effect of +50% parameter variations on the hydrogen break-
even price in the FCO scenario . . . . . ... ... ......
Central electricity price pathway . . . . . ... ... .. ...
Clean molecules electricity price pathway . . . . . ... . ..
Electrification electricity price pathway . . . . ... ... ..
Price distribution curves for the central, clean molecule and
electrification electricity pathways . . . . . .. .. ... ...
Cost breakdown of the PAO scenario . . . . . ... ... ...
Effect of +50% parameter variations on the hydrogen break-
even price in the PAO scenario . . . . ... ... .......
Frequency distribution curve from 2030 to 2050 utilised in the
FCRscenario . . ... ... ..................
Cost breakdown of the FCR scenario . . . . . ... ... ...
Effect of +50% parameter variations on the hydrogen break-
even price in the FCR scenario . . . . ... ... .......

158

175
178

182

XXV



XXVi

6.17

7.1
7.2
7.3

7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15
7.16

LIST OF FIGURES

Derived hydrogen break-even prices and capacity factors across

the three scenarios . . . . . ... ... ... ......... 198
Working procedure of an LCA based on ISO 14040 guidelines [1]207
Production of hydrogen from offshore wind farm . . . . . . . 211
System boundaries for the production of hydrogen from an

offshore windfarm . . . . . ... ... .. ... ..., 212
Acidification impact category . . . . . . .. ... ... ... 219
Climate change impact category . . . . . . ... ... .... 220
Ecotoxicity (freshwater) impact category . . . . . . . . .. .. 221
Eutrophication (marine) impact category . . . . . . . . .. .. 222
Eutrophication (terrestrial) impact category . . . . . . .. .. 223
Human toxicity (cancer) impact category . . . . . . ... ... 224
Human toxicity (non-cancer) impact category . . . .. . . . . 225
Particulate matter impact category . . . . . . . ... ... .. 226
Photochemical ozone formation impact category . . . . . . . . 227
water use impact category . . . . . ... ... ... 228
Share of each impact category after normalisation . . . . . . . 230
Share of each impact category after normalisation and weighting230
Share of each impact category after normalisation and weighting231



List of Tables

2.1
22
23

24
2.5

3.1

32

4.1

4.2

43
4.4

4.5

5.1

52

53

54

55
5.6

Summary of temporal wind variations and their predictability [64] 23

Comparison of leading CSP technologies [81,83] . . . . . .. 26
Strengths and challenges facing Belgium on the path to decar-

bonisation [116] . . . . . . . . . .. ... ... .. ... 36
Comparison of solar, wind and their related technologies . . . 39

Comparison of solar, wind and their related technologies (cont.) 40

Qualitative comparison of alkaline, PEM and SO electrolysers

[8,41,45,46] . . . . . ... 82
Quantitative comparison of Alkaline, PEM and SO electroly-
sers [47-50] . . . . ... 82

Comparison between the existing literature and the proposed
model (L: Low, BA: Below Average, A: Average, AA: Above

Average, H: High, NA: Not Applicable) . .. ... ... ... 95
Specifications of the PEM electrolyser used for the static vali-

dation [28] . . . . . . . . 110
Fitted parameters for static validation . . . . . . ... ... .. 111
Specifications of the PEM electrolyser used for the dynamic

validation [2] . . . . . . . . . ... 114
Fitted parameters for dynamic validation . . . . . ... .. .. 115

Variations in the seawater density as a function of temperature

andTDS . . . . . . L 139
Variation in seawater viscosity as a function of temperature and
TDS . . 141
Specifications of the RO unit used for the validation based on
reference [38] . . . . . . . ..o 143
Specifications of the RO unit used for the validation based on
reference [39] . . . . . . .. ... 148
Specifications of the upscaled PEM electrolyser . . . . . . . . 151

Specifications of the upscaled SWRO unit . . . . . ... ... 152



XXViii

6.1
6.2
6.3

7.1

7.2

7.3

7.4

7.5

7.6
7.7

7.8

7.9

LIST OF TABLES

Technical and operational specifications of the PEM electrolysers 178
Economic and performance parameters of the PEM electrolysers 179
Comparison between the electricity price pathways in Bel-

gium [23] . . ... 180
Material breakdown of the wind turbine and its BoP compo-
nents for 1 kg of hydrogen production [8] . . . .. ... ... 212
Material breakdown of the SWRO system for 1 kg of hydrogen
production [12] . . . . . . . . . ... ... ... ... 213
Material breakdown of the PEM electrolyser for 1 kg of hydro-
gen production [8,11-13]. . . . ... ... ... ....... 213
Material breakdown of the BoP of the PEM electrolyser for 1
kg of hydrogen production [8,11-13]. . . .. ... ... ... 214

Material breakdown of hydrogen storage/compression system
for the PEM electrolyser for 1 kg of hydrogen production [12] 214

Emissions for the production of 1 kg of hydrogen [12,14] . . . 215
EF v3.0 LCI method characterisation of air emissions per kg
ofsubstance . . . . . . ... ... L o 216
EF v3.0 LCI method characterisation of water emissions per
kgofsubstance . .. ... .. ... ... ........... 217
Impact factors and normalisation factors of each impact cate-

gory based on EF v3.0perperson . . ... .......... 218



Chapter 1

Introduction

This chapter introduces the general idea and broad context of the research pre-
sented in this thesis, including the motivations and objectives. Additionally, it
provides an overview of the conducted work, and describes the thesis structure.

1.1 Context of the Research

Due to several factors, such as fossil fuel depletion, climate change, and energy
security, the integration of renewable energy sources (RESs) into the power grid
has become inevitable [1]. However, despite their environmental and economic
benefits, the intermittent nature of RESs poses several challenges to the power
system, including reduced stability, reliability, and flexibility [2].

Among various strategies to address RESs intermittency, the production of
green molecules, such as hydrogen, has gained considerable attention [3]. For
instance, instead of curtailing renewable generation during periods of surplus,
the excess electricity can be converted into hydrogen via electrolysis, which
has the potential to be combusted to produce electricity or converted back
to electricity using fuel cells. In addition to grid balancing, green hydrogen
can replace conventional hydrogen, currently produced mainly through fossil
fuel-based methods such as steam methane reforming, thereby reducing carbon
dioxide emissions across multiple sectors [4].

Electrolysers, which require only water and electricity, are considered the
most viable option for green hydrogen production to date [5]. To address
the issue of freshwater consumption, recent studies have explored the use
of alternative water sources, such as seawater, particularly in countries with
coastal access [6]. This approach also supports the energy island concept,
allowing electrolysers to be installed offshore and thereby reducing land use,
lowering electrical energy transmission costs, and enabling direct integration
with offshore RESs [7]. This is especially advantageous for the integration of
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offshore wind energy, a promising renewable energy source for countries with
access to the sea [8].

For the types of electrolysers, alkaline and proton exchange membrane
(PEM) electrolysers are the two mature technologies [9, 10]. Owing to its
solid membrane (typically Nafion), the PEM electrolyser offers a faster re-
sponse to fluctuating renewable power input than the alkaline electrolyser,
which employs a liquid electrolyte (typically KOH) [11, 12]. Therefore, PEM
electrolysers demonstrate greater suitability for renewable energy applications.
Nonetheless, given the high costs associated with green hydrogen production
via electrolysers and the intermittent nature of RESs, determining the optimal
operational strategy that maximises revenue while providing optimal support
to the power grid remains a crucial area of investigation.

This research addresses key aspects of offshore hydrogen production using
an integrated PEM electrolyser and seawater reverse osmosis (SWRO) system.
The main contributions of the study include the development of a dynamic
mathematical model for the PEM electrolyser, which is essential for flexibility
studies. This model is further integrated with a developed SWRO model to
evaluate the operation of both units at the single-system level. Finally, the
optimal operational strategy for the electrolyser is determined under various
scenarios, based on historical electricity data in Belgium and the national targets
set by the federal government.

This study differentiates itself from prior research, such as [13] and [14],
by primarily focusing on hydrogen production, irrespective of its specific ap-
plication. This approach makes the study versatile and suitable for cases in
which the production of hydrogen derivatives, such as methane or methanol,
is intended. For example, in offshore applications, hydrogen can be produced
and combined with seawater-derived CO, to form methane or methanol.

In addition, this study is based on an accurate PEM electrolyser model
which, unlike circuit-based models, enables reliable estimation of the system
behaviour in hydrogen production applications. The main drawback of circuit-
based models, as elaborated in Chapter 4, arises from the fixed values assigned
to resistors and capacitors across the entire operating range of the electrol-
yser. This results in the PEM electrolyser exhibiting a constant time response
irrespective of the operating conditions, which does not reflect practical be-
haviour. To improve the accuracy of such models, adaptive algorithms have
been proposed in which circuit parameters are recalculated for different elec-
trical input currents. Although this enhances performance to some extent, it
remains difficult for these approaches to capture the influence of other operating
conditions, such as temperature and pressure, which play a significant role in
real electrochemical dynamics.

It is worth mentioning that although the Belgian power system is used as
the reference case in this study, the developed models and methods for seawater
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electrolysis are applicable to other power systems as well. Hence, Belgium
serves as a representative test case for this research.

1.2 Overview

The rest of this thesis is organised as follows:

Chapter 2 provides an overview of the challenges associated with the
intermittency and integration of RESs into the power grid, as their variability is
among the primary drivers behind the use of hydrogen production from RESs.
The chapter focuses on the two most widely used RESs worldwide, namely
wind and solar energy. The global status, historical evolution, and main
technological advancements related to these two sources are also presented.
Subsequently, various approaches to address the intermittency of these sources
are discussed.

Chapter 3 explores the different pathways for hydrogen production. This
includes areview of hydrogen generation methods based on both fossil fuels and
RESs. The chapter then focuses on water electrolysis technologies, including
alkaline, PEM, and solid oxide electrolysers. The structure of the power system
and the potential of hydrogen production to provide grid flexibility are then
explored. Lastly, Belgian government policies and national targets for hydro-
gen production are reviewed to provide a foundation for the upcoming chapters.

Chapter 4 presents the development of a dynamic mathematical model
for the PEM electrolyser. Following a literature review, all relevant modules
of the PEM electrolyser, including the anode, cathode, membrane, voltage,
and thermal modules, are described in detail, along with their interactions and
corresponding mathematical equations. The model is then validated using
experimental data under both steady-state and dynamic operating conditions.

Chapter 5 focuses on the modelling of a reverse osmosis (RO) desalination
system for seawater. After a review of relevant literature, a model based on
the solution-diffusion method is developed. Thereafter, the model is validated
using two sets of experimental data: one with low salinity and another with
high salinity levels comparable to seawater. The chapter concludes with the
integration of the upscaled RO model and the PEM electrolyser model from
Chapter 4 to form a coupled seawater electrolysis system.

Chapter 6 offers a comprehensive techno-economic analysis of PEM
electrolyser operation modes in the context of projected electricity prices and
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potential evolutions of the Belgian energy system. Following a review of the
literature, the scenarios for the investigation of electrolyser operation modes
are defined. These include operating the electrolyser at full capacity, operating
it based on day-ahead market electricity prices, and operating it based on grid
frequency to provide ancillary services. The methodology for estimating future
electricity prices in the Belgian power system is then described, and hourly
electricity prices are predicted for three potential energy system configurations.
Subsequently, the hydrogen break-even price is calculated for the defined
scenarios, and the results are compared. This chapter also provides a cost
breakdown of green hydrogen production and applies a sensitivity analysis to
identify the key parameters influencing the hydrogen break-even price.

Chapter 7 discusses a life cycle assessment (LCA) of hydrogen production
using a desalination system and PEM electrolyser, coupled with offshore wind
energy and hydrogen storage. After a literature review, the LCA methodology
is developed in accordance with ISO 14040 and 14044 standards. First, the
goals and scope, functional unit, and system boundary of the study are defined.
Afterwards, a life cycle inventory is compiled, including the materials required
for each subsystem based on the chosen functional unit. Emissions associated
with each material are then quantified using the Environmental Footprint v3.0
impact assessment method. Finally, the results are analysed to determine the
contribution of each subsystem, namely the wind turbine, desalination system,
PEM electrolyser, and storage system, to the overall environmental load across
various impact categories.

Chapter 8 summarises the main conclusions drawn from this thesis and
presents potential directions for further research.

1.3 Author Bibliography

This section provides an overview of the author’s publications and their con-
nection to the chapters of this thesis. The material presented in the subsequent
chapters is reflected in the following works. Publications 1 and 2 correspond
to the content of Chapter 2, whereas Publications 3 and 4 are associated with
Chapter 3. Publication 5 relates directly to the material developed in Chapter 4,
and Publication 6 covers the main elements discussed in Chapter 5. The work
presented in Chapter 6 has been submitted for publication and is under review
at the time of writing this thesis.
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Chapter 2

Intermittency of Renewable
Energy Sources

Renewable energy sources (RESs) have drawn significant attention in recent
years as a means to facilitate the transition towards a low-carbon energy sys-
tem. Although they deliver more environmentally friendly energy compared
to fossil fuels, the inherently intermittent nature of RESs results in fluctuating
power generation, which hinders their large-scale penetration into the power
system. This chapter provides an overview of the most widely used RESs glob-
ally, namely wind and solar energy, and the challenges associated with their
integration into the power system.

The rest of this chapter is organised as follows: Section 2.1 provides an
overview of the motivations for shifting towards RESs, along with their main
advantages and limitations. In Section 2.2, the impact of the volatile nature
of RESs, particularly wind and solar energy, on the power system operation
are assessed. Section 2.3 and Section 2.4 review wind and solar energy,
respectively, including their historical development, technological milestones,
and global deployment statistics. These sections also present a brief assessment
of the impact of the COVID-19 pandemic on the progress of RESs deployment,
in order to evaluate the resiliency of these renewable sources. Additionally,
the variations of wind speed and solar irradiance are appraised. Section 2.5
discusses the technologies to combat the volatile nature of wind and solar
energy by assessing the existing approaches for accommodating or mitigating
their intermittency. Finally, in Section 2.6, the key conclusions of the chapter
are presented, including a comparison of the dominant RES technologies.
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2.1 Introduction

Due to the depletion of fossil fuels, growing awareness of energy security,
increasing electricity demands, and ever-rising concerns about environmental
issues, renewable energy sources are attracting greater attention over time. For
example, oil and gas reserves in the UK’s North Sea are in decline, as the peak
of extraction has already occurred in 2003 [1]. Based on the International
Energy Agency (IEA) projections, the global peak in crude oil extraction is
expected to occur shortly after 2028, most likely in 2029 or 2030 [2, 3]. For
natural gas, the authors in [4] estimate that the global production peak will
occur between 2034 and 2046.

Regarding the environmental matters, when fossil fuels are combusted,
their carbon combines with oxygen during the burning process, and carbon
dioxide (CO») is released [5]. In [6] and [7], it is demonstrated that climate
change is directly linked to CO, in the atmosphere, as it traps radiated heat
from the surface of the Earth and raises global temperature. According to [8],
the average global surface temperature has increased by approximately 1 °C
since the late 19th century. Meanwhile, the Paris Agreement defines 1.5 °C
as the threshold for global temperature rise, and the Intergovernmental Panel
on Climate Change (IPCC) has already warned about the consequences of ex-
ceeding this limit [9, 10]. Moreover, among the three major reservoirs in which
CO; is stored, namely the atmosphere, biosphere, and oceans, approximately
93% of CO, can be found in ocean water. This gas can move freely between
these reservoirs [11]. As ambient temperature rises, ocean temperatures also
increase accordingly, which reduces their ability to hold CO, and leads to its
release back into the atmosphere. This process reinforces itself, as the addi-
tional CO, in the atmosphere traps more heat, resulting in more atmosphere
temperature rise, and, in turn, leading to further warming and a continued rise
in ocean temperatures [7].

Given the aforementioned considerations, transitioning to alternative en-
ergy sources is crucial. RESs offer a clean and eco-friendly form of energy,
and their abundant resource availability makes them a promising alternative to
fossil fuels. Energy security is also of paramount global importance. With a
considerable portion of proven oil reserves of the world situated in the Mid-
dle East, the tendency towards switching to reliable alternatives is increasing
in other countries [12]. Another attractive advantage is that RESs provide a
substantial number of job opportunities. According to the International Re-
newable Energy Agency (IRENA), RESs supported 16.2 million jobs in 2023,
with over 18% growth compared to 2022 [13]. By 2050, IRENA projects that
RESs could provide as many as 42 million jobs globally [14]. Being offered
in various formats, RESs can be utilised to some extent in nearly all countries,
with the specific type primarily depending on the geographical and climate
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conditions.

To date, different renewable energy sources have been introduced, among
which solar energy, wind energy, tidal energy, hydro energy, geothermal en-
ergy, and bioenergy are the most popular ones. The term ‘renewable energy’
refers to sources that are sustainable and endless in nature. However, despite
their renewable nature, these sources depend on specific environmental con-
ditions. For example, wind energy requires sufficient wind speeds to rotate
turbine blades. Similarly, solar panels require clear skies to capture the neces-
sary radiation components for electricity generation. This introduces a major
drawback of RESs, which is intermittency [15-17]. It is worth mentioning
that the intermittency levels of RESs differ. For instance, geothermal energy
is not intermittent and is not dependent on weather, time of day, or seasonal
fluctuations, and it provides a continuous and stable output with high capacity
factors. However, extensive efforts have been made to address the intermittency
issue of volatile RESs and, where possible, to accommodate or even mitigate
the variability of their power output. Additionally, from the perspective of
electrical grids, integrating some RESs into the power system presents techni-
cal challenges. This stems from the volatile nature of their output, which can
adversely affect voltage, frequency and power quality of the electrical systems.
Nevertheless, it is important to note that RESs can also support grid stability
by providing ancillary services [18]. Although renewable energy sources may
offer financial benefits to consumers, particularly when supported by govern-
ment incentives, the technologies involved are typically more expensive upfront
compared to conventional energy systems. To combat the fluctuating nature of
RESs, energy storage systems have been introduced [19,20]. Yet, these systems
could be expensive, especially for large-scale capacities.

Overall, the advantages of RESs significantly outweigh their limitations.
That is why studies demonstrate that public attitudes towards RESs are satis-
factorily acceptable, with an increasing trend of favourable perception across
most countries [21-23]. However, efforts to raise public awareness remain
necessary [24].

This chapter presents a comprehensive review of solar and wind energy,
followed by a particular emphasis on the context of Belgium. It is worth noting
that hydro-power is also used in Belgium. Regardless, due to its relatively small
contribution compared to wind and solar, and the limited potential for further
development in Belgium, mainly because of the quite flat topography of the
country, it is not addressed in this study. Additionally, although the tendency
towards utilising bioenergy is increasing in Belgium, it is excluded from this
study. This is primarily because bioenergy is far more predictable than solar
and wind energy, and the focus of this chapter is on intermittent RESs.

11
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2.2 Intermittency and Power System

The primary goal of a system operator is to reliably match the electric generation
and demand at all times, and at the lowest possible cost. The intermittency
of wind and solar energy adversely affects the power system, with the extent
of these impacts depending on the characteristics of the power system, its
inherent flexibility, and the penetration level of volatile RESs in the grid [25].
The effects of fluctuating power output of wind and solar on the grid can be
classified into two main groups: short-term impacts, which include maintaining
system balance on an operational timescale (minutes to hours), and long-term
impacts, which involve ensuring sufficient power supply during peak load
conditions [25].

The first short-term impact of integrating renewable energy sources into
the power system is the negative effect of wind speed and solar irradiance
uncertainty on system reserves. As mentioned, a constant balance between
supply and demand must be maintained. To account for unexpected generation
losses and sudden changes in demand, utilities maintain operating reserves
within the power system. When determining the required reserve capacity,
all potential fluctuations in demand or generation must be taken into account.
Inevitably, due to the variable nature of wind and solar energy, the scheduled
operating reserve must be increased to ensure reliable system regulation, which
consequently raises integration cost [26]. In Fig. 2.1, the resulting change in
the power system reserves is shown [27]. As shown, with the growing share
of intermittent RESs, wind energy in this case, the reserve capacity must be
increased to compensate for the uncertainty in their output.

Several studies have investigated the aforementioned impact and potential

100 .
Ge“em\\‘ieqe\ Maximum probable drop of
Qe@\‘«\‘é intermittent wind power
\)
Maximum probable Reserve Maximum probable
generation loss generation loss

Reserve

Maximum probable load rise Maximum probable load rise

System demand

Without intermittent With intermittent
wind power wind power

Figure 2.1: Impact of RESs intermittency on power system reserve
requirements [27], modified in [28]
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strategies to prevent an undesirable increase in reserve capacity. The authors
in [29] modelled this effect and examined the increase in power system reserves
as a function of wind and solar photovoltaic (PV) penetration levels. Overall,
they concluded that for wind penetration levels up to 30%, the primary reserve
capacity increases by 0.3—1.0% of the installed generation capacity, whereas at
a 40% penetration level, reserve requirements can exceed 1%. The observed
discrepancies across studies for identical penetration levels are attributed to
dissimilar reserve sizing methodologies applied in the studies. Moreover, the
authors concluded that as a result of the lower predictability of PV, the reserve
requirements for a given level of PV penetration are higher than for wind.
In [30], the reserve requirement associated with wind intermittency, referred to
as wind power reserve, is quantified. In their case study involving a 100 MW
load, 10% wind power uncertainty, and a load uncertainty interval of [-2,2], it is
deduced that the wind power reserve increases linearly with respect to the wind
penetration rate. Quantitatively, as the wind penetration rate, defined as the
ratio of wind power output to total load, increased from no wind penetration to
50%, the wind power reserve, defined as the share of system reserve dedicated
to compensating for wind uncertainty, rose from no reserve requirement to
10%. Despite this additional reserve requirement, higher wind penetration
reduces reliance on conventional generation, leading to a reduction of up to
over 25% in the operating cost of the power system at penetration levels of up
to 50%.

The second short-term impact of wind and solar intermittency concerns
the expected reduction in CO, emissions. For instance, while it is theoretically
anticipated that replacing a conventional power plant with a wind power plant
of equivalent generation capacity would eliminate the associated CO, emis-
sions, this is not always the case in real-world applications. The extent of CO,
emission reduction relies on the type of generation or fuel source being substi-
tuted. Moreover, conventional power plants are typically designed to operate
at specific output levels at which their performance is optimised. Nevertheless,
due to the growing share of intermittent RESs in the power system, online
generators must either increase their ramping rate — defined as the ability of a
generator to change its output — or undergo increased start-up and shut-down
cycles to accommodate both load variations and RESs output fluctuations. For
example, instances may occur where demand rises while RESs output drops, or
vice versa. In both situations, an apparent increased rate of change in the sys-
tem load happens, leading to non-optimal performance of conventional power
plants [26,31]. Therefore, the efficiency of power plants decreases, and their
CO, emissions increase, as illustrated in Fig. 2.2 [28].

The authors in [28] and [29] compared several studies and showed that at
intermittent RESs penetration levels (as a percentage of annual load) of 11%
(wind), 23% (wind-solar), and 33% (wind-solar), the average increase in spe-
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Figure 2.2: Schematic illustration of the expected and actual re-
ductions in fuel consumption (FC) or CO, emissions (CDEs)
associated with the penetration of intermittent RESs [28]

cific CO, emissions of thermal plants are 7%, 2.3%, and <1%, respectively.
However, as confirmed by [28], despite the reduced effectiveness in CO, re-
duction, integrating RESs into the power system still has a significant positive
impact on lowering CO, emissions.

The decrease in the expected increase of specific CO, emissions at higher
RESs penetration levels can be explained by several system-level effects. Atlow
penetration levels, only a small share of thermal generation is displaced, and the
existing set of thermal units is required to cycle more frequently and operate for
longer periods at part load, which increases their specific CO, emissions. At
higher penetration levels, however, the least efficient and least flexible thermal
units are displaced first, leaving only the most efficient and flexible units in
operation. These remaining units increasingly operate in a peaking-only mode,
which reduces the number of inefficient part-load hours and therefore lowers
the marginal increase in specific CO, emissions. The studies investigated
in [28] and [29] also concern different locations, namely East Germany (11%
wind), the Western United States (23% wind—solar), and the United States
Western Interconnection (33% wind-solar), and the types of thermal units
displaced in these systems differ, which influences how specific CO, emissions
evolve with higher shares of renewable energy. Finally, the composition of the
renewable mix also plays a role, since aggregated wind—solar portfolios exhibit
lower net variability, which reduces the required ramping of thermal plants
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and consequently mitigates the increase in specific CO, emissions at higher
penetration levels.

The third short-term effect is that intermittent RESs can influence trans-
mission and distribution losses, thereby increasing costs. Depending on the
location of wind farms and solar plants, particularly in relation to the voltage
level of the integration point and the distance to the load, this impact can be
either positive or negative. According to [25], in the UK, where wind power
production is concentrated in the north, the estimated additional transmission
costs are projected to increase, reaching 2 €/MWh and 3 €/MWh at penetra-
tion levels of 20% and 30%, respectively. In [32], based on eighteen months of
experience and daily monitoring of forecasted transmission losses, an increase
in losses was observed during periods of high wind speed, whereas a decrease
occurred around noon when PV generation reached its peak. However, their
analysis excluded days with adverse weather conditions, such as rain or snow,
due to additional corona losses in transmission lines. The impacts of the inter-
mittent output of wind and PV generation over a one-day period are shown in
Fig. 2.3(a) and Fig. 2.3(b), respectively [32].

The fourth short-term impact of the intermittent nature of wind and solar
power arises when their output power exceeds the level that can be safely ab-
sorbed and utilised by the grid. This typically happens during periods of high
wind speeds and clear days. To maintain frequency, voltage, and overall grid
stability, a certain number of conventional power plants must remain online at
all times. Inevitably, when the output power from solar and wind generation
units exceeds a specific threshold, curtailment becomes necessary. According
to [25], a wind energy penetration level of approximately 10% is the point at
which curtailment may become necessary. However, this is a rough estimate
and depends strongly on factors such as transmission line capacity, grid in-
frastructure, demand levels, and interconnection capacity with neighbouring
countries. The authors in [33] noted that high curtailment levels are primar-
ily due to inadequate transmission capacity. Specifically, curtailment levels
vary significantly by region. In areas where transmission capacity and in-
frastructure are limited, curtailment can be substantially reduced by upgrading
grid infrastructure, expanding transmission capacity, and integrating additional
technologies and interconnections that enhance power system flexibility.

The fifth short-term impact of RESs on the power system concerns their
influence on grid characteristics. As previously discussed in this chapter, the
primary challenge in transitioning to RESs lies in their intermittent and unpre-
dictable nature, as well as their non-dispatchable characteristics, which result in
mismatches between electricity generation and consumption. Furthermore, the
liberalisation of the electricity market and the increased volume of transactions
have led to significant fluctuations in electricity prices and have complicated
the management of power system security and reliability [34]. RESs can
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Figure 2.3: Forecasted transmission losses over a 24-hour period
with and without wind and PV generation [32]

contribute to power system stability by providing ancillary services. These
services are necessary to dynamically address the aforementioned issues and
to maintain power system quality and safety. Ancillary services are generally
categorised into several groups, including frequency control, voltage control,
and emergency control services [18].

Wind and solar energy sources have become increasingly attractive par-
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ticipants in electricity markets. In [35], the authors examined the potential
for wind power integration in Denmark, focusing on its ability to provide a
full range of relevant frequency and voltage control services. In the US, the
provision of ancillary services by wind generation resources was investigated
in [36], where the potential for inertia emulation and primary frequency sup-
port, along with the influence of different control architectures, is summarised.
The economic viability of wind technology as a participant in the Spanish
secondary regulation market is analysed in [37]. In [38], a wind power trad-
ing model incorporating a regulation strategy was proposed for the California
day-ahead electricity market. The authors in [39] explored the grid code re-
quirements and wind turbine control methods necessary for frequency control
participation in Ireland and the UK. In addition to wind-based ancillary ser-
vices, control strategies for PV generators to adjust their active power output
for frequency regulation have been proposed in [40] and [41]. Moreover, a
state-space dynamic model for PV systems capable of providing full ancillary
services support is developed in [42]. The authors in [43] suggested a reactive
power regulation method, using three-phase control strategies, to enable PV
inverters to deliver ancillary service.

The long-term impact of RESs is on power system adequacy. In general,
the reliability of a power system can be evaluated using three terms: reliability,
security, and adequacy [44]. Reliability refers to all measures that ensure the
delivery of the required amount of electrical energy to all points of utilisation
within the power system. Security is the ability of the system to withstand
unforeseen events, such as the loss of network elements or faults like short
circuits in parts of the grid. Adequacy is defined as the ability of the power
system to supply electrical energy to consumers and meet load demand within
specified voltage and frequency limits, while taking operating constraints into
account.

Capacity credit is an index used to quantify the amount of load that can
be supplied by a generation unit in the power system without increasing the
loss of load probability (LOLP), a widely recognised reliability metric. LOLP
represents the probability of a loss of load event (LOLE) occurring within the
power system. The capacity credit of a generating unit indicates its contribution
to system adequacy and its ability to enhance overall reliability [45]. Capacity
credit is typically expressed as a percentage of the installed capacity of the
generation unit. It is evident that a reduction in capacity credit results in
a greater amount of additional capacity being required to maintain system
adequacy [28]. According to [46], based on several studies, at low penetration
levels below 5%, the capacity credit of wind energy is approximately equal to
the average wind power output. At higher penetration levels, such as above
40% of total generation, the capacity credit tends towards a fixed percentage.
This percentage is determined by the LOLP in the absence of wind energy and
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the probability of wind producing zero output. Furthermore, in a power system
dominated by a few large power plants, the capacity credit of wind energy
tends to be higher than in a system composed of many smaller generation units.
Distributing a wind farm over a larger geographical area can also increase
the capacity credit by approximately 20% compared to that of a single-site
installation. Similarly, a strong correlation between wind power output and
electricity demand — although not always present — can also raise the capacity
credit by around 20%. The authors in [47] investigated the capacity credit of
PV and wind energy in the Moroccan power system at penetration levels of
16%, 20%, and 27%. In all three cases, the mix consisted of 21.8% PV and
78.2% wind. The corresponding capacity credits were calculated as 30.0%,
26.6%, and 23.7%, respectively. The study concluded that as the penetration
level increases, the capacity credit decreases and eventually reaches a saturation
point.

2.3 Wind Energy

In this section, the most notable milestones in the field of wind energy are
reviewed, and various approaches to wind harvesting are compared both qual-
itatively and quantitatively. Subsequently, wind speed variations and their
impact on power output fluctuations are examined.

2.3.1 History and Improvements

The exploitation of wind energy began with the use of windmills. While some
sources suggest that the earliest use of wind energy involved a wind-powered
device in Egypt, dating to either the 1stcentury A.D. or B.C. [48], other scholars
question its functionality, structure, and even existence [49, 50]. The next
recorded use of windmills dates to the 9th century A.D., in the Persian region
of Seistan (now part of Iran) [51], followed by the appearance of windmills
in England during the 12th century [52]. However, due to limitations such as
their non-transportable and non-dispatchable nature, windmills were eventually
replaced by coal-powered technologies during the Industrial Revolution. In the
late 19th century, with the development of electrical generators, windmills
were once again employed to drive these generators. In the subsequent years,
the authors in [53] proposed the use of three-blade wind turbines — similar to
modern designs — instead of two-blade variants, as they were superior to two-
blade ones in that they could result in far less vibration. The next breakthrough
occurred at the end of the 20th century, driven by remarkable advancements
in supporting technologies such as aerodynamics, materials science, power
electronics, control engineering, and computer science, among others [54].
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In general, wind energy harvesting can be categorised into onshore and
offshore wind energy, with the former deployed on land and the latter in bodies
of water, such as oceans. The first commercial wind turbine was onshore,
constructed in the late 1800s. Nearly a century later, the first offshore wind
farm, consisting of 11 turbines, was established in Denmark in 1991 [55, 56].
Although onshore wind turbines have reached maturity due to their earlier
development and currently account for the majority of existing wind farms,
offshore wind harvesting has also gained increasing attention in recent years
due to its advantageous features. Wind speeds at sea are not only higher
but also more predictable and consistent, which reduces turbine fatigue and
contributes to longer infrastructure lifetimes. Additionally, offshore turbines
do not occupy land, resulting in lower noise emissions and minimal visual
impact on the landscape. On the other hand, due to their remote location,
the technological costs associated with offshore turbines are higher than those
of onshore turbines. Furthermore, offshore turbines require more extensive
maintenance, which is typically more difficult and time-consuming than for
their onshore counterparts [56,57].

The cumulative onshore and offshore wind energy installations in Europe
and globally over the past ten years are illustrated in Fig. 2.4(a) and Fig. 2.4(b),
respectively [58]. By the end of 2024, the leading countries in the onshore
market were China with 482.6 GW, the US with 152.9 GW, Germany with
63.6 GW, India with 48.1 GW, and Spain with 31.8 GW. In contrast, with
regard to cumulative offshore installations by the end of the same year, China
led with 39.0 GW, followed by the UK with 14.7 GW, Germany with 9.21 GW,
the Netherlands with 4.7 GW, and Chinese Taipei with 2.9 GW [59].

Another noteworthy point is the response of the wind energy sector during
the unprecedented circumstances of the COVID-19 pandemic, as examined
in [61] and [62]. While the fossil fuel industry experienced significant market
fluctuations, the wind energy sector demonstrated comparatively stable perfor-
mance. Prior to the pandemic, projections for 2020 anticipated the installation
of 75.5 GW of new wind power capacity. Although a reduction of approxi-
mately 20% was initially expected due to the crisis, revised forecasts — taking
into account installations completed during the first half of 2020 — predicted
only a 6% decline. This demonstrates the strong resilience of the wind energy
industry.

2.3.2 Wind Speed Variations

Wind speed exhibits variability across both space and time. Spatially variations
are classified into three groups in [25]: global, regional, and local. Globally,
variations in altitude and solar insolation result in the formation of diverse
climate zones across the planet. At the regional scale, geographical features
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Figure 2.4: Cumulative installed wind power capacity in Europe
and globally over the past ten years [60]

such as plains, mountains, or a combination of both influence wind patterns.
Additionally, the size of a landmass and its proximity to the sea are key re-
gional factors affecting wind flow. On the local scale, the type of vegetation
and the shape and features of the land surface, collectively referred to as to-
pography, play a major role in wind speed variability. However, numerous
studies, including [63] and further supported by [25, 64], have shown that the
standard deviation of mean wind power output over successive 20-year periods
is typically 10% or less. This suggests that the spatial variability of wind as a
resource has relatively low long-term uncertainty.
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variations recorded at Brookhaven National Laboratory, US [67],
modified in [68]

From a temporal perspective, it is necessary to divide time into intervals
to apply appropriate methods for wind speed prediction. In other words, while
some techniques are suited to long-term forecasting, others are only applicable
to short-term predictions. As a result, depending on the chosen forecasting
approach, time intervals are defined, ranging from seconds to years [25,65,66].
Since wind speed varies across all time scales (seconds, minutes, hours, days,
months, and years), the duration of time intervals is selected accordingly and
can generally be categorised into four main groups: very short-term (a few
seconds to a few minutes), short-term (a few minutes to a few hours), medium-
term (a few hours to one month ahead), and long-term (more than one month
ahead). According to [25] and [64], temporal wind variations can be further
classified into:

* Turbulence, representing fluctuations on the order of seconds to minutes;
* Diurnal variations, linked to the time of day;
» Synoptic variations, associated with the passage of weather systems;

» Seasonal and annual patterns, reflecting longer-term climatic changes.

In Fig. 2.5, peaks corresponding to turbulence, diurnal, and synoptic vari-
ations in a wind spectrum recorded in the US are shown [67, 68].
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Unlike turbulence, which is inherently unpredictable, diurnal and seasonal
wind variations can be forecasted with a reasonable degree of accuracy. Annual
fluctuations, although generally less predictable than seasonal changes, tend to
exhibit relatively minor variability. Synoptic variations are also predictable,
though typically only a few days in advance. Furthermore, each type of wind
variation impacts the power system differently. While these impacts fall outside
the scope of this research, they are thoroughly analysed in [25].

It is important to note that temporal fluctuations in wind power can be
mitigated through the aggregation of outputs from multiple wind turbines.
This aggregation contributes positively to both power system operation and
overall power quality.

According to [25], the aggregation of wind power production mitigates
temporal variability through two primary mechanisms: increasing the num-
ber of turbines within a wind farm and geographically dispersing wind farms
over a wider area. Firstly, a greater number of wind turbines in a single wind
farm helps smooth out the effects of turbulence, as wind gusts do not strike
all turbines simultaneously. This results in a reduction of the turbulence peak
observed in Fig. 2.5 [67,68]. As reported in [64], the variability in output
power decreases proportionally to n 03 where n; is the number of turbines.
The study concluded that a relatively modest number of turbines is sufficient to
achieve significant smoothing. Secondly, the spatial distribution of wind farms
over a broader geographical area lessens the influence of diurnal and synoptic
variations, since weather systems do not affect all locations simultaneously.
Expanding the geographical spread of wind turbines increases the area over
which weather patterns must travel, thereby reducing simultaneous fluctuations
across turbines [25]. Consequently, aggregated output from dispersed wind
farms exhibits significantly lower ramp rates compared to a single large wind
farm [25]. The extent of this smoothing effect is highly dependent on local
meteorological conditions and the total area covered by the aggregated wind
farms [25]. For instance, based on 10-minute and 1-hour interval data, the
authors in [69] estimated that aggregating the outputs of 17 geographically dis-
persed wind farms can reduce variability by approximately 60—70% compared
to a single wind farm.

In Table 2.1, the characteristics and predictability of various types of tem-
poral wind variations are summarised [64].

2.4 Solar Energy

This section provides a detailed overview of solar energy, beginning with
key historical breakthroughs, followed by an assessment of its applications in
electricity generation. Finally, it discusses the variability associated with solar
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Table 2.1: Summary of temporal wind variations and their pre-
dictability [64]

Classification  Predictability Aggregation effect
Annual Not predictable but small NA
Seasonal Predictable Limited
Synoptic Predictable few days ahead = Through wider geographical dispersion
Diurnal Predictable NA
Turbulences Not predictable Ideally n 05 rule
irradiance.

2.4.1 History and Improvements

The first practical utilisation of solar energy is believed to have occurred be-
tween 287-212 B.C. [70]. However, from the perspective of electricity gener-
ation, a major milestone was reached in 1839 when it was discovered that light
could enhance electricity production between two metal electrodes immersed
in an acidic solution. This phenomenon was later defined as the photovoltaic
effect [71]. In 1873, selenium was identified as a photoconductor, which led to
further advancements. Later, in 1876, it was observed that selenium generates
electricity when exposed to sunlight [72]. Building upon this discovery, the first
solar cell made from selenium was developed in 1883, although its efficiency
was less than 1% [71]. A significant breakthrough occurred in 1954 when sili-
con replaced selenium, leading to the creation of the first silicon photovoltaic
cell. This cell, with an efficiency of 6%, was capable of powering an electrical
device for several hours [73].

Solar energy can be harnessed in various ways. In addition to several
applications of solar energy, such as in building heating [74], water heating [75],
ventilation [74,76], and transportation, including solar-powered cars [77] and
bicycles [78], which are beyond the scope of this study, solar electricity has
attracted significant attention in the past years. It can be divided into two main
categories of PV solar systems and concentrated solar power (CSP).

Being the primary technology for solar energy harvesting, PV systems
generate electricity by directly converting sunlight into electrical energy. In
these systems, semiconducting materials absorb solar irradiance, causing the
release of electrons, which then flow through the semiconductor material to
generate an electric current. The resulting direct current (DC) is subsequently
converted into alternating current (AC) through inverters. A typical PV system
comprises the following components [79]:

* PV arrays, which convert solar irradiance into electrical energy;

* An optional battery storage system, used to store energy when needed;
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* DC/DC converters, employed to increase voltage levels if necessary, or
to perform maximum power point tracking (MPPT), commonly using
algorithms such as Perturb and Observe, also known as the Hill Climber
method; and

* DC/AC inverters, which convert the generated DC electricity into AC
electricity for consumption by AC loads.

Generally, PV cells are categorised into various generations according to
the materials and manufacturing techniques employed. The first generation,
based on crystalline silicon, dominated the market for many years. The second
generation consists of thin-film cells, utilising materials such as amorphous
silicon, cadmium telluride, and copper indium gallium selenide (CIGS). Third-
generation cells, which are still under development, incorporate materials such
as organic semiconductors, dye-sensitised solar cells (DSSC), and perovskite
solar cells. Research into fourth-generation cells aims to enhance the effi-
ciency and durability of previous generations through advanced technologies,
including tandem solar cells, hot-carrier solar cells, and quantum dot solar
cells [80].

In CSP plants, mirrors are used to concentrate solar irradiance onto a
central point or along a line, where a heat-transfer fluid absorbs the energy to
produce steam and generate electricity through a conventional thermodynamic
cycle [81]. Depending on the type of apparatus used for concentrating sunlight,
CSP technologies are typically classified into four main types: parabolic trough
(PT), solar tower (ST), Fresnel reflector (FR), and solar dish (SD).

PT, the most mature CSP technology, employs parabolic mirrors with a
curved cross-section extended linearly in the third dimension. These mirrors fo-
cus solar irradiance onto heat-collecting receivers mounted along the focal line.
Both the mirrors and receivers track the movement of the sun from east (sun-
rise) to west (sunset) [81,82]. In ST systems, numerous computer-controlled
mirrors, called heliostats, focus sunlight onto a single receiver located at the top
of a central tower. Each heliostat is capable of dual-axis tracking to follow the
position of the sun individually [81]. Although FR systems are similar to their
PT counterparts, they use flat or slightly curved mirrors instead of parabolic
ones. These mirrors reflect solar irradiance onto a fixed linear receiver and
are arranged at various angles. FR systems may use single-axis or dual-axis
tracking to follow the sun [81, 83]. Resembling a satellite dish in shape, the
SD system consists of a parabolic reflector that focuses sunlight onto a receiver
located at the focal point. Both the dish and receiver track the sun simultane-
ously [81,83]. A schematic of the four CSP plant types, i.e., PT, ST, FR, and
SD, is depicted in Fig. 2.6 [84,85].

Initially, PT was the most widely adopted CSP technology, accounting for
over 90% of the total installed CSP capacity. However, since 2010, ST systems
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Figure 2.6: Schematic diagram of CSP technologies [84, 85]

have gained preference due to their ability to achieve higher operating tem-
peratures, which results in greater efficiency and improved cost-effectiveness
compared to SD systems [86]. Unlike PT and FR plants, which focus sunlight
along a linear focal line and typically reach operating temperatures between
300-550 °C, both ST and SD systems concentrate sunlight onto a single focal
point, enabling them to attain significantly higher temperatures in the range of
800-1000 °C. FR is the most recent CSP technology. The capacity factor of
CSP plants can be enhanced by incorporating thermal energy storage systems.
Notably, higher operating temperatures generally require more expensive stor-
age solutions. Despite its relative simplicity, and although the manufacturing
and installation costs of FR plants are lower than those of PT systems, it remains
unclear whether FR-generated electricity is more cost-effective. SD systems are
superior to other CSP technologies since they do not require cooling systems
for waste heat dissipation, making them particularly suitable for deployment in
water-scarce regions. Finally, high-temperature ST systems are considered to
hold the greatest potential among CSP technologies in terms of capacity factor,
thermal efficiency, storage integration, and overall cost. If complemented by
further technological advances and commercial deployment, ST systems could
deliver electricity at lower costs [81]. A summary of the main characteristics
of different CSP technologies is presented in Table 2.2 [81, 83].

When comparing PV solar systems and CSP technologies, the most striking
difference lies in their deployment scale. According to [58], by the end of 2024,
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Table 2.2: Comparison of leading CSP technologies [81, 83]

Relative Land Thermo-dynamic Operating Solar . Reqlpre
Technology . temperature  concentration  cooling
cost occupancy efficiency o .
range (°C) ratio system
PT Low Large Low 20-400 15-45 Yes
ST High Medium High 300-565 150-1500 Yes
FR Very low Medium Low 50-300 10-40 Yes
SD Very high Small High 120-1500 100-1000 No

the cumulative installed capacity of solar PV had reached 1858.62 GW, whereas
CSP remained in its early stages with only 6.86 GW deployed globally. Several
facts can justify this. First, it is important to consider how solar irradiance
is modified as it passes through the atmosphere. Aside from the portion
absorbed by suspended particles, solar irradiance reaching the Earth’s surface
is categorised into three components:

* Direct component or direct normal irradiance (DNI), which travels
through the atmosphere without scattering;

¢ Indirect or diffuse horizontal irradiance (DHI), which results from scat-
tering by atmospheric particles and the Earth’s surface; and

* Reflected irradiance, which is typically negligible.

These components are illustrated in Fig. 2.7 [87]. The total amount of
solar irradiance received on a horizontal surface, known as Global Horizontal
Irradiance (GHI), is the sum of these three components..

Unlike solar PV systems, which can utilise all three components of sun-
light, CSP systems rely exclusively on the direct component. Although DNI can
account for up to 90% of total irradiance on clear, sunny days, it becomes negli-
gible under cloudy conditions. Consequently, CSP plants are only cost-effective
in regions with high DNI values, typically exceeding 2000 kWh/m?/year, such
as those found in Sun Belt regions. However, high DNI levels can also be
achieved at high altitudes, where atmospheric scattering is minimal. In optimal
areas with DNI levels greater than 2800 kWh/m?/year, CSP systems can de-
liver a generation potential of 100-130 GWhe/km?/year which is approximately
equivalent to the annual output of a 20 MW coal-fired power plant operating at
a 75% capacity factor [81].

A notable advantage of CSP technology is its compatibility with thermal
energy storage. Since CSP converts solar energy into heat, excess thermal
energy can be stored and later used to generate electricity during cloudy periods
or at night. This feature allows CSP to mitigate the intermittency commonly
associated with variable renewable energy sources such as solar PV and wind.
In contrast, because solar PV systems convert sunlight directly into electricity,
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Figure 2.7: Interaction of incoming solar irradiance with atmo-
spheric components [87]

they cannot benefit from thermal storage, and large-scale electricity storage
remains a significant technical and economic challenge.

The cumulative installed capacities of solar PV and CSP technologies
worldwide and in Europe over the past ten years are presented in Fig. 2.8(a)
and Fig. 2.8(b), consecutively [58].

Globally, by the end of 2024, China led in cumulative installed solar PV ca-
pacity with 887.3 GW, followed by the US with 175.9 GW, India with 97.0 GW,
Japan with 91.6 GW, and Germany with 89.9 GW. Regarding cumulative solar
thermal installations, the leading countries were Spain with 2.3 GW, the US
with 1.5 GW, the UAE with 600.0 MW, China with 570.0 MW, and Morocco
with 540.0 MW [59].

From a resiliency perspective during the COVID-19 pandemic, global solar
energy was initially projected to see 107 GW of additional installations in 2020.
However, according to [88], new installations amounted to 19.0 GW in the first
quarter and 21.1 GW in the second quarter of 2020, representing a decrease
of approximately 25% and 9%, respectively, compared to the same periods in
2019. Yet, it is important to note that the more severe lockdown measures
implemented in the early months of 2020 were gradually eased in the latter
half of the year. As a result, a substantial decline in annual installations was
not observed, thereby demonstrating the strong resilience of the solar energy
sector in the face of global disruptions.

27



28

Intermittency of Renewable Energy Sources

[l Europe
2000 - [ World

1500 -

1000

Capacity [GW]

500 -

adddddddd

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

(a) PV capacity

8 \

Il Europe|
70 [ World

=)
T
L

wn
\

|

|

Capacity [GW]
w -

(5]
T
L

[
T
I

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

(b) CSP capacity

Figure 2.8: Global cumulative installed solar power capacity over
the past ten years in Europe and worldwide [58]

2.4.2 Solar Irradiance Variations

Similar to wind speed, solar irradiance exhibits both spatial and temporal
variability. However, the variability of solar irradiance reaching the Earth’s
surface is primarily analysed by examining its constituent components, i.e.,
DNI, DHI, and reflected irradiance, the latter of which is generally negligible.

From a spatial perspective, solar irradiance varies with distance, and
changes in the position of the sun influence the output of solar energy sys-
tems. In [89], the authors analysed one-year daily and monthly averages of
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Figure 2.9: Impact of a moving cloud on the irradiance time
series [1]

GHI using satellite imagery for three sites in Germany. A reference site was
compared with two others located approximately 55 km and 633 km away.
While the GHI values at the closer site were not identical to those at the ref-
erence, they exhibited strong correlation. Regardless, at the more distant site,
significant discrepancies in GHI patterns were observed, and the differences
became more pronounced with increasing distance. Furthermore, substantial
daily fluctuations around the monthly average were noted at all three locations.

Importantly, PV output variability caused by the position of the sun is
relatively uniform and predictable. In contrast, fluctuations in PV output due to
cloud movement are irregular and can vary considerably. On consistently clear
or overcast days, variations in PV output are typically minimal. Nevertheless,
under partly cloudy conditions, where GHI exhibits rapid and irregular changes,
the impact on PV power generation becomes significant [90]. In [1], this effect
is illustrated, as shown in Fig. 2.9, where a marked drop in irradiance is visible
before 18:00 on a summer day in the UK, due to a passing cloud. Such cloud
events can cause PV output to decrease by more than 60% within seconds,
driven by a sudden reduction in solar insolation. The time required for a cloud
to shade an entire PV installation depends on several factors, including the size
of the PV system, cloud speed, cloud height, and other atmospheric conditions.
For example, in the case of a 100 MW PV system, a passing cloud may take
several minutes to fully cover the array [90].

In addition to cloud cover, several other atmospheric conditions also influ-
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ence solar irradiance and, consequently, solar power generation. These include
dust storms, the concentration of water vapour or ice particles, the types of
water droplets or ice crystals, and both the type and concentration of aerosols
present in the atmosphere [91].

When comparing PV and CSP technologies, it is important to highlight
that CSP plants exhibit lower output variability due to the presence of a thermal
mass, such as oil or water. This thermal mass effectively buffers short-term
fluctuations in solar irradiance, smoothing the output of the plant. Acting
similarly to a storage medium, it enables CSP systems to better withstand
transient atmospheric conditions even in the absence of a large-scale energy
storage system (ESS).

As with wind farms, solar power fluctuations can be mitigated through the
aggregation of multiple solar plants. By geographically distributing installa-
tions, the impact of passing clouds is reduced: a single cloud may not affect
all plants simultaneously, and some parts of the system may remain unaffected
altogether. This spatial diversity helps smoothen the overall power output and
enhances grid stability.

2.5 Accommodating or Mitigating Intermittency

Finding technological solutions to mitigate the adverse effects of intermittent
RESs is a widely discussed topic in the literature. Intermittent RESs not only
exhibit variable generation patterns on a daily basis, but also undergo rapid
short-term fluctuations. As a result, balancing these variations over both long
and short time scales is essential. Although several strategies exist to address
intermittency, ESSs continue to attract significant interest. Thus, in this study,
mitigation and accommodation solutions are categorised into two main groups:
solutions not associated with ESSs and solutions associated with ESSs. The
former can be further subdivided into supply-side management (SSM) and
demand-side management (DSM).

By controlling the output of generation units, including RESs, it is possible
to reduce the adverse impacts of intermittency on the power system. This
approach is referred to as SSM. The first method mentioned for accommodating
the variable output of wind and solar power, as described in Sections 2.3.2
and 2.4.2, involves the aggregation of wind farms or solar plants, which helps
reduce their output variability to some extent. In Fig. 2.10(a) and Fig. 2.10(b),
the impacts of aggregating wind turbines and solar PV plants are illustrated,
respectively [92,93].

For PV plants, assuming time-series data are collected while the systems
operate at rated capacity, aggregating 5 and 23 sites reduces the maximum
1-minute change in output to 40% and 20%, respectively, significantly lower
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than the 80% fluctuation observed at a single site [93].

Furthermore, wind speed and solar irradiance forecasting methods, which
are outside the scope of this thesis, can mitigate the effects of intermittency
by providing system operators with an approximate insight into the near-future
generation of wind and solar energy. Besides, the authors in [94] examined
the seasonal and annual patterns of wind and solar output and found that these
sources can complement each other during certain periods. For this reason,
numerous studies have focused on combining these two intermittent sources,
addressing issues such as system reliability and grid integration challenges [95],
hybrid system cost assessment [95, 96], load-following capability [97], CO,
emissions [98], and system sizing [97], among others.

The optimal allocation of generation technologies largely depends on the
geographical region in which the hybrid system is implemented. In general,
any generation unit or technological component that can offer a complementary
generation pattern to wind or solar may be combined with them to reduce output
variability. For example, coupling intermittent RESs with flexible generation
sources such as gas turbines, integrating plug-in electric vehicles, provided
that a moderate share of vehicle owners are incentivised to participate [99],
or using diesel generators alongside more stable RESs can help smooth power
fluctuations [100].

To address the added reserve requirements imposed by wind power, the
authors in [101] proposed a multi-objective stochastic optimisation model to
determine the optimal set-point for wind farms. The study aims to maximise
the set-point while simultaneously increasing the probability of achieving it in
real-time operation, thereby reducing the uncertainty of output power.

Power curtailment, i.e., intentionally reducing the output of RES plants, is
another generation-side strategy for managing intermittency. Additionally, as
elaborated in Section 2.2, RESs plants can contribute to power system stability
by providing ancillary services. Lastly, dispatchable power plants with high
availability and fast ramp rates can be used to compensate for RESs fluctuations.
Among these, gas turbine generators are particularly well-suited due to their
reliability and rapid response capabilities [102].

In terms of DSM, which is also referred to as demand-side response in
the literature, flexibility can be provided to the grid to a certain extent, both
at the residential and industrial levels. According to [103], DSM can be
categorised into two main types: energy reduction programmes, which aim
to decrease overall energy consumption by promoting more efficient processes
or equipment, and load management programmes, which seek to reshape the
load profile by encouraging consumers to reduce demand during peak periods,
typically through incentive-based measures. The authors in [104] examined
the potential contribution of industry to grid flexibility by co-optimising the
operation of a chlor-alkali electrolysis process. Their findings showed that the
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flexible operation of the electrolyser can have a positive impact on the power
system, offering valuable support for balancing electricity demand and supply.

ESSs can ease the large-scale integration of intermittent RESs. As previ-
ously discussed, synchronising electricity demand with production is inherently
challenging, particularly in the presence of RESs. At certain times, RESs out-
put may be insufficient during peak demand periods, while at other times,
surplus energy may be generated when demand is low. By storing excess en-
ergy produced during low-demand periods and releasing it during peak hours,
ESSs offer an effective solution for mitigating the intermittency of RESs, as
illustrated in Fig. 2.11 [105]. In addition to this balancing function, ESSs can
also provide ancillary services to the power grid, such as frequency regulation
and voltage support, making them a versatile and valuable technology when
combined with RESs [106, 107].

Generally, ESSs can be classified into five main categories based on the
form of energy in which electricity is stored: mechanical, electrochemical,
chemical, electromagnetic, and thermal. Each category can be further sub-
divided depending on the materials used, the manufacturing process, and the
form of stored energy, as shown in Fig. 2.12 [108].

There are three commonly used technologies in the category of mechanical
ESSs: flywheel, pumped hydroelectric storage (PHES), and compressed air
energy storage (CAES). As the name implies, these systems store and release
electricity using mechanical energy. The flywheel system stores energy in
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Figure 2.12: Classification of different types of ESSs [108]

kinetic form through a high-speed rotating rotor, typically operating at 20000
to 50000 rpm. PHES, the most mature and widely deployed ESS technology,
stores energy in the form of gravitational potential energy by moving water
between two reservoirs located at different elevations. Finally, CAES stores
energy by using off-peak electricity or surplus renewable energy to compress
air, which is then stored in underground or above-ground structures and later
expanded to generate electricity when needed.

Electrochemical energy storage systems operate based on reversible chem-
ical reactions, storing energy in the form of chemical energy. One such tech-
nology is the redox flow battery (RFB), also known as a flow battery, which
is an electrochemical cell that generates energy through two chemical compo-
nents dissolved in liquids and stored in external tanks. Among electrochemical
storage technologies, battery energy storage systems (BESSs) are among the
most widely adopted. BESSs consist of numerous individual battery cells
connected in series, parallel, or a combination of both. A typical battery cell
includes a negative electrode (anode), a positive electrode (cathode), and an
electrolyte serving as the ionic conductor. Depending on the materials used
for these components, various types of BESSs have been developed. The
most common types of BESSs include the lead-acid battery, nickel-cadmium
(NiCd) battery, zinc-bromide (ZnBr) battery, sodium-sulphur (NaS) battery,
and lithium-ion (Li-ion) battery. Among these, the Li-ion battery is currently
the most prominent. Based on the materials used for the electrodes, Li-ion
batteries can be further categorised. Common cathode materials include nickel
manganese cobalt (NMC), nickel cobalt aluminium oxide (NCA), and lithium
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iron phosphate (LFP), while graphite and carbon black are widely used for the
anode [109].

Chemical energy storage systems (CESSs) store and release energy through
chemical reactions. The most well-known technology in this category is the
fuel cell (FC), which generates electricity from the chemical energy of a fuel. A
wide range of fuels has been studied in the literature and proposed for use in fuel
cells [110]. Due to its high energy density and other favourable properties, the
hydrogen fuel cell (HFC) has received significant attention in recent years [111,
112]. Among the existing fuel cell types, proton exchange membrane fuel cell
(PEMFC), direct methanol fuel cell (DMFC), alkaline fuel cell (AFC), and solid
oxide fuel cell (SOFC) are the most well-known [108]. Although the power-to-
hydrogen-to-power cycle has a relatively low round-trip efficiency, hydrogen
production itself has the potential to address the intermittency of renewable
energy sources. Hydrogen can be generated from RESs through electrolysers,
devices that require only water and electricity to split water molecules into
hydrogen and oxygen. Electrolysers can address the intermittency of RESs by
generating hydrogen when electricity supply surpasses demand and decreasing
their consumption when supply falls below demand. Since this thesis focuses
on hydrogen production from RESs, hydrogen production and the associated
technologies are examined in detail in the subsequent chapters.

Unlike other types of ESSs, electrical energy storage systems (EESSs) do
not involve any form of energy conversion. Instead, they store energy di-
rectly in an electromagnetic field, typically using ultra-capacitors (UCs) or
superconducting magnetic energy storage (SMES) systems, which rely on su-
perconducting electromagnets.

The final category, thermal energy storage systems (TESSs), stores energy
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Table 2.3: Strengths and challenges facing Belgium on the path

to decarbonisation [116]

Strengths

Challenges

- In line with its strategy,

Belgium has established and

maintained a robust and interconnected
electricity and gas infrastructure as well

as a leading position in market design

and integration

- Surrounded by large countries such as Germany,
France and the UK with different strategies

in terms of energy, giving Belgium the freedom
to opt for their best choices

- Situated at the centre of Europe,

crossroads of important renewable

generation hubs and close to the

main load centres

- Stemming from small area of Belgium,
only a limited part of the country’s demand
could be provided by domestic renewable
generation, making Belgium unable to

rely upon domestic capacity on the way

of decarbonisation

- In the current market design, with the
presence of higher amounts of renewables in the
system, the profitability of conventional
units are of concerns

- Meeting load demand becomes growingly
burdensome as in less than a decade from
now nuclear plants are supposed to phase-
out in Belgium

in the form of heat. Depending on the operating temperature, TESSs can
be classified as either low-temperature or high-temperature systems. High-
temperature TESSs are further divided into three sub-categories: sensible heat,
latent heat, and thermo-chemical (sorption) energy storage [108].

Among the various types of energy storage systems, BESSs and Flywheels
exhibit the highest efficiencies, ranging between 95-98% and 90-95%, respec-
tively. In contrast, HFCs have the lowest efficiency, typically ranging from
20-50%. When it comes to lifetime (measured in cycles), flywheels outper-
form other technologies, offering approximately 100k-1M cycles. On the other
hand, RFB and lead-acid batteries have comparatively shorter lifespans, with
cycle ranges of approximately 0.3-1.4k and 0.25-2.5k, respectively. Concern-
ing response time, most of the ESSs technologies discussed provide a rapid
response in the order of milliseconds. However, PHESs and CAESs exhibit
slower response times in the order of minutes, while TESSs typically respond
in the order of hours [108]. In Fig. 2.13, the characteristics of the most common
ESSs are summarised.

2.6 Discussion and Conclusions

To address fossil fuel depletion, mitigate air pollution, and comply with com-
mitments under the Paris Agreement, many countries are committed to transi-
tioning to alternative forms of energy. RESs have emerged as leading candidates
to replace fossil fuels due to their abundance and environmental benefits. Nev-
ertheless, while the adoption of RESs offers numerous advantages, they also
pose significant challenges for TSOs, particularly with regard to maintaining
power system reliability and preserving frequency response. Therefore, the
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integration of RESs must be conducted in a structured and carefully planned
manner to effectively manage their associated impacts.

Among the various RESs, wind and solar energy are widely recognised.
However, both are inherently volatile, resulting in erratic and difficult-to-predict
power output. In the case of wind energy, electricity is generated using either
onshore or offshore turbines. Onshore wind technology is more mature, hav-
ing undergone nearly a century of earlier development compared to offshore
systems. Nevertheless, offshore wind harvesting is increasingly gaining ac-
ceptance, particularly in countries with access to seas or oceans, owing to its
advantageous characteristics. Notably, wind speeds over water bodies are typ-
ically higher and more stable than those on land, resulting in greater and more
predictable power output. Consequently, offshore wind can partially reduce the
intermittency associated with wind energy. Additionally, offshore turbines are
subject to lower structural fatigue, thereby increasing the lifespan of the sup-
porting infrastructure. From an environmental perspective, offshore turbines
do not require land use, as they are installed in marine environments. However,
this advantage comes at the cost of more complex technology requirements and
higher maintenance expenses.

Concerning solar energy, PV and CSP are the two dominant technologies
for generating electricity globally. However, as CSP is highly dependent on
geographical location and is economically viable primarily in regions with
DNIs>2000 kWh/m? /year, to make it cost-justifiable, PV systems are more
widely adopted worldwide. While PV systems convert solar irradiance directly
into electricity, CSP plants concentrate solar energy onto a point or line to first
generate thermal energy (heat and steam), which is subsequently converted into
electricity. Depending on the optical configuration used to concentrate sunlight,
CSP plants are further categorised into PT, ST, FR, and SD systems. Among
these, PT plants are the most mature and widely deployed. Nonetheless, ST
systems have gained increasing attention in recent years due to their favourable
balance between cost and efficiency.

When comparing solar and wind energy, solar irradiance exhibits more
predictable variability than wind speed. In other words, the diurnal cycle of
solar irradiance provides a more foreseeable pattern for the output power of solar
systems. Additionally, the higher correlation between solar power generation
and electricity demand facilitates the integration of solar energy into the power
grid. Table 2.4 summarises the most significant characteristics of wind and
solar energy, including their respective sub-technologies.

Considering the Belgian power system, and in line with the planned de-
commissioning of nuclear plants, and commitments under the Paris Agreement,
Elia, in collaboration with the relevant authorities, is working to establish a clear
and feasible roadmap towards national decarbonisation targets. In Belgium,
solar PV and wind energy constitute the dominant share among the various
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renewable energy sources. Owing to its access to the North Sea, Belgium is
also investing significantly in offshore wind farms, positioning itself as one of
the leading countries in this domain.

In the following chapter, a review of hydrogen production methods, both
fossil fuel-based and renewable energy-based, is conducted. Additionally, the
chapter discusses how hydrogen production can contribute to addressing the
intermittency of RESs.
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Table 2.4: Comparison of solar, wind and their related technologies

RES type  Advantage Disadvantage Technology  Advantage
- A proven technology
. - Easi icke install
. - A proven renewable source - Intermittent Onshore aster m:m quicker to Insta
Wind . . - Shorter distance to load
- Able to provide inertia for the grid - Eyesore on the nature .
. - Cheaper compared to onshore turbines
- Could be available 24/7 . .
. . . - Higher wind speed
- Occupies a small are - Noise pollution . .
- More foreseeable and consistent wind
Offshore . .
- Less mechanical stress of turbine
- Less importance of noise
- Collects all three components of the sunlight
- A proven technology
- A proven renewable source - Decreases inertia of the grid PV i Uoo.::_:m cost of equipment
Solar . . . . - Easier to manufacture
- More predictable compared to wind - Not available after daylight . .
. . . . - Low operating and maintenance cost
- Higher correlation with the demand - Intermittent .
- Locally available
- Able to use thermal storage systems
CSP - Higher efficiency compared to PV

- Low operating cost
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Table 2.5: Comparison of solar, wind and their related technologies (cont.)

Disadvantage

Maturity

Recently developing

Cumulative installed capacity (2024)
World / Belgium

- Noise pollution

- Occupies land

- Eyesore on the land

- More maintenance costs

- Harder to build

- Eyesore on the sea

- Negative impact on marine life

High

Medium

NA

Yes

1053.40 / 3.33 GW (Onshore)

79.43 /2.26 GW (Offshore)

- Needs additional equipment such as inverters

- Low efficiency

- Dependent on the location, such as

for residential purposes or whether panels

are covered by tall buildings

- Requires large area for land-mounted plants

- Only use DNI component of the sunlight

- Strongly dependant on the geographical location
- Hard and expensive to manufacture

- Requires large area

High

PT: High
ST: Medium
FR: Low
SD: Low

NA

PT: NA
ST: Yes
FR: No
SD: No

1858.62/9.75 GW (PV)

6.86 /- GW (CSP)
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Chapter 3

Hydrogen Production and the
Power System

As stated in Chapter 2, among the strategies proposed in the literature to man-
age renewable energy sources (RESs) variability, hydrogen production using
renewable electricity stands out as a promising approach due to its advantages.
To address the intermittency of RESs, electrolysers can adjust their power con-
sumption to help system operators balance supply and demand. Additionally,
hydrogen production offers the potential for long-term energy storage. Al-
though seasonal storage, for instance, producing hydrogen in summer using
excess solar energy and utilising it in winter, requires substantial storage vol-
umes, the required storage capacity can be considerably reduced when hydrogen
is stored at very high pressure, for example, around 700 bar as liquid hydrogen.
Regardless of the required storage size, hydrogen remains well-suited for long-
term energy storage because the stored energy does not degrade over time, and
once hydrogen is compressed or liquefied, it can be stored for months with neg-
ligible losses [1]. In contrast, batteries experience self-discharge and gradually
lose stored energy even when not in use. The self-discharge rate depends on
the battery chemistry, typically a few percent per month for lithium-ion systems
and considerably higher for technologies such as lead-acid [2]. Consequently,
batteries are more appropriate for short-term storage and fast-cycling appli-
cations, while hydrogen provides a more effective solution for long-duration
storage where preserving the stored energy over extended periods is essential.

In this chapter, a review of the literature on hydrogen production pathways,
as an approach to accommodate the RESs intermittency, is presented. Addition-
ally, in the context of fossil fuel-based hydrogen generation, the most favourable
feedstocks and their primary production processes are outlined. Factors influ-
encing electrolysis are also discussed. As the primary focus of this research
is on green hydrogen production, particular attention is paid to technologies
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associated with generating hydrogen from RESs. This chapter also includes a
review of the electricity market and its mechanism, which has an influence on
operation mode of electrolysers when it comes to the flexibility provision with
them.

The remainder of this chapter is structured as follows: Section 3.1 provides
an introduction, including a discussion of common terminology used to refer
to hydrogen produced through different pathways. In Section 3.2, hydrogen
production technologies, based on both fossil fuels and RESs, are examined.
Section 3.3 reviews various types of electrolysers used for green hydrogen
production and compares different green hydrogen generation methods. Sec-
tion 3.4 discusses the structure of the electricity market and grid balancing
mechanisms, including an overview of the ancillary services market within
the Belgian electricity system. Section 3.5 focuses on offshore hydrogen pro-
duction, reviewing potential pathways for generating hydrogen from seawater.
This section further discusses Belgian government policies related to hydrogen
development. Finally, in Section 3.6, conclusions are drawn, and based on the
literature reviews conducted in the previous chapter and the current one, the
overall framework for the subsequent chapters is defined.

3.1 Introduction

Hydrogen is a simple and highly abundant element on Earth, with the ability to
store and deliver energy. It is an odourless, colourless, tasteless, and non-toxic
gas, and its release is not known to pollute air or water. Under standard condi-
tions, its solubility in water is extremely low. However, hydrogen rarely exists
in its elemental form and must be extracted from compounds such as water,
coal, natural gas, or biomass. Fossil fuels and RESs are the two primary en-
ergy sources for hydrogen production, with the former emitting carbon dioxide
(COy) as a by-product. Therefore, to enable sustainable hydrogen production
from fossil fuels, CO, must be captured and stored.

The IEA report presents the global trend in hydrogen production, comparing
fossil fuel-based hydrogen with hydrogen produced from renewable energy
sources, as illustrated in Fig. 3.1(a). While global hydrogen production from
renewables declined between 2019 and 2024, Fig. 3.1(b) shows that global
hydrogen consumption increased by approximately 2—3% per year over the same
period. This clearly indicates that hydrogen production from renewable sources
still requires significant improvement in order to compete with fossil fuel-
based hydrogen [3]. A key reason for the decline in hydrogen production from
renewable sources during this period is the widespread delay or cancellation of
RES-based hydrogen projects. Among the 190 projects announced globally for
2023 over the preceding three years, only 0.3 GW of the initially planned 4.3 GW
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of electrolysis capacity became operational, corresponding to approximately
7% [4]. These disruptions were partly driven by the disruptions associated with
the COVID-19 pandemic, which affected supply chains, investment decisions
and construction schedules. In addition, several renewable energy projects that
were expected to supply electricity for these hydrogen facilities also experienced
delays, further constraining RES-based hydrogen output. As a result, the
shortfall in renewable hydrogen production contributed to a relative increase
in blue hydrogen deployment, primarily through steam methane reforming
coupled with carbon capture and storage.

In general, various colours are assigned to hydrogen based on the primary
energy source used and whether the production process includes a carbon
capture, utilisation, and storage (CCUS) system. Fossil fuel-based hydrogen is
classified as black (or brown), grey, blue, and turquoise, with coal, natural gas
without CCUS, natural gas with CCUS, and natural gas via pyrolysis serving
as the respective sources. Electricity-based hydrogen is categorised as yellow,
pink, and green, depending on whether it is produced using grid electricity of
mixed origin, nuclear power, and RESs, respectively. The different hydrogen
colours, along with their corresponding primary energy sources and greenhouse
gas (GHG) emission levels, are illustrated in Fig. 3.2. At present, grey hydrogen
remains the dominant type, accounting for 95% of total production [5].

3.2 Hydrogen Production Pathways

This section discusses the pathways for hydrogen production from both fossil
fuels and renewable energy sources.

3.2.1 Hydrogen Production from Natural Gas

The most well-known method for producing hydrogen from natural gas is steam
methane reforming (SMR), which accounts for approximately 95% of current
global hydrogen production [7]. In this endothermic conversion, shown in
(3.1), methane reacts with high-temperature water vapour at a pressure of 3 to
25 bar and temperatures between 700 and 1000 °C, resulting in hydrogen and
carbon monoxide (CO) through the water-gas shift reaction. Subsequently, the
CO, comprising approximately 12% of the product gas, can be further reacted
with steam to generate additional hydrogen along with CO,, as illustrated in
(3.2). Finally, in a process known as pressure swing adsorption, CO, and other
impurities are removed to yield nearly pure hydrogen. Alternative hydrocarbons
such as ethanol, propane, and gasoline can also be used in the steam reforming
process [7,8].

CH4 + H,O + heat— CO + 3H; 3.1
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Figure 3.1: Global hydrogen production and consumption from
2019 to 2024

CO + H,O— CO; + H; + heat 3.2)

3.2.2 Hydrogen Production from Qil

Through partial oxidation (PO), heavy hydrocarbons that are not suitable for
steam reforming are mixed with a limited amount of oxygen. The restricted
oxygen supply prevents the complete oxidation of the hydrocarbons, resulting
in the formation of CO and hydrogen, rather than CO and water. Unlike SMR,
partial oxidation is an exothermic reaction. The general form of a PO reaction
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and the idealised PO reaction of heating oil are shown in (3.3) and (3.4),
respectively.

C.H,, + 302 — nCO + ?Hz + heat (3.3)

Ci12Ha4 + 60, — 12CO + 12H; + heat 3.4

It is worth noting that hydrogen can also be produced from methane via
PO. In (3.5) and (3.6), the PO and water-gas shift reactions of methane are
illustrated, respectively. By comparing (3.1) and (3.5), it can be observed that
PO yields less hydrogen per unit of input fuel than SMR [7].

1
CH4 + 502 — CO + 2H; + heat 3.5

1
CO+HO— CO+ 502—> CO2+H; 3.6)

3.2.3 Hydrogen Production from Coal

There are several methods for producing hydrogen from coal through gasifi-
cation processes, which are discussed in detail in [9]. Gasification generally
refers to the conversion of any carbon-based raw material into synthesis gas
(syngas) using air, steam, and oxygen. An example of a typical gasification
reaction is provided in (3.7).

C(s) + HO + heat —» CO + H, 3.7

Although hydrogen production from coal is more complex than from natural
gas, the abundance of coal makes it an attractive and commercially viable
option.
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3.2.4 Hydrogen Production via Electrolysis

Electrolysis, which is the focus of this thesis, involves splitting water molecules
into hydrogen and oxygen using electricity. This process is the reverse of that
occurring in a fuel cell, as discussed in Section 2.5. In this method, hydrogen
is produced in an electrolyser unit consisting of two electrodes immersed in
an electrolyte. By applying a direct current (DC) between the electrodes,
water molecules are split, forming hydrogen at the cathode and oxygen at the
anode. According to Faraday’s laws of electrolysis, two parameters influence
the magnitude of electrolytic effects. The first law states that the mass of an
element deposited at an electrode (m) is directly proportional to the amount of
electric charge (Q.). The second law states that for the same amount of charge,
the mass of different elements altered at an electrode is directly proportional to
their equivalent weights (E), defined as the molar mass (M) divided by valence
(ve). Faraday’s laws of electrolysis are presented in (3.8).

mNQe
m~FE
M

E=—
Ve

(3.8)

The overall reaction for water electrolysis is presented as follows:

2H,0 + 2AG°® — 2H; + O, (3.9

where AG® is the Gibbs free energy, which is equal to 237 kJ/mol under standard
conditions. However, the specific approach used to achieve this reaction varies
across different types of electrolysers.

Given that the primary focus of this work is hydrogen production via
electrolysis, the following section is dedicated to reviewing the various types
of electrolysers.

3.3 Water Electrolysis Technologies

There are several types of electrolysers capable of splitting water into hydrogen
and oxygen. Based on the method of hydrogen production, the three main types
are the alkaline electrolyser (AE), proton exchange membrane (PEM) electrol-
yser, and solid oxide (SO) electrolyser. These technologies are examined in
more detail in this section.
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3.3.1 Alkaline Electrolyser

As the most mature and developed type of electrolyser, the alkaline electrolyser
is the leading technology for water electrolysis worldwide. In this system,
water is introduced at the cathode, where a reduction reaction occurs, produc-
ing hydrogen. The resulting hydroxide ions (OH™) then migrate through the
diaphragm to the anode, where they undergo oxidation. The reduction, oxida-
tion, and overall reaction kinetics of the AE are presented in (3.10), (3.11), and
(3.12), respectively. The purity of the hydrogen and oxygen produced by an
alkaline electrolyser can reach approximately 99.9% and 99.5%, respectively.
A schematic of an AE is illustrated in Fig. 3.3.

2H,0 +2e™ — Hy + 20H™ (3.10)
_ 1 -

20H™ — 502+H20+2C (3.11)
2H,0 — 2H; + O, (3.12)

In an AE, as the name suggests, an alkaline electrolyte, typically an aqueous
solution of potassium hydroxide (KOH) or sodium hydroxide (NaOH), is used.
The electrolyte, added to water at a concentration of 20-40 wt%!, facilitates
ion transport between the cathode and anode. Generally, KOH is preferred over
NaOH due to its higher conductivity and the reduced energy loss associated
with the oxygen evolution reaction. At present, commercial and mature AEs
are considered low-temperature (50-80 °C) and low-pressure (up to 30 bar)

'wt%: weight per cent, also known as w/w. It is calculated by dividing the weight of the
solute by the total weight of the solution and multiplying by 100.
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technologies [8, 10]. Nonetheless, to enhance the performance of hydrogen
production systems, ongoing research continues to explore elevated operating
temperatures and pressures for AEs.

The authors in [11] compared the efficiency of an alkaline electrolyser
under three different operating pressure and temperature conditions: 70-80 °C
at 30 bar, 80-90 °C at above 60 bar, and above 90 °C at above 100 bar. The
results indicated an improvement in voltage efficiency, defined as the ratio of
the minimum thermodynamic voltage required for water splitting to the actual
cell operating voltage, from 64—78% to 70-82%, and subsequently to 74—87%
under the respective operating conditions.

For the efficient storage and transport of hydrogen, compression of the
outlet hydrogen (typically around 30 bar before compression) is required. This
process relies on mechanical compressors, which not only increase the cost
and complexity of the system but are also prone to failure. However, by
raising the operating pressure within the electrolyser itself, the need for external
mechanical hydrogen compression systems can be eliminated. In this regard,
PEM electrolysers are preferred over alkaline electrolysers, as the former utilise
a solid electrolyte that permits large pressure gradients across the cell. In
contrast, alkaline electrolysers employ porous separators that only support
balanced-pressure operation [12].

3.3.2 PEM Electrolyser

Unlike AE, in PEM electrolysers, water is fed into the anode and decomposed
into hydrogen protons (H*), electrons, and oxygen through an oxidation reaction
driven by the applied DC current. The generated electrons migrate through
the external electric circuit to the cathode, while the hydrogen protons travel
through the membrane to the cathode. At the cathode, the reduction reaction
occurs, resulting in the production of hydrogen. The reactions at the anode,
cathode, and the overall redox reaction in the PEM electrolyser are shown in
(3.13), (3.14), and (3.15), respectively.

2H,0 — 4H* +4e™ + O, (3.13)
4H" +4e~ — 2H, (3.14)

1
H20—> H; + 502 (315)

Using the PEM electrolyser, gas purities of approximately 99.99% can be
achieved. The operating principle of the PEM electrolyser is illustrated in
Fig. 3.4.
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Figure 3.4: Schematic diagram of a PEM electrolyser [8]

In the PEM electrolyser, a solid ion-conducting membrane, rather than a
liquid electrolyte as used in AE, is employed to separate the two electrodes.
The most commonly used membrane for this purpose is Nafion. The PEM
electrolyser is classified as a low-temperature and low-pressure electrolyser,
with operating conditions similar to those of AE, typically at temperatures
of 50-80 °C and pressures up to 30 bar. Similar to AE, efforts have been
made to enhance PEM performance by increasing its operating temperature
and pressure.

The authors in [13] assessed a high-pressure PEM electrolyser operating at
80, 200, 350, and 700 bar, and compared the results with a PEM operating at the
conventional 30 bar in combination with a mechanical compressor. The selected
pressure values correspond to industrial applications such as e-fuel production
(30-120 bar), hydrogen injection into natural gas pipelines (70 bar), hydrogen
storage (= 200 bar), and ammonia production (200-300 bar). The findings
indicate that the energy consumption of the system is higher when using direct
electrochemical compression compared to a combination of electrochemical
and mechanical compression. The discrepancy in energy use was measured as
0.22,2.33,5.57, and 15.48 kWh/kgy, at 80, 200, 350, and 700 bar, respectively.
This is attributed to the greater energy losses in the compression stage of self-
pressurised electrolysers relative to mechanical compression. Additionally, the
study concludes that high-pressure electrolysis at 80, 200, and 350 bar could be
economically feasible if electricity prices fall below 0.4, 0.16, and 0.09 €/kWh,
respectively, assuming a PEM electrolyser system cost of 900 €/kW and a
compressor cost of 3800 €/kW.

Increasing the operating temperature of an electrolyser can enhance its ef-
ficiency. However, this requires the development of more durable materials.
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In [14], the impact of increasing the stack temperature on cell performance
and overall system efficiency, including the hydrogen compression system, is
explored. The findings suggest that there is an optimal stack temperature for
each operating point, which solely depends on the electrode pressure and cell
voltage, and can be calculated analytically. Moreover, optimising the temper-
ature leads to a noticeable reduction in hydrogen permeation at low current
densities. The authors further conclude that research and development efforts
do not need to focus on creating long-lasting materials for 90 °C operation, as
the optimal stack temperature is lower within the relevant current density range
constrained by efficiency requirements. Conversely, the optimal temperature
approaches ambient levels at low current densities and increases with current
density, reaching 80 °C at approximately 1.6 V. This enhances the overall sys-
tem efficiency and mitigates safety concerns related to hydrogen permeation
through the membrane, which could generate explosive gases on the oxygen
side. A lower stack temperature of 80 °C, instead of 90 °C, also improves stack
durability.

3.3.3 Solid Oxide Electrolyser

The solid oxide electrolyser is the least developed among the three common
types of electrolysers, namely AE and PEM. Existing systems remain at the
pilot-scale to early commercial project level. Since hydrogen production in SO
electrolysers is achieved at high temperatures, the development of more resilient
materials is required to ensure reliable and durable operation. Similar to AE,
water content, albeit in the form of steam, is introduced at the cathode, where
it is decomposed into hydrogen and oxide ions. These ions then travel through
the solid ceramic electrolyte to the anode, while the electrons migrate through
the external circuit to the same location, where oxygen molecules are formed.
The reactions taking place in an SO electrolyser are shown in (3.16)—(3.18).

H,0 +2e” — Hy + 02~ (3.16)
2 1 -
0 - 502 +2e (3.17)
1
H,0— H, + EOZ (3.18)

In SO electrolysers, a ceramic material that conducts oxide ions, with a
thickness of approximately 30-150 pm is utilised, such as zirconium dioxide
(ZrO;) ceramic stabilised with yttrium or scandium oxides. As mentioned,
electrolysis in an SO electrolyser is performed at high temperatures ranging
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Figure 3.5: Schematic diagram of an SO electrolyser [8]

from 700 to 1000 °C. Although these conditions yield exceptionally high ef-
ficiencies, degradation of cell components due to the elevated temperatures
remains the primary obstacle to the further development of SO electrolysers.
The achievable purity of hydrogen and oxygen in SO electrolysers is approxi-
mately 99.99% and over 95%, respectively. A schematic representation of an
SO electrolyser is shown in Fig. 3.5. Similar to alkaline and PEM electroly-
sers, the typical maximum operating pressure is around 30 bar. A recent study
indicated that a limited operational period, possibly a few hundred hours, may
be enough to predict the long-term performance of an SO electrolyser [15].

3.4 Power Grid Stability and Balancing

In line with the global ambition of carbon reduction and neutrality, conven-
tional large-scale fossil fuel power plants are being phased out and replaced by
renewable-based units. Although increasing the share of RESs in the electric
power network offers substantial benefits, it also introduces several technical
challenges for system operators, as discussed in Chapter 2, which may com-
promise the stability of the power system.

Power system stability can be categorised into angular (rotor angle) stability
and voltage stability. The former refers to the ability of the electric grid to main-
tain the synchronism of its rotating synchronous machines. When a positive
or negative imbalance occurs between the mechanical driving generation and
the net electrical consumption, generators accelerate or decelerate relative to
their synchronous rotational speed and may oscillate around that speed. If the
generators fail to maintain synchronism, their protection systems disconnect
them from the power system. This can trigger a runaway situation, potentially
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resulting in cascading power plant shutdowns and widespread blackouts. Volt-
age stability, by contrast, concerns the power system’s capability to maintain
acceptable voltage levels at all nodes following a disturbance. Traditionally, to
ensure angular (transient) stability and to support voltage stability, generators
are equipped with speed and voltage control systems.

The aforementioned considerations necessitate maintaining a close balance
between generation and load at all times. Moreover, due to the unique nature
of electricity, it must be consumed almost immediately after it is produced.
Although various commercialised storage technologies exist, such as batteries
and pumped hydro storage, storing electricity on a large scale remains eco-
nomically unfeasible. Consequently, ensuring power system stability requires
accurate generation planning and reliable load forecasting. This complex task
is managed within the electricity market, the functioning of which is discussed
in the following section.

3.4.1 Electricity Markets

With the increasing share of intermittent RESs generation and the inherently
unpredictable nature of power demand, aligning generation with load profiles
has become a challenging task. Historically, the electricity market operated
under a monopolistic structure, characterised by vertical integration in which
a single company was responsible for electricity generation, transmission, and
distribution, all at a fixed, imposed price. This structure, illustrated in Fig. 3.6,
remained dominant until the 1980s. Prior to that, consumers had no alternative
suppliers, as each utility held exclusive control over a specific region.

Although the monopolistic structure offered certain advantages, such as
reduced complexity in market configuration, it was not cost-effective. Conse-
quently, to lower electricity prices and limit government involvement in public
utilities, the electricity market was liberalised. This transition introduced com-
petition in electricity production and added a new participant to the market:
the retailer. The liberalised structure of the electricity market is illustrated in
Fig. 3.7 [16]. Generally, several entities are involved in the current structure
of the electricity market, including generators, transmission system operators
(TSOs), distribution system operators (DSOs), independent system operators
(ISOs), market regulators, market operators, retailers, and consumers. Gener-
ators produce electricity and sell it in the wholesale market to either retailers
or large consumers. TSOs and DSOs are responsible for operating the trans-
mission and distribution networks, respectively, while ISOs oversee the overall
security of the power system. The market regulator establishes the rules gov-
erning the market and monitors for potential abuses. Lastly, as the name
implies, the market operator is responsible for matching supply and demand
and handling market settlements.
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Due to the complexity of the liberalised market and the requirement to
maintain a near-continuous balance between electricity generation and con-
sumption, a new electricity trading scheme was developed to prevent power
imbalances. To distribute responsibilities across different sectors and simplify
operations, the wholesale market is divided into three sub-markets: the fu-
tures/forward market, the spot market, and the balancing market, as illustrated
in Fig. 3.8.

The first phase of electricity trading takes place in the futures/forward mar-
ket, where long-term bilateral agreements are established between producers,
retailers, and, in some cases, consumers. These agreements are made from
several years to a few days in advance. This market provides a secure plat-
form for electricity trading by ensuring price stability and mitigating the risk
of short-term price volatility through price hedging. While forward contracts
are typically customised, specifying quantities, delivery dates, payment terms,
prices, and penalties for non-compliance, standardised contracts are used in the
futures market. However, a key drawback of futures/forward contracts is that
they introduce greater uncertainty in balancing generation and consumption,
as they are concluded well in advance of delivery [16].

To compensate for the uncertainty associated with the futures/forward mar-
ket, the spot market is introduced, which is further divided into the day-ahead
and intraday markets. As the name implies, the day-ahead market is conducted

- p
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Transmission Importation

Monopoly |

Distribution
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o /
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Figure 3.6: Structure of a monopolistic electricity market [16]
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Figure 3.7: Structure of a liberalised electricity market [16]

one day before delivery and is typically organised as a pool. In this setup,
market participants submit their bids and offers for each hour of the following
day to the market operator, who aggregates the supply and demand into two
separate curves and identifies their intersection, where supply and demand are
balanced. This procedure is known as the market clearing algorithm (MCA),
which determines both the market clearing price (MCP) and the market clear-
ing volume (MCV), as illustrated in Fig. 3.9. All supply and demand offers at
or below the MCP are accepted, and the respective parties are scheduled for
generation or consumption on the following day. The MCA aims to maximise
social welfare.

However, a key disadvantage of the day-ahead market is that it still takes
place a relatively long time before the actual delivery, typically between 12
and 36 hours in advance, as shown in Fig. 3.8. Consequently, deviations
between projected and actual generation or consumption are likely, for example,
due to inaccuracies in weather forecasts. These discrepancies may lead to
errors in the predicted levels of electricity generation and demand. In the
event of an undesired positive or negative imbalance, the responsible market
participants must adopt one of the following three strategies to restore balance
to the grid [16].

The first strategy involves compensation using other generation or con-
sumption assets within the portfolio of the market participant responsible for
the imbalance.

If no capacity is available, market participants still have the opportunity to
adjust their positions through the intraday market. Since trading in this market
occurs closer to real-time, it enables participants to modify their positions
before delivery. In general, transactions in the intraday market can take place
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from the day before up to a few minutes prior to delivery. In some cases,
the structure of the intraday market is similar to that of the day-ahead market.
However, in certain countries, such as Belgium, market participants submit bids
specifying the required amount of energy and the corresponding time interval.
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Once a supply and a demand offer are matched, the transaction is confirmed,
and the associated market participants are obligated to generate or consume
accordingly.

Even though the intraday market operates closer to real time, discrepancies
between demand and supply may still occur. Therefore, as a final measure,
if neither of the previously mentioned strategies is feasible, the market par-
ticipant resorts to the third category of the electricity market: the balancing
market. Similar to the intraday market, this stage also takes place near real
time, but it occurs after delivery. The market operator monitors generation and
consumption by observing the grid frequency, enabling real-time balancing of
the market. When the frequency deviates from its nominal value, typically
50 Hz in most countries, and exceeds a specific threshold, the operator acquires
ancillary services at a cost referred to as the imbalance price, in order to re-
store supply-demand equilibrium. The cost of activating ancillary services is
recovered by penalising the market participants responsible for the imbalance.
In other words, the imbalance price reflects the cost of acquiring and activat-
ing these services. Units that assist the operator by absorbing or supplying
the imbalance can generate revenue by offering ancillary services. Accurate
forecasting of the imbalance price may encourage participants to refrain from
trading in earlier markets if it appears more profitable to operate within the
balancing market. Nevertheless, to discourage deliberate speculation on either
the generation or consumption side, given that the imbalance price is generally
higher than the MCP, a two-price imbalance settlement mechanism is enforced
by the operator. Under this system, participants responsible for causing the
imbalance are charged the imbalance price, while those who unintentionally
support the system by providing additional generation or consumption capacity
are compensated only at the MCP determined in the day-ahead market, without
receiving any additional reward.

Ancillary services include various types, such as frequency control (pri-
mary, secondary, and tertiary reserves), voltage control (primary, secondary,
and tertiary control), and system restart (black start capability).

Frequency control involves three types of reserves: the primary reserve,
or frequency containment reserve (FCR); the secondary reserve, or automatic
frequency restoration reserve (aFRR); and the tertiary reserve, or manual fre-
quency restoration reserve (mFRR). FCR is intended to stabilise the frequency
within £0.4% of the nominal value of 50 Hz. To achieve this, it must respond
very quickly, within 30 seconds, to compensate for any potential frequency
deviations. aFRR serves two purposes: to regulate the frequency back to 50
Hz, thereby relieving the burden on FCR, and to ensure that the actual physical
import/export levels remain aligned with the contractually agreed values within
a control area. In Belgium, the set-point signal, calculated every 10 seconds by
the Belgian TSO (Elia), is based on real-time measurements of the discrepancy
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between actual and contractual import/export balances and is sent to all power
plants providing aFRR services. mFRR relieves the burden on aFRR and is
manually controlled by TSO dispatchers, with a response time ranging from a
few minutes up to a maximum of 15 minutes. It is typically activated when the
aFRR reserve is saturated or at risk of saturation, for instance, following the
sudden loss of a major generation unit. The tertiary reserve can be supplied
by different sources, including running generation units, non-operational units
with fast start-up capabilities, or even consumers connected to the distribution
or transmission network [17].

In Fig. 3.10, the activation process of Elia’s reserve types is illustrated. It is
noteworthy that the blue shaded area in Fig. 3.10 represents the grid inertia, and
both shaded blue regions have an equal area in the figure. In power systems,
inertia refers to the kinetic energy stored in large rotating machines, which plays
a critical role in maintaining stability during disturbances such as generation
outages or abrupt load variations.

One major concern in a power system with high penetration of RESs is the
reduction or loss of grid inertia. Traditionally, this inertia has been inherently
provided by synchronous generators in conventional fossil-fuelled power plants.
By contrast, renewable energy sources are interfaced through power electronic
converters. Consequently, power systems undergoing a low-carbon transition
are evolving into low-inertia grids, thereby weakening the grid’s natural ability
to withstand and recover from disturbances.

Grid inertia determines the rate of frequency deviation following a distur-
bance. A reduction in inertia therefore accelerates frequency dynamics [18].
For example, as illustrated in Fig. 3.10, when the mechanical driving power
becomes insufficient to meet the electrical load in a low-inertia system, the fre-
quency nadir, defined as the minimum frequency reached during the transient
response, may drop below 49 Hz. This condition triggers under-frequency
load shedding, a protective mechanism designed to prevent a complete power
system collapse [19]. The most recent incident at the time this research was
conducted occurred on 28 April 2025, when the grid frequency in the Iberian
Peninsula dropped to 48 Hz, activating automatic load shedding and causing
power cuts across Spain, Portugal, and parts of southern France [20].

Generally, when net electrical consumption exceeds mechanical generation,
the grid frequency decreases, whereas when it falls below mechanical gener-
ation, the frequency increases above its nominal value. The rate of change
of frequency (RoCoF) following such an incident depends on both the system
inertia and the size of the power system, as expressed in (3.19):

d AP D
—f = ¢ .fo + c .
dt 2H, 2H,

Af (3.19)

where f; is the frequency at the start of the disturbance (r = 0), AP is
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Figure 3.10: Process of reserve capacity activation by Elia [17]

the difference between the mechanical driving power and the electrical load,
H. is the system inertia, and D, is the load damping factor of the power
system. In traditional power systems, H, originates from the rotating masses of
synchronous machines directly connected to the grid. In power systems with
a high penetration of RESs, which are connected to the grid via converters,
the total system inertia consists of both the inertia provided by synchronous
machines and the so-called synthetic inertia [21]. The first term on the right-
hand side of (3.19) reflects the generation-side contribution to RoCoF, while the
second term represents the load-side contribution. Since the latter is generally
much smaller during the initial transient, it is commonly neglected in RoCoF
analysis.

To control frequency deviations following a disturbance, the inertial re-
sponse is the immediate mechanism that counteracts the imbalance and limits
the initial frequency drop, as illustrated in Fig. 3.10. However, owing to their
intermittent nature, a high penetration of RESs exacerbates frequency devia-
tions and, by their nature, does not contribute to inertia unless additional control
strategies are implemented. Consequently, beyond the inertial response, stabil-
ising the grid frequency requires the activation of ancillary frequency control
services, such as FCR, aFRR, and mFRR. The potential of electrolysers to
provide FCR, and the implications of such operation on the cost of hydrogen
production, are examined in Chapter 6.

In summary, the market operator is responsible for procuring a set of ser-
vices from voluntary producers and consumers that can adjust their generation
or consumption to maintain the real-time balance between electricity supply
and demand, thereby stabilising the system. The following section explores the
role of hydrogen in this context and how it can support the system operator.
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3.4.2 Power System Downward Regulation

In the case of a positive mismatch, where mechanical driving generation exceeds
net electrical consumption, chemical energy storage, such as in the form of
hydrogen or its derivatives like methane and methanol, enables the system
operator to avoid power curtailment. That is, the surplus electricity can be
converted into hydrogen using an electrolyser and later utilised for various
purposes, including industry, transportation, electricity generation, heating,
or conversion into other molecules. Regarding ancillary service provision, a
25 MW PEM electrolyser integrated into the Belgian transmission system was
investigated in [22] for its potential to provide FCR, with the results indicating
that the optimal economic strategy was to operate the electrolyser at 55%
baseload capacity and allocate the remainder for ancillary services. In [23], an
optimisation model was developed to assess the techno-economic feasibility of
a hydrogen refuelling station serving the mobility sector while also providing
ancillary services. The findings demonstrate that participation in the ancillary
services market, when combined with optimal component sizing and dispatch,
can result in up to a 16% increase in revenue and a 6.4% reduction in the
hydrogen break-even price by 2030.

Therefore, regardless of the application, the electricity consumption profile
of an electrolyser can be submitted to the day-ahead market to help manage
RESs variability and provide flexibility for the system operator. Additionally,
electrolysers can further support the power system by delivering ancillary ser-
vices, primarily FCR and aFRR, in the event of a positive imbalance. In a
low-inertia grid, where there is insufficient natural response to frequency devi-
ations, electrolysers can play a crucial role in stabilisation. However, to achieve
this, accurate dynamic scheduling and a fast, robust, and efficient control system
are essential to promptly respond to frequency fluctuations, maximise revenue,
and justify the investment costs associated with electrolysers.

3.4.3 Power System Upward Regulation

As previously discussed, hydrogen can serve as a medium for storing electricity
and subsequently converting it back into electrical energy, a process referred
to as power-to-gas-to-power (P2G2P). When electricity demand exceeds gen-
eration, the stored hydrogen can be employed for the upward regulation of
the grid through various means. In the literature, three commonly explored
methods for electricity generation in conjunction with electrolysers include:
using hydrogen as the primary fuel in gas-fired power plants, feeding hydrogen
into fuel cells, and integrating battery systems with electrolysers. The flexible
operation of electrolysers also relies on the performance of the associated in-
tegrated systems. This section examines electricity generation methods using

69



70

Hydrogen Production and the Power System

hydrogen that can support the power system during frequency drops. Itis worth
noting that, in addition to the following approaches, the same ancillary service
products, such as FCR and aFRR, can also be provided for upward regulation,
as electrolysers are able to reduce their power consumption when electricity
demand exceeds supply.

Hydrogen-fired Plants

In the first method, electricity is sustainably generated by burning either green
or blue hydrogen to produce steam, which subsequently drives a turbine. The
round-trip efficiency of this approach depends strongly on the type of plant
used. For instance, when green hydrogen is produced using an electrolyser
with an efficiency of 70% and then burned in an open-cycle gas turbine with
an efficiency of about 40%, the resulting round-trip efficiency is below 40%.
This can be increased to approximately 60% when the heat generated during
combustion is utilised, for example, when hydrogen is burned in a combined
heat and power plant with an efficiency of around 90% [24]. In addition,
if hydrogen is burned in a combined-cycle gas turbine with an efficiency of
about 60%, the resulting round-trip efficiency is approximately 42% when
considering a 70% electrolyser efficiency. A fundamental question in this
context is whether it is justifiable to convert renewable electricity into hydrogen
and subsequently reconvert it into electricity, given the relatively low round-trip
efficiency, rather than using the renewable electricity directly. Additionally,
it is worth considering whether CCS systems should be integrated directly
into existing gas-fired power plants, as opposed to employing CCS in the
production of blue hydrogen from fossil fuels prior to electricity generation.
This consideration is supported by the fact that capturing carbon at the pre-
combustion stage during blue hydrogen production is both technically easier and
economically more feasible than post-combustion capture in gas-fired power
plants. In the post-combustion stage, the CO, concentration and pressure
are relatively low, whereas blue hydrogen production involves higher CO,
pressures, allowing for the capture of approximately 97-98% of the produced
CO,, in contrast to significantly lower rates in conventional gas-fired plants.
Moreover, the relatively low capacity factor of conventional gas-fired plants,
typically below 50%, further reduces the cost-effectiveness of CO, capture [24].
By the end of this decade, a 1.8 GW blue hydrogen-fired power plant is planned
for construction in Keadby, northeast England. The plant is intended to provide
backup capacity for variable renewable energy sources, with a particular focus
on offshore wind [24].

With some modifications, existing gas-fired power plants can be adapted
to operate using hydrogen. Although the conversion costs are relatively low,
the economic viability of burning hydrogen for electricity generation remains
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(a) Upgrade of the gas burner (b) Adjusting of BoP equipment

(c) RESs integration (d) Installation of heat pumps
and thermal energy storage sys-
tems

Figure 3.11: Conversion of a conventional gas-fired power plant
to operate on green hydrogen [25]

questionable. This is primarily due to the significantly lower cost of natural gas
compared to green, blue, or even grey hydrogen. However, with anticipated
reductions in electrolyser capital costs and an increasing share of renewable
energy in the power mix, the cost of green hydrogen is expected to decline con-
siderably. It is important to note that the electricity price is the primary driver
of green hydrogen production costs, followed by capital expenditure (CapEx),
water, and operating expenditure (OpEx). From a financial perspective, given
the current cost differential between hydrogen and fossil fuels, it is more eco-
nomically rational to prioritise hydrogen use in sectors such as transportation
and industry rather than electricity generation. Nevertheless, as the cost of
green hydrogen continues to decline, hydrogen-fuelled electricity generation
may become a viable and competitive option in the future.

The conversion process of an existing gas-fired power plant to a hydrogen-
fired configuration is illustrated in Fig. 3.11 [25].

The first step involves upgrading the gas turbine burner, as hydrogen exhibits
higher reactivity and flame velocity compared to natural gas. This causes the
flame to propagate closer to the burner, thereby increasing the risk of damage
to the gas turbine. Consequently, a modified burner design is required. It is
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worth noting that even before a full transition to 100% hydrogen combustion,
the gas turbine can operate on hydrogen—natural gas blends. According to [26],
operating a gas turbine with a 30% hydrogen and 70% natural gas mixture
results in approximately 10% lower CO, emissions compared to using natural
gas alone.

The second step requires adjustments to the balance of plant (BoP) equip-
ment. For example, since hydrogen combustion in nitrogen-rich air leads to
the formation of nitrogen oxides (NOx), a selective catalytic reduction (SCR)
system must be incorporated to reduce these emissions.

Third, the integration of RESs, electrolysers, and hydrogen storage systems
into the plant configuration enables the use of sustainable electricity for hy-
drogen production and storage. On-site hydrogen generation and storage are
also feasible, which further reduces costs by eliminating the need for hydrogen
transportation.

Finally, the installation of heat pumps and thermal storage units allows for
the cogeneration of electricity and heat, thereby improving the overall system
efficiency. The recovered heat can be used to generate steam and drive a
secondary turbine [24,25].

Fuel Cell

In the second technique, hydrogen can be converted back into electricity using
a fuel cell (FC) when required. An electrolyser and a fuel cell can also be
integrated into a single system, forming what is known as a discrete regenerative
fuel cell (DRFC), as illustrated in Fig. 3.12(a). If an oxygen storage system is
added to the DRFC, a fully closed-loop DRFC unit is obtained. Furthermore,
to reduce CapEXx, achieve a more compact design, and enhance specific energy,
a bifunctional electrochemical cell has been proposed that can operate in both
FC and electrolyser modes [27]. This configuration is known as a unitised
regenerative fuel cell (URFC), shown in Fig. 3.12(b). Regenerative fuel cells
present an appealing solution for addressing negative imbalances in the grid, as
they function as a form of energy storage, complementing other commercialised
energy storage technologies such as secondary batteries and pumped-storage
systems.

Both utility-scale batteries and pumped-storage systems exhibit a round-
trip efficiency of approximately 80%. Nevertheless, despite this high efficiency,
several limitations hinder their deployment on a large scale. For batteries, the
primary concern is insufficient durability under deep cycling conditions. Fur-
thermore, the inherent coupling of energy storage capacity and rated power,
along with limited specific energy due to weight, acts as a constraint on scala-
bility. To overcome this coupling, the redox flow batteries (RFBs), as discussed
in Section 2.5, have been proposed. Unlike conventional batteries that store
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Figure 3.12: Configurations of regenerative fuel cells [27]

reactants within the cell, RFBs store them in external tanks, thus allowing the
decoupling of energy storage capacity and rated power [28]. While increasing
the tank size enhances the storage capacity, the rated power can be improved
by either stacking additional cells or enlarging the electrode area. However,
it should be noted that due to the bulk nature of the electrolyte solution, the
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specific energy of RFBs remains relatively low. Sharing the concept of exter-
nal reactant storage, URFC systems store H, and O, in separate external tanks,
which also results in decoupled storage capacity and rated power. Yet, owing
to the absence of a liquid electrolyte, URFCs offer significantly higher specific
energy than RFBs, typically ranging from 0.4 kWh/kg to 1.2 kWh/kg, includ-
ing the mass of hydrogen and oxygen. In addition, compared to conventional
batteries, URFCs can undergo charge-discharge cycles with minimal impact on
durability. Due to these advantages, URFCs have gained considerable attention
in recent years for their potential in both upward and downward grid regula-
tion. Similar to electrolysers, URFCs are generally categorised into three main
types: alkaline-URFC, PEM-URFC, and SO-URFC, with efficiency ranges of
approximately 30-40%, 40-50%, and 60-80%, respectively [27]. As a re-
sult, various studies have aimed to enhance URFC performance, particularly in
terms of efficiency, through multiple strategies [29-31].

In general, regenerative fuel cells exhibit lower round-trip efficiency than
batteries and pumped-storage systems, primarily due to the sluggish kinet-
ics of oxygen-related reactions. Moreover, their high costs and the technical
challenges associated with hydrogen storage have hindered their commercial
deployment and kept them at the developmental stage.

Considering hydrogen-fired power plants, although NOy emissions are gen-
erated from hydrogen combustion, these plants remain a competitive option
compared to FCs. This is primarily due to the higher efficiency of com-
bined cycle power plants operating on hydrogen, which reaches approximately
63—-64%, with potential for further improvement through increased combustion
temperatures. In contrast, the efficiency of a typical fuel cell is limited to
around 60%. Additionally, constructing a combined cycle power plant is sig-
nificantly less expensive than building a fuel cell system of equivalent capacity.
As a result, the levelised cost of electricity (LCOE) for combined cycle power
plants is considerably lower than that of fuel cells. Furthermore, as previously
mentioned, existing gas-fired power plants can be retrofitted to operate on hy-
drogen, thereby reducing the capital investment required for hydrogen-fired
power generation.

Therefore, for large-scale electricity production using hydrogen, hydrogen-
fired power plants are expected to become the dominant solution in the future,
whereas fuel cells are likely to play a leading role in decarbonising the mobility
sector. It is anticipated that the transition to fully hydrogen-powered plants will
commence between 2025 and 2030. However, the precise timeline will largely
depend on other factors such as government subsidies, carbon pricing, and CO,
taxation policies.
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Battolyser Systems

As the third approach, secondary batteries are integrated into electrolyser sys-
tems to complement them by providing upward regulation for grid balancing
purposes. A combined battery and electrolyser system, known as a battolyser,
is capable of mitigating short-term grid fluctuations via the battery component,
while addressing longer-term variations through electrolysis. The battolyser
operates as a battery until it is fully charged, at which point it transitions into
electrolysis mode, producing hydrogen. Furthermore, the battery can supply
the required electricity for the electrolysis process itself, thereby increasing the
capacity factor of the electrolyser. This configuration is employed in [32] to en-
hance the performance of wind-to-hydrogen systems. In this study, a 765 kWh
battery was added to a system comprising an 836.5 kW wind farm and a 276 kW
electrolyser. The authors reported that the battery supported the electrolyser
for 770 hours over one year, delivering 122 MWh of electricity and increas-
ing the electrolyser’s capacity factor from 8.5% (without battery support) to
20.5%. The resulting hydrogen can be subsequently used in hydrogen-fired
power plants or as industrial feedstock.

In [33], the performance of a nickel-iron battery integrated with an alkaline
electrolyser was investigated. The authors examined the impact of the battery’s
physical configuration and determined the optimal dimensions of the nickel and
iron electrodes. The optimisation resulted in an efficiency increase from 80% in
the base case to 86%. Similarly, in [34], a techno-economic analysis evaluated
the integration of a battolyser, battery, or electrolyser into a wind farm. The
findings indicated that, based on the LCOE, incorporating a battolyser or battery
into a wind energy system to utilise curtailed wind results in a lower LCOE
compared with using an electrolyser alone.

3.5 Molecules at Sea

As discussed in Section 3.4, multiple operational strategies are available for
electrolysers to support the integration of intermittent renewable energy sources
into the power system. However, electrolysers are still relatively expensive tech-
nologies, and their optimal operation is essential for maximising revenue. The
main objective of this thesis is to investigate the behaviour of PEM electrolysers
and to identify optimal pathways for hydrogen production using them, with the
Belgian power system as a case study.

Considering Belgium’s access to the North Sea and the ongoing devel-
opment of an energy island by Elia, this study specifically investigates green
hydrogen production at sea. The produced hydrogen can subsequently be com-
bined with CO, to synthesise other molecules such as methane or methanol. In
addition to the option of direct air capture (DAC) for CO,, offshore hydrogen
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production provides the opportunity to integrate the process with CO, extrac-
tion from seawater, where the concentration of CO, is significantly higher than
in air [35, 36].

Producing hydrogen and other renewable molecules at sea via electrolysis is
arelatively recent concept that has not yet been commercialised on a large scale.
This approach addresses the issue of freshwater consumption for electrolysis
by proposing the use of seawater instead. Moreover, in regions with limited
onshore space, offshore production of renewable molecules appears to be a
promising alternative. There may also be opportunities to integrate other
marine renewable energy sources, such as wave and tidal energy. However,
deploying electrolysers at sea presents challenges related to operation and
maintenance (O&M), as well as increased costs. These factors must be carefully
considered, particularly for electrolyser types that require more intensive O&M.
When producing green hydrogen or other green molecules such as methanol
offshore, several differences arise compared to onshore electrolysis, which
significantly affect the design and configuration of the hydrogen production
system.

To begin with, using seawater for the electrolysis process can help address
the issue of water scarcity, which affects approximately 1.2 billion people
worldwide. However, due to the presence of impurities in seawater compared
to freshwater sources on land, feeding electrolysers directly with seawater
can adversely affect their lifetime and performance. Therefore, in certain
types of electrolysers, such as alkaline or PEM, desalination is required, which
introduces additional components, increases system complexity, and raises the
overall cost of the wind-hydrogen system. In Fig. 3.13, the two most likely
approaches for hydrogen production from seawater are depicted. The first
method, shown in Fig. 3.13(a), involves direct seawater electrolysis, while the
second, illustrated in Fig. 3.13(b), incorporates upfront seawater treatment and
purification prior to electrolysis.

Despite the absence of conclusive evidence favouring one method over the
other, it is well known that direct seawater electrolysis requires significant re-
engineering of currently available electrolysers, as well as the development of
new electrocatalysts for both alkaline and PEM technologies. This need arises
from the high concentration of corrosive chloride ions in seawater.

Regarding electrolyser technologies, alkaline electrolysers use a diaphragm
rather than an ion-selective membrane, the latter being highly susceptible to
performance and durability degradation in the presence of trace ionic impuri-
ties. However, a recent study on seawater electrolysis technologies for offshore
hydrogen production suggests that the differences between alkaline and PEM
electrolysers are relatively minor [38]. The study assessed AE, PEM, SO elec-
trolysers, and direct seawater electrolysis based on economic, environmental,
and social criteria using five different decision-making methodologies. It con-
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Figure 3.13: Common approaches to seawater electrolysis [37]

cluded that both alkaline and PEM electrolysers are likely to play a significant
role in offshore hydrogen production, with PEM currently offering the most
promising short-term applicability. Nevertheless, the study notes that if AE
technology advances sufficiently to become less vulnerable at sea, it could
emerge as the more favourable option. This is primarily due to AE’s lower cost
compared to PEM and its longer service life in marine environments, as it does
not suffer from irreversible damage caused by feedwater impurities.

In addition, the authors of [39] identify the combination of seawater reverse
osmosis (SWRO) with a PEM electrolyser as the most viable near-term solution
for hydrogen production at sea. This configuration is seen as a more practical
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alternative to investing in the development of novel catalysts and systems for
direct seawater electrolysis. The study concludes that, within the SWRO-PEM
system, the energy demand for electrolysis remains the dominant contributor,
rendering the capital and operating costs of the SWRO unit negligible in com-
parison. Numerically, the inclusion of the SWRO system increases the levelised
cost of hydrogen by less than 0.1 €/kg and CO, emissions by less than 0.1%.
In Fig. 3.14, the breakdown of the energy requirements, CapEx, OpEx, and
levelised cost for the SWRO-PEM configuration is illustrated.
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Figure 3.14: Cost breakdown of an SWRO-PEM electrolysis sys-

tem [39]

Among the three electrolyser types discussed, alkaline, PEM, and SO, the
latter still requires extensive research to demonstrate its technical and economic
viability and is therefore excluded from this study. Alkaline electrolysis rep-
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resents the most mature technology for water electrolysis. In addition to its
longer lifespan compared to PEM, it also benefits from lower CapEx due to
the use of non-noble metal catalysts. However, it presents several drawbacks,
including limited dynamic operational capability, lower gas purity, reduced
current densities, and lower operating pressures. Furthermore, the physical
footprint of a PEM electrolyser is approximately five times smaller than that of
an equivalent alkaline system.

From the perspective of the electrical grid, AE systems exhibit slower
response times under dynamic operation. The difference in the dynamical be-
haviour originates from the type of ion transported and the medium through
which it moves. In alkaline electrolysers, charge is carried by OH™ ions that mi-
grate through a liquid KOH electrolyte. This liquid phase has a high viscosity,
and OH™ ions exhibit lower ionic mobility compared with protons. Conse-
quently, when the electrical load changes, the ionic flux adjusts more slowly,
resulting in a slower transient response. In contrast, PEM electrolysers use a
solid polymer electrolyte (Nafion) in which H* protons are the charge carriers.
Protons possess significantly higher mobility, and their transport through the
polymer occurs much more rapidly than OH™ transport in liquid alkaline so-
lutions. As a result, PEM electrolysers can re-establish ionic conduction paths
more quickly following load changes, leading to a faster dynamic response.
This characteristic becomes particularly critical when electrolysers are coupled
with intermittent renewable energy sources such as wind or solar, where rapid
load-following capabilities are essential. Due to their slower response, AE
systems are generally unsuitable for providing FCR and are instead limited to
participating in aFRR. Consequently, AE is typically operated in fixed-load
mode. In contrast, PEM electrolysers can start up within several minutes and
ramp from idle to full capacity within seconds, qualifying them as fast-response
electrolysers suitable for grid-support applications [40,41].

Considering the aforementioned characteristics of both alkaline and PEM
electrolysers in offshore and onshore applications, the PEM electrolyser is
selected for integration into the offshore hydrogen production system in this
thesis, with the subsequent analyses based on this type of electrolyser.

3.5.1 Belgian Government Policy towards Hydrogen

In order to evaluate scenarios as realistically as possible, it is essential to exam-
ine national policies concerning hydrogen and its derivatives. This is because
a country’s policy influences the configuration of the electrolysis system by
determining the available financial resources and supporting infrastructure.

In October 2021, the Belgian federal government published its vision and
strategy for hydrogen and its derivatives up to 2050 as part of the national energy
transition plan. The strategy is built on four pillars: positioning Belgium as
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an import and transit hub for renewable molecules in Europe, strengthening
Belgian leadership in hydrogen technologies, establishing a robust hydrogen
market, and promoting cooperation as a key success factor [42].

Given Belgium’s central location in Western Europe and its major ports
along the North Sea, the federal government aims, under the first pillar, to
position the country as an import and transit hub for green molecules in the
region. Moreover, the government has projected that to meet national demand,
Belgium will need to import 20 TWh of renewable hydrogen and its derivatives
by 2030, rising to between 200 TWh and 350 TWh by 2050. These imports
are expected to come from other European countries and, predominantly, from
third countries via the North Sea, southern corridors, and maritime routes. The
government considers importing these molecules to be more cost-effective than
domestic production. In parallel, Elia forecasts that Belgium’s energy demand
will exceed the capacity of its local renewable energy production. According
to their estimates, local renewable generation will be able to meet, at most, the
country’s electricity demand by 2050. As a result, Belgium will continue to
depend on energy imports.

According to the second pillar, the Belgian federal government seeks to re-
inforce the leadership of Belgian companies and research institutions engaged
in hydrogen and related technologies, such as electrolysers. To this end, the
government has allocated substantial funding to support further research, inno-
vation, and pilot projects focused on hydrogen technologies. The government
also aims to develop an electrolysis capacity of at least 150 MW by 2026.
This relatively modest and less ambitious target, especially when compared to
countries such as Germany and the Netherlands, which have announced multi-
gigawatt-scale projects, is primarily due to Belgium’s limited land availability,
dense population, and constrained offshore space, all of which hinder the fea-
sibility of large-scale green hydrogen production. Given these limitations and
Elia’s projections, it becomes evident that local renewable energy production
remains essential to decarbonise key sectors such as electricity generation and
transportation. Moreover, Belgium has relatively limited potential for under-
ground hydrogen storage, which presents an additional challenge to ensuring
security of supply.

Under the third pillar, the Belgian government aims to establish a robust
market for hydrogen, and potentially its derivatives, to enable the optimal
and secure transport of these molecules between import hubs, industrial clus-
ters, and neighbouring countries. The strategy involves not only leveraging the
existing pipeline infrastructure but also expanding it. In the first phase, the gov-
ernment plans to commission at least 100 to 160 km of new hydrogen pipelines
by 2026. Additionally, by 2028, Belgium intends to interconnect its hydrogen
transport network with those of Germany, France, and the Netherlands, thereby
supporting the country’s objective outlined in the first pillar.
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The Belgian government considers efficient and extensive collaboration es-
sential at all stages to realise the objectives of the first three pillars. Accordingly,
under the fourth pillar, the government intends to strengthen cooperation with
regional governments, hydrogen stakeholders, such as companies, research in-
stitutions, and universities active in hydrogen technologies, and other relevant
actors, including European and international partners.

Currently, the annual hydrogen demand in Belgium is estimated at approx-
imately 15 TWh, primarily for industrial applications [43]. The government
projects that demand for hydrogen and its derivatives will increase by a fac-
tor of 7 to 10, reaching between 125 and 200 TWh/year by 2050, compared
to 15-20 TWh/year in 2020 and 20-30 TWh/year in 2030 [44]. Within the
electricity grid, hydrogen is expected to serve as a complementary solution to
batteries, storing surplus renewable electricity and discharging it during peri-
ods of scarcity. In this way, hydrogen will contribute to both downward and
upward regulation of the power system, helping to address the intermittency
of renewable energy sources. The electricity and hydrogen markets will ulti-
mately determine the optimal balance between battery and hydrogen storage
systems.

3.6 Discussion and Conclusions

This chapter reviewed the challenges faced by the electric power network as
large-scale fossil fuel power plants are phased out and replaced by renewable-
based units. In such a low-inertia power grid, maintaining system stability by
balancing generation and demand becomes increasingly complex.

Within the electricity market, energy is traded among various key stake-
holders, including generators, TSOs, DSOs, ISOs, market regulators, market
operators, retailers, and consumers. These entities cooperate to ensure the effi-
cient operation of the market and to satisfy energy demand. When deviations
occur between scheduled and actual generation or consumption, ancillary ser-
vices can be activated to restore balance. In the context of frequency control,
three main reserve types are utilised: FCR, aFRR, and mFRR.

In terms of electrolysers, the most well-known types are alkaline, PEM,
and SO electrolyser. While the SO electrolyser is still in the R&D stage, the
alkaline electrolyser is the most mature technology, followed by the PEM type.
To commercialise an electrolyser, there are several deciding factors which af-
fect its widespread use. From a business perspective, the associated costs
must be considered, including CapEx, OpEx, maintenance, and, where appli-
cable, replacement expenditures. Another decisive factor is revenue, which
can be maximised by improving the performance of the electrolyser, such as
efficiency, dynamic response, and electricity consumption. Moreover, depend-
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Table 3.1: Qualitative comparison of alkaline, PEM and SO elec-
trolysers [8,41,45,46]

Alkaline PEM Solid oxide
Maturity Mature Developed  Developing
Commercialised Yes Yes No
Lifetime Long Medium Short
Efficiency Medium Medium High
Operating temperature ~ Low Low High
Operating pressure Low Low High
Cost Medium High High
Current density Low High Medium
Partial load range Low High High
Dynamic Slow Fast Fast
Cold start time Medium Low High
Overload capability Medium High -
Catalyst Non-noble  Noble Non-noble
Output gas purity Medium High High

Table 3.2: Quantitative comparison of Alkaline, PEM and SO
electrolysers [47-50]

Alkaline PEM Solid oxide
Current density [A/cmz] 0.2-04 0.6-2.0 0.3-1.0
Operating pressure [bar] <30 <30 <30
Operating temperature [°C] 50-80 50-80 700-1000
Overload [% nominal load] < 150 < 200 Not available yet
Stack lifetime [h] < 90000 < 20000 < 40000
System lifetime [year] 20-30 10-20 Not available yet
Efficiency [%] 62-82 67-81 close to perfect
Cell voltage [V] 1.8-2.4 1.8-2.2 0.95-1.3
Partial load range [%] 2040 0-10 Not available yet
Purity of hydrogen [%] >99.8 ~99.999 ~99.999
Electrolyte KOH Polymer Nafion  Yttria stabilised Zirconium
Charge carrier OH H o
Cost [€/kW] 800-1500 1000-2100 > 2000
Cold start time [min] 15 <15 > 60

ing on the application and operating environment, durability also affects the
commercialisation potential.

A comparison of the qualitative and quantitative characteristics of the three
electrolysers discussed above is presented in Table 3.1 and Table 3.2.

Electrolysers can support grid stability by participating in the ancillary
services market. During periods of power surplus, electrolysers can absorb
excess electricity, thereby reducing the risk of curtailment. However, to realise
this potential, precise dynamic scheduling and fast, reliable control systems
are essential. In periods of power deficit, electrolysers can reduce their power
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consumption to help the power system.

As discussed in Chapter 2, the offshore framework is selected mainly due
to the chosen case study for this thesis, i.e., Belgium, which has significant
potential for integrating offshore wind energy into its power system, owing to
its access to the North Sea.

In the following chapter, the PEM electrolyser technology, which is the cho-
sen electrolyser type for this thesis, is explored in detail, and the corresponding
model is developed.
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Chapter 4

Development of a Dynamic
Mathematical Model for PEM
Electrolyser

In this chapter, the model associated with the chosen electrolyser in this the-
sis, namely, the proton exchange membrane (PEM) electrolyser, is developed,
and the corresponding modules, along with their governing equations, are pre-
sented. Additionally, to verify the model, it is validated against both static and
dynamic experimental data.

4.1 Introduction

PEM electrolyser stands as a promising candidate for sustainable hydrogen pro-
duction from renewable energy sources (RESs). Given the fluctuating nature
of RESs, accurate modelling of the PEM electrolyser is crucial. Nonetheless,
complex models of the PEM electrolyser demand substantial time and resource
investments when integrating them into a large-scale power system. The ma-
jority of introduced models in the literature are either overly intricate or fail to
effectively reproduce the dynamic behaviour of the PEM electrolyser. To this
end, this chapter aims to develop a model that not only captures the dynamic
response of the PEM electrolyser, crucial for conducting flexibility studies in
the power system, but also avoids complexity for seamless integration into
large-scale simulations without compromising accuracy.

The rest of this chapter is organised as follows: In Section 4.2, based on
the literature, a comparison is made between the two mature electrolyser types
(alkaline electrolyser and PEM electrolyser), and the relevant literature related
to the chosen electrolyser model (PEM electrolyser) is reviewed. Section 4.3
is dedicated to a thorough modelling methodology of each simulated module.
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This includes the anode, cathode, membrane, voltage, and thermal components.
Section 4.4 presents the results obtained from the model under various operating
conditions. Additionally, the results undergo validation against experimental
data to ensure the accuracy of the model. To achieve this, a comparison is
made between the static results of the model and those of the experimental
data, followed by a similar comparison for the dynamic results. Finally, in
Section 4.5, the obtained results are discussed, conclusions are drawn, and the
overall direction of the subsequent chapter is defined.

4.2 Literature Review

As discussed in Chapter 3, the PEM electrolyser was selected for integration
into the offshore hydrogen production system in this research.

In this context, there are ongoing endeavours in the literature to model
the performance of the PEM electrolyser. These models can be divided into
two major categories: circuit-based models, which are built upon electrical
elements, and mathematical models, which are grounded in electrochemical
principles. Concerning the first group, the authors in [1] have modelled a
static-dynamic model of the PEM electrolyser using circuit elements. In this
approach, two parallel RC branches are employed to represent the behaviour
of the anode and cathode. The capacitors are used to mimic the capacitance
behaviour of the cell, accounting for the specific time needed by the charges to
travel inside the anode and cathode. While the resistor of the cathode solely
models the heat loss, the resistor of the anode represents both the Gibbs energy
and heat loss in the anode. Moreover, the model incorporates a constant voltage
source and a series resistor to simulate the reversible voltage and membrane
loss, respectively. Finally, using experimental tests and system identification
techniques, the values of the circuit elements are determined. Nevertheless, the
main drawback of the model is its limited applicability. That is, the adapted
values for the circuit elements are only valid for the specific operation condi-
tions, including input current, temperature and pressure, making the model less
reliable when used under different operating conditions.

In order to improve the accuracy of the aforementioned model, the authors
in [2] have proposed an adaptive algorithm in which the parameters of the
circuit are calculated based on different electrical input currents. However,
even with utilising the adaptive approach, it remains challenging to model the
effects of other operating conditions, such as temperature and pressure.

As far as the second group is concerned, in [3], a mathematical model of the
PEM electrolyser consisting of four compartments, namely the anode, cathode,
membrane and voltage, was introduced and simulated in Matlab/Simulink. The
model is created based on the conservation of the mole balance of associated
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substances at the anode and cathode. Regarding the membrane, electro-osmosis
and diffusion are taken into account as the driving forces for water mass transfer
through the membrane. This approach enables the calculation of the partial
pressure of all substances at the anode and cathode, which is later used for
computing the reversible cell voltage.

The same concept of modelling was followed in [4] and [5]. However,
as opposed to what is claimed in the mentioned articles, the models replicate
the static response of the PEM electrolyser and do not account for its dynamic
behaviour. This is confirmed by [6] and does stem from the fact that the
capacitance behaviour of the PEM electrolyser is not modelled in any of the
compartments. Thus, the close relationship between transport and electricity
flow via Faraday’s law yields a static response.

Following these articles, the authors in [7] have incorporated balance of
plants (BoP) components, namely water pump, cooling fan, storage tank, water
tank, power supply, control units and sensors to the same electrolyser model.
Similar to its predecessors, this model solely simulates the static response of
the PEM electrolyser.

A detailed static model has been presented and validated in [6]. In this
article, mechanisms and phenomena that are generally neglected in other ar-
ticles have been taken into account. In the membrane, in addition to the
electro-osmosis and diffusion mechanisms, the water flow from the cathode
to the anode due to the pressure gradient is considered. Within the voltage
ancillary, the concentration overvoltage is addressed. Meanwhile, in the ohmic
overvoltage sub-module, the model goes beyond the commonly considered
membrane resistance, taking into account the resistances of the bipolar plates
and electrodes in a detailed manner. Nevertheless, the values of the mentioned
parameters are generally insignificant when contrasted with other associated
factors, and do not have a notable impact on the accuracy of the model [7, 8].

Although not validated against the experimental data, the study conducted
in [9] explored the dynamic behaviour of a high-pressure PEM electrolyser. The
investigation involved considering the non-ideal behaviour of hydrogen and in-
corporating the unsteady state mass balance equation of substances at the anode
and cathode. Additionally, the energy balance equations of the anode, cathode
and membrane electrolyte assembly (MEA) are included. In this article, a
one-dimensional dynamic model of the PEM electrolyser is presented where
physio-electrochemical phenomena such as water flow through the membrane
via electro-osmotic drag, diffusion and permeation are considered. Further-
more, the gas permeation through the membrane, e.g. hydrogen, gas volume
variations in the anode and cathode channels, gas compressibility, and water
vaporisation are taken into account. The model allows for characterising gas
purity at the cell/stack output. Yet, as admitted by the authors, assumptions
such as similar oxygen and hydrogen concentrations on the membrane surface
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reduce the accuracy of the model.

None of the previously mentioned models has considered the thermal char-
acteristics of the PEM electrolyser, which is of paramount importance when
it comes to assessing its dynamic response. However, several models in the
literature have taken this into consideration.

The authors in [10] modelled a PEM electrolyser consisting of a steady-
state voltage module as well as a linear dynamic thermal model. In this article,
using an identification approach, the electrical and thermal parameters of the
model are determined. The main purpose of the article is to develop monitoring
algorithms. The authors in [8] have modelled the voltage ancillary beside a
thermal module which is based on the lumped thermal capacitance.

In [11], a thermal module consisting of the heat exchange between the PEM
electrolyser and the surrounding area, the sum of entropic flows of both heat
sources and sinks, water tank thermal energy accumulation, and heat loss via
conduction is introduced. Thereafter, the model is validated experimentally.

However, none of these models have taken into account the accurate models
of the anode, cathode or membrane compartments, which are of use as the
partial pressure of the substances at the anode and cathode are used in the
voltage calculations. Moreover, this prevents the monitoring of partial pressures
at the anode and cathode, the water flow through the membrane, which affects
the performance of the electrolyser and restricts simulating the electrolyser
behaviour at the non-similar anode and cathode pressures.

Generally, the literature faces a scarcity of a fast and precise model of the
PEM electrolyser, which can effectively replicate the static response of the elec-
trolyser as well as its dynamic behaviour. In this chapter, a newly developed
model of the PEM electrolyser is presented. This model distinguishes itself
from prior literature models by incorporating detailed mathematical modules
not only for the anode, cathode, membrane and voltage but also for the thermal
compartment. The deliberate simplification, excluding non-essential mecha-
nisms in each module, ensures smooth integration of the model into large-scale
simulations. This is of significant importance for electrical engineers engaged
in flexibility studies, as complex elements like generators and transformers are
already part of power system models. Notably, unlike some of the referenced
articles such as [3-5, 7], the model accurately replicates the genuine dynamic
response of the PEM electrolyser, rather than solely its static behaviour. More-
over, the precision of the model is validated against experimental data in both
static and dynamic operation modes. By following the outlined steps in this
chapter, researchers can simply simulate a fast and reliable model of the PEM
electrolyser. Lastly, with minor adjustments, this model can simulate the dy-
namic and static response of the alkaline electrolyser as well.

As mentioned earlier, the anode, cathode, membrane, and voltage modules
are important because they enable the simulation of the electrolyser’s behaviour
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under various operating pressures. This further helps to calculate the partial
pressures of the substances at the electrodes, impacting the deviation of the
reversible cell voltage from its standard value, thereby the calculations of
efficiency and cooling requirements of the electrolyser. The significance of the
thermal module lies in enabling the model to mimic the dynamic behaviour of
the PEM electrolyser which becomes of substantial importance when coupled
with the RESs. Consequently, the derived results from the model align more
closely with the actual power consumption and produced hydrogen quantity
by the electrolyser. This is intriguing when it comes to conducting flexibility
studies on the PEM electrolyser as the evaluation of ancillary services like FCR
or automatic frequency restoration reserve (aFRR) provision can be assessed
more precisely [12-14].

Besides, as the feed water is an input to the model, it is capable of accounting
for the dynamic changes in the feed water system, an influential factor when
considering the employment of non-pure water like seawater. By coupling
the electrolyser with the seawater desalination system, e.g. seawater reverse
osmosis desalination system, the dynamic behaviour of the entire system can
be explored. Furthermore, the model is able to effectively capture the dynamic
changes in the produced hydrogen. This facilitates the assessment of producing
other green molecules, such as methanol, while investigating the impact of the
electrolyser on the subsequent systems. Finally, while retaining a high level
of accuracy, it has been tried to ensure the model remains simple so that it
can be easily integrated into the power system simulations smoothly and limit
simulation time. This simplicity is particularly appealing for large-scale and
long-term simulations. In Table 4.1, the main characteristics of the developed
model and existing models in the literature are highlighted.

It should be noted that MATLAB already includes an electrolyser block
that represents the electrolyser as an electrical load. Nonetheless, the elec-
trolyser model provided by MATLAB/Simulink is primarily designed as a
general-purpose component for system-level studies. Most of the underlying
electrochemical equations in these Simscape blocks are not directly accessible,
which limits the ability to examine the governing relations. As aresult, although
the MATLAB implementation is indeed highly practical for preliminary de-
sign studies, microgrid simulations or controller development, it remains a
generic representation of a PEM electrolyser rather than a fully physics-based
formulation.

In contrast, the PEM electrolyser model developed in this thesis is ex-
plicitly equation-based and fully transparent. All voltage contributions, such
as the Nernst voltage, activation overvoltage and ohmic overvoltage, which
will be elaborated in detail in the subsequent sections, are modelled sepa-
rately. This enables direct interpretation of their physical behaviour and allows
analysis of how each mechanism responds during electrolyser operation. Fur-
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thermore, although concentration overvoltage, for instance, is neglected in this
work because it is known to be negligible within the typical operating range
of PEM electrolysers, it can be incorporated straightforwardly into the model
when relevant. The same applies to other physical mechanisms. For example,
hydraulic-pressure-driven water transport through the membrane or heat trans-
fer between the electrolyser and the surrounding environment can be included
when their effects are known to be significant. In this thesis, these terms are
omitted because their influence is negligible under the operating conditions
studied, but the modular structure of the model allows such phenomena to be
added without requiring any redesign of the mathematical framework.

In a nutshell, this chapter pursues three main goals: 1) Developing a static-
dynamic model that behaves nearly similar to a real-life PEM electrolyser,
enabling flexibility studies, integrating it as an asset in microgrids providing
flexibility, power systems, etc.; 2) Keeping the model as simple as possible
to facilitate its utilisation in extensive and long-term studies; 3) Achieving a
trade-off between accuracy and simplicity in the model.
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Table 4.1: Comparison between the existing literature and the proposed model
(L: Low, BA: Below Average, A: Average, AA: Above Average, H: High, NA: Not Applicable)

Reference Developed model  [6] (17 21 31 4] [5]1 [71 [8] [91 [10] [11]
Anode/cathode module v v X X v v v v X v X X
Membrane module v v X X v v v v X v X v
Thermal module v X X X X X X X 4 v v v
Voltage module v v v v v v v v v v v v
Dynamic v X 4 v X X X X v v v v
Accuracy in operation range H AA L BA A A A A AA H H A
Complexity A AA L BA A BA A A A H AA A
Static validation v VR ST S SV VAV S S

(Polarisation curve)

Dynamic validation v NA V/ v NA NA NA NA V X v v

4.2 Literature Review
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4.3 Model Development

As mentioned in Chapter 3, in the PEM electrolyser, water is fed into the
anode, and due to the applied current in the oxidation reaction, decomposes to
hydrogen protons, electrons and oxygen, as shown in (4.1). Later, while the
electrons migrate through the electric circuit towards the cathode, the produced
positive ions travel through the proton-conductive membrane and reach the
cathode as well to participate in the reduction reaction, expressed in (4.2).
As a result of this reaction, hydrogen is produced at the cathode. The overall
reaction, known as redox, is shown in (4.3).

2H,0 — 4H* +4e™ + O, 4.1)
4H* +4e~ — 2H, 4.2)

1
HzO — Hy + 502 (43)

The developed model is composed of five various compartments, namely
the anode, cathode, membrane, voltage and thermal. The anode and cathode
modules are modelled based on the molar balance of relevant substances,
specifically water and oxygen for the anode, in addition to water and hydrogen
for the cathode. In the membrane compartment, the mechanisms via which
the water traverses the membrane are modelled, i.e., electro-osmotic drag and
diffusion. The voltage ancillary incorporates the reversible voltage calculations
along with the ohmic overvoltage of the membrane and activation overvoltages
of the anode and cathode subsystems. Lastly, within the thermal module, the
heat sources and sinks, as well as the injected water into the electrolyser for
cooling purposes, are simulated.

A general overview of the interactions between the modules, simulated in
MATLAB/Simulink, is shown in Fig. 4.1. In the forthcoming subsections, an
exhaustive elaboration of each module is presented.

4.3.1 Anode Module

Based on (4.1), the molar balances of oxygen and water are considered in the
anode module. The oxygen and water molar flow rate equations at the anode
can be expressed as follows:

NH2Oan = NHZOan,in - NHZOan,cons - NH2Omem - NHZOan,out (44)

N02an = NOZan,in + NOZan,gen - N02an,0ul (45)



4.3 Model Development

,‘ Ny 1()“,, ;'\V'O‘_,
> Anode |
|
. AUOZE pH-gO
NH,0mem
T 7—;[11
> Membrane ‘ Voltage Thermal
‘ mem Lfrc\,]l
T
.-'\'-"1-[20]m PH,
— [nput
Anode
Membrane
> Cathode Cathode
Voltage
\ Thermal
AT
Nu, m— Quiput

Figure 4.1: Overview of the developed model in Simulink

where NH2Oan,in and NH2Oan,out are the anode inlet and outlet molar flow rate of
water, No, . and NOZan,ou[ denote the anode inlet and outlet molar flow rate of
oxygen, ]\'/H;oa“,wns is the molar flow rate of the consumed water at the anode,
NHZOmem represents the molar flow rate of water migrated from anode to the
cathode through the membrane, and NOZan,gcn stands for the molar flow rate of
the generated oxygen at the anode.

As mentioned earlier, the fluctuations of the input water, if any, can be
incorporated into the model using (4.4). It is essential to note that in this
model, the anode inlet molar flow rate of oxygen is assumed to be zero, and its
inclusion is merely for the sake of having a complete molar balance equation.

According to (4.1), (4.2) and Faraday’s first law of electrolysis, the molar
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flow rate of the consumed water and generated oxygen at the anode of the PEM
electrolyser are given as follows:

. nl
NH,0,, cons = 3F (4.6)
nl
OZan,gen = E (47)

where n is the number of cells, [ is the applied current and F is the Faraday
constant.

By substituting (4.6) into (4.4), and (4.7) into (4.5), and solving the algebraic
loops, the partial pressures of water and oxygen at the anode can be derived via
the ideal gas law as follows:

Nu,o0,, R.T
PH0,, = —2v - (4.8)
an
No,, R.T
POs, =~ (4.9)
an

where Ny,0,, and No,, are the number of moles of water and oxygen at the
anode, respectively, R, is the universal gas constant, T represents the operating
temperature of the electrolyser, and v,, denotes the anode volume. It is worth
noting that, given the typical operating conditions of the PEM electrolyser, the
ideal gas law has been used, as the compressibility factor for both the relevant
substances under these conditions is approximately equal to one [15].

The pressure at the anode is equal to the total partial pressures of water and
oxygen, described as:

Pa = PH,0,, T POy (4.10)

Then, the molar fraction of each substance at the anode can be calculated
as follows:

_ pHZ Oun

X = 4.11
H,0,, P 4.11)
p O2an
X0, =— 4.12
O = p_ (4.12)

4.3.2 Cathode Module

In the cathode compartment, where hydrogen is evolved, a similar approach to
the anode module is followed, with hydrogen replacing oxygen. Thus, the molar
flow rates of water and hydrogen at the cathode are represented as follows:

NHZOca = NHZOCa,in + NHZOmem - NHZOca,oul (4'13)
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NH2ca = NHan,in + NHan,gen - NHan,out (4.14)

In (4.13) and (4.14), Nn,0,,,, and Ni,0,, , stand for the cathode inlet and
outlet molar flow rate of water, subsequently, NHan’in and ]\'szca,Oul are the inlet
and outlet molar flow rate of hydrogen at the cathode, respectively, and ]\'IHZCMen
represents the molar rate of the generated hydrogen at the cathode. )

In this model, both the inlet hydrogen and water flow rates to the cathode
are set to zero.

Considering the intermediate reactions taking place in the electrolyser and
Faraday’s first law of electrolysis, the molar flow rate of the generated hydrogen
at the cathode is described as follows:

nl

oo = 375 (4.15)

By substituting (4.15) into (4.14), the partial pressures of water and hydro-
gen at the cathode can be obtained using the ideal gas law, expressed as:

N0, RuT
PH,0,, = —2v . (4.16)
ca
N, R T
pHan = 2‘} - (417)
ca

where Ny,0,, and Ny, , are the number of moles of water and hydrogen at the
cathode, subsequently and v, is the cathode volume.

The pressure at the cathode is equal to the total partial pressures of water
and hydrogen, given as:

P, = PH,0,, T PH,, (418)

Using the partial pressures of the associated substances and the total pres-
sure of the cathode, the molar fractions of water and hydrogen at the cathode
can be given as:

Xino, = 22l (4.19)
Pca
Xu,., PHae, (4.20)
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4.3.3 Membrane Module

When the water is introduced into the anode of the PEM electrolyser, a sub-
stantial portion of it undergoes the oxygen evolution reaction, leading to the
generation of protons and oxygen. However, a part of the water passes through
the membrane, which influences the performance of the electrolyser. Generally,
three mechanisms cause the passage of water through the membrane, namely
electro-osmotic drag, diffusion and hydraulic pressure effect. While the first
two mechanisms result in the water flow from the anode to the cathode, the
hydraulic pressure effect yields water passage in the opposite direction. As
a result, the net molar flow rate of water through the membrane is given as
follows:

NHZOmcm = NHZOmcm,cod + NHQOmcm,diff - NHZOmcm,hp (421)

where Ni,0,0n 00> VH2Omen.ar A1 NH,0,n, 1, deNote the water passage through
the membrane due to the electro-osmotic drag, diffusion and hydraulic pressure
effect, respectively.

In [9], it is shown that the electro-osmotic drag is the dominant mechanism
in the water transport through the membrane. Commonly, electro-osmotic drag
and diffusion are taken into account in the models, given that the influence of
hydraulic pressure effect is negligible compared to them [3,7].

As protons traverse the proton-conducting membrane, they drag water
molecules with them, a phenomenon known as electro-osmotic drag. This
process is quantified using the dimensionless electro-osmotic drag coefficient,
denoted as ngq, which represents the number of water molecules per proton
travelling from the anode to the cathode (mol[H,O]/mol[H*]). The molar flow
rate of water through the membrane due to the electro-osmotic drag can be
described as follows [6]:

najA

NHZOmcm,cod = F (422)

where j is the current density and A represents the active area of the MEA.

There are several methods in the literature to deal with the electro-osmotic
drag coefficient. Despite being influenced by factors such as water input pres-
sure, cathode pressure, current density, and temperature, there seems to be no
satisfactory definitive quantitative equation for determining this coefficient in
the literature. For instance, ng has been considered as a constant parameter,
as in [16], a fitting parameter, as illustrated in [5, 6] or derived via empirical
equations, as seen in [3,7]. In this thesis, the empirical equation as a function
of temperature, which is obtained in [17], has been utilised, where the authors
propose a linear fit of nq as a function of temperature, expressed in K, based
on measured electro-osmotic drag for a solid polymer electrolyte, given as:
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ng = —2.89556 + 0.016T (4.23)

Stemming from the concentration gradient between the anode and cathode
sides of the membrane, the flow rate of water through the membrane via
diffusion can be derived by integrating Fick’s law of diffusion between the
anode and cathode sides of the membrane interfaces as follows:

. ADy,
NHZOmem diff = (CHZOmem cat CHZOmem an) (424)
’ Omem ’ ’
where Dy, denotes the diffusion coefficient, dnem is the membrane thickness
and Cn,0,, e @4 CH,0,.,, ., ar€ the water concentration at the cathode and

anode side of the membrane, respectively. The diffusion coefficient can be
expressed as follows [7]:

, 1 1
Dy, = Dj, exp[2416(ﬁ - ?)] (4.25)
10_10/lmem Amem < 2
10710711 + 2(Appem — 2 2 < Adpem < 3
D:V — 10[ ( mem )] mem (4.26)
1071913 = 1.67(Amem — 3)] 3 < Amem < 4.5
1.25x 10710 Amem = 4.5

where Dy, is the diffusion coefficient at the reference temperature and Amem
represents the water content of the membrane. In this model, Apen is com-
puted in the membrane module using the following temperature-dependent
expression [18]:

Amem = 0.08533 7 — 6.77632 (4.27)

Itis noteworthy that diffusion through a porous medium, as in the membrane
of the PEM electrolyser, is principally a function of two mechanisms: molecular
diffusion and Knudsen diffusion. When the mean free path of molecules is
shorter than the pore size of the membrane, the molecules tend to collide more
with each other rather than with the pore walls, leading to molecular diffusion
being more prominent than Knudsen diffusion. Conversely, if the pore size is
much smaller with respect to the mean free path of the species, the probability of
molecules colliding with the walls of the pores is higher than with each other.
In this case, Knudsen diffusion becomes the dominant term over molecular
diffusion [6]. In this study, both mechanisms are taken into consideration.

The water concentration at the anode and cathode sides of the membrane
can be expressed as a function of water concentration in the electrode channels,
represented as:

6an’;leO,an

CHZOmem,zm = CHZOch,zm - (4'28)

Deff,an
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6cale20,ca

4.29
Deff,ca ( )

CHZOmem,ca = CHZOch,ca -

where Cy,o,,,, and Cn,0,, ., are the water concentrations in the anode and
cathode channels, d,, and 6, represent the anode and cathode electrode thick-
nesses, i1H,0,an and 71H,0,ca are the molar fluxes of water through the anode and
cathode, and Def an and Deg cq stand for the effective binary diffusion coeffi-
cient at the anode (O,-H;0) and cathode (H,-H,0O), consecutively. The water

concentrations in the anode and cathode channels can be expressed as follows:

CHZOch,an = CHZOCh,ca =37 (4'30)

where pp,0 is water density at temperature 7 and My, o is molar mass of water.
Considering the second terms in (4.28) and (4.29), water molar fluxes at
the anode and cathode can be written as follows:

NHZ Omem + NHZ Oan,cons

’;leO,an = A (4~31)
. Nu,o,,
RH,0.ca = —j‘ (4.32)

The effective binary diffusion coefficients, i.e, Def an and Deg ca as de-
scribed in (4.28) and (4.29), respectively, are represented as follows:

! :f(D ! PR ) (4.33)

Defran &\ Detr,0,-H,0  Deft,H,0-k
1 € 1 1
= —( + ) (4.34)
Detreca €\ DeffH,-H,0  Deff H,0-k

In (4.33) and (4.34), the terms Def 0,-H,0 and Deg 1,-H,0, referred to
as the effective molecular diffusion coefficient for the O,-H,O and H,-H,O
binary systems, reflect the molecular diffusion mechanism. On the other hand,
Defr H,0-k, known as the effective Knudsen diffusion coefficient for water,
accounts for the Knudsen diffusion effect on the rate of water flow through the
membrane. Additionally, € is electrode porosity and & denotes tortuosity.

Regarding the effective Knudsen diffusion coeflicient for water, introduced
in (4.33) and (4.34), as the molecules collide with the walls of the pores
frequently, the movement of molecules can be modelled using kinetic theory,

described as:
4 8R,T
D == 4.35
eff, H,0—k 3r‘/7TMH2o (4.35)
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where r is the mean pore radius. On the other hand, to calculate Deg 0,-H,0
and Deg H,-H,0, Chapman-Enskog theory of the ideal gas has been utilised,
giving:

0.00133 L ! ! (4.36
Detr,0,-1,0 = 0. + .36)
TR Pan@(z)z—HonD Mo, Mnu,o
D 0.00133 e ! ! 4.37)
ff,H,—H,0 = V. + .
eff, Hy—H, PC&G)IZ—IZ—HQOQD MH2 MHZO

where ©o,_n,0 and Oy,_g,0 stand for the mean molecular radii of the asso-
ciated substances, € is the dimensionless diffusion collision integral and Mo,
and My, denote the molar weight of oxygen and hydrogen, respectively.

By calculating the remaining parameters, namely ®o,_n,0, ®n,-n,0 and
Qp, the flow rate due to diffusion can be calculated. To start with, ®o,-H,0
and Og,_p,0 can be written as:

®o, + Ou,0
©0,-H,0 = ——— > - (4.38)
O, + Ou,0
Om,-H0 = ——5—— (4.39)
On the other hand, Qp can be expressed analytically as follows:
1.06 0.193 1.036 1.765
Qp = 4.40
D = 70056 T exp(0.767) | exp(1.537) | 3.8947 (4.40)
where the dimensionless temperature 7 can be represented as follows:
kT
T0,-H20 = (4.41)
£0,-H,0
kT
TH,-H20 = (4.42)
£H,-H,0

where £0,-H,0 and &n,-H,0, referred to as Lennard-Jones energies, are given
as:

£0,-H,0 = V€0,€H,0 (4.43)

EH,-H,0 = VEH,EH,0 (4.44)
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In summary, the process involves substituting (4.41)—(4.44) into (4.40) to
derive diffusion collision integral. Thereafter, by inserting (4.38)—(4.40) into
(4.36) and (4.37) the effective molecular diffusion coefficient for the O,-H,O
and H,-H,O binary systems is computed. Next, (4.35)—(4.37) are substituted
into (4.33) and (4.34) to obtain the effective binary diffusion coefficient at the
anode and cathode, facilitating the determination of water concentration at both
sides of the membrane expressed in (4.28) and (4.29). Finally, by substituting
(4.23) into (4.22), as well as (4.28) and (4.29) into (4.24), the net molar flow
rate of water through the membrane due to the molecular diffusion and Knudsen
diffusion can be expressed as follows:

N Hy Omem -

AD,, (szoT N (5caﬁH20,ca)
Omem MHQO Deff,ca
_ ( PH,Op 5anle20,an )] + ngjA

MHzO - Deff,an F

(4.45)

4.3.4 Voltage Module

Ideally, a minimum voltage, which depends on the operating conditions of
the electrolyser, such as pressure and temperature, is necessary to initiate the
electrolysis process. This minimum voltage is referred to as the reversible or
open-circuit voltage. However, in practice, a higher voltage than the reversible
voltage must be applied to the electrolyser due to the several voltage drops
occurring within the cell. Thus, the total cell voltage comprises the reversible
voltage as well as the additional overvoltages, as shown below:

Veett = Viev + Vet + Vohm + Veon (446)

where Vi, is the reversible cell voltage, V. denotes the activation overvoltage,
Vonm stands for the ohmic overvoltage and V., indicate the concentration or
diffusion overvoltage. The concentration overvoltage happens in the case of
the accumulation of oxygen and hydrogen in the catalyst layer of the anode
and cathode. Nonetheless, it is insignificant if the flow field is suitable for gas
removal [7]. Furthermore, for current densities less than 3 A/ cm?, which is the
case in this thesis, the activation and ohmic overvoltage are notably higher than
concentration overvoltage [7, 19]. Thus, the latter is neglected in this model.

Reversible voltage

Using the Nernst equation, the reversible voltage can be expressed as follows [7]:

R, T 8V,
Viey = Eg + 1n(pH2 poz)
2F PH,O

(4.47)
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where Ej is the cell reversible voltage in standard conditions. It is worth men-
tioning that in (4.47), the second term expresses the deviation of the reversible
voltage from its standard value at various operating conditions. The standard
reversible voltage can be empirically described as follows [6]:

Eo=1.229-0.9x 1073(T - 298) (4.48)

Activation overvoltage

As the name suggests, the activation overvoltage describes the required voltage
to activate the electrochemical reactions taking place at the anode and cathode
sides within the electrolyser. In other words, it accounts for the energy losses
arising from the charge transfer kinetics in the electrolysis process. Thus,
the activation overvoltage is composed of two terms, each representing the
activation overvoltage at the anode and cathode. Commonly, the Butler-Volmer
equation is used to express the activation overvoltages, given as [20]:

Vact = act,an T Vact,ca (4.49)
R, T i
Vact,an = — arCSinh( ,j ) (4.50)
an J0,an
R, T . ]
Vact,ca = arcsmh( J ) 4.51)
CaF JO,ca

where a,, and a, are charge transfer coefficients, and jo an and jo c, stand for
the exchange current density of the anode and cathode, consecutively. In the
literature, a wide range of values is reported for the exchange current densities,
and to a lesser extent, for the charge transfer coefficients. Hence, in this model,
these four parameters are considered as fitting parameters. Apart from that,
the exchange current density values are temperature-dependent which can be
expressed as follows:

. . E 1 1
J0,an = JO,an—ref SXP|— Ra:t (f - E)] (4.52)
. . E 1 1
J0,ca = JO,ca—ref eXp[— Ra:t (? - Fef)} (4.53)

While E; is the activation energy of the electrodes, jo an—ref and jo ca—ref
indicate the reference exchange current densities of the anode and cathode, at
the reference temperature Ti.¢, respectively.
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Ohmic overvoltage

In the PEM electrolyser, there are several sources contributing to the ohmic
overvoltage of the cell, which can be divided into two types: ionic overvoltage,
arising from the membrane resistance, and electronic overvoltage, attributed to
electronic components such as bipolar plates, electrodes, etc. Nonetheless, the
conductivity of the membrane is significantly lower compared to that of elec-
tronic parts. Therefore, the ionic overvoltage dominates the ohmic overvoltage.
In this model, similar to many other models, the electronic ohmic overvoltage
is neglected to avoid unnecessary complexity [5,21,22].

Since the ionic conduction path in the PEM electrolyser is rather short and
uniform, the ionic resistance can be simply modelled by assuming constant
resistivity, given as [23]:

1)
Rohm,i = —— (4.54)

Omem

where opem 1S the membrane conductivity in S.m~!, which can be described
as follows [24]:

1 1
o (0.5142 0.326) exp[ 68(303 T)] (4.55)

Finally, the ohmic overvoltage can be derived using Ohm’s law:
Vohm = Rohm,i : ] (456)

4.3.5 Thermal Module

By implementing the equations that have been mentioned so far, the static
response of the PEM electrolyser can be simulated. Although the response
of the PEM electrolyser is fast, it is not instantaneous and exhibits a certain
degree of dynamics. Hence, considering the dynamic behaviour of the PEM
electrolyser is essential to enhance the accuracy of the model. To achieve
this, the model incorporates a thermal module to account for the temperature
variations of the PEM electrolyser during its operation. This enables the model
to simulate the thermal inertia of the system, meaning how fast the electrolyser
heats up or cools down in response to the changes in the operating condition. In
the thermal module, the cell/stack temperature is considered to be homogeneous
and is treated as a lumped thermal capacity, given as:

Clawck = )| Cpk Vi " i (4.57)
k

where Cj gk 18 the lumped thermal capacitance of the stack, ¢, x represents the
specific heat, v, stands for volume and p; indicates the density of the species
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k = {H,0, Oy, H,}. Taking into account the inlet and outlet enthalpy flows in
the electrolyser, the stack enthalpy balance equation can be written as [21]:

dT

Cl,stackE = Qgen + Z Min,kcp,kTin = Qloss
k (4.58)

—Qcool = Z Mout,kcp,kTout
k

where Q,c, indicates the generated heat due to the electrical work done in the
electrolyser, Mi, ;. and Moy i are the inlet and outlet flow rate of the substance
k, QOioss 1s the heat exchanged between the electrolyser and environment, Qoo
stands for the heat extracted by the coolant, and Tj, and T, represent the inlet
and outlet temperatures, successively. Despite T;, being a known parameter,
specifically the temperature of the inlet water, Ty, can be determined by solv-
ing (4.58). Furthermore, in this model, the operational temperature of the
electrolyser is considered to be the average of the inlet and outlet temperatures.

The overall heat generated within the cell must be extracted to ensure proper
operation. It is essential to maintain the cell/stack temperature below a specific
threshold, typically 80-90 °C, which is primarily determined by the thermal
stability of the perfluoro-sulfonic acid (PFSA) materials used as polymer elec-
trolytes in the electrolyser. In addition, avoiding temperature gradients within
the cell is crucial, as such gradients not only accelerate ageing and degradation
but also lead to non-homogeneous cell loading, thereby affecting the overall
performance of the electrolyser [25].

Among the cooling methods utilised for the electrolyser, using an excess
flow of water for cooling purposes is selected in this model. This choice is
made due to the several advantages offered by water as a coolant, such as
the efficient heat transfer between the flowing water and the electrolyser. To
effectively determine the required amount of water needed for the cooling, the
inlet and outlet temperature difference of the electrolyser, denoted as AT, is
considered. The aim is to keep AT less than 10 °C to avoid large temperature
gradients within the cell due to the mentioned undesired effects. To this end,
by introducing the parameter Ag,o, which is the ratio of the actual water flow
through the electrolyser for every mole of water used for the electrolysis process,
the required amount of water can be related to the temperature difference in the
cell.

The inlet flows in (4.58) can be expressed as [26]:

. 1

Min H,0,an = (1 + AHQO)MHQOﬁ 4.59)

. 1
Min H,0,ca = AHZOMHZOﬁ (4.60)
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Similarly, the outlet flows can be represented as follows:

. . 1
Mout,HgO,an = Mout,HzO,Ca = AHzoMHZOﬁ (461)
. 1
Mout,Oz,an = Mozﬁ (4.62)
. 1
Mout,Hz,ca = MHzﬁ (463)

The heat produced due to the work done in the electrolyser can be expressed
as follows:

AH
Qgen = (Vcell - ﬁ)l
where AH is the total reaction enthalpy, which can be described as follows for
the electrolysis process [27]:

(4.64)

1
AH(T,p) = AI’I]-I2 + EAHOZ - AHHZO (4.65)

In (4.65), the enthalpy of each substance can be calculated as follows:
AHyx = AHO + ¢} (T - T) (4.66)

where ¢}, is the specific heat capacity and AH,(Z is the standard enthalpy of the
substance k at the pressure and temperature of Py and Tj, respectively.

The heat transfer between the electrolyser and the environment, in the
absence of any insulation, can be expressed as follows:

Qloss = hAst(T - Tamb) (4-67)

where / is the heat transfer coefficient, A represents the outside surface area
of the stack and T, indicates the ambient temperature.

In general, compared to the term Qjogs, the other three terms on the right-
hand side of (4.58) have a more pronounced impact on the cell temperature.
Additionally, as water is chosen to be the coolant of the electrolyser, and is
present in a significantly higher quantity compared to oxygen and hydrogen in
the outlet flows, its impact on the cooling of the electrolyser is substantially
greater. Thus, neglecting the mentioned terms and modifying (4.58), Ap,0 can
be expressed in terms of the operating cell voltage and desired AT as follows:

F AH
( cell — ﬁ)
For various operating cell voltages, the required number of moles of water
for each mole of the electrolysed water can be depicted, shown in Fig. 4.2. As

Am,o = (4.68)

MHQO . Cp,HzO - AT
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Figure 4.2: The required number of water moles for various oper-
ating cell voltages as a function of AT

can be seen, the curves illustrate that at very low AT values, the electrolyser
requires a substantially larger amount of water for cooling. This introduces a
clear design trade-off. As stated earlier, the design aim is to keep AT below
10 °C and choosing very low values of AT results in a significantly higher
cooling-water demand. The choice of AT therefore represents a balance be-
tween cooling-water requirements and electrolyser performance.

4.4 Results

In this section, the developed model is validated using the set of experimental
data reported in [28] and [2]. The choice of these references for validation is
based on the availability of the experimental data under a range of operating
conditions. Initially, the static response of the model is validated at various
constant temperatures, without considering the thermal module. The validation
is carried out employing the static polarisation curves from [28]. Subsequently,
the dynamic response of the model, taking into account the variations in the
cell temperature, is validated using the results reported in [2].

4.4.1 Static Model Validation

The specifications of the PEM electrolyser utilised for the validation, along
with the parameters used for the simulation, are presented in Table 4.2.

Apart from the fixed model parameters summarised in Table 4.2, the afore-
mentioned fitting parameters were allowed to vary within their feasible region
to ensure that the model aligns with the experimental results as closely as
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Table 4.2: Specifications of the PEM electrolyser used for the
static validation [28]

Parameter Value Unit
Anode material Pt-Ir -
Cathode material Pt -
Membrane Nafion 1110 -
A 100 cm?
F 96485.33  A.s/mol
My, 0.002 kg/mol
Mu,o0 0.018 kg/mol
Mo, 0.032 kg/mol
n 1 -
Pan—ca 1 bar
Ry 8.31 J/K.mol
Tin 80 °C
Oan—ca 0.08 mm
Omem 0.254 mm
€ 0.3 -
en,/k 59.7 K
en,0/k 809.1 K
go0,/k 106.7 K
Oy, 2.827 A
OH,0 2.641 A
Qo, 3.467 A
¢ : :

possible. Based on the literature, jo an—ref, jo,ca—ref> @an and acy were varied
in the ranges of 107''=107*A/cm?, 107%-10~! A/cm?, 0.4-2.5, and 0.2-1,
respectively. Moreover, the combinations in which either jo an—ref > Jjo,ca—ref
or @y, < agy were excluded from the search space since typical values for the
fitting parameters adhere to these criteria. This arises from the fact that the
anode contribution to the activation overvoltage is higher than the cathode. In
Table 4.3, the fitted parameters along with their conventional feasible ranges
are shown.

To illustrate the deviation of the results of the model from the experimental
dataset, the relative error parameter is used. The general expression for the
relative error in percentage can be written as follows:

Zexp
_ 100 Vsim,z - Vexp,z
Zexp =1 Vexp,z

e

(4.69)
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Table 4.3: Fitted parameters for static validation

Parameter Considered range Fitted value  Unit

Jo.an—ref 10°7-107%  2.00x 10  A/cm?
Jo,ca—ref 10761071 191 x 1072 A/cm?
@an 0.4-2.5 2.47 -
Uca 0.1-1 0.93 -

where Zey, is the number of experiments, and Vg, , and Veyp . indicate the
results obtained from the z™ simulation and experiment, respectively.

The relative error obtained from different combinations of fitting parame-
ters, irrespective of their sequence of iterations, is depicted in Fig. 4.3. As 80 °C
is a typical operating temperature for the PEM electrolyser, the curve fitting
was implemented at this temperature, and the polarisation curve with the least
average relative error was chosen. As can be seen in Table 4.3 and Fig. 4.3,
Jo.an—ref = 2.00 x 1078 A/em?, joca—ret = 1.91 X 1072 A/cm?, ay, = 2.47
and a., = 0.93 were derived, resulting in the relative error of 0.55 %. Given
the materials in use for the electrodes, i.e., Pt-Ir for the anode and Pt for the
cathode, the obtained values hold validity [20, 29]. It should be noted that
although temperature variation has been selected as the parameter to confirm
the applicability of the model, the effect of operating-pressure variations on
the performance of the PEM electrolyser can also be investigated using the de-
veloped model. However, the influence of pressure variation is less significant
than that of temperature, since water electrolysis is a liquid-to-gas reaction and
increasing the gas-phase pressure affects the reaction’s Gibbs free energy only
logarithmically.

It is essential to emphasise that the sets of combinations that exhibited high
errors, such as those exceeding 100%, are specific to the particular electrolyser
employed for obtaining the experimental data. For a different electrolyser with
distinct specifications, these combinations might yield lower errors compared
to what they demonstrated in this case. In this thesis, by exploring within the
ranges specified in Table 4.3, it is ensured that the obtained best point, shown
with a green star in Fig.3, is indeed the most optimal point.

In Fig. 4.4, the polarisation curves obtained from the experiment and model
are compared at different temperatures. Evidently, the static behaviour of the
model corresponds closely with the experimental results of the PEM electrol-
yser. The slight discrepancy between the simulation and experimental curves
can be attributed to the neglected factors in the model, like concentration over-
voltage and electronic resistance. However, the resulting relative error, depicted
in Fig. 4.5, is entirely insignificant, especially when considering the simulation
time of the mathematical model.
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Figure 4.4: Comparison of the polarisation curves obtained from
the best point of the model and experiment at various temperatures
and atmospheric pressure

The average relative error between the model and experiment at 40 °C,
60 °C, and 80 °C are 0.68%, 0.75%, and 0.55%, consecutively. The higher
relative error observed at 40 °C and 60 °C is believed to arise from the fact that
the fitting parameters were fine-tuned at 80 °C to match the experimental data.
Subsequently, these parameters were maintained unchanged for other temper-
atures. Thus, the adjusted fitting parameters of the model are not optimal for
other operating temperatures. Additionally, considering Fig. 4.5, the most sub-
stantial relative error is attributed to the current densities lower than 0.1 A /cm?.
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Figure 4.5: The relative error between the polarisation curves
obtained from the best point of the model and experiments at
various temperatures and atmospheric pressure

This stems from the dependency of reversible voltage on the partial pressures
of water, hydrogen and oxygen. During the initial steps of the simulation, the
partial pressures take several steps to stabilise, resulting in the highest relative
error observed at the outset of the simulation. Nevertheless, taking 80 °C as an
example, the reversible voltage eventually converges to 1.29 V after multiple
iterations in the simulation. Considering the enthalpy of water vapour at 80 °C,
approximately 239.5 kJ/mol, which corresponds to 1.24 'V, the ability of the
model to replicate the reversible voltage after several iterations is deemed to be
acceptable [30].

4.4.2 Dynamic Model Validation

In this section, the model is validated against the experimental data reported
in [2]. Since the dynamic response of the PEM electrolyser is examined, the
thermal module, hence the temperature variations, are included in the simu-
lation. The specifications of the PEM electrolyser employed for the dynamic
verification as well as the values of the parameters utilised for the simulation
are summarised in Table 4.4.

In order to highlight the importance of dynamic simulations for the PEM
electrolyser, a comparison between the static and dynamic responses is per-
formed prior to obtaining the fitting parameters for the dynamic operation
mode. This comparison is carried out over a 30-second timeframe, based on
the specifications listed in Table 4.4. While Fig. 4.6(a) shows the static and
dynamic responses of the PEM electrolyser to a 10 A step current, Fig. 4.6(b)
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Table 4.4: Specifications of the PEM electrolyser used for the
dynamic validation [2]

Parameter Value Unit
A 50 cm?
Cp.H, 14337 J/kg.K
Cp.H,0 4179 J/kg.K
Cp,0, 920.5 J/kg.K
F 96485.33 A.s/mol
My, 0.002 kg/mol
Muy,o0 0.018 kg/mol
Mo, 0.032 kg/mol
n 3 -
P 1 bar
Pca 10.5 bar
R, 8.31 J/K.mol
Tin 20 °C
AHY 0 J/mol
AHIO{ZO -285830  J/mol
AHJ 0 J/mol
Oan—ca 0.08 mm
Omem 0.30 mm
€ 0.3 -
en,/k 59.7 K
en,0/k 809.1 K
€0,/k 106.7 K
O, 2.827 A
Ou,0 2.641 A
Oo, 3.467 A
¢ 1 :

illustrates the corresponding responses to a 6 A step current. As can be seen
in Fig. 4.6, the static response follows an ideal step-shaped waveform, whereas
the dynamic response gradually rises after a step increase in the current.

To quantify the error between the static and dynamic responses, the area
under the power curves in Fig. 4.6, which represents the consumed energy,
is compared. The resulting error between the static and dynamic responses
in Fig. 4.6(a) is 1.94%, while the error in Fig. 4.6(b) is 3.17%. The higher
error observed at lower current densities is due to the fact that, at higher
current densities, the ohmic overvoltage, which according to (4.56) has a linear
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Table 4.5: Fitted parameters for dynamic validation

Parameter Considered range Fitted value  Unit

J.O,an—ref 10_11—10_4 3.90 x 10_6 A/cm2
Jo,ca—ref 10761071 252x 1072 A/cm?
@an 0.4-2.5 0.49 -
Uca 0.1-1 0.12 -

relation with the current, becomes the dominant term in the total overvoltage,
giving the power curve a more step-like behaviour. In contrast, at lower current
densities, the activation overvoltage becomes the dominant component, leading
to a slower rise in the power curve as governed by (4.50) and (4.51).

It is worth noting that temperature is not the sole factor governing the
start-up time of the electrolyser. Start-up is constrained by several safety and
operational requirements, particularly gas-purity specifications. For example,
the oxygen concentration in the hydrogen outlet must fall below safe limits,
typically below 2%, before hydrogen production can proceed, and achieving
this purity level generally requires several seconds to minutes. In addition,
purge cycles are required at each start-up to remove nitrogen, residual air, or
residual contaminants from the previous shutdown [12]. Beyond gas purity,
pressure build-up in the system also contributes to the start-up duration, as
the inlet pump must ramp up the water-feed pressure to the operating level of
the PEM stack. These combined processes extend the overall start-up time.
A detailed investigation of these start-up-influencing factors falls beyond the
scope of this thesis.

Not unlike the section dedicated to the static validation, the fitting pa-
rameters were varied so that the results closely aligned with the experimental
data. Also, the same range of variations were considered for the parameters.
The fitted parameters alongside their evaluated feasible range are tabulated in
Table 4.5.

In Fig. 4.7, the relative error resulting from various combinations of fitting
parameters, regardless of their order of iteration, is illustrated. Following
the determination of the fitting parameters, they were held constant for other
scenarios.

The dynamic responses of the model to three distinct step current waveforms
characterised by amplitudes of 3, 6, and 10 A, along with the experimental
results, are depicted in Fig. 4.8. In the dynamic validation of the model, the
case with the applied current of 6 A was chosen for the curve fitting.

The relative error of the obtained results from the simulation is shown
in Fig.4.9. Considering Table 4.5 and Fig. 4.9, jo.an-rer = 3.90 X 1076,
Jo.ca—ref = 2.52 X 1072, @u = 0.49 and a., = 0.12 were obtained, leading
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Figure 4.6: Comparison between the dynamic and static consumed
power curves of the PEM electrolyser

to an average relative error of 2.03%. Moreover, the average error for the

applied step currents with amplitudes of 3 and 10 A are 5.21% and 4.55%,
respectively.

As the exact operating temperature of the electrolyser in the experimental
setup is unspecified, in all simulations the inlet temperature is assumed to
be 20 °C. Additionally, the inlet and outlet temperature difference of the
electrolyser, AT, is set to 10. Itis noteworthy to emphasise that these parameters
exert a considerable influence on the performance of the electrolyser, thereby



4.4 Results

the results of the model. The effects of AT variations under a consistent inlet
temperature of 20 °C, along with the impact of inlet temperature changes at a
constant AT of 10 on the performance of the electrolyser, while applying the
step current of 6 A, are represented in Fig. 4.10 and Fig. 4.11, respectively.

In Fig. 4.10, when maintaining a constant inlet temperature, an increase
in AT results in a subsequent elevation in the operating temperature of the
electrolyser, defined as the average of the inlet and outlet temperatures in
this model. This, in turn, leads to a reduction in stack voltage. Conversely,
a decrease in AT lowers the operating temperature, which in turn causes an
elevation in stack voltage.

Alternatively, in Fig. 4.11, by holding AT unchanged, when the inlet tem-
perature is raised, the operating temperature of the electrolyser increases, since
the operating temperature is the average of the inlet and outlet temperatures.
This results in a decrease in stack voltage. On the contrary, lowering the inlet
temperature while AT remains constant, causes the operating temperature to
decrease, leading to a reduction in stack voltage.

This clearly demonstrates the impact of thermal parameters on the be-
haviour of the electrolyser in dynamic operation mode. As a result, the discrep-
ancy between the results of the model and experiments is primarily attributed
to the unspecified thermal parameters. In [2], different reversible stack voltages
observed in the experiments highlight the dissimilarity of thermal parameters
for the explored scenarios.

It is worth noting that, in practical scenarios, the transient behaviour of
the electrolyser changes under different operating conditions. This variation is
clearly reflected in Fig. 4.10 and Fig. 4.11 where, for instance, the regression
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Figure 4.7: The average relative error derived from various com-
binations of the fitting parameters for dynamic validation
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Figure 4.9: The relative error between the best point obtained
from the model and experiments with the applied currents of 3, 6
and 10 A

of temperature vs. time varies across different operating conditions, as shown
in Fig. 4.10(b) and Fig. 4.11(b).

Apart from the mentioned reasons, the higher relative error for other cases
than the reference one arises from the fitting parameters not being optimal
for them. Furthermore, given the impact of the thermal parameters on the
performance of the electrolyser, aligning temperature with its actual value can
lead to a reduction in error. Nevertheless, the model still shows decent accuracy
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Figure 4.10: The impact of varying AT on the stack voltage and

operating temperature with the applied current of 6 A

at different operating conditions.

4.5 Conclusions

This chapter presented a simplified yet accurate static-dynamic model of the
PEM electrolyser, enabling its straightforward integration into large-scale sim-
ulations of the power system. For instance, it can effectively contribute to
modelling the ancillary service provision of the PEM electrolyser alongside
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Figure 4.11: The impact of varying inlet temperature on the stack
voltage and operating temperature

other units or examining the flexible operation of the PEM electrolyser in
the presence of intermittent RESs, without introducing excessive complexity.
Upon deriving the fitting parameters for the model, it can be integrated into
more complex simulations, such as those involving a large-scale power system.

The model comprised five distinct modules, including the anode, cathode,
membrane, voltage and thermal, each utilising physical/empirical relations to
replicate the behaviour of the PEM electrolyser. Furthermore, water-based
cooling for the electrolyser was taken into account, mirroring the practical



4.5 Conclusions

operation of electrolysers. As anticipated, given the temperature-dependent
nature of several mechanisms taking place in the electrolyser, the thermal
characteristic of the electrolyser demonstrated a notable influence on the average
operating temperature, thereby the performance of the electrolyser.

The model, implemented in MATLAB/Simulink, underwent validation
against experimental data in both static and dynamic operation modes. Re-
garding the former case, the experimental data of a single cell with 100 cm?
active area operating at temperatures of 40, 60, and 80 °C was employed and
the model exhibited an average relative error of 0.68%, 0.75%, and 0.55%,
successively. Thus, across the investigated operating conditions, an overall av-
erage relative error of 0.66% was obtained. Concerning the dynamic response
of the PEM electrolyser, the experimental data from a 3-cell stack featuring an
active area of 50 cm? was utilised. Under applied currents of 3, 6, and 10 A,
the developed model showed an average relative error of 5.21%, 2.03%, and
4.55%, consecutively. This results in an overall average relative error of 3.93%
among the examined cases. Consequently, it can be concluded that the omis-
sion of factors such as concentration overvoltage, electronic resistance, and
water passage through the membrane due to the hydraulic pressure effect did
not significantly impact the accuracy of the model in either static or dynamic
operations. Yet, it did lead to enhanced computational efficiency.

Nonetheless, the model can still be improved through the incorporation of
more physics-based relationships instead of the empirical ones, for example,
for the calculation of the electro-osmotic drag coefficient. For future studies,
it would be interesting to integrate the model into more intricate systems, ex-
ploring how the dynamic characteristics of the BoP components, like water
desalination systems, shape the dynamic response of the PEM electrolyser.
Moreover, in scenarios where the synthesis of other green molecules is con-
sidered, the impact of the dynamic behaviour of the PEM electrolyser on the
subsequent systems, such as the methanol production unit, holds substantial
interest.

In the following chapter, the focus will be placed on water provision for
the electrolyser, which is another key component of offshore electrolysis. As
previously mentioned, since this thesis addresses hydrogen production at sea,
the use of seawater is a viable option. Therefore, based on a literature review,
one of the two main approaches, either direct seawater electrolysis or seawater
electrolysis with upfront water treatment, is selected, and the corresponding
model is developed. Subsequently, this model is integrated with the PEM
electrolyser model to facilitate further studies.
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Chapter 5

Modelling the RO System for
Seawater Desalination

This chapter presents the modelling steps of the offshore seawater reverse os-
mosis (SWRO) system, which is the chosen feedwater approach for the proton
exchange membrane (PEM) electrolyser in this thesis. The model is then vali-
dated against experimental data. Subsequently, the integrated SWRO and PEM
electrolyser models are validated and upscaled to reflect a realistic scenario, in
which the sizing of these devices corresponds to real-life applications. Finally,
a straightforward control strategy for the SWRO unit, based on the operation
of the electrolyser, is proposed.

5.1 Introduction

Freshwater scarcity and its uneven global distribution pose challenges for
electrolysis-based green hydrogen production [1, 2], leading to interest in al-
ternative sources such as groundwater, brackish water, and seawater [3, 4].
As stated in Chapter 3, offshore wind energy has emerged as a strong renew-
able energy source (RES) for powering electrolysers, particularly in coastal
regions [5,6], enabling offshore deployment that allows seawater use, supports
land-constrained regions, and facilitates integration with other marine RESs
such as wave and tidal energy [7], in line with the energy island concept [8].
Nonetheless, offshore electrolysis introduces higher operation and maintenance
costs [9, 10], while seawater impurities, mainly sodium and chloride, reduce
efficiency and durability [11, 12]. There are two main approaches for seawater
electrolysis: direct seawater electrolysis (DSWE), which requires redesign and
new electrocatalysts for both alkaline electrolysers (AE) and PEM electroly-
sers, and seawater electrolysis with upfront treatment, which adds complexity
and cost but mitigates impurity-related issues [13]. These two methods will
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be investigated more in detail, and the preferred method for offshore hydrogen
production will be selected in this chapter.

The rest of the chapter is structured as follows: In Section 5.2, offshore
hydrogen production is examined based on the literature, including a compar-
ison between DSWE and seawater electrolysis with upfront water treatment.
Section 5.3 presents the selection of the configuration for the offshore hydrogen
production system, based on the conducted literature review of the previous
section. Afterwards, Section 5.4 provides a detailed modelling approach for
the reverse osmosis (RO) system, and its validation against experimental data
is presented in Section 5.5. Thereafter, in Section 5.6, the validated models of
the SWRO and PEM electrolyser are first upscaled and then coupled. A com-
putationally efficient control method is introduced to adjust the settings of the
RO unit based on the energy consumption of the PEM electrolyser. The results
of this section are presented in Section 5.7. Finally, Section 5.8 discusses the
conclusions and highlights potential areas for future research, and defines the
scope of the subsequent chapter.

5.2 Literature Review

In this section, a thorough literature review is conducted to identify the most
effective current topologies and pathways for offshore hydrogen production.
Based on this review, the configuration considered in this study will be chosen,
and key areas requiring further investigation will be highlighted.

In the literature, offshore hydrogen production has been explored from
various perspectives, including comparisons between DSWE and electrolysers
coupled with desalination systems. These studies have also investigated the
most suitable type of electrolyser and desalination system for offshore hydrogen
production, deciding where to place the electrolyser onshore or offshore, and
if offshore, determining the optimal location, such as integrated with a wind
turbine, on a stationary platform, on a moving vessel, etc. Additionally, there
are studies that have examined methods for transporting the produced hydrogen
to shore and how all these factors influence the levelised cost of hydrogen
(LCOH).

When comparing DSWE and seawater electrolysis with upfront treatment
in terms of energy consumption, the electrolysis process is far more energy-
intensive than water desalination. Current commercial RO systems require
around 2-3 kWh to produce 1 m? of ultrapure water suitable for electrolysis,
whereas over 5000 kWh of energy is needed to split that same 1 m> of water
into hydrogen and oxygen [13-15].

As discussed in Chapter 3, the authors in [13] have provided a detailed
breakdown of the energy requirement, capital costs, operating costs and LCOH
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for an SWRO system coupled with a PEM electrolyser plant with a production
capacity of 50 tons hydrogen per day. The study showed that SWRO consumes
only 0.1% of the total energy required for the entire system. Additionally, the
capital costs of SWRO, including its installation, make up around 3% of the
total capital expenditure (CapEx), while the capital costs for the electrolyser,
including its installation and balance of plant (BoP) equipment, account for the
remaining 97%. In terms of operational expenditure (OpEx), SWRO represents
around 0.2% of the costs. Concerning the levelised cost of hydrogen, it rises
marginally from 3.81 $/kgy, to 3.83 $/kgn, when SWRO is included. The
authors suggested that the integration of SWRO and the PEM electrolyser is the
most viable option to be utilised in the near-term applications, considering that
it is a more practical immediate method than investing in developing catalysts
and systems for DSWE. It is concluded that, in the SWRO-PEM system, the
required energy for the electrolysis phase remains dominant compared to the
SWRO process, making the capital and operating costs of the SWRO system
negligible in comparison.

The authors in [16] have compared the production of 1 kg of purified water
from seawater via the SWRO system and the electrolysis of that 1 kg of water
from the perspectives of energy, economic and footprint. In terms of thermody-
namic energy requirements, it has been shown that electrolysis requires around
3000 times more energy than desalination of seawater. Generally, electrolysis
involves breaking strong covalent O-H bonds, whereas the energy for desali-
nation is required for the reversal of entropy, overcoming the osmotic pressure
which is resisting the separation of water from salt, and breaking the ion-dipole
interactions between dissolved salts and water molecules. All of these energy
requirements in desalination are significantly lower than breaking O-H bonds
during electrolysis. Therefore, seawater desalination increases thermodynamic
energy requirements by only 0.03%. About energy consumption, with a higher
heating value of 1.48 V, the voltage efficiency for acidic and alkaline elec-
trolysers has been estimated to be 62-82%, yielding 19.38-25.63 MJ/kgwater-
In contrast, based on the assumption of 2.5-4 kWh/ mﬁvater needed energy for
seawater desalination, the energy consumption of desalination reduces to 9-
14.4 kJ /Kgwater- Consequently, electrolysis requires roughly 1350-2850 times
more energy than desalination. The authors have also compared the space
required by a desalination system and an electrolyser. They have estimated that
desalination can produce 1000 kg of water per day per 1 m? of the membrane.
Conversely, an electrolyser operating at 1 A/m? demands around 8 kg of wa-
ter per day per 1 m? of electrochemical cell, including a gas separator, either
membrane or diaphragm, and two electrodes, meaning an electrolyser needs
roughly 125 times more surface area than an RO system.

As for the choice of the desalination type, membrane-based seawater de-
salination is recognised as one of the most practical solutions [17]. Within
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this category, RO and forward osmosis (FO) are the most prominent technolo-
gies. RO is a pressure-driven process that relies on the difference between
the applied hydraulic pressure and the osmotic pressure, the former oppos-
ing the osmotic pressure gradient. In contrast, FO employs osmotic pressure
difference across the membrane as its driving force, eliminating the need for
hydraulic pressure [18]. This makes RO more energy-intensive compared to
FO. However, RO offers several advantages such as high reliability and high
salt rejection [14]. Additionally, thanks to the development of membranes with
higher efficiency, materials with lower friction and variable-frequency drives,
the energy consumption of RO has decreased significantly, from 20 kWh/m?

water

in the 1970s to 2-3 kWh/msvater today [14]. That is why most of the current
commercial desalination plants work based on the RO process, while FO has
not yet been implemented on a large full-scale for seawater desalination.
Considering the type of electrolyser suitable for offshore use, the authors
in [19] have explored seawater electrolysis technologies for offshore hydrogen
production. In this study, it is shown that the differences between AE and PEM
electrolysers are indeed trivial. Seeking the best current electrolysis technol-
ogy to produce hydrogen at sea using marine energy, this study compared AE,
PEM electrolyser, solid oxide (SO) electrolyser and DSWE based on economic,
environmental and social criteria. Subsequently, five different decision-making
methods are utilised to compare the mentioned hydrogen production technolo-
gies. Overall, this study concluded that both AE and PEM electrolysers are
likely to play major roles in the sector of hydrogen production at sea, with
PEM currently presenting the best prospects for applicability. Furthermore,
the authors suggested that if AE advances to become less risky for offshore ap-
plications, it could become a more promising technology. This arises from the
fact that not only AE is cheaper than PEM electrolyser but also has the longest
lifespan at sea in comparison with other seawater electrolysis technologies, as
it does not suffer from irreversible damage due to impurities in feed water.
The authors in [20] have conducted a techno-economic analysis of hydrogen
production from an offshore wind farm, comparing both offshore and onshore
production methods. Furthermore, in terms of offshore hydrogen production,
they have assessed hydrogen offloading pathways to export it from an offshore
facility to shore. Besides onshore hydrogen production, four pathways for
offshore hydrogen production have been investigated: transporting compressed
hydrogen gas to shore via pipeline, transporting liquified hydrogen to shore
via vessel, converting hydrogen to ammonia (NH3) and then transporting it
to shore by either pipeline or vessel, and loading hydrogen into liquid organic
hydrogen carriers (LOHC) and then transporting to shore by pipeline or vessels.
Among the explored cases, producing hydrogen offshore and transporting it to
shore via pipeline led to the lowest LCOH at 5.35 €/kgn,, with the potential
to drop as low as 2.17 €/kgn,. Regarding onshore hydrogen production, the
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study suggested that onshore production is suitable if the wind farm is relatively
close to land, yielding an LCOH of 5.39 €/kgpy, for onshore production, with
the potential to be as low as 2.61 €/kgy, .

The authors in [21] have investigated both onshore and offshore hydrogen
production powered by large-scale wind turbines. In this study, three various
topologies were defined as follows: placing the electrolyser onshore in remote
areas and powering it using floating offshore wind turbines via submarine elec-
tric cables, locating the electrolyser on the turbine platform to avoid power
transmission loss and costs, and transporting hydrogen to shore via pipelines,
and finally, placing the electrolyser on a floating vessel offshore and transport-
ing hydrogen to shore via pipelines. For each proposed topology, a comparison
regarding the choice of electrolyser, floating offshore wind platform and energy
transmission vector (electric power or offshore hydrogen pipelines) is made.
About the first topology, the authors concluded that AE powered by a spar float-
ing offshore wind platform is the most suitable option, with energy transmission
via submarine high voltage direct current (HVDC) cables. It is important to
note that in the conducted study by the authors, HVDC was investigated due
to the relatively long distance between the wind farm and the electrolysers.
Regarding the second topology, either the AE or PEM electrolyser is suggested
with either the spar or semi-submersible offshore wind turbine, with the spar
being preferred for sites with high depths, and hydrogen pipelines for trans-
port. In terms of the third topology, they recommended the PEM electrolyser
combined with semi-submersible floating offshore wind turbines and hydrogen
pipelines for transport.

In [22], motivated by the construction of the artificial energy island in
Denmark, the authors have assessed how to minimise the cost of green hydro-
gen production. In this study, the electrolyser is powered by offshore wind
energy, where three different electrolyser placements are taken into account:
in-turbine, offshore and onshore. Additionally, the authors have evaluated three
types of electrolysers, namely, AE, PEM and SO electrolysers, and two differ-
ent operation modes, hydrogen-driven (prioritising hydrogen production) and
electricity-driven (utilising only excess electricity for electrolysis). The study
concluded that although all three mentioned types of electrolysers are com-
petitive, AE achieves slightly lower costs. For electrolyser location, offshore
placement yields the lowest cost of hydrogen, with the minimum LCOH in
hydrogen-driven mode calculated at 2.4 €/kgy,. Finally, in electricity-driven
mode, they concluded that the levelised cost of electricity (LCOE) can be re-
duced by up to 13% when the electrolyser is installed compared to when it is
not.

On the other hand, the authors in [23] have examined offshore hydrogen
production via AE, PEM and SO electrolysers powered by offshore wind power,
based on the Chinese power system data. They have concluded that the PEM
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electrolyser is currently the most suitable electrolyser for hydrogen production.
Furthermore, the study has concluded that integrating the PEM electrolyser into
the wind turbine is a better solution, as it eliminates the need for submarine
cables along with several power conversion and conditioning units.

To determine the most economical approach to connecting offshore wind
power to electrolysers, the authors in [7] have conducted a techno-economic
analysis on three various configurations, including distributed hydrogen pro-
duction, centralised hydrogen production and onshore hydrogen production.
In the first scenario, each wind turbine is equipped with an electrolyser, pro-
ducing hydrogen on floating structures. In the centralised generation case, the
electrolyser is placed on an offshore platform near the wind farm. Lastly, in
the onshore production configuration, the electrolyser is located onshore. The
LCOH using a PEM electrolyser coupled with a 160 MW offshore wind farm
was found to be 13.81, 13.84 and 14.58 $/kgp, for distributed, centralised, and
onshore production, respectively. Additionally, a sensitivity analysis revealed
that the capacity factor of the wind farm and the tax rate are the two most
influential parameters in determining LCOH, followed by wind turbine costs,
the electrolysis unit cost for distributed production, and floating configuration
for the other two scenarios.

5.3 Topology Selection

In summary, due to the fluctuations of RESs, new emerging concepts such as
energy islands, and limited onshore areas, investigating offshore hydrogen from
seawater is crucial.

Based on the conducted studies in [13] and [16], in this thesis, offshore
hydrogen production in the presence of a desalination system is going to be
explored. This is due to the negligible complexity and costs that the desalination
unit adds to the topology of the system, whereas DSWE requires significant
redesigns of currently available electrolysers.

For the choice of the destination system, based on the literature, the main
drawback of RO compared to FO is its higher energy consumption, while
it offers several advantages [14]. Most importantly, when integrated with
an electrolyser, the higher energy consumption of RO compared to FO be-
comes significantly less relevant, as the specific energy consumption of RO
is negligible compared to that of the electrolyser, according to [13] and [16].
Additionally, the global installed capacity for RO was around 65.5 Mm?>/day
in 2019, accounting for approximately 70% of the total desalination capacity at
the time. This capacity has since grown to about 100 Mm?/day. Conversely,
FO capacity has remained below 0.95 Mm?/day, primarily limited to pilot
scales operations [24,25]. Given its maturity, the RO system is chosen for
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desalinating seawater to provide the feed water for the electrolyser.

Considering the conducted studies in [19], [21], [22], [23] and [7], AE
and PEM electrolysers are currently further along in development and more
feasible solutions for near-term offshore hydrogen production. Therefore, the
focus for selecting the type of electrolyser is limited to these two types.

Although AE is a more mature technology compared to its PEM counter-
part, the PEM electrolyser offers several advantages over AE, particularly when
it comes to integration with RESs. As discussed in Chapter 4, the PEM elec-
trolyser has the capability to operate at higher current densities of more than
2 A/cm? [26], reducing the footprint compared to AE of the same capacity.
This, in turn, makes PEM electrolyser suitable for applications with limited
space, such as offshore hydrogen production on an energy island. Additionally,
the solid electrolyte of the PEM electrolyser allows for faster response times
compared to AE, where a liquid electrolyte is utilised, resulting in higher inertia,
and thus, more sluggish ion transportation [27]. This rapid response is crucial
when connected to an intermittent RES, as the electrolyser needs to operate
under fast dynamics. Consequently, due to its maturity, AE is mainly employed
in fixed-power applications. Conversely, the PEM electrolyser is preferred for
integration with renewables since it can start up in several minutes and ramp up
from idle mode to rated power in just a few seconds [27]. Moreover, the PEM
electrolyser not only has higher efficiency compared to AE but also is capable
of operating under a wider range of current densities, making it a more suitable
choice for providing ancillary services for the electricity grid when coupled
with RESs [28,29].

Thus, in this thesis, the PEM electrolyser is selected for offshore hydrogen
production coupled with the RO desalination system.

Although numerous studies have indicated that coupling RO with either AE
or PEM electrolyser has the highest potential for near-future offshore hydrogen
production, there are few studies in the literature that examine the integrated
operation of these units. Since the costs and energy consumption of water
treatment are lower compared to the overall hydrogen production system, it is
often overlooked, despite being an essential component of the system. There-
fore, a coupled model of the PEM electrolyser and RO system, as the two
most promising technologies for offshore hydrogen production from seawater,
is necessary for further studies.

While it is certainly valid that the consumed energy, added costs and foot-
print of the RO system are negligible compared to the electrolyser, hydrogen
production with upfront water treatment is only deemed acceptable and com-
petitive to DSWE if only it is ensured that the feed water for the electrolyser
meets the minimum requirement in terms of quantity and quality [13].

In the context of the SWRO-PEM topology, in [30], the authors have
explored an off-grid offshore PEM electrolyser and RO system powered by
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wave energy. The model also includes battery storage systems and compression
units for hydrogen storage. Furthermore, a simple energy management strategy
is proposed to operate the components based on the available energy, battery
state of charge and water availability. Although wave energy is less fluctuating
compared to offshore wind, the dynamic behaviour of the PEM electrolyser is
not accounted for, which impacts the accuracy of results. Consequently, the
consumed power by the electrolyser, and thus the amount of hydrogen produced,
is miscalculated. Additionally, the behaviour of the RO system, and hence the
quality and quantity of feed water for the electrolyser, is not explored. This
omission hinders the proper sizing of the RO system, which is of paramount
importance when electrolysis with upfront treatment is considered.

The authors in [31] have compared the water demands and operating costs
for a solar-powered electrolyser supplied with desalinated seawater, which is
produced through either RO or low-temperature multi-effect distillation. They
found that the costs associated with the latter are up to 85% lower than those
for RO, and that the electrolyser coupled with low-temperature multi-effect
distillation exhibited lower water demands. These advantages are attributed
to the elimination of the need to install and operate cooling towers in low-
temperature multi-effect distillation. Nevertheless, the study has primarily
focused on waste heat management, and an integrated model of the electrolyser
with either RO or distillation has not been in the scope of their research.
Furthermore, although the desalination process costs affect the levelised cost of
water (LCOW), they have a negligible influence on the LCOH when considered
as a single system.

Hence, in this chapter, an SWRO-PEM model is developed and integrated
into a single system-level simulation, which constitutes the main novelty of
this work. The SWRO model itself is constructed based on established formu-
lations in the literature, while the system-level coupling of SWRO and PEM
electrolysis enables several new opportunities for further studies in offshore
hydrogen production from non-freshwater sources. This integrated framework
can also be extended for data-driven analyses and for investigating subsequent
system components, for example, the synthesis of other green molecules such
as methane and methanol.

5.4 Reverse Osmosis Model

In this thesis, the dynamics of the RO system are excluded, and a static model is
developed. This assumption is based on two considerations. First, RO systems
typically respond to input changes within a timescale of a few seconds, which is
considered relatively fast [32,33]. Second, as mentioned in Section 5.2, while
seawater desalination requires approximately 2-3 kWh of electricity to produce
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1 m? of purified water, nearly 5000 kWh is required to convert the same volume
of water into hydrogen and oxygen through electrolysis. As such, the energy
demand of the desalination process is negligible in comparison to that of the
PEM electrolyser. Consequently, the dynamic behaviour of the SWRO system
is not modelled, as it does not significantly influence the overall accuracy of
the seawater electrolysis process.

5.4.1 RO Model Description

In the osmosis process, a semi-permeable membrane separates a diluted solu-
tion from a concentrated one, allowing water to naturally flow from the diluted
to the concentrated side. Conversely, reverse osmosis involves applying an ex-
ternal pressure that exceeds the osmotic pressure, which forces water to migrate
from the concentrated side to the dilute side. In this process, saline water is
fed into the RO system at high pressure, where a portion of this water passes
through the membrane, resulting in a low-concentration output known as per-
meate, while the remaining water, typically at a higher concentration than the
feed, exits the RO unit, referred to as brine. In this study, each element of
the RO system is divided into several increments, and the associated equations
are solved sequentially for each increment. Hence, the brine flow from one
increment (Qp x) serves as the feed flow for the next increment (O, (x+1))s
while the permeate from each element (Qy, x) is stored to form part of the final
permeate. A schematic of a single element with a differential increment is
shown in Fig. 5.1.

Among the various approaches for modelling RO membranes, this study
utilises the solution-diffusion method. According to this method, the move-
ment of polymer chains governs the permeation process, followed by diffusion

Feed-brine channel

Q, Py, Cf' T Qg Pioxs Cibx Qp s Poxs Cox Qs Py, Gy
—] seidsissssssssaes > [ > —_+—

A
R /w Permeate channel

03
g

> s
Q5 Poxs Cox

Figure 5.1: Schematic of an RO element divided into increments
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through the membrane toward the permeate side [34].

Each of the three existing sub-entities in the RO system (feed, brine, and
permeate) is characterised by its flow rate (Qr for feed, Qy for brine, and Q,
for permeate), concentration (Cy for feed, Cy, for brine, and C, for permeate),
temperature (77 for feed, Ty, for brine, and 7}, for permeate), and pressure (Pg
for feed, Py for brine, and P, for permeate). In steady-state, the governing
equations for flow balance and mass balance are shown in (5.1) and (5.2) [35].

Qr=0p+0p .1

OtCr = QpCo + QpCp (5.2)

In the RO system, the water flux at increment x, indicated as Jy x, is
proportional to the driving force in the reverse osmosis process, denoted as the
net driving pressure (NDP) in this study, as described in (5.3), where ky, is
the water permeability. The NDP is the difference between APy, the applied
pressure differential at increment x, and Amry, x, the transmembrane osmotic
pressure differential at the corresponding increment.

Jwx = kw(APx — Amy) (5.3)
The pressure differential APy can be calculated using (5.4), with Pgp ave
being the pressure in the feed-brine channel, which is calculated using (5.5).

APy = Proave — Pp 5.4

(Pt + Pyp)
P fb,ave = — ~
2
The transmembrane osmotic pressure differential is given by (5.6), where
7m,x 1S the osmotic pressure at the membrane surface of the feed-brine channel
in increment x, and mp x represents the osmotic pressure of the permeate in
increment Xx.

(5.5)

Amy = tmx — Tp (5.6)

The osmotic pressure of the sub-entities can be expressed by (5.7), where
ip is the number of ions produced during solute dissociation, ¢ is the osmotic
coeflicient, and C is the concentration of the respective flow.

_ippCR,T
M

On the other hand, the solute flux at increment x is proportional to the
difference between the solute concentration near the membrane on the feed

(5.7
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side, Cpy,x, and the permeate side of the corresponding increment, Cp, as shown
in (5.8), where k; is the solute permeability. The definition of Cy, x accounts
for the fact that both water and solute flux are affected by the concentration
polarisation factor, Sx.

Jsx = ks(cm,x - Cp) X 10_6 (5.8)

This occurs because impurities are retained by the membrane. Simul-
taneously, there is a lateral flow, known as cross-flow, which removes these
accumulated solutes from the membrane surface. The concentration polarisa-
tion factor accounts for the balance between these forces, which varies for each
solute due to differing diffusion constants. Thus, the feed concentration at the
membrane interface can be described using (5.9).

Cm,x = ﬂxcfb,x (5.9

The concentration polarisation factor is determined by (5.10), where S; is
salt rejection and kp, represents the mass transfer coefficient.

By = (e_JW,X/(kmx3.6><1ot')))Sr +(1-5)) (5.10)

The mass transfer coefficient is defined via (5.11), where Sh is the dimen-
sionless Sherwood number, D¢ represents the diffusivity of the solute, and dj,
stands for the hydraulic diameter of the spacer-filled channel.

Sh - Dy
ki =
For a spiral wound topology, the Sherwood number is calculated using

(5.12), where Re is the Reynolds number and Sc is the Schmidt number of the
solute.

(5.11)

Sh =0.065 - Re"873 . §c0-2 (5.12)

The Reynolds and Schmidt numbers are determined employing (5.13) and
(5.14), respectively, where pq,, is the seawater density, v x indicates the cross-
flow velocity in the feed-brine channel for increment x, and sy, is the dynamic
viscosity of seawater.

_ PswVex dy

Re (5.13)
Msw
Se = K (5.14)
Psw * Ds

The empirical equation employed for seawater density is as follows [35]:
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psw = 103(A|F| + AyF> + A3F3 + A4Fy) (5.15)
where
0.002C - 150
B=—"""— "~ 5.16
150 (5.16)
G =05 (5.17)
G,=B (5.18)
G3=2B>-1 (5.19)
Ay =4.032219 G| +0.115313 G, +3.26 X 107* G5 (5.20)
Ay =—-0.108199 G, + 1.571 X 1073 G, - 4.23 x 107 G3 (5.21)

A3 =-0.012247 G, +1.74x 1072 G, -9x 107° G3 (5.22)

Ay =629%1074 G, -8.7x107° G, -53%x107° G3 (5.23)
. 2T1—6§OO (5.24)

F1=0.5 (5.25)

Fy=A (5.26)

F3=2A%-1 (5.27)

Fy=4A% - 3A (5.28)

In the above equations, T is expressed in °C. Using these equations, the vari-
ation in seawater density as a function of feed temperature and total dissolved
solids (TDS), expressed in ppm, is presented in Fig. 5.2 and Table 5.1.
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Table 5.1: Variations in the seawater density as a function of

temperature and TDS

80
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Seawater salinity
===10000 ppm
—==20000 ppm

30000 ppm
===40000 ppm
~==50000 ppm

60000 ppm
===70000 ppm

T[°C] 10000 20000 30000 40000 50000 60000 70000
10 1008 1015 1023 1031 1038 1046 1054
15 1007 1014 1022 1030 1037 1045 1053
20 1006 1013 1021 1028 1036 1044 1051
25 1004 1012 1019 1027 1034 1042 1050
30 1003 1010 1018 1025 1033 1040 1048
35 1001 1008 1016 1023 1031 1038 1046
40 999 1007 1014 1021 1029 1036 1044
45 997 1004 1012 1019 1027 1034 1042
50 995 1002 1010 1017 1024 1032 1039
55 993 999.9 1007 1015 1022 1029 1037
60 990 997.5 1005 1012 1020 1027 1034
65 988 9949 1002 1010 1017 1024 1032
70 985 9922 9995 1007 1014 1022 1029
75 982 989.3 996.6 1004 1011 1019 1026
80 979 986.3 993.7 1001 1008 1016 1023
85 976 983.2 990.6 9979 1005 1013 1020
90 973 980 987.4 99477 1002 1010 1017
95 969 976.7 984.1 9914 998.8 1006 1014
100 966 973.2  980.6 988 995.4 1003 1010
105 962 969.6 971 984.4 9919 999.3 1007
110 958 9659 9733 980.8 988.3 995.7 1003

As for the seawater dynamic viscosity, the empirical equation suggested

in [35] is used, given as:

MHsw = Hw * Hr - 107°

(5.29)
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Figure 5.3: Variations in the seawater density as a function of
temperature and concentration

where
604.129
c c
=1 — . 31
Hr +(V1 1000)+(V2 1000) (5-:31)
Vi=1474%x 1072 +1.5%x 107 - T -3.927x 1078 . 12 (5.32)
Vo =1.0734x107° -85%x 1078 - T+2.23x10710. 72 (5.33)

It should be noted that in these equations, T is expressed in °C. By applying
the above equations, the variations in seawater dynamic viscosity as a function
of feed temperature and concentration are illustrated in Fig. 5.3 and Table 5.2.

The cross-flow velocity can be derived using (5.34), where A, is the channel
height and w represents the channel width [36].

be,x

cx = 5.34
ve. he-w (5.34)
The hydraulic diameter is calculated using (5.35) [37].
he -
dy > (5.35)

= 2he +2w)
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Table 5.2: Variation in seawater viscosity as a function of temper-
ature and TDS

T[°C] 10000 20000 30000 40000 50000 60000 70000
10 1.31 1.338  1.365 1.395 1.428 1.463 1.5
15 1.15 1.175 1199 1226 1.255 1.286 1.319
20 1.02 1.04 1.062 1.08 1.112 1.14 1.169
25 091 0928 0948 0969 0.993 1.018 1.044
30 0.82 0833 0.851 0.871 0.892 0915 0.939
35 074 0753 077 0.788 0.807 0.827 0.849
40 0.67  0.684 0.7 0.716  0.734 0.753 0.772
45 0.61 0.625 0.639 0.655 0.671 0.688 0.706
50 0.56 0573 0.587 0.601 0.616 0.632 0.649
55 0.52 0529 0541 0555 0569 0584  0.599
60 048 0489 0501 0514 0527 0541 0.555
65 044 0455 0466 0478 049 0503 0.516
70 041 0424 0435 0446 0457 0469 0.482
75 039 0397 0407 0417 0428 0439 0451
80 036 0372 0382 0.392 0402 0413 0424
85 0.34 035 0359 0369 0379 0.389 0.399
90 0.32 033 0339 0348 0357 0367 0.377
95 0.3 0.313 0321 0329 0338 0347 0.357
100 029 029 0304 0312 0321 033  0.338
105 027 0282 0289 0297 0305 0313 0.322
110 026 0268 0275 0.283 0.291 0.298 0.307

Diffusivity is calculated using (5.36), where Dy »5 represents the diffusivity
of seawater at 25 °C, and u»s is the viscosity of seawater at 25 °C [37]. This
equation also accounts for the temperature dependency of diffusivity.

Ts + 273.15 M25
25+273.15 u

Given the significant effect of temperature on the fluxes in the RO system,
a correction factor is introduced to modify water and solute permeability,
ensuring more precise calculations of water and solute fluxes. The empirical
relationships expressed in (5.37) and (5.38) are used to modify the values of
kw25 and ks 25, respectively, at different feed water temperatures [37].

D¢ = Dg s (5.36)

1 1
ek K _ 5.37
w = kw.os Xexp( wt(Tf+273‘15 25+273.15)) -3

1 1
ky = ks Kk, _ .
25 % eXp( t(Tf 127315 25 +273.15)) (5-38)

In (5.37) and (5.38), ky and kg are temperature coefficients for water and
solute transport, successively. These coefficients are derived through regression
analysis of water permeability data obtained across various temperatures.
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Because of head loss through the channel, the pressure in the feed-brine
channel also drops. The head loss over an incremental length of the membrane,
which is a function of feed velocity, can be determined using (5.39), where oy
is the head loss coefficient [36].

hix = Onve cdx (5.39)

The permeate flow rate and the mass of solute passing through the mem-
brane are calculated as the product of water flux and solute flux, respectively,
and the area of an increment, as described in (5.40) and (5.41) [36].

Qp,x = Jw,xwdx (5.40)

1
M, = ——1J, wd 5.41
= 36007 (41

Once (5.1)—(5.41) are solved for all increments, the overall performance
of the RO system can be evaluated. The total permeate production of an RO

element is obtained by summing the permeate produced in each increment, as
shown in (5.42) [36].

num

Qp=> 0px (5.42)
x=1

Likewise, the salt transfer through the membrane in one element is the sum
of salt that migrates through the membrane in each increment, as expressed in
(5.43) [36].

M, = Z Ms,x (543)

Based on these parameters, the permeate concentration can then be calcu-
lated using (5.44) [36].

Js
Cp=——""7——
P T x 1000
Finally, the performance of the RO system is mainly evaluated using two

key factors, namely, the recovery, R, and salt rejection, S;, as quantified in
(5.45) and (5.46), respectively [36].

(5.44)

R = — (5.45)

Si=1- (—) (5.46)
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5.5 RO Model Validation

In this section, the RO model, developed using the discussed equations in the
previous section and simulated in MATLAB/Simulink, is validated against ex-
perimental data as well as the results obtained from WAVE commercial software
(formerly known as ROSA), as reported in [38] and [39]. The reference [38] is
selected due to the availability of both experimental and WAVE results across
a broad range of operating conditions. Although WAVE is a software based on
the mathematical modelling of RO systems, it is widely recognised as one of
the most reliable tools in the water treatment field [38, 40]. Nevertheless, the
operating points examined in [38] involve water with lower TDS values, more
comparable to brackish water than seawater, resulting in lower feed pressure
compared to seawater desalination. To ensure the model is valid for higher
TDS levels, such as those in seawater, the reference [39] is also included, as it
provides experimental results of high-pressure seawater desalination.
Regarding reference [38], the results from the developed model in this study
are compared with those from experimental data and WAVE at two different
feed pressures, 7 bar and 11 bar, each at feed concentrations of 2000, 3000,
4000, and 5000 ppm. The range of conditions is chosen to ensure that the model
is valid under various operating scenarios. To this end, the recovery, indicating

Table 5.3: Specifications of the RO unit used for the validation
based on reference [38]

Parameter Value Unit
Amem 37.2 m’
Ct 2000-5000 ppm
D5 1.611 x 107° m?/s
he 0.125 mm
h 0.1 bar
ip 2 -
k.25 2x107° m/h
kgt -3281 K
k.25 2.85 L/(m?.h.bar)
Kt -2849 K
l 1.02 m
num 10 -
Py 7-11 bar
O 2645 m? /day
T 15 °C

o 1 -
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the quantity of treated water produced by the RO system, is used as one of the
verification parameters. Moreover, to ensure the model accurately estimates
water quality, the salt rejection of the RO model is compared with the exper-
imental data and WAVE software results. These two factors are selected for
comparison because, in a coupled model of an RO system and electrolyser, ac-
curately estimating the recovery rate and salt rejection is essential, as it ensures
that the electrolyser consistently receives water of the necessary quantity and
quality. The employed parameters for RO validation, based on reference [38],
are listed in Table 5.3.

In Fig. 5.4, the model is compared with experimental data and WAVE at an
experimental pressure of 7 bar. Fig. 5.4(a) presents the recovery obtained from
the model alongside the experimental and WAVE results, while Fig. 5.4(b)
illustrates the comparison of salt rejection and permeate concentration between
the developed model, experimental data and WAVE.

Fig. 5.5 shows the results derived from the model in addition to the ex-
perimental and WAVE results at the experimental pressure of 11 bar. The
comparison between the recovery values obtained from the model, experiment
and WAVE is depicted in Fig. 5.5(a), and Fig. 5.5(b) shows the comparison of
salt rejections as well as permeate concentrations.

In Fig. 5.4(a) and Fig. 5.5(a), as feed concentration increases at a constant
feed pressure, the recovery decreases. This occurs because, according to (5.3),
(5.6), and (5.7), at constant feed pressure, a rise in feed concentration increases
the osmotic pressure, which in turn reduces the driving force, resulting in a
lower permeate flow rate and thus a lower recovery rate.

As for water quality in Fig. 5.4(b) and Fig. 5.5(b), at a constant feed pres-
sure, increasing the feed concentration leads to a decrease in permeate flow rate.
Additionally, considering (5.8) and (5.9), the salt passage through the mem-
brane increases. Consequently, based on (5.44), the permeate concentration
also rises, leading to a reduction in salt rejection as described in (5.46).

Regarding the accuracy of the model, the average relative error between
the model, the experiment and WAVE is calculated using the same approach
as in (4.69). Fig. 5.6 displays the average relative error for the specified feed
concentrations at feed pressures of 7 bar and 11 bar, as well as the overall
average relative error across all investigated cases for both feed pressures.

In Fig. 5.6, the average relative error for the recovery between the model
and both the experiment and WAVE at feed pressures of 7 bar and 11 bar is
5.16% and 2.13%, respectively, resulting in an overall average relative error
of 3.64% across all investigated cases with different feed concentrations and
pressures. Besides, the average relative error for salt rejection between the
model and the experiment, as well as between the model and WAVE, is 1.28%
and 1.55% at 7 bar, successively. At 11 bar, the average relative error for salt
rejection between the model and experiment is 1.69%, and between the model
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and WAVE, it is 0.32%. This yields an overall average relative error of 1.48%
between the model and experiment, and 0.93% between the model and WAVE
for salt rejection across all the explored cases.

The discrepancy between the model and experimental results, as well as the
obtained results from WAVE, primarily arises from the fact that the developed
model employs parameters for seawater, such as viscosity and density, which
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(a) Comparison of the recovery rate between the developed model, experimental
data, and WAVE at 7 bar
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(b) Comparison of salt rejection and permeate concentration between the devel-
oped model, experimental data, and WAVE at 7 bar

Figure 5.4: Comparison of the developed model, experimental
data, and WAVE at the experimental pressure of 7 bar
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Figure 5.5: Comparison of the developed model, experimental
data, and WAVE at the experimental pressure of 11 bar

contains a concentration of roughly 35000 ppm. However, the low concen-
tration of water utilised in the experiment is close to that of brackish water.
Moreover, the WAVE software employs experimental equations for the associ-
ated membrane, whereas this model relies on mathematical equations to govern
the RO process. Regarding the higher error observed at lower concentrations,
as can be seen in Table 5.1 and Table 5.2, it can be attributed to the fact that the
accurate data for seawater is only available starting from 10000 ppm, resulting
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Figure 5.6: Average relative error between the developed RO
model, experiment, and WAVE

in higher error when extrapolating to lower concentrations.

To confirm the applicability of the developed model at higher TDS values,
similar to those of seawater, the obtained results from the developed model are
compared with the experimental data, detailed in [39]. The same parameters
as the previous case, i.e., the recovery and salt rejection, are chosen as the
comparison criteria. The utilised parameters for RO validation based on the
reference [39] are summarised in Table 5.4.

Fig. 5.7 shows the results obtained from the model alongside experimental
results for six various cases. The feed pressure is 50 bar for cases 1 and 4,
55 bar for cases 2 and 5, and 60 bar for cases 3 and 6. Additionally, the feed
concentration for the first three cases is 25000 ppm, while for the last three
cases it is 35000 ppm.

Fig. 5.7(a) compares the recovery rates derived from the model and exper-
iment, while Fig. 5.7(b) presents a comparison of salt rejections and permeate
concentrations obtained from both the model and the experimental results.

InFig. 5.7(a), itis evident that, at a constant feed concentration, the recovery
increases as feed pressure rises from case 1 to 3 and from case 4 to 6. This
is due to the increase in the NDP, which enhances water passage through the
membrane, as described by (5.3). Moreover, at a constant feed pressure, such as
in cases 1 and 4, an increase in feed concentration raises the osmotic pressure,
which reduces the NDP and, in turn, decreases the water passage through the
membrane according to (5.3).

About the accuracy of the model, using (4.69), the relative error between
the model and experimental results is derived, as shown in Fig. 5.8. The average
relative errors for recovery and salt rejection across all explored cases are 2.74%
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Table 5.4: Specifications of the RO unit used for the validation
based on reference [39]

Parameter Value Unit
Amem 1.14 m’
Ct 25000—40000 ppm
Dy 25 1.611x107° m?/s
he 0.043 cm
h 0.1 bar
ip 2 -
k.25 2x107* m/h
kg -3281 K
ky.25 2.20 L/(m?.h.bar)
ki -2849 K
l 0.94 m
num 10 -
Py 50-80 bar
O 14.50-15.30 m?/day
T 20 °C
) 1 -

and 0.13%, respectively, which validate the accuracy of the developed model.

5.6 SWRO-PEM Electrolyser Coupled Model

After ensuring that the developed models are sufficiently accurate, in this
section, the PEM electrolyser and RO models are upscaled to create a more
realistic scenario. Afterwards, the models are coupled, and the performance of
the integrated system is assessed.

5.6.1 PEM Electrolyser Upscaling

In this thesis, a2 MW PEM electrolyser is considered, which is a typical capac-
ity for commercial PEM electrolysers for integrating with RESs [41]. For this
purpose, the validated cells from Chapter 4 are used as the basis for upscaling.
Also, the currently feasible ratings and sizes for PEM electrolysers reported
by IRENA have been utilised to ensure the scenario is as realistic as possi-
ble [41]. Although the parameter tuning in Chapter 4 relies on experimental
data from small lab-scale setups, the governing electrochemical and thermody-
namic principles remain the same across scales. The main model parameters,
such as activation losses, depend primarily on cell-level physics rather than
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Figure 5.7: Comparison between the developed model and exper-
imental results for seawater

stack or plant size. Therefore, due to the limited availability of industrial-scale
electrolyser data, which are mostly confidential, the potential loss of accuracy
when scaling up is considered negligible in this study.

It is notable that exploring RESs type and power input variations to the
electrolyser, which affect its sizing, is beyond the scope of this study. However,
the approach presented in this thesis allows for modelling various sizing sce-
narios based on specific applications. Further details on scaling the electrolyser
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capacity based on RESs type and power input capacity can be found in [42]
and [43].

To start with, the PEM stack voltages around 0.9-1 kV are deemed ac-
ceptable, with 1 kV assumed in this study. Given the assumed capacity of the
electrolyser, this yields a rated current of 2 kA flowing in the stack. To maintain
a reasonable current density of 2 A/cm? at rated capacity, the active area of
the cell validated in Chapter 4 is enlarged to 0.1 m?. To attain the aforemen-
tioned voltage using the enlargened cells, 420 cells need to be stacked. This
results in approximately 2.4 V per cell, which is within the accepted range of
1.4-2.5 V [41]. Additionally, the partial load operation of the PEM electrol-
yser is taken into account. To eliminate the start-up and shut-down time for
nitrogen purging, a minimum operation capacity of 10% is maintained for the
electrolyser [44]. Thus the electrolyser operates between 10% and 100% load,
resulting in a current density ranging from 0.2 to 2 A/cm?, and thus a current
varying from 0.2 to 2 kA. The main parameters of the PEM stack are detailed
in Table 5.5.

5.6.2 SWRO Upscaling

Theoretically, based on (4.6) and (4.15), to produce nl/2F moles of hydrogen
per second via electrolysis, nf/2F moles of water per second is required.
Considering the molar weights of water and hydrogen, this translates to 9 kg
of water, or roughly 9 L, for the generation of 1 kg of hydrogen. Nonetheless,
more water is injected into the commercial electrolyser, for example, 10 L for
Siemens-Silyzer-300, 11.1 L for Hydrogenics-HyLZER and CHE hydrogen
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Table 5.5: Specifications of the upscaled PEM electrolyser

Parameter Value Unit

A 0.1 m’
Jj 022 A/cm?
n 420 -
Pan 1 bar
P, 30 bar
Power 2 MW
Vitack 1 kV

generation plant, and 15.5 L for Hydrogenics’ PEM electrolyser [45].

This additional water is injected for several reasons. It cools the elec-
trolyser and removes excess heat, maintains membrane hydration to preserve
high conductivity, and compensates for evaporation losses caused by system
inefficiencies. Moreover, part of the water bypasses electrolysis and migrates
through the membrane, as discussed in Section 4.3.3. Thus, a safety margin is
typically included for this extra water. Based on the aforementioned amount
of water needed for commercial electrolysers, this study applies a safety factor
of 1.25 for the additional required water. Given the known number of cells in
the upscaled PEM electrolyser and the operating current, using the considered
safety factor, the needed amount of water can be calculated. For the rated oper-
ation of the electrolyser, around 8.5 m?/day of pure water is needed, decreasing
to approximately 4.25, 2.12, and 0.85 m? /day for 50%, 25% and 10% operation
of the PEM electrolyser, as the required water changes linearly with respect to
the current.

In terms of water quality, conventional PEM electrolysers are typically
supplied with water having a purity of around less than 10 ppm TDS [16].
Using water with a higher TDS accelerates the ageing rate and adversely affects
the performance of the electrolyser. Thus, in this study, the PEM electrolyser
is fed with water having a TDS of less than 5 ppm to provide an extra level of
precaution.

In RO systems, the brine from one stage can be fed into a subsequent stage
to enhance the recovery rate, a process known as a multistage or brine-staged
system. Alternatively, the permeate from one stage can be passed to a second
stage to improve solute removal, referred to as a two-pass or permeate-staged
system. Since the water source in this study is seawater with a high TDS
of around 35000 ppm, reaching a TDS of less than 5 ppm is challenging.
Nevertheless, it has been demonstrated that passing the permeate from the first
stage of SWRO through a second stage can reduce the TDS to below 5 ppm [16].
Hence, this thesis considers a two-pass SWRO system to achieve a TDS of less
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Table 5.6: Specifications of the upscaled SWRO unit

Parameter  Value Unit
Cr 15t 35000 ppm
ksos.ise 2% 1073 m/h
ks,25,2nd 5% 107 m/h

kw.25.1st 2.85 L/(m?.h.bar)
kw.25.2nd 3.6 L/(mz.h.bar)

Ot 1t 20 m’ /day
Qp,rated 8.5 m3 /day
Rr,rated, 1st 50 %o
Rr,rated,an 85 Y%
Stages 2 -
Tr 10 °C

than 5 ppm.

As for the recovery, the parameters are adjusted to achieve a recovery of
50% for the first pass and 85% for the second pass under rated conditions,
which are standard values for high-pressure and low-pressure RO systems,
respectively [36].

The main characteristics of the SWRO unit are presented in Table 5.6.

5.6.3 Coupling the Upscaled Systems

There are two procedures for controlling the permeate flow rate in an RO system,
i.e. changing the feed flow rate, and altering the feed pressure. However, the
feed pressure is the primary variable that governs the permeate flow rate, as
the driving force of the process can be directly regulated by adjusting the feed
pressure, while changes in the feed flow rate have a less direct impact on the
feed flow rate, as shown in Fig. 5.9. Consequently, in this study, the permeate
flow rate is controlled by adjusting the feed pressure. It is also worth noting
that Fig. 5.9 is generated based on the RO element described in Section 5.4 at
the feed concentration of 5000 ppm.

Additionally, the P¢-Qp curve in Fig. 5.9 exhibits an almost linear rela-
tionship between the permeate flow rate and the feed pressure, as also verified
in [46] for various feed concentrations. This linearity offers the advantage of
using a lookup table to control the RO system when coupled with the elec-
trolyser during single-system simulations. Given that the integrated model is
primarily designed for large-scale simulations, which include multiple complex
power system elements, such as generators and transformers, this approach sig-
nificantly enhances computational efficiency. In this method, the feed pressure
of each RO pass is regulated through a control signal that dynamically responds
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Figure 5.10: Process scheme of the SWRO-PEM electrolyser
model

to variations in the electrolyser current to meet its water demand.

To establish this control strategy, prior to coupling the PEM electrolyser and
SWRO models, the operation of both the first and second passes was examined
across a range from 10% to 100% capacity, with a resolution of 5%, to be
consistent with the upscaled PEM electrolyser. The process scheme of the
SWRO unit and an overview of the integrated SWRO-PEM model are shown
in Fig. 5.10 and Fig. 5.11, respectively.

In summary, the operation of the two-pass SWRO system is first evalu-
ated across its operating range, from 10% to full capacity. The integrated
SWRO-PEM system is then implemented, as depicted in Fig. 5.10. Due to the
fluctuating nature of offshore wind energy, the power output from the offshore
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Figure 5.11: Anoverview of the coupled SWRO-PEM electrolyser
model

wind turbines block, shown in Fig. 5.10, varies accordingly, which in turn
affects the output of the current controller in the following block of the same
figure. This current, combined with the number of cells in the electrolyser
stack, determines the required water flow from the SWRO system, as described
by (4.6). The current values are subsequently mapped, using lookup tables 1
and 2, to the feed pressures of the first and second RO passes, respectively. As
shown in Fig. 5.9, this approach effectively regulates the permeate flow rates
of both passes.

It should be noted that this study does not consider the current controller
presented in Fig. 5.10; instead, the current waveform is directly generated and
applied to the electrolyser. A controller scheme for translating power to current
based on grid frequency variations for providing frequency ancillary services
has been proposed in [44].

5.7 Results

The step response of the electrolyser, starting from no load and then shifting to
full load, 50% of full load, 25% of full load, 10% of full load, and subsequently
ramping back up to 25%, 50%, and 100% of full load, is shown in Fig. 5.12.
While Fig. 5.12(a) shows the applied step current waveform, Fig. 5.12(b) and
Fig. 5.12(c) depict the voltage on the 2 MW PEM stack, and the power consumed
by the electrolyser, respectively.

It is important to note that the response time of the electrolyser is slower
at lower current densities. This can be explained by the fact that, at lower
current densities, activation overvoltage is the dominant term in the total stack
voltage, whereas, at higher current densities, ohmic overvoltage becomes the
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main contributor to the stack voltage. Since activation overvoltage follows an
exponential curve, at lower loads, changes in the current cause the stack voltage
to behave more like the activation overvoltage pattern, leading to a more gradual
response. On the other hand, at higher loads, when current density changes, the
response is faster because ohmic overvoltage, which is directly proportional to
the current, has a more immediate impact on the stack voltage.

The behaviour of the upscaled SWRO system suitable for the 2 MW PEM
electrolyser is presented in Fig. 5.13. While Fig. 5.13(a) shows the recovery
ratios of the first and second passes of the SWRO system, Fig. 5.13(b) and
Fig. 5.13(c) depict the salt rejection and permeate concentration of the two
passes. This figure corresponds to the changes depicted in Fig. 5.12.

It is worth mentioning that, although the first pass is able to produce fresh
water with a TDS of around 150 ppm at its highest, this level is still insufficient
for the PEM electrolyser, which requires a TDS of less than 5 ppm. Regardless,
as shown in Fig. 5.13(c), the permeate concentration after the second pass is
below 5 ppm even at its worst.

As mentioned earlier, adjusting the feed pressure regulates the NDP, and
hence the required amount of water. When the feed pressure is decreased at a
constant feed flow rate, the permeate flow rate is reduced, leading to a lower
recovery ratio at lower loads, as shown in Fig. 5.13(a). Additionally, consid-
ering Fig. 5.13(b), decreasing feed pressure reduces salt rejection, yielding a
higher permeate concentration in both passes. This occurs because, when the
feed pressure is decreased, the permeate from each pass becomes more saline,
leading to an increased level TDS level.

Furthermore, it can be seen that the first pass exhibits a lower recovery ratio
but higher salt rejection compared to the second pass. This is expected since
the membrane utilised in the first pass typically has smaller pores, resulting
in a higher salt rejection and reduced water passage, thereby a lower recovery
rate. The choice of the membrane with smaller pores is because the first
feed is more saline. As shown in Fig. 5.13(c), the first pass reduces the feed
concentration from 35000 ppm to a permeate concentration of around 150 ppm
at its worst. In contrast, the second pass commonly handles feed water with
a lower concentration, similar to brackish water. Therefore, to increase the
recovery rate, the pores of the membrane are larger. In the modelling stage, this
membrane behaviour is simulated by combining a lower value of kg (indicating
higher salt rejection) with a lower value of k,, for the first pass compared to
the second one, and vice versa for the second pass, as shown in Table 5.6. It
is important to note that the lower recovery in the first pass, compared to the
second, can also be explained by the high salt concentration of seawater, which
increases the osmotic pressure.

To verify the accuracy of the control method in estimating the required
amount of water, the theoretical water demand of the electrolyser is compared
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electrolyser and the amount provided by the SWRO system

with the actual amount provided by the control method, as depicted in Fig. 5.14.
While Fig. 5.14(a) shows the comparison of the actual water demand, derived
using (4.6) with a safety factor of 1.25, and the estimated amount of water,
Fig. 5.14(b) illustrates the discrepancy between these two values, yielding an
average relative error of 1.20% over the evaluated timeframe. The results indi-
cate that the control method can effectively estimate the actual water required.
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5.8 Conclusions

In this chapter, a coupled model of an SWRO system and a PEM electrol-
yser was developed in MATLAB/Simulink, which facilitates further studies on
seawater electrolysis with upfront water treatment. Moreover, the model can
be integrated into large-scale power system simulations without introducing
excessive complexity.

By following the steps described in this chapter, the offshore hydrogen
production system can be examined under different operating conditions upon
sizing the electrolyser based on factors such as available input power, available
offshore area, and hydrogen demand. This integrated model is essential for
advancing offshore hydrogen, offering important insights into green hydrogen
production using seawater as the feedwater.

Using the solution-diffusion method, a model for the SWRO system was
developed. Thereafter, validation against the experimental data at low TDS
values exhibited an average relative error of 3.64% for recovery and 1.48% for
salt rejection. When compared with WAVE software, the model demonstrated
an average relative error of 3.64% for recovery and 0.96% for salt rejection. At
seawater TDS levels, the model showed an average relative error of 2.74% and
0.13% for recovery and salt rejection, respectively, compared to experimental
results.

Following validation, the PEM electrolyser and SWRO models were up-
scaled to simulate a realistic scenario: a 2 MW electrolyser containing 420
cells coupled with a two-pass SWRO system, with rated recovery rates of 50%
and 85% for the first and second pass, respectively, and a production capacity
of 8.5 m?/day. To efficiently couple the validated models and enhance compu-
tational efficiency, an uncomplicated control method based on lookup tables,
generated before coupling the models, was proposed, taking advantage of the
nearly linear relationship between feed pressure and permeate flow rate. The
water injected into the electrolyser was delivered at a maximum of 4.5 ppm
TDS, and the control method estimates the required water quantity with a 1.20%
error.

Notably, the integrated model allows for adjustments to various parameters,
such as feed flow rate, feed concentration, feed temperature, etc, as well as
electrolyser parameters like inlet temperature, current density, etc.

Nevertheless, the coupled model can be further improved by incorporating
more physics-based equations instead of empirical ones, such as those for the
PEM electrolyser discussed in Chapter 4, or for the mass transfer coefficient in
the SWRO model. Furthermore, other BoP components could be integrated into
the model, allowing for the evaluation of their impact on hydrogen production.
Finally, future studies could also consider social, environmental and legal
aspects of the coupled SWRO-PEM electrolyser.
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In the following chapter, the integrated SWRO-PEM system is utilised to
determine the optimal operating mode that maximises revenue. To achieve this,
the Belgian power system is employed as the reference case, with electricity
prices derived from historical data in Belgium.
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Chapter 6

Techno-economic Comparison
of PEM Electrolyser Operation
Modes

6.1 Introduction

As stated in the previous chapters, proton exchange membrane (PEM) elec-
trolysers are promising technologies for electrolysis due to their fast dynamic
response to electricity fluctuations and their lower spatial footprint compared
to alternative options. However, the high costs associated with green hydro-
gen production remain a key challenge for the large-scale deployment of PEM
electrolysers within the energy system. This chapter, therefore, compares three
operational modes of PEM electrolysers: continuous operation at full capac-
ity, price-responsive operation, and combined price- and frequency-responsive
operation providing ancillary services. Accordingly, future hourly electricity
prices in Belgium, which represent the case study of this thesis, are estimated
based on three potential evolutions of the Belgian energy system and are sub-
sequently applied to the defined scenarios. Furthermore, a sensitivity analysis
is conducted to identify the most influential parameters affecting the hydrogen
break-even price. This chapter provides a globally applicable framework for
determining suitable electrolyser operation strategies across a range of power
system configurations.

6.2 Literature Review

In line with the European Union’s (EU) target of achieving net-zero carbon
emissions by 2050, European countries are rapidly transitioning to renewable
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energy sources (RESs). However, as discussed in Chapter 2, the intermittency
of RESs poses challenges for power system operators in maintaining grid
stability. As the share of RESs in the power system increases, grid frequency
becomes more unstable. Therefore, the transmission system operator (TSO)
is responsible for ensuring the availability of a set of services from voluntary
producers and consumers that can generate or consume energy in real time to
correct any imbalances in the grid.

In Chapter 3, it was discussed how electrolysers can support power sys-
tem operators (PSOs) when electricity supply exceeds demand by converting
surplus electricity into green molecules such as hydrogen (H,). Conversely,
when supply does not meet demand, they can reduce their power consumption
to assist the PSO. In addition, electrolysers can enhance grid flexibility by pro-
viding ancillary services, particularly frequency containment reserve (FCR), to
address frequency instability caused by the integration of RESs. They can also
deliver further flexibility by assisting balance responsible parties (BRPs) in
managing their portfolios and capitalising on imbalance market opportunities.
The authors in [1] explored the potential of large-scale PEM electrolysers as
providers of flexibility services. Their findings indicated that, owing to the
rapid response of PEM electrolysers, along with their efficient and safe part-
load operation, they can effectively support grid services and compensate for
wind power forecast errors.

The authors in [2] also examined the balance of plant (BoP) components for
a PEM electrolyser during partial-load operation. The study primarily aimed to
enhance the performance of BoP components under partial-load conditions to
reduce the average net specific consumption. The authors concluded that this
objective can be achieved by controlling water flow to the stack and managing
the regeneration of the hydrogen dryer.

When it comes to providing flexibility via electrolysers, several character-
istics become critical, including their response time, the ability to frequently
ramp power up and down without significantly affecting their lifetime, and their
capability to operate efficiently across a wide partial-load range. In Chapter 4,
it was shown that PEM electrolysers can satisfy these conditions. Furthermore,
a review study in [3] confirmed that both alkaline electrolyser (AE) and PEM
electrolysers can provide grid flexibility by adjusting their load range within
their rated temperature in timescales from less than a second to a few seconds,
making them suitable for grid balancing services. Additionally, the study high-
lighted that both electrolyser types can dynamically regulate stack power to
achieve a sub-second response, thereby minimising the duration of frequency
disturbances in the grid.

The authors in [4] examined the integration of an AE with a capacity of
3.4 Nm?/h alongside two 6 kW wind turbines and two 2.5 kW solar panels in
an Energy Park in Norway. The study aimed to investigate the load-following
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capability of the electrolyser when coupled with RESs. The findings confirmed
that the AE effectively captures variations in wind power input within an
operational range of 10-100%.

These studies collectively demonstrate that electrolysers can assist PSOs,
as well as other parties such as BRPs and flexibility service providers (FSPs),
in balancing the grid, with their BoP components demonstrating robust perfor-
mance.

In Chapter 5, offshore hydrogen generation was presented as a strategy
for countries with access to the sea, offering the potential to use seawater for
electrolysis and to benefit from the concept of energy islands [5-8].

With respect to energy islands, the authors in [9] presented a comprehensive
framework from a distinctive perspective. By exploring various definitions of
the term energy island, they identified key challenges, assessed the vulnerabili-
ties of existing systems, and proposed both physical and institutional solutions.
Regarding artificial energy islands, they emphasised liberalisation and decen-
tralisation, as well as research and development in emerging technologies for
generation, storage, transmission, regulation, and community building, as key
institutional solutions.

The authors in [10] examined the risks, benefits, and potential opportunities
associated with the development of energy islands. They concluded that, in the
absence of well-established economic frameworks, a definitive assessment of
the benefits remains unfeasible. Based on past experience, they argued that the
viability of offshore projects is primarily driven by economic considerations.

Inspired by the concept of energy islands, this chapter aims to address the
economic gap in hydrogen production via PEM electrolysers, due to their afore-
mentioned advantages. Although green hydrogen offers environmental benefits
and strong potential for decarbonisation across sectors, it remains more ex-
pensive than hydrogen produced from fossil fuels, such as via steam methane
reforming. This mainly stems from the high cost of electricity. According
to [11], 73% of the total cost associated with green hydrogen production is
attributed to electricity consumption. This clearly indicates that the electricity
consumption strategy of electrolysers has a significant impact on the cost of
the produced hydrogen. Consequently, this chapter examines multiple elec-
trolyser operating modes to determine the most effective strategy for reducing
the hydrogen break-even price across a range of predicted electricity price
trajectories.

This study differentiates itself from prior researches in the literature in
several key aspects.

First, regarding the electrolyser model, unlike some earlier studies, this
research employs a dynamic, rather than static, PEM electrolyser model that
was dicussed in detail in Chapter 4. As stated, although PEM electrolysers are
known for their fast response, their operation is not instantaneous and involves

169
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inherent dynamic behaviour. Accounting for this behaviour is particularly
important in flexibility studies where the electrolyser is integrated with RESs.
Neglecting the capacitive effects of the PEM electrolyser, and consequently
its dynamic response, can lead to inaccurate estimations of both electricity
consumption and hydrogen production, with the extent of this discrepancy
depending on the operating conditions and the characteristics of the electrolyser,
as shown in [12] and [13]. Given the cost difference between electricity input
and hydrogen output, such misestimations may result in significant errors in
techno-economic analyses, especially over the 20-year operational lifetime of
the PEM electrolyser.

Second, in contrast to circuit-based models built using electrical compo-
nents, the model employed in this study is formulated through mathematical
equations that capture the electrochemical interactions among the anode, cath-
ode, membrane, voltage, and thermal modules. A key drawback of circuit-based
models is their limited applicability, as the derived parameters are only valid
under specific operating conditions, as confirmed by [13]. This limitation can
lead to significant inaccuracies in flexibility studies, where frequent changes in
operating conditions, such as power consumption, are required.

Moreover, this study incorporates the ageing rate of the PEM electrolyser,
which affects its power consumption. Accounting for this factor enables a more
accurate estimation of the generated hydrogen price.

Finally, unlike the previous researches in the literature, this study examines
the operation of the electrolyser over its entire 20-year lifetime, based on hourly
estimated electricity prices specific to the test case considered, Belgium. The
design parameters are based on the technical characteristics of the Belgian
artificial energy island currently being developed by the national transmission
system operator (TSO), Elia. In addition, this study takes into account European
regulations related to green hydrogen production.

Exploring the performance of the SWRO system is highly relevant to off-
shore hydrogen production, and the detailed modelling steps as well as the
integration of the SWRO system with the PEM electrolyser were thoroughly
examined in Chapter 5. Nevertheless, the SWRO unit is excluded from this
chapter in the context of determining the most suitable operating mode of the
PEM electrolyser, as its power consumption is considerably lower than that of
the electrolyser and therefore has a negligible effect on the hydrogen price.

This study provides insights into the techno-economic analysis of green
hydrogen production on energy islands and offers guidance for other countries
with access to the sea. Although the Belgian power system was used as the
reference case, the developed models and methodologies for green hydrogen
generation are broadly applicable to other power systems. Thus, Belgium
serves only as a representative test case for this research.

The rest of this chapter is organised as follows: Section 6.3 is dedicated to
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a comprehensive discussion of the methodology and characteristics considered
in this study. This is followed by a brief description of the PEM electrolyser
model, with its technical and economic specifications based on the Belgian
developing energy island. This section also summarises the relevant EU leg-
islation for green hydrogen, as well as the definition of the PEM electrolyser
operation modes employed in this work. Furthermore, the method used to
derive the predicted hourly electricity prices, based on three different energy
system configurations in Belgium, is described. Section 6.4 is devoted to the
obtained results based on the defined scenarios and parameters, including the
derived hydrogen break-even prices, the electrolysis cost breakdown for each
scenario, and a sensitivity analysis. This section also provides a comparison of
the scenarios. Finally, in Section 6.5, the results are discussed and conclusions
are drawn.

6.3 Methodology

This section provides a detailed discussion of the methods and data used for
assessing hydrogen production in this study.

6.3.1 PEM Electrolyser Model

The dynamic PEM electrolyser model employed in this study, as noted previ-
ously, incorporates five interconnected modules: anode, cathode, membrane,
voltage, and thermal, each examined in depth in Chapter 4.

The anode and cathode modules are formulated based on the molar balances
of the relevant species, water and oxygen in the anode, and water and hydrogen
in the cathode. In the membrane module, the mechanisms governing water
transport through the membrane are represented, including electro-osmotic
drag and diffusion. The voltage module includes calculations of the reversible
voltage, as well as the ohmic overvoltage of the membrane and the activation
overvoltages of both the anode and cathode. Finally, the thermal module
accounts for heat sources and sinks, along with the water injected into the
electrolyser for cooling purposes.

Subsequently, the sizing of the PEM electrolyser plant was carried out
based on the Belgian energy island. The island will be located at the centre of
the Princess Elizabeth Zone, Belgium’s second offshore wind farm zone, which
is expected to host new wind farms with a total capacity of up to 3.5 GW [14].
In this study, it is assumed that 10% of this capacity, equivalent to 35 MW
and comprising seven 5 MW electrolysers, is allocated to offshore hydrogen
production. This 35 MW figure is motivated by the Belgian Federal Govern-
ment’s goal of developing 150 MW of electrolysis capacity as part of its broader
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energy transition strategy [15]. As such, the chosen capacity represents approx-
imately 25% of the national target, a reasonable share given the limited offshore
space and the higher maturity of onshore hydrogen production. Additionally,
renewable electricity in Belgium is also required to support the electrification
of broader power sectors, which further justifies the limited share allocated to
electrolysis.

The choice of 5 MW per electrolyser unit is based on Belgian TSO reg-
ulations, which specify that FCR must be provided in positive or negative
increments of at least 1 MW. Therefore, a 5 MW capacity is chosen as it of-
fers sufficient flexibility to accommodate FCR provision within the operational
range of the electrolyser, as the investigation of FCR provision represents one
of the case studies in this chapter. The inclusion of FCR as a scenario is
further justified by the growing penetration of RESs, which increases the de-
mand for fast frequency containment services that electrolysers are particularly
well-suited to provide while simultaneously producing hydrogen. Nonetheless,
FCR is not the only type of ancillary service that electrolysers can deliver,
and it merely represents a fast and unpredictable service chosen in this study
to demonstrate their potential. The 5 MW capacity further corresponds to
commercially available designs, with manufacturers such as Cummins already
having developed units of this size [16]. Nonetheless, although 35 MW is
used as the baseline capacity for offshore electrolysis in this study, a sensitivity
analysis is also conducted to evaluate the impact of varying this parameter.

6.3.2 EU Legislation

In this chapter, given the focus on green hydrogen production within the Belgian
energy system, the defined scenarios take into account both the characteristics
of the Belgian power grid and, importantly, the EU’s legislation on renewable
hydrogen.

As specified in the revised Renewable Energy Directive (RED II) of the
EU, electricity is classified as renewable if the renewable power plant and
the electrolyser are either co-located within the same installation or directly
connected, without relying on electricity from the grid for electrolysis [17].

Nevertheless, the European Commission recently adopted delegated regula-
tions establishing the rules for renewable hydrogen production and defining the
additionality criteria for renewable electricity. Under these regulations, elec-
tricity sourced from the grid may be considered fully renewable if it meets the
conditions of additionality, geographical correlation, and temporal correlation,
as outlined below [17]:

Additionality: Hydrogen producers are required to ensure that the electricity
utilised for hydrogen production is matched by renewable electricity production.
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This can be achieved either by generating renewable electricity within the
same installation, demonstrating that the amount produced corresponds to the
hydrogen classified as renewable, or by obtaining renewable electricity through
a power purchase agreement (PPA) with renewable energy suppliers.

Geographical correlation: Entities involved in hydrogen production are
obliged to ensure that additional renewable energy sources are placed within
the region where hydrogen production occurs. To meet this requirement, at
least one of the following spatial conditions must be met regarding the place-
ment of the renewable electricity generator relative to the electrolyser: (i) the
renewable electricity generator is positioned within the same bidding zone as
the electrolyser, (ii) it is located in a connected bidding zone where day-ahead
electricity market prices are equal to or higher than those in the electrolyser’s
zone, or (iii) it operates within an offshore zone that is directly connected to
the bidding zone of the electrolyser.

Temporal correlation: Hydrogen producers must ensure that renewable elec-
tricity generation is temporally aligned with hydrogen production. Until the
end of 2029, hydrogen production must achieve a net-zero balance within the
same calendar month, and from the beginning of 2030, within the same one-
hour period, while Member States have the option to implement the latter rule
earlier.

These delegated regulations enable the production of green hydrogen at
potentially competitive prices compared to hydrogen generated from other
sources, such as fossil fuels.

6.3.3 Defined Scenarios

Based on EU legislation for renewable hydrogen and the requirements of the
Belgian power system, three main scenarios for electrolyser operation are de-
fined and described in this section.

In this study, the annual net present value (NPV) for each scenario under
various electricity price pathways is calculated, and based on these values, the
hydrogen break-even price is determined. The NPV is expressed as:

6.1)

where CF(y) represents the cash flow in year y, and i is the discount rate.
The three main operational strategies for electrolysers are as follows:
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Full-capacity operation: The first scenario, referred to as full-capacity oper-
ation (FCO), reflects the well-established operating mode in which electrolysers
continuously operate at their full rated capacity. Based on the additionality cri-
terion from EU legislation, when the electrolyser plant is owned by the same
entity, a variable electricity price is applied. However, since in this scenario the
electrolysers always operate at their rated capacity, a variable electricity price
effectively corresponds to purchasing electricity under a PPA with the same
average price as the variable prices over the lifetime of the electrolysers.
The annual cash flow for the FCO scenario is given by:

8760
CF(y) = > [(Ha(be) - Hb (gen) = (Ct - Pa)] - 1h (6.2)

t=1

where ¢ denotes the respective hour in year y, H; pe is the hydrogen break-even
price, Hé’gen is the hourly hydrogen production, C. corresponds to the variable
hourly electricity price, and Py is the operating power of the electrolysers. In
the FCO scenario, P is always equal to the rated power of the electrolyser,
Prated, described as:

Pei = Prated (63)

An overview of the operation of the electrolysers in this scenario is pre-
sented in Fig. 6.1(a), where the electrolysers operate continuously at their rated
capacity.

Price-adaptive operation: The second scenario, defined as price-adaptive
operation (PAO), assumes that the operation of the electrolysers is adjusted dy-
namically based on the variable electricity price per hour. Specifically, when the
electricity price increases, the electrolysers reduce their power consumption,
and vice versa. Furthermore, beyond a certain threshold, when the electricity
price rises, the electrolysers operate at their minimum load, while below a
specific point, when the electricity price falls, they operate at their rated power.
This scenario is directly motivated by the additionality criterion in the RED II
legislation, which allows electrolysers to consume grid electricity, while the
resulting hydrogen is still considered green, if the entity can demonstrate re-
newable generation capacity within the installation equivalent to the hydrogen
produced. Therefore, operating electrolysers as a function of electricity prices
represents a highly relevant case for green hydrogen production.

In this scenario, since the operation of the electrolysers depends on varia-
tions in the electricity price, a fixed electricity price is not applicable, and C
represents the variable hourly electricity price.

While the cash flow equation for this scenario is the same as in the FCO
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Figure 6.1: Overview of operational scenarios for the electrolysers
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scenario, presented in (6.2), the governing equation for the power consumption
of the electrolysers is expressed as:

Prated Cé < CL
Pel = Prated — kCé CL < Cé < CH (64)
Pmin Cé > CH

where Cr, denotes the lower percentile threshold of the electricity price dis-
tribution within which the electrolysers are assumed to operate continuously
at full load. In contrast, Cy is the upper percentile threshold within which the
electrolysers operate at their minimum load. In this chapter, a minimum opera-
tional capacity of 10% is maintained for the electrolysers in the PAO scenario to
avoid start-up and shut-down delays associated with nitrogen purging [18]. The
parameter k, expressed in MW?2 h/€, determines the sensitivity of the response
of the electrolysers to electricity price variations between these two thresholds.
In this scenario, three parameters are optimised: Cy, Cyg, and k.

In the PAO scenario, the predicted hourly electricity price values, CZ, are
scaled to the range 0.5-5, corresponding to the minimum and rated power
of each electrolyser over its lifetime, based on the maximum predicted price
of each electricity price pathway. This formulation allows the parameter k
to vary between 0 and 1, since values of k below O or above 1 would yield
power outputs exceeding the rated capacity or falling below the minimum
capacity of the electrolysers, respectively, as defined in (6.4). The percentile
thresholds Cr, and Cy are adjusted in 5% increments, while k is incremented
in steps of 0.2, resulting in a total of 855 cases analysed over the 20-year
lifetime of the electrolysers for the PAO scenario under each electricity price
estimation pathway. The selected step sizes provide an effective trade off
between computational efficiency and adequate resolution for optimisation.

An overview of the electrolyser operation in this scenario is shown in
Fig. 6.1(b).

Frequency containment reserve: As a complement to the PAO scenario,
the last scenario considers electrolyser participation in the ancillary services
market by providing FCR, hereafter referred to as the FCR scenario. In this
case, the optimal values of Cp, Cq, and k derived from the PAO scenario are
kept constant, while in the shaded segment shown in Fig. 6.1(b), hereafter in
this chapter referred to as the linear decreasing region, the electrolysers pro-
vide FCR whenever the required minimum free capacity is available. This
scenario is motivated by the operational requirements of the power grid, which
necessitate maintaining a continuous balance between the mechanical driving
generation and the net electrical consumption. As this study focuses on Bel-
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gium, given that since July 2020 the symmetric FCR 200 mHz product has
been the sole FCR product supplied by Elia, only this type is analysed in this
thesis. For this product, a deadband of + 10 mHz around 50 Hz, within which
no primary control action is permitted by the electrolysers, is authorised. Fur-
thermore, when the frequency deviation remains within + 200 mHz of 50 Hz,
the electrolysers adjust their power consumption to help restore the nominal
frequency. Similar to the PAO scenario, a minimum operational capacity of
10% is maintained for the electrolysers in this scenario.
The annual cash flow, CF(y), as shown in (6.1), is calculated as:

8760
CF(y) = > [(Ha(ve) - Hb gen)) + (Chg - Pieg) = (CL- Pe)] - Th (6.5

=1
where Cf. is the hourly FCR price, and P/ is the hourly reserved electrolyser
capacity dedicated to grid support via FCR provision. The reserved electrol-
yser capacity, Pl., can be expressed as a share of the rated capacity of the

electrolysers, Praged, as follows:

Pies = el * Prated (6.6)

where a, is a dimensionless constant between 0 and 1. The governing equation
for the power of the electrolysers in this scenario is given as:

Prnins Af < =200 mHz,

Yel * Prateds -10mHz < Af < 10 mHz,

—200 mHz < Af < —10 mHz, 67

- Prated + Pl
Yel " Prated T Frcr 10 mHz < Af < 200 mHz,

Prateda Af > 200 mHz.

where y determines the baseload at which the electrolysers operate, A f is the
deviation of the frequency from its nominal value of 50 Hz, and P’FCR is the
power adjusted by the electrolysers to contain frequency deviations, which can

be expressed as:

Af
Piicr = Pres X 555 (6.8)
Moreover, the relationship between 7y, and @, can be expressed as:
el < Vel < 1 — g (6.9)

The activation mechanism, which includes the correlation between Pgcgr
and Pi.s as well as the 10 mHz frequency deadband, is illustrated in Fig. 6.2.

While in the PAO scenario the electrolysers operate solely as a function of
the electricity price, adjusting their power consumption on an hourly basis, in
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Figure 6.2: Activation principle of the 200 mHz symmetric FCR
product

Table 6.1: Technical and operational specifications of the PEM

electrolysers

Parameter Value Unit
Electrolyser type PEM -
Prated 5 MW
Efficiency 65 %o
Number of electrolysers 7 -
Prin 0.5 MW
Operating temperature 80 °C
Operating temperature 30 bar
Cell active area 025 m?
Number of cells 510 -

the FCR scenario, they operate in the linearly decreasing region as a function
of both electricity price and grid frequency, adjusting their power consumption
every 10 seconds according to the measured frequency.

An overview of the operation of the electrolysers in the FCR scenario is
depicted in Fig. 6.1(c).

In addition to the specific characteristics of each scenario, the following
assumptions are applied to all scenarios:
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Table 6.2: Economic and performance parameters of the PEM

electrolysers
Parameter Value Unit  Ref.
Capital expenditure (CapEx) 1300 €/kW [19]
Operational expenditure (OpEx) 2% of CapEx €/kW [19]
Degradation 1% per year - [20]
End of lifetime 10% voltage loss - [21]
Stack replacement cost 50% of CapEx - [18]
Discount rate 3% - [22]
Connection costs to power grid 500,000 € [18]
Connection costs to gas grid 2,250,000 € [18]
Auvailability 98% - [18]
Oxygen price 24.5 €/ton [18]

* Given that the Belgian energy island is expected to become operational
in 2030, this study assumes that the electrolysers will become operational
in that year and continue for 20 years, consistent with the typical lifetime
of current electrolyser plants [14].

It is assumed that the electrolyser plant is owned by an entity with
sufficient renewable capacity in its portfolio to match the amount of
hydrogen produced. Thus, in all scenarios, a variable electricity price
based on the day-ahead market clearing price is assumed, rather than a
fixed electricity price as under a PPA.

* Considering the temporal correlation requirement, which mandates a
net-zero balance within the same hour starting from 2030, it is assumed
that the electrolysers are directly supplied with electricity generated by
the associated entities. Consequently, no electrical storage systems, such
as batteries, are considered in the system configuration.

* The end of life of the electrolysers is defined as the point at which the
stack voltage has degraded by 10% relative to the beginning of life,
measured at the same current density.

* Asitis assumed that the electrolysers are located on the Belgian energy
island, this arrangement fulfils the geographical correlation requirement,
which mandates that the renewable electricity generator and the electrol-
ysers operate within the same bidding zone.

A summary of the technical parameters and the economic parameters ap-
plied to the electrolysers is provided in Table 6.1 and Table 6.2, respectively.
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Table 6.3: Comparison between the electricity price pathways in Belgium [23]

Parameter Central Clean molecules Electrification
Achieves net-zero emissions . . . .o
. . Achieves net-zero emissions  Achieves net-zero emissions
through a mix of efficiency . . L .
with greater reliance primarily through investments
. enhancement measures, . . p . .
2050 climate goal on imported synthetic in large-scale electrification

including building renovation,
more efficient vehicles,
and carbon capture

molecules from locations
outside the EU

with offshore wind power
and nuclear power technologies

New nuclear power technologies

Not considered

Not considered

Investments in
small modular reactors,
operational from 2045

Additional offshore wind power

Not considered

Not considered

Investments in access to
16 GW offshore wind
outside of the Belgian
territorial waters

Carbon capture and storage

Unlimited cross-border
access to CO; storage in
the North Sea and Norway

Limited cross-border
access of 5 Mt/year to
CO; storage, mainly in the
Netherlands and Norway

Unlimited cross-border
access to CO, storage in
the North Sea and Norway
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6.3.4 Electricity Price in Belgium

As described in the scenario definitions, variable electricity prices are applied
across all three scenarios. Since the Belgian energy island is expected to
become operational in 2030, this study uses estimated hourly electricity prices
from 2030 onwards, covering a 20-year period until 2050, corresponding to
the assumed lifetime of the electrolysers. Given that the electrolyser model
employed in this study is dynamic, the model is able to capture the transient
behaviour of the electrolyser while operating under continuously changing
loads. Moreover, the use of a mathematical model ensures accuracy across the
full operating range of the electrolysers, particularly when power consumption
fluctuates as in the PAO and FCR scenarios.

In this study, the hourly day-ahead market prices for the Belgian system
are estimated based on the historical annual, monthly, daily, and hourly price
correlations observed in the Belgian grid, as published by Elia [24]. To ac-
count for electricity price uncertainty, three distinct pathways for Belgium’s
energy transition towards 2050, as proposed by EnergyVille and ENGIE, are
considered [23]. The three projected electricity price trajectories, namely the
central pathway, the clean molecules pathway, and the electrification pathway,
each reflect a different evolution of the Belgian energy system.

Under the central pathway, in order to reach carbon neutrality, the involved
sectors can invest in energy efficiency measures such as building renovation,
more efficient vehicles, and efficiency gains in space heating systems, without
additional investments in new offshore wind or nuclear plants. In this path-
way, the option of carbon capture and storage (CCS) is not limited. Although
Belgium does not have its own storage facilities for carbon dioxide (CO,), it is
assumed that the country will have unlimited access to the commercial phase
of cross-border carbon storage in the North Sea and Norway. By contrast, in
the clean molecules pathway, the main assumption is the large-scale import of
synthetic molecules. As in the central pathway, no new nuclear or offshore
wind projects are considered, but access to cross-border CO; storage is limited
to 5 Mt/year, mainly in the Netherlands and Norway. Finally, the electrification
pathway assumes investment in a high voltage direct current (HVDC) connec-
tion to unlock an additional 16 GW of offshore wind potential in other parts
of the North Sea, outside Belgian territorial waters. Furthermore, new invest-
ments in nuclear technologies, primarily small modular reactors, are assumed,
with operation starting from 2045. In this pathway, no restrictions on CCS are
considered. A comparison of the three pathways is presented in Table 6.3.

In summary, the central pathway represents a balanced approach through
a mix of decarbonisation options, with electricity costs mainly driven by CO,
pricing. This pathway leads to the highest predicted electricity prices compared
to the clean molecules and electrification pathways. Inthe clean molecules path-
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Figure 6.3: Comparison of the predicted electricity prices in Bel-
gium under the central, clean molecules, and electrification path-
ways

way, lower imported synthetic fuel costs reduce dependency on high electricity
prices, but at the expense of greater import reliance, resulting in prices lower
than those in the central pathway but higher than in the electrification pathway.
Lastly, the electrification pathway appears most suitable for long-term energy
independence through wind and nuclear energy, leading to the lowest projected
electricity prices compared to the central and clean molecules pathways. In
Fig. 6.3, a comparison of the estimated annual electricity prices for the three
pathways over the period 2030-2050 is shown [23].

To translate the average annual prices shown in Fig. 6.3 into hourly elec-
tricity prices, essential for this study for the reasons stated earlier, historical
hourly electricity prices in Belgium from 2016 to 2023, published by Elia, were
collected and analysed [24]. The years 2016-2023 are selected for the analysis
due to the availability of data at the time this research was carried out.

Subsequently, the correlations between annual, monthly, daily, and hourly
prices in Belgium over the past years were determined. Using these correlations,
the annual prices in each electricity price pathway, i.e., the central, clean
molecules and electrification pathways, were mapped into hourly prices for
each pathway over the period 2030 to 2050. This correlation-based method
preserves realistic intra-year variability by allowing hourly fluctuations around
the fixed annual average, ensuring that not every hour has the same value.

The three-dimensional and averaged two-dimensional monthly-to-annual
ratios for the years 2016 to 2023 are shown in Fig. 6.4(a) and Fig. 6.4(b),
respectively. Likewise, the three-dimensional hourly-to-monthly and averaged
two-dimensional hourly-to-monthly ratios for the same years are presented in
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Figure 6.4: Correlation between monthly and annual electricity
prices in Belgium from 2016 to 2023

Fig. 6.5(a) and Fig. 6.5(b), respectively.

As shown in Fig. 6.4, in Belgium from 2016 to 2023, November had the
greatest influence on the annual electricity price, while May had the least im-
pact. The same trend observed in Fig. 6.4(b) was applied to the annual prices
presented in Fig. 6.3 to convert the yearly prices into monthly prices for the
period 2030 to 2050. Fig. 6.5(a) and Fig. 6.5(b) illustrate the expected daily
pattern, characterised by two peaks: one in the morning and another in the
evening. The morning peak shifts earlier during months with longer daylight,
while the evening peak moves closer to midnight in those same months. This
pattern clearly indicates that electricity prices are largely driven by demand, as
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Figure 6.5: Correlation between monthly and hourly electricity
prices in Belgium from 2016 to 2023

the temporal distribution of prices aligns closely with typical demand profiles.
It is worth noting that no specific justification exists for the daily-to-monthly ra-
tios, which primarily serve as a randomiser to distribute the calculated monthly
price across the corresponding month. Therefore, these ratios are not depicted.

6.4 Results

This section analyses the operation of the electrolysers, taking into account the
defined scenarios in Section 6.3.3 and the estimated hourly electricity prices
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from Section 6.3.4.

6.4.1 FCO Scenario

In the FCO scenario, the hydrogen break-even price is calculated over the
20-year lifetime of the electrolysers using (6.1)—(6.3). For the 35 MW elec-
trolyser plant, the hydrogen break-even prices were calculated at 5.57 €/kgp,,
5.41 €/kgn,, and 4.65 €/kgy, under the central, clean molecules, and elec-
trification pathways, respectively. These results align with expectations, as the
average electricity price is lowest under the electrification pathway, followed
by the clean molecules pathway, and highest under the central pathway. The
contribution of each factor to the total cost over the 20-year lifetime of the
electrolyser plant is illustrated in Fig. 6.6.

As shown in Fig. 6.6, electricity costs remain the dominant expense driver
in all three scenarios, accounting for 86.73%, 86.28%, and 83.93% of total
costs in the central, clean molecules, and electrification pathways, respectively,
followed by the CapEx. This outcome supports the definition of the PAO
scenario, in which electrolysers adjust operation to electricity prices and reduce
consumption during high-price periods.

Thereafter, a sensitivity analysis is conducted to identify the most influential
parameters affecting the hydrogen break-even price in the FCO scenario. To
this end, each parameter, namely electrolyser plant capacity, efficiency, oxygen
value, CapEx (including connection costs to the power and gas grids), OpEx,
stack replacement, discount rate, and degradation rate, was varied by +50%
relative to their chosen ranges specified in Table 6.1 and Table 6.2. It must
be noted that the end-of-life of the electrolyser, specified in Section 6.3.3,

800

I Electricity
[ECapEx
700 TJOpEx
__IStack replacement]
600
)
g 500
”
S
g
;:.400
1=
)
8300 i
S
=
200 - i
100 - 7
0
Central Clean molecules Electrification

Electricity price pathway

Figure 6.6: Cost breakdown of the FCO scenario
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was kept constant when varying the degradation rate. Thus, the effect of
this parameter on the number of stack replacements has also been considered.
Also, although the upper bound of some parameters, such as efficiency, exceeds
current technological limits, it is included for sensitivity analysis purposes.

Fig. 6.7 illustrates the effect of variations of the aforementioned parameters
on the derived hydrogen break-even prices in the FCO scenario, based on the
central, clean molecules, and electrification pathways.

Across all three electricity pathways, efficiency is the most influential pa-
rameter, as it determines the amount of electricity required for a given hydrogen
output, which accounts for the largest share in the electrolysis cost breakdown,
as shown in Fig. 6.6. This was followed by CapEx and degradation rate. In
contrast, plant capacity, OpEx, and the discount rate were found to have the
least influence on the derived hydrogen break-even price.

6.4.2 PAO Scenario

Regarding the scenario in which the electrolysers adjust their power consump-
tion based on electricity market prices, the three parameters introduced in Sec-
tion 6.3.3, namely Cr, Cy, and k, were varied within their respective ranges,
resulting in 2565 investigated cases across the three electricity price pathways.
For each parameter combination, the dynamic power consumption and hydro-
gen production of the electrolysers were calculated. Fig. 6.8, Fig. 6.9, and
Fig. 6.10 present the results for the central, clean molecules, and electrification
pathways, respectively. As shown, the lowest hydrogen break-even price in the
PAO scenario is obtained with the parameter set Cr, = 35, Cy=40, and k=1 at
4.84 €/kgp, for the central pathway, C. =35, Cy=40, and k=1 at 4.71 € /kgp,
for the clean molecules pathway, and Cp =45, Cy=30, and k=1 at 4.12 € /kgy,
for the electrification pathway.

Compared to the FCO scenario, the hydrogen break-even price is reduced
in the PAO scenario by 13.10%, 12.93%, and 11.39% for the central, clean
molecules, and electrification pathways, respectively. This indicates that the
PAO scenario is effective in lowering hydrogen production costs. The effect is
most significant in the central pathway, where higher electricity prices allow the
algorithm to achieve greater cost reductions. Furthermore, obtaining the lowest
price at k = 1 in all three pathways shows that the algorithm tends to allocate
the maximum number of hours to the Cr, and Cy regions, while in the linearly
decreasing region with slope k, illustrated in Fig. 6.1(b), the algorithm forces
the electrolysers to respond strongly to electricity prices, thereby achieving the
lowest hydrogen break-even price.

The differences in the optimal thresholds Cp and Cy across the three elec-
tricity price pathways are directly attributable to the shape of the respective
price distributions, depicted in Fig. 6.11, which presents the electricity price
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Figure 6.8: Central electricity price pathway

distribution curves for each pathway from 2030 to 2050.

The shape of the price distribution curve, depicted in Fig. 6.11, reflects
the trend of the predicted electricity prices for the three pathways, as shown
in Fig. 6.3. While the projected prices for the central pathway increase from
2040 onwards, those for the electrification pathway decrease consistently and
sharply from 2030 to 2050. A similar downward trend is observed in the clean
molecules pathway, although its average prices remain higher than those in
the electrification pathway. As a result, the electrification trajectory exhibits a
higher concentration of hours at lower prices compared to both the central and
clean molecules pathways.

In Fig. 6.11, for the central scenario, the curve is right-shifted and exhibits
a fatter tail compared to the other two scenarios, indicating a greater number of
hours with higher electricity prices. The PAO algorithm therefore enables max-
imum power utilisation in the lowest 35% of price hours (CL=35%,) and limits



6.4 Results
k=0.20 k=0.40 k =0.60

sl 58 9wl 58 90l 58

80 5.6 80 5.6 80 5.6

70 5.4 70 5.4 70 5.4

60 s2 60 s2 60 2

=50 =50 =50
U S U S U 5

40 48 40 48 40 : 438

30 4.6 30 4.6 30 4.6

20 20 20
44 44 44

10 10 I 10 I
42 42 42

20 40 60 80 20 40 60 80 20 40 60 80
<, <, <,
k=0.80 k=1.00

1 | 58 (1Y | 58

80 5.6 80 5.6

70 5.4 70 5.4

60 5.2 60 52

=50 =50
J ; 5 J 5

40 8 40f= = -? .8

30 4.6 30 : 46

20 20 1
44 44

10 10 .
4.2 1 4.2

20 40 60 80 20 40 60 80
CL CL

Figure 6.9: Clean molecules electricity price pathway

electrolyser power consumption in the highest 40% of price hours (Cy=40%),
resulting in a hydrogen break-even price of 4.84 €/kgp,.

In the clean molecules pathway, the price distribution shifts moderately
downward and to the left relative to the central pathway, with fewer hours at
high prices. Given the similarity in the shapes of the price distribution curves
for the central and clean molecules pathways, the algorithm converges to the
same thresholds, with C.=35%, Cy=40% and k=1, yielding a hydrogen break-
even price of 4.71 €/kgy,. It should be noted, however, that although Cy,
and Cy are equal in both the central and clean molecules pathways, the higher
concentration of hours within the Cp. range and the lower concentration within
the Cy range in the clean molecules pathway enable the electrolyser to operate
for a greater number of hours, resulting in a higher capacity factor than in the
central pathway.

Regarding the electrification pathway, the distribution curve is more
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Figure 6.10: Electrification electricity price pathway

strongly left-shifted than in the central and clean molecules pathways, with
a substantial concentration of hours at relatively low prices and fewer hours
in the expensive tail. Hence, the algorithm extends the maximum operation
region to CL=45%, and sets the minimum power operation region at Cy=30%.
This larger share of low-price hours allows for greater utilisation at reduced
electricity costs, leading to a hydrogen break-even price of 4.12 €/kgp, .

The contribution of each parameter to the overall cost of hydrogen produc-
tion at the optimised points for the central, clean molecules, and electrification
pathways is shown in Fig. 6.12. As in the FCO scenario, electricity remains the
dominant contributor to overall costs, followed by CapEx. However, compar-
ing Fig. 6.6 and Fig. 6.12, it can be observed that the PAO algorithm reduces
the share of electricity costs to 73.42%, 73.06%, and 71.90%, corresponding
to decreases of 15.34%, 15.32%, and 14.33% relative to the FCO scenario for
the central, clean molecules, and electrification pathways, respectively.
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Figure 6.12: Cost breakdown of the PAO scenario

Finally, a sensitivity analysis was conducted for the optimal cases of the cen-
tral, clean molecules, and electrification pathways by varying the electrolyser
plant rated capacity, efficiency, oxygen value, CapEx (including the connection
costs to the gas and power grids), OpEXx, stack replacement cost, discount rate,
and degradation rate. Each of these parameters was varied by +50% relative
to the values specified in Table 6.1 and Table 6.2, and the results are shown
in Fig. 6.13. When compared with the FCO scenario sensitivity analysis in
Fig. 6.7, efficiency remains the most influential parameter. However, the effects
of CapEx and degradation rate become more pronounced due to their higher
shares in hydrogen production costs in the PAO scenario. Plant capacity, OpEXx,
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Figure 6.13: Effect of +50% parameter variations on the hydrogen
break-even price in the PAO scenario



6.4 Results

and the discount rate remain the least influential parameters.

6.4.3 FCR Scenario

In the FCR scenario, as described in Section 6.3.3, the electrolysers provide the
symmetric 200 mHz FCR product within the shaded area shown in Fig. 6.1(b),
responding linearly to frequency deviations within +200 mHz, except for the
+10 mHz deadband around 50 Hz. Therefore, generating frequency time-
series data is required for this scenario. In well-structured power systems,
the annual frequency distribution typically exhibits a bell-shaped profile, since
the frequency remains close to 50 Hz for most of the time, with deviations
becoming increasingly rare as they move further from 50 Hz. As aresult, strong
power systems are characterised by a centred bell-shaped distribution with low
probabilities in the tails, whereas weaker power systems may exhibit right- or
left-shifted distributions [25]. In Belgium, the interconnection of its power
system with neighbouring countries such as the Netherlands, Germany, and
France provides strong system support. Accordingly, the historical frequency
data published by Elia confirms the presence of a bell-shaped distribution [26].

Since only the symmetric +200 mHz FCR product is available in Belgium,
random frequency values between 49.80 and 50.20 Hz are generated in this
study, with the average values following a centred bell-shaped distribution.
Frequency deviations beyond +200 mHz are assumed to be rare events and are
thus disregarded in this study. The generated frequency distribution curve used
for the FCR scenario is presented in Fig. 6.14. This bell-shaped curve provides a
balanced and realistic basis for comparison with the FCO and PAO scenarios. In
addition, consistent with real-world applications, frequency signals are sampled
every 10 seconds over the 20-year lifetime of the electrolysers. It is worth noting
that, to ensure a fair comparison among the three electricity price pathways,
the same frequency time series is applied for the central, clean molecules, and
electrification trajectories.

In this scenario, priority is given to the PAO algorithm. First, the price-
adaptive algorithm is applied in the linear decreasing region. Then, based
on the operating power determined for the electrolysers, while accounting
for the minimum allowed power of 0.5 MW, the rated power of 5 MW, and
minimum FCR increments of 1 MW, the available power is calculated, and
the corresponding FCR bid is submitted to the TSO. Using these values, any
operating power derived from the PAO algorithm in the linear decreasing region
between 1.5 MW and 4 MW can serve as the baseload of the electrolyser for FCR
provision. After determining the baseload and P, the electrolysers adjust their
power consumption based on the measured instantaneous frequency to restore
frequency deviations.

It is worth noting that the remuneration of FCR covers only the reservation

193



194

Techno-economic Comparison of PEM Electrolyser Operation Modes

x10

25+ :

1.5- 7

Average occurrences across years

0 |
49.8 49.85 49.9 49.95 50 50.05 50.1 50.15 50.2
Grid frequency [Hz]

Figure 6.14: Frequency distribution curve from 2030 to 2050
utilised in the FCR scenario

of the capacity dedicated to FCR (P,,), with no remuneration foreseen for the
energy supplied, either upward or downward (PI’:CR) [27].

To avoid complexity, an average price is considered for FCR provision over
the lifetime of the electrolysers. For the same year range as considered in
Section 6.3.4, the average FCR price in Belgium was found to be 20.5 €/MWh.
Nevertheless, this parameter is also included in the sensitivity analysis. Lastly,
for simplicity in the modelling framework, electrolysers are assumed to be
granted priority in FCR provision as an incentive.

By applying the abovementioned constraints, hydrogen break-even prices
of 4.49 €/kgy,, 4.38 €/kgn,, and 3.81 €/kgy, are obtained, corresponding
to reductions of 19.38%, 19.03%, and 18.06% compared to the FCO scenario
in the central, clean molecules, and electrification electricity price pathways,
respectively. These results demonstrate that combining FCR provision with
price-adaptive operation of electrolysers can not only reduce hydrogen produc-
tion costs compared to the FCO scenario but also contribute to grid stability
and facilitate the integration of additional RESs into the power system.

The cost breakdown of the FCR scenario is presented in Fig. 6.15. Similar
to the FCO and PAO scenarios, electricity remains the largest contributor to
overall costs, followed by CapEx, across all electricity price pathways. In
the FCR scenario, the electricity shares are 73.49%, 73.13%, and 71.98%
for the central, clean molecules, and electrification pathways, respectively.
These correspond to reductions of 15.26%, 15.24%, and 13.77% relative to
the FCO scenario for the central, clean molecules, and electrification pathways.
Although the reduction in the share of electricity cost is smaller than in the PAO
scenario, the additional revenue from FCR provision enables the electrolysers
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Figure 6.15: Cost breakdown of the FCR scenario

to achieve a lower hydrogen break-even price compared to that scenario.

A sensitivity analysis was also conducted in which the parameters plant
capacity, efficiency, oxygen value, CapEx (including the connection costs to
the gas and power grids), OpEx, stack replacement costs, discount rate, and
degradation rate, in addition to the FCR price, were varied by +50% relative
to their corresponding ranges in Table 6.1 and Table 6.2. The results of the
sensitivity analysis for the FCR scenario are shown in Fig. 6.16. Similar to
the FCO and PAO scenarios, the electricity price has the greatest impact on
the hydrogen break-even price. By contrast, the FCR price has only a minor
effect on the hydrogen break-even price for two reasons. First, given the C,
and Cy values in the three electricity price pathways, the linear decreasing
region in which the electrolysers can provide FCR is relatively small. Second,
considering the rated capacity, minimum capacity, and minimum FCR step
dictated by the TSO, not all operating points within this region are eligible for
FCR provision, particularly since priority is given to the PAO scenario.

6.4.4 Comparison of Scenarios

Based on the analysis of the 35 MW PEM electrolyser plant under the FCO,
PAO, and FCR scenarios, the lowest break-even hydrogen price is obtained at
3.81 €/kgy, in the FCR scenario for the electrification price pathway, derived
from historical and projected Belgian power system data. This indicates that
operating the electrolysers at their rated load may not be the optimal strategy
when the objective is maximising plant revenue. However, in both the PAO and
FCR scenarios, the electrolysers do not produce hydrogen at their maximum
potential output, despite achieving lower break-even prices. For the most
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optimal cases across the three scenarios, the share of produced hydrogen relative
to the full production capacity, along with the corresponding break-even prices,
is shown in Fig. 6.17. As illustrated, in the PAO scenario the algorithm reduces
the capacity factor to as low as 55% in the central pathway, owing to higher
electricity prices compared to the other pathways. In the FCR scenario, because
the linearly decreasing region is small and not all operating points are eligible for
FCR provision, and since the symmetric product can either increase or decrease
the power consumption of the electrolyser, nearly the same capacity factors as
in the PAO scenario are obtained across the three pathways. Consequently,
in applications where maximising hydrogen output is the priority, the PAO
and FCR scenarios may be less relevant, and the FCO scenario becomes the
preferred option.

Conversely, the PAO scenario has the potential to make the price of green
hydrogen competitive with hydrogen produced from fossil fuels, particularly
under higher electricity price conditions such as those in the central pathway.
The comparison of cost breakdowns in Fig. 6.6 and Fig. 6.12 clearly demon-
strates that the PAO algorithm nearly equalises the costs in the central pathway
with those in the clean molecules and electrification pathways. As noted,
this effect is achieved by decreasing the capacity factor from 63.4% in the
electrification pathway to 55.0% in the central pathway. Consequently, when
the objective is to produce green hydrogen at a competitive price with other
technologies, the PAO scenario represents the most favourable option.

On the other hand, in the FCR scenario, besides lowering the hydrogen
break-even price compared to the FCO and PAO scenarios, electrolysers also
support the power system operator in integrating more intermittent RESs. This
is achieved by contributing to grid frequency balancing on short time scales
through the provision of ancillary services. Such an operation mode is par-
ticularly valuable in low-inertia power systems where conventional generators
are increasingly being replaced by RESs. However, the control systems of the
electrolyser become more complex, which may subsequently lead to higher
costs for the associated systems.

As shown in the sensitivity analyses of all three scenarios, efficiency is
the most influential parameter. This implies that, for instance, compared with
the effect of stack replacement, developing materials that enhance electrolyser
efficiency, such as more conductive membranes, rather than durability, results
in a lower hydrogen production cost per kilogram. This is directly driven by
electricity prices, and in regions with higher electricity costs, such as those
represented by the central pathway, improvements in electrolyser efficiency
have an even more significant impact.

Finally, compared to hydrogen produced from natural gas, the obtained
prices remain relatively high, especially considering that they represent hydro-
gen break-even prices with no profit margin included. Reported selling prices
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for hydrogen produced from natural gas typically range, on average, from 1 to
3 €/kgn, [28,29]. In regions with abundant, low-cost domestic natural gas,
such as the Middle East and parts of the United States, grey hydrogen prices
are lower than in regions that depend on expensive imports, such as Europe
and parts of Asia. However, fluctuations in natural gas prices and potential
increases in carbon taxes can raise the cost of grey hydrogen, making green
hydrogen a more competitive alternative, particularly as advances in materials
and system design continue to improve electrolyser efficiency.

6.5 Conclusions

In this chapter, three operational modes of PEM electrolysers are investigated:
continuous operation at full capacity, operation based on day-ahead market elec-
tricity prices, and operation based on both day-ahead market electricity prices
and grid frequency to provide ancillary services. Furthermore, considering the
characteristics of the Belgian power system, three future electricity price path-
ways were analysed to address uncertainties in electricity price trends, namely
the central, clean molecules, and electrification pathways. The analysis also
accounted for degradation effects, including the increased power consumption
of electrolysers over their lifetime. In addition, EU legislation for green hy-
drogen production was considered, which allows electrolyser operation based
on variable grid electricity prices, provided that the responsible entity could
demonstrate sufficient renewable capacity in its portfolio. Finally, a sensitivity
analysis was conducted for each scenario to identify the most influential param-
eters and to decouple the results from uncertainties associated with parameter
selection.

In the FCO scenario, hydrogen break-even prices of 5.57 €/kgn,,
5.41 €/kgn,, and 4.65 €/kgn, were calculated for the central, clean
molecules, and electrification electricity price pathways, respectively, with the
electrolyser plant operating at a 100% capacity factor throughout its lifetime.

In the PAO scenario, the algorithm effectively reduced the hydrogen break-
even price to 4.84 €/kgn,, 4.71 €/kgn,, and 4.12 €/kgy, for the central,
clean molecules, and electrification pathways, respectively. This reduction
was achieved by lowering the share of electricity in the total costs by 15.34%,
15.32%, and 14.33% compared to the FCO scenario for the respective electricity
price trajectories. However, this optimisation was achieved by lowering the
capacity factor of the electrolysers over the 20-year plant lifetime to 55.0%,
56.2%, and 63.4% for the three electricity price pathways, respectively.

In the FCR scenario, hydrogen break-even prices of 4.49 €/kgp,,
438 €/kgn,, and 3.81 €/kgn, were calculated for the central, clean
molecules, and electrification pathways, respectively. In this case, electrol-
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ysers supported the grid by providing symmetric 200 mHz FCR, enabling
system operators to facilitate the integration of variable RESs generation. The
corresponding capacity factors of 55.1%, 56.3%, and 63.4% were observed
across the respective electricity price pathways, which are similar to those
obtained in the PAO scenario. The results demonstrated that, thanks to their
fast dynamic response, PEM electrolysers were capable of delivering FCR
while simultaneously increasing revenues and thereby reducing the hydrogen
break-even price.

Based on the obtained results, it can be concluded that the selected op-
erational strategy of the electrolysers strongly depends on both the accurate
prediction of future electricity prices and the intended application. Although
the PAO and FCR scenarios reduced the hydrogen break-even price across all
three electricity price pathways, this reduction was achieved at the expense of
a lower capacity factor and, consequently, a lower hydrogen output. Both the
reduction in break-even price and the reduction in capacity factor, relative to the
FCO scenario, were more pronounced under higher electricity prices, as in the
central pathway, where price reductions of 13.10% (PAO scenario) and 19.38%
(FCR scenario) were accompanied by a capacity factor of approximately 55.0%
for both scenarios. In contrast, under lower electricity prices, as in the elec-
trification pathway, the reductions were less substantial, with price decreases
of 11.39% (PAO scenario) and 18.06% (FCR scenario), and a capacity factor
of around 63.4% for both scenarios, since the algorithm restricted electrolyser
operation less frequently than in the central pathway.

Additionally, based on the sensitivity analysis conducted for the three sce-
narios, it can be deduced that investing in materials that enhance electrolyser
efficiency would have a more pronounced impact on the hydrogen produc-
tion cost, given the high sensitivity of the results to efficiency compared to
durability-related parameters such as degradation rate and stack replacement
Ccosts.

For future work, modelling the ageing behaviour of PEM electrolysers more
accurately and integrating it with the approach presented in this study could
improve the reliability of the results. This is important because, for instance,
in the FCO scenario, the electrolysers always operate at full load, which may
exhaust critical components more quickly and increase the degradation rate
compared to the PAO and FCR scenarios, where the units are not continuously
at full load. On the other hand, frequent ramping up and down in the PAO
and FCR scenarios may accelerate ageing relative to the FCO scenario. In
addition, by mimicking the inertial response of PEM electrolysers, the extent to
which they can enhance grid flexibility could be assessed, helping to determine
whether the reduction in hydrogen break-even price compared to the FCO and
PAO scenarios justifies the associated decrease in electrolyser capacity factor
and the increased complexity of the control systems.
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Chapter 7

Life Cycle Assessment of Green
Hydrogen Production

In this chapter, a life cycle assessment (LCA) is presented to evaluate the envi-
ronmental impacts of green hydrogen production. To this end, a cradle-to-gate
LCA study is conducted, where the system boundaries include offshore wind
turbines, seawater reverse osmosis (SWRO) systems, proton exchange mem-
brane (PEM) electrolysers, and hydrogen compression and storage units (fore-
ground processes), along with the corresponding upstream and downstream
processes (background processes). Environmental impacts are evaluated based
on the Environmental Footprint (EF) v3.0 method, developed by the European
Commission.

7.1 Introduction

LCA is a widely recognised methodology to quantify the environmental impacts
associated with the entire life cycle of a product or a process. The two primary
applications of LCA include [1]:

* analysing the contribution of each life cycle stage to the overall environ-
mental load, which aids in identifying product footprints and prioritising
improvements in specific stages of products or processes;

* comparing different production pathways for a given product, or evaluat-
ing alternative products, to select the option with the least environmental
impact.

The methodology for conducting an LCA has been revised and standardised
multiple times over time [2]. This study follows the standard established by
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the International Organisation for Standardisation (ISO) 14040 and ISO 14044,
which consists of four key stages [1, 3,4]:

Stage 1: Goal and Scope Definition

This stage determines which phases of the product life cycle will be included in
the assessment and defines the overall purpose of the study. It also involves the
definition of system boundaries, which determines the extent of processes and
subsystems to be analysed. Thereafter, based on these boundaries, a strategy
for data collection is developed. The functional unit is then defined, which is
the quantified reference basis for all subsequent calculations. Finally, decisions
regarding the selection of environmental impact categories and assessment
methods are made.

Stage 2: Life Cycle Inventory (LCI)

In this phase, data on all relevant inputs (e.g., raw materials, energy) and
outputs (e.g., emissions, waste) are collected in accordance with the system
boundaries and functional unit defined in Stage 1. The inventory quantifies the
environmental loads resulting from resource consumption, material production,
emissions to air, water, and soil, and waste generation for each subsystem
involved in the life cycle.

Stage 3: Life Cycle Impact Assessment (LCIA)

In this stage, the environmental impacts resulting from the inputs and outputs
quantified in the LCI are evaluated. According to the ISO standards for life
cycle impact assessment, the process begins by linking the inventory data to
appropriate impact categories, such as climate change, toxicity, acidification,
and so on. These categories are selected based on the goals and scope of the
study. The contribution of each inventory flow to the selected impact categories
is then quantified. Subsequently, these impact values are normalised using
reference values specific to each category, enabling a better understanding of
their relative significance. Eventually, based on the chosen impact assessment
method, weighting factors are applied to each category to assess and compare
their relative significance in contributing to the overall environmental load.

Stage 4: Interpretation of Results

The final phase involves deriving and interpreting the results obtained from
the previous three stages. This includes identifying the most environmentally
impactful processes or subsystems, recognising data limitations, assessing the
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Figure 7.1: Working procedure of an LCA based on ISO 14040
guidelines [1]

reliability and robustness of the results, and drawing conclusions regarding the
environmental performance of the system.

An overview of the LCA stages, in accordance with ISO 14040 guidelines,
is illustrated in Fig. 7.1 [1].

Generally, three main system boundary approaches can be adopted in an
LCA study. The cradle-to-grave method covers the entire life cycle of a product,
from raw material extraction and manufacturing, through the use phase, to final
disposal. The cradle-to-gate approach, by contrast, considers only a partial life
cycle, from raw material extraction and manufacturing up to the product leav-
ing the production facility, excluding transportation, use, and disposal stages.
Lastly, the cradle-to-cradle method extends the cradle-to-grave framework by
including the recycling or reuse of the product at end-of-life. This process
can result in either the same product being regenerated (e.g., aluminium cans
made from used cans) or a different product being generated from the recovered
materials (e.g., glass wool insulation made from recycled glass bottles).

The LCA approach applied to a given product is chosen based on the goal
of the study, product type, the system boundaries, and other influencing factors
such as data availability and the relative importance of different life cycle stages.

7.2 Literature Review

In the existing literature, LCA of green hydrogen production have been con-
ducted using various system boundaries and from different perspectives.

The authors in [5] performed a cradle-to-grave LCA for a 5 MW PEM
electrolysis plant, where three scenarios were considered: (i) a state-of-the-art
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(SoA) plant powered by the German electricity grid mix, (ii) a SOA plant oper-
ating within a fully decarbonised energy system, and (iii) a future electrolysis
plant developed with reduced energy and material requirements, also operating
in a completely decarbonised energy system. The global warming potential
(GWP) in the first scenario was reported at 34 kg CO,-eq/kgy,, while the
second and third scenarios achieved reductions of 89% and an additional 9%,
respectively. Thus, due to the significant benefits of operating electrolysers
within a fully decarbonised energy system, the authors suggested operating
electrolysis systems in regions with high offshore wind availability.

In [6], the authors conducted an LCA of four types of electrolyser technolo-
gies: alkaline electrolyser (AE), PEM electrolyser, solid oxide (SO) electrolyser
and anion exchange membrane (AEM) electrolyser. The study focused on iden-
tifying material-related environmental hotspots during electrolyser operation,
where four impact categories were considered: climate change, human health,
ecosystem quality, and abiotic resource depletion. It was found that steel in AE
and AEM electrolysers, platinum in PEM electrolysers, and nickel in both SO
and AE electrolysers were the most impactful materials.

The authors in [7] carried out an LCA of green hydrogen production,
focusing on the influence of electricity sources. The study concluded that
using wind energy instead of the German electricity grid mix could substantially
reduce the GWP of hydrogen production. For AE and PEM electrolysers, the
GWP can be reduced up to 93%, while SO electrolysers showed a reduction
potential up to 81%. Furthermore, by 2045, operating electrolysers with wind
power can lower the climate change impacts to as low as 1.33 kg CO;-eq/kgn, .
The authors also recommended replacing environmentally harmful substances
such as per- and polyfluoroalkyl substances (PFAS) with alternatives like PTFE-
based gaskets to further mitigate environmental impacts.

To quantify the greenhouse gas (GHG) emissions associated with wind-
based hydrogen production using an alkaline electrolyser, a cradle-to-gate LCA
study was performed in [8]. The total GHG emissions of the wind-powered hy-
drogen production plant were estimated at approximately 0.68 kg CO,-eq/kg, .
The breakdown of emissions showed that 65% was attributed to the construc-
tion of the wind power infrastructure, 22% to hydrogen compression, 7% to the
electrolyser system, and 6% to hydrogen transportation. In contrast to natural
gas-based hydrogen production, where the majority of emissions occur during
the plant operational phase, wind-based hydrogen production via alkaline elec-
trolysis results in approximately 94% lower GHG emissions compared to steam
methane reforming (SMR).

In another study, the authors in [2] conducted an LCA comparing hydrogen
production via PEM electrolysers with the SMR process. Their findings indi-
cated that when PEM electrolysers are powered by renewable electricity, CO»
emissions can be reduced by up to 75% compared to SMR. The authors also
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concluded that the composition of the electricity mix is the dominant factor
influencing global warming potential, while reducing material consumption
contributes only marginally to emissions reduction. Under the German elec-
tricity mix in 2017, the GWP of hydrogen production via the PEM electrolyser
was calculated at 29.5 kg CO,-eq/kgn,. By operating the electrolyser only
with 3000 hours per year of excess electricity from renewable energy sources
(RESs), emissions could be reduced to as low as 3.3 kg CO,-eq/kgn,.

In [9], a cradle-to-gate LCA was carried out to evaluate green hydrogen
production using AE and PEM electrolysers. The study also included a compar-
ative analysis of three hydrogen production routes: green hydrogen (produced
from RESs), grey hydrogen (produced from fossil fuels), and blue hydrogen
(produced from fossil fuels equipped with carbon capture and storage). The
authors found only marginal differences in the environmental impacts between
AE and PEM electrolysers, with PEM performing slightly better, primarily due
to its higher efficiency and possibly because alkaline electrolysers rely more on
grid electricity to meet their minimum load requirements. The results further
indicated that emerging green hydrogen technologies outperform both grey and
blue hydrogen production technologies across all impact categories, except for
mineral and metal resource use, due to the presence of rare earth elements in
electrolyser stacks. Blue hydrogen, in comparison to grey hydrogen, showed
improved performance only in the climate change category. Based on this, the
authors concluded that direct transition from grey to green hydrogen is a more
effective and sustainable strategy than investing in blue hydrogen pathways.

The study in [9] also identified that the electricity source and then, elec-
trolyser stacks are the primary contributors to overall environmental impacts,
while balance of plant (BoP) and power electronics components have a min-
imal effect. Also, technological improvements in AE and PEM electrolyser
designs, particularly those aimed at increasing current density, were shown to
reduce environmental impacts across most categories. Finally, in addition to
enhancing current density, improving minimum load requirements of electroly-
sers, advancing sustainable mining methods, and lowering the carbon intensity
of steel production could further reduce the environmental impacts associated
with green hydrogen production.

The authors in [10] compared the climate change impacts of hydrogen pro-
duction through four different pathways: grey hydrogen (produced via SMR),
blue hydrogen (produced via SMR with CCS), turquoise hydrogen (produced
through methane pyrolysis), and green hydrogen (produced via PEM elec-
trolysers). For the three fossil fuel-based routes, the analysis considered two
natural gas supply chains: one using pipeline transport and the other using
liquefied natural gas (LNG). The LCA results showed that grey hydrogen has
the highest emissions in terms of climate change, with 13.9 kg CO,-eq/kgn,
for LNG route and 12.3 kg CO,-eq/kgy, for the pipeline route, while blue hy-
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drogen showed moderate improvements, with 9.3 and 7.6 kg CO,-eq/kgy, for
the LNG and pipeline routes, respectively. Turquoise hydrogen demonstrated
lower emissions than grey and blue, with 8.3 kg CO»-eq/kgy, for LNG and
6.1 kg CO»-eq/kgy, for the pipeline route. Among all options, green hydrogen
exhibited the lowest climate impact, with emissions of 0.6 kg CO,-eq/kgn,
when powered by wind energy and 2.5 kg CO»-eq/kgy, when powered by solar
energy.

In [11], the authors performed an LCA to compare three solar-driven
green hydrogen pathways using PEM electrolysers. The study examined
the environmental performance of coupling the electrolyser with: pho-
tothermal (PHT) power generation, photovoltaic (PV) power generation,
and thermochemical water splitting via sulphur-iodine cycle integrated
with solar photothermal technology (S-I/PHT). The study focused on four
impact categories, namely, global warming potential, acidification potential,
ozone depletion potential, and nutrient enrichment potential. Among the
three configurations, the S-I/PHT approach showed the best environmental
performance across all categories. It exhibited the lowest global warming
potential at 1.02 kg COz-eq/kgn,, followed by PHT at 8.67 and PV at
9.37 kg CO,-eq/kgn,. For acidification potential, S-I/PHT again showed the
best performance at 6.56 x 1073 kg SO;-eq/kgn,, followed by PV at 0.0295
and PHT at 0.0339 kg SO-eq/kgn,. Nutrient enrichment potential was also
lowest for S-I/PHT at 4.78 x 10~* kg Phosphate-eq/kgp, , followed by PV with
2.91 x 1073 and PT with 2.98 x 1073, Regarding ozone depletion potential,
S-I/PHT resulted in the lowest emissions at 8.72 x 10™1* kg R11-eq/kgn,,
while PHT and PV recorded 7.82 x 10713 and 3.19 x 10~!! kg R11-eq/kgp,,
successively. The study also concluded that increasing the system lifetime is
an effective strategy to further reduce the environmental impact of solar-based
green hydrogen production.

7.3 Life Cycle Assessment of Green Hydrogen Produc-
tion

This section presents an LCA of green hydrogen production, following the
framework established by ISO 14040 and ISO 14044 standards. The four main
phases of the LCA methodology are addressed in the subsequent subsections.

7.3.1 Goal and Scope Definition

In this section, the objective of the study is described, along with the defined
functional unit and the system boundaries considered in the assessment.
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Figure 7.2: Production of hydrogen from offshore wind farm

Goal of the study

The purpose of this study is to evaluate the environmental impacts associated
with the production of green hydrogen using seawater and offshore wind energy.
Accordingly, with reference to the LCA applications discussed in Section 7.1,
this study aims to determine the contribution of each process required for hy-
drogen production, form electricity generation using wind energy to seawater
treatment, electrolysis and hydrogen storage, to the overall environmental foot-
print of the system. To this end, a cradle-to-gate LCA approach is performed,
wherein electricity generated by offshore wind turbines is utilised to power
both an SWRO system and a PEM electrolyser. An overview of the system
configuration evaluated in this study is depicted in Fig. 7.2.

Scope of the study

Regarding the system boundaries, the supply of raw materials required for the
manufacturing of wind turbines, the SWRO unit, the PEM electrolyser and the
compression/storage system is included. It is assumed that both the SWRO and
PEM systems are exclusively powered by renewable electricity generated from
wind turbines. Moreover, essential BoP components needed for each system,
such as electrical infrastructure for the wind farm, water storage tanks for the
SWRO system, and foundation structures for the PEM electrolyser, are also
considered within the system boundary. The overall material and energy flows,
as well as the associated emissions related to hydrogen production under the
defined system boundaries, are shown in Fig. 7.3.

The analysis is conducted using a functional unit of 1 kg of green hydrogen,
which provides a standardised reference point that enables scalability to real-
life scenarios and potential extension to alternative hydrogen-derived pathways,
such as the production of methane or methanol.
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Figure 7.3: System boundaries for the production of hydrogen
from an offshore wind farm

7.3.2 Life Cycle Inventory

This section describes the materials requirements for each subsystem included
within the system boundaries, along with the materials associated with their
respective BoP components. All reported material quantities in this section
are expressed relative to the functional unit of 1 kg of hydrogen production, as
defined in Section 7.3.1.

The material inventory for the wind turbine, including BoP elements such
as foundations, electrical cables, and transformers, is provided in Table 7.1 [8].

Regarding the desalination system, the materials required for constructing

Table 7.1: Material breakdown of the wind turbine and its BoP
components for 1 kg of hydrogen production [8]

Material [kg] Turbine Foundations Cables Transformers
Steel and iron 582x 1072 1.41x 1072 0 1.68 x 1074
Aluminium/Aluminium alloys ~ 4.94 x 107 0 1.80 x 1073 12.25 x 107*
Copper 730 x 1074 0 899 x 107*  5.62x 1073
Polymer materials 225%x 1073 562x 1075  1.40x 1073 0
Process polymers 337 x 1074 0 0 0
Ceramic/glass 292 x 1073 0 0 0
Concrete 0 2.55x 107! 0 0
Electronics 5.06 x 1074 0 0 0
Lubricants 225 % 1074 0 0 1.68 x 1074
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Table 7.2: Material breakdown of the SWRO system for 1 kg of
hydrogen production [12]

Material Required amount ~ Unit
Seawater 3.87 x 1072 m’
Antiscalant 4.14 x 1078 m3
Anti-foam agent 1.92 x 1073 m?
Hydrochloric acid 5.94 x 1074 kg
Sodium hydroxide 372 % 1074 kg
Chlorine 3.57x 1073 kg
Poly-aluminum chloride 6.30 x 1077 kg
Ferric chloride 3.53x 1076 kg
Lubricants 4.10 x 1076 kg
Grease 5.96 x 107° kg

Table 7.3: Material breakdown of the PEM electrolyser for 1 kg
of hydrogen production [8,11-13].

Material Required amount ~ Unit
Activated carbon 9.94x 107° kg
Aluminium 2.98 x 1073 kg
Copper 4.97 x 1076 kg
Electricity 60.00 kWh
Iridium 8.30 x 1078 kg
Platinum 8.00 x 1078 kg
Stainless steel 1.11 x 107 kg
Titanium 5.83 x 1074 kg
Water 9.00 kg
Nafion 1.76 x 107> kg

the SWRO unit are considered, along with those needed for the water storage
tank that holds seawater prior to treatment. The complete material breakdown
for the SWRO system and its BoP components is provided in Table 7.2 [12].

The material composition for the PEM electrolyser is summarised in Ta-
ble 7.3, while that of its associated BoP components is listed in Table 7.4 [8,
11-13].

Finally, the materials involved in the hydrogen compression and storage
system are detailed in Table 7.5.

7.3.3 Impact Assessment Method

In the LCIA, first, total emissions were first quantified based on the material
requirements for the construction of each subsystem and their respective BoP
components, as shown in Tables 7.1-7.5. These were then combined with
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Table 7.4: Material breakdown of the BoP of the PEM electrolyser
for 1 kg of hydrogen production [8, 11-13].

Material Required amount ~ Unit
Concrete 6.19 x 1073 kg
Aluminium 1.11 x 107 kg
Copper 331 x 1074 kg
Polycarbonate compound 1.11 x 1074 kg
Steel 7.40 x 1073 kg

Table 7.5: Material breakdown of hydrogen storage/compression
system for the PEM electrolyser for 1 kg of hydrogen production

[12]
Material Required amount ~ Unit
Chromium steel 1.34x 1073 kg
Cast iron 423 x 1074 kg
Ethylene glycol 4.94 x 1076 kg
Lubricants 1.27 x 1073 kg
Aluminium 423 x 1073 kg
Tube insulation 1.06 x 1073 kg
Copper 3.17 x 1073 kg
Electricity 7.05 x 1074 kWh

emissions generated during both the construction and operational phases. The
aggregated emission breakdown is presented in Table 7.6 [12, 14].

It is assumed that the operation of the wind farm does not result in any
direct emissions to air or water. For the PEM electrolyser, Nickel or Platinum
(commonly coated with Nickel) is employed as the anode catalyst. During
operation of the electrolyser, the Nickel at the anode can oxidise to form Nickel
cation (Ni?*), which is released into the water. Therefore, Ni2* is considered
as an emission to water in this study [12].

As previously stated, the environmental impacts in this study are assessed
using the EF v3.0 method established by the European Commission. This
method includes 16 midpoint impact categories, as described in [15]. Based on
the collected data shown in Table 7.6, 10 impact categories are chosen for this
study: climate change, ecotoxicity (freshwater), human toxicity (non-cancer),
human toxicity (cancer), photochemical ozone formation, acidification, par-
ticulate matter, eutrophication (marine), eutrophication (terrestrial), and water
use.

Following the selection of the relevant midpoint impact categories, the
emissions listed in Table 7.6 are matched with the corresponding characteri-
sation factors provided in EF v3.0. These factors are then applied to quantify
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Table 7.6: Emissions for the production of 1 kg of hydrogen [12,

14]

Emissions to air [kg] Wind turbine SWRO PEM electrolyser Storage
Carbon dioxide 742x 1071 377x1073 4.18 x 1072 1.66 x 1071
Carbon monoxide 7.23 x 1074 0 3.15%x 1073 1.46 x 1074
Methane 277x107%  1.65x 1075 8.40 x 107° 1.44 x 1075
Nitrogen oxide 2.16 x 1073 0 221 x 1073 3.29 x 107
Nitrous oxide 3.36 x 1072 0 2.80 x 1076 1.37 x 107
Non-methane hydrocarbons ~ 2.75 x 1073 0 3.08 x 1074 1.32x 1073
Particulates 270 x 1072 0 201 x107* 1.44 x 1073
Sulfur oxides 3.77 x 1073 0 1.59 x 1073 7.38 x 1074
Sulfur dioxide 2.51x 1073 0 1.01 x 1073 5.56 x 1074
Emissions to water [kg] Wind turbine SWRO PEM electrolyser Storage
Phosphate 0 8.64 x 1077 0 0
Chloride 0 2.68 x 107! 0 0
Ammonium 0 423 x 1074 0 0
Nitrate 0 338 x 1073 0 0
Calcium 0 3.67 x 1073 0 0
Magnesium 0 1.10 x 1072 0 0
Lithium 0 1.56 x 1076 0 0
Boron 0 2.12x 1078 0 0
Phosphorus 0 7.19 x 1076 0 0
Titanium 0 7.65 x 1079 0 0
Arsenic 0 8.45 x 107° 0 0
Strontium 0 541 x 1073 0 0
Molybdenum 0 5.76 x 1078 0 0
Silver 0 321 x 1078 0 0
Antimony 0 1.84 x 1078 0 0
Barium 0 228 x 1078 0 0
Tungsten 0 3.44 x 1078 0 0
Thallium 0 240 x 1078 0 0
Nickel 0 0 237 x 1077 0

the environmental impacts across the selected categories. The relevant impact
categories associated with emissions to air for each system are summarised in
Table 7.7, whereas those related to emissions to water are presented in Table 7.8.
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Table 7.7: EF v3.0 LCI method characterisation of air emissions
per kg of substance

Impact Impact category Value Unit
Carbon dioxide Climate change 1.00 kg CO,-eq
Carbon monoxide Climate change 1.57 kg COz-eq
Carbon monoxide Ecotoxicity, freshwater 2.28 x 1072 CTUe
Carbon monoxide Human toxicity, non-cancer 1.08 x 107 CTUh
Carbon monoxide Photochemical ozone formation ~ 4.56 x 1072 kg NMVOC-eq
Methane Climate change 3.68 x 10! kg COs-eq
Methane Ecotoxicity, freshwater 3.20x 107! CTUe
Methane Human toxicity, non-cancer 3.26 x 1077 CTUh
Methane Photochemical ozone formation 1.01 x 1072 kg NMVOC-eq
Nitrogen oxides Acidification 8.37 x 107! mol H* eq
Nitrogen oxides Particulate matter 1.60 x 107%  Disease incidence
Nitrogen oxides Eutrophication marine 3.89 x 107! kg N-eq
Nitrogen oxides Eutrophication, terrestrial 2.72 mol N-eq
Nitrogen oxides Photochemical ozone formation 1.00 kg NMVOC-eq
Nitrous oxide Climate change 2.98 x 102 kg COs-eq
Nitrous oxide Human toxicity, non-cancer 1.60 x 1078 CTUh
Non-methane hydrocarbons  Ecotoxicity, freshwater 2.98 x 1072 CTUh
Non-methane hydrocarbons ~ Human toxicity, non-cancer 4.16 x 10710 CTUh
Particles Particulate matter 1.89 x 1073 Disease incidence
Sulfur oxides Acidification 1.58 mol H* eq
Sulfur oxides Particulate matter 8.00 x 107° Disease incidence
Sulfur oxides Photochemical ozone formation ~ 8.11 x 1072 kg NMVOC-eq
Sulfur dioxide Acidification 1.58 mol H* eq
Sulfur dioxide Particulate matter 8.00 x 107®  Disease incidence
Sulfur dioxide Photochemical ozone formation ~ 8.11 x 1072 kg NMVOC-eq

As discussed in Section 7.1, the normalisation factors in EF v3.0 are ap-
plied to bring the different impact categories onto a comparable scale [15].
Furthermore, to reflect the relative importance of each category, weighting fac-
tors are subsequently applied to the normalised values. The normalisation and
weighting factors corresponding to each selected midpoint category in EF v3.0
are summarised in Table 7.9.

7.3.4 Interpretation of Results

This section presents the LCA of hydrogen production via the PEM electrolyser,
utilising seawater and powered by wind energy, using the collected data in the
previous sections.

To this end, the corresponding impact values for each of the ten selected
midpoint categories are computed for all subsystems, and the relative contri-
bution of each subsystem to the overall environmental load is determined.

The absolute subsystem-level contributions to the selected impact cate-
gories — acidification, climate change, ecotoxicity (freshwater), eutrophication
(freshwater), eutrophication (marine), eutrophication (terrestrial), Human tox-
icity (cancer), Human toxicity (non-cancer), Particulate matter, Photochemical
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Table 7.8: EF v3.0 LCI method characterisation of water emis-
sions per kg of substance

Impact Impact category Value Unit
Phosphate Eutrophication, freshwater 0 kg P-eq
Chloride Ecotoxicity, freshwater 2.15x 107° CTUe
Chloride Human toxicity, non-cancer 2.90 x 10-!' ~ CTUh
Ammonium Ecotoxicity, freshwater 6.67 x 1072 CTUe
Ammonium  Eutrophication marine 778 x 1071 kg N-eq
Ammonium Human toxicity, non-cancer 1.55 X 10712 CTUh
Nitrate Eutrophication marine 226 x 107" kg N-eq
Calcium Ecotoxicity, freshwater 7.01 x 107%  CTUe
Magnesium Ecotoxicity, freshwater 8.29 x 1077 CTUe
Magnesium Human toxicity, non-cancer  6.24 x 1074 CTUh
Lithium Ecotoxicity, freshwater 471 %1077 CTUe
Lithium Human toxicity, non-cancer  6.80 X 10712 CTUh
Boron Ecotoxicity, freshwater 191 x107*  CTUe
Phosphorus Ecotoxicity, freshwater 4.01 x 1073 CTUe
Phosphorus Eutrophication, freshwater 0 CTUe
Phosphorus Human toxicity, non-cancer 2.36 x 1071 CTUh
Titanium Ecotoxicity, freshwater 2.775% 10712 CTUe
Titanium Human toxicity, non-cancer 8.31 x 10°'3  CTUh
Arsenic Ecotoxicity, freshwater 857 x 10718 CTUe
Arsenic Human toxicity, cancer 3.02x 107° CTUh
Arsenic Human toxicity, non-cancer ~ 2.24 x 107* CTUh
Strontium Ecotoxicity, freshwater 339x 1071 CTUe
Molybdenum  Ecotoxicity, freshwater 6.59 x 10721 CTUe
Molybdenum Human toxicity, non-cancer ~ 2.96 x 1073 CTUh
Silver Ecotoxicity, freshwater 2.09x 10°17  CTUe
Silver Human toxicity, non-cancer  8.79 x 107 CTUh
Antimony Ecotoxicity, freshwater 822x 1071  CTUe
Antimony Human toxicity, cancer 0 CTUh
Antimony Human toxicity, non-cancer ~ 1.67 x 1076 CTUh
Barium Ecotoxicity, freshwater 9.34x 1071 CTUe
Barium Human toxicity, cancer 0 CTUh
Barium Human toxicity, non-cancer ~ 2.77 x 107° CTUh
Tungsten Ecotoxicity, freshwater 2.17x1072°  CTUe
Thallium Ecotoxicity, freshwater 9.50 x 10718 CTUe
Thallium Human toxicity, non-cancer  1.05 X 1073 CTUh
Nickel Ecotoxicity, freshwater 491 x 10716 CTUe
Nickel Human toxicity, cancer 6.12 x 1077 CTUh
Nickel Human toxicity, non-cancer  3.44 x 107®  CTUh

ozone formation, and water use — as well as the share of each subsystem
contributing to the impact categories, are depicted in Fig. 7.4 to Fig. 7.13,
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Table 7.9: Impact factors and normalisation factors of each impact
category based on EF v3.0 per person

Impact category Normalisation factors Unit Weighting factors [%]
Acidification 556 x 10! mol HY eq 6.20
Climate change 8.10 x 103 kg COz-eq 21.06
Ecotoxicity, freshwater 427 x 10* CTUe 1.92
Eutrophication, marine 1.95 x 10! kg N-eq 2.96
Eutrophication, terrestrial 177 x 102 mol N-eq 3.71
Human toxicity, cancer 1.69 x 1073 CTUh 2.13
Human toxicity, non-cancer 230 x 1074 CTUh 1.84
Particulate matter 595x 1074 disease incidences 8.96
Photochemical ozone formation 4.06 x 10! kg NMVOC-eq 4.78
Water use 1.15 x 10* m3 water-eq of deprived water 8.51
respectively.

As shown in Fig.7.4, the SWRO-PEM system yields a total of
0.02 mol H* eq/kgn,, with the wind turbine being the dominant contributor to
acidification among the subsystems, followed by the PEM electrolyser. This
stems from the higher levels of sulfur oxide and sulfur dioxide emissions
associated with the manufacturing processes of these components. The wind
turbine shows the highest contribution due to its steel-intensive construction,
which is known to generate considerable SOy emissions. In case of the PEM
electrolyser, the acidification impact arises from the manufacturing of catalyst
and membrane materials such as platinum, iridium and Nafion. Specifically,
the wind turbine accounts for 61.82% of sulfur oxide and 61.58% of sulfur
dioxide emissions, whereas the PEM electrolyser contributes 26.07% and
24.78%, respectively.

Regarding the climate change in Fig. 7.5, the SWRO-PEM system results in
0.98 kg CO,-eq/kgn,, with the wind turbine remaining the largest contributor
among the four subsystems. This is primarily due to the substantial steel and
concrete requirements, which lead to higher emissions during the construction
phase of the wind turbine compared to the other subsystems. Consequently,
the wind turbine is responsible for 77.81% of the total carbon monoxide emis-
sions, 80.29% of carbon monoxide, 94.38% of methane, and 67.07% of nitrous
oxide emissions per kilogram of hydrogen produced. Additionally, as reported
by [16], the average energy demand for wind-powered electrolysis, including
hydrogen storage, is approximately 9.1 MJ per kilogram of hydrogen, based on
the lower heating value (LHV). The majority of this energy, about 72.6%, is
consumed for manufacturing the materials for wind turbines.

When it comes to freshwater ecotoxicity, the SWRO-PEM system yields a
total of 2.80 x 10~* CTUe/kgy,, as illustrated in Fig. 7.6, with the impact pri-
marily driven by methane emissions among those considered in this study. Con-
sequently, the wind turbine, which is responsible for 87.58% of total methane
emissions, exhibits the highest contribution to this impact category. In contrast,
the PEM electrolyser, with a methane emission share of only 2.66%, has the



7.3 Life Cycle Assessment of Green Hydrogen Production 219

Acidification

B Wind turbine
EESWRO
CIPEM

- T

Subsystem for H, production

0 0.002 0.004 0.006 0.008 0.01 0.012
mol H* eq.

(a) Contribution of each subsystem to acidification

Acidification

Storage (12%)

‘Wind turbine (59%)

SWRO (0%)

(b) Share of each subsystem in acidification

Figure 7.4: Acidification impact category
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Figure 7.5: Climate change impact category
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Figure 7.6: Ecotoxicity (freshwater) impact category



222 Life Cycle Assessment of Green Hydrogen Production

Eutrophication (Marine)
T T

B Wind turbine
BEESWRO
IPEM
EliStorage

Subsystem for H, production

kg N eq. x107*

(a) Contribution of each subsystem to Eutrophication (marine)

Eutrophication (Marine)

Storage (6%)

‘Wind turbine (39%)

PEM (40%)

SWRO (16%)

(b) Share of each subsystem in Eutrophication (marine)

Figure 7.7: Eutrophication (marine) impact category
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Figure 7.8: Eutrophication (terrestrial) impact category
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Figure 7.9: Human toxicity (cancer) impact category
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Figure 7.10: Human toxicity (non-cancer) impact category
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Particulate Matter
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Figure 7.11: Particulate matter impact category
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Figure 7.12: Photochemical ozone formation impact category
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lowest contribution among all subsystems.

Marine eutrophication, amounting to a total of 2.20 x 1073 kg N-eq/kgn,
for the SWRO-PEM system, as depicted in Fig. 7.7, is mainly driven by nitrogen
oxides production, with the PEM electrolyser contributing the largest share at
47.03%, followed by the wind turbine at45.97%. This is mainly attributed to the
high-temperature industrial processes involved in the production of high-purity
materials such as platinum for the PEM electrolyser, and the production of steel
and concrete in the case of the wind turbine. A similar trend is observed for the
terrestrial eutrophication, indicating a total of of 1.75 X 1072 mol N-eq/kgn,,
as shown in Fig. 7.8, which is also mostly driven by by nitrogen oxide emissions.

For human toxicity (cancer), the SWRO-PEM system yields a total of
1.70 x 10713 CTUh/kgy,, as presented in Fig. 7.9, with the PEM electrolyser
and the SWRO system are the principal contributors. This is mainly attributed
to nickel emissions associated with the PEM electrolyser and arsenic emissions
linked to the SWRO system. Other materials included in this study do not
significantly affect this impact category.

In the case of human toxicity (non-cancer), the SWRO-PEM system resulted
in 1.08 x 10~ CTUh/kgy,, as illustrated in Fig. 7.10. The wind turbine is the
most significant contributor, accounting for 80% of the total impact, followed
by the storage system with 15%. This impact category is primarily driven by
carbon monoxide emissions, for which the wind turbine and storage system
contribute 80.29% and 16.21%, respectively.

Particulate matter, as depicted in Fig. 7.11, results in 8.89 x10~% disease
incidences per kg of hydrogen, with the wind turbine being the largest con-
tributor (60% of the total impact), followed by the PEM electrolyser and the
storage system. This impact is largely influenced by emissions of sulfur oxides
and sulfur dioxide, for which the wind turbine and the PEM electrolyser have
the highest contribution, as previously discussed.

Regarding photochemical ozone formation, the SWRO-PEM system yields
5.60 x1073 kg NMVOC-eq/kgy,, as illustrated in Fig. 7.12, with the wind
turbine and the PEM electrolyser are the major contributors, with shares of 49%
and 44%, respectively. This impact category is mainly driven by emissions of
nitrogen oxides, sulfur oxide and sulfur dioxide. Specifically, the wind turbine
accounts for 45.97% of nitrogen oxide, 61.82% of sulfur oxide, and 61.58% of
sulfur dioxide, respectively, while the PEM electrolyser contributes 47.03%,
26.07%, and 24.78% of these emissions, respectively

Lastly, for water use, the SWRO-PEM system leads to 1.23
%1072 m? water-eq of deprived water per kg of hydrogen, as shown in
Fig. 7.13. Although the desalination system utilises seawater, it does not
contribute to this impact category since seawater is not assigned a character-
isation factor in the EF v3.0 method. Thus, the PEM electrolyser is the only
subsystem contributing to water use in this study.
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Figure 7.15: Share of each impact category after normalisation
and weighting

The investigated impact categories are then normalised, and their relative
contributions are compared, shown in Fig. 7.14.

Furthermore, as discussed in Section 7.1, each impact category is assigned
a weighting factor based on its environmental significance and relative impor-
tance. By applying the weighting factor, provided in Table 7.9, to the nor-
malised impact categories illustrated in Fig. 7.14, the weighted contributions
of each category are determined, presented in Fig. 7.15.

As depicted in Fig. 7.15, the climate change category, for instance, gains
greater significance after applying the weighting factors, due to its high assigned
weighting factor of 21.0%, which reflects its environmental importance, despite
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Figure 7.16: Share of each impact category after normalisation
and weighting

having a lower normalised value compared to categories such as acidification
and particulate matter.

Finally, to identify the overall impact of each subsystem, the aggregated
sum of all weighted impact categories per subsystem is calculated, presented
in Fig. 7.16.

As shown in Fig. 7.16, the wind turbine is the dominant contributor to the
overall environmental impact, followed by the PEM electrolyser, the storage
system, and the SWRO unit.

7.4 Conclusions

This chapter presented an LCA study of electrolytic hydrogen production,
where a PEM electrolyser was integrated with a wind turbine, an SWRO unit,
and a hydrogen compression and storage system. The main goal was to identify
the dominant contributors to the environmental impacts across the system
components.

To this end, using a functional unit of 1 kg of hydrogen, inventory data
were collected for the aforementioned subsystems and their major BoP compo-
nents. Thereafter, the associated emissions to air and water were translated into
environmental impact categories, using the EF v3.0 method. These impact cat-
egories were subsequently normalised and weighted to assess and compare the
relative contributions of each subsystem to the overall environmental footprint.

Among the four subsystems, the wind turbine was identified as the dominant
contributor in majority of impact categories, including climate change (78%),
acidification (59%), freshwater ecotoxicity (67%), non-cancer-related human
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toxicity (80%), particulate matter (60%) and photochemical ozone formation
(49%). This is primarily due to the material-intensive nature of wind turbine
manufacturing, particularly the high demand for steel and concrete, which
results in significant emissions of carbon dioxide, carbon monoxide, nitrogen
oxide, nitrous oxide, sulfur oxide and sulfur dioxide. Overall, the wind turbine is
responsible for approximately 49% of the total weighted environmental impact.

The SWRO unit, on the other hand, showed the lowest contribution, ac-
counting for less than 1% of the total environmental impact. The main influence
of the SWRO unit was observed in water-related categories, contributing 12%
to freshwater ecotoxicity and 16% to marine eutrophication due to the dis-
charge of brine. Moreover, the presence of arsenic emissions results in a 15%
contribution to cancer-related human toxicity.

As for the PEM electrolyser, it was the leading contributor to marine
eutrophication (40%), terrestrial eutrophication (47%), cancer-related human
toxicity (85%), and water use (100%). It also ranked second in acidification
(30%), particulate matter (27%), and photochemical ozone formation (44%).
These impacts stem from the use of high-temperature industrial processes such
as platinum, as well as the catalyst and membrane components, and emissions
such as nickel associated with the operation of the electrolyser. In total, the PEM
electrolyser contributed approximately 44% to the total weighted emissions,
making it the second most impactful subsystem.

Finally, the hydrogen compression and storage unit had the second-highest
contribution in impact categories such as climate change, freshwater ecotoxi-
city, and non-cancer human toxicity. It contributed around 8% to the overall
weighted environmental impacts of the system.

Considering the investigated impact categories in this study, after applying
the EF v3.0 weighting factors, climate change was found to be the most im-
pactful category, accounting for 34.07% of the total, followed by acidification
with 29.79%, particulate matter with 17.87%, photochemical ozone formation
with 8.75%, terrestrial eutrophication with 4.89%, and marine eutrophication
with 4.39%. The remaining categories, including non-cancer-related human
toxicity with 0.48%, water use with 0.11%, cancer-related human toxicity
with 1.26 x 1073%, and freshwater ecotoxicity with 6.68 x 10™*% contribute
marginally.

Future studies could explore alternative subsystems, such as other electrol-
yser technologies, including AE or SO electrolysers, to compare their envi-
ronmental performance against PEM, under the same set of impact categories.
Improving the efficiency of energy-intensive components, like the electrolyser,
could potentially reduce the overall environmental impact of the system. This is
because of the fact that the enhanced efficiency would not only reduce electric-
ity consumption but also lower the material demand, both for the electrolyser
itself and for the wind turbine per kilogram of hydrogen produced. In addition,
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exploring the integration of alternative RESs, such as solar or hydropower, in
comparison with wind energy, is essential for identifying optimal configura-
tions for green hydrogen production. Nevertheless, other factors, especially in
terms of grid stability and renewable resource intermittency, must be taken into
account.

From an LCA perspective, the desalination system contributes less than
1% to the total environmental emissions of the entire system. This negligible
impact further supports its competitiveness with direct seawater electrolysis in
terms of environmental performance, in addition to other advantages discussed
in Chapter 5.

Due to limitations in data availability, this study did not include an un-
certainty analysis. Future research could incorporate methods such as Monte
Carlo simulations to evaluate the robustness of the results.
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Chapter 8

Conclusions and Future Work

In this chapter, the results and findings of the previous chapters are summarised,
and the key conclusions are highlighted. Furthermore, opportunities for future
research are discussed.

8.1 Conclusions

Stemming from factors such as the limited availability of fossil fuels, their
environmental pollution, and concerns over energy security, the global need
to shift towards renewable energy sources (RESs) has been growing steadily.
It is well known that the most efficient way to utilise RESs is through direct
electrification. Nevertheless, while the advantages of RESs, such as the pro-
duction of environmentally friendly energy and their abundance, are evident,
their inherent intermittency poses several challenges for power system opera-
tors in the context of direct electrification. This topic was reviewed in detail
in Chapter 2. It was shown that among the different types of RESs, solar and
wind energy are the most widely recognised sources worldwide. Comparing
these two renewable sources, it was demonstrated that solar irradiance exhibits
more predictable variability than wind speed. In other words, the diurnal cycle
of solar irradiance provides a more foreseeable pattern for the output power of
solar systems. Moreover, the higher correlation between solar power generation
and electricity demand facilitates the integration of solar energy into the power
grid.

Regarding solar energy, it was shown that photovoltaic (PV) and concen-
trated solar power (CSP) are the dominant technologies for electricity gen-
eration. However, the latter is highly location-dependent and economically
viable mainly in regions with direct normal irradiance (DNI) values exceeding
2000 kWh/m? per year. Consequently, PV has gained greater popularity com-
pared to CSP. In terms of wind energy, the resource can be harnessed either
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onshore or offshore, with onshore systems being more mature, having under-
gone nearly a century of earlier development than offshore systems. On the
other hand, offshore wind energy represents an attractive option for countries
with access to the sea. This is why Belgium, which served as the case study in
this thesis, is among the leading countries worldwide in terms of installed oft-
shore wind capacity. Nonetheless, such large-scale integration requires careful
consideration to ensure secure grid operation, since, as shown in Chapter 2,
integrating RESs into the grid affects the power system over both the short
and long term. Based on the above considerations, offshore wind energy in
Belgium was selected for further investigation in this research.

Offshore wind energy is less affected by intermittency due to higher wind
speeds and more consistent wind conditions offshore compared to other renew-
able sources, such as onshore wind and solar energy. Regardless, significant
challenges arise when large-scale offshore wind farms are installed, and elec-
tricity must be transmitted to shore. When transmission limitations occur, the
generated energy can alternatively be converted into molecules, such as hy-
drogen, and transported to shore through pipelines or shipping. This option
becomes particularly attractive when the distance to shore is considerable, the
offshore power generation capacity is large, or suitable infrastructure already
exists. Consequently, the main objective of this research was to investigate the
production of green hydrogen from offshore wind energy. This can be achieved
through electrolysis, the most mature technologies for which are alkaline elec-
trolysers (AEs) and proton exchange membrane (PEM) electrolysers.

In Chapter 3, it was shown that for offshore operation of electrolysers
coupled with RESs, several factors must be considered. Although offshore
wind is more consistent than onshore wind, it still exhibits a certain degree of
intermittency. The main implication of this for electrolysers is the need for rapid
ramping capability to accommodate variations in the input power. Compared
to AEs, PEM electrolysers can adjust their power consumption more quickly.
This is due to the solid electrolyte used in PEM electrolysers, in contrast to the
liquid electrolyte in AEs, which results in lower inertia and faster ion transport
and response. Furthermore, as discussed in Chapter 3, PEM electrolysers
can operate at higher current densities than AEs, leading to a smaller spatial
footprint and making them more suitable for offshore applications where space
islimited. Therefore, in this thesis, a PEM electrolyser was selected for coupling
with offshore wind energy.

However, although the PEM electrolyser benefits from a fast response to
RES fluctuations, its operation is not instantaneous. Considering its dynamic
behaviour is therefore crucial when PEM electrolysers are integrated with RESs,
since these variations affect the consumed power and the amount of hydrogen
produced, thereby influencing the outcomes of various studies, such as those
investigating the flexibility provision of electrolysers. Consequently, in Chap-
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ter 4, a PEM electrolyser model was developed in MATLAB/Simulink. To
maintain accuracy while ensuring computational efficiency, negligible mecha-
nisms were omitted to make the model faster and suitable for large-scale sim-
ulations. Moreover, the model was built upon mathematical equations rather
than circuit elements, making it reliable across the entire operating range of the
electrolyser. The model was validated against experimental data for both static
and dynamic operation, showing average relative errors of 0.66% and 3.93%,
respectively. It was concluded that omitting mechanisms such as concentration
overvoltage, electronic resistance, or water permeation through the membrane
due to hydraulic pressure has no substantial impact on the results, while signif-
icantly improving computational efficiency. Additionally, it was demonstrated
that the thermal characteristics of the electrolyser, such as the operating tem-
perature, influence its performance, particularly its dynamic behaviour, further
highlighting the need for a dynamic PEM electrolyser model.

Thereafter, given the assumption that the PEM electrolyser is installed oft-
shore in this study, using seawater as feedwater becomes a practical option.
This approach helps address challenges such as freshwater scarcity and the
uneven global distribution of freshwater resources associated with electrolyser
operation. Nevertheless, due to the impurities present in seawater, directly
feeding electrolysers with seawater requires a substantial redesign of conven-
tional electrolyser types, including PEM electrolysers. Alternatively, seawater
can be purified before entering the electrolyser, which is the approach inves-
tigated in this thesis. In Chapter 5, it was demonstrated that integrating a
seawater desalination system, specifically a seawater reverse osmosis (SWRO)
unit, with a PEM electrolyser has only a negligible effect on key factors com-
pared to the electrolysis process itself, including the additional energy demand
(~0.1%), capital expenditure (~3%), installation costs, and operational expen-
diture (~0.2%). Therefore, in this research, an SWRO system integrated with
a PEM electrolyser was explored for offshore hydrogen production. To this
end, a mathematical model of the SWRO system was developed based on the
solution-diffusion mechanism. The model was validated against experimental
data at low total dissolved solids (TDS) levels, showing an average relative error
of 3.64% for recovery rate and 1.48% for salt rejection. At seawater-level TDS
concentrations, the model exhibited errors of 2.74% and 0.13% for recovery
and salt rejection, respectively, when compared to experimental results.

The model was then integrated with the developed PEM electrolyser model,
demonstrating that the SWRO system can supply the electrolyser with purified
water containing less than 5 ppm TDS, which represents a typical allowable
level for PEM electrolyser operation.

Given that electricity accounts for the largest share of hydrogen production
costs, various operation modes of the PEM electrolyser were investigated in
Chapter 6. In this part of the study, the SWRO system was excluded since,
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as previously stated, its contribution to offshore hydrogen production costs is
negligible. Three operation modes of the PEM electrolyser were examined
based on the predicted electricity prices in Belgium. In the first mode, the
electrolyser operated continuously at full capacity. In the second mode, the
electrolyser operated according to the day-ahead electricity market prices. In
the third mode, the electrolyser operated based on day-ahead market prices
while also providing frequency ancillary services when the grid requirements
were met. The parameters for this analysis were defined according to the
planned artificial energy island in Belgium to ensure a realistic representation of
offshore hydrogen production. To account for uncertainties in future electricity
prices, three different projections of the Belgian energy system were used, each
resulting in distinct electricity price trajectories.

As shown in Chapter 6, operating the PEM electrolyser continuously at full
capacity was not economically optimal, since hydrogen production during peri-
ods of high electricity prices was unfavourable. This mode resulted in hydrogen
break-even prices ranging from 4.65-5.57 €/kgy, across the three electricity
price trajectories but achieved the highest hydrogen yield with a 100% ca-
pacity factor, making it suitable when the objective is to maximise hydrogen
output. In contrast, operating the electrolyser in response to day-ahead market
prices reduced the hydrogen break-even price to a range of 4.12-4.84 €/kgy,,
although this was achieved at the expense of lower capacity factors, ranging
from 55.0% to 63.4%, depending on the electricity price trajectory. Finally, in
the third mode, the provision of frequency containment reserve (FCR) by the
electrolyser was investigated. Building upon the second scenario, the electrol-
yser provided symmetric +200 mHz FCR while participating in the ancillary
service market. This mode yielded the lowest hydrogen break-even prices,
ranging from 3.81-4.49 €/kgy, for the considered electricity price pathways.

A sensitivity analysis was conducted in Chapter 6 to identify the most
influential parameters affecting the hydrogen production cost. Based on the
analysis performed for the three scenarios, it was concluded that investing in
materials that enhance electrolyser efficiency would have a more pronounced
impact on the hydrogen production cost, given the high sensitivity of the results
to efficiency compared to durability-related parameters such as degradation rate
and stack replacement costs

To evaluate the environmental impacts associated with hydrogen production
using seawater, a cradle-to-gate life cycle assessment (LCA) was conducted in
Chapter 7. The main objective was to identify the dominant contributors to the
overall environmental impacts across the system components, including elec-
tricity generation from wind energy, water desalination using an SWRO system,
hydrogen generation via the PEM electrolyser, and hydrogen storage. Using the
Environmental Footprint (EF) v3.0 method, the emissions associated with sea-
water electrolysis were translated into environmental impact categories, which
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were subsequently normalised and weighted to compare the relative contribu-
tions of each subsystem to the total environmental footprint. It was concluded
that the wind turbine was the dominant contributor in most impact categories,
particularly in climate change (78%), mainly attributed to the high material
intensity of wind turbine construction, especially the extensive use of steel and
concrete that results in notable emissions of carbon dioxide, carbon monoxide,
nitrogen oxide, nitrous oxide, sulfur oxide and sulfur dioxide. Overall, the wind
turbine accounted for approximately 49% of the total weighted environmental
impact. The SWRO unit, on the other hand, showed the lowest contribu-
tion, accounting for less than 1% of the total environmental impact. From
an LCA standpoint, this minimal contribution supports the competitiveness
of the desalination-based hydrogen production pathway with direct seawater
electrolysis, complementing the additional advantages discussed in Chapter 5.

8.2 Further Research Opportunities

This thesis focused on offshore hydrogen production using a PEM electrolyser
integrated with an SWRO desalination system. During this research, several
topics and ideas were identified, which can be further analysed in future.

In line with Chapter 4, the developed PEM electrolyser model, as described
in that chapter, employs certain empirical equations, for example, those used
to calculate the electro-osmotic drag coefficient. This reliance on empiri-
cal relations may introduce higher uncertainties compared to physics-based
formulations, which form the foundation of the developed PEM electrolyser
model. Replacing the remaining empirical equations with physics-based coun-
terparts could therefore enhance the model’s accuracy. Furthermore, the model
could be extended by incorporating additional modules to improve its versa-
tility, such as integrating the required components for balance of plant (BoP)
operation or CO; capture. The captured CO, could originate either from the
atmosphere or, in the context of this thesis, from seawater. By integrating such
modules, the system could be expanded to investigate the production of other
green molecules, such as methane and methanol. For instance, this would allow
the assessment of how the dynamic response of the PEM electrolyser, when
coupled with an intermittent renewable energy source such as offshore wind,
influences the performance of subsequent units like the methanation system.

In addition, data-driven techniques could be incorporated into the model to
improve parameter estimation or the prediction of operational behaviour under
conditions that are not explicitly covered by the physics-based framework.
Another possible direction relates to reduced-order modelling. Although the
full dynamic model captures the governing electrochemical and thermodynamic
mechanisms in detail, its behaviour can, under certain operating conditions,
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be approximated by a reduced-order system. In such cases, the dominant
dynamic modes typically originate from processes such as thermal inertia.
The significance of non-linearity depends on the operating range, with the
system exhibiting nearly linear behaviour around fixed operating points but
stronger non-linearities during large power transients, such as in flexibility
studies. Developing a reduced-order model that captures these dominant modes
could further enhance computational efficiency while preserving the essential
dynamic characteristics of the full model.

Following Chapter 5, a similar replacement of the empirical equations
with physics-based formulations can be implemented, for instance, those used
to calculate seawater density or dynamic viscosity. This modification would
enhance the model’s accuracy, albeit at the expense of greater complexity and
reduced computational efficiency. Moreover, although this thesis assumed
that the dynamic operation of the SWRO system does not influence the PEM
electrolyser, this interaction could be incorporated into the SWRO model to
investigate whether it alters the dynamic response of the PEM electrolyser.
Such an approach would enable a more accurate representation of the offshore
hydrogen production system.

Based on Chapter 6, incorporating a more detailed ageing model could im-
prove the accuracy of the results and enhance the integration with the method-
ology presented in that chapter. This would be particularly relevant because,
on one hand, operating electrolysers continuously at full capacity subjects their
critical components to higher wear rates compared to the other two scenarios,
where the capacity factors were lower. On the other hand, frequent ramping
up and down of the electrolyser may also accelerate its ageing compared to
operation at a constant load, such as full-capacity operation. Furthermore,
in line with this chapter, simulating the inertial response of PEM electrolysers
could help evaluate their potential contribution to grid flexibility and determine
whether the reduction in hydrogen break-even price, relative to continuous and
day-ahead price-based operation, justifies the associated decrease in electrol-
yser capacity factor and the increased control complexity. Finally, several
other operational scenarios could be explored, such as cases where the electrol-
yser exclusively provides FCR without relying on day-ahead market prices or
operates in response to other market signals, such as intraday imbalance prices.

Regarding Chapter 7, other electrolyser technologies, such as AE or solid
oxide (SO) electrolysers, could be assessed using the same LCA methodology to
compare the environmental footprint of electrolytic hydrogen production across
different technologies. Considering that this chapter concluded wind energy to
be the dominant contributor to the overall environmental impact of the system,
this renewable source could also be compared with other renewable energy
sources to assess the variations in impact categories among different RESs.
Upon the availability of sufficient data, the proposed studies could further
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incorporate an uncertainty analysis to evaluate the reliability and robustness
of the obtained impact results. For instance, this could be achieved through
Monte Carlo random sampling of inventory data probability distributions, using
multiple iterations for LCA calculations.
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